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ABSTRACT

This dissertation is composed of nine publications and this introduction, which
outlines the theories of superconductivity, magnetism and non-equilibrium physics
that are applied in the publications. The publications can be divided into two bodies
which share some common themes.

The publications of the first body deal with the physics of flat electronic
bands, and in particular the superconducting and magnetic phase transitions on
them. In the related part of the introduction part I present the basic theories of
superconductivity and magnetism, and discuss the properties which make the flat
bands prone to spontaneous symmetry breaking. We formulate the theory of electron-
phonon superconductivity on a flat band model, and show how its predictions differ
from those of a simpler BCS model. Of the materials which have flat bands, we are
particularly interested in those based on graphene e.g., twisted bilayer graphene,
for which we show that the conventional BCS theory of superconductivity based
on the attractive electron-phonon interaction is compatible with the experimental
observations. Flat bands are often enabled by some topological property. We classify
the topological transitions on a system of rhombohedrally stacked honeycomb lattices.

The publications of the second body are about superconducting spintronics.
One central theme in these publications is the magnetic proximity effect and its
various application. We propose that a magnetically proximitized superconductor
can be used as the functional unit of a new kind of thermoelectric radiation detector.
A second theme is the effect of superconductivity on the spin pumping effect. This is
studied in four publications, in which we predict e.g. a cooling effect due to precessing
magnetization, a giant spin battery effect, and an antiferromagnetic coupling between
two magnets mediated by spin supercurrent. A third theme is the Higgs mode i.e. the
amplitude mode of the superconducting order parameter. The magnetic proximity
effect enables a new coupling between a charge degree of freedom and the Higgs mode,
which can be utilized to measure it electrically. We also study the magnon-Higgs
coupling mediated by spin-orbit interaction. In the introductory part related to this
body, I outline the Keldysh theory of non-equilibrium states and the quasiclassical
theory of superconductivity, which have been heavily utilized in the publications.

Keywords: superconductivity, ferromagnetism, spintronics, quasiclassical formalism,
non-equilibrium, flat bands



TIIVISTELMA (ABSTRACT IN FINNISH)

Tama vaitoskirja koostuu yhdeksésta julkaisusta seka johdanto-osasta, joka kasittelee
tutkimusten taustalla olevia suprajohtavuuden, magnetismin ja epéatasapainotilojen
teorioita. Vaitoskirjaan sisallytetyt julkaisut voidaan jakaa kahteen kokonaisuuteen,
joilla on joitain yhteisid teemoja.

Ensimmaisen kokonaisuuden julkaisut kasittelevat litteiden elektronisten voiden
(tasovoiden) fysiikkaa, ja erityisesti niilld tapahtuvia magnetismiin ja suprajohta-
vuuteen johtavia olomuodonmuutoksia. Ensimmaiseen kokonaisuuteen liittyvéssa
johdanto-osan luvussa esittelen suprajohtavuuden ja magnetismin teoreettisen pe-
rustan ja kasittelen tasovoiden erikoispiirteita. Julkaisuissa muotoilemme elektroni-
fononi-suprajohtavuuden teorian tasovyomallille, ja naytdmme kuinka sen ennus-
tukset eroavat BCS-mallin ennustuksista. Erityishuomion kohteena ovat hiilipoh-
jaiset tasovyOmateriaalit, esimerkiksi kierretty kaksitasografeeni, jolle ndytamme
ettd elektroni-fononi-vuorovaikutukseen perustuva suprajohtavuuden malli on yh-
teensopiva kokeellisten havaintojen kanssa. Tasovoiden taustalla vaikuttaa usein
jokin topologinen ominaisuus. Téhéan liittyen luokittelemme romboedrisesti ladotun
hunajakennohilan topologisia transitioita.

Toisen kokonaisuuden julkaisut kasittelevat suprajohtavaa spintroniikkaa. Yh-
tend kantavana teemana naissa t6issd on magneettinen laheisyysilmio ja sen sovellu-
tukset. Naytamme etta tata ilmiota voidaan kayttda uudenlaisen lamposahkoisen
siteilyilmaisimen kehittdmiseksi. Toinen keskeinen teema on suprajohteen jarjestys-
parametriin dynamiikkaan liittyva Higgsin moodi, jonka ennustamme kytkeytyvan
magneettisen ldheisyysilmion kautta uusilla tavoilla, jotka mahdollistavat sen séh-
koisen havaitsemisen. Kolmas keskeinen teema ovat suprajohtavuuden vaikutukset
prekessoivan magnetisaation aikaansaamaan spinpumppaukseen. Taté aihetta kasitel-
laén eri ndkokulmista neljassé julkaisussa, joissa ennustamme mm. spinpumppauksen
tuottaman jaahdytyksen, jattiméisen spinakku-ilmion, spinsupravirran tuottaman
kytkennan kahden prekessoivan magneetin vélilla, seké spin-rata-vuorovaikutuksen
valittaman kytkenndn magnonien, magneettisten varahtelyiden, sekd Higgsin moodin
valilla. Esittelen johdanto-osassa nédiden ilmioiden kuvailuun kaytettédvan epéatasapai-
notilojen Keldysh-teorian seké suprajohtavuuden kvasiklassisen teorian.

Avainsanat: Suprajohtavuus, ferromagnetismi, spintroniikka, kvasiklassinen formalis-
mi, epatasapainotila, tasovyo
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1 INTRODUCTION

9

In 1959, Richard Feynman gave a lecture "There’s Plenty of Room at the Bottom’
at an American Physical Society meeting in Caltech in which he imagined the
possibilities of manipulating and controlling matter at very small scales, all the way
to the atomic scale.[1] Feynman’s lecture has often been cited as the starting point
of nanoscience. Although such attribution is historically incorrect,[2] the lecture
still seems almost prophetic from today’s perspective, and many of the advances
Feynman called for have been achieved in last few decades.

Such improved control over the nanoscale fabrication processes and technologies
like scanning tunnelling microscope, together with digital tools and rapidly increasing
theoretical understanding of condensed matter systems, have given rise to a concept
of designer materials, which are artificial materials tailored to have the desired
functionalities. Possible functionalities that can be controlled not only encompass
the mechanical and electrical properties of the materials, but also their quantum
properties, such as susceptibility to certain phase transitions.[3, 4] On the atomic
scale, we are of course bound to work with the elements of the periodic table and
with the chemistry between them, there is no way around that. However, on the
wide intermediate scale between the atomic and the macroscopic scales, which I refer
here as nanoscale, there remains a large freedom in the ways the atoms or molecules
can be organized. Different structures imply different functionalities to be exploited
in technologies that promise more energy-efficient information processing or data
storage units, sensors with improved sensitivity, or building blocks for the quantum
computer.

This dissertation is situated in the realm of theoretical condensed matter physics.
It can be roughly divided into two main topics which share some common themes.
A central theme that runs through the whole dissertation is the phenomenology of
superconductivity and magnetism, and their interplay on mesoscopic scale. As phases
of electronic matter, superconductivity and ferromagnetism have some similarities.
Both are macroscopic manifestations of quantum mechanical properties of matter
and exhibit a special kind of coherence. For a superconductor, this coherence is
in the quantum-mechanical phase of the Cooper pair wavefunction, whereas for
a ferromagnet it is the spin directions of the individual electrons that are locked
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together. In macroscopic materials there is not much interplay between the two states,
as they are largely incompatible with one another; the (s-wave) superconducting
state requires a symmetry between the spins, whereas the ferromagnetic state is
based on breaking of that symmetry.

The first main topic of the dissertation is the phenomenology of flat electronic
bands and phase transitions on them. The defining property of the flat band
materials is the large degeneracy in the electronic spectrum, which makes them
strongly correlated and prone to many kinds of phase transitions. One example of a
flat-band system is the magic-angle twisted bilayer graphene (MATBG), which was
first fabricated in 2018, and which was the first purely graphene-based system in
which superconductivity was found in a repeatable fashion. MATBG is composed of
two graphene sheets held together by van der Waals forces, and it is a prototypical
example of a more general class of designer materials known as the van der Waals
materials. materials.[5]

In the publications that are related to this topic, we e.g., consider the compe-
tition between superconductivity and magnetism of a flat band model, show that
superconductivity in MATBG is compatible with the phonon-mechanism of super-
conductivity, and classify the topological transitions on graphite-like rhomhohedral
honeycomb lattices.

The second main topic of the dissertation is the interplay between magnetism
and superconductivity in more perhaps more traditional kind of artificial materials
which are composed of thin films of magnetic and superconducting materials. What
makes such hybrid structures interesting is that in small length scales the boundaries
between the superconducting and magnetic parts of the system become blurred
by the so-called proximity effects. If a superconductor is placed in contact with a
ferromagnet, Cooper pairs tend to spill out of the superconductor and induce some
superconducting properties to the ferromagnet. At the same time, the magnetic
correlations leak into the superconductor, which becomes magnetically polarized.

The proximity effects induce a plethora of secondary effects which are studied in
this dissertation. In particular, I study their effect on spin transport. Together with
my collaborators, we predict e.g., a cooling effect due to precessing magnetization, a
giant spin battery effect, and dynamic effects related to antiferromagnetic coupling
between two ferromagnetic insulators mediated by spin supercurrent. Two of the
publications discuss the Higgs mode or the amplitude mode of the superconducting
order parameter, which can be coupled to the charge degree of freedom by the
magnetic proximity effect.

In this dissertation, I use mostly the natural units in which A = kg = 1. When
relevant, for example when comparing to values in SI units, h and kg are restored to
the equations.

Organization of the thesis
The dissertation is composed of two parts: the included publications, and this

overview which serves as an introduction to the publications. In the overview, the
focus is on the underlying theoretical framework and concepts, and on the connections
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between the works. In the overview, the publications themselves are only shortly
summarized, and some of the key results are highlighted.

The organization of the overview is as follows. Chapter 2 introduces the basic
concepts of electron-phonon superconductivity and ferromagnetism in equilibrium.
We apply these concepts to systems with flat electronic bands, focusing on two
graphene-based systems: twisted bilayer graphene and rhombohedrally stacked
multilayer graphene. As an example of topologically protected flat bands, we discuss
the properties of rhombohedrally stacked multilayers.

We then shift the topic to the interplay between magnetism and supercon-
ductivity in conventional metals interfaced with magnetic materials. Chapter 3
introduces the theoretical tools used to describe non-equilibrium superconductivity:
the Keldysh formalism for non-equilibrium states, and the quasiclassical theory of
superconductivity. In Chapter 4 we introduce the field of spintronics and apply the
tools of nonequilibrium superconductivity to superconducting spintronics.



2 SUPERCONDUCTIVITY AND MAGNETISM IN
EQUILIBRIUM

2.1 Superconductivity

Superconductivity was discovered in 1911 by H. Kamerlingh Onnes. [6] Kamerlingh
Onnes was a pioneer of low-temperature physics and had been the first to liquefy
helium few years earlier. He used the liquid helium as a refrigerant for studying the
electrical resistivity of metals at low temperatures, and noticed that the resistance
of a mercury wire abruptly vanished at 4.2 K. Kamerlingh Onnes realized the wire
had passed to a new state of matter, and named the phenomenon superconductivity.
Another effect which characterizes the superconducting state is the Meissner effect [7],
which is the expulsion of magnetic fields from the bulk of the superconductor.
What is the common factor for these seemingly separate effects? A partial
answer was given in 1935 when a set of phenomenological equations describing the
electrodynamics of a superconductor were developed by brothers Fritz and Heinz
London. [8] According to these equations a superconductor supports a supercurrent

js = _DsAa (1>

where D, is the superfluid weight, a constant related to the density of the supercon-
ducting carriers, and A is the vector potential!. What distinguishes supercurrents
from regular ohmic currents is that they are dissipationless and can exist even in
equilibrium.?

It is easy to see that the supercurrent naturally explains the observed zero
resistivity of superconductors. To see that the Meissner effect can also be explained
in the same terms, we invoke Ampere’s law V x B = 1js, where B is the magnetic

! Eq. (1) is valid in the London gauge, in which V-A = 0, A = 0 in the superconductor

bulk, and n - A = 0, where n is a surface normal of the superconductor.
Dissipationless currents can also exist in the normal (non-superconducting) state, for
example in rings with nonzero magnetic flux threaded through, but in the normal state
they are very small because there is no phase coherence and different components of
the current tend to cancel each other.
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flux density and g is the vacuum permeability. Taking the curl from both sides, we
find that the magnetic field obeys the equation

(V? = oDy)B = 0, (2)

which means that magnetic fields are screened from the bulk of the superconductor
with the characteristic scale A\p, = 1/y/uoD; called the London penetration depth.
The screening is due to the circulating surface supercurrents induced by the magnetic
field.

Despite their success, the London equations offer little insight into the nature
of the superconducting state or the supercurrent. In 1950 Ginzburg and Landau [9]
proposed a phenomenological free energy model, in which the transition to the
superconducting state occurs as a spontaneous breaking of the electromagnetic U(1)
gauge symmetry, and the supercurrent is given by the phase gradient of the order
parameter. The existence of the supercurrent (1) is thus explained by the phase
rigidity® of the superconducting state quantified by superfluid weight D;.

A satisfactory microscopic description of superconductivity in terms of a many-
body wavefunction was finally given in 1957 by Bardeen, Cooper and Schrieffer [10].
This theory now known as the BCS theory forms the basis for our understanding
of superconductivity. The key element of the BCS theory is the coupling between
electrons and phonons, the vibrations of the atomic lattice. At low frequencies,
the phonon system mediates a weak attractive interaction between the electrons.
This attraction then leads to an instability of the electron system, and a new
superconducting ground state with broken symmetry forms, as in the Ginzburg-
Landau theory. The London equation (1) emerges from the BCS theory at the
long-wavelength, low temperature limit.

2.1.1 Bogoliubov-de Gennes equations

To study the BCS theory in more detail, let us consider a Hamiltonian consisting of
a single particle part Hy and a local attractive interaction

=3 [ de[v}(@) Hula),p, (@) -~ Vil(@p] @, @er@] . @)

where 1), (x) is the field operator for electron with spin o and V' > 0 is the strength
of the attractive interaction. This attractive interaction serves as a toy model for
the attractive part of the electron-phonon interaction. Next comes the magic step:
To diagonalize the Hamiltonian, we approximate the interaction term with a mean
field in the particle-hole channel as

[A=)|”

2L @

L)l ()0, (2)1 () = Alz) Y (@)Y () + L ()] (2)A(z) —

where A(x) = A(¢, (x)¢(x)) is the anomalous correlator, and the order parameter
for the superconducting state. Since BCS theory formulated in terms of simplified

3 Phase rigidity is related to the energy cost of the order parameter phase gradient.
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interactions and band structures does not accurately represent the normal state
of any real material, we disregard the normal state Hartree-Fock mean-field terms
which are not specific to the superconducting state.

The peculiar property of the superconducting mean-field is that the Hamiltonian
does not conserve particle number, as it contains terms of the form 4,1, and
¢Lwl. This reflects the fact that charge can be transported by the superconducting
condensate. The charge conservation is not violated as long as the order parameter
is calculated in a self-consistent way. To diagonalize the Hamiltonian we need to
expand the space in which we are operating. We define a bi-spinor

V(@) = (v,(2) (@) —¢j@) o (@) (5)

in which the last two components are the time-reversed copies of the first two. We
refer to this extra structure as the Nambu space, so that the above spinor is the outer
product of Nambu and spin spaces. The mean-field Hamiltonian can be written as

1 Hy(x) Alx)
H= 2 /dm\PT(m) (AT(az) —0'21:.,0(33)*0'2> v), ©)

Hpaa

where ¢g; are the Pauli matrices in spin space. Correspondingly, the Pauli matrices in
Nambu space are denoted by 7;. We have chosen the structure of the time-reversed
spinor in Eq. (5) so that the s-wave order parameter is proportional to unit matrix
in spin space, A = Acy. The factor of one-half in front of the Hamiltonian is due to
double counting of the degrees of freedom in the Nambu spinor. This particle-hole
redundancy® is reflected in the relation

Ui(x) = —[om¥(x)]", (7)

between the Nambu spinor creation and annihilation operators. The particle-hole
redundancy also constrains the possible forms of the Bogoliubov-de Gennes (BdG)
Hamiltonian Hgqgg, so that it always has the symmetry

O'QTQHBd(;<iB,£C/)*O'27'2 = —HBdg(CD,.’B/). (8)

The normalized solutions w,(x) of the BAG Hamiltonian are found by solving
the eigenvalue equation

/ Az’ Hisge (. @ Yy (') = By (). ()

From a single solution w,(x), one can define a Bogoliubov operator for a quasiparticle
excitation

Vo = V‘l/dmwl(m)\lf(m), (10)

Also known as charge conjugation symmetry.[11] The particle-hole redundancy is
distinct from the particle-hole symmetry, which refers to the symmetry between the
normal state electron and hole excitations. In ideal metals there is an approximate
particle-hole symmetry at low energy.
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which is a mixture of particle and hole excitations and has a non-integer charge. The
particle-hole redundancy implies that given an eigenvector w,, there is a particle-
hole conjugated eigenvector w; = goTow, with energy E; = —FE,,. The associated
annihilation and creation operators are related by v = 7;. One can use this to
remove any reference to the negative-energy states. The inverse transformation from
Nambu field operators to positive-energy Bogoliubov operators is

V(@)= Y [wn(@)yn + wal@)y)] - (11)

E,>0

The Bogoliubov transformation to the quasiparticle basis gives a diagonal Hamiltonian

H= > E,lv, + const., (12)
En>0

where the restricted set of positive energy Bogoliubov creation/annihilation operators
have the usual fermionic anticommutation relations {v,, 7 } = d,m and {7, Ym} =
0. Thus, the quasiparticle excitations obey Fermi-Dirac statistics. In thermal
equilibrium, the expectation values are given by (viv,,) = 6pm f(Ey), where f(E) is
the Fermi-Dirac distribution function.

When the eigenstates have been solved, the value of the order parameter can
be determined from the self-consistency equation, i.e. the definition of A:

M) = Mur(@)y @) = (W (@)(r — in)U(@))
A E, (13)
=23 ol (@)un(2) tank (27,) ,

E,>0

where u,, and v,, are the electron and hole parts of the bispinor w] = (u,l; U;)

The order parameter and the eigenstates depend on each other, and are usually
solved by iteration: (1) The eigenstates for Hpqg[A] are solved with fixed A. (2)
The eigenstates are substituted into the self-consistency equation and A is updated.
One starts with some initial guess for A and repeats the steps (1) and (2) until A
converges.

2.1.2 BCS theory for metals

The above is the general theory for any s-wave superconductor with local attractive
interaction. In a translation-invariant and isotropic system with the normal state
Hamiltonian Hy = €, — p1, and assuming that the value of A does not depend on
position, the eigenstates are planes waves and the self-consistency equation becomes

wp A /52 + A 2
A= )\/ de N (6)—=——=——===tanh A , (14)
—wp [e2 + |A? 2T
where N(e) is the density of states at energy ¢ relative to the chemical potential

i in the normal state. To regularize the theory, we have inserted a cutoff at the
Debye frequency wp < 1, which is related to the typical phonon frequency. When
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the Fermi energy is large compared to the Debye frequency, the density of states is
almost constant within the cutoff, and we can approximate N(g) ~ Ny where Nj is
the density of states at Fermi energy, and define a dimensionless interaction constant
g = ANy. Adding a cutoff is required due to the simplified interaction model. Below
we see that a more detailed description of electron-phonon interaction provides a
natural soft cutoff.

The simplest observables one can calculate from the BCS theory are Ag, the
order parameter at zero temperature, which determines the gap of the excitation
spectrum, and the transition temperature

T. =wpexp(—1/g), (15)

where we have assumed weak coupling ¢ < 1. In metals the zero-temperature gap
is related to the transition temperature by the ratio Ag/7, ~ 1.764. This ratio is
universal in the sense that it does not depend on the value of g or wp. However, it
does depend on the interaction model and on the details of the electronic dispersion.

The BdG approach puts the emphasis on the diagonalization of the Hamiltonian
and is suited for clean systems which are periodic or otherwise simple enough. We
use the BAG approach in Publication IV to study superconductivity on twisted
bilayer graphene. For inhomogeneous problems, non-equilibrium states, or disordered
systems, it is better to use Green’s function methods, which allow more varied
approximation schemes.

2.1.3 Phonon-mediated superconductivity

Conventional s-wave superconductivity requires an attractive interaction between
the electrons. In most of the superconductors this is provided by the phonon system
which interacts with an electron and mediates a retarded response to the other
electrons. In most of the included publications we do not focus on the interaction
mechanism, but model the interaction with the simplified BCS interaction as above.
In contrast to that, in Publication I we are interested in the frequency-dependence of
the electron-phonon interaction. In Publications I and IV we also discuss the effect
of Coulomb interaction on the superconducting state. In Publications IIT and VII
we also consider the other major role the phonon system has; it acts as a heat bath
for the electrons.

To give some background for the publications, let us now discuss the Eliashberg
theory, which is a field-theoretical formulation of the electron-phonon superconduc-
tivity that goes beyond the instantaneous BCS interaction and describes all the
above effects in a natural way.[12] A classic text which gives a good introduction
to electron-phonon superconductivity is due to Schrieffer.[13] There is also a recent
review on the contemporary formulations by Marsiglio.[14] In this section we con-
centrate on the equilibrium properties of electron-phonon superconductors. The
electron-phonon energy relaxation is described in Sec. 3.2.5.

The Hamiltonian for the coupled electron-phonon system is

H = He+He—e+th+He—ph7 (16>
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where H,/p, are the Hamiltonians for free electrons and free phonons. H._. contains
the Coulomb interaction between the electrons, and H,_,, is the interaction between
the electrons and phonons. Let us at first disregard the Coulomb interaction and
only consider the electron-phonon interaction, given by

He pn = Z (gquDj; + Q;q@—q)c;;—q,scusv (17)

p7q7s

where gpfl is the bosonic creation operator for a phonon with momentum gq, cj,, is
the electron creation operator, and gpq is the electron-phonon coupling constant. In
practice, there are multiple phonon branches which can contribute to the interactions
between the electrons, but for simplicity, we consider here only a single branch.

The Green’s function (GF) method allows for a natural description of the
dynamic phonon-mediated interaction. In the superconducting state, we define the
electronic GF as the matrix

A

G(1,2) = = (73) (T2, (1)W](2))), (18)

where the indices p and v indicate the Nambu-spin components. Correspondingly,
the phonon propagator is defined as

D(1,2) = =D(Tzp(1)¢'(2)), (19)

where the condensed notation 1 = (@, 7) includes the space and imaginary time
variables, 7, is the contour-ordering operator for the imaginary-time contour, and
the operators are in the Heisenberg picture U1 (1) = e#n W (@, )e=H™. The
conventional 73 Pauli matrix is introduced into the electronic GF in order to make
the resulting equations more symmetric.

The electron and phonon GFs are determined from the Dyson equations

Gl=Gyl -3, (20)
D'=Dgt —1I, (21)

where ¥ and II are the electron and phonon self-energies, respectively. The free-
electron and free-phonon propagators are Gy = [iw,73 — &,70] ', and Dy(q, ivy,) =
—2wq/(wp 4 v2), where &, and wq are the electron and phonon dispersion relations,
and w, and v, are fermionic and bosonic Matsubara frequencies, respectively. The
self-energies can be defined as the sums of all the irreducible single-particle Feynman
diagrams.

In a fully self-consistent theory, the phonon and electron self-energies depend
on each other, but in Eliashberg theory one typically adopts a view that the phonon
parameters which determine the propagator Dy are to be obtained from experiment
and we should not do any further renormalizations to them in the theory, as this
would correspond to an overcounting of the diagrams. Thus the phonon propagator
is assumed as given. Similarly, the electronic properties of the normal metal are
assumed as given so that one only needs to consider the parts of the self-energy
which depend on superconductivity. Modern variants of the Eliashberg theory often
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take a different approach, aiming to solve the properties of the coupled system of
electrons and phonons from the first principles.[14]

The lowest order contribution to the electronic self-energy is given by the
Fock diagram which describes a virtual phonon emission from an electron and its
subsequent absorption:

Sepn(p) =Y ¢°D(p — PG ()73 (22)
p/
This self-energy can be decomposed into four Nambu components Z, x, Re ¢ and
Im ¢ as
Ye-pn(p) = i[1 = Z(p)lwaTs + X ()70 + i(p), (23)

where (%(p) = Re ¢(p)11 + Im ¢(p)72. If there are no other self-energies to consider,
the GF is

G<p7wn) = [iwnT?) - ngO - z/\]efph<pa wn)]il

[517 + X(p> wn)}TO B ZZ(pv wn)wani + qu(pv Wn)
Q(p,wn) ’

where Q(p,wy) = [Z(p, wn)wn]® + [ + X(P, wn)]* + (P, wn)[*. The different compo-
nents have different roles: Z renormalizes the quasiparticle weight, x is a frequency

(24)

and momentum dependent renormalization of the chemical potential, and ¢ is the
superconducting order parameter. The usual notation A for the order parameter is
reserved for the the renormalized quantity

) = 50

(25)

which is more closely related to the excitation gap than ¢.
Substituting Eq. (24) into the electron-phonon self-energy (22), we obtain the
Eliashberg equations,

. dp/ 2 . . (b(p/? Zwm>
o(p,iw,) = _/ (27)3T%:9p—p’D(p_p/7an_zwm)Q(p/’iwm)> (26)
Z n) = 1— T D(p—p', iw,—iwy,) — ———L 2
(p7 W ) / (27T)3 %: gp—p (p D,w W ) Wy Q(p/7 Zwm) ( 7)
: dp’ 2 Sy T (P iwn)
X(p, iwy) = +/ (27)3T%:gp—p’D(p_p/7ZWn—ZWM) Qp'iwy) (28)

which are the set of self-consistency equations for the superconducting state. They
can be regarded as a generalization of the self-consistency Eq. (13). For a metal with
a large Fermi energy p > wp the equations can be simplified as before by noting that
the self-energy is largely independent of |p| and we can carry out the |p| integral, so
that only the properties of the Fermi surface matter.

The BCS model is recovered from the Eliashberg theory by approximating the
interaction as a constant interaction which only exists at low energies

G*D(wWn, Wi ) Ny — M(|wp| — wp)O(|wpm| — wp).
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FIGURE 1 a) Hartree diagram. b) Fock diagram. The solid line is the electron propagator,
and the wiggly line is the interaction.

X vanishes in metals due to (approximate) electron-hole symmetry, but the quasi-
particle renormalization Z does not vanish. For weak coupling Z ~ 1 — g, and the
self-consistency equation becomes

A=ln 8 S (29)

27 T, Ve + 18P
which is the BCS equation with a renormalized coupling.

The above is for a metallic system. In Sec. 2.3 and Publication I we formulate
the Eliashberg theory for a flat band system, in which the Debye energy is larger
than the bandwidth of the electronic band. Flat bands are generally very favorable to
phase transitions, and we find that electron-phonon superconductivity is no exception.

2.1.4 Coulomb interaction

Surprisingly, even though the direct Coulomb interaction between the electrons is
the strongest interaction in the system, it can be mostly disregarded in the theory of
superconductivity. This is partially due to the general philosophy of the Eliashberg
theory, which assumes that the normal state properties are already taken into account
in the parameters of the single-particle Hamiltonian, and we are just studying the
residual superconducting effects. The diagonal (in Nambu space) Coulomb self-
energies are thus usually discarded, or considered as Fermi liquid effects. That the
residual effects of Coulomb interaction on the superconducting state are small can
be traced to the separation between the phonon and electron scales wp and Er. Let
us see how this goes in some detail.

For simplicity, instead of starting from the microscopic Coulomb interaction
and describing the the screening in detail, we model the screened Coulomb interaction
with a local Hubbard interaction

H.=U [ dovl(@)(@)u, @) @) (30

where the Hubbard parameter U > 0 determines the strength of the interaction. The
lowest order diagrams for the self-energy related to this interaction are the Hartree
and Fock diagrams shown in Fig. 1. Together, they give the self-energy

Se=UY (s Tr[G(p)rs] — G (p)7s) | (31)
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where the first term is called the Hartree term and the second one is called the
Fock term. The Hartree term describes a classical interaction between the electrons
and the local charge density. It is only relevant when we are interested in the
capacitance of the system or when the electron distribution is inhomogeneous, as
otherwise it can be included into the chemical potential. The Fock term on the other
hand describes a quantum mechanical process of an emission and absorption of a
virtual photon. Unlike the phonon-mediated interaction, the Coulomb interaction
is practically instantaneous and does not have a high-energy cutoff. This is also
reflected in the fact that the Coulomb self-energy does not depend on frequency.

Let us consider how the Coulomb interaction affects superconductivity. The
Nambu off-diagonal component of the Fock diagram gives a correction to the order
parameter

b=t [ GBTY bl (32)

Q' iw)’

so that the full order parameter ¢ includes contributions from both electron-phonon
and Coulomb interactions, ¢(w,) = ¢pn(wn) + ¢c. Here ¢y is defined by Eq. (26)
by using the full ¢ on the right hand side and ¢, on the left hand side of that
equation. Since the Coulomb interaction is repulsive, it does not by itself cause a
superconducting instability in the s-wave channel, but it can modify and suppress
the instability induced by the phonon-mediated attraction.

In order to write the superconducting problem as an effective theory for the
low-energy modes, we integrate out the high-energy modes |{,| > wp and high
frequencies |w,| > wp from the self-consistency equation. For the electron-phonon
interaction, there is a soft cutoff and the Matsubara sums can be truncated at
Debye frequency wp without much effect. For the Coulomb interaction, one splits
the Matsubara sum into low and high-energy parts (Fig. 2), and uses the fact that
¢pn = 0 and o < /w2 4 E2 at high frequencies to obtain the equation

de
vo=U2 g (p,wn) U e (33)

pElow pélow D
This can be partially solved for ¢¢ as

U P(wn)
do = 1+ Uxy pezlojw Q(p,wn)’ (34)
Xo= ),

_2/ / dw N(e
pilow 2_’_52 27Tw2+€2

NNln( )
wp

and we have approximated the electronic dispersion as if it had a constant density of
states IV for energies |¢| < D, and assumed that the bandwidth D is large compared
to the Debye frequency wp. This term diverges logarithmically as the bandwidth
increases, and is not very sensitive to details of the dispersion.

where

(35)
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FIGURE 2 Self-energy diagram for the Coulomb pseudopotential effect. Dashed line is
the Coulomb interaction, thin solid line with single arrow is the normal state
propagator, thick solid line with double arrows is the anomalous propagator.
At low energies the anomalous propagator is calculated self-consistently and
includes the electron-phonon self-energy, whereas the high-energy propagator
has been approximated with the lowest order contribution from the Coulomb
self-energy.

After integrating out the high-energy bands and high Matsubara frequencies,
we find a self-consistency equation which includes both interactions, and only refers
to low Matsubara frequencies and low-energy bands

dp’ ! W,
o(p,iwy,) = —/ (271:)3T; {gﬁfp,D(p—p’,iwn—iwm) — U*} m (36)
The original Coulomb interaction has been replaced with a Coulomb pseudopotential
Ut =U/(1+ Uxun), which approaches 1/xy, when U — oo. The physical picture for
the Coulomb pseudopotential effect is that the high-energy pair correlations give a
negative feedback for the low-energy pair correlations and try to suppress them.
In Sec. 2.3 we discuss Publications I and IV and consider the effect of the
Coulomb pseudopotential on a flat band systems.

2.2 Simple models for magnetism

Let us now contrast superconductivity with another symmetry broken state; the
ferromagnetic state. Both ferromagnetism and superconductivity are quantum me-
chanical phenomena in which a material obtains a macroscopic coherence. Unlike
superconductivity, ferromagnetism occurs in common materials well above room tem-
perature, and magnetic materials have been known since antiquity. The theoretical
understanding of the microscopic origin of magnetism has only been acquired after
the development of quantum mechanics.

Magnetization of a material occurs when the microscopic magnetic moments of
the material become ordered. For a free electron, the magnetic moment is

p = —pup(L +gS), (37)

where pp is the Bohr magneton, ¢ ~ 2 is the electron g-factor, and L and S
are the orbital and spin angular momentum, respectively. In many materials the
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orbital contribution to magnetism can be disregarded, and here we only consider the
magnetic moment due to spin. Because of the negative charge of an electron, its
magnetic moment and spin point into opposite directions.

The magnetic moments in the materials can become ordered in different ways
and the phenomenology of the magnetic materials is rich and varied. Let us introduce
some simple classes of magnetic materials. In a paramagnetic material, unpaired
spins of the material are randomized by thermal fluctuations and point into random
direction, so that the total magnetic moment vanishes. If an external magnetic field
is applied, there is an energy penalty of £ = gupB - S which tends to align the
individual electronic spins antiparallel to the magnetic field and the material obtains
a total magnetic moment.

2.2.1 Heisenberg model

The material can also magnetize spontaneously due to interactions. This is exemplified
by the Heisenberg model [15]

H:_JZSi'Sj, (38)
(i)

where S; are the spin operators on some lattice and ;) indicates the sum over
pairs of nearest neighbours. The spin operators represent the spins of the unpaired
valence electrons. If the exchange interaction .J is positive, the energy is minimized
when all the spins point in the same direction. The materials which have a ground
state with this kind of arrangement are known as ferromagnets. The ferromagnetic
state is a symmetry-broken state; in the absence of an external field, no single spin
direction is preferred and the direction of the magnetization is picked spontaneously.
At high temperatures the system is always in the non-symmetry-broken state. The
temperature at which ferromagnetism vanishes is known as the Curie temperature
(Te). For T' > T the material is in the paramagnetic state, in which it can be
magnetized by an external field, but has no intrinsic magnetization in the absence of
such field.

If J is negative, the preferred arrangement can be more complicated. If the
system is bipartite, i.e. can be divided into two interlocking lattices so that the
nearest neighbours always belong to different lattices, then the ground state is
antiferromagnetic; every other spin points in the up direction, and every other to the
down direction. Again, “up“ is spontaneously chosen. In this case the total magnetic
moment vanishes, but there still exists a magnetic order within the material. If
the system is not bipartite, the configuration becomes frustrated, as one cannot
simply minimize each term of the Hamiltonian individually to obtain the lowest
energy configuration. In this case, the ground state can have a more complicated
spin structure.

2.2.2 Stoner model

The Heisenberg model applies to insulating magnets with localized spins. In metals,
the magnetism may also originate from the interactions between the delocalized
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conduction electrons, described by the Stoner Hamiltonian [16]

2

H = / dz [Z vl (@) (—Zﬂ - u) Uo(@) + Upl(@)Y | (@)1 ()i () |, (39)
=14

where 1), are the field operators for the conduction electron with spin o, and U > 0

is the repulsive Hubbard interaction. We assume that the number of electrons N is

fixed. This model does not give a good description of magnetism in e.g. rare-earth

metals, for which the magnetism originates from the localized 4f electrons. [17]

The Hamiltonian (39) is rotationally symmetric. The kinetic energy is min-
imized when the lowest energy states (in terms of the noninteracting dispersion)
are filled equally for both spins. In the absence of interactions, U = 0, the ground
state of the system is non-magnetic. However, when there are interactions, the spin
symmetry can be spontaneously broken and the system can become spontaneously
magnetized.

At the mean-field level, the energy contribution from interactions comes from
the Hartree and Fock terms discussed above. The Hartree term only depends on
the electron density and does not play a role here. In contrast, the Fock self-energy
for an electron with spin o depends only on the density of spin ¢ electrons. With
repulsive U, the Fock energy is minimized when the system is fully polarized so
that all the electrons have the same spin. However, such an arrangement increases
the kinetic energy of the system, as the electrons have to occupy states with higher
momentum. Thus, there is a competition between the kinetic energy and the Fock
self-energy. If U is large enough to overcome the kinetic energy cost, there is an
instability towards a magnetic state.

Let us calculate the critical interaction strength. In fact, we have already
done all the heavy work when discussing the superconducting system. Here all we
need to do is to identify the difference between up and down spin self-energies as
the order parameter h (which we call the exchange field) and calculate its value
self-consistently:

h = iTr[agf]] = ZZTI‘[O’gé(p, w)]
0 o (40)

_4/Oood5N(a) [fep(e = —h) — fep(e — p+ h)],

where g is chosen so that the number of electrons is N. Taking h — 0 gives a
derivative of the Fermi-Dirac distribution at the chemical potential® ¢ = u. At zero
temperature it becomes a delta function and we obtain

1 = Ux(T). (41)

where x(T') = [deN(e)dfpp/de is the spin susceptibility of the non-interacting
system at temperature T'. This is known as the Stoner criterion. At zero temperature,
Xx(0) = N(ep). If the right-hand-side is larger that 1, the system is unstable against
spontaneous magnetization.

5

Because of the spin rotation symmetry, the chemical potential does not change to
linear order in h.
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FIGURE 3 a) Structure of ABC graphite. 7; are the tight-binding hopping parameters.
b) Cross-section of the dispersion for 15-layer ABC graphene with chiral
symmetry near the K point. Blue lines are the surface states and gray lines
are the bulk states. The red dashed line is the Dirac dispersion of single
graphene layer.

2.3 Superconductivity and magnetism on flat electronic bands

Since the initial discovery of superconductivity there has been a push for finding
superconducting materials with high critical temperatures. In 1988 Bednorz and
Miiller discovered the first high-T, superconductor which only requires liquid nitrogen,
which has the boiling point of 77K, as a coolant. In subsequent years, increasing
the transition temperature up to room temperature has become the holy grail of
superconductivity research. This goal may have been achieved in 2020 when room
temperature superconductivity was reported in carbonaceous sulfur hydride.[18] The
result has been called into question because the alleged superconducting transitions
are anomalously sharp as a function of temperature, and their widths do not change
with the applied magnetic field.[14] Even if the result is valid, it is of limited practical
value, since it was only achieved in a diamond anvil cell under an extreme pressure
of 267 GPa. The search for practical room-temperature superconductors continues.

In this section, I discuss how flat bands can lead to an increase in the critical
temperature, and to an emergence of superconductivity in materials which are
not usually superconducting at any temperature, and how such degeneracy can be
engineered in graphene-based systems.

2.3.1 Flat bands in ABC graphite

Flat bands can be generated by a variety of mechanisms. A trivial flat band can
be made by taking a set of identical atoms with strongly localized electronic states
and arranging them in a lattice. If there is no coupling between the nearby localized
states, the resulting system is an atomic insulator with dispersion relation £(p) = &,,
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where ¢, is the localized state energy. This system does not support any currents
and is arguably very boring.

Flat bands with more interesting properties can arise due to either topological
reasons or from interactions. [19] As an example of topologically protected flat band,
let us consider rhombohedral graphite (RHG), a naturally occurring metastable
allotrope of graphite, in which N graphene layers are stacked in ABC order (Fig. 3a).
The in-plane coupling between the carbon atoms is due to covalent bonds, whereas
coupling between the layers is due to weaker van der Waals forces. This system
has been studied in Publication II. The properties of RHG can be described with a
tight-binding model which includes the in-layer nearest-neighbour hopping 7y, and
hoppings 71, 3 and 4 between the neighbouring sites in adjacent layers as shown in
Fig. 3. Generally, the hopping strength depends strongly on the distance between the
sites. The sites connected by 7, are directly on top of each other, whereas sites for 73
and 7, are offset in the in-plane direction. This implies a hierarchy vo > v1 > 73,7
between the hopping parameters. Below, for simplicity, we disregard the hoppings
Y2, v3 and 7.

The Hamiltonian for N rhombohedrally stacked graphene layers can be written
in 2N x 2N sublattice-layer space as a matrix[20, 21]

Hy(k) H.(k) 0 0
Hok) (k) HL(k) :
Hk)=| 0o H. (k) - 0 |- (42)
. . ) L ]:{_,_(k:)
0 0 Hy(k)" Ho(k)
The submatrices are
Hy(k) = — S e, + hee and Hy (k) =mo_, (43)

where k = (k;, k,) is the transverse momentum, o, = (o, +1i0,)/2 are the sublattice
ladder operators, and §; are the three nearest-neighbour vectors inside the layers.
The dispersion for RHG with 15 layers (with v; < 79 and 3 = 74 = 0) is shown in
Fig. 3b. The surface states are at almost zero energy for |k — K| < v, /vp.

For a fixed transverse momentum k the above Hamiltonian coincides with the
one-dimensional Su-Schrieffer-Heeger (SSH) model with an even number of sites.[22]
The SSH model has two topological phases which can be distinguished by the bulk
topological invariant. The corresponding bulk Hamiltonian is

0 Pk, k., i5- i
Hbulk<k7 k}z) = <(I)(k i )* ( 0 )> , (P(k:, k‘z) = Y% Ze ik Y€ kzd7 (44)

where d is the distance between the layers. This Hamiltonian has a chiral symmetry
Hyux(k, k) = —6.Hpuk(k, k)6, which allows us to define the topological invariant,
the winding number, as

i dz(k,) Ok, k)

Wik =3 [ =05 = i (45)
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FIGURE 4 (a) Type A nodal lines (blue lines) are closed loops fully inside the Brillouin
zone. (b) Type B nodal lines (blue and red lines) extend throught the Brillouin
zone. The nodal lines carry a topological charge defined with help of the
Berry phase for a path around the Dirac line (black lines). Reprinted with
permission from Publication II, Copyright 2018 Springer Science+Business
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where the integration is from k, = 0 to k, = 27 /d. Depending on the transverse
momentum, the winding number obtains the value 0 or 1. The bulk-boundary
correspondence implies that the change in the winding number across an interface
equals the number of zero-energy surface states. The winding number can only
change when the gap closes at some point along the integration path. The gap-
closing condition ®(k, k,) = 0 defines momentum-space curves known as Dirac nodal
lines. The two topologically different regions and the surface states are bounded
by the 2D projections of these curves. For v; < 7y the surface flat bands occur for
in-plane momentum close to K and K’ points as shown in Fig. 3b.

In Publication IT we show that one can distinguish between two types of nodal
lines (Fig. 4). Type A nodal lines form loops within the Brillouin zone and can be
shrunk continuously into a point, whereas the Type B nodal lines go around the
Brillouin zone (which has the topology of a torus) and cannot be shrunk into a point.
To destroy Type B lines, one has to bring two lines of opposite charge together so
that they annihilate each other and transform into Type A lines. When v, < 7
the K and K’ points are surrounded by the projections of Type B nodal lines with
opposite charge. At vy = 7, the two nodal lines collide and for 79 < 71 < 37, the
projection of a single Type A nodal line surrounds the I' point. At v; = 37 the
Type A nodal line shrinks into a point, and for v; > 3, the system becomes a 3D
topological insulator and the surface flat bands occur at all momenta.[23]

With nonzero 2 and v, the chiral symmetry is only approximate. However,
as we show in Publication II, the nodal lines are topologically protected even if the
system only has SU(2) spin rotation symmetry, time-reversal symmetry and inversion
symmetry. These assumptions are well met in graphene-based systems which have
a low spin-orbit coupling. Breaking of the chiral symmetry modifies the dispersion
of the surface states, which are no longer exactly flat in the thermodynamic limit



31

N — 00, but become approximately flat drumhead states bounded by the projected
Dirac lines.

2.3.2 Competition between magnetism and superconductivity

The occurrence of flat bands can increase the superconducting transition temperature.
To see why this happens, let us consider first metallic systems with constant density
of states near the Fermi surface. As we see in Sec. 2.1.2, the superconducting critical
temperature depends on the density of states at the Fermi energy, Debye energy and
interaction strength as

T, = wpexp (—)\1N0> . (46)
This is valid at the weak-coupling limit when the bandwidth is large compared
to the Debye energy and to the emergent superconducting energy scale T,.. The
above equation suggests that the critical temperature could be increased either by
increasing the interaction strength, Debye energy, or the density of states.

Let us consider the third option, and modify the density of states. Instead of a
constant density of states, we assume that we have a flat band so that the density of
states has a delta-function form N(e) = vppd(e — £¢), where vpp is the degeneracy of
the flat band. Now consider the BCS theory for such a system. When the chemical
potential coincides with the degeneracy, u = ¢g, the BCS self-consistency Eq. (14)
becomes [24]

A
A = A\vpp tanh <2T> : (47)

By expanding around A = 0 we find the critical temperature 7, = ANgg/2. Instead
of being exponentially small, the critical temperature scales linearly as a function
of the interaction constant. This suggests that if we could take a material and
perturb its electronic structure to create a flat band, there could be a large increase
in the superconducting transition temperature. Alternatively, by engineering a flat
band, superconductivity can emerge in materials which ordinarily would not be
superconducting at any temperature.

In Publication I we study the phase transitions with a model Hamiltonian
which approximates the RHG surface states. With chiral symmetry the surface
states for N-layer graphene have the dispersion €, = +¢o[p|V (1 — |p[?) [21], where
£0 = UFPFB, P = P/prB, and ppg = 71 /vF is the momentum-space radius of the flat
band. In the model we only consider the A sublattice on the bottom layer and B
sublattice on the top layer, as the low-energy surface states are localized on those
parts of the system, and neglect the interaction with the bulk. The dispersion of the
surface states is roughly reproduced by taking the momentum space Hamiltonian to

be v
0 p
H = o (ﬁN 0 ) (48)

in the |A, 1) @ |B, N) space.
To study the competition between symmetry-broken phases in this system, we
assume that there are two interactions, the attractive electron-phonon interaction,
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described within the dynamic Eliashberg model (Sec. 2.1.3), and the repulsive
Coulomb interaction approximated with the Hubbard U interaction. In 2D systems
controlled with nearby electric gates, the Hubbard U parameter which we include
into the model can be related to the Coulomb interaction and to the Thomas-Fermi
screening length, which is determined partially by the possible metallic gate electrodes
near the system under consideration, and partially by the intrinsic properties of that
system. [25].

If the electron-phonon interaction would be approximated with a static BCS
interaction A, the total interaction would be simply a sum V = U — X\, which would
have a definite sign and only enable superconductivity when V' < 0 or a magnetic
state when V' > 0, but there would be no competition between the two states on the
mean-field level. However, due to the retardation of the electron-phonon interaction,
there are two separate interaction channels. A low energy attractive channel enables
a possible superconducting transition, and the repulsive channel with high-energy
component enables the possible magnetic phases.

What would be the structure of the magnetic phase? The on-site interaction
favors a locally ferromagnetic alignment on each of the surfaces, i.e. creates an
exchange field on each of the surfaces with a relative angle 6 between them. To
determine this angle we note that the two exchange fields are coupled by the
wavefunctions which extend from one surface to the another.

A similar situation occurs in the superconducting state with 6 replaced by the
relative phase ¢ between As on the two surfaces. Comparing the magnetic free energy
with the free energy of the superconducting state, one notices that the free energy for
the antiparallel magnetization has the same structure as the superconducting state
with ¢ = 0 phase difference. Correspondingly, the state with parallel magnetization
coincides with the ¢ = 7 superconducting state. In the superconducting state
the Josephson energy fixes the phase difference to ¢ = 0. By analogy, the stable
magnetization state is the one with antiparallel alignment between the surfaces. The
situation is also analogous to an antiferromagnetic spin density wave in a system
with a nesting property.[26]

For the antiparallel magnetic state, the Stoner criterion (41) can still be written
as Ux(T) = 1, but now with the susceptibility

X(T) = /_00 de Nie) tanh (26T> : (49)

o0

Because the magnetic structure is not fully uniform, this susceptibility differs from
the (ferromagnetic) spin susceptibility in Eq. (41). For a flat band with density of
states N(g) = vppd(e), the transition temperature is 7, = Uvpp/2, which is linear
in the interaction strength.

In addition to the low-energy flat band, there are high-energy bands which
cannot be completely neglected since they give a logarithmic contribution to the
susceptibility (49). As we see in Sec. 2.1.4, for the superconducting state the high-
energy bands create the pseudopotential effect by screening the Coulomb repulsion
at low energies. We can do a similar separation into high and low energy bands for
the magnetic state, but the effect is opposite; the high-energy bands give a positive
feedback and enhance the effective Coulomb interaction at low energies.
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FIGURE 5 Mean-field phase diagram at T" = 0 for rhombohedral graphite surface states,
when the high-energy states are neglected (xn, = 0). The thin dashed line
shows the phase boundary in the case of instantaneous interactions. The
retardation effects modify the phase boundary. Reprinted with permission
from Publication I, Copyright 2018 American Physical Society.

The high-energy bands can be included as a parameter
D
N _
Xh = / d5|£’€> ~ Nlog(D/A), (50)
A

where A is the cutoff frequency between low and high energy bands, D is the
bandwidth and N is an average density of states. The effective interactions for the
particle-particle (—) and particle-hole (4) channels are

U
Ve =U*—g¢g, where U* =

= 1

For the particle-particle channel, the interaction strength diverges at Uxy = 1. This
means the Stoner criterion is fulfilled already by the high-energy bands, and indicates
that with the chosen cutoff A, the theory is not fully self-consistent and one needs to
use a larger cutoff. In addition to the pseudopotential effect, the retardation also
gives a frequency dependence for the electron-phonon interaction g, which modifies
the quasiparticle weights through the self-energy component Z and has a minor effect
on the phase diagram as shown in Fig. 5.

Recently, bilayer AB graphene and trilayer ABC graphene were found to exhibit
superconductivity with maximum 7,.’s of 30 mK and 50 mK, respectively, at carefully
tuned gate voltages and displacement fields. [27, 28] Based on the above arguments,
one expects that if a rhombohedrally stacked system with larger number of graphene
layers can be fabricated, it will have a larger critical temperature [21]. In trilayer
ABC graphene, the superconducting state occurs on the cusp of a magnetic transition.
This observation is consistent with the above model, in which the magnetic and
superconducting phases share no common interaction mechanism, but are enabled
by the large degeneracy of the flat band.[28]
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(b)

FIGURE 6 (a) Twisted bilayer graphene and its moiré superlattice. The upper layer is
rotated by an angle 6 relative to the lower layer. (b) Position dependence of
the self-consistent A, shown here at T' = 0 for the magic angle § = 0.96° and
A = 5eVa?. In both figures also a line passing through high-symmetry points
with AB, AA, and BA stacking is shown. Reprinted with permission from
Publication IV, Copyright 2018 American Physical Society.

2.3.3 Magic-angle twisted bilayer graphene

The system which popularized the study of flat bands on a large scale is the magic-
angle twisted bilayer graphene (MATBG), which was found in 2018 to host multiple su-
perconducting and correlated insulator phases tunable simply with a gate voltage. [29,
30] It was the first purely graphene-based system that exhibits superconductivity in
a reproducible manner.%

MATBG consists of two layers of graphene coupled by van der Waals forces,
and twisted relative to each other so that the unit cells of the two graphene layers
are at angle 6 relative to each other (Fig. 6a). The two overlaid honeycomb lattices
create a moiré pattern. The electronic structure of the individual graphene sheets
is modified by the spatial modulation of the overlap between 7 orbitals of the two
sheets. As a consequence of the moiré pattern with large unit cell A,,.i¢, the graphene
Brillouin zone fragments into a much smaller superlattice Brillouin zone. At twist
angle 6 ~ 1.1° the level repulsion between the bands flattens the Dirac cones of the
lowest lying bands so that the Fermi velocity vanishes, creating an approximate flat

6 Indications of superconductivity with high transition temperature have been reported

in highly oriented pyrolytic graphite (HOPG) samples since 1999.[31, 32] However,
these samples are not as well controlled as MATBG systems, and have not received
similar attention. The superconductivity in HOPG is related to the interfaces in the
sample, and may share a common mechanism with MATBG. [33]
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band state.

The experimental phase diagram of MATBG depends on the sample, but in
the original experiments [29, 30] it was found that there were insulating correlated
states at integer fillings v = nApoie € {£2,+3}, where n is the number density of
electrons relative to the charge neutral state, and superconducting domes around
the insulating states (Fig. 7). This is reminiscent of the phase diagram of some
high-T,. superconductors, in which the superconducting pairing is assumed to be
mediated by spin or electronic fluctuations, so that the superconducting state and
the correlated insulating state share a common mechanism and the insulating state
functions as a precursor phase for the superconducting transition. In some theoretical
works, the phase diagram was taken as an indication that also in MATBG the
superconductivity might not be mediated by phonons, but by Coulomb interaction [34—
43]. If superconductivity in MATBG were to share a similar mechanism with (some
of) the high-T, superconductors, this would be useful indeed, since the MATBG is
much more easily controlled. For example, in high-T, superconductors the electron
density needs to be controlled by introducing inpurity atoms, and each data point
thus requires a fabrication of a new sample. In MATBG the electron density is
tunable simply by gating, and the whole phase diagram can be explored in a single
sample.

However, in later experiments with cleaner samples, the location of the super-
conducting state and the insulating states on the phase diagram do not seem to be
correlated quite so closely [44], and the phase diagram is not so suggestive of the
high-T,. physics anymore. Moreover, it can be argued that the phonon mechanism
is sufficient to explain the superconducting state. In the phonon hypothesis, the
only common factor for the superconducting and insulating states are the flat bands,
which tend to make the system unstable in many different channels.

In Publication IV, we study arguably the simplest possibility for the supercon-
ducting state in MATBG, namely s-wave superconductivity enabled by an attractive
local interaction, which we identify with the electron-phonon interaction. The normal
state of TBG is described with a tight-binding model of Refs. [45, 46], which describes
the two graphene layers at twist angle # coupled by a hopping which depends on the
distance between the sites. We solve the BdG Eqgs. (9-13) for this model and find
that even a relatively weak electron-phonon interaction can explain the supercon-
ducting T.’s observed in the experiments, and the phonon hypothesis is consistent
with the experimental observations. The phonon hypothesis is also supported by
other works,[47, 48] and by experiments where the screening of Coulomb interaction
is enhanced by using a thinner hBN layer between the gate and the sample. [49]
The insulating state is not observed in such experiments, but superconductivity
remains. The structure of the order parameter is still an open question, but there is
some evidence that it may have nodes.[50] Since the local density of states varies
significantly within the moiré unit cell, being largest at the sites with AA stacking
and lowest at the sites with AB or BA stacking, the order parameter also has a
significant position dependence within the moiré unit cell (Fig. 6b).

In general, the mean-field A is not a sufficient condition for superconductivity.
A proper superconducting state should also support a finite supercurrent (Eq. (1)),
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FIGURE 7 Gate-tunable superconductivity and insulating phases in MATBG as observed
in Ref. [29]. (a) Two-terminal conductance as a function of the carrier density
n = CVy/e, where C and V, are the gate capacitance and gate voltage,
respectively. The upper axis shows the filling factor v = n/(ns/4). (b,c) Four-
terminal resistance for two samples at densities close to v = —2 shows the
correlated (Mott) insulator phase and the adjacent superconducting domes.
Reprinted with permission from Ref. [29], Copyright 2018 Springer Nature.
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which requires a nonzero superfluid weight i.e. phase rigidity. In conventional
systems the superfluid weight can be related to the effective electron mass meg by
the relation [51]

D, = e*n,/mes, (52)

where nyg is the superfluid density. In flat band systems the effective mass diverges
and this definition gives a vanishing superfluid weight. However, there can be other
contributions to the superfluid weight which originate from the band geometry [52].
In particular, the superfluid weight for rhombohedral graphite surface states[21] and
MATBG is finite [53]. For an in-depth discussion of superfluid weight in flat-band
systems, see the recent review [54].

At finite temperatures and in two-dimensional systems the long-range order can
also be destroyed by thermal fluctuations. Above the so-called Berezinskii-Kosterlitz-
Thouless (BKT) transition temperature Tkt the system becomes unstable against
the creation of pairs of vortices, quantized topological defects in the order parameter
texture, and as the number of vortices increases the phase coherence is lost. Cooper
pairs may still exist in the system, but the resistance becomes finite. In the mean-field
theory the order parameter is regarded as a static quantity, and the effect of such
fluctuations is not captured. In two-dimensional superconductors, the observed
resistance transition happens at the BKT temperature Tgir, not at the mean-field
critical temperature.

Two-dimensional charged superfluids such as thin-film superconductors con-
stitute a special case of the BK'T theory, which in its original form only concerns
neutral superfluids and analogous systems.[55-57] In neutral superfluids the BKT
transition happens because when the distance between a pair of vortices is large,
the interaction energy between two vortices increases logarithmically as a function
of distance. In contrast, in bulk superconductors the interaction energy between
two vortices falls off exponentially as a function of distance, and there is no BKT
transition. In thin-film superconductors the interaction strength is asymptotically
inversely proportional to the distance, and thus Kosterlitz and Thouless initially
suggested that they should not exhibit a BKT transition.[57]

However, as pointed out by Beasley, Mooij and Orlando,[58] the asymptotic
form of the interaction energy used by Kosterlitz and Thouless only applies for
distances larger than the Pearl penetration depth A, ,[59] the magnetic penetration
depth for fields perpendicular to the film, which is inversely proportional to the film
thickness. For thin films, A\; can reach values that are of the order of centimeters.|[60]
For distances smaller than A, the interaction energy between the vortices increases
logarithmically just like in neutral superfluids. Thus, in principle there is no BKT
phase transition in superconductors in the thermodynamic limit, but since the
experiments are never done in the thermodynamic limit, the BK'T transition in
superconductors can be in practice be indistinguishable from a true phase transition
and one can almost directly apply the methods of the original BKT theory in
superconductors.[60] In the case of MATBG, this avenue has been pursued by the
co-authors of Publication IV. [53]



3 NON-EQUILIBRIUM SUPERCONDUCTIVITY

Above we describe the equilibrium properties of superconducting and magnetic
materials. However, many applications and experimental probes induce a non-
equilibrium state. Here we are in particular interested in the non-equilibrium
properties of superconductors, in which the density of states depends strongly on
energy. This feature provides them with unique properties, but also complicates
the theoretical description, forcing us to develop some rather heavy calculational
machinery to calculate the responses to time-dependent fields.

We start by describing the general formal tools for the non-equilibrium situation.
The idea here is not to develop the theory in full, but rather to trace out the path
from basic quantum mechanics to the quasiclassical formalism of non-equilibrium
superconductivity. The full details can be found in the review articles [61-63] and
the textbooks [64-66].

3.1 Keldysh formalism

A rather general approach to non-equilibrium dynamics is to use the Keldysh
formalism. It has some advantages over the alternatives such as Matsubara formalism:
it allows to the description of transient effects and systems far away from thermal
equilibrium. There is also no need for analytical continuation, even though the
analytical structure of the response functions does sometimes show up in the theory.
A feature unique to Keldysh theory is that it allows the calculation of full counting
statistics, giving access to all cumulants of an observable. The main drawback of the
Keldysh theory is that it doubles the matrix size of the Green’s function, and can
sometimes be cumbersome to use.
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FIGURE 8 Keldysh contour. The contour-ordering operator orders the contour-time
variables in the order s < s/, <s_ <s_.

3.1.1 Keldysh contour

The time evolution of a quantum mechanical system is determined by its Hamiltonian
‘H. We assume that we can divide the Hamiltonian into three parts,

H = Hy+ H™ + H'(t), (53)

where Hj is a time-independent single-particle Hamiltonian, which is can be easily
diagonalized and used to determine the basis states. H™ describes the interactions
between the particles and is solvable only with approximations. The last part
H' is explicitly time-dependent and describes the processes which induce the non-
equilibrium state.

In the interaction picture the expectation value of an operator O can be
expressed as

O(t) = (Ulto, ) O(1)U (£, o) ). (54)
The time-evolution from some initial state is given by the Dyson expansion
Ult,t) =T [e—zj/;fo dTHint(T)+H’(T):| ’ (55)

with the time-ordering operator 7. The time-dependent operators X (¢) in the
interaction picture are defined relative to the Schrodinger picture operator Xg as
X (t) = etfot Xge~Ho! We assume that the system is coupled to a thermal bath
with temperature 7" and take the initial time to be far away in the past, ty — —o0.
The coupling to the thermal bath washes out any initial correlations, so that the
expectation value is evaluated about the thermal equilibrium (-) = Z=! Tr[e=#Ho . ],
where § = 1/T is the inverse temperature and Z = Tr[—/H)] is the non-interacting
partition function. In particular, we do not need to specify the initial state of the
system at t = {p.

We then define a contour ordering operator Tz which orders the operators in
an increasing order in the contour variable on a closed path C (Fig. 8) on which ¢
goes from —oo to oo on the forward branch C,, and then back from co to —co on
the backward branch C_. The expectation value can be concisely written as

O(t) = (Te[ScO()), (56)

where the S-matrix is defined as S¢ = exp[—i [, dTH™ (1) + H'(7)]. Similarly, we
define the contour-ordered Green’s function

G(1L1) = (Te[Sew(1)wi(1)]), (57)
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where the concise coordinate notation 1 = (xy,t;) includes at least temporal and
spatial coordinates and can include additional degrees of freedom (e.g. spin).

The above formal trick is useful because under the contour-ordering operator
Te the operators can be treated as if they are numbers and the S-matrix can be
expanded in Taylor series. It can then be shown that Wick’s theorem generalizes for
the contour-time operators, and any string of operators can be expressed as a sum of
products of zeroth order GFs

Go(1,1) = (Te[w()w! (1)), (58)

and interaction vertices. The contour-ordering can thus be used to develop a
perturbation theory, namely the Feynman diagram expansion.

3.1.2 Real-time matrix structure

Instead of contour-time, we are ultimately interested in the values of the observables
in real time. To see how we get back to the real time, let us consider a simple
example. Suppose that the interaction Hamiltonian is given by the one-body operator
H™ = V(x)y!(x)y(x) and that the time-dependent part vanishes, H'(t) = 0.
Expanding the S-matrix in Eq. (57) to the first order in V' gives

G(1,1) = Go(1,1') + /d@/ds Go(1,2)V(2)Go(2,1) + O(V?).  (59)

We break the contour integrals into two real-time integrals

/CdsX(s): (/c ds+/ds)X(s):/_C:th(t,Jr)—/_;mth(t,—), (60)

For a pair of real times t,t, we get four different Green’s functions depending on
whether the two times reside on the forward (+) or backward (-) branch of the
contour:

G (1,1) =
G—(1,1)

+i(W(1)91(1), G (1,1) = =i(T (' (1)]),  (62)

(T, G (1,1) = Fi(el(1)e), (61)
1

where 1) are now operators in the Heisenberg picture, and T is the anti-time-ordering
operator, which orders the operators to the opposite order than 7. For G~ the
upper sign is for bosons, and the lower sign is for fermions. The four GFs can be
collected in one matrix propagator with components [é]a/g = G°%. In terms of the
matrix propagator the above expansion can be written as

G(1,1) = Go(1,1) + da, / dt, / Go(1,2)%V (2)Go(2,1). (63)
where 73 is the third Pauli matrix.

To clarify the physical content of the matrix propagator, it is useful to transform
to the Larkin-Ovchinnikov representation for fermions, in which the matrix structure
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is rotated G — LGL' with L = (1 — %) /+/2, and the matrix propagator obtains

the trigonal structure:
~ Gt G¥
o= (G 4 (69)

where the retarded (R), advanced (A) and Keldysh (K) propagators can be defined
as

GR(1,1") = —if(t — ) ([e(1), (1)) ), (65)
G L) = bt —t)([v(1), ' (1)), (66)
GH(1,1) = —i([v(1), v (1)), (67)

with [X, Y] = XY FY X, where — and + signs are for bosons and fermions, respec-
tively. By definition, the retarded and advanced functions are related by G*4(1,1’) =
G®(1’,1)* and Keldysh function is anti-hermitean: G*(1,1') = —GK(1",1)*.

The Larkin-Ovchinnikov representation for the GF is useful since its com-
ponents admit a clear physical interpretation. The retarded and advanced GFs
encode spectral information; e.g. in equilibrium the density of states is given by
N(e) =V~ [ Tr[GE(x,e) — G*(x,e)]. The Keldysh GF on the other hand encodes
information about the distribution function. In equilibrium it is determined by the
fluctuation-dissipation theorem:

GK(x,e) = [GR(w, ) — GA(;B,E)} tanh (26T) : (68)

where 7T is the bath temperature. In general, the Keldysh GF can be parametrized
in terms of the distribution function F as GX = GF @ F — F ® G#, where F is
hermitean: F(1,1) = F(1',1)*.

In the Larkin-Ovchinnikov representation the inverse GF and the self-energy
share the same structure as the GF itself:

oo ) ()

The inverse is defined as (X ® X~ 1)(1,1') = 16(1 — 1') where ® is a convolution
product in space-time arguments. In terms of the distribution function F, the
Keldysh part of the inverse propagator is (G )X = (GF)"'@ F — F @ (G*)~1.

As in the equilibrium case, the matrix propagator obeys the Dyson equation

Gyl =)@ G =6(1— 1)1, (70)

where the zeroth order Green’s function is

1

A
G ) = T
p

(71)
Here H, is the single-particle Hamiltonian. The self-energy > is defined as the
difference between the bare and the dressed GFs, or equivalently as the sum of

all the irreducible single particle diagrams which are obtained by expanding the
S-matrix.[64]
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Here we operate within the (self-consistent) mean-field approximation, and
only include the Hartree-Fock skeleton diagrams which give the self-energy

N(k) = =V(0)73 Te[75G] + V(q) Tr[7sG (K — q)73], (72)

for some two-body interaction V. This approximation closes the equations of motion,
so that one only needs to solve the coupled equations for G and X.

It may seem that we use a sledgehammer to crack a nut in developing all this
formalism to calculate things within the mean-field approximation, which reduces
the problem to an effective single-particle problem. However, we occasionally want
to step out of the linear response theory and then it is useful that the formalism
does not get in the way.

3.1.3 Full counting statistics

For a stochastic transport process, e.g. electron transfer through a tunnel barrier,
full counting statistics means that we not only calculate the average rate of the
process, but instead consider the probability distribution related to that process
and calculate all its cumulants. The Keldysh theory provides a practical method to
obtain the generating function for the cumulants.[62]

In Keldysh formalism, a single time ¢ maps onto two variables s1 on the contour,
one on the forward branch and the other on the backward branch. All operators O
corresponding to physical fields can only depend on the real time and are defined
symmetrically on the two branches: O(s_) = O(s). However, it is also possible to
define operators A which are antisymmetric on the contour: A(s_) = —A(sy). The
fields defined by such operators are called counting fields and can be used to develop
the full counting statistics of an observable.

We use this technique in Publication V., in which we derive an Keldysh action
for a tunnel junction between a nanomagnet with precessing magnetization and a
spin-split superconductor. The full counting statistics for charge, spin and energy
transfer over the junction are obtained as derivatives of the action with respect to
the counting fields.

3.2 Quasiclassical theory of superconductivity

Many properties of metals can be described with the phenomenological Fermi liquid
theory [67, 68]. A Fermi liquid is an interacting system with rather strong interactions,
but due to phase space restrictions the quasiparticle excitations near Fermi surface
cannot decay and the ground state resembles that of a Fermi gas. One then only
needs to describe the residual interactions between the excitations. The dynamics of
a Fermi liquid can be described with a fairly simple Boltzmann kinetic equation in
terms of the distribution function f,,(x).

The quasiclassical theory is a natural generalization of the Fermi liquid theory
to the superconducting state. [69] Such a generalization is needed because for many
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applications of interest, the full Gor’kov equations for the GFs are too cumbersome
to solve. The quasiclassical theory is based on the observation that the typical
interactions in metals do not depend strongly on momentum near the Fermi surface,
and consequently the quasiparticle poles remain sharp in momentum space. This
makes it possible to integrate the equations of motion over momentum. This
procedure neglects some (inessential) information and results into a simpler set
of equations of motion. The quasiclassical theory for equilibrium states was first
obtained by Eilenberger [70]. The extension to non-equilibrium states was initially
developed by Eliashberg, Larkin and Ovchinnikov [71, 72].

In the works included in this dissertation, we do not consider Fermi liquid
interactions explicitly, apart from the attractive BCS interaction, which enables
superconductivity. However, the philosophy of the Fermi liquid theory is present in
the sense that we are only concerned on the excitations near the Fermi surface.

3.2.1 Eilenberger equation

The formal way of obtaining the quasiclassical equations of motion is sketched below.
In the following we separate the order parameter matrix A from other self-energy
terms, which include contributions such as inelastic electron-phonon relaxation and
impurity scattering. We begin by subtracting the left and right-handed versions of
the Gor’kov—Dyson equations

A v

Go(Gy'—A=%)=0, and (Gj'-A-2)®G=0, (73)
with zeroth order GF

=1y 4\ Z'at%?,‘f‘ié—gp 2@5Feq<t) o
Go (t t)—( 0 100 — 16— €, ot —t), (74)

from each other, to obtain the equation
Gol—A-x¢@] =0, (75)

The infinitesimal § > 0 sets the analytical structure, and the infinitesimally small
Keldysh part determines the distribution function F*4(e) = tanh(e/27"), where T is
the bath temperature. The self-energy contains the electron-electron and electron-
phonon interactions and impurity scattering. We specify it in detail only for the
diffusive case.

The next step of the process is the Wigner transform, in which internal and
external length scales of the problem are separated. Here we do the Wigner transform
in spatial coordinates but not in the temporal coordinates, because we are interested
in periodic driving and the structure of the temporal Fourier transforms is better
preserved this way. We define the center-of-mass coordinate R = (&1 + x2)/2 and
relative coordinate 7 = @1 — @>. The Fourier transform with respect to the relative
coordinate is

G(R,p) = /dreip'rG(R+r/2,R—r/2), (76)
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This is the mixed-coordinate representation of GG. In mixed coordinates, the space-
time convolution product of two two-coordinate functions is

(A® B)(R,p) = eé(vvaQ—V”Qle)A(RbPl) o B(Ry, p)

7
pP1/2=pP,R12=R ’ ( )

where o is a time-convolution product. For functions with slow R dependence (as
compared to internal length scales, i.e. Fermi wavelength) the above exponential can
be expanded in Taylor series for spatial gradients.

Applying the gradient expansion to the left-right subtracted Dyson equation
(75) and retaining only the terms in the lowest non-vanishing order in gradients,
one obtains a local equation of motion for G(R, p,t,t'). Integrating that equation
over the momentum magnitude |p|, we then obtain the Eilenberger equation for the
quasiclassical propagator g [70]

vpp-V§=[—iers + X+ A9 g, (78)

where vp = pgp/m is the Fermi velocity and the self-energy is restricted to the Fermi
surface X(p) = X(prp). The quasiclassical propagator is defined as

iR = f dC(Rp). (79)

The slash over the integral indicates that the integration over &, = % —ep is
restricted to energies near the Fermi surface [61, 70]. To uniquely fix the solution,
the Eilenberger equation is solved together with a normalization condition §jo § = 1.
According to the Eilenberger equation, the quasiparticles move in straight lines in
the direction p until they scatter off the boundary or some impurity. This is similar
to propagation of light in geometric optics. This is not a coincidence, as geometric
optics can be derived from Maxwell’s equations by using a similar gradient expansion
as above [73].

To give a concrete example of the quasiclassical GF, let us consider the homo-
geneous BCS state. Integrating over the Gor’kov GF (24), we obtain
gR/A(éT) _ . €7A'3+Z'A7A'1. ’ (80)
z\/A2 — (e £i0)?

where /- refers to the principal branch of the square root function.
In terms of the quasiclassical GFs, the density of states is

N(e) = 5 Trmlg™(e) - g*(e)] = NoRe ©

V(e +i6)2 — A2

where Ny is the normal-state density of states at Fermi energy. In the normal state,
the propagator ¢'/4(¢) = £73 has no energy dependence. This is a consequence
of the quasiclassical approximation; the information about the electron-hole asym-
metry in the normal state is completely lost and the quasiclassical theory cannot
describe normal state thermoelectric effects or any other effects which depend on the
dimensionless ratios Ti./ep, T/Ep, w/Er, q¢/pr and V/Ep, where T, is the transition
temperature and w, g and V' are the frequency, wavevector and strength of an external
perturbation.|74]

, (81)
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FIGURE 9 Electron motion in (a) a clean system, (b) a disordered system.

3.2.2 Usadel equation

The Eilenberger equation describes a clean superconductor in which the electrons
experience a perfectly periodic lattice with Bloch wave eigenstates. Real materials
are always to some extent disordered, with the perfect periodicity broken by im-
purity atoms and lattice defects, rendering the Bloch wave picture invalid. In the
Hamiltonian, the impurities can be modeled by starting from a perfect lattice and
introducing a stochastic field of randomly distributed point-like scattering centers.
In Born approximation, the impurity scattering self-energy (at the Fermi surface) is

I

Y= @ (82)

Timp

where Ty, is the impurity scattering rate and (-)y is an average over the momentum
directions. The scattering from impurities is elastic; it randomizes the momentum
direction, but does not mix states with different energies.

When the impurity scattering length | = vp7iyp is small compared to the other
length scales of the system such as system size L, superconducting coherence length
& and spin scattering length® [y, the quasiclassical propagator can be approximated
by the first two spherical harmonics:

§=0s+DGp+ O(7iny) (83)

Expanding the Eilenberger equation and the normalization condition in spherical
harmonics [61] and using the assumption Ti;llp > Ay, one finds that the p-wave
component can be expressed as the gradient of the s-wave component,

gp = —2lgsV gs. (84)

Impurity scattering length has to be larger than Fermi wavelength, as otherwise the
quasiclassical approximation is invalid.
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Substituting this to the s-wave part of the Eilenberger equation, we find an
equation of motion for g = gs(R,t,t") (from now on we drop the subscript s) in the
disordered limit:

DV - (§V§) + lists — A =%, ] = 0. (85)

This equation is known as the Usadel equation [75], and like the Eilenberger equation,
it is complemented by the normalization condition §o § = 1. Unlike in the clean
limit where quasiparticles move ballistically, here the quasiparticles are constantly
scattering off the impurities, and the electron motion is diffusive, with diffusion
constant D = v&Timp (Fig. 9b). The above equation is valid for the time-independent
case.

For simplicity, we write down most of the equations for the time-independent
case. However, in the publications we often consider a time-dependent drive. The
Usadel equation and all the associated definitions can be translated to a time-
dependent case by making the Fourier replacement

[ieTs, §] — T30,0 + Oy g3, (86)

for the energy variable in (85), and by replacing the ordinary matrix products with
time-convolution products, denoted here by the o operator.

3.2.3 Spectral equation

Let us now consider the structure of the Usadel equation (85). The quasiclassical
GF g is an 8 x 8 matrix in Keldysh-Nambu-spin space. The Keldysh structure is

AR AK
j= <g0 g ) (87)

gA

where §"/4/K are 4 x 4 matrices with the Nambu-spin structure
3
" (R.e) =Y gl(R,e)6:7), (88)
i,j=0

The choice of the Nambu spinor [Eq. (5)] ensures that if there are no spin-dependent
fields present, ¢'/4/K are proportional to the unit matrix &, in spin space. In
particular, we have chosen the Nambu spinor so that the singlet pairing is in the oq
component.

Expanding the Keldysh matrix multiplications in Eq. (85), and picking the R
component gives the spectral equation?

A

DV - (35" + liety — A, ") = [£F, "), (89)
which is solved together with the normalization condition

(") =1. (90)

2 The correct analytical branch is obtained by replacement ¢ — €419, with small § > 0.
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These equations determine the spectral function §%, and apart from the self-consistent
A = Al[g], they can be solved independently of §%. There is no need to solve
an equation for ¢, since one can show from the definitions (66) and (65) that
gt = —73(9")1%3. Solving a differential equation (89) together with a nonlinear
constraint (90) can be complicated. A common strategy is to parametrize g% in such
a way that the normalization condition is automatically satisfied and then solve the
resulting unconstrained differential equation for those parameters. We discuss the

parametrization of ¢% in Sec. 3.2.10.
3.2.4 Kinetic equation

The Keldysh component of the normalization condition is
9" + 99" =o. (91)

The normalization condition is automatically satisfied by introducing the distribution
function f such that
9" =a9"f - fa*. (92)

The distribution function is not yet uniquely defined, as one can substitute
f = f+3%h+hg", (93)

with arbitrary h without affecting §%.[76] To fix f uniquely, we restrict it to a
diagonal matrix in Nambu space[77]

3 3
f(Re) = (fL"‘Zij&j) To + (fT-i‘Zij&j) 3, (94)
j=1 j=1
and label the components f7,7; according to the generalized Schmid-Schon notation,
where L and T stand for longitudinal and transverse, respectively [63, 78, 79]. The
components correspond to different non-equilibrium modes. The modes f, fr are
related to energy and charge accumulation, [51] and the spin-dependent modes fr;
and fr; are related to spin accumulation and spin-energy accumulation, respectively.
To obtain an equation of motion for the distribution function, we define the
matrix current

I=Djvy, (95)

and write the Usadel equation in a concise form
V- I=[A+%g =0, (96)
where A = —ie#; + A. The Keldysh component of the matrix current can be written

in terms of the distribution function as

" =D(Vf-g"Vig")+D(3"V3") - [ D (5"V5"),
—_—

(97)

where the first term describes the currents due to gradients of quasiparticle density,
which can only exist in a non-equilibrium state. The last two terms on the other
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hand can be non-zero also in equilibrium and describe the possible charge and spin
supercurrents.

Taking the Keldysh component of the Usadel Eq. (85), and subtracting the
supercurrent terms I®4 from both sides using the spectral Usadel equation gives
the equation

D[V’ [ ="V )" = §"(Zu + Zv + Zs) = (Zu + Zv + Z2)i*,  (98)

for the distribution function. The time-derivative and the order parameter, spectral
gradients, and the self-energies are contained in the terms

Zi = A - Af (99)
Zo = [(Vo") (V5 — (VD) (Vo)) (100)
Ty =K —nff 4 et (101)

In analogy to the Boltzmann equation, the equation (98) is often called the kinetic
equation.

Let us consider what kind of physics the different terms of Eq. (98) describe.
The left hand side of Eq. (98) describes the coupled diffusion of the non-equilibrium
modes. [63] In the superconducting state the density of states is strongly energy-
dependent and the effectiveness of diffusion depends on the quasiparticle energy. On
the right hand side, the first term of A = —ieT3 + A gives the time-derivative of the
quasiparticle accumulation (in the time-dependent situation), whereas the A term
describes conversion between supercurrent and quasiparticle charge currents. The
spectral gradients in Zy can be generated by supercurrents, and they couple the
different non-equilibrium modes. The self-energy terms Zs, give the collision integral
which relaxes the distribution function towards the equilibrium distribution.

3.2.5 Self-energies

In the publications included in this dissertation, we are interested in spin dynamics
in nonequilibrium systems. To describe such systems, we need to consider some spin
and energy relaxation mechanisms.

In disordered materials, the spin imbalance can relax by scattering from im-
purities. Depending on whether the impurities are magnetic or not, the associated
self-energies are given in the first Born approximation by

T30 - JOT3
Y = ————— 102
f 67'Sf ( )
or
o-Jo
Yo = ) 103
6Ts0 ( )

The former describes spin-flip relaxation due to scattering from magnetic impurities,
and the latter describes Elliott-Yafet spin relaxation due to spin-orbit scattering from
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a non-magnetic random impurity potential [80]. These processes are parametrized by
spin-flip and spin-orbit relaxation times 75 and 7, respectively.

In the normal state, there is no difference between the two terms within the
approximations used here, and one can simply define a total spin-relaxation time
72l =75+ 75" In the superconducting state, the two spin relaxation processes act
differently because the spin-orbit scattering is time-reversal invariant, but magnetic
impurity potential is not. Anderson’s theorem states that s-wave superconductivity
is robust against time-reversal invariant perturbations[81], and so the spin-orbit
scattering does not lower the critical temperature. Anderson’s theorem does not
apply to time-reversal breaking perturbations, and one finds that magnetic impurities
decrease the critical temperature of the superconducting state.

In addition to the above elastic spin relaxation processes, there always exists
some processes which provide inelastic relaxation, relaxing the quasiparticle distribu-
tion towards a thermal distribution. An important source of inelastic relaxation is
the electron-phonon scattering, given by the self-energy [63, 71]

$nA (e) = —ige_ph/ deK(w)gR’A(s +w) — DR’A(w)QK(s + w) (104)

e—ph
sk on(8) = —ige_pn / dwDX(w)g" (e + w) — DP*Y(W)§" (e + w), (105)

where X4 = X — X4 DRA = Hijw|w|, DK = DEA(w) coth(w/2T,y), and Ty, is
the phonon temperature.

The above phonon self-energy is often too complicated to implement in practice.
A toy model for energy relaxation is given by

SEA — 4iDs, (106)
SE =20 f(e) s, (107)

where I' > 0 is the Dynes parameter, f°1 = tanh(e/27"), and T is the bath tempera-
ture. This model gives the collision integral

Zs = —2T(f — fea)?s, (108)

where I'"! is the energy relaxation rate. Apart from relaxing the quasiparticles, a
finite Dynes parameter also affects the spectral properties, softening the gap edge
singularity in the BCS density of states. This is often useful in when solving the
Usadel equation numerically, as the sharp divergence at the gap edge can cause
problems with some numerical algorithms.

3.2.6 Self-consistency equation

As before, the order parameter is determined from the self-consistency equation.
The BCS self-consistency Eq. (14) generalizes to a time-dependent and spatially
inhomogeneous case in terms of quasiclassical GF as

A(R,t) = /Q\TI[T_QK(R7t,t)]
A /wD de (109)

% TI'[T_gK(R, g, t)L

2

—wp
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where ¢ is the center-of-mass time, and 7 = (7 — i72)/2. If the non-equilibrium
electronic system is time-dependent, the order parameter can also oscillate.

At the weak coupling limit Ay < wp, where A is the order parameter at zero
temperature in the absence of external fields, one can eliminate the dependence
on the Debye frequency and the interaction constant by taking A, as a parameter
instead. One way to accomplish this is to write number 1 in two ways using two
different self-consistency equations:

A [0 de g“(Ret)] X [“Pde 90 ()
z/@zw“”lf—mw —1—2/ s, ) MO

—wp

The interaction constants A and the high-energy parts of two equations cancel against
each other, and we can impose a new cutoff A such that A < A < wp. Although A
may initially seem like an an unnecessary additional parameter, it is useful in heavy
numerical applications, since now the cutoff can be chosen to be quite low (A = 44,
is often good enough) without loss of accuracy. Solving for A, using the BCS solution
for gff, and taking the limit wp — oo gives a new self-consistency equation

1

A:C(A)/O de Tr[r_g"], (111)

with the coupling constant

A+\/m>7 (112)

C(A) = ;m ( AO

which has no reference to A or wp. The above equation has good convergence
properties in fixed-point iteration.

3.2.7 Observables

In quasiclassical theory, the charge, spin, energy, and spin-energy current densities
can be obtained from the matrix current (95) as

N, . BN,

ji = :()/deTr[%g[f], k= ZL()/dsTr[ﬁk%OIiK], (113)
N, . N, .

ai = 40/d5 e Tr[7,15], = 40/d5 e Tr[64x751K]. (114)

The related non-equilibrium charge, spin, energy, and spin-energy accumulations are

de . de . . . ..

() = — / € Tolug"], Ho(r 1) = — / © Tianid],  (119)
d d

g(r 1) = — / TgeTr[f'gégK], Gon(r 1) = — / ngTr[moagK], (116)

where 6g% = & — Qgé is the change in the Keldysh component relative to the
equilibrium state. Since the quasiclassical formalism only describes the processes
near the Fermi surface, it does not capture fully the possible band-shift effects due
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to interactions or external fields. Thus the charge and spin densities defined above
have to be corrected by non-Fermi surface contributions in some cases.

The Usadel equation written as in Eq. (96) has the form of a continuity equation,
and the Nambu-diagonal components of the Usadel equation give the continuity
equations for charge, heat, spin and spin-energy currents [63]. In the normal state
the spectral functions are trivial (§4 = 473) and the energy-integrated kinetic
equations give e.g. the familiar charge and spin-diffusion equations

Op+V-5=0, (117)
DS+ - gk = Ok (118)

sn

with charge and spin densities p = Nou, Sy = Nopsr and normal state diffusion
currents j; = D0;p and sz = DO0;Sk. In the superconducting state, there is no such
simple relation between currents (113) and accumulations (115).

3.2.8 Quasiclassical symmetries

Let us now consider the redundancy of the description that is present in the quasi-
classical GFs. The retarded and advanced propagators are related to each other by
definitions (65) and (66), and the definition (67) for the Keldysh propagator contains
a similar symmetry relating it to itself:

gt t,t') = —ngR(t/,t)TTg, (119)
+739" (¢, 1) 7, (120)

<

=
- =
A
N~—

I

where the T-operator acts only on the matrix structure, and the exchange of the time
coordinates is written separately. Together with the parametrization (92), the latter
equation constrains the distribution function by f(t,t') = f(¢, ).

In Nambu basis, the positive and negative energy excitations are not inde-
pendent of each other, and the particle-hole redundancy (7) gives an additional
constraint between positive and negative energy GFs. In time-domain this constraint
is written as

G(t,t") = —o9mag(t, t') oors. (121)

For the Fourier transformed GFs, the symmetries (119-121) give the relations

(6,w) = —73g" (e, —w)'m,
g, w

QA (e,w) = —02729R(—5> —w)* 03Ty, (122)
g% (e,w) = +73g €, W

gt
g, —w) 73, g5 (e, w) = —0amg™ (—¢, —w)*o9m (123)
where the Fourier convention is such that g(e,w) = [ dt dt/g(t,t')e H(E-w/tFile+w/2t
i.e. energy ¢ is the Fourier pair of the relative time coordinate ¢t —t’, and the frequency
w is the Fourier pair of the center-of-mass time coordinate (¢ 4 t')/2.

The above constraints reduce the number of equations one needs to solve by
a factor of 4, as the advanced GF can always be obtained from the retarded GF,

the distribution function must be Hermitean, and the negative energy solutions can
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FIGURE 10 Wavefunction at an interface between two materials. Quasiclassical func-
tion (yellow) can be discontinuous, while the full wavefunction (blue) is
continuous.

be obtained from the positive energy solutions.?> For the non-equilibrium modes in
steady state (w = 0), the symmetries imply that the longitudinal modes f,, fr; are
odd in energy, the transverse modes fr, fr; are even in energy, and that all the
modes fr,7; are real-valued.

3.2.9 Boundary conditions

As a differential equation, the Usadel equation is not fully determined without
specifying the boundary conditions. In the Schrédinger equation the boundary
conditions can be derived from the potential by requiring that the wavefunction is
continuous. The quasiclassical GF however only measures the envelope function
which can be discontinuous on quasiclassical length scales (Fig. 10). As one also
has to take into account the effect of the impurity potential, the derivation of the
boundary conditions for the Usadel equation is a non-trivial task. A comprehensive
derivation of boundary conditions for magnetic and non-magnetic interfaces from
scattering theory has been achieved in Ref. [82]. Boundary conditions have also been
suggested on more phenomenological grounds [83].

Often one wants to consider transport through the interface so that the current
depends on e.g. the voltage or temperature difference across the boundary. These
kind of boundary conditions are encoded as Robin boundary conditions and can be
written for the Usadel equation in the general form

n-I(R) = [Sue(R) 9 §(R)), (124)

where m is the interface normal and R € § is a point at the interface. f]bc is some
Keldysh-Nambu-spin matrix which encodes the properties of the interface and the
GFs on both sides of the interface. The commutator structure ensures that the
boundary condition is compatible with the quasiclassical normalization condition.
A simple, but useful example is a tunneling interface described by Kuprianov-

In case of Matsubara GF, the same symmetries give a connection between negative
and positive Matsubara frequencies and constrain the individual o;7; components of
Matsubara GF so that they must be either purely real of purely imaginary.
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Lukitchev boundary condition [84]
She = NG (125)

where g, is the GF on the other side of the interface, and oy is the normal state
conductance through the interface. Boundary conditions for ferromagnetic interfaces
are discussed below in Secs. 4.1.1 and 4.3.1.

3.2.10 Parametrization of the spectral functions

The retarded part of the Usadel equation is a set of coupled differential equations
which have to be solved under the normalization condition g o g = 1. To simplify
the solution procedure we parametrize the GF in such a way that the normaliza-
tion condition is automatically satisfied and rewrite the Usadel equation for those
parameters.

To find a suitable parametrization, we note that the normalization condition
implies that g% only has eigenvalues £1 and the particle-hole constraint implies that
Tr g = 0. Thus there exists a similarity transformation U such that

1
gt =U"onU, with U= <b Cf) , (126)
where a and b are 2 X 2 spin matrices. This parametrization is known as the Riccati
parametrization [69]. The diagonal elements of U have been set to unity to make
the transformation unique. Expanding ¢® in a and b gives

9" = (é g) ° (1 e e EGboa)) ’ (127)

where A = (1+aob) " and B = (1+boa)~!. We find that a and b characterize the
superconducting correlations, so that in the normal state a = b = 0. The relative
phase of a and b is related to the phase of the order parameter. For example, if
A= ATy, then a = b.

By conjugating the retarded block of the Usadel equation with U~! and using
representation (126), one obtains the differential equations for the Riccati parameters

DV?aq = (1 a) o (A — f]R> o <—1a> +D (O @a) ogfto <86a> : (128)
DV = (-b 1)o (A1) @ +D(ab 0)ogho (a%) : (129)

with A = i(e — h - &)1 — A. Analogously, the boundary conditions of the form (124)
can be written as

Dn-Va=(1 a)oxfi(z)o (‘1“> , (130)

Dn-Vb=(-b 1)oxfi(z)o @) : (131)
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The resulting set of equations forms an 8-component second order differential equation.
By writing it as a 16-component first order differential equation, it can be solved
using out-of-the-box diffential equation solvers. The Frobenius norm of the Riccati
parameters is bounded; 0 < ||a|, ||| < 1, and typically the equations are quite
well-behaved.

The Usadel equation does however contain spurious solutions. This can be seen
by considering the Riccati equations for the simplest nontrivial case, a homogeneous
BCS superconductor without any scattering. The equations

Ada® — 2iea — A =0, and  Ab® — 2ieb— A =0, (132)

have the solutions a,b € (—ic £ /A2 —¢2)/A. The choice of the correct branch
is done on physical grounds, as only the solution a = b = (—ie — VA2 —£2)/A
gives a non-negative density of states. This problem of multiple branches puts some
emphasis on a good choice of an initial guess for the numerical solution procedure.
In energy domain the solution procedures are typically most unstable towards a
non-physical solution near the DOS singularities. A finite Dynes parameter I" can be
used to round the singularities and make the numerical solution more stable.



4 SUPERCONDUCTING SPINTRONICS

Spintronics, a portmanteau of spin and electronics, is a research area studying the
active manipulation of spin degrees of freedom in solid-state systems. [85] Because
spin behaves in different ways in materials such as ferromagnets, antiferromagnets,
topological insulators, superconductors, semiconductors, molecules and semimetals,
spintronics is a very diverse field. It has many subfields which focus on specific
systems, such as magnonics [86], insulatronics [87], skyrmionics [88], orbitronics [89].
In this dissertation we are interested in superconducting spintronics [63, 82, 90, 91].

Although the name “spintronics” was invented only in 1996 [85], the prehistory
of spintronics goes back to the 19*" century discoveries such as Faraday’s law, Lorentz
force and Hall effect which demonstrate the macroscopic coupling between magnetic
fields and charge currents. Since spin is not a conserved quantity like charge, many
spin-transport effects only occur over length scales smaller than the spin-relaxation
length of the material, and a microscopic description is necessary. An early study
to consider the microscopic aspects of spin transport was the theory of electrical
transport in ferromagnetic transition metals by Neville Mott in 1936.[92, 93]

The oft-quoted promise of spintronics is to try and provide faster and more
energy-efficient storage, memory and logic elements for computing.[94] Spintronics
emerged as a major field of study when the giant magnetoresistance effect (GMR)
was discovered in 1988 by the groups led by Albert Fert and Peter Griinberg [95,
96]. Fert and Griinberg shared the 2007 Nobel Prize in physics for their discovery.
In GMR the resistance of a magnetic multilayer depends strongly on the relative
orientation of the magnetization. It allows magnetic memories to be read efficiently
with an electrical signal, and has been utilized in magnetic random-access memories.
Spintronics systems can also have other benefits, such as high sensitivity in detector
elements, as discussed in Publication III. From the point-of-view of a theoretical
physicist, we can consider spintronics as the study of all forms of angular momentum
in condensed matter systems. This is a fundamental physics interesting in itself,
even apart from any short-term industrial applications.

In this chapter, we consider the effects which arise from introducing supercon-
ducting elements to magnetic multilayers. One of the main effects from coupling
superconducting thin films with magnetic films is the magnetic proximity effect,
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which splits the spectrum of the SC into two non-degenerate spin bands. We first
describe the spin splitting in the BdG framework and discuss the appropriate bound-
ary condition with which to describe the effect in the Usadel framework. We then
proceed to study some of the effects brought about by the spin splitting of the SC
spectrum. As the first application, we consider a radiation detector which utilizes
the thermoelectric effects between a FM and a spin-split SC.

We move on to consider the magnetization dynamics of thin film ferromagnets in
the presence of superconducting contacts. Both the magnetization of the ferromagnet
and the electronic spin of the superconductor are forms of angular momentum, and
it can be transferred between SC and FM in the reciprocal processes known as
spin-transfer torque and spin pumping. The theory of these processes is well known
in the normal state, and we discuss how it is modified in the SC state. A unique
effect which arises in superconductors is spin supercurrent, a coherent spin current
enabled by the spin polarization of the Cooper pairs.

Finally, in a spin-split superconductor, spin dynamics is coupled to the Higgs
mode, the amplitude mode of the SC order parameter. We discuss the properties of
this coupling, and how it can be used to study the properties of the Higgs mode. We
also discuss how this coupling is modified if there is a strong interfacial spin-orbit
coupling.

4.1 Spin-splitting field in a superconductor

To understand how the Zeeman field h affects the properties of an s-wave supercon-
ductor, let us consider the normal state Hamiltonian

P
In the normal state, the Zeeman field splits the two spin bands so that the Fermi
momenta for the two spin species are pr, =~ pr + ch/2u (top left panel of Fig. 11).

To describe superconducting state, we use the Bogoliubov-de Gennes description

of Sec. 2.1.1. In this case, the corresponding BdG Hamiltonian (6) is
Hpac = &3 — A1y — hos, (134)

where &, = p*/2m — p1. Since hoy is proportional to the unit matrix in Nambu space,
the eigenvectors are the same as in the h = 0 case. In contrast, the eigenenergies are

shifted by the Zeeman field:
Epor = £/ + A% + oh. (135)

The eigenenergies enter the self-consistency equation (13) only through the statistical
functions. At T = 0 the statistical function only depends on the sign of the energies
(135). If h < A, the signs do not change from the h = 0 case, so the value of A
and the structure of the ground state is unchanged. At a finite temperature the
self-consistency equation is affected since now the quasiparticles on the branch with
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FIGURE 11 Left panel: quasiparticle excitation spectrum for a regular BCS superconduc-
tor (top) and for spin-split superconductor with exchange field h (bottom).
Right panel: the respective spin-resolved densities of states. Thin grey lines
indicate the normal-state spectrum and density of states.

energy I/ < A — h are more easily excited by the thermal processes, and the order
parameter diminishes. For A < h signs of the energies (135) do change, and the only
solution of the BAG equations at T' = 0 is the normal state A = 0.

The existence of a solution for the BdG equations is not a sufficient criterion
for the superconducting ground state, as it only implies that the superconducting
state is a local energy minimum. To determine whether the superconducting or the
normal state is the global minimum, i.e., the ground state, we need to consider the
free energy. At zero temperature, the free energy of the spin-split superconductor
relative to the normal state is'

A2
ﬂ—mzvm<m—2>, (136)
where the last term is the condensation energy and the first one gives the energy
penalty due to the Zeeman field. [98] From the free energy we see that the super-
conducting state is the ground state only for h < h., where h, = Ay/v/2 is the
Chandrasekhar-Clogston limit, and Ay is the value of A at h =0 and T = 0.

The Zeeman field splits the quasiparticle excitation spectrum into two separate
spin bands, which have a well-defined spin of £h/2. (Fig. 11) The spin-up quasi-
particles are linear combinations of spin-up electron and spin-down hole excitations,
and the spin-down quasiparticles are linear combinations of spin-down electron and

1 This expression for the free energy is rather limited. A more general expression for

SC at finite temperature, with impurity scattering self-energies and inhomogeneities
has been obtained in the context of quasiclassical theory in Ref. [97].
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spin-up hole excitations. If there are no spin-scattering self-energies, the spin-bands
are simply shifted about the Fermi level by +h. [63] The spin-splitting affects the
transport properties of the SC, as reviewed in Ref. [63].

The Zeeman field can be induced into a spin-split SC in two ways. First one is
by applying an external in-plane magnetic field. If the SC is thin enough, the orbital
effect from the field is negligible, and the main effect is from the Zeeman term. The
problem with this approach is that to achieve sizable effects, one needs h < A/2,
which for e.g. aluminum implies a strong magnetic field of the order of 1 T. Another
way is by magnetic proximity effect, which I describe below.

4.1.1 Magnetic proximity effect

Consider an interface between a metal and an insulator. By definition, there are
no electronic states in the bulk of the insulator at the Fermi energy. However, near
the interface, the states from the metal extend to the insulator as evanescent states,
with a decay length which depends on the insulating gap. Now, if the insulator
is magnetic, the insulating gap and the decay length of the evanescent states are
spin-dependent.

When an electron scatters from the surface of the insulator, the up and down-
spin components [where the direction is taken relative to the spin-quantization axis
of the ferromagnetic insulator (FI)] acquire different phases ¢4 and ¢,. If we consider
only the states near Fermi energy, we can assume that the phases do not depend on
energy. We are interested in the effect of the relative phase ¢ = ¢ — ¢, between
the spins, which can cause the spin states to mix when an electron scatters from the
interface. To see how, let us assume that the electron is initially at an eigenstate
0, = +1, and scatters from the metal/insulator interface: [99]

D) ) + e
vz R (137)

=cos ¢|+) + sin p|—).

+) =

where |1) are the eigenstates of the o, operator, and we neglected the total phase
o1 + ¢,. After the scattering, we find that spin has rotated about the z-axis. The
phase ¢ is called the spin-mixing angle, and in general it depends on the angle of
incidence. [99]

In general, spin mixing causes pair-breaking: when ¢ = 7, the interface is a
perfect pair breaker, which suppresses A completely near the interface. However,
here we are interested in materials for which the spin-mixing angle is small, p < 1.
In such materials, the pair breaking effect is negligible, and the main effect is the
exchange coupling between conduction electrons of the metal and FI spins. [99].

If we are not interested in the normal state effect which has a short length scale,
we may use the quasiclassical theory. In the normal state, the equilibrium effects from
the interface average out within the distance A\ ~ 1/kp from the interface. This is the
length scale of the Ruderman-Kittel-Kasuya—Yosida (RKKY) interaction[100-102],
which is relevant for atomically thin layers.[103] However, in the superconducting
state the changes in the spectrum are mediated by the superconducting condensate
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and decay at the much larger scale of the superconducting coherence length &. The
quasiclassical theory captures the superconducting effect, but cannot be used to
describe the normal state RKKY interaction.

For the Eilenberger Eq. (78), the boundary condition for the FI/SC interface
is [99]

gz =0,p) = Sg(x = 0,p)S", (138)

where p and p = p — 2(p - n)n are the incident and reflected momentum directions,
respectively, n is the interface normal, and the scattering matrix S = exp(ipom-o3/2)
describes the spin mixing. In general, the spin-mixing angle ¢ depends on the cosine
of the incident angle p,, = n - p. Expanding S~1+ ipm-oT3/2 gives a relation

9(B) — §(p) = ilm - o7, ()] (139)
between the incident and reflected GFs.

In the dirty limit, §(p) ~ §s + P - g, is a good approximation in the bulk,
but not within an impurity scattering length from the interface, where the GF can
depend sharply on the momentum direction. To obtain the boundary condition for
the Usadel equation, one needs to consider the process of isotropization, i.e. the
averaging of the momentum direction by impurity scattering, as we get farther away
from the interface. The relevant piece of information is that the angle-averaged
matrix current, given in the clean limit by I=—3up Ik %ﬁ J§(p), and in the dirty
limit by I~ D(gsV §s), is conserved in the isotropization process.[104]

Thus, calculating the matrix current in the clean limit using Eq. (139), we find
the boundary condition for the Usadel equation?

n-I=iJlm-om, 7 (140)

where the interfacial exchange field J is given by an angular average of the spin-mixing
angle, [104, 105]

(%3

1
7="% [ dbupucthn). (141)
0

The effects beyond a weak spin-mixing angle can be incorporated by using the
boundary conditions of Refs. [82, 104].

If the thickness of the SC is smaller than the coherence length, we can average
the Usadel equation over the SC and use the boundary condition (140) to obtain the
equation

li(e—h-6)s—A—%, 3 =0, (142)

where the effective exchange field inside the SC is h = Jm/d. The generalizations of
this equation are used below to describe various aspects of spin-split superconductors.

2 Here we again suppress the subscript of gs.
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FIGURE 12 (a) Thermoelectric radiation sensor element. FI provides the exchange
field for the SC, and the SC and FM are coupled by a tunnelling contact.
Absorbed photon heats the SC, and the resulting temperature difference

between SC and FM is converted to an electric signal (Vi) with the giant
thermoelectric effect. (b) Semiconductor diagram for the giant thermoelectric
effect in spin-split SC/FM tunnel junction. Solid lines are the densities of
states for spin-up (red) and spin-down (blue) electrons, and the dashed line
is the Fermi-Dirac distribution function. Spin-up and spin-down currents
flow to the opposite directions. If the FM has a finite polarization at the
Fermi surface, there is a net charge current through the interface. Adapted
from Publication III.

4.1.2 Thermoelectric effects at the SC/FM interface

In Publications ITI, V and VI, we study systems in which a central element is
a tunnel junction between a spin-split SC and a ferromagnetic metal (Fig. 12a).
Most of the predicted phenomena are enabled by thermoelectric effects over the
tunnel junction. The main thermoelectric effects are the Seebeck effect, generation
of a voltage or charge current by a temperature difference, and the Peltier effect:
generation of heat current from a voltage difference. These effects are related to each
other by Onsager reciprocity and only exist if there is an asymmetry between the
densities of states for the electron-like and the hole-like excitations.

Electron tunneling between a spin-split SC and FM can be described with the
semiconductor model, [51] which gives the charge current [106]

=9 " 3 Nso(WNeo (@l =V =V T) = Fe Ty (143)
Here, Ng/p, are the spin resolved densities of states normalized by the Fermi level
DOS per spin, f(e,T) is the Fermi distribution function, T/ are the temperatures
of SC and FM electrons, V' is the voltage, Vi is a spin-dependent voltage, [63]
and Gr the tunneling conductance. The reduced DOS of the spin-split SC is
Ns (€) = Npcs(e — oh), where Npcs is the reduced BCS DOS. The reduced DOS of
the FM is Np, = (14 Po)/2, where P € [—1,1] is the Fermi-level spin polarization.
The prefactors from the densities of states have been absorbed into G7. Here the
magnetizations of the FM and FI are collinear. The structure of the tunnel current
is illustrated in Fig. 12b. A similar definition can be given for heat and spin
currents. [106].

In total, the SC DOS is always electron-hole symmetric near the Fermi surface



61

due to the BAG symmetry (8), and thus there is no thermoelectric effect between a
SC and normal metal within the quasiclassical accuracy. The introduction of the
Zeeman field makes the spin-resolved densities of states highly asymmetric, but
does not break the total electron-hole symmetry of the SC. The total electron-hole
symmetry is only broken by connecting the spin-split SC to a FM, which has different
densities of states for minority and majority spins, so that the two spin bands are
weighted asymmetrically. The FM is not described by the quasiclassical theory and
does not obey the BAG symmetry (8).

At linear response, the average charge, energy and spin-z currents over the
FM /spin-split SC tunnel junction are given by the matrix

1. G Pa PG Vv
EBs|=|Pa GuT' o | |-o1/T], (144)
I, PG« G Vs/2

where 0T = Ts — Tr. The symmetry of the matrix is due to Onsager reciprocity [106].
The conductance GG, thermal conductance Gy, and the thermoelectric coefficient «,
are given by

G = —G2T h de [Ng 4 (g) + Ns—(¢)] 8]“(68€,T)’ (145)
a= —C;Z _Z dee [Ns(e) — Ns—(¢)] af(ag;ﬂ’ (146)
G, = _;;eTQ _Z dee? [Ng 4 (¢) + Ng_(¢)] afng) (147)

The conductance and thermal conductance depend on the average DOS. The thermo-
electric coefficient depends on the difference between the densities of states between
the two spins, since this is one of the two factors which determines the electron-hole
asymmetry of the junction. The second factor is P, the Fermi-level spin polarization
of the magnet.

The thermoelectric effect described above is dubbed as the giant thermoelectric
effect, since it is huge compared to the thermoelectric effects usually observed in
metals, which are of the order kgT/Er. The thermopower of the junction may
exceed kp/e, and the thermoelectric figure of merit Zp can be larger than unity. As
a heat engine, the efficiency of the junction can be made to be close to the Carnot
limit.[106]

In Publication III, we propose that the giant thermoelectric effect can be
utilized as a sensitive thermoelectric radiation detector, in which the measurable
electric signal is generated by the temperature gradient across the junction due to
heating from the absorbed radiation. The ongoing SUPERTED project [107] funded
by European Union’s Horizon 2020 research and innovation programme, aims to
realize a proof of concept of this device.
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4.2 Magnetization dynamics and spin pumping

In Publications V, VI, VII, VIII, and IX we are interested in dynamical aspects
of magnetization. The dynamics can be induced by ac electromagnetic fields or ac
currents, or as in some cases considered in Publication V, by parametric instabilities
caused by dc temperature or voltage biases.

4.2.1 Landau-Lifschitz-Gilbert equation

In a strong ferromagnet, it is much easier to change the direction of the magnetization
than to change its modulus |[M|. For example, a Stoner ferromagnet with an exchange
field hr has two kinds of basic magnetic excitations. First, there are single-particle
Stoner excitations, which move an electron from the occupied state on one spin
band to an unoccupied state on the other spin band. In the process, the total spin
(magnetization) of the magnet changes by AS = +h. At long wavelengths g ~ 0,
these excitations occur at frequency wg—o = 2hp. Second, there are spin waves,
the Goldstone modes associated with spontaneously broken spin-rotation symmetry,
which rotate the magnetization coherently around the equilibrium direction. In the
absence of an external magnetic field, the dispersion of the long-wavelength modes is
gapless.

If we consider a response to an external field with low frequency w < hr and a
long wavelength, we can neglect the Stoner excitations and consider the dynamics
with fixed modulus, |M (t)| = M, where Mj is the saturation magnetization of the
magnet. In this approximation, the magnetization direction m = M /M, evolves
according to the Landau-Lifshitz-Gilbert (LLG) equation [108, 109]

dm

d
(ﬂ:—fy(mxuoﬂ)ﬁ—a(mx m) : (148)

dt

where the first term on the right-hand side describes precession in an external magnetic
field poH. The gyromagnetic ratio « is the ratio between the magnetic moment
and the angular momentum of an electron inside the ferromagnet. The second term
is a phenomenological Gilbert damping term parametrized by the dimensionless
Gilbert damping constant «, which relaxes the magnetization towards the equilibrium
direction. A main source of Gilbert damping is spin-orbit interaction, which couples
the time-dependent magnetization to the lattice dynamics.[110] Because of the
cross-product structure, both terms on the right hand side conserve the modulus of
magnetization.

The potential energy of a ferromagnet can also depend on the magnetization
direction due to factors other than the external field. For example, there are fields
due to crystalline anisotropy, and a demagnetizing field which depends on the shape
of the sample. Such terms can be included into the LLG equation by replacing o H
with the effective magnetic field

/,L()Heﬁ" = —VMU(M), (149)
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where U (M) is the potential energy of the magnet. The concept of the effective field
can also be extended to include time-dependent fields.

4.2.2 Ferromagnetic resonance

A simple case which can be described with Eq. (148) is the ferromagnetic resonance
(FMR) experiment, in which resonant absorption of a ferromagnetic film is studied.
In FMR, a static magnetic field is applied in the plane of the film, and an ac field is
applied perpendicular to the static field. The power absorption is measured as the
field strength is swept over the resonance condition. The line shape of the power
absorption reveals information about the magnetic properties of the sample.

Let us describe the FMR experiment as a linear response to an ac magnetic
field. For simplicity, we neglect the anisotropy fields and the demagnetization field.
Let the static field Hy be along the z-axis, and let there be an ac field at frequency w

Bo(t) = BaeV2 [cos(wt)x + sin(wt)y] (150)

which is circularly polarized on z-y plane. The factor of v/2 is included for later
convenience.
A good basis for problems involving precession is the angular momentum basis

er =F(z =+ zy)/\/ﬁ, € = %, (151)
in which the basis vectors have the properties

6? e = 5lk; l, ke {:l:l,O} (152)

ey X ex = Fieq, e, X e_ =ie. (153)

The benefit of using this basis is that it preserves the rotational symmetry about the
z-axis.

In linear response we assume a weak ac drive (150), which can be written in
the angular momentum basis as B,.(t) = Re(Ba.e“'e, ). Expanding m in powers
of H,., the magnetization has a static zeroth order component along the z-axis, and
a first order component oscillating at frequency w:

m(t) ~ z + Re(m,e “'e,) . (154)

In the angular momentum basis the LLG Eq. (148) becomes a scalar equa-
tion, which can be solved in a straightforward manner. We define the magnetic
susceptibility

Myu(w) = X (W) B} (w), (155)

where the vector components are defined as M,, = e;,-M. In this case, the suscepti-
bility is diagonal, with the diagonal component

M
w — ypoHoy) + iwa

X++<w) = ( (156>
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ferromagnet interface metal

FIGURE 13 Steady precession of the magnetization, and spin pumping from ferromagnet
to a metallic contact. The precession of the magnetization pumps a primary
current IP""P into the metallic contact. The pumped current generates a
spin accumulation near the interface, which in turn induces a back-action
current IPack,

Since both the driving field and the magnetization are real-valued, the other diagonal
component of the susceptibility is given by x__(w) = x44(—w)*. In this simple case,
the resonance frequency coincides with the Larmor frequency wyes = YuoHp. The
anisotropy energies and the demagnetization field break the rotational symmetry, so
that the magnetic susceptibility is no longer diagonal if they are included, and the
resonance frequency is given by the Kittel formula.[111]

In FMR experiment, instead of sweeping the frequency of the applied field,
one usually fixes the driving frequency w and sweeps the external field strength to
find the resonance field H,e. Since the linewidth is directly proportional to Gilbert
damping coefficient, the FMR experiment can be used to study the spin relaxation in
the material. This can be used to study the spin pumping effect, introduced below.

4.2.3 Spin pumping in the normal state

The spin pumping effect refers to the generation of dc spin current to a metallic
contact (N) by an adiabatically precessing magnetization in a ferromagnet (F), as
illustrated in Fig. 13. Here we assume that the contact is in the normal state. The
generalization to the SC state is considered below.

In the normal state, the spin and charge currents through the F/N interface
are determined by the distribution matrices in F and N near the interface, and the
2 x 2 conductance tensor [112, 113]

G = Z [Onm — T2 (rl™)*] (157)

g g
nm
where 7V are the reflection coefficients in a spin-diagonal reference frame, and M is
the number modes on the normal metal side of the contact. Let us for simplicity
assume that F is in equilibrium, so that the charge and spin accumulations, .
and pg, are non-zero only in N. The charge current is determined by the diagonal
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elements of the conductance matrix [112]

e

I=—
2N

{2(G" + GHYpe + (GTT = GH) (s - m) (158)
where m is the magnetization direction of F. The spin-quantization axis of G is
determined by m.

Calculating the spin current requires the whole conductance matrix, and is
given by [112]

I = 2(G" — G pem + (G + GY)[ps - m]m

159
+GMm x py x m + G, x m. (159)

The longitudinal spin current on the first line depends only on G and G¥*. In
contrast, the transverse spin current on the second line is determined by the complex
spin-mixing conductance G™ = (G¥1)*, which has been decomposed into the real
and imaginary parts Gil

Now assume that the magnetization direction m is not fixed, but rotates
adiabatically. One can use time-dependent scattering theory to show that the change

in the magnetization direction generates a current [112]

dm
dt’

dm
dt

e — Gl x — 4 G (160)
which depends on the spin-mixing conductance. The spin direction of the generated
spin current is perpendicular to the instantaneous magnetization direction.

Let us assume a steady circular precession at angle # around the z-axis,
m(t) = sin 6 [cos(wt)x + sin(wt)y] + cos Hz. (161)

Now, “pumping” usually refers to creation of dc currents by a periodic drive. Here
we find that the current (160) indeed has a dc component

TP (w = 0) = Glrwsin® 6, (162)

with spin along the z-axis. In spintronics applications, spin pumping can be used to
create a source of spin-polarized currents.[114]

Spin pumping is usually modified by back-action effects. The pumped spin
current (160) induces a spin accumulation in N, which diffuses from the interface
and relaxes according to the spin diffusion equation [115]

atus = Daa%ljls - &7 (163)

sn

which can be derived from the kinetic Eq. (98). The boundary condition
D&xl.lfs(l' = 0) = Ié)ump + I?CC, (164)

takes into account the spin pumping current (160) and the back-action current due
to induced spin accumulation [(159)]. The back action is not simply a reduction in
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the magnitude of the spin current, but it can also change its structure. For example,
with purely imaginary spin-mixing conductance GI¥ = 0, the dc part of the direct
spin pumping (160) is zero. Spin diffusion away from the interface and relaxation of
spin make the direction of spin accumulation lag behind the magnetization direction,
which in turn generates a dc component in the back-action current. The above effect
can also be considered as happening at the interface, in which case it contributes to
the real part of the spin-mixing conductance.[116]

4.2.4 Spin-transfer torque

From the point of view of the ferromagnet, spin current pumped into the metallic
contact shows up as a loss of angular momentum,

as

- =—1I.. 165
o (165)

spin current

The total spin is related to the magnetization by S = —yMYV, where V is the
volume of the ferromagnet, and the minus sign is due to the negative charge of an
electron. A dc spin current implies that the magnet is steadily losing its angular
momentum to the contact. To hold a steady precession, there needs to be a driving
force to compensate for this loss.

To include the spin current in the LLG equation, one should project out the
longitudinal current I || m, as it does not conserve the normalization |M| = M.
There are physical reasons to do this as well. In an insulating ferromagnet the
diagonal part of the conductance is zero, and the interfacial current (159) only has
a transverse component, so the projection does nothing. In a metallic ferromagnet
the interfacial current can have both longitudinal and transverse components. For a
strong magnet, the relaxation time for transverse currents is very short and we can
assume that they are absorbed at the interface. The longitudinal spin accumulation
on the other hand has a longer relaxation time, does not necessarily vanish inside
the ferromagnet, and can influence the dynamics. Here we assume that it relaxes
fast towards the “equilibrium” value determined by the Coriolis force.

Thus, to account for the absorption of transverse spin currents in Eq. (148),
we add the Slonczewski term: [117]

dm

d
(H:_V(mXMoH)—l-a(mxm>+7m><Is><m> (166)

dt V

where the action of the double cross product is to project out the longitudinal part
of the spin current. Since only the transverse currents are included, the extra term
is compatible with the normalization |m| = 1. Here we have assumed that when the
spin current is absorbed, all the angular momentum flows into the magnetization,
and not directly to the lattice or to some other degrees of freedom.

What is the effect of this additional term on the magnetization dynamics? First
of all, the added term does not need to be generated by spin pumping, but also
includes situations in which the magnetization is driven by applying a spin-polarized
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current through the magnet.[117] In the case of spin-pumping current it is natural
to divide the transverse current into two perpendicular components

m x Iy xm = Iym+ I[3(m x m). (167)

The first term is a field-like current, which can be combined with the left-hand side
of Eq. (166) and has the effect of renormalizing the gyromagnetic ratio. The result is
a shift in the FMR resonance frequency. The second term is a damping-like current,
which can be combined with the Gilbert term and gives an extra contribution to
the Gilbert damping. The increase in the Gilbert damping can be observed as an
increase of the FMR resonance linewidth.

A comparison with the spin pumping current, Eq. (160), shows that the real
part of the spin-mixing conductance contributes to damping, whereas the imaginary
part gives a field-like contribution. This is consistent with the fact that only the real
part of the spin-mixing conductance generates a dc spin current, which leads to a

loss of z-component of the angular momentum and a change in the precession angle
0.

4.3 Spin pumping in the superconducting state

Above consideration have been for the normal state, for which the spin diffusion
can be expressed in terms of energy-integrated quantities. In the superconducting
state, we cannot neglect the energy dependence as easily, and the theory is more
complicated. Before going into a detailed description, let us summarize the main
effects which superconductivity has on spin pumping. It is useful to consider the
linear spin response of the superconductor to an exchange field at a finite frequency,

S(w) = X(w)h(w), (168)

where y is the 3 X 3 spin susceptibility tensor and h is the dynamic exchange
field. Below, we identify some processes through which a ferromagnet with dynamic
magnetization interacts with the superconductor.

First, the dynamical magnetization of the ferromagnet can excite quasiparticles
in SC. If the ferromagnet is a metal, the quasiparticle excitations can be tunneled
between FM and SC, and if it is an insulator, the time-dependent exchange field
at the interface can directly excite quasiparticles in SC. The strength of the latter
process can be directly related to the imaginary part of the spin susceptibility
Im y*(w) (Fig. 14a, bottom panel). Quasiparticle excitations are suppressed at
low temperatures and at low frequencies due to the superconducting gap, so that
the imaginary part of the spin susceptibility vanishes.[119-122] In most of the
publications, we assume that the spin currents are created by the spin pumping effect.
However, there can also be spin currents driven a temperature difference between F
magnons and SC electrons. This process is considered in Publication VII.

The ferromagnet can also act as a pair-breaker and suppress A at the interface.
This effect can also be modified by the induced spin currents,[123] or depend on the
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FIGURE 14 (a) Top: Real part of the spin susceptibility in the SC state as a function of

temperature. The real part is associated with the magnetic proximity effect,
and it vanishes in the normal state. Bottom: Imaginary part of the spin
susceptibility, normalized by its normal state value. The imaginary part is
associated with quasiparticle excitations, and it vanishes at low temperatures
and at zero frequency. The coherence peak below T, is due to spin-orbit
scattering. Here, 75! = 0.2Ag and T = 0.01A, and for the imaginary part
w = 0.02A¢. (b) Enhanced spin transport in the superconducting state in
Pt/Nb/NiggFea/Nb/Pt multilayers. Temperature dependence of the FMR
linewidth poAH (top) and the resonance magnetic field pgHes (bottom)
for various Nb thicknesses. The dashed lines indicate their T,. The samples
with 45 nm and 60nm Nb layer show the expected suppression of Gilbert
damping, but the other samples show an enhancement. Panel (b) is reprinted
with permission from Ref. [118], Copyright 2018 Springer Nature.
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relative angle between the magnetizations in a system with multiple magnets.[124,
125] This effect has a minor role in Publication VIII, but is otherwise not studied in
this dissertation.

A charge supercurrent flowing in a ferromagnetic weak link is accompanied
by a spin current, and in systems with multiple SCs and inhomogeneous magne-
tization, there is a coupling between the magnetization direction and the relative
superconducting phase between the elements. This coupling manifests as long-range
triplet supercurrents[126, 127], pair amplitude oscillations[128], and the 7-Josephson
effect[129, 130]. In this dissertation, we restrict our study to systems with a single
superconductor.

Finally, the magnetic proximity effect from the ferromagnet can polarize the
SC.[63] The strength of the proximity effect is related to the real part of the spin
susceptibility (Fig. 14a, top panel). The exchange field inside the SC follows the
direction of the dynamic magnetization, and it can also excite quasiparticles in the
SC. In Publication VIII we show that the magnetization gradients caused by the
proximity effects from non-collinear sources are associated with spin supercurrents.
Unlike the quasiparticle currents, the spin supercurrent is not suppressed at low
temperatures, but its temperature dependence instead follows that of Re Y™, shown
in Fig. 14a.

In FMR experiments, dc spin pumping can be identified from the increase in the
effective Gilbert damping of the ferromagnet.[112] The suppression of quasiparticle
excitations show as a suppression of interfacial Gilbert damping below the SC transi-
tion temperature.[119, 131] However, as shown in Fig.14b, in some experiments an
increase in Gilbert damping below the transition temperature has been observed.[118,
132, 133] In Publication VIII we argue that in some cases this may be attributed to
an increased coupling between the different layers mediated by spin supercurrents.

4.3.1 Boundary condition to a ferromagnetic metal

To derive a suitable boundary condition for the interface between a SC and a
ferromagnetic metal with dynamic magnetization, let us start by considering the
effect of the precessing magnetization on the conduction electrons of the ferromagnetic
metal. This effect can be calculated in different ways. For example, one can make a
connection with the Berry phase, and notice that the time-evolution has two terms:
an ordinary dynamical phase, and a spin-dependent geometric phase which generates
the spin accumulation, and ultimately the spin pumping effect[134]. Here, we use
quasiclassical theory to calculate the distribution function and to complement the
Berry phase description, which does not explicitly describe the relaxation processes.
The conduction electrons are described by the Hamiltonian

2
p

H(t)=—— J(t) - 169

(=2 s )0, (169)

where the time-dependent exchange field is J(t) = Jm(t). For the quasiclassical

theory to be applicable, the exchange field must be small compared to the Fermi

energy. This requirement comes from the normalization condition which does not
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allow for the two spin bands to have different densities of states at the Fermi level.
The magnetization precesses circularly according to Eq. (161). We also assume that
there is some coupling which provides spin relaxation with rate 7, and inelastic
relaxation with rate 7_ ;h.

In the normal state, we can neglect the Nambu structure and write the kinetic
equation (98) as

3f(t,t) —o-f(t, o

3T,

Of(t, ) +0u f(t, ) +ilf o T -a|(t,t) = + Zopn(t, 1), (170)
where Z.,, includes inelastic relaxation. The time-dependence of J(t) can be
removed by applying a unitary transformation U(t) = exp(—iwtos/2), which takes
us into a frame rotating along the magnetization. The transformed distribution
function

ft -1y = v fe. Oy, )
depends only on the relative time, and the corresponding spin accumulation is static.
By applying the unitary transformation on Eq. (170), taking the spin trace, and
integrating over energy, we obtain the equation

Jm(0) — % +

ﬁ’s_wz

[ =0. 172
[T - 0 (172)

A

Because the form of o f(t,t')o is not invariant under the unitary transformation, the
spin relaxation has an unusual form in the rotating frame. The inelastic relaxation
does affect the spin accumulation, so 7., vanishes from this equation.
With strong exchange field J > w, 7,!, the spin accumulation can only have a
longitudinal component
s = (wcosB)m(0). (173)

At the opposite limit of a vanishing exchange field J = 0, the time-dependence of
the Hamiltonian (169) vanishes, and the system stays in equilibrium. In the rotating
frame, the equilibrium state has a spin accumulation i = wz generated by the
time-dependent unitary transformation. On the other hand, since Eq. (173) for J # 0
differs from the equilibrium value p¢, it corresponds to a finite spin accumulation
in the laboratory frame. This spin accumulation drives the spin current associated
with the spin pumping effect between the FM and a contact.

What is the distribution function which gives the spin accumulation (173)7
Since the distribution function depends on energy and thus contains more information
than the spin accumulation, the answer depends on the inelastic relaxation rate. For
simplicity, we assume a fast inelastic relaxation, so that each spin band has its own
thermal distribution, displaced in energy by a spin-dependent voltage:

e — (wcosf/2)m(0) - 0'>
2T '

f(e) = tanh ( (174)
The spin accumulation and the distribution function are frame-dependent quantities.
The laboratory frame distribution function is obtained by making a Fourier transform
of Eq. (174) and inverting the unitary transformation (171).
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Now we are in the position to give the boundary condition which can describe
spin pumping from a ferromagnetic metal to a SC. However, we would like to go
beyond the quasiclassical limit and describe a strong ferromagnet with non-negligible
Fermi surface spin polarization P. To emulate the Fermi surface spin polarization
we can use the spin-filter boundary condition of Ref. [135]. It states that

n-I=klojrol 9y, (175)

where k parametrizes the conductance of the junction, ¢ is the quasiclassical GF of
the SC at the interface, and g is the quasiclassical GF of the ferromagnetic metal,
with components

gp(t, ') = —gp(t,t') = 70(t — 1), (176)
Rty = 2f (¢, 1). (177)

The distribution function characterizing §r is hence obtained from Eqs. (171) and
(174). The spin-filter matrices are ['(t) = T +Um(t)-or3, with U2+ T2 = 1, and
2UT = P.

The above boundary condition is utilized in Publication V,* where we consider
a heterostructure of a metallic nanomagnet with a dynamic magnetization coupled
with a spin-split SC. In this system, we predict a non-linear spin torque, driven either
by a temperature difference or a voltage across the interface. We extend the linear
response matrix (144) by including the precession frequency w as a driving force, and
the dc spin torque ht, = —I, as a current. We derive for the interface a Keldysh
action, describing the coupled charge, heat and spin transport in the presence of a
precessing magnetization, which can be used to calculate the full counting statistics of
the currents. We also predict a cooling effect, in which the precessing magnetization
can cool either the FM or the SC.

4.3.2 Boundary condition to a ferromagnetic insulator

An interface between a ferromagnetic insulator and a superconductor can be described
in the Usadel equation with the boundary condition (140), which can be directly
generalized for time-dependent magnetization by replacing the ordinary products
with time-convolution products:

n-I(tt)=iJlm-or 2 J|t,t). (178)

To find the spin pumping current we take a spin trace from both sides and inte-
grate over energy. The details are given in Supplementary information Sec. I.B of
Publication VII. The spin current is given by

L(1) = TNolpaa(t) x m(t) - dm(?)], (179)

In fact, we formulate the boundary condition between FM and SC in Publication V
in a slightly different way by using the momentum-integrated GFs for ferromagnetic
metal, but the final result coincides with the above quasiclassical approach.
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FIGURE 15 Ferromagnetic insulator/superconductor/ferromagnetic insulator trilayer.
(a) Spin supercurrent mediated by the spin triplet condensate function f;.
(b) Sketch of the experimental setting for a FMR experiment. The heavy
metal layer (HM) has a strong spin relaxation and controls the Gilbert
damping of the second FI. Reprinted from Publication VIII, Copyright 2022
the authors.

where p, is the spin accumulation inside the SC near the interface. The first term
describes the current due to spin accumulation, and the second one is the spin
pumping current. Comparing to Eqgs. (159) and (160), we can identify J Ny with the
imaginary part of the spin mixing conductance.

The boundary condition (178) is used in Publications VII, VIII and IX to
study spin pumping from an insulating ferromagnet to a SC. In Publication VII the
focus is not on spin pumping, but on the related spin battery effect, where a dynamic
magnetization in FI induces a static spin accumulation in the SC. This effect is
enhanced in the SC by several orders of magnitude relative to the normal state due
to the spin-energy mixing enabled by the magnetic proximity effect. Related to this
finding, we predict a giant Seebeck effect in FI/SC/FM structures, driven by the
temperature bias between the FI magnons and the SC electrons.

4.3.3 Spin supercurrent

In Publication VIII we study a system in which a superconductor is sandwiched
between two ferromagnetic insulators with noncollinear magnetization. (Fig. 15)
This system supports a spin supercurrent, which is a dissipationless spin current.

Spin current comes in different forms. There are incoherent spin currents
associated with the gradients of non-equilibrium spin accumulation, given in the
normal state by

3 = DV (180)
These are fundamentally non-equilibrium currents, since spin accumulation vanishes in

equilibrium. Then there are spin currents associated with gradients of magnetization.
For example, in a Heisenberg ferromagnet with inhomogeneous equilibrium spin
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density Sk(x), there is a current

3
Jf =K Z Eijk:Si X VS]', (181)

,j=1

where K is the exchange stiffness of the ferromagnet. This kind of currents can exist
in equilibrium if the non-homogeneous magnetization is stabilized by some external
forces. Since spin is not generally a conserved quantity, equilibrium spin currents
have been a subject of some controversy.[136].

Superconductors can support both kinds of spin currents. The diffusive spin
current is carried by quasiparticle excitations like in normal metals. At low tempera-
tures the quasiparticles become difficult to excite and the quasiparticle currents are
suppressed. The equilibrium spin currents on the other hand require a magnetiza-
tion which is usually absent in a SC but can be introduced by magnetic proximity
effect. If the proximity field is introduced from multiple sources which have a non-
collinear magnetization, the spin-splitting field in the SC develops gradients and a
spin supercurrent is induced.

In Publication VIII we consider spin currents in a superconducting film sand-
wiched between two ferromagnetic insulators (Fig. 15). Even if the two magnets
are collinear in equilibrium, a FMR drive can induce a dynamically generated non-
collinearity. This creates an ac spin supercurrent which couples the two magnets.
We propose that this effect can explain the observed Gilbert damping increase below
T. in multilayers with ferromagnetic and superconducting elements. [118, 132, 133,

137]
4.4 Higgs mode

The superconducting order parameter is a dynamic quantity which responds to
the perturbations in the electronic state in accordance with the self-consistency
equation (109). In single-band s-wave superconductors, there are two collective
modes related to the broken U(1) gauge symmetry. The first mode is the Nambu-
Goldstone mode, the oscillation of the phase of the order parameter, which acts to
restore the gauge symmetry. In a neutral superfluid, the Nambu-Goldstone mode has
a linear dispersion, but in a superconductor, in which the elementary constituents of
the superfluid are charged, the Coulomb interaction couples the Nambu-Goldstone
mode to plasma oscillations and lifts it to the plasma frequency. The other mode is
the (Anderson-)Higgs mode, the oscillation of the modulus of the order parameter.
The properties of the Higgs mode are in the focus in this section. The two modes
are illustrated in Fig. 16a.

The Higgs mode is analogous with the Higgs boson in electroweak theory, the
unified theory of electromagnetic and weak interactions. Both superconductivity and
electroweak theory are gauge theories, and the breaking of the gauge symmetry in
both theories is described by the Anderson-Higgs mechanism. In superconductivity,
the Anderson-Higgs mechanism explains how the photon acquires a mass inside the
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FIGURE 16 (a) Superconducting free energy with Nambu-Goldstone (red) and Anderson-
Higgs (dark blue) modes generated in the symmetry breaking. (b) Polariza-
tion operator. Blue is the real part and orange is the imaginary part. The
Higgs mode is at frequency w = 2A.

SC (i.e. hybridizes with electrons to form a plasmon[138]). In electroweak theory,
the same mechanism explains why the W and Z gauge bosons are massive but the
photon remains massless. A brief history of the connection between the two theories
is given by Anderson in Ref. [139]. In particle physics, the Higgs boson is of central
importance, but in superconductivity the amplitude mode was largely neglected until
its discovery by Littlewood and Varma in 1982.[140]

In Publications VI and IX we consider the Higgs mode at the dirty limit using
the Usadel equation. Although the disorder is not essential for the existence of the
Higgs mode, it does alter the coupling between the Higgs mode and the external
electromagnetic field, making it easier to excite the Higgs mode with fields with a
small wavevector.[105] Because Higgs mode is charge-neutral, it does not couple to
electromagnetic fields linearly. Even in the dirty limit one needs nonlinear fields to
excite it.

We can picture the superconductor as if it consisted of two coupled dynamical
systems, the electronic system described by the Usadel equation, and the Cooper
pairs described by the self-consistency equation. Let us assume that we apply some
driving force at frequency w, which perturbs the electronic system from its equilibrium
configuration. In linear response, the direct perturbation of the electronic system by
the force is encoded in the propagator §(1)(e, e —w), which enters the self-consistency
equation and excites an order-parameter amplitude oscillation A(l)(w). The back-
action from A()(w) perturbs the electronic system, and the electronic perturbation
excites further order-parameter oscillations. The total order-parameter oscillation is

A(w) = AV (W) + TI(w) AV (W) + TT(w)?AD (w) + . ..

(182)
= (w)Aw) + AV (w),

where the polarization operator II(w) describes the back-action from an order-

parameter oscillation to itself, mediated by the electronic system. The above equation

has the solution

AW (w)

.
Aw) = -1

(183)
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FIGURE 17 (a) Parabolic dispersion split by Rashba SOC. Arrows indicate the spin
direction. (b) Device geometry for Rashba-enabled Higgs excitation by
magnons. Panel (b) reprinted from Publication IX (CC BY 4.0).

The denominator diverges for z € C such that II(z) = 1. The condition ReIl(w) =1
corresponds to the Higgs mode.

The polarization operator can be calculated using the Usadel equation by
considering the linear response to an order parameter oscillation A(w), and substi-
tuting the solution into the self-consistency equation. In Matsubara formalism, the
polarization operator can be expressed as [105]

2 2
[(2Q,) =14+ 7AT Y AT+ (184)

o (3, = Q) + A2

where €2,, and w,, are bosonic and fermionic Matsubara frequencies, respectively. The
expression for the polarization operator for a real frequency[140] can be obtained
using the analytical continuation.[105] Above, the explicit A-dependence cancels
against the A-dependence of A (w). The polarization operator is shown in Fig. 16b.
The Higgs mode is not a Lorentzian like a regular resonance. Mathematically it
comes from the branch cut in the square root function in Eq. (184), and is instead
called a pseudoresonance.[141]

In Publication VI we consider the Higgs mode in spin-split superconductors.
It turns out that the spin splitting does not change the properties of the Higgs mode
much. It still exists at the same frequency and remains charge neutral. However, it
does now couple to a longitudinal spin, since the order parameter depends on the
exchange field strength h: OA/Oh # 0 if h # 0. Utilizing the spin-charge coupling at
a SC/FM interface allows for the conversion of the Higgs signal to a charge signal. We
propose an experimental scheme in which the Higgs mode is excited by a non-linear
ac electric field, and the resulting charge signal is measured.

4.5 Spin-orbit coupling

In relativistic quantum mechanics, the total angular momentum J = L + S of
an electron is conserved in a spherically symmetric potential, but orbital angular
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momentum L = r X p and spin S are not separately conserved. At the non-relativistic
limit, this non-conservation manifests as a spin-orbit coupling (SOC)

h

Hso = -
4m?2c?

o-px (VV), (185)
where m is the electron mass, c is the speed of light, and E = VV is the electric
field. In crystalline solids the electric potential is generated by the atomic cores,
and thus the heavy elements induce larger spin-orbit fields than the light ones. The
form of the spin-orbit coupling is determined by the crystal symmetry. SOC can also
arise from the potential of random impurity atoms. [97] SOC arising from impurity
potential is known as extrinsic SOC in contrast to a SOC arising from the crystalline
potential, which is called intrinsic SOC.

A special kind of SOC arises from structural inversion asymmetry. For example
at an interface between two different materials there generally are electric fields
pointing towards the bulk (here we assume the interface is on the xz-plane). This
gives the Rashba SOC with the Hamiltonian

HRashba = ao - (p X y): (186)

where « is the Rashba coefficient. The Rashba field splits the dispersion so that the
eigenstates with p, = 0 are eigenstates of o,, whereas eigenstates with p, = 0 are
eigenstates of o,. (Fig. 17).

In Publication IX we consider a thin-film superconductor interfaced with a
ferromagnetic insulator. The FI induces two proximity fields inside the supercon-
ductor: the Zeeman field h = hy + h, (t), which has a dynamic component b, due
to magnons propagating in FI along the SC/FT interface, and the Rashba field. In
the absence of the Rashba field, the magnons cannot excite the Higgs mode due
to a spin-rotation symmetry about the static field hy. With the Rashba field this
symmetry is broken and the magnons can excite the Higgs mode. As shown in the
Publication, the coupling to the Higgs mode modifies the spin susceptibility of the
SC, which can be experimentally detected by measuring the magnon-induced voltage
generated by the inverse spin Hall effect.



5 CONCLUSIONS AND SUMMARY

In this dissertation, I studied theoretically the interactions between superconductivity
and magnetism in two settings: as the competition between the magnetic and
superconducting orders on flat band materials, and as the interplay between the two
orders on nanoelectronic hybrid structures.

In the first part of this dissertation, the emphasis was on electron-phonon
superconductivity on graphene-based materials. Our results on magic-angle twisted
bilayer graphene (MATBG), and other observations[49] suggest that the observed
superconductivity can be explained with the conventional phonon mechanism. Al-
though the interaction enabling superconductivity in MATBG may not be exotic,
MATBG is still an exciting material, as it and the other van der Waals materials offer
a uniquely controllable platform for designer quantum matter.[5] By combining layers
of materials with different properties one can create systems with emergent properties
and exotic physics. This field can be expected to produce further breakthroughs and
calls for further studies, both theoretical and experimental.

Purely graphene-based materials also hold further promise. As the discovery
of magic-angle twisted bilayer graphene shows, even after years of intense research,
graphene still manages to surprise researchers. The combination of the recent
discovery of superconductivity in untwisted few-layer graphene structures,[27, 28] and
the earlier hints of high-temperature superconductivity in highly oriented pyrolytic
graphite with large number of layers[31, 32| associated with flat bands[33] suggest
that it may be possible to achieve a surprisingly high 7, in materials based purely
on graphene. This would no doubt have plenty of technological uses. Whether
such promise can be realized in near future depends largely on the development of
fabrication techniques for van der Waals materials with many layers.

In the second part of the dissertation, I studied spintronics systems with
superconducting elements. Spintronics is a promising research direction in the
attempt to develop more energy-efficient memory and logic devices.[85, 142] Since the
modern societies run on data processing and electronic communication, increasing
energy-efficiency of information and communications technology (ICT) is at the
center of the fight against the climate change. As of 2020 globally more than
10% of the generated electricity is consumed by ICT. [143, 144] Much of this
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electricity is produced by burning fossil fuels, or could be used to replace them.
What superconductivity also adds to spintronics are the effects related to quantum
coherence, nonlocality, and entanglement.[91, 94, 145] These concepts are central
for quantum computing, and thus superconducting spintronics may also provide
solutions for quantum information processing.

In the overview part of the dissertation, I presented the theory of the quasiclas-
sical superconductivity in combination with the Keldysh theory for nonequilibrium
states. The initial forms of both of these theories were originally laid out in the 1960s
and have since then reached a mature state. However, extensions to the quasiclassical
theory are still being developed, especially with regards to magneto-electric effects
enabled by spin-orbit coupling,[97, 146] which are currently only partially understood
in a dynamic setting.

In the publications related to the second part, we envisioned new functionalities
enabled by the magnetic proximity effect, such as a thermoelectric detector based on
the giant thermoelectric effect, a cooling effect driven by the magnetic precession, a
coupling between the Higgs mode of the superconductor and the spin degrees of free-
dom, a giant spin battery effect, and a coupling between precessional magnetic modes
mediated by the spin supercurrent. These studies either suggest new experimental
schemes or were motivated by recent experiments[118,; 132, 133]. Although we have
suggested in the publications some theoretical interpretations for these experiments,
it can be said they are still only partially understood, and especially a quantitative
comparison between the theory and the experimental results requires further work.
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The effective attractive interaction between electrons, mediated by electron-phonon coupling, is a well-
established mechanism of conventional superconductivity. In metals exhibiting a Fermi surface, the critical
temperature of superconductivity is exponentially smaller than the characteristic phonon energy. Therefore, such
superconductors are found only at temperatures below a few kelvin. Systems with flat energy bands have been
suggested to cure the problem and provide a route to room-temperature superconductivity, but previous studies
are limited to only BCS models with an effective attractive interaction. Here we generalize Eliashberg’s theory
of strong-coupling superconductivity to systems with flat bands and relate the mean-field critical temperature to
the microscopic parameters describing electron-phonon and electron-electron interaction. We also analyze the
strong-coupling corrections to the BCS results and construct the phase diagram exhibiting superconductivity
and magnetic phases on an equal footing. Our results are especially relevant for novel quantum materials where
electronic dispersion and interaction strength are controllable.

DOI: 10.1103/PhysRevB.98.054515

I. INTRODUCTION

The overarching idea in quantum materials is to design the
electronic (or optical, magnetic, etc.) properties of materials
to perform the desired functionality [1]. This goal is aided by
generic models and concepts, such as specific lattice models
that lead to certain topological phases. Often the studied
models and the resulting topological phases for electronic
systems are noninteracting and do not include the possibility
of spontaneous symmetry breaking. However, such noninter-
acting models are platforms for exotic electron dispersions
that provide a basis for studying symmetry-broken interacting
phases. In particular, certain models support approximate flat
bands [2-10], and here we consider microscopic mechanisms
for symmetry-breaking phases in such systems.

We analyze the interplay of electron-phonon [11] and
(screened) electron-electron interaction in providing means
for a symmetry-broken phase transition, thereby coupling
together works on flat-band superconductivity [2,7,10,12] with
those on flat-band (Stoner) magnetism [9,13-17]. In both
cases the resulting mean-field critical temperature is linearly
proportional to the coupling constant [18], thus allowing for
a very high critical temperature. The two types of inter-
action mechanisms work in opposite directions and, in the
case of weak interactions, in a symmetric way. However,
upon increasing the coupling strength the retarded nature
of the electron-phonon interaction shows up (as opposed
to the instantaneous electron-electron interaction), breaking
the symmetry between the two. In particular, we generalize
Eliashberg’s strong-coupling theory of superconductivity [19],
usually formulated for systems with a Fermi surface, for
flat bands. As a result, we describe the dimensionless BCS
attractive interaction [20] in terms of the electron-phonon
coupling and the characteristic phonon frequency [Eq. (8)].
In addition, we provide the generalization of the well-known
McMillan formula of strong-coupling superconductivity (for

2469-9950/2018/98(5)/054515(8)
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Fermi surface systems) [21] to the case with flat bands in
Eq. (14).

In addition to superconductivity, we consider flat-band
Stoner magnetism. Because of the retarded nature of the
electron-phonon interaction, the combined interaction can
simultaneously have attractive and repulsive components, and
thus the system can be unstable with respect to both singlet su-
perconductivity and magnetism (see a generic strong-coupling
phase diagramin Fig. 1). Often one of the phases still dominates
and suppresses the other, but we find that when the critical
temperatures of the phases are similar, both phases are local
minima of the free energy at low temperatures. We find that
their bulk coexistence and the resulting odd-frequency triplet
superconducting order [22,23] are only realized as an unstable
solution. On the other hand, these phases can form metastable
domains inside the sample, and therefore an odd-frequency
triplet order parameter can appear at the domain walls.

The structure of this paper is as follows. In Sec. II we
introduce the model of surface bands with electron-phonon
and Coulomb interactions. In Sec. III we formulate the
Eliashberg model extension for the surface bands, describe
all possible ordered states that can appear within this model,
and calculate the critical temperatures of the superconducting
and antiferromagnetic states. We study the competition and
possible coexistence of these two types of ordering in Sec. IV.
Conclusions are given in Sec. V.

II. MODEL

As a low-energy model for the flat band, we assume two
sublattices coupled through an electronic Hamiltonian [3]

0 ¢ 2 \V
Hy , = "), with e, = ¢ (—) Y
el,p <5p 0 P 0 DB
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FIG. 1. Strong-coupling phase diagram for flat-band systems
as a function of electron-phonon attraction A for electron-electron
repulsion u = 0.5wg [Eq. (8)]. TCCE is the temperature at which the
T¢’s of magnetic and superconducting order coincide. In the striped
region these phases can form metastable domains inside the sample.
This diagram is for N — oo. For finite N the overlap region between
the phases is smaller.

where an integer N parametrizes the flatness of the dispersion,
and gy is the energy at p = ppg. The model is electron-hole
symmetric and the two energy bands have the dispersions +-¢,.
For large N, the states with low momenta, |p| < pgg, are almost
at zero energy and the density of states is very high. The
states with momenta larger than pgg do not contribute much
to the momentum integrals due to their low density of states.
Therefore, the results for large N do not depend much on the
momentum cutoff, as long as it is larger than ppg. In our model
we take the cutoff to infinity and consider only the cases N > 2.
This is in contrast to models with isolated flat bands extending
throughout the Brillouin zone. The effects discussed below in
the case of large N are mostly applicable also to such models
(provided they have the type of sublattice degree of freedom
discussed below), as long as pgp is taken as the size of the
Brillouin zone. Equation (1) is approximately realized for the
surface states of N-layer rhombohedrally stacked graphite. In
that system the surface states delocalize into the bulk at the
edges of the flat band and this gives a momentum-dependent
correction in the low-energy Hamiltonian [12,24]. In the case
of N — oo the delocalization of the surface states to the bulk
leads to strong amplitude mode fluctuations invalidating the
mean-field theory [24]. Therefore, the theory considered in
this paper is applicable to rhombohedral graphite only in the
case where N is not too large.

We model the electron-electron interaction as a repul-
sive on-site Hubbard interaction [25] with energy U. The
magnitude of U depends on the microscopic details of the
system and its environment. The coupling between electrons
and phonons, with strength g, creates an effective attraction
between the electrons and makes the system susceptible to
superconductivity [19]. We mostly consider Einstein phonons
with constant energy w, = wg and discuss generalizations in
the Supplemental Material [26].

The total Hamiltonian incorporating these effects is

H=7) W, HapVpo+ ) bl by,
p.o 4.0

U t f
+ W Z wp+q,ap wk—q,a’pwkﬂ'pwpﬁﬂ
P,k q
p,o,0/
g T T
T D CANRE Y M0 L S/ )
N p.q.0,p

where A is the number of lattice points in the system and
\U;U = (wl';a A w;a ) is apseudospinor in sublattice space. We
assume that the low-energy states on the two sublattices p =
A/ B are spatially separated (e.g., localized on the two surfaces
inrhombohedral graphite), so that neither the electron-electron
interactions nor the phonons couple them. The only coupling
between the sublattices comes from the off-diagonal dispersion
relation. In the Supplemental Material we also show that
the flat-band phenomenology applies to linear, graphenelike
dispersion with an electronic Hamiltonian

0 Px — ipy> (1

Hop = vr (Px +ipy 0

and with an energy cutoff &, and Fermi velocity vg, provided
the interaction energy scales are large compared to ¢.. Hence,
our results may also apply as an effective model for twisted
bilayer graphene close to its “magic” angles [30].

In the theory of electron-phonon superconductivity of met-
als, the neglect of higher-order diagrams in the perturbation
theory is typically justified with the help of the Migdal theorem
[31]. In that case, the expansion parameter gets an additional
factor of wg/EF, where Ef is the Fermi energy. Because of
the Migdal theorem, the theory of superconductivity for metals
is not strictly limited to weak coupling with respect to the
interaction parameter.

In the flat band, however, the chemical potential is located at
the bottom of the band and there is no Fermi energy with which
to compare the Debye energy. Migdal’s theorem cannot be used
in this case. In the intermediate case of narrow electronic bands,
corrections in the higher orders of the adiabatic parameter
wg/Er have been studied in Refs. [32-35] and the Eliashberg
theory has been found also to be in agreement with Monte
Carlo results in the weak-coupling regime when wg/Er = 1
in Ref. [36]. We find that the diagrams beyond the mean-field
approximation do not influence the self-energies significantly
if the effective pairing constant introduced below in Eq. (8) is
small, A < 1, and wg, u <K &y. Moreover, although the mean-
field theory is applied beyond its formal limits of validity in
the strong-coupling regime, this theory captures the interesting
possibility that the retarded nature of the electron-phonon
interaction can lead to the presence of attractive and repulsive
components at the same time. As a result, the system can
be simultaneously unstable with respect to the appearance of
both singlet superconductivity and magnetism as discussed in
Sec. IV.
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FIG. 2. Quasiparticle dispersions E(p) for different kinds of
symmetry breakings with N =5. (a) In the noninteracting case,
the spin bands are degenerate with E(p) = te(p). (b) For the
ferromagnetic (FM) or the superconducting (SC) phase witha 6 = 7
phase shift between the sublattices, one quasiparticle band is shifted
up and the other down in energy. In this case, no energy gap is opened.
(c) For the antiferromagnetic (AFM) or the SC phase with 6 = 0 an
energy gap is opened and quasiparticle bands are doubly degenerate.

III. ORDERED STATES

Hamiltonian (2) allows for a number of spontaneous
symmetry-breaking phases. We restrict our study to spatially
homogeneous phases. Therefore, the order parameter can
appear in the spin, sublattice (pseudospin), and electron-hole
(Nambu) spaces. The general self-energy is

3

S(io) = Y Tiplio)tio;pr, 3)
i,j. k=0

where 7;, 0, and p; are the Pauli matrices in electron-hole,
spin, and sublattice spaces, respectively. We characterize the
different components X, and determine their values within
the self-consistent Hartree-Fock model. This reduces to solv-
ing a set of nonlinear integral equations, known as Eliashberg
equations in the context of conventional superconductors.

To explore the possible phases of the system, we first
assume that the U (1) gauge symmetry is broken, but the SU (2)
spin-rotation symmetry is not. After fixing the overall phase
of the superconducting order parameter, we are left with the
self-energy oo (i, ) and three degrees of freedom for the su-
perconducting singlet order parameter: the magnitudes of the
order parameter on the sublattices A 4 and A g and the relative
phase 6. Choosing 6 = 0 leads to a gapped quasiparticle
dispersion [Fig. 2(c)], whereas 6§ = w would imply a gapless
dispersion [Fig. 2(b)]. Thus, in the case of an instantaneous
interaction the total energy is minimized when 6 = 0 and
A = Ap. Generalizing the above to the frequency-dependent
interactions, we choose the singlet to be proportional to the

1,07 09 component, whose magnitude and the functional form
are obtained from the self-consistency equation. The self-
energy for the fermionic Matsubara frequency w, is

Zsclioy) = =i %1 + ¢ 1207, “

where X = (1 — Z,)w, is the frequency renormalization
by the retarded interaction [19]. To simplify the equations,
we define renormalized frequencies @, = Z,w,. We use the
symbol ¢, for the “bare” singlet order parameter and A for the
maximum value of the renormalized singlet order parameter
A, = ¢,/ Z, related to the energy gap.

When SU(2) spin-rotation symmetry is broken but U(1)
gauge symmetry is not, the self-energies describe the frequency
renormalization and the magnetization. After fixing the di-
rection of the magnetization on one sublattice, the relevant
degrees of freedom are reduced to three similarly as in the
superconducting case. These can be chosen as the magnitudes
of the magnetizations in the two sublattices h4 and hp and
the relative angle ¢ between their directions. The quasiparticle
dispersion in the magnetic case is the same as in the supercon-
ducting case if we identify Aj p = h4 p and 6 = m—¢ (see
Fig. 2). In this case, the relative angle ¢ = 0 leads to a gapless
quasiparticle dispersion [Fig. 2(b)], and ¢ = 7 to a gapped
dispersion [Fig. 2(c)]. Thus, the energy minimum is obtained
with h4 = hp and ¢ = 7. The stable magnetization is hence
antiferromagnetic, with opposite magnetizations on the two
sublattices, so that the self-energy is

Zamm(io,) = =i X)) 1 4 h, 130303, ©)

where £, is the frequency-dependent exchange field. This
result agrees with density functional theory (DFT) studies on
rhombohedral graphite [37], and similar magnetization struc-
ture has been predicted also in the case of flat bands appearing
at the zigzag edges of graphene nanoribbons [38—40]. We also
note that the AFM state is insulating [see Fig. 2(c)]. If the
noninteracting dispersion is completely flat at zero energy, the
sublattices are uncoupled and the antiferromagnetic state is
degenerate with the ferromagnetic ¢ = 0 state.

By calculating the Hartree-Fock self-energies, we find the
self-consistency equations, from which we can determine the
values of the self-energy terms. For the superconducting (SC)
self-energy (4), they are

o le'9)
dpp Pm
¢ =2T ()"nm_u)/ = , (6
m;OO 0 pI%B a)l%’l + 8% + ¢r%1
o 00
wy, d V4
Zn =1+2T Z )"nm;/‘ pzp -2 ;" R (7)
— Wy Jo Pr @p + é‘p + ¢m
where the interaction kernel is Am =

Loy /% + (0, — @,)*]. The functional form of the
interaction kernel is determined by the phonon propagator
from which it is derived. The width in frequency space is
determined by the characteristic phonon frequency, which in
this case is the Einstein frequency wg . The effective interaction
constants in the flat band are

_ g Qs

UQ
5\ = _ FB

u= , (3
Qpz

B B
() QBZ
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where Qpp and Q27 are the momentum-space areas of the flat
band and of the first Brillouin zone, respectively.

For an antiferromagnet with self-energy (5), the self-
consistency equations are

0 o)
dp p I
h, =2T U—Anm — ., O
P ! b e
00 00
O dpp Zn
Z,,:1+2TZ)\,WG)—/ R TE (10)
M——00 n JO P @n P m

Superconductivity and magnetism are thus symmetric with
each other also on the level of the self-consistency equations,
but with the roles of # and A, switched. Tovmasyan et al. have
shown that this duality is also broken by taking into account
higher-order terms in the perturbation theory [41].

To solve the self-consistency equations (6)—(10), we trun-
cate the Matsubara sums with a cutoff wc ~ 10wg. This causes
no numerical error if we use the pseudopotential trick and
simultaneously replace u# with an effective value u*, which
depends on the cutoff [42]. For superconductivity (magnetism),
cutting off high-energy scatterings is compensated by a reduc-
tion (increase) in the low-energy effective interaction.

After the pseudopotential trick, the solutions are found by
a fixed-point iteration. The iteration is continued until all of
the components have converged. The fixed-point method only
finds the stable solutions; to find the unstable solutions, we
used a solver based on Newton’s method.

The number of parameters in Egs. (6)—(10) can be reduced
by defining new interaction constants A = A(wg/g0)*/" and
i = uwy ™" /e¥/N 50 that one parameter is eliminated com-
pletely and the results become proportional to wg.

For weak coupling, A <« 1, the frequency dependence of
Anm can be disregarded and we can approximate Z &~ 1 and
A &~ ¢. Assuming Awg > u,the superconducting gapat7 = 0
and the critical temperature are

Ay 1| (—i)/mT %_%) 72
wr 2| Nsin(Z j : (11
wg 2| Nsin(%)I(1—-%)
sc . 2 27%_ N%
¢ u)§(2' LGy (12)
wp  2m Nsin (%)

These results are valid for N > 2 as the momentum integrals
diverge without a cutoff for N < 2. Note that the T =0
limit can thus be taken before the flat-band limit of large N.
Analogous results have been obtained before within the BCS
model in Ref. [12]. For large N, A is linear in the coupling
and its magnitude is proportional to the phonon energy scale.
Hence the associated critical temperature can be very large.
Relabeling Ag — ho and A <> ii, we find similar equations for
magnetism. Here A is the magnetic order parameter at 7 = 0.

At strong coupling, the retardation matters and the results
for magnetism and superconductivity diverge from each other.
For superconductivity, we can improve on the weak-coupling
result by including some of the corrections from the Eliashberg
theory when N—oo. We still neglect the full frequency
dependence, but we include the electron mass renormalization
as a static factor Zy = 1 4+ A. The order parameter at zero

0.15
—u/wg=0 1
—u/wg=0.3
3 0.10 u/wp=0.6
3 —u/wg=0.9
o ---Approx 0.5
al) .
&0.05 =
0 0
0 0.5 1 0 0.5 1
A u/wg
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- 3
£20.10 205
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0 0
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u/wg A
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FIG. 3. Critical temperatures for superconducting and magnetic
phases for N — oco. (a) Superconductivity is suppressed when A <
u/wg. Above the critical point Ac(u), T is linear in A. With
increasing A, the electron-phonon renormalization increases and this
limits the critical temperature. The dashed line is the approximation
in Eq. (14). (b) Critical interaction strength for superconductivity as
a function of u. When A < Ac(u), superconductivity is suppressed.
The dashed line is the instantaneous approximation. (c) Magnetism
is suppressed when u/wg < 4. Above the critical point uc (1), T2 is
linearin u. (d) Critical interaction strength for magnetism as a function
of electron-phonon interaction. When u < u¢ (1), magnetism is sup-
pressed. The dashed line is the instantaneous approximation. In this
figure, we do not take into account the possible magnetic instability
of the superconducting state, or vice versa.

temperature becomes

Awg—u

BEESIN) (13)

AV}

In metals with a Fermi surface [43], the electron-phonon
interaction renormalizes the pairing potential with the factor of
1+ instead of 1424 as in Eq. (13). Thus, for weak coupling,
the electron-phonon renormalization is more effective in the
flat band than in the usual metals. This difference is more
pronounced at strong coupling, as we see next.

By linearizing Eqs. (6) and (7) with respect to ¢, we can
solve for the critical temperature [see Fig. 3(a)]. We find that
when N — oo, the critical temperature scales as 75 o< A%?wg
for large A. In metals [43] the asymptotic scaling goes as 7;* o
M.

When u # 0, there is a critical point A¢ such that for A < A¢
there is no superconducting transition at any temperature. For
small u/wg, Ac is linearly proportional to the Coulomb inter-
action. For large u, A¢ increases sublinearly [see Fig. 3(b)].
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0 0.1 0.2 0.3 0.4 0.5

FIG. 4. Effect of finite N on critical temperature when u = 0. For
small %, the results coincide with the instantaneous approximation
of Eq. (12) (shown with the dashed lines). For large X, the strong-
coupling corrections limit the increase in 7¢°.

An approximate numerical equation for 75 is

rop —u(l —03u/wg)
4(1 4 2.610-8)

This is a flat-band analog of the McMillan equation [21],
which for the conventional superconductors incorporates the
Eliashberg and Coulomb corrections to 7¢°. The u? term in the
numerator accounts for the retardation correction to Ac as in
Fig. 3(b). The form of the denominator is chosen to show the
192 power-law behavior for large A. The factor 2.6 is obtained
by a fit in the region A < 1 for u = 0. The fit is shown as the
dashed line in Fig. 3(a).

The ratio Ao/TS is not constant, but depends on both N
and A. For N — o0, the ratio has the value 2 for weak coupling
and increases as A increases. For A = 1 the ratio is 2.56. For
the critical temperature at finite N, see Fig. 4.

The phenomenology of the magnetism can be understood as
follows. According to the Stoner criterion, the magnetization is
related to the competition between the exchange energy gain
and the kinetic energy penalty from moving electrons from
one spin band to another. For a flat band with N — o0, there
is no kinetic energy penalty, and at zero temperature with
A =0 even a small exchange interaction leads to a complete
magnetization of the flat band. In the presence of the electron-
phonon interaction the competition is between the exchange
energy gain and the electron-phonon energy penalty, which
coincide at u = uc. If we can neglect the retardation, the total
interaction in Eq. (9) is u — Awg. The flat band is completely
magnetized when u > uc ~ Awg. Due to retardation, for large
A the critical point is reduced from the linear estimate [see
Fig. 3(d)].

Above, we have discussed the superconducting order pa-
rameter ¢. The other important property of the superconduct-
ing state is the existence of a supercurrent. In the flat band the
electronic group velocity vanishes and it is not immediately
clear that there can be a finite supercurrent. However, the flat-
band surface states of superconducting rhombohedral graphite
do support a finite supercurrent [44] and similarly it is known
that quantum Hall pseudospin ferromagnets can support a
finite pseudospin supercurrent [16]. More generally, Peotta
and Tormi [7] have shown that for a topological flat band

TS = (14)

0.8 2
Super- -
conducting %

0.6
~< 77
0.4% 4

Magnetic
0.2} o

0

0O 02 04 06 038 1
u/wp

FIG. 5. Mean-field phase diagram for N = oo obtained by deter-
mining the line on which the critical temperatures for superconductiv-
ity and antiferromagnetism are equal. The thin dashed line shows the
phase boundary A = u/wp in the case of instantaneous interactions.
When the energy scales of interactions are small compared to wy we
recover the BCS results. The phase diagram for finite N looks similar
but the retardation effects are weaker, so that the deviation from the
BCS approximation is smaller.

there is an additional geometric contribution to the superfluid
weight so that the critical current is finite. As we have not
fixed the underlying topology in our model, it can be applied
to topologically nontrivial flat bands.

As one can see, the Eliashberg model describes the nucle-
ation of both the magnetic and superconducting phases which
can have rather close critical temperatures as shown in Fig. 3.
In the next section we consider the nonlinear problem by
calculating the entire phase diagram of the ordered states to
study the competition and the possible coexistence between
the superconductivity and antiferromagnetism.

IV. COMPETITION BETWEEN THE PHASES

If the electron-phonon interaction is approximated as in-
stantaneous, we can sum the two interactions together and
have either a total interaction, which makes the normal state
unstable to the superconducting transition (Awg—u > 0) or
to the magnetic transition (Awg—u < 0), but not to both at
once. On the other hand, if the electron-phonon interaction
is retarded, the situation is different, as the total interaction
can be attractive for low frequencies but repulsive for high
frequencies. There is then a parameter range in which both
phases are local minima of the free energy. This occurs when
A is large enough to overcome the suppressing effect of u in the
case of superconductivity [A > Ac(«) in Fig. 3(b)], but at the
same time u is large enough to overcome the suppressing effect
of A and create a magnetic instability [u > uc(A) in Fig. 3(d)].

We study the phase diagram of the system by determining
the state with a higher critical temperature as a function of # and
A (Fig. 5). The phase diagram is almost symmetric with respect
to SC and AFM phases except that the lack of retardation in

054515-5



OJAJARVI, HYART, SILAEV, AND HEIKKILA

PHYSICAL REVIEW B 98, 054515 (2018)

electron-electron repulsion favors the AFM phase for strong
coupling.

Even if there is a parameter region in 7', u, and A where
both SC and AFM self-consistency equations have a finite
solution, it does not mean that both phases are necessarily
simultaneously present. To determine the stability, we con-
struct the coupled self-consistency equations in the case when
both order parameters are nonzero and interact with each other
[26]. By linearizing the coupled self-consistency equation with
respect to SC, and solving the AFM part fully, the stability
of the AFM phase with respect to the SC transition can be
determined, and vice versa. Figure 1 shows the region in A-T
space with fixed u, where the two phases are stable. The figure
shows that in the region where SC is dominant, the AFM
phase is unstable near the expected second-order transition (the
solid line between the magnetic and paramagnetic phases) but
becomes alocal minimum of free energy at lower temperatures.
The same happens for superconductivity when the AFM phase
dominates. The transition between SC and AFM phases is of
the first order.

When discussing superconductivity in the presence of an
exchange field (either induced or spontaneous), we have an
additional ingredient in the self-energy, namely, the supercon-
ducting triplet order parameter [22,45], which has been dis-
cussed in the context of the Eliashberg model in Ref. [46]. The
triplet is spatially isotropic, and in order to satisfy the fermionic
antisymmetry, it has to be odd in frequency. It is generated in the
self-energy only when there is an odd-frequency component
in the interaction. In the retarded interaction, this is always
satisfied. When calculating the stability of the AFM phase with
respect to SC, the triplet appears in the linear order. It hence
modifies the boundaries of the region where both AFM and
SC phases are stable. We have taken this effect into account in
Fig. 1.

Besides the competition between AFM and SC phases,
we need to consider the possibility of a coexistence phase in
the dashed region of Fig. 1, where both phases can show up
alone. We indeed have numerically found such a coexistence
solution, but tests based on fixed-point iteration revealed it to
be unstable at every temperature that we checked. This finding
isin accordance with a simplified model where both interaction
channels are instantaneous and independent of each other [26].

However, the fact that the two phases are simultaneously
local minima of the free energy suggests that this system
could have domains of antiferromagnetic order coexisting with
superconducting domains. Such domains would be separated
by a domain wall mixing the two kinds of phases and inducing
odd-frequency triplet pairing, as schematically illustrated in
Fig. 6. In addition to providing a mechanism for the appearance
of odd-frequency triplet pairing, the domain walls can support
interesting excitations. In particular, it is known that flat-
band ferromagnets can support interesting topological and
domain-wall excitations in the form of different kinds of spin
textures [16,47], and various combinations of spin textures
and superconductivity may lead to the appearance of Majorana
zero modes [48—52]. Also, alternatively to the intrinsic domain
structure generation, the ferromagnetic superconductors can
support different types of nonuniform magnetic order and
spontaneous vortex states [53-55]. A detailed analysis of
different possibilities goes beyond the scope of this paper.

singlet

magnetization

X

FIG. 6. Sketch of a domain wall between magnetic (red) and su-
perconducting (blue) domains. At the domain wall a triplet component
(purple) is induced.

V. CONCLUSIONS

We have proposed a simplified model of a flat-band system
with a retarded electron-phonon interaction and a repulsive
Hubbard interaction. For this model, we have determined the
self-consistency equations in the Hartree-Fock approximation
and all the possible homogeneous phases. Antiferromagnetism
and superconductivity are essentially symmetric in this system,
with the only difference coming from the retardation of
the electron-phonon interaction. For large A, the retardation
suppresses the increase in A more effectively in a flat band
than in metals with a Fermi surface. We find that the retardation
also creates a situation in which both phases are separately
local minima of the free energy, suggesting a possibility of
coexisting antiferromagnetic and superconducting domains
inside the sample.

Our results indicate how flat-band superconductivity can
be generated from electron-phonon interaction and provides
means to estimate the mean-field critical temperature when
the details of the electron-phonon coupling and the screened
interaction are known. The superfluid transition in low-
dimensional systems occurs in the form of a Berezinskii-
Kosterlitz-Thouless (BKT) transition at a temperature that is
lower than the mean-field transition temperature. That the
latter is nonzero is ensured by the possibility of having a
nonvanishing supercurrent (see, for example, Refs. [7,10,44])
in a flat-band superconductor. Our results are of relevance in
designing novel types of quantum materials for the interplay
of superconducting and magnetic order, and the search for
systems exhibiting exotic superconductivity with a very high
critical temperature, up to room temperature. They may also
shed light on recent evidence of high-temperature supercon-
ductivity in graphite interfaces [56].

Our results could also explain some of the phenomena
associated with the recent experiments on bilayer graphene
[30,57]. (For amore microscopic description of that case within
the BCS model, see Refs. [58,59].) In the experiment, the twist
angle between two superimposed graphene layers is chosen
to a certain magic angle, so that the two Dirac cones in the
graphene layers hybridize, forming a pair of flat bands. Our
model can be adjusted to describe this situation with small
changes (see the Supplemental Material [26] for details). When
the chemical potential was tuned to the lower of these bands,
the system became an insulator. From our point of view, this
could be the insulating AFM state we describe. When the
chemical potential is tuned slightly off from the flat band, a
superconducting dome in the 7 -p« phase diagram was observed
on both sides. These domes can be the s-wave SC phases
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we describe here. The competition between the particle-hole
(AFM) and the particle-particle (SC) channels in the presence
of the chemical potential was considered by Loéthman and
Black-Schaffer in Ref. [8], and for a range of parameters, they
reproduce a similar phase diagram near the flat band, with the
AFM state at the level of the flat band and two superconducting
domes with doping away from the flat band (see Fig. 2(b) in
Ref. [8]). In the experiments, SC domes are only observed
on the hole-doped side. The electron-doped side exhibits only
insulating behavior near the flat band. One possible explanation
is the difference in screening, which changes the relative
magnitude of the repulsive and attractive interactions, so that

the AFM state covers the SC domes completely. However,
we leave the detailed treatment of the effects of doping and
screening (both intrinsic and that provided by the environment)
for further work.
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NOTE ON INTERACTION CONSTANTS AND THE TIGHT BINDING MODEL

The Hamiltonian studied in the main text is derived from a tight binding model, in which the size of the system is
naturally characterized by the number of lattice sites N. However, in approximating the sum over all momenta, it is
more natural to use the area A of the system. The ratio A/N is the area of the real space unit cell A, which in turn
is inversely proportional to the area of the first Brillouin zone Qpz. For an infinite system, the momentum sum can
be written in the following form.

1 A d? A.mp? Pe d Q Pe d
R L (51)
N > N Jgz (2m) 27 0o PrB OBz Jo DPig

where Qpp = 7piy is the area of the flat band and p. is the momentum cutoff. We define a shorthand for the
sum/integral over momenta and Matsubara frequencies

Z:2TZ/OPC@. (52)

p)
p.m Wi Prs

We find that the effective interactions on the flat band are characterized by the constants

UuQ
o Q];B’ 3 2 Y
A = *%% (iwnm —iwn) = m with A= 0%2537:;’ (S4)
where D(z) = —2wp/(w% — 2?) is the phonon propagator. In other words, interactions are proportional to the ratio
between the area of the flat band and that of the first Brillouin zone.
SELF-ENERGY COMPONENTS
In total, there are 43 = 64 combinations of Pauli matrices in spin, Nambu and sublattice spaces. The ones

off-diagonal in sublattice space are not possible (see below), as the interactions in the model do not couple the
two sublattices. This reduces the number by a factor of 2. We are left with 16 components symmetric and 16
components antisymmetric in sublattice index p. Of these 32 components, the 16 components diagonal in Nambu
space are associated with non-superconducting properties. The T9ogpo-component renormalizes the frequencies in the
propagator [1]. It vanishes if the interaction is instantaneous and is always present if the interaction has a nontrivial
frequency structure. The T30(0po-component on the other hand renormalizes the chemical potential, and is usually
induced by finite temperature or interaction effects. In this model it vanishes because of the electron-hole symmetry
of the model at half-filling. There could in principle also be a term proportional to Tyogps. Its effect would be to
renormalize frequencies antisymmetrically in the sublattices. However, it is not induced by any of the other terms, so
the only way to have it would be by spontaneous symmetry breaking. It should be odd in frequency, and this makes it
vanish in the BCS limit. Even in Eliashberg theory, it is unlikely, as it is supported only by the odd-frequency part of
the interaction. In this text, we do not consider this and other antisymmetric frequency renormalization components
any further.

The remaining 12 components diagonal in Nambu space are due to magnetism. The magnetization direction on
one sublattice is described with the three components o;73. We can parametrize the six degrees of freedom associated



with magnetization with the overall magnitude and the relative magnitude of the order parameter, two angles for the
overall magnetization direction, and two angles for the relative direction. The six other terms of the form o;7p; are
spin-antisymmetric frequency renormalization components.

The 16 components off-diagonal in Nambu space are associated with superconductivity. Four of these are associated
with the singlet and its phase and the sublattice: overall phase, relative phase between the sublattices, overall
magnitude of the order parameter and the relative magnitude between the sublattices. The remaining 12 off-diagonal
Nambu components describe the three components of the triplet and its phase and sublattice degrees of freedom.
Because both the spatial and the spin parts of the triplet are symmetric, it must be odd in frequency to preserve
the fermionic antisymmetry [2]. Such components are supported by the odd-frequency part of the electron-phonon
interaction [3].

HARTREE-FOCK SELF-ENERGIES

Starting from the Hamiltonian and using the above definitions for the interactions, we can write the self-energies
in the Hartree-Fock approximation as

S =-u Yy P, Tr[P,G(p,iwny)] (S5)
P.m,p
f=u Y P,G(p.iwm)P, (S6)
p.m,p
SR =0 (S7)
Egh(zwn) - — Z )\nmPpG(p7lwm)PP7 (SS)
p,m,p

where P, is the projection operator to sublattice p, p € A, B. It is immediately clear from the above expressions
that the self-energy cannot have terms with A— B mixing, as the projection operators force it to be diagonal in the
sublattice space. We assume that the radius of the flat band is much smaller than the maximum phonon momentum,
so that the phonon cutoff does not need to be enforced in the momentum sum.

With a contact interaction, the only differences between the Hartree and Fock terms come from the sign change
(from the fermionic loop in the Hartree term) and from the summation over spins. The total Coulomb self-energy is

Eg’,p = 7UZG579(p7iwm)' (Sg)
p.m

Note that the self-energy for up spin is determined from the propagator for the down spin and vice versa.
For electron-phonon interaction we only include the Fock term. The Hartree term vanishes because there is no p=0
-phonon mediating the Hartree interaction.

Eg?p(iwn) = - Z Aano,p(Iﬁ iwm)- (SlO)
P,m

This is written without particle-hole (Nambu) basis and must be extended to include superconductivity. For now, we
consider the normal state to find what would be the stable phase if superconductivity would not be present.
The total self-energy for spin ¢ and surface p is

Za,s(iwn) = - Z [)\ana,s(pa iwm) + UGE,s(p: Zwm)] . (Sll)

p,m

Below we use this to study the possibility of a pseudospin analogue of the magnetic state.

PSEUDOSPIN MAGNETISM

Let us now consider the self-energy

Yps(iwy) = —iX2 1 + hb®ps, (S12)



where hP® is an analogous order parameter to ferromagnetic ordering, but with spin replaced by a pseudospin p
(sublattice index). The propagator is

Gl (p,iwn) = i@y 1 — g,p1 — hE%p3, (S13)

where @,, = w,, + X% = Zw,, is the renormalized frequency.

Instead of Eq. (S11) with a complicated matrix structure, it is more useful to consider the components of the
self-energy that are symmetric and antisymmetric in spin and sublattice indices o and p. We get the self-consistency
equations

w 1 .
—i8Y = — Z /\"mi Z Gs.p(P, iwm) + Ap, (S14)
p,m a.p
s 1 ,
hﬁ = Z [*U - )‘nm] 1 Z pGE‘,p(pv Zwm)a (815)
P.m o,p

where we isolate a correction to the chemical potential as Au. We assume a fixed particle number, and therefore this
correction is counteracted by a shift in the chemical potential to the opposite direction and as a result, it vanishes.
In the normal state, we can write G as a 4 x 4 matrix. Its inverse is
1wy, — hb® —&p
1 - —&p Wy, + hPS 1
G (p;twn) - Z(I}n _ h%s _Ep ) (S 6)
—&p i, + hP?

wl}ere the basis is chosen as \IJL = (CTAT;}’ cLTp, CL 1o CL ip)' The matrix can be inverted in 2 x 2 blocks labeled with
spin:

. - 1 1wy, + hP® €p
Go(pvlwn) - Qg(pyiwn) < €p Z(.:)n _ hgs ’ (817)
where
Qo (P, itwn) = (i@ + BY) (i@ — BYY) — e2 = — [@p + 2 + (2°)?] . (S18)
The self-consistency equations for pseudo-spin magnetism are
w Z

Znp =1 Anm— e 1

0 +p§n; o 57T 22 4 () (S19)
hbs
hb® = —U = Apm) =g - S20
p,m

We see from these equations that a pure pseudo-spin magnetism can be ruled out, as the interactions do not support
it: both interaction terms in Eq. (S20) are negative; compare with Eqs. (523,535). We would need to have a repulsive
electron-phonon interaction or an attractive Coulomb interaction in order to obtain a nonzero solution. The unequal
form of the interactions in spin-magnetism versus pseudospin-magnetism originates from the lack of an exchange term
in the electron-phonon interaction.

ANTIFERROMAGNETISM

For antiferromagnetism (AFM), the self-energy has the form
ZAFM (iwn) - —ZE:;I[ + hnTSU?n P35 (821)

where h,, is the frequency-dependent exchange field. As for the pseudospin magnetism above, the self-consistency
equations for AFM are
Wm T
Zp =1 Anm— =5, S22
+ Z Wy @2, + €2+ h2 (822)

p,m m m

hm

_ 523
@2, 42 + h2’ (S23)

ho =Y (U=Anm)
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In contrast to Eq. (S20), the sign of u is now positive, and this makes the normal state unstable to the AFM phase.
Here we take the momentum cutoff to infinity. For large N the results do not depend on the cutoff provided it is
larger than ppg. For N < 2 the momentum integration diverges without a cutoff, so the results below do not apply
for those cases.

To numerically solve the above equations, we need to impose a cutoff wp.x in the Matsubara summation. To do
that, we need to replace the Coulomb interaction with a modified term using the pseudopotential trick [4]. The form
of the pseudopotential depends on the details of the self-consistency equation, so it has to be formulated separately
for different equations. The differences are in the details, and the basic idea stays the same: in the Coulomb part
of the self-energy we divide the Matsubara summation to low-energy and high-energy parts. Then we solve for the
self-energy term and define a new interaction constant, which takes into account the high-energy contribution [4].
The exact form of the contribution from the high energy sum is the part which differs between different equations.
We formulate equations in a form which is easy to solve numerically.

For AFM equations, we can calculate the high energy part to be

dpp 1 dpp 1
oy [TR L (v -y ) [t
|wn | >w. 0 FB Jwn |<w. FB “n p
n max n max (824)

2-N Tmax N 2/N
Limax 1 1-N 0x ™ (wn/Eo)
= — 4+ — d tanh — 2T E
eo(N —2) + €0 /0 e a ( 2T ) N sin(w/N) 2w?2 ’

|wn [ <wWmax "

Q
I

where the cutoff z,.x is chosen so that (prB@max) > 27. An argument larger than 4 is already large enough in order
to approximate the hyperbolic tangent by unity, so we can choose x. = (87'/ 50)1/ N In total, the pseudopotential is
u

- = . S25
v 1 — u« ( )

For a better accuracy at the strong coupling and low-temperature regime, we also include the Coulomb part of the
exchange field h. in Eq. (524), so that « depends self-consistently on h.. The non-self-consistent « given above is
sufficient for the calculation of T¢.

With cutoff and a pseudopotential, Egs. (S22-S23) become

> dpp B
n =2T nm 5 S26
Z A pFB w2 + 52 + h2 ( )

[wm | <wmasx

wm [ dpp Zm
Zn=1+42T Apm— S S27
2T, wn/o prp @2, +e2 + h2, (827)

|wim | <Wmax

which can be solved numerically.

Linearized equations for solving the critical temperature

To determine the critical temperature, the self-consistency equations can be linearized with respect to h. In this
case the momentum integrals can also be done analytically. We obtain

A o \ 2N
anl—i—aNTZw’;m (;) 7
nwm 0

|wm | <wWmax

h o \ N
aNTZ nm - <£) ) (828)

2
wm €0

b,

|wm | <wWmasx

where any = Nsin(r/N) /.
If A =0, then Z = 1 and also the Matsubara summation can be done analytically. We find 7' in terms of the
Riemann (-function,

Tm L] 4(2_%) (227%_1)
S 2r 62/NNsin(l)
0 N

: (529)

which approaches the value T = u/4 when N — oo.



SUPERCONDUCTIVITY

Extending the formalism to the particle-hole space to include superconductivity, we define a Nambu vector UT =

(?ﬁz,p,p%TBPW¢:r4,p,u¢jg7p,u¢A,—p,T,1/JB,—pm¢A,—p,¢a¢B,_p,¢). The Feynman rules are then changed so that the
interaction vertex gets an additional Nambu structure; P, is replaced by P,73. The Hartree-Fock self-energy terms
are

i{ = _uPpTB Tr [Pp7'3é(137 an)] (830)
V% =u Z PpTg(;(p, iwm)TSPp (831)
p,m,p
SR =0 (S32)
gg‘h(lwn) = - Z )\nmPpTBG’(pviwm)TSPp- (833)
p,m,p

We note that the Hartree term only affects the normal-state self-energy components, and not the off-diagonal ones
associated with superconductivity. Superconductivity is determined only from the Fock terms.

The order parameter is the same on both sublattices, ¢4 = ¢p. In principle, the order parameter could also have
a different phase and magnitude on the two surfaces, but this choice is the one with the lowest energy [5]. The
self-consistency equations for the superconducting phase are

W [ dpp Zm
Zn=1+2TY Apm—2 —-r__am S34
=1 zw/ T aTa (334)

*dpp P
n = 2T )\nm - = . S35
=20 [ e o

In Eq. (S35) we can impose a Matsubara cutoff wyax if we simultaneously replace u with a pseudopotential u™, like
in Eqgs. (524, S27). Compared to the AFM case, there is a sign change in the pseudopotential,

L u
ut = . S36

14+ ua (836)
The interpretation of the pseudopotential is that for superconductivity, the scattering at high energies reduces the
effect of interaction at lower energies, whereas for magnetism, the effect is reversed. If we remove the high-energy
scattering from the theory, the interaction has to be replaced by an effective pseudopotential to account for their
effect.

Correction to the critical temperature due to retardation

To obtain an approximation for the effect of the electron-phonon renormalization on superconductivity, we first
solve the renormalization function Z at zero temperature by approximating the self-consistency equation as
A [ do w3, Zyw'

Z(iw)=1+1lim > [ &
(iw) T on wh + (w—w')? (Zow')? + €2’

(S37)

where € = 07 is used to regularize the integral. Inside the integral we approximate Z by its peak value Zy = Z(iw = 0).
The integral yields

Z(iw) =1+ M (S38)
w) = -—
Zo(w? + w?)
For w =0, we have Zy = 1+ \/Zy, whose solution in the first order in X\ is Zg = 1+ A.
Now the approximate self-consistency equation for ¢ is
d 3 A
po=r [ Wi v (839)

21 Wi+ w? (Zw)? + @8 o0 27y



At zero temperature, for A = ¢/Z, we have

Aw Aw

Bo = %2 B 2Z§ T2 +EQA)‘ (540)
At weak coupling, the critical temperature is half the value of A,
Ao g

2 4(1420)°

The above calculation accounts for the electron-phonon renormalization in a very crude manner. A better agreement
with the numerical results is obtained by a direct fit to the numerical results. This way we obtain Eq. (15) in the
main text.

T ~ (S41)

Linear dispersion

An alternative to the electronic Hamiltonian with the p™-dispersion used in the main paper is a Dirac Hamiltonian

where vp is the Fermi velocity. The pseudospin-structure of the Hamiltonian is unchanged from Eq. (2) in the main
text and it can also be considered as the N = 1 case of the p™-dispersion. Unlike for the p”-dispersion with N > 2
for which we can approximate the cutoff as infinite, the results for the linear dispersion are highly dependent on the
cutoff. We assume a momentum cutoff p. and approximate the Brillouin zone as being circular. The momentum
cutoff corresponds to energy cutoff €. = vpp..

This Hamiltonian is realized approximately in twisted bilayer graphene (TBG) when the twist angle between the
two graphene layers is larger than the magic twist angle of 0agic = 1.1°. TBG is only periodic in a large scale moiré
superlattice, corresponding to a superlattice Brillouin zone which is small compared to graphene Brillouin zone. The
lowest energy bands are described by the Hamiltonian (S42) with vp becoming smaller and smaller as the twist angle
approaches the magic angle. The rest of the Brillouin zone of the original graphene is folded into higher energy bands
which we neglect. The low-energy Hamiltonian for TBG can be derived with perturbation theory when the twist
angle 0 > 1.8° [6]. In the perturbative model, the layers are decoupled from each other. The simple perturbation
expansion fails near the magic angle, but the layers remain decoupled up to the magic angle [7].

We describe TBG in terms of bare graphene, so in applying Eq. (9) of the main paper we take Qg as the size of the
superlattice Brillouin zone and gy as the original Brillouin zone of graphene. In the momentum integrals the cutoff
pe is the radius of the superlattice Brillouin zone prp. The interaction constants become A = g% /nw? and u = U/n,
where n is the ratio between the areas of the original graphene and the superlattice Brillouin zones, or equivalently
the ratio between the number of lattice sites in the superlattice and the original graphene unit cells.

After doing the momentum integrals, the self-consistency equations for superconductivity become

2

S P €
m=—0o0
(o]
wWm Z, g2
Ty =14+ TS Ay 2m [1 7] 44
n + Z nm wn 53 og +‘D72n+¢%n (S )

m=—0o0
Again, antiferromagnetism has a similar set of equations. If we assume that e, < ¢y and ¢, < wg so that the

argument of the logarithm is small for both small and large w,,/wg, the logarithm can be approximated with the first
order term,

L og [14+ ¢ ! (S45)
— 10 ~ .
2Bl Tyl T e

In this limit, the dependence on the cutoff energy vanishes and we recover the self-consistency equations for a com-
pletely flat band.

Unlike for the p” dispersion, superconductivity only appears for the linear dispersion if ) is stronger than some
critical value Aco even if u = 0 [8]. This is due to vanishing density of states near zero energy. This value can be
found by linearizing the self-consistency equation (S43) both in ¢ and Tg°. For an interaction without retardation,
we find that Aco = e./wg. With e, < wg, the phase diagram of Fig. 5 in the main paper for the linear case is the
same as for N = 0o, except near the phase boundary, where the normal state is the ground state.



Effect of Debye dispersion

In a real material, the phonon dispersion is obviously not described by the Einstein model adopted in the text. To
get an idea how much the exact phonon dispersion affects the results, we consider also the Debye model.

For the Einstein model phonons there is no momentum dependence in the interactions, and for this reason the
self-energy is also independent of momentum. For Debye phonons the interaction obtains a momentum dependence
through the phonon dispersion. Without calculating the full momentum dependent theory, we can estimate the effect
of the dispersion by estimating the typical energy of the exchanged phonon and the average interaction constant.

The maximum phonon energy exchanged within the flat band is limited by the flat band diameter 2ppp to be
wo = PFBWD/qn, where wp is the Debye energy and ¢y is the maximum phonon momentum. As typically g is of
the order of the size of the Brillouin zone, wy < wp and the energy scale is reduced. On the other hand, we find that
the dimensionless interaction constant is enhanced: A o<1 /w%. However, because Ag o A\%2wy, the magnitude of Ay
is restricted by wp and the total effect is a smaller critical temperature than with the Einstein phonons with energy
wg equal to the Debye energy.

The above concerns interactions within one flat band. We can also consider Debye phonons in the context of
two flat bands separated by the distance pg > prp in momentum space. The momentum range of Debye phonons
connecting the two parts of the Brillouin zone is limited to pg, and they can be treated as if they had a constant
energy wy = wppq/qar- In this case they act essentially as Einstein phonons with an effective energy scale wy.

EQUATIONS FOR COMPETING MAGNETIC AND SUPERCONDUCTING PHASES

We now concentrate on the possible coexistence of antiferromagnetism and superconductivity for N — oo. The
presence of AFM (pso373) and the singlet superconducting order parameter (o973) induces a triplet component
proportional to

P303T3 X 02Ty X P301T1. (S46)

The triplet is induced into the propagator, but it also enters in the self-energy if the interactions support it. This
requires that the interactions have an odd-frequency part, which is true with the retarded interaction, but not present
with the instantaneous interaction.

The inverse propagator is

G Yiwy) = i@, 1 — hp3osTs — poaTo — idp3oTy. (547)

To invert this, we notice that the matrix separates into four 2 x 2 blocks. Labeling these blocks by the spin and
pseudo-spin of their particle part (the hole part is associated with the opposite spin and same pseudo-spin), we can
write them as

1. [ iw, — poh, —o¢, +ipd,
GPU (an) N (70-(;571 + Zpdn Zd}n - pahn ) (848)

The inverse of this is

(‘3721 - hi + d)gz - d%) — 2ipo (hn@n + ¢ndy) (Zd)n — pohy, o@, — ipdn>

(G — W+ 6 — 7 + Ao + 60 \0G = ipda i — pon

_n T 2P05n <an —pohy 0@, — Zpdn> (849)

Gpo(iw,) = —

Cn On — ipdy 0y — pohy,
— i ( fyna}n + 6nhn 7pn(7ndn + 5n¢n)) 1 (/)U(Wn,hn - (5na)n) 70’(7n¢n - 5ndn)>

75 _pn(’}’ndn + 5n¢n) ’ann + 5nhn C’VL _U(7n¢n - 6ndn) PU(%hn - 571‘:}71)
where, in the last line, we have separated the odd and even frequency parts. Above, we define
Yo =@h — iy + ¢ — d, (S50)
671 = 2(hn‘:)n + ¢ndn)7 (851)



From these, @, d and § are odd in w,, and the other terms are even in w,. The diagonal self-energies depend on the
propagator for the inverted spin, and for them we add a sign change to h and ¢.
The self-consistency equations are

'mOm 5m m
Gm
|wn | <wWmax
mWm 6 hm
DI u7 (S54)
[ | <wmax Gm
¢n = Z nm 477 (855)
|wm | <wWmax m
m hm - 6m ~TIL
he =TS [N % (S56)

|Wrm | <Wmax

where we assume the Matsubara sum to have a cutoff which determines the values of the pseudopotential terms. The
equation for X“ can also be expressed in terms of Z as

Omhm
=1+T> A, 7%”“’” i (S57)
|wm | <wWmax Cm
The odd and even electron-phonon interaction kernels are
1
)‘zm = 5 [)‘(wn - Wm) + /\(wn + wm)] WE. (858)

The Coulomb interaction only has an even part, so it only affects the even-frequency self-energy terms, namely ¢ and
h. The coexistence modifies the pseudopotentials u® slightly as the high-frequency part of both order parameters has
to be taken into account. It is still defined as u* = u/(1 £ ucas), but now with

: Pethet(dpe—he)
sinh <7T>

W2, F h2 £ ¢
-7 Ca— 859
(6 + he & (6 — he)) [cosh (% ) + cosh ()] |w,,,\z<;,,§dx — h2 + §2)2 + 4h2w? (559

a4 =
We solve these equations numerically to study the competition of the two phases.

A TOY MODEL FOR THE COMPETITION BETWEEN THE PHASES

To understand the phenomenology of the two co-existing order parameters, let us consider a toy model where there
are two order parameters A and h, and two separate interaction channels, A and u. We assume that the interactions
are separate in the sense that A only mediates superconductivity and « mediates the magnetization. For simplicity,
we assume that the interactions are frequency independent so there is no triplet component and no electron-phonon
renormalization term.

This model is not realized in the weak coupling as in that case the interaction channels are not separate, but have
always opposing signs. The superconducting channel is mediated by the interaction with strength Awg — u and the
magnetic channel has the strength © — Awg. The channels are separate only in strong coupling, as the low interaction
frequencies are attractive to superconductivity and the high frequencies for magnetism.

In the the full coexistence model the dispersions for two non-equivalent bands are F, = A+, / 812) + h2. For N =

this reduces to E,, = A £ h. We take this dispersion as the starting point. For notational simplicity, we assume that
A >0 and h > 0. The fields A and h are also included in the partition function,

Z

7o = %0 TLI 4 (A h2) x [ (A= 12 x P27 e

peFB,wy,

H COSh( A + h)) cogh(@) X 6_5A2/>\ X e_ﬁh2/u.

peFB

(S60)
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FIG. 1: (a) Stream plot of the gradient of the free energy (S61) for A = w at temperature T' < T¢f, T5'. There are two local
minima, which correspond to the magnetic and superconducting phases, and a saddle point which is the unstable coexistence
solution. (b) Phase diagram with fixed u. When A\ < v and T' < T5' , the thermodynamically stable state is the magnetic state

and when A > u and and T' < T¢' the stable state is the superconducting state. The dividing line A\ = w is marked with the
red dotted line. On the striped region, both phases are possible as metastable states.

Above, the product over the Matsubara frequencies is evaluated using a standard Matsubara trick. The overall
constant cancels against the normal state partition function Zy. The free energy relative to the normal state is

zZ A?  R? A+h A—h
F(A,h)_—Tlog(Z—o)—C(T-FE—Tlog [cosh( 5T )cosh( 5T )})

A? B2 1 A 1 h (561)
= — 4+ — —Tlog | = cosh| — —cosh| —
C()\ +u og[Qcos <T>+2<:os <T)})’
where the momentum sum gives the multiplicative factor C' > 0.
The self-consistency equations are given as derivatives of the free energy with respect to fields A and h:
_ A sinh(A/T) ’ (S62)
2 cosh(A/T) + cosh(h/T)
inh(h/T
u sinh(h/T) (363)

~ 2 cosh(h/T) + cosh(A/T)

As a check, we see that if there was no frequency dependence in the interactions, Eqgs. (S55) and (S56) would
give similar equations after the Matsubara summation. The difference is that in the full model with instantaneous
interactions, there is effectively only one interaction constant Aeg = A\wg—u.

The self-consistency equations (S62) and (S63) for A and h should be solved simultaneously. At low temperatures,
T < h, A, we can approximate the hyperbolic functions with exponentials, and obtain

\ Ay for h < A

AT =0) = lim ————— = Ag/2 forh=A S64
T B e () 00/ for h > A o

where Ay = \/2 is the zero-temperature order parameter for h = 0. For h in terms of A, an analogous expression
can be found,

ho for A <h
u

R(T=0)=1lm-— = hy/2 for A=h S65
( ) Tgan[HeXp(%)] 0o/ fz§A>h (565)
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with hg = u/2. At zero temperature, coexistence is only possible if u = A and A = h = A\/4. This coexistence point
is a saddle point of free energy. This is illustrated in Fig. la. Similar kind of solutions are also found at a finite
temperature.

Assuming a second order phase transition from the normal state to a superconducting state, we can linearize (562)
with h = 0 to find a critical temperature Tg% = A/4. We will see below that when w > X the phase transition is
actually of the first order from a magnetic state to the superconducting state, but we still use the above definition for
T¢F to set a temperature scale. Similarly, assuming a second order phase transition from normal state to a magnetic
state, we linearize (S63) to find a critical temperature T2 = u/4, which we take as the definition of T2

Stability of the phase with lower T¢

From the free energy we see that when A < u, the magnetic phase is stable and the superconducting phase is either
metastable or unstable. When A > u, the roles are reversed. The solution is (meta)stable if it is a local minimum of
the free energy. The criterion is

2 2
F
) >0 and or > 0. (S66)

Oh? OA? O0AOh oh?

0’F 0*F ( 0’F
When h =0 or A = 0 the cross derivatives vanish, and the stability condition becomes §?F /0h* > 0 and 9*F/0A?* >
0.
Let us consider the (meta)stability of the superconducting phase when 0 < A < w and T' < Tg¢, where T = \/4.
The stability condition becomes

oF

0< e

2 1
=Cl-—-————-—+]. S67
h=0 (u T—i—Tcosh(%)) (S67)

At low temperatures, the first term in the parentheses dominates and the superconducting phase is metastable. Near
T¢F the second term dominates and the superconducting phase becomes unstable against a spontaneous magnetization.
In this case, A =~ 0, and

2 1 2 1 1 1
7——Az———:2<7—7)<0. (S68)
u T—i—Tcosh(T) u 20 u A

The transition temperature 7" at which the system becomes unstable can be determined from the condition
0%F/0h? = 0, which is equivalent to solving the magnetic critical temperature by linearizing Eq. (S62) with A
as solved from Eq. (S63) with h = 0.

For A > u > 0, the magnetic phase is the metastable one, and the equations apply after interchanging u <> A,
h < A and T <> TF'. The numerical solution for the transition temperature of both phases is shown in Fig. 1b as
the dashed line.

Similar stability analysis can be used with the full model, except in that case the frequency dependence of the self-
energy functions complicates the situation. We can however simplify the problem by projecting the order parameters
on the linearized solution.

COMPETITION IN THE FULL FREQUENCY-DEPENDENT MODEL

Now we return to the full frequency-dependent Eqs. (S53)—(S56). We do for the full model the same kind of
analysis as in the previous section for the toy model. As explained after (S68), the stability is determined by solving
the critical temperature of the phase with higher T in the presence of the other order parameter.

Stability of the superconducting phase

We now consider parameters A, u to be such that 0 < 7T¢F < T2 and determine the temperature 7 above which
the superconducting phase is unstable against a magnetic instability.
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To do this, we linearize Eqs. (S53)—(S56) with respect to h and d. We assume the singlet order parameter ¢ to be
finite. The equations for ¥“ and ¢ are

= _TZ nm ~2 d) (869)
|wim | <wWmax
b =TS (N — u*)by‘z’%&. ($70)

[wm | <wmax

The equations for h and d are coupled to one 2 x 2 matrix,
d, 1 (@2 4+ 362) 20,0 Om&m dpm
N=TY 5|5 " nmrn . S71
) TL @Ay P e V) | (571)
With the high-frequency cutoff, the equation can be written as a 2M x 2M matrix, where M is the number of

Matsubara frequencies below the cutoff. The critical temperature 7% of this AFM/triplet phase is then determined
numerically by finding the temperature at which the largest eigenvalue of the matrix becomes larger than unity [3].

Stability of the magnetic phase

Conversely, let us now consider parameters A, u such that 0 < T2 < T and determine the temperature 7™ above
which the magnetic phase is unstable against a superconducting instability. Now we linearize Eqs. (S53)—(S56) with
respect to ¢ and d. We assume the field h to be finite. The equations for 3“ and h are

= T3 Nz L (572)
|wm | <Wmax
h?n
=T E 'nm m (873)

|Wrm | <Wmax

The equations for ¢ and d are coupled, and can be written as a matrix equation
d” — 1 )\T_Lm ((’37211 - hil) 72)‘;mhm(:]m dm
i R D = e R | (s7)

[wm | <wmax
Again, with the Matsubara cutoff, this is a matrix equation and the critical temperature T can be solved by searching
for the temperature at which the largest eigenvalue crosses 1. The solution curve for both cases, T& < T¢ and
TE > T¢F, is shown as a dashed boundary line in the phase diagram, Fig. 1 in the main text.

[1] Carbotte, J. Properties of boson-exchange superconductors. Rev. Mod. Phys. 62, 1027 (1990).

[2] Berezinskii, V. New model of the anisotropic phase of superfluid He-3. JETP Lett. 20, 287-289 (1974).

[3] Matsumoto, M., Koga, M. & Kusunose, H. Coexistence of even-and odd-frequency superconductivities under broken time-
reversal symmetry. J. Phys. Soc. Jpn. 81, 033702 (2012).

[4] Morel, P. & Anderson, P. Calculation of the superconducting state parameters with retarded electron-phonon interaction.
Phys. Rev. 125, 12631271 (1962).

[5] Kauppila, V. J., Hyart, T. & Heikkild, T. T. Collective amplitude mode fluctuations in a flat band superconductor formed
at a semimetal surface. Phys. Rev. B 93, 024505 (2016).

[6] Lopes dos Santos, J. M. B., Peres, N. M. R. & Castro Neto, A. H. Continuum model of the twisted graphene bilayer. Phys.
Rev. B 86, 155449 (2012).

[7] Sudrez Morell, E., Correa, J. D., Vargas, P., Pacheco, M. & Barticevic, Z. Flat bands in slightly twisted bilayer graphene:
Tight-binding calculations. Phys. Rev. B 82, 121407 (2010).

[8] Kopnin, N. & Sonin, E. BCS superconductivity of Dirac electrons in graphene layers. Phys. Rev. Lett. 100, 246808 (2008).



II

TWO TOPOLOGICALLY DISTINCT DIRAC-LINE SEMIMETAL

PHASES AND TOPOLOGICAL PHASE TRANSITIONS IN

RHOMBOHEDRALLY STACKED HONEYCOMB LATTICES

by

T. Hyart, R. Ojajarvi and T.T. Heikkila 2018

Journal of Low Temperature Physics 191, 35-48, DO1:10.1007/s10909-017-1846-3

Reproduced with permission. Copyright 2018 Springer Nature.


https://doi.org/10.1007/s10909-017-1846-3

J Low Temp Phys (2018) 191:35-48 @ CrossMark
https://doi.org/10.1007/s10909-017-1846-3

Two Topologically Distinct Dirac-Line Semimetal
Phases and Topological Phase Transitions in
Rhombohedrally Stacked Honeycomb Lattices

T. Hyart'® - R. Ojajirvi! - T. T. Heikkili!

Received: 15 September 2017 / Accepted: 23 December 2017 / Published online: 4 January 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract Three-dimensional topological semimetals can support band crossings
along one-dimensional curves in the momentum space (nodal lines or Dirac lines)
protected by structural symmetries and topology. We consider rhombohedrally (ABC)
stacked honeycomb lattices supporting Dirac lines protected by time-reversal, inver-
sion and spin rotation symmetries. For typical band structure parameters there exists
a pair of nodal lines in the momentum space extending through the whole Brillouin
zone in the stacking direction. We show that these Dirac lines are topologically dis-
tinct from the usual Dirac lines which form closed loops inside the Brillouin zone. In
particular, an energy gap can be opened only by first merging the Dirac lines going
through the Brillouin zone in a pairwise manner so that they turn into closed loops
inside the Brillouin zone, and then by shrinking these loops into points. We show
that this kind of topological phase transition can occur in rhombohedrally stacked
honeycomb lattices by tuning the ratio of the tunneling amplitudes in the directions
perpendicular and parallel to the layers. We also discuss the properties of the surface
states in the different phases of the model.

Keywords Graphite - Topological matter - Flat bands

1 Introduction

Topological materials are characterized by momentum-space topological defects,
topological invariants and protected surface states [ 1-5]. The fully gapped topological
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phases have been classified in terms of the existence of various symmetries [4,5], and
the variety of the different types of momentum-space topological defects is even richer
in gapless systems [1,5-29]. One interesting class of three-dimensional topological
semimetals is the Dirac-line (nodal line) semimetals supporting band crossings along
one-dimensional curves in the momentum space. These band crossings can in princi-
ple be protected by chiral symmetry [1,5,9,13] (often an emergent or an approximate
symmetry) or the structural symmetries of the systems [5, 15-18,20,28,29]. From the
viewpoint of topological materials the main question is what kind of topologically
distinct Dirac-line semimetal phases can exist in the presence of the various structural
symmetries. For example, there exists a class of nodal lines carrying a nontrivial Z,
monopole charge so that they can be created and annihilated only in pairs, whereas the
nodal lines carrying a trivial Z, monopole charge can be created and annihilated one by
one [17,28,29]. In certain topological semimetals, such as Bernally stacked graphite,
there exists multiple Dirac lines which meet and merge at certain high-symmetry lines
in the momentum space forming a protected triple degeneracy point of bands called
nexus [19-21].

In this paper we study Dirac lines protected by time-reversal, inversion and spin
rotation symmetries with the help of a general model for rhombohedrally (ABC)
stacked honeycomb lattices. We show that these Dirac lines can form closed loops
inside the Brillouin zone (Type A Dirac line in Fig. 1) [5,15-18] or they can extend
through the whole Brillouin zone in one of the directions in the momentum space
(Type B Dirac line in Fig. 1) [13] depending on the ratio of intra- and interlayer
tunneling amplitudes. We show that Type A and Type B Dirac lines are topologically
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Fig. 1 Two different types of Dirac-line semimetal phases in the presence of SU(2) spin rotation, time-
reversal and inversion symmetries. a In Type A Dirac-line semimetals the nodal lines are closed loops fully
inside the Brillouin zone (blue line). Thus, they go through the full Brillouin zone v = 0 times. They carry
a topological charge Q = 1 defined with the help of a Berry phase for a path going around the Dirac line.
Type A Dirac lines can be gapped one by one. b In Type B Dirac-line semimetals the nodal lines extend
through the whole Brillouin zone in one of the directions (blue and red curves). Thus, they go through the
full Brillouin zone v = 1 times. They carry a topological charge O = 1 which can be defined with the help
of Berry phase, but now the radius of the closed path going around the Dirac line can be taken arbitrary large
(as long as it does not go around another Dirac line). Therefore, it is possible to define a topological charge
for each Type B Dirac line as an integral over a closed surface [Eq. (5)] describing their monopole-like
nature: Type B Dirac lines can be gapped only by first merging them in a pairwise manner (Color figure
online)
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distinct. Namely, it is possible to define a topological invariant v by counting how
many times the Dirac line goes through the whole Brillouin zone, and v =0 (v = 1)
for Type A (Type B) Dirac lines (see Fig. 1). Since the Brillouin zone is a torus, v
essentially describes the winding of the Dirac line around this torus. We show that
this topological difference has important consequences. Namely, it allows defining
a topological charge for Type B Dirac lines describing their monopole-like nature
(different from the monopole charge proposed in [17]): Type B Dirac lines are robust
nodal lines which must always come in pairs. Therefore, Type A Dirac lines can be
created and annihilated individually by shrinking them to a point, but Type B Dirac
lines can be gapped only by first merging them in a pairwise manner so that they
become Type A Dirac lines. We discuss the nature of this kind of topological phase
transition in rhombohedrally stacked honeycomb lattices and depict the momentum-
space structure of the surface states for the different phases of the model. We point
out that the monopole-like nature and robustness of the Type B Dirac lines have been
discussed also in Refs. [28,29] from different perspectives.

2 Model, Symmetries and Topological Invariants

The rhombohedral stacking of honeycomb lattices is illustrated in Fig. 2. The tight-
binding model for such kind of three-dimensional system [in the sublattice space] can
be written as

(6K oK)

®Kk) = —y Zei&'.k . yleikz . VBe—ikz Z o—idik
i ,

l
@(k) =—» Zeini-k — |:eikz Ze—isi-k 4 e—ikz Zeisi'ki| (1)
i j i

1

The hopping parameters y; are illustrated in Fig. 2. The nearest-neighbor vectors
d; inside the layers (connecting different types of sublattice atoms) are normalized so
that the vectors n; connecting neighboring unit cells inside the layers (i.e., connecting
the same type of sublattice atoms) have unit length. In z-direction we use the spacing
between the layers as the unit length.

The important symmetries of the model are the lattice translation symmetries (guar-
anteeing that k is a good quantum number), SU(2) spin rotation symmetry [so that
we do not need to include spin degree of freedom into Hamiltonian (1)], time-reversal
symmetry

H*(—k) = H(k) (2)

and inversion symmetry
oxH(—k)o, = H(K). 3)

In many materials, such as graphite, spin-orbit coupling is negligible, and there-
fore the assumption about SU(2) spin rotation symmetry is well justified. The other
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Fig.2 Illustration of rhombohedrally stacked honeycomb lattices. The hopping amplitude y describes the
nearest-neighbor hopping inside the layers. In rhombohedral stacking the layers are stacked in such a way
that the nearest-neighbor interlayer hopping amplitudes y; always connect one type of sublattice atom in
the lower layer to the other type of sublattice atom in the upper layer. The further-neighbor hoppings y», ¥3
and y4 are also shown. The period in the stacking direction is three times the distance between the layers,
and therefore, rhombohedral stacking is often called ABC stacking (Color figure online)

symmetries are just structural symmetries of the system, and therefore, they are sat-
isfied independently on which hopping processes are included in the Hamiltonian.
They could be broken only via a spontaneous symmetry breaking occurring due to
interactions between the fermions.

It is useful to point out that if the further-neighbor hoppings are neglected y, =
y4 = 0, the system supports also a chiral symmetry

o.H(K)o, = —H (K). (4)

This symmetry is valid as a good approximation in many systems, such as graphite,
and it is useful in understanding the surface state spectrum of the model (see Sect. 4).
The chiral symmetry can in principle also protect the existence of the Dirac lines [13].
However, in this paper we show that this approximate chiral symmetry is not necessary
for the existence of the Dirac lines. The Dirac lines in this model are in fact much
more robust because they are stabilized by the structural symmetries of the system.

Due to the existence of SU(2), time-reversal and inversion symmetries o, H* (K)o
= H (k), and therefore for any closed path in the momentum space the Berry phase
is quantized tobe ¢ = 0 or ¢ = 7! Moreover, it is easy to show that ¢ = m if and
only if the path goes around a Dirac line. Therefore, the Dirac lines in this symmetry
class carry a Z, topological charge, which can be defined as Q = ¢/m, where ¢ can
be chosen to be the Berry phase for any path that goes around the Dirac line (see

1 Berry phase ¢ depends on the convention used for the overall phase of the wavefunctions. Therefore, it is
uniquely defined only up to n2w (n € Z). Here, for simplicity we fix the convention for the overall phase in
such a way that 0 < ¢ < 2x. This automatically fixes also a specific convention for the Berry connection

AK).
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Fig. 1). Thus, the Dirac lines are stable against small perturbations. If the Dirac line
forms a closed loop within the Brillouin zone (Type A Dirac line), it can be smoothly
annihilated only by first shrinking it to a point so that we can no longer define a path
going around it. However, there are no restrictions concerning the number of Type A
Dirac lines because they can be gapped one by one in this way.

Interestingly, there exists also a topologically different type of Dirac lines in this
symmetry class. Intuitively, this is easy to understand because we can visualize the
Brillouin zone as a three-dimensional torus and we can define three different topolog-
ical invariants for each Dirac line by counting how many times the Dirac line winds
around the torus in different directions. Here, we concentrate on this kind of topo-
logical invariant v corresponding to the stacking direction k. For the Type A Dirac
lines, which are closed loops fully inside the Brillouin zone, v = 0. The other topo-
logically different Dirac lines extend through the full Brillouin zone in &, direction,
so that v # 0 (see Fig. 1). It turns out that these Dirac lines have different properties
than the ones with v = 0. In order to understand these differences we consider the
Dirac lines with v = 1 shown in Fig. 1b. Similarly as above the Berry phase ¢ = 7
for any closed path going around the Dirac line. For each value of k, we can now
choose a path in the (ky, ky)-plane with arbitrary large radius (as long as it does not
go around another Dirac line), and we can express the corresponding Berry phase as a
line integral around that path ¢ = fl dk - A(k), where A(K) is the Berry connection
(see footnote 1). Since the line integral is ¢ = 7 independently on k., we can define
a new topological charge

Oum L dk, %dk - AK), 5
-7 l

~ 272

so that for v = 1 this topological charge is quantized to Q) = 1. The difference
to the earlier topological charge Q is that Q) is expressed as a surface integral over
a closed surface which encloses the whole Dirac line, and this surface can be taken
arbitrarily far away from the Dirac line as long as it does not enclose any parts of other
Dirac lines. (The surface is closed if one considers the momentum space as a torus so
that k, = £ are the same point within the torus.) Therefore, Qs can be considered
as a topological charge calculated over a closed surface, which is different from the
monopole charge proposed in Ref. [17]. Furthermore, Qs distinguishes Type A and
Type B Dirac lines since for Type A Dirac lines Q y; = 0. Thus, the topological charge
Q m can be used in the identification and search of Type B Dirac lines. More generally,
it is related to v because Q3 = v mod 2.

If we now take the path in calculation of the Berry phase to go around the full Bril-
louin zone in the (ky, ky)-plane, we find that the surface integral is always necessarily
zero. Therefore, it is impossible to have only a single Dirac line with v = 1 in the
Brillouin zone. This means that the existence of the charge Qs enforces the Dirac
lines to come in pairs. Therefore, these Dirac lines cannot be created and annihilated
individually, and the only way to open a gap in a Type B Dirac-line semimetal is to first
merge the Dirac lines in a pairwise manner. (More generally, in this symmetry class
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the Dirac lines with odd v must always come in pairs.”) In Sect. 3 we illustrate this
type of topological phase transition taking place as a function of y;/yp in the model
for rhombohedrally stacked honeycomb lattices [Eq. (1)].

3 Phase Diagram

Typical realization of stacked honeycomb lattices is one where the layers are loosely
coupled to each other (such as graphite). In that case, the band structure parameters
obey the hierarchy yy > y1 > 2, ¥3, ya and the model for the rhombohedrally
stacked honeycomb lattices supports a pair of Dirac lines in the momentum space
extending through the whole Brillouin zone in the k, direction [13]. These Dirac
spirals are centered at the K and K’ points in the (k, ky)-plane, so that the projection
of the spiral into this plane is a circle with radius proportional to y1/yp [see Fig. 3a, b].
As discussed in the previous section these Type B Dirac lines are protected by SU(2)
spin rotation, time-reversal and inversion symmetries, and they can be gapped only
by merging them in a pairwise manner. We first concentrate on the evolution of these
Dirac lines with increasing y1/yp for y» = y3 = y4 = 0 and discuss the effects of the
further-neighbor hoppings y», y3 and y4 afterward.

The evolution of the Dirac lines with increasing y1/yp is shown in Fig. 3. For
¥1 < Yo there exist two Type B Dirac lines (red and blue) extending through the whole
Brillouin zone along the k., direction [Fig. 3a, b]. At y; = yp there occurs a topological
phase transition where the Type B Dirac lines merge in a pairwise manner and turn into
Type A Dirac lines [Fig. 3c]. The merging of the Type B Dirac lines occurs at the time-
reversal invariant momenta le’2’3 =: (0, 271/\/_, —2m/3), (m, :I:rr/\/g, +2m7/3). In
the vicinity of these merging points at the topological phase transition (y; = ) the
low-energy theory can be written as

(6)

—3q2 + q} + 647 G
12 *

2
Hky +q) = Vo(qz — %Qy>0'y + )/0(

This means that in the (ky, ky)-plane the Dirac dispersions turn into a semi-Dirac
dispersion at the topological phase transition. Somewhat similar topological phase
transitions where the merging of two Dirac points leads to an appearance of semi-Dirac
fermions have been studied previously in various two-dimensional systems [25,30-
37] and topological phase transitions associated with merging of Weyl points have
also been studied in three-dimensional systems [38—40]. Generically, at the merging
transitions the dispersion turns from linear to parabolic in the direction where the

2 We can generalize the argument also to the case where the system has a chiral symmetry. In this case,
the Hamiltonian can be always block-off-diagonalized and the Berry phase ¢ /7 in Eq. (5) can be replaced
with the winding number of the determinant of the off-diagonal block of the Hamiltonian. The difference
is that this new winding number does not have the same ambiguity as the Berry phase related to the shifts
of n2m (n € 7Z) and therefore Q 3y becomes a Z topological invariant. Because in these symmetry classes
|Qpm| = v only the Dirac lines with v = 0 can be created and annihilated individually. In the special
case of 2x2 Hamiltonian with time-reversal and inversion symmetries, the Hamiltonian automatically has
a chiral symmetry up to terms proportional to o(y. Because the terms proportional to oy do not influence the
existence of the Dirac lines the Z topological invariant can be defined also in this case.
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Fig. 3 Evolution of the Dirac lines in the model for rhombohedrally stacked honeycomb lattices [Eq. (1)]
with increasing y1/vo: a y1/v0 = 03, b y1/v0 =09, ¢ y1/y0 = 1,d y1/y9 = 1.005, e y1 /o = 1.5,
fy1/v0 = 3.a,bFor y; < yg there exist two Type B Dirac lines (red and blue) extending through the whole
Brillouin zone along the k; direction. The light red and light blue curves show replicas of these two Dirac
lines which are obtained by shifting the original Dirac lines with a reciprocal lattice vector. ¢ At y1 = Y
there occurs a topological phase transition where the Type B Dirac lines merge in a pairwise manner and
turn into Type A Dirac lines. The merging of the Type B Dirac lines occurs at the time-reversal invariant
momenta k1 2,3 =: (0, 271/\/—, —2m/3), (m, :i:n/«/g, +27/3) (intersection points of red and blue lines).
d, e For y > o the system supports a single Type A Dirac line. Replicas of this Dirac line are shown with
light red and light blue curves to illustrate how this Type A Dirac line is created by merging the Type B Dirac
lines. By increasing y; /yg further, the radius of the Type A Dirac line shrinks. f At y| = 3y Type A Dirac
line shrinks to a point, and there occurs another topological phase transition where the system becomes
fully gapped by increasing yj /yg further. We have assumed y3 = 0, but this parameter only renormalizes
the critical points of the topological phase transitions so that the picture stays qualitatively the same as long
as |y3| < 0.5y9. The other further-neighbor hoppings y» and y4 do not have any effect on the Dirac lines
(Color figure online)

merging occurs. In this case the dispersions around the Dirac lines are linear in g
before the merging (y; < yp), but they turn parabolic in ¢, at the transition (y; = ).

For yp < y1 < 3y the system supports a single Type A Dirac line [Fig. 3d,e]. By
increasing y1 /90, the radius of the Type A Dirac line shrinks. At y; = 3y the Type A
Dirac line shrinks to a point at the time-reversal invariant momentum k% = (0,0, 7),
and there occurs another topological phase transition where the system becomes fully
gapped by increasing y/yo further. In the vicinity of the transition the low-energy
theory can be written as

)ax.
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This low-energy Hamiltonian describes the typical phase transition, where as a func-
tion of a parameter y; the radius of Type A Dirac loop (proportional to /3 — y1 /%0
for y1 < 3yp) shrinks to a point at the transition (y; = 3yp), and then, the system
becomes fully gapped by further increasing the parameter (y; > 3yp). Similar tran-
sition is discussed for example in Ref. [17] for Dirac loops which do not support a
monopole charge so that they can be gapped after they have been shrunk to a point.

We now discuss the effects of the further-neighbor hoppings on the transitions
discussed above. The terms y, and y4 do not have any effect on the Dirac lines or
transition points except that they shift the band crossings to a finite energy. The terms
proportional to y» and y4 give rise to extra terms in low-energy Hamiltonians (6) and
(7)

8H(@) = (C + Dxq; + Dyq; + D247 + Eqy4:)00, ®)

where C, Dy, Dy, D, and E are coefficients which depend on y, and y4. These terms
only lead to small quantitative changes in the dispersions around the band crossing
points but do not affect the qualitative nature of the transitions.

The parameter y3 only renormalizes the critical points of the topological phase
transitions, but the picture stays qualitatively the same and the transitions even occur
at the same time-reversal invariant momenta k;’2’3’4 as long as |y3| < 0.5yp. In the
presence of y3, the topological phase transition from Type B Dirac lines to Type A
Dirac lines occurs at y; = Yo+ 3 and the transition from Type A Dirac line to a gapped
system occurs at y; = 3y9 — 3y3. Additionally, y3 just renormalizes the numerical
coefficients in the low-energy Hamiltonians and gives rise to some unimportant cross-
terms proportional to gyq, multiplying o, in low-energy Hamiltonian (6). It does not
lead to terms proportional to g.g, and g,g, because of the mirror symmetry of the
structure with respect to the (y, z)-plane. In Hamiltonian (7) these cross-terms cannot
arise at all because of the mirror symmetry with respect to the (y, z)-plane and rotation
symmetries by +27/3 around the z-axis.

4 Surface State Spectrum

In order to compute the momentum-space structure of the surface states we follow a
similar approach as in Ref. [20]. Namely, we first assume that the further-neighbor
hoppings can be neglected y» = y3 = y4 = 0, and discuss their effects afterward. The
Hamiltonian then satisfies a chiral symmetry [Eq. (4)], which simplifies the calculation
of the surface state spectrum. We start by considering the surface states at the top
and bottom surfaces (Fig. 4). Because of translational invariance in the x- and y-
directions k, and k, are good quantum numbers, and by fixing them, we get a 1D
Hamiltonian Hg, i, (k;), which depends only on k. Because of the chiral symmetry
the 1D Hamiltonians Hy, , (k;) have well-defined topological invariants. To calculate
this topological invariant, we first notice that the Hamiltonian can be written in a
block-off-diagonal form

0 q>(k)> _ ©)

Hk) = (q)*(k) 0
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Fig. 4 W(kyx,ky) for yo = y3 = y4 = 0 and various values of y1/yp: a y1/y0 = 0.3, b y1/yp = 1, ¢
vi/vo = 1.5,d y1/y9 = 3. |[W(kx, ky)| determines the number of zero-energy surface states at the top
and bottom surfaces. The transitions between different values of W occur at the momenta of the projected
Dirac lines so that the surface states form flat bands in regions of (ky, ky) bounded by the projected Dirac
lines. a For y1 < yp, there exist two Type B Dirac lines and the flat bands are formed inside the regions
bounded by each of them separately (regions bounded by red and blue lines). b At y; = y( there occurs
a topological phase transition where Type B Dirac lines merge in a pairwise manner and turn into Type A
Dirac lines. This merging transition shows up as a unification of the regions of the flat bands. ¢ For y1 > g
the system supports a single Type A Dirac line. The flat band is now formed everywhere outside the region
bounded by its projection. d At y; = 3y, the Type A Dirac line shrinks to a point and surface flat bands
now appear at all momenta (ky, ky) except this point (ky, ky) = 0 (Color figure online)

The topological invariant can then be defined as a winding number

(10)

0 (dik) | @K
T T el

where the integration is over the 1D Brillouin zone in k;, direction. W (ky, ky) is
well defined whenever there are no gap closings as a function of k;, and in these
cases |W (ky, ky)| determines the number of zero-energy surface states for each k,
and ky. Therefore, the winding number and the number of topologically protected
zero-energy states can only change at the momenta of the projected Dirac lines. By
computing W (ky, ky) for various values of y; /yp we arrive at a flat band (zero energy)
spectrum in the regions of the (ky, ky) with W # 0 in Fig. 4. For y; < yp the
flat bands are formed inside the regions bounded by each of the Type B Dirac lines
separately [Fig. 4a] as discussed in Refs. [13,14]. At y; = yp the Type B Dirac lines
merge in a pairwise manner and turn into Type A Dirac lines, and this shows up as
a unification of the regions of the flat bands [Fig. 4b]. Similar merging of flat band
surface states in a rhombohedral multilayer graphene-like system has been considered
earlier as a function of an increasing anisotropy in the intra-layer hopping parameters
[41]. Interestingly, for y; > yy the flat band is formed everywhere outside the region
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Fig. 5 Winding number W (ky, k;) for y» = y3 = y4 = 0 and various values of y1/yo: a y1/y9 = 0.3,
byi/vo = 1, ¢ yi/yvo = 1.5. [W(ky, k;)| determines the number of zero-energy surface states at the
side surface with the specific surface termination shown in the figure both from above and from a three-
dimensional perspective. For y; < yq there are regions in the momentum space with more than one surface
flat band |W (ky, k;)| > 1. Such regions are possible because the period of the surface in the z-direction is
three times the distance between the layers, so that there exist three different projections of each of the bulk
Dirac lines in the (ky, k;)-plane (red and blue lines). After the merging transition (y; > yg) the Type A
Dirac line gives rise to regions with W (ky, k;) = 1 and W (ky, k;) = —1. The different signs of W (ky, k;)
indicate that the surface states are localized in the different sublattices. By increasing y1 /o, the regions of
the flat bands shrink and they disappear at y; = 3y (Color figure online)

bounded by the projected Type A Dirac line [Fig. 4c], and therefore when the Type
A Dirac line has shrunk to a point at y; = 3y the surface flat bands appear at all
momenta (ky, ky) except this point (k,, ky) = 0 [Fig. 4d]. For y; > 3y the system
is fully gapped, but the zero-energy surface flat bands still appear at all momenta and
they are completely detached from the bulk bands. This type of surface flat bands have
been found previously in two-dimensional systems [42].

We can now use a similar procedure to compute the momentum-space structure of
the surface states at the side surfaces. This way we obtain that W (k,, k;) = 0O for all
values of ky and k,, which means that there are no surface flat bands at the surface
perpendicular to the x-direction. This result is analogous to the earlier finding that there
are no flat bands at the armchair edge in graphene [9]. (The surface perpendicular to the
x-direction consists of a stack of armchair edges.) On the other hand, for the surface
perpendicular to the y-direction we find regions with W (k,, k;) # O indicating the
existence of flat bands. The momentum-space structure flat bands for various values
of y1/y0 are shown in Fig. 5. Importantly, for y; < yg there exist also regions in the
momentum space with more than one surface flat band |W (k,, k;)| > 1. Such regions
are possible because the period at the surface in the z-direction is three times the
distance between the layers, and therefore, there are three different projections of each
of the bulk Dirac lines in the (ky, k;)-plane (see Fig. 5). The detailed momentum-space
structure of the flat bands for y; < yp can be understood by noticing that the surface
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perpendicular to the y-direction contains a periodic sequence of stacks with two zigzag
edges and one bearded edge (see Fig. 5). Therefore, by utilizing the results found in
Ref. [9], we can interpret our numerical results in such a way that the two zigzag
edges essentially give rise to the two flat bands in the region with W (k,, k;) = 2 and
the bearded edge is responsible for the region with W (k,, k;) = —1 in Fig. 5a. The
different signs of W (k,, k) indicate that the surface states are localized in the different
sublattices. After the merging transition (y; > yp) the Type A Dirac line gives rise
to regions with W (ky, k;) = 1 and W (k,, k;) = —1, indicating that there still exists
surface states localized in the different sublattices. By increasing y1 /o, the regions of
the flat bands shrink and they disappear at the topological phase transition where the
system becomes gapped (y; = 3yp). The detailed momentum-space structure of the
flat bands depends on exact surface termination similarly as in the case of graphene
[9]. The only generic property of the surface states, which is independent of the surface
termination, is that the surface flat bands are always bounded in the momentum space
by the projected Dirac lines.

The effects of the further-neighbor hoppings on the surface states can be computed
quantitatively similarly as in Ref. [20] for the case of Bernal graphite. Here, we only
discuss these effects qualitatively. The term proportional to y3 obeys chiral symmetry.
Therefore, the same procedure of calculation of W(ky, ky) and W (ky, k;) can be
repeated also for y3 # 0. Because for |y3] < 0.5y all the transitions stay qualitatively
similar, the only effect of y3 in this regime is a small modification of the shape of the
projected Dirac lines, so that the boundaries of the regions where the flat bands appear
are slightly modified. On the other hand, the parameters y» and y4 break the chiral
symmetry and cause the Dirac lines to appear at finite energy. Similarly as found
in Ref. [20] for the case of Bernal graphite, the terms breaking the chiral symmetry
also modify the dispersions of the surface states, so that they turn the flat bands into
drumhead surface states which are bounded by the projected Dirac lines both in energy
and in momentum. In the region in between the Dirac lines, the surface states are no
longer flat and their dispersions are determined by the terms proportional to 3> and y4
[43]. If these parameters are small, the surface bands are still approximately flat.

5 Summary and Discussion

We have shown that in the presence of time-reversal, inversion and spin rotation
symmetries there can exist two different types of Dirac lines depending on whether
the Dirac lines form closed loops fully inside the Brillouin zone (Type A Dirac lines)
or they extend through the whole Brillouin zone in one of the directions (Type B Dirac
lines). In the case of Type B Dirac lines, an energy gap can be opened only by first
merging the Type B Dirac lines in a pairwise manner so that they turn into Type A
Dirac lines, and then by shrinking these loops into points. We show that this kind of
topological phase transition can occur in rhombohedrally stacked honeycomb lattices
by tuning the ratio of the tunneling amplitudes. We have also discussed the properties
of the surface states in the different phases of the model.

The Dirac-line semimetals considered in this paper are particularly interesting
because of the possible symmetry-broken states at the surface triggered by the large

@ Springer



46 J Low Temp Phys (2018) 191:35-48

density of states caused by the topologically protected approximately flat bands. These
symmetry-broken states may for example lead to realization of high-temperature super-
conductors or interesting magnetic orders [44—46]. Moreover, they are expected to be
exotic states of matter since they cannot be described with a mean field theory [47].

Rhombohedral graphite has been studied also experimentally, and evidence of the
surface flat bands has been reported [48,49]. Moreover, the accumulated experimental
evidence (e.g., sharp drop of resistance as a function of temperature and Josephson-like
I-V characteristic) for graphite samples indicates the existence of high-temperature
granular superconductivity which is localized at internal interfaces [50-54]. Nev-
ertheless, a development of a consistent and comprehensive theory for all graphite
experiments is a difficult and unsolved problem. In particular, the recent experi-
ments for rhombohedral graphite were interpreted as evidence of a bulk energy gap
Egap ~ 100 meV for rhombohedral graphite [55]. In the light of the theory devel-
oped in this paper this observation is mysterious. Namely, according to the theory
the rhombohedral graphite should be a Type B Dirac-line semimetal protected by the
lattice translation, time-reversal, inversion and spin rotation symmetries. Moreover,
the only way to open an energy gap in the presence of these symmetries (in a mean
field theory description) is to merge the two Type B Dirac lines with each other, which
requires a huge perturbation on the order of yg. Since this is not feasible in rhombohe-
dral graphite, the only possible explanation (assuming high-quality crystal structure
so that the symmetries are not explicitly broken) would be that this bulk energy gap is
due to interaction effects. Strong interactions could in principle either lead to a spon-
taneous symmetry breaking in the bulk destroying the protection of the Dirac lines or
to a strongly correlated state which cannot be described with a mean field theory. In
both cases the opening of an energy gap is in principle possible. Moreover, such kind
of strong interaction effects is in principle possible. According to a simple theoretical
estimate the Hubbard U parameter in graphite can be U ~ 6 eV [56], whereas yy is
typically assumed to be yg ~ 2.8 eV [57].

In addition to the relevance of our theory for the rhombohedral graphite, we have
made explicit predictions concerning the topological phase transition between Type B
and Type A Dirac-line semimetals. These transitions could be realized experimentally
in systems where the lattice potential can be controlled, so one essentially needs a
three-dimensional generalizations of the type of two-dimensional systems where the
merging transition of Dirac points has already been observed [33-36].
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We suggest an ultrasensitive detector of electromagnetic fields exploiting the giant thermoelectric effect
recently found in superconductor-ferromagnet hybrid structures. Compared with other types of super-
conducting detectors where the detected signal is based on variations of the detector impedance, the
thermoelectric detector has the advantage of requiring no external driving fields. This is especially rel-
evant in multipixel detectors, where the number of bias lines and the heating induced by them are an issue.
We propose different material combinations to implement the detector and provide a detailed analysis of
its sensitivity and speed. In particular, we perform a proper noise analysis that includes the cross corre-
lation between heat and charge current noise and thereby describes also thermoelectric detectors with a

large thermoelectric figure of merit.

DOI: 10.1103/PhysRevApplied.10.034053

L. INTRODUCTION

Some of the most accurate sensors of wideband elec-
tromagnetic radiation are based on superconducting films.
Such sensors, in particular the transition-edge sensor
(TES), are used in a wide variety of applications requir-
ing extremely high sensitivity. Those applications include
detection of the cosmic microwave background [1-3] and
other tasks in astrophysics [4], generic-purpose terahertz-
radiation sensing used, for example, in security imaging
[5], gamma-ray spectroscopy of nuclear materials [6], and
analysis of materials by detection of fluorescent x-rays
excited by ion beams [7], short laser-driven x-ray pulses
[8], or syncrotrons [6]. Many of these applications would
benefit from the addition of more pixels (i.e., more sensors)
to increase the collection efficiency, detection bandwidth,
or the spatial or angular resolution. However, operating
large arrays of TESs can be problematic as each pixel
requires a bias line. This can be cumbersome in the pres-
ence of thousands of pixels, even with advanced multiplex-
ing techniques [6]. Moreover, the bias lines tend to carry
heat into the system especially by radiation, reducing, for
example, its overall noise performance. In addition, a TES
always dissipates power at the pixel, giving constraints
on the cryogenic design for large arrays. One alternative
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2331-7019/18/10(3)/034053(11)

034053-1

is the kinetic inductance detector (KID) [9—11] and its
variants [12,13], the most common being the type with
passive frequency-domain multiplexing using supercon-
ducting microwave resonators [14]. With such a device,
a single pair of coaxial cables can be used to probe a large
array of pixels, but the probe power is, by necessity, also
partially dissipated at the detectors.

Both the TES and the KID are based on the measure-
ment of an impedance of the sensor (i.e., response to a
probe signal). It would generally be beneficial if one could
get rid of the probe signal altogether, so that the measured
signal would result directly from the radiation coupled to
the detector. This is what happens in thermoelectric detec-
tion [15—17], where the temperature rise caused by the
absorption of radiation is converted into an electric voltage
or current that can then be detected. Such thermoelectric
detectors have been discussed before, but they have not
been considered for ultrasensitive low-temperature detec-
tors for the simple reason that thermoelectric effects are
typically extremely weak at low temperatures. On the other
hand, at high temperatures, where such thermoelectric
effects would be strong enough, the thermal noise hampers
the device sensitivity.

We suggest overcoming these problems in a
superconductor-ferromagnet  thermoelectric  detector
(SFTED) [18] by exploiting the newly discovered giant
thermoelectric effect that occurs in superconductor-

© 2018 American Physical Society
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ferromagnet heterostructures [19—22] for radiation sens-
ing. As this thermoelectric effect can be realized with close
to Carnot efficiency [19,22] even at subkelvin tempera-
tures, the resulting detector can have a large signal-to-noise
ratio, and a noise-equivalent power (NEP) rivaling those
of the best TESs and KIDs without the burden of hav-
ing to use additional bias lines for probing the sensor, and
with zero (for ideal amplification) or at most very small
nonsignal power dissipation at the sensor location. The
only part of the system where external power is needed
is in the detection of the thermoelectric currents (i.e., at the
amplifier), which can be taken far from the active sensing
region.

Recently the use of superconductor-ferromagnet struc-
tures in thermometry has been discussed [23]. Despite
some similarities, thermometers and radiation detectors
have quite different requirements regarding their sensi-
tivity. In particular, the sensitivity of radiation detectors
is typically dictated by the temperature-fluctuation noise,
which is not an issue as such for thermometers. In this
paper we concentrate on finding and optimizing the rele-
vant figures of merit for radiation detection, and hence we
cannot benefit much from the results in thermometry.

For concreteness, we consider the detector realization
depicted in Fig. 1. The sensor element (i.e., one pixel
of a possible detector array) is formed from a thin-film
superconductor—ferromagnetic insulator bilayer coupled to
superconducting antennas via a clean (Andreev) contact.
This bilayer is further connected, via a tunnel junction
(magnetic or normal) to a ferromagnetic electrode [24].
The current injected into the ferromagnetic electrode or the
voltage generated across the tunnel junction is detected by
a superconducting-quantum-interference-device (SQUID)
current amplifier or a field-effect transistor, respectively. In
what follows, we describe conditions for measuring radia-
tion in the far-IR region, in which case it can be coupled to
the detector via antennas. Alternatively, the detector could
be used for measuring radiation at higher frequencies (such
as x-ray frequencies), in which case the system should be
connected to an additional, larger absorber element.

We consider the radiation to be directed to the detec-
tor via a superconducting antenna (not shown in Fig. 1)
that is coupled via a clean (Andreev) contact to the active
superconductor—ferromagnetic insulator region (absorber).
To prevent heat leaking from the absorber, the supercon-
ductor used in the antenna should be fabricated from a
material with a higher superconducting gap A, than the
one used in the absorber, A. One possible combination
could be a Nb antenna and an Al absorber. For opti-
mal quantum efficiency, the normal-state resistance of the
absorber (seen by radiation at frequencies higher than A /4,
where £ is Planck’s constant) should be matched to the
specific impedance of the antenna, typically somewhat
below the vacuum impedance. For an Al film thickness
of 10 nm, a typical sheet resistance is 5—10 €2. Hence, a

(a)

(b) P, G,

M Tr, Vin ‘

Gyeph Electrode
Phonons Ton

FIG. 1. (a) The thermoelectric detector, where a temperature
difference Ts — T drives a thermoelectric current [, and/or a
thermovoltage Vy, across a spin-polarized junction. The latter is
composed of either a normal insulator and a ferromagnetic elec-
trode (F) or a ferromagnetic insulator (FI) and a normal metal
electrode. (b) Heat balance: incoming radiation power heats up
the quasiparticles in the spin-split superconductor (S), and the
amount of heating depends on the heat conductances to the main
heat baths.

1-pum-wide film with length / = 10 wm would have resis-
tance R, = 50-100 € seen by the radiation, thereby
matching well with typical antennas. In what follows, we
hence choose an absorber region of this size. Reducing
(increasing) the width and length while keeping their ratio
constant would result in the same quantum efficiency but
decreased (increased) noise and dynamic range.

The absorber superconductor is placed in contact with
a ferromagnetic insulator that exerts a magnetic proximity
effect on the former, resulting in a spin-splitting exchange
field % inside the superconductor. In Al, large induced spin-
splitting fields have been detected by contacting it, for
example, with EuS [25] or EuO [26]. At low temperatures
compared with the superconductor critical temperature 7,
the exchange field does not have a major effect on the
order parameter A [27,28]. However, it results in a strong
(and opposite) electron-hole asymmetry in each spin com-
ponent in the direction specified by the magnetization of
the ferromagnetic insulator. This asymmetry can be used
to generate a thermoelectric signal if the superconductor
is connected via a spin filter to another electrode [19,22].
This spin filtering is provided here by the ferromagnetic
electrode and is quantified by the normal-state spin polar-
ization P = (Gy — G))/(Gy + G)) € [—1,1], where G,
is the normal-state conductance of the superconductor-
ferromagnet contact for spin channel o. In what follows,
we also characterize this contact via its spin-averaged
normal-state conductance G7. In practice, oxide contacts
with ferromagnetic metals such as Ni, Co, or Fe have P ~
0.1-0.45 [29,30], whereas use of ferromagnetic insulator
contacts may lead to polarizations exceeding P ~ 0.9 [31].
The precise value of Gy for a given area of the junction can
be controlled by the thickness of the tunnel junction.

034053-2
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II. NOISE-EQUIVALENT POWER OF A
THERMOELECTRIC DETECTOR

We first consider a generic thermoelectric element work-
ing as a radiation sensor and analyze its figures of merit, in
particular the NEP and the thermal time constant 77, both
defined in detail below. As the radiation with power P,, is
absorbed in the absorber, it first creates a strong nonequi-
librium state of the quasiparticles. This nonequilibrium
state relaxes via (i) quasiparticle-quasiparticle collisions,
(i) spurious processes such as quasiparticle-phonon relax-
ation, and (iii) the escape of the quasiparticles to the (fer-
romagnetic) electrode. The last process yields the detected
signal. Moreover, some of the excitations may escape as
quasiparticles to the antenna. We assume that relaxation
via quasiparticle-quasiparticle collisions dominates so that
the quasiparticles thermalize between themselves before
escaping to the antenna, and therefore in what follows
we disregard escape of excitations as quasiparticles to the
antenna. As a result of this chain of events, the quasipar-
ticles in the absorber heat up to temperature 7s = 7+ AT
determined from a heat-balance equation [32]:

dAT ot

C;,7=P1,—Gth AT+ oV, (1)
where Cj, is the heat capacity of the absorber and Gjp' =
Gypn + G, where Gypn and Gy, denote the heat con-
ductances from quasiparticles to the phonons and to the
ferromagnetic electrode, respectively. In the linear regime
we assume that both reside at the bath temperature 7.
The last term results from the Peltier heat current driven
by the induced thermovoltage across the superconductor-
ferromagnet junction, and it is proportional to the temper-
ature difference AT. We assume that the detector operates
at low powers P, so that these linear response relations are
sufficient. The detector characteristics depend strongly on
the chosen 7.

The induced temperature difference (in the frequency
domain) AT = (P, + oVw)/(iwCh + Gyph + Gu) drives
a thermoelectric current Iy, = « AT/T — GVy, into the fer-
romagnet and ultimately to an amplifier. To focus on
detector performance limits first, we disregard the back-
action noise from the amplifier, and consider the amplifier
only as a reactive element: either a capacitor or an induc-
tor, corresponding to a field-effect transistor or SQUID
amplifier, respectively. Therefore, the thermoelectric cur-
rent equals Viy[ioC + 1/(iwl)] across the amplifier with
capacitance C and inductance L in parallel. One can obtain
the practical limits of voltage (current) measurements by
considering w # 0 and taking the limit L — oo (C — 00).
From these relations we can obtain the voltage and current
responsivities:

Vin o I Ay

w=-So___ >  ,=t=2
TP, Yoyer—o2 TP, iwl @

where [; is the current across the inductor. The relevant
responsivity depends on the choice of the amplifier. Here
Yo' = iwCj + G and Y*' = G + iwC + 1/(iwl) are the
thermal and electrical admittances, respectively. Note that
ZT(w) = ahy is a finite-frequency generalization of the
usual thermoelectric figure of merit.

We next consider the temperature fluctuation §7, volt-
age noise AV across the capacitor, and current noise Alj
across the inductor. These are driven by the three intrinsic
noise sources: the charge and heat current noises 6/ and
8Q; across the thermoelectric junction and the heat current
noise 6Q,.ph for the quasiparticle-phonon process. The heat
balance equation and the Kirchoff law for the noise terms
read

YIﬁtaT = SQq—ph + SQJ +aAV, (3a)
YAV = 81 + adT/T. (3b)

Solving these yields
AV = Ap(8Qypn + 80y + YRUTSI o) 4)

and Al; = AV/(iwL). To find the second-order correla-
tor of these noise terms, we assume that the intrinsic
correlators satisfy

(81%) = 4kpTG, (5a)
(803) = 4kgT* Gy, (5b)
(818Q)) = —4kgTa, (5¢)
(807 ) = 4kgT* Gyoph. (5d)

These result from the fluctuation-dissipation theorem for
the individual contacts. In particular, the cross-noise term
is important for strong thermoelectric response, and was
not taken into account before; it was, for example, dis-
regarded in Ref. [16]. The total voltage-noise spectral
density is (note that this is the symmetrized voltage-noise
correlator, and therefore one needs to take the absolute
value squared)

GRUGTGY — o) + 0> C,GT

2
(6)
The term in parentheses is positive semidefinite due to the
thermoelectric stability condition o> < GTGY" valid for all
thermoelectric systems. The current-noise spectral density

Sy = (AV?) = |Ap|*4kpT?

o
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across the inductor, S;, has the same form as Sy in Eq. (6),
but where Ay is replaced by ;.

The square of the NEP P2, is the power spectral den-
sity for which the induced-thermoelectric-voltage spectral
density across the capacitor equals Sy, or for which the
thermoelectric current spectral density across the induc-
tor equals S;. These yield the same results, Sy/ |Apl? =

St/ 1M,

B G (GTGY' — o?) + 0*CoGT
Ol a? '

)

This may be written in a more tractable form by use
of the zero-frequency thermoelectric figure of merit z7' =
o?/(G¥'GT — &) [33] and the thermal time constant 77 =
Cp/ G

Ak T?[1 + a)zr%(l +zD)]GY!
zT ’

P2 = @®)
The zero-frequency thermoelectric NEP thus equals the
usual thermal bolometer NEP [34] from the thermal fluc-
tuation noise divided by the square root of the figure of
merit. Moreover, the thermal time constant determining the
frequency band for the detection is increased by the factor
V1 +zT.

Above discussion disregards the contribution from the
amplifier noise. This is discussed separately below.

The NEP written above can be optimized, as typically
the overall level of the thermoelectric junction conduc-
tance can be chosen almost at will, and the coefficients «
and Gy, scale with the same prefactor. In the sensor dis-
cussed here, this means optimizing the normal-state con-
ductance of the thermoelectric junction. On the other hand,
for a given absorber volume €2, the thermal conductance of
the spurious process G,.p, cannot be affected much. There-
fore, choosing a too small junction conductance results in a
poor thermoelectric figure of merit z7, whereas increasing
the junction conductance increases the thermal fluctua-
tion noise and the Johnson-Nyquist current noise of the
junction. In addition, a high junction conductance may
lead to a heating of the normal-metal (ferromagnetic) elec-
trode, thereby reducing the temperature gradient across
the junction, and the associated thermoelectric effects.
In what follows we assume that this electrode is thick
enough so that its heating can be disregarded. For zero-
frequency NEP, the optimum is obtained with conductance
G/ Goh = /1 + 2T}, where zT; = & /(G GT — o?) is the
intrinsic figure of merit of the junction (not including
the heat conductance to the phonons). With this choice, the
optimal NEP of the thermoelectric detector is

Gk (1 + VTF2T)

¢ =
ne,op! =T,

(€))

It hence reaches the limit set by the thermal fluctuation
noise of the spurious process for z7; — oo.

The above discussion holds for arbitrary thermoelectric
sensors of the type depicted in Fig. 1(b). However, typ-
ically strong thermoelectric effects are found only above
room temperature, which renders the thermal fluctuation
noise very large. The combination of a spin-split super-
conductor with a spin-polarized contact circumvents this
problem, leading to large thermoelectric response even at
subkelvin temperatures. In the following, we analyze this
system in more detail.

I1II. SUPERCONDUCTOR-FERROMAGNET
THERMOELECTRIC RADIATION DETECTOR

First, following Ref. [19], we write the thermoelec-
tric coefficients of the spin-polarized junction between
the spin-split superconductor and the nonsuperconducting
contact as

0 No(E
G = GT/ dE o) . (10a)
—o0o 4kpT cosh® (%)
Gr [™ E2Ny(E
G = —2T/ dE & (10b)
€ Jooo  4fpT? cosh? (%)
Gr ™ EN.(E
o= —TP/ dE (&) . (10c)
2e Joo 4kpT cosh® (%BT)

Here G7 is the normal-state electrical conductance of
the junction, and No(E) = (Ny +N})/2 and N. = Ny —
N, are the spin-averaged and the spin-difference den-
sity of states (DOS) of the superconductor, normalized
to the normal-state DOS vg at the Fermi level. They are
obtained from Ny, = Ns(E F h), with Ng(E) = Re[|E +
iC'|/y/(E + iT)* — A?], where # is the spin-splitting field
and I' < A describes pair-breaking effects inside the
superconductor. Analytic approximations for Eq. (10) are
detailed in Ref. [19].

The heat capacity of the absorber with volume € is
obtained from

d [e.¢]
Cp = T (UFQ/ dEENO(E)feq(E)>

_ VFr o EzNo(E) _ I)ngez
o 4kBTQ —00 COSh2< E ) o GT

Gpn. (11
2kpT

The thermal time constant of the junction, C;/Gy,, hence
remains independent of superconductivity or spin splitting.
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0.05 0.1 0.15 02 0.25 03
kpT/A

FIG. 2. Optimal normal-state tunnel conductance Gr of the
thermoelectric junction. For Al of volume 107" m?, a value of
1 corresponds to G' = 20 Q. At the lowest temperatures the
results depend strongly on the value of the broadening param-
eter I" used in the numerics. The solid lines are calculated with
I' = 10~* A and the dashed lines are calculated with ' = 1073 A.

The electron-phonon heat conductance of a spin-split
superconductor in the pure limit can be obtained from [35]

EQ (o] oo
Goph = ———— / dEE / de
967 ()T o o

x 0 |0|LE 4 oFE o (12)
with
1 w E E+w\]!
Fa,:——'h—> h(=)cosh(ZX2)| |
£, 2[sm (ZT cos <2T) cos ( 5T >]
(13)

Lpp = (1/2) Y,y No(E)Ng (EN{1 — A*/[(E + o h)(E'
4+ oh)]},and 0 = + forspin 1 / |. Here X is the material-
dependent electron-phonon coupling constant (for typical
values, see Ref. [34]), 2 = wld is the volume of the super-
conductor island, and ¢ (x) is the Riemann zeta function.
In the low-temperature limit kg7 << A — |h|, the
electron-phonon heat conductance can be approximated as

-ph T*[cosh %e‘ifl (A)

. 2Q
96¢(5)

+ A% A (A, (14)
where 7 = h/kgT and A = A JkgT. The function f; can
be approximated with an expansion fj(A) =Y | C,/A"
with coefficients Cy ~ 440, C| ~ —SOQ, C, ~ 1400, at~1d
Cs ~ —4700. An expansion for > is f5(A) = Yo | B,/ A"
with coefficients By = 64, By = 64, B; = 144, and B, =
258. The derivation of Eq. (14) is presented in the
Appendix.

0.8

0 0.1 0.2 0.3 0.4 0.5
h/A

FIG. 3. Thermoelectric figure of merit as a function of the
exchange field for junctions with different polarizations P at
temperature 7 = 0.1A /kz, with Gr =5 x 1074e>’ZQA> and
I =107A.

In the following, we use the above formulas to dis-
cuss the behavior of the SFTED. For this, we eval-
uate the above integrals numerically to obtain predic-
tions of the optimal junction conductance, the thermo-
electric figure of merit z7, the total NEP, and the time
constant. The optimal normal-state junction conductance
Gr is plotted as a function of temperature in Fig. 2.
As the electron-phonon heat conductance dies out faster
than the junction heat conductance at low temperatures,
the optimal Gr also depends strongly on temperature.
Note that for an Al absorber with electron-phonon cou-
pling constant ¥ = 0.3 x 10° W/m*K>, volume Q =
107" m3, and A = 200 ueV, the dimensionless parameter
kgGT/(e229A3) = Gr x 20 Q. The optimal normal-state
resistance of the junction is thus within the range from
20 k2 to 20 M. Moreover, since both Gy and X
depend on the area of the absorber, the real optimiz-
able parameters are the absorber film thickness and the
junction conductance per unit area. In what follows, we
use Gy =5 x 10742 QA3, corresponding to a junction
resistance of 40 k€2, optimal roughly at 7~ 0.1A /kg ~
200 mK. This corresponds to a resistance times unit area
of 400 k2 um?, which is quite easily reached with AlO,
tunnel junctions [36], but would be somewhat challenging
for spin-filter EuS barriers, ranging typically between 10
and 1000 M pum? [25].

On the other hand, the thermoelectric figure of merit z7°
depends strongly on the detector polarization. We show
this by plotting zT for the parameters indicated above as
a function of the exchange field at 7 = 0.1A /kp in Fig. 3.
Because of the presence of the electron-phonon process
acting as an extra heat channel, the figure of merit does
not exceed unity.
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FIG. 4. Zero-frequency NEP as a function of the exchange
field for junctions with different polarizations P at temperature
T=0.1A/kp, with Gr =5 x 1074>Z QA3 and T = 1073 A.
For the parameters considered in this paper, /GrA3/e? ~
1078 W//Hz.

The most interesting characteristic of any detector is its
sensitivity, in this case the NEP. We plot this as a function
of exchange field in Fig. 4 and as a function of temper-
ature in Fig. 5. The NEP is normalized to /GrA3/e?,
which corresponds to approximately 10~'® W/v/Hz for
the parameters chosen. The dashed line in Fig. 5 indi-
cates the NEPpojometer = 4GypnT> obtained for a TES with
the same absorber volume at the corresponding tempera-
ture, with its heat conductance limited by electron-phonon
coupling (i.e., a hot-electron TES [37]). In Fig. 4 that
reference value is exactly unity for the parameters cho-
sen. As the TES operates in the dissipative regime at the
transition, the normal-state value for G,.,, must be used.
Moreover, this estimate disregards the bias-induced heat-
ing, which sets the operating temperature higher than the
bath temperature, and extra noise sources often found in
TES realizations. We find that a SFTED can reach similar
or better values than such a TES even with quite modest
values of the junction polarization at low temperatures.
Note that these results depend a bit on the precise value
of the junction conductance—with a higher conductance,
NEP at higher temperatures would be lower (see Fig. 2),
and vice versa.

In practice, the most-sensitive TES bolometers to date
have been fabricated from suspended structures where the
thermal conductance to the bath is limited by phonon trans-
port, achieving NEP on the order of 1 x 107!° W/+/Hz
[38,39] at T, of around 100 mK. On the basis of Fig. 5, the
SFTED is also predicted to reach a lower NEP than that.

For completeness, we show the behavior of the thermal
time constant 7* = 174/1 4 zT as a function of tempera-
ture in Fig. 6. It is given in the units of 7y = vFQe?/Gr.

10
a7 102
&
o
<
=
S 10°
-8
€3]
Z.
102
0.05 0.1 0.15 0.2 0.25 0.3
kgT/A
FIG. 5. Zero-frequency NEP as a function of the tempera-

ture for junctions with different polarizations P with exchange
field # = 0.2A, with Gr =5 x 10742 QA3 and ' = 102 A.
For the parameters considered in this paper, \/GrA3/e* ~
108 W/+/Hz. The dashed line shows the thermal-fluctuation-
noise NEP = v20Z Q7% for a TES of the same volume.

Forvy =10 J7'm=3,Q = 10" m?, and G;' =2 MQ,
70 ~ 0.1 ms. At low temperatures, the tunnel junction
dominates the heat conductance, and 7* ~ 1. In this case
zT is also appreciable, and slightly modifies t*. On the
other hand, at high temperatures electron-phonon heat con-
duction takes over, and the detector becomes faster. To
illustrate this crossover, we show the time constant for two
different values of G7.

The above results are obtained by disregarding spin
relaxation. Aluminum is a light material, and therefore the
spin-orbit scattering in it is typically quite weak, and the
spin relaxation is dominated by spin-flip scattering. The
typical spin relaxation times t, in Al are on the order
of 100 ps [40], and therefore h/(t,A) ~ 0.03, and the
model disregarding spin relaxation is more or less jus-
tified. However, spin-flip scattering in the presence of
exchange field yields a nonzero DOS inside the supercon-
ducting gap, and eventually leads to pair breaking [22].
Above, such effects are taken into account with the param-
eter I'. For heavier materials, such as Nb, spin relaxation
is caused by spin-orbit scattering, and the thermoelectric
effects become weaker. Therefore, use of such heavier
materials, for example, to increase the operation temper-
ature of the thermoelectric detector beyond the critical
temperature of Al, would require further analysis of the
effects of spin relaxation.

A. Contribution of amplifier noise

In the preceding analysis we disregard the noise due
to the voltage or current measurement. We can include it
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FIG. 6. Temperature dependence of the detector time constant
* determining the (angular) frequency bandwidth 1/t* where
the NEP is low. We chose # = 0.2A. The solid lines are cal-
culated with Gy = 5 x 107%e2 X Q A3, whereas the dashed lines
correspond to 10 times larger conductance. For the former, ) &~
0.1 ms, and for the latter, 7o = 0.01 ms.

by assuming an added voltage-noise spectral density S
or current-noise spectral density S7 for the amplifier used
for voltage or current measurement. In the case of voltage
measurements, the amplifier adds to NEP the contribution
(for w = 0, for simplicity)

SAGTGY!

zT(1 +z1)’ (1)

2
Pne,A,V =

whereas in the case of current measurement the contribu-
tion is
SH1 4+ zDHG'T

Pl = LT (16)
We can hence see that the relative contribution from the
voltage amplifier to the overall NEP decreases as the
thermoelectric junction resistance increases. On the other
hand, in the case of current measurement, the amplifier
contribution becomes independent of the junction resis-
tance when G} is dominated by the junction heat con-
ductance. Another way to estimate the contribution of
amplifier noise is by dividing the corresponding NEPs by
the total thermoelectric NEP from Eq. (8) (at w = 0). We
hence get

Py St G
P2, 4kpT (1 +z7)°

(17a)

ry =

Preyr _ S{ (142D
P2, 4T G

(17b)

ry =

A typical good voltage preamplifier for low-frequency
measurements has a voltage noise on the order of
Sy =15 nV/+/Hz at room temperature and /Sy =
0.3 nV/+/Hz at cryogenic temperatures [41]. Together
with the normal-state tunnel conductance used above, and
the A for Al, the latter value yields the relative NEP for
voltage measurements as ry ~ GA /(GrkgT)(1 +zT)~".
This is much below unity in the entire relevant temperature
range (kzT < A) due to the exponential suppression of G.
On the other hand, a very good current amplifier can have
an added noise of /S; = 0.5 fA/+/Hz. With that value
we get 77 ~ 107*A /(kgT) x (1 +zT)Gr/G. This exceeds
unity below kg7 ~ 0.1A (the precise value depends on
the exchange field chosen), and the current measurement
accuracy starts limiting the thermoelectric detector NEP
for T < 0.1A /kg. This difference between the two types
of measurements originates from the fact that the thermo-
electric voltage can be on the order of the temperature
difference itself due to the thermopower on the order of
kg /e, whereas the thermoelectric current is exponentially
suppressed [19] and hence harder to measure. However,
ultimately at very low temperatures the voltage measure-
ment also becomes harder as it requires the voltmeter
impedance to far exceed that of the junction, and this
condition becomes harder to meet at low temperatures.

Typical absolute-thermometer-based radiation detectors
operating at the bath temperature (i.e., in contrast to, for
example, a TES, where the bias sets the operating point
above bath temperature) suffer from chip temperature fluc-
tuations due to fluctuations in the cooling power. However,
a thermoelectric detector measures a temperature differ-
ence AT instead of the absolute temperature. Because the
chip temperature fluctuations affect both the temperature of
the absorber and that of the measurement electrode, they do
not affect AT (to the lowest order). This is an added benefit
for TEDs in comparison with detectors based on resistance
or inductance measurements.

IV. CONCLUSIONS

Thermoelectric radiation detection is not a new concept
[15]. However, most of the previously studied thermo-
electric detectors have relied on using semiconducting
thermoelectric materials, operating at and above room
temperature Trr. Because the spurious heat-conduction
processes have heat conductance that scales at least as
approximately 7° (typical phonon heat conductivity [34]),
the corresponding NEP is (Txr/T)%? ~ 10'5/2 times larger
than that considered here (this estimate assumes the Debye
temperature exceeds room temperature, but it should in
any case be taken as indicative). On the other hand,
quantum-dot structures may exhibit strong thermoelectric
effects even at low temperatures [42]. In contrast to the
superconductor-ferromagnet structure considered here, in
those devices the thermoelectric effects are single-channel
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FIG. 7. One possible scheme for frequency-domain multiplex-

ing of the thermoelectric detectors. Here a broadband electro-
magnetic wave, or a frequency comb, is divided into different
frequency components via narrow-band-pass filters (BPFs), and
directed through field-effect transistors whose conductance is
modulated by the voltage from the detectors. As a result, the
output spectrum contains pixel-specific information about the
absorbed radiation power.

phenomena, and therefore it may be difficult to make the
electronic thermal conduction dominate over the spurious
heat-conduction channels.

In this paper, we show how a combination of supercon-
ducting and magnetic materials can be used to construct a
low-temperature radiation detector relying on the thermo-
electric effect and thereby not requiring extra bias power to
be applied to the device. The proposed device thus differs
qualitatively from the other previously known supercon-
ducting detectors such as TES and KID. The lack of the
need to have extra bias power leads to simpler designs of
arrays of such detectors, and helps in maintaining the low
operating temperatures required for ultrasensitive opera-
tion. In addition, ultrasensitive TES bolometers necessarily
have a very low tolerance for excess power loading, as the
device can be saturated and pushed out of the transition
region with it. For the detectors discussed here, there is
no such abrupt effect, although excess power could lead
to performance degradation due to overheating. Neverthe-
less, because of the lack of the bias lines, novel multi-
plexing strategies may need to be designed. We present
one possible scheme in Fig. 7. There the output looks
quite similar to that of frequency-multiplexed TES or KID
read-out schemes, but the possible heating effects in the
(dissipative) field-effect transistors can be engineered far
apart from the pixels absorbing the radiation. Nevertheless,
the optimal multiplexing strategies are a topic for further
research.
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APPENDIX: ELECTRON-PHONON HEAT
CONDUCTANCE

We calculate the electron-phonon heat conductance
coefficient G,.,p beginning from Eq. (12). We first extract
the temperature-dependent prefactor by scaling all the
quantities with dimensions of energy by temperature; for
example, E = E /kyT. The scaled quantities are dimension-
less and are denoted with a tilde over the variable. We then
change the integration variables to x = £ and y = E + &.
We obtain

QT 1°
e = 5675 ; 4° &)

where

° = // dxdysgn[(x + o h)(y + oh)]

xlx =y [(x +oh)(y+oh)— 52] 4o (D2
X

J @ +ohP =A@y +ohp - A2 ST
(A2)

Above, both x and y are integrated from —oo to 400,
excluding the region [-A —oh, A — oh], in which the
spin-split DOS vanishes. We also assume that A — & >
kpT so that we can make an approximation

x|
coshx ~ % x> A (A3)
and similarly for coshy.

The integral is divided into four separate quadrants by
the gaps in the DOS. The integral over the quadrant » for
the spin o is /). Because the integrand of Eq. (A2) is sym-
metric with respect to simultaneous inversion of x, y, and
o, the contributions from the opposing quadrants are equal:

4
I= Y= ).

n=1 o==% o=%

(A4)

We calculate the integral over the first quadrant. This part
of the integral represents scattering processes, for which
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x,y > 0. Physically, this means that, the interacting quasi-
particles are both particlelike. By shifting the integration
limits, we get

00 00
Ilg = f dx / dy
A—oh A—ch

xlx = y? [(x Y oh)(y +oh) — 52] g

)

X
\/[(x +oh)? — A +oh?—AC ~°

2/ dx/ dy
0 0

@+ A—obk—yF [w+a+nd]
X Be~AToh,

(¥ — &)y/xy(x +2A)(y 4+ 2A)
(AS5)

Above, we have & dependence in two places: in the expo-
nential outside the integral and as a linear term in the
numerator. However, the parts of the numerator that are
symmetric with respect to exchange x <> y do not con-
tribute to the integral. Therefore, we can write the integral

as
~ ~ [e¢} o]
7 :e_A‘H’h/ dx/ dy
0 0

8x%x —y PPy + A)
(€¥ — &)y/xy(x +2A)(y 4+ 2A)

= e Mg (A, (A6)

where fi(A) is a monotonically increasing function with
values /' (2) ~ 326 and limy_,  fi (A) ~ 438. We can per-
form a Taylor expansion f;(A) = Y20 Cal A" by first
expanding the integrand into series in A~! and then inte-
grating separately for each term. The first few coefficients
are Cp ~ 440, C; ~ —500, C, ~ 1400, and C3 ~ —4700.

Doing the sum over the spins, we find the contribution
from the first quadrant:

L= 17 =2coshhe i (A). (A7)
o=+

The second quadrant describes the contribution from the
recombination processes, for which one quasiparticle is
holelike (x < 0) and the other is particlelike (y > 0):

—A—och 00
8e*
5 = —/ dx/ dy
o Reoh € —e

x(x —y)? [(x +oh)(y+oh) — Az]

X
Jie +om? = A2 +oh)? — A2

o o (x+y+25)3[xy+(x+y)5+2iz]
=/ dx/ dy = -
0 0 \/xy(ZA +x)2A +y)

x 8(x + A + aiz)e_x_ye_zé, (A8)
where we approximate e*Att — 1 ax 24 Above,
the exchange field o/ appears only as a linear term. If we
sum over the two spin directions, terms odd in o cancel
and we can write /; in the form

L=Y"1§ =2nR% 2 (A). (A9)

Within the approximation given by Eq. (A3), the exchange
field does not modify the contribution from the recombina-
tion processes.

The function f; is defined as

.}*2(&):/ dx/ dy
0 0

(x+y+24)3 [xy ++y)A+ 2&2]
X

nAS\/xy(zé +X)Q2A+y)

x 8¢V (x + A). (A10)
The function f; is a monotonically decreasing func-
tion with values f,(4) &~ 123 and limA_)oofz(A) = 64.
An expansion f5(A) = Yo B/ A" is obtained by first
expanding the integrand asymptotically at A = oo and
then calculating the integral term by term. The first
few coefficients are By = 64, By = 144, B, = 258, and
B3 = 693/2.

By combining Eqgs. (Al), (A4), (A7), and (A9), we
find the electron-phonon heat conductance for a spin-split
superconductor: Eq. (14). At low temperatures, when A >>
1, scattering processes dominate the heat conductance. The
two processes become of the same order of magnitude
when kg7 =~ 0.1A. At high temperatures, recombination
processes dominate.

[1] D. Hanson, S. Hoover, A. Crites, P. Ade, K. Aird, J.
Austermann, J. Beall, A. Bender, B. Benson, and L. Bleem
et al., Detection of B-Mode Polarization in the Cosmic
Microwave Background with Data from the South Pole
Telescope, Phys. Rev. Lett. 111, 141301 (2013).

[2] P. Ade, Y. Akiba, A. Anthony, K. Arnold, M. Atlas, D. Bar-
ron, D. Boettger, J. Borrill, S. Chapman, and Y. Chinone

034053-9



HEIKKILA et al.

PHYS. REV. APPLIED 10, 034053 (2018)

et al., A measurement of the cosmic microwave background
b-mode polarization power spectrum at subdegree scales
with polarbear, Astrophys. J. 794, 171 (2014).

[3] M. Madhavacheril, N. Sehgal, R. Allison, N. Battaglia, J.
R. Bond, E. Calabrese, J. Caligiuri, K. Coughlin, D. Crich-
ton, and R. Datta et al., Evidence of Lensing of the Cosmic
Microwave Background by Dark Matter Halos, Phys. Rev.
Lett. 114, 151302 (2015).

[4] D. Farrah, K. E. Smith, D. Ardila, C. M. Bradford, M.
Dipirro, C. Ferkinhoff, J. Glenn, P. Goldsmith, D. Lei-
sawitz, and T. Nikola et al., Far-infrared instrumenta-
tion and technology development for the next decade,
arXiv:1709.02389.

[5] M. K. A. Luukanen, R. Appleby, and N. Salmon, in
Millimeter-Wave and Terahertz Imaging in Security Appli-
cations, Terahertz Spectroscopy and Imaging, edited by
K. E. Peiponen, A. Zeitler and M. Kuwata-Gonokami
(Springer, Berlin Heidelberg, 2013), Chap., p. 491.

[6] J. N. Ullom and D. A. Bennett, Review of supercon-
ducting transition-edge sensors for x-ray and gammaray
spectroscopy, Supercond. Sci. Technol. 28, 084003 (2015).

[7] M. Palosaari, M. Kayhko, K. Kinnunen, M. Laitinen, J.
Julin, J. Malm, T. Sajavaara, W. Doriese, J. Fowler, and
C. Reintsema et al., Broadband Ultrahigh-Resolution Spec-
troscopy of Particle-Induced X Rays: Extending the Limits
of Nondestructive Analysis, Phys. Rev. Appl. 6, 024002
(2016).

[8] L. Miaja-Avila, G. C. O’Neil, Y. L. Joe, B. K. Alpert, N.
H. Damrauer, W. B. Doriese, S. M. Fatur, J. W. Fowler, G.
C. Hilton, and R. Jimenez et al., Ultrafast Time-Resolved
Hard X-Ray Emission Spectroscopy on a Tabletop, Phys.
Rev. X 6, 031047 (2016).

[9] E. N. Grossman, D. G. McDonald, and J. Sauvageau, Far-
infrared kinetic-inductance detectors, IEEE Trans. Magn.
27,2677 (1991).

[10] N. Bluzer and M. G. Forrester, Superconducting quantum
detectors, Opt. Eng. 33, 697 (1994).

[11] A. Sergeev, V. Mitin, and B. Karasik, Ultrasensitive hot-
electron kinetic-inductance detectors operating well below
the superconducting transition, Appl. Phys. Lett. 80, 817
(2002).

[12] F. Giazotto, T. T. Heikkila, G. P. Pepe, P. Helisto, A. Luuka-
nen, and J. P. Pekola, Ultrasensitive proximity josephson
sensor with kinetic inductance readout, Appl. Phys. Lett.
92, 162507 (2008).

[13] J. Govenius, R. Lake, K. Tan, and M. Méttonen, Detec-
tion of Zeptojoule Microwave Pulses Using Electrothermal
Feedback in Proximity-Induced Josephson Junctions, Phys.
Rev. Lett. 117, 030802 (2016).

[14] P. K. Day, H. G. LeDuc, B. A. Mazin, A. Vayonakis,
and J. Zmuidzinas, A broadband superconducting detector
suitable for use in large arrays, Nature 425, 8§17 (2003).

[15] R. C. Jones, The ultimate sensitivity of radiation detectors,
JOSA 37, 879 (1947).

[16] A. Varpula, A. V. Timofeev, A. Shchepetov, K. Grigoras, J.
Hassel, J. Ahopelto, M. Ylilammi, and M. Prunnila, Ther-
moelectric thermal detectors based on ultra-thin heavily
doped single-crystal silicon membranes, Appl. Phys. Lett.
110, 262101 (2017).

[17] D. V. Vechten, K. Wood, G. Fritz, A. Gyulamiryan, V.
Nikogosoyan, N. Giordano, T. Jacobs, and A. Gulian,

Thermoelectric single-photon detectors: Isotropic see-
beck sensors, in Eighteenth International Conference on
Thermo- electrics, IEEE, Baltimore, (1999).

[18] Patent pending, filing number IT 102017000107007.

[19] A. Ozaeta, P. Virtanen, F. Bergeret, and T. Heikkila, Pre-
dicted Very Large Thermoelectric Effect in Ferromagnet-
Superconductor Junctions in the Presence of a Spin-
Splitting Magnetic Field, Phys. Rev. Lett. 112, 057001
(2014).

[20] P. Machon, M. Eschrig, and W. Belzig, Nonlocal Thermo-
electric Effects and Nonlocal Onsager Relations in a Three-
Terminal Proximity-Coupled Superconductor-Ferromagnet
Device, Phys. Rev. Lett. 110, 047002 (2013).

[21] S. Kolenda, M. J. Wolf, and D. Beckmann, Observation
of Thermoelectric Currents in High-Field Superconductor-
Ferromagnet Tunnel Junctions, Phys. Rev. Lett. 116,
097001 (2016).

[22] F. S. Bergeret, M. Silaev, P. Virtanen, and T. T. Heikkila,
Nonequilibrium effects in superconductors with a spin-
splitting field, arXiv:1706.08245.

[23] F. Giazotto, P. Solinas, A. Braggio, and F. Bergeret,
Ferromagnetic-Insulator-Based Superconducting Junctions
as Sensitive Electron Thermometers, Phys. Rev. Appl. 4,
044016 (2015).

[24] The system presented in Fig. 1 is perhaps the sim-
plest realization that does not require an external mag-
netic field. Alternatively, the upper superconductor-
insulator-ferromagnet part could be replaced by either
superconductor—ferromagnetic insulator—normal metal or
superconductor-ferromagnetic  insulator—superconductor,
where the ferromagnetic insulator would act as the spin
filter. In that case it would also be possible to remove the
lower ferromagnetic insulator

[25] J. Moodera, X. Hao, G. Gibson, and R. Meservey, Electron-
Spin Polarization in Tunnel Junctions in Zero Applied Field
with Ferromagnetic Eus Barriers, Phys. Rev. Lett. 61, 637
(1988).

[26] P. Tedrow, J. Tkaczyk, and A. Kumar, Spin-Polarized Elec-
tron Tunneling Study of an Artificially Layered Supercon-
ductor with Internal Magnetic Field: Euo-al, Phys. Rev.
Lett. 56, 1746 (1986).

[27] A. M. Clogston, Upper Limit for the Critical Field in Hard
Superconductors, Phys. Rev. Lett. 9, 266 (1962).

[28] J. Alexander, T. Orlando, D. Rainer, and P. Tedrow, Theory
of fermi-liquid effects in high-field tunneling, Phys. Rev. B
31,5811 (1985).

[29] R. Meservey and P. Tedrow, Spin-polarized electron tunnel-
ing, Phys. Rep. 238, 173 (1994).

[30] J. S. Moodera and R. H. Meservey, in Magnetoelectronics,
edited by M. Johnson (Academic Press, San Diego, 2004),
p.- 151.

[31] J. S. Moodera, T. S. Santos, and T. Nagahama, The phe-
nomena of spin-filter tunnelling, J. Phys. Condens. Matter
19, 165202 (2007).

[32] We choose the convention where the heat currents are into
the absorber, and charge currents are out of it. Alternative
conventions lead to some sign changes in the equations.

[33] Note that zT is not the zero-frequency limit of ZT, but
should be considered as a definition.

[34] F. Giazotto, T. T. Heikkild, A. Luukanen, A. M. Savin, and
J. P. Pekola, Opportunities for mesoscopics in thermometry

034053-10



THERMOELECTRIC RADIATION DETECTOR...

PHYS. REV. APPLIED 10, 034053 (2018)

and refrigeration: Physics and applications, Rev. Mod.
Phys. 78, 217 (2006).

[35] P. Virtanen, T. Heikkila, and F. Bergeret, Stimulated quasi-
particles in spin-split superconductors, Phys. Rev. B 93, [39
014512 (2016).

[36] E. Strambini, V. Golovach, G. De Simoni, J. Mood-
era, F. Bergeret, and F. Giazotto, Revealing the magnetic
proximity effect in eus/al bilayers through superconduct- [40
ing tunneling spectroscopy, Phys. Rev. Mater. 1, 054402
(2017).

[37] B. S. Karasik and R. Cantor, Demonstration of high opti-
cal sensitivity in far-infrared hot-electron bolometer, Appl. [41]
Phys. Lett. 98, 193503 (2011).

[38] A. D. Beyer, M. Kenyon, P. Echternach, B. Bumble, [42]
M. Runyan, T. Chui, C. Bradford, W. Holmes, and
J. Bock, in Millimeter, Submillimeter, and Far-Infrared

—

—_

034053-11

Detectors and Instrumentation for Astronomy VI (Interna-
tional Society for Optics and Photonics, 2012), Vol. 8452,
p. 84520G.

T. Suzuki, P. Khosropanah, M. Ridder, R. Hijmering, J.
Gao, H. Akamatsu, L. Gottardi, J. van der Kuur, and B.
Jackson, Development of ultra-low-noise tes bolometer
arrays, J. Low Temp. Phys. 184, 52 (2016).

N. Poli, J. P. Morten, M. Urech, A. Brataas, D. B. Havi-
land, and V. Korenivski, Spin Injection and Relaxation in a
Mesoscopic Superconductor, Phys. Rev. Lett. 100, 136601
(2008).

N. Beev and M. Kiviranta, Fully differential cryogenic
transistor amplifier, Cryogenics 57, 129 (2013).

A. Svilans, M. Leijnse, and H. Linke, Experiments on the
thermoelectric properties of quantum dots, C. R. Phys. 17,
1096 (2016).



IV

MEAN-FIELD THEORY FOR SUPERCONDUCTIVITY IN
TWISTED BILAYER GRAPHENE

by

T.J. Peltonen, R. Ojajarvi, and T.T. Heikkil&d 2018

Physical Review B 98, 220504(R), D01:10.1103/PhysRevB.98.220504

Reproduced with permission. Copyright 2018 American Physical Society.


https://doi.org/10.1103/PhysRevB.98.220504

PHYSICAL REVIEW B 98, 220504(R) (2018)

Mean-field theory for superconductivity in twisted bilayer graphene

Teemu J. Peltonen, Risto Ojajérvi, and Tero T. Heikkild
Department of Physics and Nanoscience Center, University of Jyvaskyla, P.O. Box 35 (YFL), FI-40014 University of Jyvaskyla, Finland

® (Received 11 May 2018; published 10 December 2018)

Recent experiments show how a bilayer graphene twisted around a certain magic angle becomes super-
conducting as it is doped into a region with approximate flat bands. We investigate the mean-field s-wave
superconducting state in such a system and show how the state evolves as the twist angle is tuned, and as a
function of the doping level. We argue that part of the experimental findings could well be understood to result
from an attractive electron-electron interaction mediated by electron-phonon coupling, but the flat-band nature
of the excitation spectrum also makes the superconductivity quite unusual. For example, as the flat-band states
are highly localized around certain spots in the structure, also the superconducting order parameter becomes

strongly inhomogeneous.

DOI: 10.1103/PhysRevB.98.220504

I. INTRODUCTION

Experiments on strongly doped graphene [1-4] have shown
that with proper preparations, graphene can be driven to the
superconducting state. Such experiments indicate that the lack
of superconductivity in undoped graphene is not necessarily
due to a lack of an (effective) attractive electron-electron
interaction with strength A that would drive graphene to be
superconducting, but rather the small density of states (DOS)
close to the Dirac point. Technically, in contrast to the Cooper
instability for metals taking place with arbitrarily small A,
superconductivity in an electron system with a massless Dirac

dispersion 65 = v% p? and an energy cutoff €, has a quantum

critical point [5] A, = nhzvﬁ/(kc) such that for A < A,
mean-field superconductivity does not show up at any tem-
perature. From this perspective, doping to a potential p leads
to an increased DOS, and thereby to a nonvanishing critical
temperature 7, ~ |u|exp[—(A:/A — 1)e./|t| — 1]. An alter-
native approach would be to change the spectrum and increase
the density of states close to the Dirac point. The extreme
limit would be an approximately flat band of size Q2pg, where
the group velocity tends to zero. In such systems the critical
temperature is a linear function of the coupling strength [6,7],
T. = AQpg/m?, and a quite high 7. can be expected even
without extra doping [8—13].

Recent observations [14] of superconductivity in twisted
bilayer graphene [TBG, see Fig. 1(a)] take place in systems
where theoretical studies have predicted the occurrence of
asymptotically flat bands [15-25]. There have been many
suggestions of an unconventional superconducting state both
for regular graphene [26,27] and for TBG [24,28-36], typ-
ically directly related with the Coulomb interaction, and in
some cases related with nonlocal interactions. Here, we study
the mean-field theory of superconductivity in such systems,
starting instead from the hypothesis that the observations
could be explained with the conventional electron-phonon
mechanism from the flat-band perspective [37]. This hy-
pothesis is justified on the grounds that the relative strength
and the screening of attractive and repulsive interactions are

2469-9950/2018/98(22)/220504(6)
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uncertain. Furthermore, phonon-mediated attraction is consid-
ered a viable mechanism for the observed superconductivity
on doped graphene [1-4,38].

In particular, we use the model of Refs. [15,20] for the
spectrum of the twisted bilayer, add an on-site (leading to
s-wave superconductivity) attractive interaction of strength A,
and evaluate the mean-field order parameter profile. We find
that the order parameter, and along with it the mean-field
critical temperature, have a similar nonmonotonous behavior
with respect to the twist angle as in the experiments. We also
predict the behavior of the density of states in the supercon-
ducting state, resulting from the peculiarities of the flat-band
eigenstates and from the position dependence of the supercon-
ducting order parameter [Fig. 1(b)]. Even if our pairing inter-
action is quite simple, the resulting energy-dependent density

(b)

FIG. 1. (a) Twisted bilayer graphene and its moiré superlattice.
The upper layer is rotated by an angle 6 relative to the lower layer. (b)
Position dependence of the self-consistent A, shown here at 7 = 0
for the magic angle # = 0.96° and A = 5 eV a>. In both figures also
a line passing through high-symmetry points with AB, AA, and BA
stacking is shown.

©2018 American Physical Society
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of states is quite unusual. In addition, we show how doping
away from the flat band eventually destroys superconductivity.

II. NORMAL STATE

We describe the normal state of TBG with the model of
Refs. [15,20]. With this model, we can describe the twist
angles 6 at which the lattices L and L? of the two graphene
layers are commensurate, so that the system as a whole is
periodic in the moiré superlattice SL. Here, we study only
the simple commensurate structures, characterized by a single
rotation parameter m € N, for which the rotation angle is
given by

3m? 4+ 3m +1/2

cos(®) = 3m2+3m+1

6]
\

HPk(Gs G/) = ( ZJ/i(G/ _ G)]L

where the matrix structure corresponds to the layer structure
and p € {4+, —} is the valley index with + corresponding
to K and — to K’ = —K. Furthermore, each entry is a
2 x 2 matrix due to the sublattice structure in graphene. The
diagonal terms in Eq. (2) describe the Dirac dispersion in the
two layers and are diagonal also in G. Here, 6” = (po,, oy).
For the second layer we include the rotation € so that ¢} =
et100:12gre=190:2 AK = K% — K is the relative shift of the
Dirac cones between the layers. The coordinates correspond
to those of layer 1 as measured from the K point, but shifted
with a vector +AK /2 for layer 1 and —AK /2 for layer 2.
With this choice, the relative momentum k on both layers
corresponds to the same absolute momentum. Furthermore,
is the chemical potential describing the effect of doping, here
taken to be equal in both layers.

The off-diagonal terms in the Hamiltonian describe the
coupling between the two layers. The matrix element at valley
p between a state in sublattice « in layer 1 and a state in
sublattice S in layer 2 is

. 1 , .
((G) = 5 D e Tt KOy 5 (), (3)
r

where §*8 (r) is the horizontal displacement vector between
the site at r, sublattice « in layer 1, and the nearest neighbor at
sublattice § in layer 2. §; denotes one of the nearest-neighbor
vectors connecting the graphene A and B sublattices. The
sum is over the graphene A sublattice sites in the super-
lattice unit cell, and N denotes the number of these sites.
For the interlayer hopping energy 7,(8) we use the same
Slater-Koster parametrization as in Ref. [15]. Furthermore,
we approximate the interlayer coupling by only including the
matrix elements with G € {0, -G, —G| — G,} (valley K) or
G €{0,Gy, G| + G,} (valley K'), since they are an order of
magnitude larger than the rest.

For 6 ~ 1°, the electronic dispersion becomes almost flat
[19] and the group velocity de,/dp tends towards zero.
In Fig. 2 we plot the resulting normal-state dispersion

[hUF(Tp . (k + G+ ,OAK/Q,) — ,LL](SG,G’

According to Ref. [20], these structures approximate arbitrary
commensurate structures. The primitive vectors of the super-
lattice SL are given by t| = ma; + (m + 1)a,, t, = —(m +
Da; + (2m + 1)a,, and the primitive vectors of the re-
ciprocal superlattice SL* are G| = ﬁ[(?ﬁm + Da; + az],

G, = ﬁ[_@m +2)a; + (3m + 1)a,], where the lattice

constant of the superlattice is ||¢{]|] = ~/3m2 + 3m + 1 a and
the graphene lattice primitive vectors are a; = (1, V3)a /2
and a, = (—1, +/3)a/2 with a the lattice constant [15]. In the
following, we assume that G € SL* belongs to the reciprocal
superlattice, k € R?2 /SL* to the first Brillouin zone of the su-
perlattice, and also that the corresponding sums and integrals
are restricted to these sets.

In the normal state, TBG is described by a low-energy
effective Hamiltonian [15]

(G -G ) o

[hvpoy - (k+ G — pAK/2) — 1]dg ¢

[Figs. 2(a)-2(c)] and the (local and total) density of states
[Figs. 2(d)-2(i)] close to this “magic” angle. The exact value
of this magic angle depends on the details of the hopping
model. In our case it is around 0.96°, i.e., somewhat lower
than what was found in Ref. [19]. However, the qualitative
behavior of the local density of states (LDOS) is rather similar
to the previous models. In particular, there are two closely
spaced DOS peaks signifying the flattening of the bands.
The local density of states is plotted along the line shown in
Fig. 1, including three high-symmetry points with AB, AA,
and BA stacking. These correspond to »r = —1/3, 0, and 1/3,
respectively.

III. SUPERCONDUCTING STATE

We assume that there is a local attractive interaction
Aoio, (P11, 72) = 85,5,6(r1 — rp)A with strength A, which re-
sults [7] in an order parameter A,;(r) depending only on the
center-of-mass coordinate r (and sublattice o and layer i).
On the other hand, the classification of the order parameter
symmetries to s, d, f, etc., is based only on the relative
coordinate r| — r,, which in our model is always zero. Thus
the symmetry is purely s wave.

We do not consider the specific nature of the pairing
interaction and for the purposes of this Rapid Communication
it can be mediated by phonons or other bosonic modes.
This model disregards the retardation effects due to such a
mechanism, but is a valid approximation to the more general
Eliashberg approach for weak coupling [39,40]. That theory
also shows that a direct Coulomb interaction, typically mod-
eled via the Hubbard model, is less effective in reducing A
than what could be naively expected, and should be included
in the low-energy self-consistency equation as a Coulomb
pseudopotential [7,40,41] u* = u/(1 + ua), where u = Uda?,
U is the Hubbard interaction constant, and « is a constant
measuring the amount of renormalization due to the high-
energy bands above the electron-phonon cutoff frequency
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FIG. 2. (a)-(c) Normal-state dispersion, (d)—(f) local, and (g)—(i) total density of states for three different angles near the magic angle
6 = 0.96° in the normal state. The bottom row (j)—(1) shows the corresponding total density of states in the superconducting state, in the case
T =0and A = 5 eV a? and when doped to the point 1o marked as a dashed line in (g)—(i).

wp. For TBG we find from a simplified model [7] o &~
0.2 eV~'a~2. Thus, a combination of electron-phonon and
Coulomb interactions leads to an effective interaction strength
Aett = A — u™. As long as A > 0, there is a possibility for a
superconducting state even if u > A. For example, for U =
5eV, u* =2.5eVa? is in the same regime as the value of
Aetr in Figs. 3-5. Note that in what follows, we refer to this
Aefr sSimply as A.

Within a mean-field theory in the Cooper channel we find
a self-consistency equation for a local superconducting order

parameter [7]. Assuming that this order parameter shares
the periodicity of the moiré superlattice, we find the self-

consistency equation
E bk
Ayi(G) = A £
LT [ oo (355)
X upbk,ai(G )U:bkiyai(G - G)7 (4)

where the band sum b is calculated over the positive energy
bands, o € {A, B} is the sublattice index, i € {1, 2} is the
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FIG. 3. Maximum of the position-dependent superconducting
order parameter A(r) at T = 0 as a function of (a) the rotation angle
and (b) the coupling strength for 6 = 0.96°. In (b) we also show how
doping to the DOS peak affects the small-A behavior.

layer index, and u,p; and v, are the eigenvectors of the
Bogoliubov—de Gennes equation,

Z Hpk(Ga G/) A(G - G,) upbk(G,)
AN (G = G) —Hp(G,G) ) \vpi(G)

pT
upbk(G)
=FE . 5
bk (Upbk(G)) ©)

We solve this self-consistent order parameter with a few
values of the interaction constant A and for a few different
twist angles 6 close to the magic angle. We include in the
sum the energy levels closest to zero energy. We have checked
that the results are not sensitive to the value of the energy
cutoff, which we implement as a cutoff in the » and G
sums. For comparison between different angles, we measure
the chemical potential from p, corresponding to the charge
neutrality and marked in Figs. 2(g)-2(i) with a dashed line,
by writing u = po + éu. The chemical potential shift g is
caused by the interlayer coupling. Unless otherwise stated,
all the results concern the behavior at i = 0. The resulting
total density of states is plotted in Figs. 2(j)-2(k), to allow
for a comparison to the normal state. The corresponding local
density of states (not shown) has the same localized structure
as in the normal state, but the energy dependence is modified
similarly as the total DOS. The effect of finite temperature
on the superconducting DOS and LDOS happens solely via
A(T), which is calculated below.

The maximum of the position-dependent A, which accord-
ing to numerics is equal in both layers and sublattices, is
plotted in Fig. 3(a) for different values of the twist angle
and for four different coupling strengths. The precise angle
for the maximum depends a bit on the chosen coupling
strength. Moreover, max(A) is almost a linear function of A
[see Fig. 3(b)], as appropriate for a flat-band superconductor
[6]. This linearity is even more pronounced when the system
is doped to the DOS peak at 6 ~ 0.26 meV. Far from the
magic angle, the Fermi speed vp(6) increases so that the
chosen 1 is below the critical value A.. This is why A vanishes
for angles 6 2 1.1°.

1.0

0.8

0))

0.6

04F

max(A)/max(A(7:

02}

00k 1 1 1 1 i
000 005 0.0 015 020 025

kpT/max(A(T=0))

FIG. 4. max(A) as a function of temperature in the case 6 =
0.96° for two values of A, showing the approximate linear relation
kpT. ~ 0.25 max[A(T = 0)] for the critical temperature. The dots
are the calculated values and the lines are a guide to the eye.

We can analyze the resulting magnitude of A based on
a flat-band result (assuming a position-independent A and
E bk ~ A for an extreme flat band) according to which [7]
A= )»QFB/ﬂz, where QFB ~ Qmoiré = 87T2/(\/§||t1 ||2) This
yields A = 1.3 x 10731 /a® for m = 34 corresponding to the
magic angle. For comparison, a linear fit to the linear region in
Fig. 3(b) gives max(A) = —0.2 meV + 1.0 x 10731 /a®. The
magnitude hence agrees very well with this simple model.
Note that the precise values of these parameters especially for
small A depend on the exact value of doping as shown below.

In Fig. 4 we show the temperature dependence of A for
m = 34, from which we may infer the approximate linear
relation kg7, ~ 0.25 max[A(T = 0)] for the critical temper-
ature. The prefactor is somewhat lower than for an extreme
flat band with a constant A, for which [7] kT, = A/2.
The difference is most likely explained by the nonvanishing
bandwidth and the position-dependent A of our model. The
maximum critical temperatures for the models calculated in
Fig. 3(a) range from 3 to about 20 K. The lower end of these
values, calculated with A = 1 eV a?, is thus quite close to that
found in Ref. [14].

We stress that the above result is the mean-field criti-
cal temperature; the observed resistance transition is most
likely rather a Berezinskii-Kosterlitz-Thouless (BKT) tran-
sition [42,43]. Therefore, the mean-field 7, gives an upper
bound for the measured transition temperature. Furthermore,
even the BKT transition temperature can be calculated from
the mean-field superfluid weight [44]. The mean-field results
are also relevant in that the DOS and LDOS can be experimen-
tally measured by tunneling experiments and this depends on
the structure and magnitude of mean-field A at temperatures
below the BKT transition. Note that despite the flatness of the
bands, the supercurrent can be nonvanishing in the case when
the eigenstate Wannier functions overlap [45], as is the case
for TBG.

Besides 6 dependence, we can check how doping away
from the center of the two DOS peaks affects the super-
conducting state. In Fig. 5(a) we plot the order parameter
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FIG. 5. Effects of electrostatic doping p = o+ 6p for 0 =
0.96°. (a) max(A) vs chemical potential for various values of A at
T = 0. (b) Charge density in the normal state at 7 = 0 as a function
of chemical potential. The units of the charge density n are e/ A oire,
where e is the electron charge and A ;¢ is the area of the moiré unit
cell. In both figures the vertical dashed lines mark the location of the
DOS peaks at i ~ £0.26 meV.

max[A (8 )] for different values of the doping § 4 as measured
from the charge neutrality point. Close to the magic angle,
for A 2> 1 eV a? the energy scale of superconductivity exceeds
that of the normal-state dispersion, and hence the only effect
of the doping is to move away from the flat-band regime,
suppressing superconductivity [46]. For smaller values of A,
max(A) is smaller than the bandwidth, and hence doping to
the DOS peaks enhances superconductivity. Especially for
% < 0.3 eV a? there are separate superconducting domes with
doping levels close to the DOS peaks, which resembles the
phase diagram in Ref. [14] for hole (n < 0) doping, apart
from the insulating state at n &~ —2e/Anir¢. For electron
doping (n > 0), superconductivity is absent in the experi-
ment, whereas our model is electron-hole symmetric. Since
Ref. [14] uses charge density n as a unit for the doping
level while our theory is formulated in terms of the chemical
potential p, for easier comparison we show the dependence
between the charge density [7] and chemical potential in
Fig. 5(b). From the figure we find that the DOS peaks cor-
respond to approximately £2 extra electrons per moiré unit
cell.

IV. CONCLUSIONS

Concluding, we find that a BCS-type mean-field model
with a relatively weak attractive interaction constant possibly
even due to electron-phonon coupling can explain the occur-
rence of superconductivity in twisted bilayer graphene. We
also make a number of predictions concerning the mean-field
superconducting state, in particular, the density of states and

doping dependence. Our results form hence a checkpoint for
further studies, that use a simplified picture of the TBG flat-
band states or consider mechanisms beyond the one in this
Rapid Communication. Our results could also have relevance
in explaining the observations of superconductivity in twisted
interfaces of graphite [47—49].

Our mean-field theory fails to explain the insulator state
[50] found experimentally in TBG at n ~ +2e/ A poirs as well
as the lack of superconductivity for electron doping [14,51].
However, the latter of these cannot be seen as a drawback
of our model as in another experiment [52] some samples
were found to be superconducting also on the electron-doped
side, and thus it clearly depends on the samples and on the
experimental setup. Regarding the insulator phase, it is plau-
sible that the mean-field theory fails when the doping level
corresponds to an integer number of electrons per superlattice
unit cell. The biggest discrepancy is, however, most likely
caused by the possible dependence of A.¢ on the charge den-
sity, because the effect of the Coulomb interaction depends on
charge screening. Within the flat-band model of Ref. [40], the
case Aefr > 0 corresponds to a superconducting state, whereas
for Aeir < O an insulating antiferromagnetic state is realized.
Thus, by taking the chemical potential dependence of A.g into
account, it may be possible to describe both superconducting
and insulating phases found in the experiment [14]. A detailed
description would require generalizing Refs. [40,53] to the
TBG case.

We point out that our simple BCS model disregards the
strain effects in moiré bands, as well as the possible depen-
dence of the interaction constant on the twist angle and doping
level. Whereas such mechanisms may play a role in TBG, we
believe that the simplest BCS-type mean-field superconduc-
tivity should also be considered as a viable effective model
of the observations. Nevertheless, even in this case supercon-
ductivity would be highly exceptional, for example, because
it can be so strongly controlled by electrostatic doping.

Note added. Recently, we became aware of Ref. [54],
which addressed a similar BCS-type model as here, obtaining
consistent results with this Rapid Communication. In addition
to local interactions leading to s-wave superconductivity, they
considered also nonlocal interactions opening the possibility
to d-wave superconductivity. They found out that without
including Coulomb repulsion the s-wave channel is more
stable, having a higher 7.
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Here we present the details of calculating the self-consistent order parameter of the twisted bilayer
graphene. We also derive an expression that relates the charge density to the dispersion that we
calculate. In addition, we present a simplified model which connects a given dispersion relation to the
value of the superconducting gap. In particular, this shows why pristine graphene needs to be very
strongly doped to find any signs of superconductivity, whereas a system with an approximate flat
band of the size of the first Brillouin zone of the moiré superlattice can show superconductivity with
the observed critical temperature even for quite weak effective attractive interaction. We furthermore
present a way to include the Coulomb interactions by calculating the Coulomb pseudopotential in
a simplified model.

I. DERIVATION OF THE SELF-CONSISTENCY EQUATION

The Hamiltonian for a local attractive interaction of strength A > 0 is

Hiny = _7Z/dr,¢)a M(TWU az( )w&,ai(T)¢a7ai(T)a (Sl)

g,0,1

where 1, o;(7) is the annihilation operator for spin o at position 7, layer ¢ € {1,2}, and sublattice a € {A, B}. Doing
the mean field approximation in the Cooper channel, assuming only intervalley coupling, and transforming to the
valley operators by vo,ai(1) =3_, ePEK T, oi(T) the interaction Hamiltonian becomes

Ho =y 3 [ 4 Bair)0h )l o) + et 50 3 [ dr|daui(l®, (s2)

T,0,0,1 o001

where the local superconducting order parameter is A, ;(r) = —)\Z (Y55,0i(T)Yop,ai(r)). Then by moving to the
Nambu space and doing the Bogoliubov transformation we find that the self-consistency equation for the up-spin
Aqi = A4 oi becomes

B dk Epk N
net ;; / (2m)? tanh(QkBT)uPbkﬁal(T)Upbk,ai(r)a (S3)

where wppk,q; is the (a,i)-component of the spinor u,p, and the b sum goes over the positive energy bands. The
spinors uypk and vk are determined by solving the Bogoliubov—de Gennes equation

Ho(r) A(r) Uppk (7)) Uppke (1)
<A*(7') “Hp(r)) \vpe(r) ) = % \vi(r) ) (54)
where A is a diagonal 4 by 4 matrix including the components A,;. Substituting the Bloch wave expansion
Wbk (T)\ _ iker i (Uppi(G)
<”pbk (r) ) - Ze (%bk G’)> (55)

for the eigenstates into Eq. (S4) and assuming A(r) to be periodic in the superlattice, we find the Fourier space
Bogoliubov—de Gennes equation [Eq. (5) in the main text] and the Fourier space version of the self-consistency
equation [Eq. (4) in the main text].



II. CHARGE DENSITY

The non-coupled system of twisted bilayer graphene is charge neutral at the chemical potential ¢ = 0. The charge
density due to the electrons at that potential is

2 2 2
no = Ve > foleowk) = Ve > foleowk) + mmign,  With  npigy = Ve > foleoww) (S6)
beD k beD ke beB\Qk

where e is the electron charge and the factor of 2 comes from the spin. We formulate the calculation so that the k-sum
goes over the superlattice Brillouin zone LY, /SL*, B is the set of bands and € pr, is the non-interacting dispersion.
fo is the Fermi-Dirac distribution function at zero temperature. In the second step we introduce a cutoff by dividing
the sum over the bands into two terms; to a sum over a set of low-energy bands €2 and to a sum over high-energy
bands B\{Q.

In the presence of interlayer coupling, (normal state) dispersion changes to €. The number of bands stays constant
and if the interactions, temperature and chemical potential are small compared to the energy of the lowest energy
band (in absolute value) of B\ in the non-interacting case, the index set B can be chosen so that the bands in B\
that were full (empty) in the non-interacting case, are still full (empty) in the interacting case. The interacting charge
density is

A = 2037 Slew—m) =22 3 Flew— ) + g, (57)

beB.k beQk

where f is the Fermi-Dirac distribution at temperature T and npign has the the same value as in Eq. (S6). The above
has been formulated in the non-linearized theory. To calculate the excess charge relative to the charge neutrality
point in the linearized theory, we split the bands between the two valleys and find

n(p) =n(p) —no = — Z [f (eppre — 1) — fol€o,ppr)] = 2e Z /% [f(eppe — 1) = fo(€o,pbk)] 5 (S8)

p,beEQ K p,beQ

where n is the excess charge density and €2 is now the set of bands in one valley.
The charge neutrality point p* is determined from the equation n(p*) = 0. It is shown for different twist angles in
Figs. 2(g-i) of the main text, and is always located in the middle between the two DOS peaks.

III. SIMPLIFIED MODEL OF THE SUPERCONDUCTING STATE

The notion of weak or absent electron—phonon mediated superconductivity in pristine graphene is widely known.
Here we reconcile this notion with our results claiming that a quite simple BCS-style model could describe the
observations of superconductivity in twisted bilayer graphene. These results are not new, but we follow especially the
treatments in Refs. 1 and 2 and adopt to the notation of the main paper, along with some estimates.

We start from the generic self-consistency equation for the mean-field order parameter A. If A is position indepen-
dent, the Bogoliubov—de Gennes equation can be solved to yield

ke
cdk A FEy

=4 —— —tanh [ ——
A =4\ an)? ktan (QkB ), (S9)

where the prefactor 4 comes from summation over the valley and band indices, where in the band sum we include
only the doubly degenerate lowest positive energy band. The cutoff k. is specified more below. We moreover assume
that Ejy = /e; + A2. Here and below, without loss of generality we assume A = |A| > 0. Our idea is to solve the
self-consistency equation in three cases: (i) at the Dirac point for a Dirac dispersion e = h?v%.k?, (ii) for a Dirac
dispersion at non-zero doping p, i.e., €z = (hvpk — p)?, and (iii) for a flat band with and without doping, € ~ u for
k € Qpp. In each case we have the normal-state solution A = 0, which we exclude by dividing both sides in Eq. (S9)
by A.

Note that Eq. (S9) does not represent the full self-consistency equation solved in the main text. Rather, we use it
here simply to provide estimates of the behavior of A in various limits.



A. Linear dispersion, no doping

Far away from the magic angle, the twisted bilayer behaves as if the two graphene layers would be almost uncoupled.
This means that the low-energy dispersion exhibits two separate copies of the graphene Dirac dispersion. Inserting
an ultraviolet energy cutoff €. = hvpk. and performing the integral for the 7' = 0 gap function, the self-consistency
equation goes to the form

2,2
WZ;F — A4 /ATy 2 (S10)

or
2,2 12 _ )2
Thove A° — A2

A=y A2

(S11)

where A\, = Th?v%/(2¢.). Since A > 0, this solution makes sense only if A > A., and otherwise the only possible
solution is the normal state A = 0.

In pristine graphene, the critical interaction strength can be written also in terms of the nearest-neighbour hopping
term® 49 ~ 3eV. Namely, within a nearest-neighbour tight-binding model the Fermi speed of graphene is vp =
V3v0a/(2h), where a is the graphene lattice constant. We hence get

3T Yo 9
Ae = — — . S12
8 GC’YOCL ( )

If the attractive interaction results from electron—phonon coupling, a typical cutoff energy could be of the order of the
Debye energy? 200 meV. In this case A. ~ 50eVa?, 5 to 50 times larger than the values of A used in our work. 100 to
200 meV is also the range of the maximum cutoff energy that we have used in our numerical results when including
the contribution from higher bands. Even if the cutoff €. would be of the order of 7y, the resulting A\. would be one
order of magnitude larger than the smallest A used in our results.

B. Linear dispersion, with doping

Let us try to reconcile the observations of superconductivity in Li or Ca doped graphene with the above idea. These
cases are more accurately described by® within the Eliashberg theory. Here we just show in which sense doping fits
into the above picture. Assuming ¢, = thvpk —p and A < €., and cutting the integral at €, = €. the self-consistency
equation at T = 0 becomes'

2\

B2 /AZ & 12
U \/A2+€%*\/A2+M2+|M“nm“—%- (S13)

Let us assume that A < |ul, €. so that we can expand the right hand side in A. In this case we find an analytic
solution for A,

A = 2|yl exp [—ﬁ (%—1) —1] (S14)

Let us assume a cutoff energy ¢, = 200meV and a coupling strength A = \./22 (corresponding to about 5eVa?
with the above estimates). In this case, with © = 0.7eV we would get A = 1.3meV. This corresponds to a critical
temperature of 9K, in the same range as the one that was measured in Li or Ca doped graphene.’?

C. Flat band estimate

Let us now make similar estimates for the flat-band case of the moiré superlattice. In this case, we assume that A
is larger than the bandwidth of the lowest-energy band. Within that band, we can hence approximate Fp ~ A in
Eq. (S9) and at T = 0 the integral is over a constant function. As a result, we get

8\
V3(3m2 + 3m + 1)a2’

App = pQFB = (S15)



4

where Qpp = 87%/[V/3(3m? + 3m + 1)a?] is the area of the first Brillouin zone of the moiré superlattice. Within the
model adapted in the main text, the magic angle is around m ~ 34, in which case we would get Apg = 1.3x 1073\ /a?.
In Fig. 3b of the main text, the solid line has a slope of 1.0 x 1073\ /a2, i.e., very close to this simple estimate.

The temperature dependent A in the flat-band case is obtained by solving

A
A= AFB tanh (2[€BT> . (816)

At the critical temperature, A — 0, and we can hence expand the right hand side to the linear order in A/(2kgT,).
This directly yields kpT. = App/2.

In the case of a non-zero potential p, we can use Fy ~ \/p? + A2 in the self-consistency equation. It then becomes
(for A > 0)

A o
A= AFBW, or A = AI%‘B - /ﬂ. (Sl?)

In this case superconductivity is hence suppressed when the absolute value of the chemical potential is larger than

IV. SIMPLIFIED MODEL FOR COULOMB PSEUDOPOTENTIAL

Coulomb interaction differs from the electron—phonon interaction due to the fact that photons are almost instan-
taneous, whereas for phonon-mediated interaction we have to take the retardation into account. Usually in BCS
theory, and also in our model, we approximate the retardation by imposing an energy cutoff at the maximum phonon
frequency wp in the self-consistency equation. For Coulomb interaction there is no physical cutoff, and consequently,
we cannot operate in purely low-energy regime. The high energy states do contribute logarithmically to A at low
energies.

The proper way to formulate the low-energy theory with a cutoff which also applies to the Coulomb interaction,
is to define a modified pseudopotential u* which replaces the bare interaction in the self-consistency equation and
takes the high-energy parts into account. If A(r) is position-dependent, the pseudopotential will be a matrix of two
position coordinates u*(r,r’). If A is constant in space, the pseudopotential is a scalar.

We want to consider the effect of the Hubbard interaction, described in the continuum limit by the Hamiltonian

Histand = 5 3 [ 0 6] 000} () i) i), (513)

o,001

where v = Ua? and U is the Hubbard parameter describing the on-site interaction in the tight-binding model. We
assume that U > 0 so that the interaction is repulsive. The inclusion of such an interaction has multiple effects in a
inhomogeneous system, but here we only consider the effect on the order parameter through the modification of the
self-consistency equation.

As we are now not doing a low-energy calculation, separation into valleys is not useful and we cannot do the
continuum approximation in which we assume that the graphene lattice L is duplicated infinitely many times in the
superlattice. Therefore, in the following the sums and integrals are done over the sets G € SL*/L* and k € R?/SL*.
The two graphene valleys are then separated from each other by a large, but finite G-vector. The valley sum is thus
included in the sum over G and there is no valley index p.

For simplicity, we assume A,;(G) = Adg,o so that A has no position dependence and is the same on both layers and
sublattices. With this simplification, we can diagonalize the Hamiltonian 7{,, and the order parameter simultaneously
in the BdG equation (Eq. (5) of the main paper), which we write as

Hi AL Uy | _ Uy
<A*l —Hi) \ k) By Uy ) (519)
where the underlined quantities are matrices/vectors with indices G, , and 4. Let G, be a unitary transformation
which diagonalizes the normal state Hamiltonian . Then the above equation becomes

e ALY (ug) _ Upp
(A*l *Qg) (%b = Ziw Vi)’ (520)
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where u)y, = G, Upy, Vky = Gp 0k and €, = G, H,.GI. We now label the normal state eigenstates with band index
b. With constant A, the positive-energy BdG eigenstates are in simple correspondence with the eigenstates (both
positive and negative energy) of the normal state, and can also be labeled with the same indices. Concentrating to a
single Nambu-block of the BdG-equation,

ey A Uy Ul
(A* —Ekb> (U;cb = B Vi) (521)

we find that the eigenenergies and eigenstates assume the usual BCS form

Ery = /&, + |AF, (S22)

£l 1/2
o = (1 ; ETb) | (s23)
1 c 1/2

where ¢ = arg(A).
The self-consistency equation [Eq. (4) in the main text with G = 0 and generalized to include energy-dependent
interactions] can be written in the above matrix notation as

dk/ / * Ek/b/
Drai =5 / Vi (uly Moy ) tanh < s T> , (S25)
b/

where II ; is the projection operator to the sublattice a and layer i. We assume that the interaction has the simplified
BCS form

Vlglg/’ = M(|exs| —wp)O(|exvr| —wp) — u, (S26)
with electron—phonon cutoff at Debye energy wp.

The sum of complete set of projection operators is an identity: > ,II,; = 1. To get rid of the projection operator,
we take the average over av and i. As Agp oi = Agp, We get

1 dk’
Ao =g ;/(QW)Q

1 dk, ’ N Ek‘,lb’
- ZZ/WV&/ULW(UW) tanh<2kBT>. (S28)
b/

’ * FErry
Ve, (ELb/Qk’b') tanh(QkI;bT) (527)

In the second line, we did a basis transformation with the matrix Q;.

We now divide Ag, = AR, + A% into two parts, with A3, corresponding to the A part of the interaction in the RHS
of Eq. (S28) and A" corresponding to the u part of the interaction.'® The difference between the two terms is in the
energy dependence. A, vanishes above the cutoff, but A% has no energy dependence and persists at high energies.
With this division, the self-consistency equation splits into two coupled equations,

N A dk’ P By
Apy = 1 Z o Wuk,b,(vk/b,) tanh pT X O(|exs| —wp), (529)
b €y | <WD

At = _EZ/ LA (v )*tanh(E’“"” > . EZ/ L (v, )*tal’lh(Ek/b/> S50
4 b’ |5k-,/b/|<wD (271’)2 kb kb 2k‘BT 4 b |Ek,'b">wD (271’)2 k'd kb 2kBT :

Above, we also split the sums and integrals over the eigenstates to low and high energy parts with wp as the cutoff.
Assuming wp > T, A", we can approximate that for high energy states

Uy (Vi) tanh(QkBT) ~ Seral” (S31)
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FIG. S1. Dependence of the graphene pseudopotential renormalization constant o on the electron-phonon cutoff wp. Pseu-
dopotential renormalization constant of TBG can be approximated with that of graphene if |t | < wp.

Inserting this into Eq. (S30), we can (partially) solve for A" to obtain an equation which only refers to the low energy
states,

U* dk:/ Ek/b/
A= / ey (Vi )" tanh< ) (S32)
4 ; l€p/v/ |[<wpD (27T) RO TRD 2kgT

The high energy states renormalize the interaction constant, which is replaced by the Coulomb pseudopotential

U dk 1
ut = ,  where a=- / . (S33)
1 +ua 4 ; l€g/v/ |>wD (27T)2 2|Ek7b|
The equation for the full order parameter, including both interactions, is now
Aoff dk’ By .
A="C / ——— Uy (Vg ) tanh( with  Aeg = A —u”. (S34)
4 ; l€p/pr |[<wpD (27T) w ko 2kBT ‘

If A(r) is position dependent, the derivation becomes more complicated, and in the end, the pseudopotential becomes
a matrix u*(G, G’) instead of a scalar like above.

The pseudopotential renormalization parameter « now depends on structure of the high energy bands. It is not
very sensitive to the parameters of the system and for this calculation we assume ¢; = 0 so that the two graphene
layers are completely independent of each other. The sums and integrals then transform as

dk 1 dk 1
4Z/R2/SL* 2 Q‘Ekb‘ Z Z /RZ’ L* )2 2|60 | (835)

|€kb\>wD t bexl \Ekb\>wD

where €}, are the graphene eigenenergies calculated from the tight binding model with only nearest neighbour hoppings.

If approximated as above, « corresponds to the pseudopotential constant for graphene. We show the dependence
on the cutoff wp in Fig. S1. With parameters wp = 200 meV and nearest neighbour hopping ¢ = 3eV, we find
that a ~ 0.2eV~! _2, which holds as long as ¢ < wp. The maximum value for the pseudopotential is thus
U = 1/a ~ 5eVa?, which is obtained in the limit U — oco. For U = 5eV, the effective interaction strength is
reduced to half of the bare interaction strength, u* ~ 0.5u = 2.5e¢Va?.
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We study the effects of the coupling between magnetization dynamics and the electronic degrees of freedom
in a heterostructure of a metallic nanomagnet with dynamic magnetization coupled with a superconductor
containing a steady spin-splitting field. We predict how this system exhibits a nonlinear spin torque, which can be
driven either with a temperature difference or a voltage across the interface. We generalize this notion to arbitrary
magnetization precession by deriving a Keldysh action for the interface, describing the coupled charge, heat, and
spin transport in the presence of a precessing magnetization. We characterize the effect of superconductivity
on the precession damping and the antidamping torques. We also predict the full nonlinear characteristic of
the Onsager counterparts of the torque, showing up via pumped charge and heat currents. For the latter, we
predict a spin-pumping cooling effect, where the magnetization dynamics can cool either the nanomagnet or the

superconductor.

DOI: 10.1103/PhysRevB.101.115406

I. INTRODUCTION

The intriguing possibility to control magnetization dynam-
ics by spin torque suggested over two decades ago [1] and
its reciprocal counterpart [2,3] of spin pumping [4] have
been widely studied in magnetic systems. In such systems
charge and spin transport are closely linked and need to be
treated on the same footing. Recently there has also been
increased interest in coupling superconductors to magnets and
finding out how superconductivity affects the magnetization
dynamics [5-19]. On the other hand, recent work has shown
that a combination of magnetic and superconducting systems
results in giant thermoelectric effects [20-24] which couple
charge and heat currents. These works [21,22] also imply a
coupling of spin and heat. However, a general description of
the implications for the magnetization dynamics, dynamical
heat pumping effects, and the behavior in the nonlinear regime
at energies comparable to the superconductor gap A, has been
lacking.

In this work, we fill this gap by constructing a theory which
provides a combined description of pumped charge and heat
currents, spin torques, magnetization damping, voltage, and
thermal bias. We consider a metallic nanomagnet F with a
magnetization precessing at a rate 2 which is determined by
an external magnetic field, the shape of the magnet, and the
crystal anisotropy, [26] at a slowly varying angle 6 to the
precession axis [Fig. 1(a)]. The magnet is tunnel coupled to
a superconducting electrode S that also contains a constant
spin-splitting (exchange or Zeeman) field [25,27].
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Main features of the problem can be understood in a
tunneling model, shown schematically in Fig. 1(b). Both the
spin splitting / and nonzero €2 shift the spectrum, whereas
2 generates also effective spin-dependent chemical potential
shifts [28] providing a driving force which pumps the cur-
rents across the interface. The interplay of the two enables a
coupling between the magnetization dynamics and the linear-
response thermoelectric effect [20,21,23] originating from the
spin-selective breaking of the electron-hole symmetry in the
superconductor with respect to the chemical potential. As
a consequence, a temperature difference between the two
systems leads to a thermal spin torque, which in a suitable
parameter regime yields an antidamping sufficient to obtain
flipping or stable precession of the nanomagnet. The Onsager
counterpart of the thermal spin torque is a Peltier-type cool-
ing (or heating) driven by the precessing magnetization. In
the nonlinear response, the precession also pumps a charge
current, as already shown in [29]. We discuss the general
picture for the spin-split superconductor, and, in addition to
the thermomagnetic effects, find the Keldysh action [Eq. (20)]
describing the stochastic properties of the S/F junction. The
action allows identifying thermodynamical constraints, cur-
rent noises, a spintronic fluctuation theorem, and describes the
probability distribution of the magnetization direction and the
spectrum of its oscillations.

The manuscript is structured as follows: We introduce
a simple tunneling model in Sec. II and discuss the tun-
neling currents in Sec. III. Implications on magnetization
dynamics are considered in Sec. IV, including thermal
transport associated with the ferromagnetic resonance and
physics of spin torque oscillators driven by the thermal ef-
fects. In Sec. V we focus on studying the stochastic mag-
netization dynamics based on a Keldysh action approach
to the tunneling model, and discuss probability distribu-
tions and linewidths for the oscillators. We conclude in

©2020 American Physical Society
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FIG. 1. (a) Schematic ferromagnetic island—superconductor tun-
nel junction (F/1/S) setup. The direction m of magnetization in F
precesses at a rate €2 at an angle 0 around the axis (2) of its effective
field. Electron tunneling and intrinsic damping produces torque
on m. The superconductor has an internal spin splitting exchange
field h, from external magnetic field, or a ferromagnetic insulator
(FI) bilayer structure [25]. We consider also thermal and electric
biasing (67, V). (b) “Semiconductor picture” for pumping, in the
frame rotating with m (for h || Z). Gray solid line is the chemical
potential when Q2 = 0. Increasing the precession frequency to 2 # 0
shifts both the spectrum and the chemical potentials (dashed lines)
by Q2cos@ in F and by € in S. The exchange field A only shifts the
spectrum in S.

Sec. VI. Certain details of derivations are postponed to the
Appendixes.

II. TUNNELING MODEL

The main effects can be understood with a tunneling
Hamiltonian description (below i = e = kg = 1),

H = Hs + ROHFR®) + Y Wipe™"'¢l djio +He., (1)
ji'e

where ¢j, and dj, are the F and S conduction elec-
tron operators and W the tunneling matrix elements for
spin/momentum states o = =+, D and V is a bias voltage.
The Hamiltonian Hs describes the spin-split superconduc-
tor [23], and Hr the magnet with magnetization paral-
lel to the Z direction. The magnetization direction m(t) =
(cos ¢ sin 6, sin ¢ sin 6, cos 6) is specified by a spin rotation
matrix R(r)c jalé(t)% =, Rso'(t)cjor. In the frame rotating
with R [28,30], assuming m(¢) varies adiabatically so that
an equilibrium electron distribution is maintained, the Berry
phase ¢(t) = f’ dt/d)(l — cos#) can be absorbed (c.f. Refs.
[31,32] and Appendix B) to the spin rotation,

R = ¢ 900:/2,=i0)0,/2 i )02 p=igp(1)0 /2. )

where oy/,/. are the spin matrices. Varying m(t) results to
effective spin-dependent voltages [30] in the tunneling part.
For uniform precession, they are Q,, = (0 — o’ cos)2/2
[see Fig. 1(b)]. From the model, we can compute in leading
order in W the tunneling charge, energy, and spin currents
(I., E, I,) via a standard Green function approach (see Ref.
[33] and Appendix A). The assumption of local equilibrium
implies that the rates of tunneling and other nonequilibrium-
generating processes on the magnetic island should be small
compared to electron relaxation [34-36].

Consider precession with frequency €2 around the z axis,
¢(t) = Qt with |0] < Q. From the above model, we find the

time-averaged currents and /it, = —(m x Iy x m)_, [1,28] the
z component of the time-averaged spin transfer torque:
—  Gp (% )
L=—[ deY (0|0 NsoNeolfi — fs].  (3)
2e |00 &
oo
e Gr * "2
Es=—— | de) elolo’PNsoNeolfe = fsl, (4
—0o0 oo’
_ Grsin9 [
= ornd /_ Y oNsoNeo s — fil. )

oo’

Here, fr = fole =V — Q0. Tr), fs = fo(e, Ts) are the
Fermi distribution functions in F and S, (o|o’)> = (1 +
oo’ cosf)/2 the spin overlap between m and the z axis,
and Ng/r,—+ the densities of states (DOS) for up/down
spins [quantization axis m(t) for F, and Z for S] normalized
by the Fermi level DOS per spin, and Gy the tunneling
conductance. Of these, Eq. (3) was previously discussed in
Ref. [29] for h = 0. Using a basic model for F and S, we
have Np, =1+ oPand Ny, = li%MNO(E F h), where
P = (vpy —Vvr_)/(vr 4+ vr_) is the spin polarization in
terms of the majority/minority Fermi level DOS vg 4, and
Ny(e) the Bardeen-Cooper-Schrieffer density of states [37].
The tunneling described by Eqgs. (3)—(5) can be understood in
a semiconductor picture, as shown in Fig. 1(b). The broken
electron-hole symmetry around the chemical potentials for
both spins in S and spin polarization in F results to thermally
driven spin currents causing torques, and the rotation-induced
potential shifts pump charge and heat currents.

III. TUNNELING CURRENTS

Expanding for small voltage bias V, temperature difference
8T = Ts — Tr, and the precession speed €2, the time-averaged
currents are described by a linear-response matrix:

I G Pa cos 6 0 1%
Es | = | Pacost GuT % sin” @ —8T/T |,
A 0 ~%sin0  —Ysin’0 &

(6)

where G and Gy, are the linear-response electrical and ther-
mal conductances. Here, o« = —(Gr/2) ffooo de€[Ns () —
Ns _(e)1fj(€) is a thermoelectric coefficient [20,21], which
originates from the exchange field & generating the electron-
hole asymmetry in the superconductor. It is nonzero only
when S is both superconducting and has a spin splitting & # 0.
The response matrix L in Eq. (6) has the Onsager sym-
metry L;; = L‘/.r,., where tr refers to time reversal, " = —a,
P" = —P.

The coefficient for charge pumping is here zero, unlike
in the ferromagnet-ferromagnet case [30], because the spin-
(anti)symmetrized DOS of S is also (anti)symmetric in energy.
This also suppresses linear-response contributions to charge
current from thermal magnetization fluctuations [31], which
are also related to the magnon spin—Seebeck effect [3,18,31].

Importantly, the spin splitting of the superconductor en-
ables the precession to pump energy current at linear response,
and as its Onsager counterpart, there is nonzero thermal
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spin torque (terms with « # 0). This is made possible by
the nonzero thermoelectric coefficient [20,21] driving spin
currents due to a temperature difference. This effect is (in
metals) parametrically larger by a factor ¢ /A >> 1 than that
from normal-state DOS asymmetry [3,35,38] in systems with
Fermi energy ¢p.

A. Symmetries

Let us now consider the joint probability P of changes §n;
and 8Ejs in the electron number and energy of S, and a change
dm; in the magnetization of F, during a time interval of length
to. It satisfies a fluctuation relation [39,40]:

P, (6n,8Eg, Sm;) = T VoI —T DIEs T QSsm
X Pg(—(Sn, —48Eg, dm,). (7

Here, we denote S = VM, /(liy) as the effective macrospin of
the ferromagnetic island, V and y are the F volume and gyro-
magnetic ratio, and M, the magnetization. Moreover, P" cor-
responds to reversed polarizations and precession (Ns/r,s +—>
Ns/F,—o, Q2 + —2). The Onsager symmetry of L;; in Eq. (6)
is a consequence of fluctuation relations [41]. The energy
transfer §Er into the ferromagnet (generally, SEr # §Eg)
is determined by energy conservation $Ep 4 §Es = Vén +
QS88m., which implies Es + Er = I.V — Q.. These results
arise from the symmetries of Egs. (19) and (20) below, for the
case where there is no external magnetic drive.

B. Nonlinear response

The pumped charge current is shown in Fig. 2(a), and the
energy current into S in Fig. 2(b). The charge pumping is
nonzero above the quasiparticle gap, |Q2| 2 A £ & [29]. The
heat current shows the presence of a region of cooling of
either of the two leads, depending on the relative orientation
of h and Q2Z. Nonzero h enables the N/S cooling effect to be

(a)

0.05 _
) Rt
= 004 0 0. 15
&~
S 0.03 | 0.01
g 002\ 0.005

0.01 Cf
: : H 0
=3 0 ; : =
! 0 1 2 3 ' —0.005

hQ/A

FIG. 2. (a) Pumped differential current for Tg = Tr = 0.1 T¢
where Tt is the critical temperature of the superconductor. Blue,
yellow, and red lines are for h = —hz, hX, hZ, respectively. (b) and

(c) Energy current into the superconductor Es (blue line) and into
the magnet Er (red line) for (b) h = —h2 and for (c) h = h2. F and

S are at temperature 7 = 0.6 T¢. Dashed lines represent the linear
response. In all figures, V = 0,0 = %, P =1,and h = 0.3A, where
Ay is the superconductor gap at zero temperature.

present already at linear response, similarly as with voltage
bias [23,42].

IV. MAGNETIZATION DYNAMICS

The Landau-Lifshitz-Gilbert-Slonczewski (LLG) equation
for the tilt angle is

—89,cos0 =T, — SA)2sin®6 + 7, )

where the spin transfer torque 7, is given by Eq. (5). We
include the intrinsic Gilbert damping [28] phenomenologi-
cally, and A is the dimensionless damping constant. More-
over, n is a Langevin term describing the torque noise
[32,39,44,45] with the correlation function (n(r)n(t")) =
2[D(0) 4+ SA(T]sin%(0)8(r —t'); see below. Equilibrium
torques are here included in the LLG effective magnetic field
Q7 (see Appendix A). We consider the limit of weak damping,
where it is sufficient to consider only the equation for the z
component.

A. Heat balance in ferromagnetic resonance

Let us consider a ferromagnetic resonance (FMR) [26] in a
thin magnetic layer on a spin-split S, driven by a resonant cir-
cularly polarized rf magnetic field (at frequency w = 2), and
in the case of S acting as a reservoir at a fixed temperature 7.
The electrical circuit is open, so that no charge flows between
F and S. The FMR driving acts as a power source. We
assume that a fraction A € [0, 1] of the power dissipated by
the intrinsic Gilbert damping heats the F electrons; the value
of A depends on into which bath(s) its microscopic mechanism
dissipates the energy (see also Sec. V A below). In a steady
state, the total energy current into F, the overall torque, and
the charge current are zero:

Epio = Ep + PG =0, 9)
T+ T + TG =0, (10)
I. =0, (11)

where T; and 1. are the contributions related to the tunneling
between F and S, from Egs. (3) and (5), and Ep =1V —

QT, — Eg is found from the tunneling model via a similar
calculation as in Eq. (4). Moreover, T, = —SA)Q sin?(0)
and Pg = SA(Q?sin?(9) are the torque due to the intrinsic
damping and the rate of work done by it. At resonance, the
rf drive creates a torque T, = yS(m X hy), = yShys sin0,
where ¢ is the amplitude of the rf field. From the above it
follows that the power,

Es + Epo = Ps — (1 — M)Pg, (12)

is absorbed by the electron system, where Py = QT 7 is the
total rf power absorbed at resonance [28].

Expanding Eqs. (3)—(5) in the linear orderin V, 67 /T, and
62, but not in 2, we find the charge and heat currents,

I G Pa  PG-0G) 14
Es|=pPe GuT a+a@+2|[-o1/T|. (13)
T 0 0 -G £0?
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Unlike the linear-response matrix in Eq. (6), the above matrix
is not symmetric, as there is no Onsager reciprocity between
7. and 02. The coefficients are

~ G o Q2 Q
5o 2T d Z<6_7>NS¢7( )f0(€ GQ) fo(E)

(14)

GT Jole —oQ2) — fo(e)
=N deZoNSG( ) 5 . (15)

QZ

These coefficients are defined so that limNgz_)oé =G and

limg_,0 @ = «, and they assume the values Gpoma = Gr and
Onormal = O in the normal state.

The torque balance (10) determines the precession angle

~ yShy/ (SAeth) where SAeft = SAp —|— 2. To quadratic

order in Ay, Er = GQ202/4 — Es. Using this, and the condi-
tions (9) and (11) for heat and charge currents, we find the
FMR induced temperature difference and voltage,

(—V‘%T) B (;fx cf::;)1 <_

The coupling between Eg and 62 is of the linear order in €2,
whereas the coupling between I and 62, the 1f power, and the
magnetic dissipation are of the quadratic order in €2. Thus, for
Q « T the induced temperature difference and voltage are

P(G G)Q
2
CEQ + [ +A5A40]Q?
(16)

P
Ve ldsT, sT~—2 Qs (17)

ot 2(Gn — GF)

The denominator Gm Gy — GLT)Z is always positive [21].
For @ « T, Fis refrigerated when o > 0, which corresponds
to h-Z < 0. Restoring the SI units, the magnitude of the
coefficient between 87 and Q62 is Ih(x/(Gthe)l < h/kg.

At higher frequencies the magnetic dissipation, nonlinear-
ities of & and G, and the coupling between charge and preces-
sion start to play a role and limit the attainable temperature
difference. For SAo/Gr = 0.1, the magnitude of the effect
is illustrated in Fig. 3. The maximum value of A, for which
refrigeration is possible is shown in Fig. 4 as a function of
T and Q. If A =1, the parameter regime is similar to that
where the spin-torque driven oscillations occur (see Sec. [V B
below). However, if the intrinsic damping dissipates the en-
ergy to systems different from the F conduction electrons

(a) 5 ksdT (b) 5 kgdT
GZAO 02A0

15 0.7

5 1 05

- H )
g, o3 bl
z o 2
0.5 701 —-0.1
“ho Tl

0 0
0 0.5 1
T/TC T/Tc

FIG. 3. Electromagnetically driven FMR induced refrigeration
for h = —0.3A¢%, P =1, and Ay = 0.1iG7/(¢*S). (a) For A =0
and (b) for A = 1. Dynes broadening I' = 1073 A was assumed [43].

91 AQ(e3S Ay)
Grlo
1.5+ 0.1
<C]: 0.08
s ! 0.06
<
0.5 0.04
0.02
0 0
0 0.5 1
T/Tc
FIG. 4. Maximum  intrinsic =~ damping,  expressed  as

Q x 1e*SA¢/(Gr Ag), for which the system can be refrigerated,
with h = —0.3A¢%, P =1, and Dynes broadening I' = 107> A,.
The maximum intrinsic damping is determined by solving Ay from
Eq. (16) with 8T = 0.

(A < 1), refrigeration is easier to obtain than auto-oscillations.
Therefore, measuring the temperature difference §7 via the
thermoelectrically induced voltage V allows for a direct study
of the energy dissipation mechanism of the intrinsic Gilbert
damping. Note that also in the absence of the spin splitting in
S (and therefore & = 0), it is possible to induce a nonzero volt-
age via FMR driving [29]. However, that generally requires
higher frequencies Q < A than the case analyzed above.

If the thermoelectric coefficient is zero, F always heats up.
In the normal state we have

Gr + 8ASA
8Gth
which shows the combined heating effect from the different
sources of dissipation. However, in that case the induced

voltage V = 0, and the temperature difference would have to
be measured via some other mechanism.

fSTnormal = - 9292 <0, (18)

B. Spin torques

The junction also exhibits a voltage-driven spin torque.
With an exchange field such that -2 <0 and Q < 24,
the torque due to tunneling becomes antidamping at large
voltages. When it exceeds the intrinsic damping, the 6 = 0
equilibrium configuration is destabilized, and a new stable
steady-state configuration 7. (6,) = 0 is established. An ex-
ample of the signs of the torque and the resulting configuration
is shown in Fig. 5(a): The stable angle is 6, = 0 at small
voltages, after which there is a voltage range for which
0 < 6, < . There, the system realizes a voltage-driven spin
oscillator [46,47]. At large voltages the stable angle is 6, = 7,
corresponding to a torque-driven magnetization flip.

Similarly, the thermal torque is shown in Fig. 5(b). Due
to the nonzero linear-response coupling, it is antisymmetric
in small §7', in contrast to the voltage-driven torque. Conse-
quently, antidamping regions occur for both signs of 2. In
linear response [Eq. (6)], for temperature differences satis-
fying sgn(a)8T < 8T, = [1 + €SAy/(hG)IPHS2/(2e|s]), the
spin torque drives 6 — 0, damping the precession. Here,
s = —Pa/(GT) is the junction thermopower, which can be
|s| = kg/e.[21] Above the critical temperature difference 87,
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FIG. 5. (a) Torque vs angle 6 and voltage V at Q =0.3A/h
for Ts = Tr = 0.5T¢, h = —0.3A(Z, and P = 1. The arrows indicate
where the torque drives the angle. The solid black line indicates
the stable precession angle 6,, and the dashed line the unstable
one. At V =0, 6, = 0. (b) Torque vs angle and temperature dif-
ference at Q2 = 0.5A/h for Ts = 0.5T¢, h = 0.3A¢Z, P =1, and
V = 0. Moreover, SA; = 0. The dashed green line indicates §7,.
(c) Magnetization distribution normalized by its maximum value,
for a thermally driven spin oscillator with S = 100, Ty = 0.5T¢,
h=03A02, P=1,V =0, and Q =0.5A/h. When Tr ~ 0.31T¢
(dashed line), the distribution is significantly bimodal. (d) Full width
at half maximum (FWHM) of the dipole spectrum S,,(w) (black
line) and the average magnetization (red line) with Gy = ¢?/h. The
dashed line indicates 6, and the dots correspond to (c).

the thermal spin torque drives the system away from 0, = 0
(or 0, = 7 for 2 < 0). The stable precession angle is shown
in Fig. 5(b): There is a range of 47 in which 6, # 0, 7 and the
system exhibits thermally driven [35] spin oscillations.

In Fig. 5, we neglect the effect of the intrinsic damping
A on the magnetization oscillations. However, it is the main
obstacle in reaching auto-oscillations in FMR devices, and
we estimate its effect here. For the superconducting systems,
generally the effective bias |s[67 can be at most A. Consider-
ing the value §7, given above, this results to a requirement
for the resistance-area product of the S/F junction: RA <
(RA)y = #ﬁp\ﬂl ~ 107* Q um? x m, where dp
is the ferromagnet thickness. Meeting the requirement is likely
challenging. Values RA ~ 0.1 Q um? have been achieved in
~(100nm)? lateral size magnetic junctions [46,48]. With
such RA and puoMdr = 5Tnm (e.g., Co layer [46]) and
Ap = 0.01 [28], the condition is satisfied for f = |Q2]/(27) <
0.02A/h =~ 1 GHz (for Al as superconductor). The FMR re-
frigeration has a similar requirement but with A — A/A, and
hence may be easier to achieve, if the microscopic mechanism
is such that A < 1.

V. KELDYSH ACTION

To properly describe the metastable states in the mag-
netization precession, we need to extend the formalism.
The dynamics beyond average values can be described by
an effective action S = Sy + Sy for the spin including the
tunneling, derived [32,34-36,39,45,49,50] by retaining the
Keldysh structure [51] for the orientation of the magnetization

mean field. The action S describes the generating function of
the joint probability distribution P, (én, 8Es, Er, §m;) [see
Eq. (7)], with a source field y, &, &7, ¢ associated with each
of the arguments. The free part reads

So =28 /i]r[(% + qb") 9, (cos 0)° — (cos 0)(¢° — Q)],
(19)

where ¢ and ¢ denote the symmetric/antisymmetric com-
binations x“/7 = )% of quantities on the two Keldysh
branches (4/—), for example, (cos9)/4 = %[cos(ef + 609) £
cos(0¢ — 61)]. Concentrating on slow perturbations around
the semiclassical (S >> 1) precession trajectory ¢°(t) = Q,
the tunneling action can be expressed as Sy >~ — i f_oooo dtst
with [39]

Gr ™ cos 09 + oo’ cos B¢
= — de Nr o'Ng &
ST ) /_oo Z F,o'1Vs, {

2

oo'==%

x [ fr(1 = fo) + e e’ fo(1 — fr)]
B 1+ o00'(cosB)”

> Lfr(X = fs) + fs(1 — fF)]}» (20)

where 1, = x + €€s — (6 =V — Qoo )éF — 2(}5‘1%. Here,
we have neglected terms that renormalize 2. For computing
time averages, the source fields are taken nonzero between t =
Oandt =1y, e.g., x(t) = xO(|to] — |t])O(t sgnty). The results
(3)~(5) can be found as I, = —id, st|o, Es = —ide;s7 |0, and
T, = 3.04457 0, Where |y indicates ¢7 = 07 = x = &g = 0.
Expansion around the saddle point gives Eq. (8), and
the correlator characterizing the spin torque noise is D =
—302,57]0 c5¢% 0 = —$07,5710-

A. Intrinsic damping

We can include the phenomenological Gilbert damping
term Agm x m of the LLG equation into a corresponding term
in the action, iSg = f_oooo dtsg(t). With the weak-damping as-
sumptions d)" ~Q,0° <« |q5|, the leading term in the torque
is produced by sg >~ —2iSA(Q2 sin® (O°)p1.

Further reasoning is required for thermodynamic consis-
tency. Let us first assume that the Gilbert damping is caused
by a coupling that ultimately dissipates energy into the bath
of conduction electrons in F (A = 1). We can express the
conservation of energy in conversion of magnetic energy
to energy of conduction electrons as the symmetry sg[&F +
x, 91+ Qx/2] = sglér, ¢?] for all x. In addition, to pre-
serve the thermodynamic fluctuation relations and the second
law at equilibrium, the fluctuation symmetry sg[ér, @] =
sG[iTF_1 — &, —¢7] should be fulfilled [39]. The above fixes
the series expansion in &g, ¢4, TF_1 to have the form,

sGlér, 71 = —2A08 sin2(9")|:i§2 <¢4 — %&>

2
+2TF<¢‘1—%F>]+---. @n

If the Gilbert damping dissipates energy directly to multiple
baths (e.g., magnons, phonons), more terms of this form
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appear, where &r and 7Tp should be replaced by the cor-
responding bath variables, and only a fraction 0 < A < 1
of the total Ay comes from conduction electrons. Including
Eq. (21) in the total action S = Sy + St + S then produces,
e.g., the correlation function of the Langevin noise terms in
Eq. (8), and the additional term in the heat balance equation
Eq. (9). These are of course possible to find also directly, by
assuming the fluctuation-dissipation theorem, and reasoning
about magnetic work done by the damping.

For the external rf drive, we similarly have a term s =
2iSm4 - yhy >~ 2iyhyS sin(0°)¢?, at resonance. It does not
obey the above energy conservation symmetry, as power is
externally provided and the mechanism generating /¢ is not
included in the model. As a consequence, as noted in Eq. (12)

E Stot 1 Ep,[m # 0, and the fluctuation relation (7) is modified.

B. Spin oscillator

The probability distribution of the magnetization angle 6
can be obtained from Egs. (19) and (20) [39,44], within a
semiclassical method applied to 57 = s7|ge=y=¢,=0 [39,51].
In this approach, at equilibrium, the fluctuation symmetry
Sr(¢p? = —i2/2T) = 0 results to the Boltzmann distribution
P(cos8) = NeSosOUT Tn the nonequilibrium driven state
(V #£0, 8T # 0), the distribution deviates from this.

The probability distribution is shown in Fig. 5(c) for the
thermally driven oscillator. The figure shows the spin torque-
driven transition from the magnetization pointing in the
direction of the magnetic field (cos@ = 1) for high 7, to
the opposite direction of the field (cosf = —1) at low Tp.
In the intermediate range 7r &~ 0.25-0.37,, the probability
distribution becomes bimodal, reflecting the two locally stable
configurations in Fig. 5(b): One of these corresponds to the
oscillating state.

C. Emission spectrum

A driven spin oscillator produces electromagnetic emission
which can be detected. [46,47] This can be characterized
with the classical correlator of the magnetic dipole, whose
spectrum is approximately a Lorentzian centered at frequency
Q. The classical spectrum of the magnetic dipole correlator
can be written as

o0

Su(w) = 87 / dge™ (my(to)m.(0)), (22)

—00

where m, = cos¢ sin6f, and the average is over the driven
steady state of the system. To evaluate it, the average over
¢ can be taken first, noting that (cos¢(fy)cos@(0))y =
% Re(eiqﬁ(fo)*icb(o))d) — %Re fD[(ﬁC, 0] o8 o1t (10)—=i¢ (0) —

%Re [/ Dl¢c,09]¢"S, where the exponential factor is
removed by a shift (cos)? + (cos6)? + sgn(t)0(|ty| —
[t)O(t sgnty)/(2S). For S > 1, this results to §' —S§ =~
Qto + iltg|S™2D esc? 0 =: Y (ty) so that (my(to)m,(0))y =~

% sin? @ Re ¢/ ™), Evaluating the Fourier transform, we get

Ser(w) =~ % D D/l £ Q)+ (S?Desc? 0. (23)
+

A similar calculation is done in Ref. [44], via Langevin and
Fokker-Planck approaches. The remaining average is over the
steady-state distribution P(cos ).

The linewidth of the spectrum [black line in Fig. 5(d)]
in this nonequilibrium system is a nontrivial function of
the system parameters. For 7r ~ 0.317¢ precession at 6,
becomes possible, and as a result the linewidth (o csc?0)
narrows rapidly, becoming significantly smaller than the near-
equilibrium fluctuations at 6 ~ 0, .

VI. DISCUSSION

In this work, we explain how the thermomagnetoelec-
tric effect of a spin-split superconductor couples the mag-
netization in a magnetic tunnel junction to the temperature
difference across it. The thermoelectric coefficient in the
superconducting state is generally large, and enables a mag-
netic Peltier effect and thermal spin torque, with prospects
for generating thermally driven oscillations detectable via
spectroscopy. Superconductivity also offers possibilities to
characterize and control the thermal physics via both the
electric and magnetic responses or external field coupling of
the magnetization.
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APPENDIX A: TUNNELING CURRENTS

Calculation of the tunneling currents from the model (1) in
the main text can be done with standard Green function ap-
proaches [33]. Assuming a spin and momentum-independent
matrix element (W;;; = W), the k-spin component of the spin
current to S reads

o0

If = 91 [ dew P (RgeR )5 — 8RR ¥,

32 ) » 2
(A1)

where the superscript K refers to the Keldysh component
and Gr = wvg vs|W|2 is the normal state tunneling conduc-
tance. The charge and energy currents can be obtained by
replacing oy /2 — 13 and 03 /2 — € in Eq. (A1), respectively.
Here, o; and %; are Pauli matrices in the spin and Nambu
spaces, with the basis (Y4, ¥, —Wf, wi), and X, (e,1) =
[dt'e< =X (t, 1), X_(e,t)= [dt'e““ X (' t). More-
over, gr/s(e) = mzb’i/s 73 Zj GF/S(G,pj) are state-summed
Keldysh Green’s functions, normalized by the total density of
states (DOS) vr/s at the Fermi level of the ferromagnet and
the spin-split superconductor. The rotation matrix,

R = ¢~ i49:/25=i60,/2 oz /2

« e—if' dtdi(lfc()se)rr:/Zefin3t7 (A2)

contains the Euler angles of the time-dependent magnetization
direction vector (m - o = Ro.R"), a Berry phase factor, and
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voltage bias V. The Berry phase appears from the Green
function [31,32] of the conduction electrons in F follow-
ing adiabatically the changing magnetization. For a metallic
ferromagnet, g8 — @ ~2Y" (3L 0, <= and K =R -
211 = 2fy(€)), where Vg4 i= Vg+ are the densities of
states of majority/minority spins at the Fermi level and
fo(e) = (1 + ¢/T)~! is the Fermi distribution function.

Evaluating Eq. (Al) for the different currents pro-
duces Egs. (3)-(5) in the main text, with Ng/p,—+ =
% tr[ H;} Hg% (glé/p - §§/F)].

Beyond linear response (6), we find the second-order con-
tributions to the current and torque:

Pcosd

_ o,
O = _% [sin2(9)<vsz -

A[ST\*> 6T
—Pcos(Q)E — ) —B—V,

92) +P cos(@)Vz:I

T T (A3)

s oy 3 0
T ﬂ[vz — Pcos(O)VR + LS()QZ]
sin“(6) 4 8
+A sT 2+B8TQ Ad)
a\'T 4T ™"

where o, = —(Gr/2) [, de€/[Ns (€) F Ns ()1 (e),
and A = 2a7 4y, B = O‘T,o"'a;,l-

For Q@ « A, the onset of the voltage-driven spin oscilla-
tions [Fig. 5(a)] can be determined from Egs. (6) and (A4) to
occur at V, = 4, /e2SAcrQ2/ ety .

In addition to the spin transfer torque (STT) discussed in
the main text, the electron transfer between F and the spin-
split S generates also other torque components acting on F.
This effect can be found from Eq. (Al), and appears in
the torque components T/, perpendicular to the equilibrium
magnetization Z.

In the main text, we neglect these torques, because any
equilibrium torques can be absorbed to a renormalization of
the effective magnetic field, and moreover, in the limit of weak
damping and torques the components perpendicular to Z such
that 7./, << S have little effect on the dynamics. In contrast,
the component in the main text has a significant effect already
atT, ~ A)SQ K SQ.

For completeness, we write here the expressions for all
torques, as obtained from Eq. (A1). Equation (5) in the main
text gives the dissipative contribution to .. Similar contribu-
tions can be found for 7,/y:

Gr [* (1400’ cosh)?
Tx)y = —?/ de Z fNS,x/y
—0oQ oo’

X [fF(6 - QUJ’ - V) - fS(e)]a

where Ny o//y/e = 5 tr 255 52 (25 — &),

In addition, there are two remaining contributions, the
equilibrium spin torque, and a Kramers-Kronig counterpart to
the density of state term. Terms of the latter type commonly
appear in calculations of time-dependent response. To find
it, we need 284 =R 4+ 3%, We can evaluate them, e.g.,
in a model with a parabolic spectrum in three dimensions,
& = k2/(2m) — . In the superconductor, 7, A < pg and in

(A5)

the magnet, A = 0. Evaluating the momentum sum yields

pR+A 15T

& ~

gR+A _

" =

Here g’;/ é‘cl are quasiclassical low-energy Green functions [52],
2 2

l/a =Y, VTEh/ur, and hp = 5 pp the internal
FLTVFt

exchange field in F in the model. Moreover, C are scalars

independent of €, h, and A, and drop out from expressions

for the observables here.

Neglecting terms of order A/, T/u, 2/, we find the
remaining terms in the spin current,

ggaqd + gg,qcl + §1;‘+A |hr"—>h-llf"—>lls’
2iaRe /—[(€ — hror)ts + wrl/lur] +C. (A6)

Ifg/ = Ig,eq + 817, (A7)
GT ° € — Qm;/ -V
S, = —— de tanh ————
s 64 J_o ; 2T
x (02 +0'm(t)) x P(€)Nko, (A8)

where P(¢) = 2% tr “;’3 a[gqu(e) + g’;qcl(e )]. It has the sym-
metry P(—e) = P(e). For a BCS superconductor, the inte-
grand is nonzero only inside the gap, |¢ £ 1| < A.

The equilibrium spin current I . is related to the exchange
coupling between F and FI mediated by the electrons in the
superconductor. It can be absorbed to a small renormalization
of the effective magnetic field acting on F. While its value
can be calculated in the above tunneling model, the model
is not sufficient for describing this non-Fermi surface term
in the realistic situation. The superconducting correction 81
vanishes at equilibrium, but may contribute to nonequilibrium
response. This torque, however, has IT’ =0 and can be ne-
glected similarly as in Eq. (A5).

APPENDIX B: ADIABATIC GREEN FUNCTION

In the tunneling calculation of Eq. (A1), an expression for
the adiabatic Green function of the electrons on the ferromag-
net with dynamic magnetization appears. For completeness,
we discuss its meaning here. The nonequilibrium Green
function for free electrons in a time-dependent exchange
ﬁeld’ H(Z) = Znao’ CZU [Hn(t)]aa’cna” Hn(t) = €p + h(t) + 0,
with a thermal initial state at t=0 is G, (t,t") =
—iU,(t,0)(1 — p)U,(0,¢")", where id,U,(t,t') = [e, —
h@t)-olU, @, 1), U@, t)=1, and p, =[1+ HO/T]71
In an adiabatic approximation for || < B2, U,(t,t") ~
e t=a R(1)eln 1) 12R(¢'Yt  where R(1)o.R(1)" = h(t)- o
and @,(t, 1) =i [, dt"tro.R(t") 3 R(t"). In terms of
Euler angles h = (cos¢sin6, sin¢sinf, cosf) we write
R = ¢7190:/27100y/24i¢0:/2p=ix0:/2  The function x(t) is
arbitrary, but U, does not depend on it. For simplicity, we
choose x = ["dt'¢(1 —cos@), which gives ¢, = 0. With
this choice, the adiabatic Green function becomes

G, (t,1') = R(t)G, o(t — R, (B1)
and the electron Berry phase appears only in the rotation
matrix. This is equivalent to the “rotating frame” picture used
in the main text and other works [28,30].
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The Higgs mode in superconducting materials describes slowly decaying oscillations of the order parameter
amplitude. We demonstrate that in superconductors with a built-in spin-splitting field the Higgs mode is strongly
coupled to the spin degrees of freedom, allowing for the generation of time-dependent spin currents. Converting
such spin currents to electric signals by spin-filtering elements provides a tool for the second-harmonic genera-
tion and the electrical detection of the Higgs mode generated by the external irradiation. The nonadiabatic spin
torques generated by these spin currents allow for the magnetic detection of the Higgs mode by measuring the
precession of the magnetic moment in the adjacent ferromagnet. We discuss also the reciprocal effect, which is
the generation of the Higgs mode by the magnetic precession. Coupling the collective modes in superconductors
to light and magnetic dynamics provides an opportunity for the study of superconducting optospintronics.

DOI: 10.1103/PhysRevResearch.2.033416

I. INTRODUCTION

Oscillations of the order parameter amplitude in
condensed-matter systems are often called Higgs modes
(HMs) [1-5], in analogy with the Higgs boson in particle
physics [6]. These collective excitations are generic for
ordered states such as antiferromagnets, charge density
waves [7], superfluids [8—10], cold atomic gases [11,12] and
superconductors [2,13-27]. In general, one can call HMs all
the possible collective modes of the order parameter, other
than the Nambu-Goldstone modes [4].

Higgs modes have been observed by Raman scattering in
superconductors with charge density wave order [14,15,17,28]
and by the nuclear magnetic resonance in superfluid He
[8—10]. In usual superconductors the HMs are charge neutral
and thus decoupled from charge current. In such systems the
observation of HMs has been facilitated by the development
of low-temperature terahertz spectroscopy [18,19,24,29-32].
With this technique, HMs have been observed in NbTiN and
NbN compounds [18,19]. Higgs modes have been observed
indirectly as the AC linear conductance peak in current-
carrying films of NbN [24] and Al [33].

Here we suggest a different mechanism allowing electrical
detection of HMs due to their coupling with spin and charge
degrees of freedom in high-field superconductor/ferromagnet
junctions. Unusual transport properties of such systems have
attracted intense attention [34-37], stimulating both experi-
mental [38—47] and theoretical efforts [34,48-57].

The underlying physical mechanism behind the suggested
electrical measurement of the HM is rooted in the strong cou-
pling between the superconducting order parameter dynamics

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2020/2(3)/033416(10) 033416-1

and electron spins. The possibility to transmit spin signals
by the order parameter excitations has been elucidated using
the example of mobile topological defects, i.e., Abrikosov
vortices [55,56]. Here we demonstrate that time-dependent
spin currents can be generated by the collective amplitude
modes in superconductors.

The structure of this paper is as follows. In Sec. II we
introduce the setup and model. Section III shows the effect of
the HM on AC spin and charge currents. Their use in access-
ing the HM either in second-harmonic generation or via the
measurement of an avoided crossing between ferromagnetic
resonance and HMs is discussed in Sec. IV. We conclude in
Sec. V with an outlook to the range of phenomena affected by
the HM.

II. SETUP AND MODEL

The generic setup that we study is shown in Fig. 1(a). Its
basic element is a superconducting film placed in contact with
a ferromagnetic (FM) material. An effective spin-splitting
field h entering as the Zeeman term in the Hamiltonian of
the superconductor (SC) is induced by an external in-plane
magnetic field. Alternatively, i could be induced by the prox-
imity to a ferromagnetic insulator [58—62]. The system is
exposed to an external irradiation Eqe™” which generates a
time-dependent perturbation of the order parameter ampli-
tude SA(f) = Arge?™ through the second-order nonlinearity
Asg x E3 [63,64].

We model the SC/FM junction using the tunneling Hamil-
tonian approach [65,66], which has been used extensively to
study both AC and DC tunnel currents [65,67-69],

Hr =Y A}, (FBy). + He., (1)
kk'a
['=T%+U@m-6). 2)

Here Ay, (Biy) annihilates an electron with momentum k
and spin « in the SC (ferromagnet), the unit vector m

Published by the American Physical Society
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FIG. 1. (a) Setup of the superconductor/ferromagnet structure.
The exchange field & is induced by an external magnetic field B.
The double-frequency gap modulation can be excited by the exter-
nal electromagnetic irradiation A,q Eé and is enhanced due to
the coupling to the HM. (b) Semiconductor model of the current
generation by a slowly varying perturbation of the order parameter
amplitude §A(z). Only the spin-down band is shown. The ferro-
magnet has an equilibrium distribution ny(¢), while the distribution
n(e,t) of the superconductor is shifted with respect to the equi-
librium distribution (dashed line) by §A(r) away from the Fermi
level. Due to the Zeeman shift 4, the perturbation in the number of
excitations is asymmetric with respect to the Fermi level er. This
results in net spin and charge currents flowing into the attached FM
electrode through the tunnel barrier (I).

defines the spin quantization axis of the barrier, 7; and
6y are the Pauli matrices in Nambu and spin spaces, re-
spectively, and U/ and 7T are the spin-independent and
spin-dependent matrix elements of the tunneling Hamiltonian,
respectively [70]. The matrix tunneling current through the
spin-polarized barriers can be expressed through momentum-
averaged Green’s functions (GFs) in the superconducting and
FM electrodes vsgs = 5 Y, ( TAy(1)A[ () and vrgr =
T3y . Ték(r)EZ(t/ )), respectively. Here t and 7’ are imag-
inary times, T is the time-ordering operator, and vg and vg
are the normal metal densities of states on the two sides of the
junction. For simplicity, we assume momentum-independent
tunneling coefficients [70,71]. The time-dependent tunneling
current for the general nonequilibrium state in the electrodes
derived in Appendix A reads

VsVE
2

I(t)=i [8s o Tgrl") — (Igrl) 0 &slr=c,  (3)
where o denotes time convolution. The overall tunnel current
amplitude is determined by x = vgvr (T2 + U?) and the ef-
fective spin-filtering polarization is P = 2T Um/(T? + U?).

Tracing the general expression with appropriate Pauli ma-
trices, we extract the charge current / = e Tr(%31) and the spin
current I, = Tr(67). The real-time response is obtained by the
method of analytic continuation, described in Appendix B.

We assume that the electrodes are in the diffusive regime
and can be described by the time-dependent Usadel equation
for quasiclassical GFs. In the imaginary-time representation it
has the form (we set i = 1 here and below)

—i{#39;, 8}e = DO:(8 0 0:8) — i[3H, 8., @)

where D is the diffusion constant, H = A%, +h -6, and h
is the exchange field. The quasiclassical GFs also satisfy
the normalization condition (g o §); . = 8(t — t’). The time

derivative, convolution product, and differential superoperator
in Eq. (4) are

{1307, 8}r = 1307, 8(T1, T2) + 0, 8(71, T2) 73, )

B
(fog)(rn,rz)zf dtsf (11, 13)g(13, T2), (6)

0

Op = O — %e[%A(r), 1, )

respectively, where e is the elementary charge and c is the
speed of light.

III. RESULTS
A. Qualitative description

In Fig. 1(b) we adapt the usual semiconductor picture of
the tunnel current in superconductor junctions [72] to show
how the time-dependent gap function creates a nonequilib-
rium state n(e, t) in the superconducting electrode. Due to the
Zeeman shift A, this state is nonsymmetric with respect to the
Fermi level ¢ and therefore produces spin current through
the tunnel barrier between the SC and the adjacent normal
metal. This qualitative picture is based on the time-dependent
energy spectrum E, = v/, + A(1)* + o'h, with o = 1 for
spin-up/down Bogoliubov quasiparticles, respectively, where
&, is the kinetic energy counted from the Fermi level ep.

For a slow time-dependent order parameter the spin-
resolved perturbation of the quasiparticle distribution function
can be written as (A / F)d%Nm where the number of thermally
excited states in equilibrium is N, = [ d&,n(E,(§,, A)), with
n(E) = tanh(E /2T'). The inelastic scattering relaxation rate I"
is given by the Dynes parameter [73].

The spin-dependent perturbation of the distribution func-
tion results in the spin current

=A%, -n 8

s(t)—r dA( +—No), (®)
where « is the effective barrier transparency. As shown below,
Eq. (8) is obtained in the low-frequency limit Q2 <« I' from
the general result (21). The advantage of Eq. (8) is that it
allows for the cartoon interpretation in terms of the semicon-
ductor model in Fig. 1(b). However, for the most interesting
case when the frequency of the A(r) oc €2 oscillation is
comparable to the gap €2 ~ A and hence is coupled to the
HM [13,16,74,75], the picture becomes more complicated and
requires calculations using Eqgs. (3) and (4) as described in
Sec. III C.

B. Second-harmonic generation due to the broken
particle-hole symmetry

Spin current generated by the HM can be converted to
charge current using spin-filtering FM electrodes. In the
setup shown in Fig. I(a) the spin current is effectively
converted to the charge current while passing through the
spin-filtering barrier characterized by the polarization vec-
tor P. The time-dependent charge current induced in this
way by the order parameter amplitude oscillation is therefore
qualitatively given by I(¢t) < P - I (t), which results in the
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estimate /(t) o« (P - h)d; A. Modulation of the order param-
eter amplitude can be induced, for example, by an external
irradiation [63,64] A(r) < A%(t), where A(¢) is the vector
potential of the external field. Hence this charge current /() o
(P - h)3,A?, being quadratic in the vector potential, demon-
strates the second-harmonic generation (SHG) controlled by
the superconducting order parameter.

Despite the large amount of attention to the nonlinear ef-
fects in superconductors, SHG has not been obtained before.'
Hence only third-harmonic generation has been studied in
superconductors [19,32,63,64,76]. We show below that such
a kind of SHG is not prohibited by the generic symmetries of
the problem, but is eliminated by the approximate symmetry
of Fermi surface systems, made exact in the widely used
quasiclassical approximation [77].% This additional symmetry
of the GF satisfying the Usadel equation (4) is

8A h, A) = —118(—A, h, A")E;. 9

The off-diagonal Nambu space Pauli matrix 7; interchanges
the particle and hole blocks in the Hamiltonian [77], so the
physical interpretation of Eq. (9) is a particle-hole symmetry.
For the nonstationary charge current generated by the time-
dependent vector potential this symmetry yields /(A, A) =
—I(—A, A*). Further, in the absence of supercurrent or ex-
ternal orbital fields we can assume the order parameter to be
real A = A*. Then even the broken inversion symmetry near
surfaces does not help to produce SHG in superconducting
systems in contrast to the normal metal counterpart of this
effect. Because of this symmetry, the direct coupling between
the HM and the charge current is prohibited. However, as we
see below, it allows for the spin currents driven by the HM and
external field even with a nonferromagnetic barrier, that is, at
P=0.

The particle-hole symmetry is broken in superconducting/
FM systems leading to large thermoelectric [34,78,79] and
anomalous Josephson effects [77]. For real A the transforma-
tion (9) applied to the general tunnel current yields

I(A,h,P) = —I(-A, h, —P). (10)

This relation allows for SHG. Because the sign of P is inverted
there is no longer a symmetry with respect to the mere flipping
of the vector potential, I(A) # —I(—A). Hence, for the AC
external field A g, Eq. (10) allows for the double-frequency
charge current component Lge'® with the amplitude g o
|A|2A§2(P -h) as well as the DC tunnel current [51] Ipc
|APAqA_q(P - h). The resonant SHG of spin and charge
currents through the excitation of HM by electromagnetic
irradiation is discussed below in Sec. ITII C.

C. Calculation of spin and charge currents

We assume that the superconducting electrode is driven
out of equilibrium by the electromagnetic field described
by the time-dependent vector potential Age’¥. It produces

"Here we exclude the trivial SHG which results from the third-order
nonlinearity when both the oscillating and constant fields are applied.

2The Fermi surface symmetry present in the quasiclassical approx-
imation is broken here by the spin polarization of tunneling.

the second-harmonic perturbation of the GF and tunnel
current (3)

gs(r. T =T Y gs(op, 0 )™ (1)
~ VsV, A Aw AL R AL A
ho =i—=T Y [F2sTa(@-) = go(@)lgsll, (12)

2

where wy = w = Q are the fermionic Matsubara frequencies
shifted by the frequency €2 of the external field. We define
8s = 8s(wy, w_) and assume that the ferromagnet is in the
equilibrium state determined by the GF gr(w) = go(w) =
sgn(w)713.

There are two qualitatively different terms in the nonequi-
librium GF gs = a4 + &a. The first one is generated by
the direct coupling to the external electromagnetic field. The
second term is generated by the order parameter oscillations,
which can be induced by either the electromagnetic field or
other sources, for example, the spin current. Direct coupling to
the electromagnetic field is described by the GF perturbations
of second order by the vector potential.

From the Usadel equation (4) we find that the perturbation
8aa(wy, w_) satisfies the equation

sy80(wi)8an — 5_8ando(w-)

eAg\’ . oA A A A o
= D(T) [8o(w4)T380(@)T3 — £380(w)T380(w_)].

13)
Expanding the normalization condition in perturbation series
provides an anticommutation rule g448o(w-) = —2o(®+)8a4,

which can be used to solve Eq. (13),

o — pf €2 2 #380()25 — Bo(wy)E380(@) 1380 (w-)
844 p o ,
(14)

where s+ = §(w4) and §(w) = \/Az — (iw — h - 6)%. Above,
we abuse the notation slightly by writing the matrix inverse
[s+ +s_1"" as a scalar division. No ambiguity is introduced
as §(w)’s commute with the terms in the numerator. Further-
more, in the final expression for the spin current (21) we shift
the energy integration and remove the exchange field from the
$(w)’s, making their spin structure trivial.

Corrections to the GF induced by the time-dependent or-
der parameter amplitude A,qe?*¥ can be found in the form
ealt,)=T)>, e@+1=0-1% (@, w_). From the Usadel
equation (4) that g (w4, w_) satisfies the equation

5180(w1 )8 — 5-8a8o(w_) = Asg[Trgo(w-) — go(wy)T2].
(15)

Again using the normalization condition, the solution of this

equation is given by

Bo(@1)%080(w-) — B
Sy +s— '

8n = Mg (16)

The amplitude A, can be found from the self-consistency
equation

Agg = —AT Y Tr[#2(8as + 8], (17)

w
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where we introduce the dimensionless pairing constant A and
the Pauli matrix 7, corresponds to the superconducting ampli-
tude vertex.

The part which is directly produced by the irradiation pro-
vides a source of the Higgs mode

FA(2Q) = —AT ZTr[fngA]. (18)

w

The other part determines the self-induced corrections to the
order parameter A,o = I1(222) A described by the polariza-
tion operator

19)

A+ Q?
Q) =1+ AT ZTr[ + }

s—s(s— +54)

where the trace is taken over the spin degree of freedom. Col-
lecting all the contributions to the self-consistency equation
(17), we get

Ang = Fp/[1 — TI(2Q)]. (20)

This expression describes the HM excitation in the super-
conductor driven out of equilibrium by a continuous-wave
irradiation as shown schematically in Fig. 1(a). The resonance
condition corresponding to the HM is satisfied for Q = Q*
when 1 — IT(2Q*) = 0 + o(~/T). Hence the maximal ampli-
tude of the order parameter oscillations is determined by
the broadening parameter I', leading to a sharp peak in
Arq(2, T) for 2 ~ Q*(T). In the absence of spin relaxation
processes Q* = A(T).

Using the found GF corrections (14) and (16), we calcu-
late the spin and charge components of the tunneling current
(12). The HM contribution is determined by the term ga.
Using the procedure of analytical continuation described in
Appendix B, we obtain the amplitude of real-frequency spin
current I,(Q2)e*¥ driven by the HM,

d —
e N

21
where n(e) is the equilibrium distribution function. Here the
spin splitting has been shifted from the spectral functions to
the distribution functions, so ey = ¢ + Q + oh and s84 =
—iy/(e £il)2 — A2, In the low-frequency limit Q < ' we
obtain Eq. (8) when the spin current is driven by the adiabatic
time dependence of A in accordance with the qualitative pic-
ture shown schematically in Fig. 1(b).

In the presence of the HM, which is the slowly decaying os-
cillations of the order parameter A(¢) [13,16], the spin current
is given by the sum of the corresponding Fourier components
with the amplitudes given by (21). As a result of Eq. (21) we
get slowly decaying oscillations of the spin current I () which
can be measured using electrical probes after the supercon-
ductor is initially driven into a nonequilibrium state by a field
pulse.

Taking into account the relation (20), we obtain the SHG
spin and charge currents induced by the external irradiation in
accordance with the qualitative discussion in Sec. III B. The
resonant behavior of the double-frequency spin current I,(£2)
resulting from the HM mode excitation is shown in Fig. 2.

Q/A
w A~ o

N

1

0.8

0 6

0.4

0.2 1
0

0.2 04 06 08 1

02 04 06 08 1
T/Tc

FIG. 2. Amplitude of double-frequency spin current I,()e***
driven through the SC/ferromagnet tunnel junction by an exter-
nal field Age™. The current is normalized to Iy = kD(eAq/c)?;
T. is the critical temperature. The sharp maximum at frequencies
I1(2€2) ~ 1 corresponds to the resonant excitation of the Higgs
mode. (a) ;(2, T') and (b) I,(T) at different frequencies Q2/Aq =
0.4,0.8,0.95, 1.2. The exchange field is 7 = 0.2A( and the Dynes
parameter I' = 0.005A. The peaks are at temperatures determined
by IT(2Q2) ~ 1.

IV. DISCUSSION

A. Electrical detection of the Higgs mode

The suggested effect of SHG charge current coupled to the
HM can be measured, for example, in thin films of Al super-
conductor placed in a tunnel contact with FM iron electrodes
similar to the setups used in the measurement of the non-
local spin signals [38-40,43—47]. With T, = 1.6 K and gap
Ao =2 x 107* eV, the spin-splitting field & = 0.2A( can be
obtained with an external in-plane magnetic field B~ 0.5 T,
and the polarization of this type of FM contact [44]is P = 0.2.
With large enough area, the normal-state tunnel conductance
canbe ex = 1072 S. The electromagnetic part of the setup can
be similar to the experiments on stimulated superconductivity
[80,81]. The electromagnetic power is characterized by the pa-
rameter = D(eAq/c)?, which can be made as large as o =
0.17; without destroying the superconductivity [82]. For Al it
yields & & 107> eV. With such parameters the charge current
amplitude corresponding to Fig. 2 is ePly = 20 nA, which is
two orders of magnitude larger than the nonlocal thermoelec-
tric current measured recently in a similar setup [47]. The
maximal HM resonance frequency in Al is 22 = 100 GHz,
which is within the capability of modern spectrum analysers.
A 10-nA current across 50 2 corresponds to the signal ampli-
tude —113 dBm, which means that the signal-to-noise level
exceeding unity can be obtained within a 1-s measurement
time with state-of-the-art high-frequency microwave spectrum
analysers with a noise floor about —120 dBm/Hz.

B. Spin torques generated be the Higgs mode

If the exchange field & in the SC is noncollinear with the
magnetization m in the ferromagnet, the HM generates a spin
torque acting on m. The generic system which can realize this
configuration is shown in Fig. 3(a). Here the exchange field
h || my is created by the ferromagnetic insulator layer with a
fixed magnetic moment m [34].

The spin-transfer torque (STT) generated by the HM is
shown schematically in Fig. 3(a). The polarization of the
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(a)
S

¥ x5

FIG. 3. Setups for studying transverse spin currents coupled to
the HM in the superconductor (S). The exchange field in S is gener-
ated by the adjacent ferromagnetic insulator (FI) with magnetization
my. (a) The spin torque 7 is generated in an adjacent ferromagnet
(F) with noncollinear magnetization m }f my. (b) Magnetization pre-
cession m(t) induces the spin current I and the spin battery effect
leading to a perturbation of the order parameter amplitude § A.

nonequilibrium spin current I, is determined by the direc-
tion of the exchange field k. Assuming that the transverse
component of the spin current is absorbed in the ferromag-
net [83-87], we obtain the STT © = [h, /h, where h, =
h — m(m - h) is the perpendicular component of the exchange
field.

The reciprocal effect shown in Fig. 3(b) is the perturbation
of the gap §A by the magnetic precession. The pumped spin
current [83] Iy o« m x m has a longitudinal component I || &
which generates a time-dependent spin accumulation j; in the
SC. In combination with the spin-splitting field &, this results
in [51,88]

AA
A = ——us0a(Ny — N-), (22)
1-11

where 1 — IT o A is the low-frequency asymptotic of the
polarization operator. This expression demonstrates the pos-
sibility to couple the order parameter amplitude with the
magnetization dynamics. Thus the higher-frequency magne-
tization precession with € ~ A generates the HM in the
superconductor with a spin-splitting field.

This effect can be viewed as the HM-mediated transfer of
the spin angular momentum from the ferromagnetic insulator
to the metallic ferromagnet shown in Fig. 3(a). Oscillating
STT generated by the order parameter amplitude mode can
excite the ferromagnetic resonance (FMR) in the attached
ferromagnet. Hybridization of the FMR and Higgs resonance
should show up as the avoided crossing of the peaks in
the second-harmonic response of the systems. Such an ex-
periment will directly demonstrate the dynamical coupling
of the magnetic and superconducting orders. Modification
of the FMR linewidth by superconducting correlations in
ferromagnet/SC structures has been observed [89-91]. In
permalloy films the FMR has been measured in fields up to
0.3 T corresponding to a frequency of 20 GHz. For such a
frequency the Higgs resonance in Al is expected to occur
at T ~ 0.92T,. Thus varying the field, one can measure the
temperature-controlled hybridization of the HM and FMR
mode in Al/permalloy structures within the currently acces-
sible range of parameters.

V. CONCLUSION

We have demonstrated that spin and charge currents can
be effectively generated by the collective amplitude modes of

the superconducting order parameter. Owing to the fact that
the HM can be generated by external irradiation [27,92], our
result paves the way for a conceptually different direction of
superconducting optospintronics: the study of spin currents
and spin torques generated by light interacting with supercon-
ducting materials.

We have suggested a detection scheme for the HM based on
measuring resonant electric signals, either the charge current
or voltage generated across the spin-polarized tunnel junction
by the external field. Because these signals appear at the
doubled frequency of the external field, our setup introduces
a system featuring second-harmonic generation controlled by
superconductivity. The suggested SHG can be studied using
optical or microwave detectors [93] and the tunneling current
b can be detected using electrical probes. This feature of the
SHG as compared to the previously known nonlinear response
techniques allows for an electrical detection of the HM in
superconductors.

Finally, a qualitatively similar effect should occur provided
the ferromagnet is replaced by another spin-filtering element
such as a semiconductor nanowire in proposed Majorana-
based qubits [94-97]. The charge noise which is important in
such devices [97] can cause the order parameter oscillations
coupled to the splitting of Majorana zero modes. This cou-
pling opens possibilities for many interesting effects to study.
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APPENDIX A: TUNNEL CURRENT

We model the spin-dependent tunneling through the
SC/ferromagnet interface by the tunneling Hamiltonian (1).
We calculate the tunneling current as a function of the time
on the contour running along the imaginary axis from O to
B=1/T.

The matrix tunneling current in terms of the imaginary time
functions reads

R i . R
()= Z[afGS(T’ v,k k) + 30 Gs (T, Tk, k)=
2 k

(AD)

To find the perturbation we consider the contour-ordered GF

Gs(t1, 0, k K) = (TSA (DAL (1), (A2)
where T is the contour-ordering operator and
. B
S~ 1 —/ dtw3Hy (13). (A3)
0
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In the interaction representation with respect to the tunneling Hamiltonian the equation of motion is

A = [Ar, Hrl =) (PuBp). (A4)

Using the equation of motion we get

P

—0,Gs(r1, 12, k. k) = — Y (T S[Fy By (11)1A](12))

q

ﬂ A A ~
~ <T / dvaHTm)quBq(n)A,i(rz)>
0
q

13 - A ~ A, A ~
= <1r / duB), (m)r,i,k;Akl(r3)rquq<n)A,t<rz)>
0

ki.ki.q

/S A A N A ~ AL
= Z/o dl’srkq(TBq(Tl)Bzi(T3)>Fk;k.(TAk,(T3)A,'((l'2)>

kl,k;,q

B
= > | duluGr(ni, 13,4, k)T Gs(13, 12, K1, ) (AS5)

ki.k}.q

and

—0,Gs(r1, T2, k) = = Y (TSAL(0)[Fiy By ()]

q

B
~Z<T / drsHT(ra)Akm)[fkqéq(rz)]*>
0
q

ﬂ 0 ~ A A
= <T / drsrk,k;Bk;(mA;l(rg)Ak(n)B;(rz)r;k>
0

ki .k g

ﬁ ~ ~ A A A A
=- Z/O df3(TAk(TI)A};(73))Fk1k{(TBk;(73)B;(T2))qu

ki.ki.q

B
= - E di3Gs(ti, 13, k, k)i i Gr (T3, T2, kL U g (A6)
0

ki,ki.q

Hence the matrix current is given by

; B
7 ! 1T A5 / a A / / a
I =3 > /O dt'[Gs(r, v/ k. k)i Gr(t' 7.k}, )T

kki,K g

— 1, Gr(z, 7. q, kl)f‘k,k; Gs(t', . k|, b)) (A7)

We assume that GFs are spatially homogeneous, so Gr(z, 7/, q.ki) =8,1, Gr(z, 7, ¢) and the matrix element is momentum
independent I'yy = I'. Then we can introduce the quasiclassical functions ) " GF, s(t, 7', q) = vpst38rs(t, T') to write the

current as

~ VgV,
i) =i= s

Taking into account that the normal metal GF gr commutes
with %3, Eq. (A8) can be reduced to Eq. (3).

APPENDIX B: ANALYTICAL CONTINUATION

In order to find the real-frequency response we need
to implement the analytic continuation of Eq. (12). These
second-order responses are obtained by the summation of

[8s5 0 (1308, 0%3) — (8308, 1'%3) 0 85le—r. (A8)

expressions which depend on the multiple shifted fermionic
frequencies such as g(w;, w,, w3). The analytic continuation
of the sum by Matsubara frequencies is determined according
to the general rule [98]

3
d
Ty glonwy,w3) > Y /Egino(el)[g(...,—isf,...)
® =1

—g(...,—is?,...)], (B
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where ng(e) = tanh(e/2T) is the equilibrium distribution
function. On the right-hand side of (B1) we substitute in
each term wy; = —is,’f and wy~; = —iaf fork =1, 2,3, and
wedefineey =e+ Q2 —k)Q, ef =e+ i, and e = ¢ — iI".
Here the term with I > 0 is added to shift the integration
contour into the corresponding half plane. At the same time, I"
can be used as the Dynes parameter [73] to describe the effect
of different depairing mechanisms on spectral functions in the
superconductor.

We implement the analytical continuation in such a way
that s(—ig®4) = —i,/(¢R4)2 — A2, assuming that the branch
cuts run from (A, 00) and (—o0, —A). In the presence of the
spin-splitting field the energy in Eq. (B1) should be shifted to
& 4+ oh, where 0 = %1 is the spin subband index.

The equilibrium GF in the imaginary frequency domain is
given by go(w) = (T30 — T, A)/s(w). The real-frequency con-
tinuation reads glg'A(e) = (B36ra — iT2A)//(RA)2 — A2,

Example. To demonstrate the analytical continuation in
practice we calculate the spin current driven by the Higgs
mode. For real frequencies the spin current obtained from
(A8) can be written in terms of the Keldysh component

I, = é Xa: ’ / de Tr[gr (e4)8s(e) — &s(e)gr(e-)1¥

- é Yo f deln(ss) — n(s )ITr[£:84], (B2)

where ¢+ = ¢ + oh £ w. In deriving (B2) we used the fact
that g’; @ = 41 do not depend on energy. The anomalous part

of the nonequilibrium GF in the superconductor is

Flehdte)— %

oA
R

, (B3)

where we define si’A = s®4(g). Substituting the solution

(B3) and using Tr[t3gR 128" ] = 2iAge/sRsA, we get
d h — (e
I, =ikAohArg Y 0 / de (e + oh)n(ey) —n(e-)]

4 sRsA (R +51)

_ iKAOAZQ de 1 1
= m 167_[20:0[71(8-#)_”(8—)](& - F)’

(B4)

where we use (s8)* — (s2)> =4(¢ + oh)(w +il"). In the
low-frequency limit we can substitute n(ey) —n(e_) =
2w9.n and s8 = —s? = —iv/e? — A2. Then the spin current
can be written in the simple form

d
L= %;"E / d&,n(Ey (5, A1)
Al v N B5
= LA, - N, (B5)

where E, (§,, A(1)) = VE, + A*(t) + oh is the spectrum of
Bogoliubov quasiparticles shifted by the spin-splitting field /.
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We develop a theory of the spin battery effect in superconductor/ferromagnetic insulator (SC/FI) systems
taking into account the magnetic proximity effect. We demonstrate that the spin-energy mixing enabled by the
superconductivity leads to the enhancement of spin accumulation by several orders of magnitude relative to the
normal state. This finding can explain the recently observed giant inverse spin Hall effect generated by thermal
magnons in the SC/FI system. We suggest a nonlocal electrical detection scheme which can directly probe
the spin accumulation driven by the magnetization dynamics. We predict a giant Seebeck effect converting the
magnon temperature bias into the nonlocal voltage signal. We also show how this can be used to enhance the
sensitivity of magnon detection even up to the single-magnon level.
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Generation and detection of pure spin signals is one of the
main paradigms in spintronics [1,2] and spin caloritronics [3].
Spin pumping [4-6] in ferromagnet/metal multilayers affects
ferromagnetic resonance (FMR) and spin Hall magnetoresis-
tance measurements [7,8]. Spin Seebeck effect [8,9] converts
thermal nonequilibrium states into pure spin currents and can
be used for the detection of magnons propagating through FI
materials without electrical losses [10,11]. Pure spin current
flowing from the ferromagnet into the adjacent metal leads to
the buildup of spin accumulation known as the spin battery
effect [5].

Recently it has been discovered [12-17] that super-
conductivity strongly increases spin relaxation times and
lengths, which makes superconducting materials promis-
ing for spintronics [18-20]. Long-range nonequilibrium spin
states created in superconductors by electrical and thermal
injection of Bogoliubov quasiparticles have been intensively
studied [20-28]. The question of how the weak spin relaxation
in superconductors shows up in spin pumping properties have
remained unexplored and is addressed in the present paper.

Most of the experimental [13,15,16,29-34] and theoretical
works studying magnetization dynamics in superconduc-
tor/ferromagnet systems focus on the FMR properties [35—41]
and spin torques [42,43]. Here we consider the spin battery
effect [5] that is the static spin accumulation of Bogoliubov
quasiparticles in a superconductor (SC) generated either by
the coherent FMR drive or by the thermal magnons in the
adjacent FI. Our study is motivated by the recent experiment
demonstrating that magnons induce a giant inverse spin-Hall
signal in the transition state of the Nb/YIG superconduc-
tor/ferromagnetic insulator system [34]. Due to the close
relation between the spin Hall signal and spin density, this
observation hints that the spin accumulation induced by ther-
mal magnons is modified in a highly nontrivial way by the
superconducting correlations.

2469-9950/2021/103(22)/224524(6)

224524-1

The considered setup is detailed in Fig. 1(a) which shows
the time-averaged quasiparticle spin accumulation (u,) gen-
erated in SC. It can be measured [12,13,15,16] in the nonlocal
circuit Fig. 1(b) consisting of the spin-polarized tunnel contact
with a metallic ferromagnet (FM) near FI and the distant
normal metal electrode (NM). The dc voltage V), induced into
this tunnel contact in the absence of a charge current through
itis [23]

Pp - (). 6]

Here Gr = Gr, fooo deN(g)d,ng is the linear local tunneling
conductance and P, the spin polarization of the SC/FM junc-
tion, N(e) is the density of states in the superconductor, and
ny = tanh(e/2T) is the equilibrium distribution function.

In the superconducting case the information carried by
the strength of the spin pumping which determines the FMR
linewidth is different from that in (u,). It is generally pro-
portional to the amplitude of magnetization dynamics () o
(m x d,m), where m(t) is the unit vector of magnetization
direction in FI. In superconductors, however, the proportion-
ality constant of () is sensitive to the magnitude of energy
relaxation time I'~! and its magnitude compared to the spin-
relaxation time 7,. In the typical case I'"! > 7, the resulting
nonlocal voltage Vp can be parametrically larger in the su-
perconducting state than in the normal state by the factor
~(I'ty)~!. In superconductors Nb and Al these times are of
the order [15,44] of 7, ~ O.ITC’1 in Al and and 73 ~ TC’l
in Nb, while I'"/(7,) ~ 103T~! in both materials [45,46].
Therefore in these superconductors one can expect an en-
hancement of spin accumulation induced by spin pumping by
the factor of (I'ty)~' ~ 10°-10° as compared to the normal
state.

The origin of the very large spin accumulation in FI/SC
contacts is twofold. First, magnetization dynamics results

©2021 American Physical Society
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FIG. 1. Schematic FI/SC setup to measure spin accumulation
induced by magnons. (a) Nonequilibrium magnon distribution in FI,
generated either by a coherent FMR drive or a temperature bias,
induces spin and energy currents j,; and j, to the SC, which create
spin and energy accumulations p, and W in SC. Proximity to FI also
induces a static exchange field &, in the SC. The spin accumulation
is converted to electrical voltage V), in the ferromagnetic electrode
(FM) with the polarization Pp. (b) Nonlocal circuit to measure
magnon-induced voltage Vp.

in the energy current [4,47] j. = «(|d,m|?), where « is
the contribution to the Gilbert damping coefficient due to
the contact. Second, in superconductors the spin splitting
in the Bogoliubov spectrum generated by FI through the
magnetic proximity effect [20,23,48,49] leads to the strong
coupling between energy and spin degrees of freedom [23].
The mechanism of converting pumped quasiparticle energy
to spin accumulation via elastic spin-relaxation processes is
demonstrated in Fig. 2 which shows nonequilibrium quasipar-
ticle states on the spin-split Bogoliubov branches E,(p) for
different momenta p. The spin quantization axis is determined
by the Zeeman field ko = hoz induced by the magnetic prox-
imity effect, when the static magnetization direction is my = z.

Energy current j, generates spin-neutral energy accu-
mulation W by nonequilibrium quasiparticle states shown
schematically by the filled circles in Fig. 2(a). The important
feature of this distribution is that both spin-up and spin-down
branches have the same number of occupied states. Due to the
spin splitting the spin-up and spin-down branches are filled up

(@) r 0

Ey Ly

Tl

A+ hy

A —hy

0 p—pr 0 p—pr

FIG. 2. Spin-split Bogoliubov spectrum in SC and its occupation
driven by magnons. (a) State with pure energy accumulation W
and no spin accumulation. Horizontal arrows represent elastic spin
scattering. (b) Elastically relaxed state. Elastic relaxation produces
spin accumulation p,, from energy accumulation W. The full/half-
filled/empty circles represent occupied/partially filled/unoccupied
states. The effect depends on the asymmetry between spin-resolved
density of states N;(e) and Ny(¢) and is therefore absent in the
normal state.

to different energy levels. The resulting population imbalance
can relax due to the elastic spin scattering process. As a
result, all spin-up and spin-down states with identical energies
become equally populated. As one can see from Fig. 2, in
this state the net spin accumulation is nonzero because of
the energy interval A — hy < E, < A + hy where only the
spin-down states exist [50].

The energy-to-spin conversion processes can be quantified
using kinetic equations together with the collision integrals
corresponding to the spin-orbit or spin-flip scattering. Intro-
ducing the distribution functions f;,, and densities of states
N,y in spin-up/down subbands, normalized to Ny + N, =1
in the normal state, we obtain [51] the spectral densities
for spin and energy accumulations f; = N;f; — N, f, and
fe =¢e(Nyfy + N, f)). The elastic spin-scattering collision
integral is given by Z; = (f; — ks fe)/T1, where T, is the
longitudinal spin relaxation time in the superconducting state
[23] and spin-energy coupling coefficient k() = (N4 —
N,)/[e(Ny 4+ N,)]. For weak spin splitting iy < A?, we can
estimate x5, ~ ho/(¢A), where A is the superconducting gap.

The spin-diffusion equation modified by the spin-energy
coupling is given by

_ fs(8) — Kgefe
Ty = — 7

Te =le—pn +Tfe, (2b)

(22)

where J;.(¢) and J.(¢) are the spectral densities of the
time-independent spin j;, = [ deJ;, and energy j, = [ deJ,
currents. The sources of these currents are determined by the
boundary conditions at the FI interface with dynamical mag-
netization fixing the values of interfacial currents 7, (x = 0)
(|8;m|?) and Jy.(x = 0) o z - (m x d,m). They are obtained
generalizing the theory of normal-state spin battery effect [5]
for the superconducting case [51]. In the limit of small SC film
thickness d the solution for spin accumulation s, = (f, - 2)
is g, = —d~' [de(T' 'k T, + Ti Js:). The first term has a
large prefactor ' ! and provides the possibility of spin signal
enhancement by the parameter «,,/(I"71) as compared to the
normal state, where only the second term contributes. The
detailed calculation [51] described below shows that both 7,
and 7, are not dramatically smaller than their normal state
magnitudes down to T & 0.37,. Thus pu,; is enhanced by the
factor ks, /(I'T7) at T/T. =~ 0.8-0.9.

In the limit of a short elastic mean-free path, the described
effects are quantified using the Keldysh-Usadel equation
[39,40]

—{839, 58} + 0.(Dgo 0. ) = [AL + T + 58] (3)

for the quasiclassical Green’s function (GF) g in 8x8 space
consisting of Keldysh, Nambu, and spin indices [23]. The dif-
fusion constant is D, the elastic spin relaxation is determined
by the spin-orbit scattering self-energy Y, = o - 6/(67s,)
[51], while I" describes the coupling to the normal reservoir
to model the inelastic relaxation [52].

The spin splitting and pumping induced by the electron
scattering at the FI interface x = 0 are modelled by the dy-
namical boundary conditions [40,53]

Dgo 0:8(x = 0) = iJg[T36m 78], “
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FIG. 3. (a) Quasiparticle excitation processes of the spin-split Bogoliubov spectrum. Vertical blue/red arrows are due to the absorption of
a magnon with spin £1. Horizontal arrows represent rapid spin relaxation. The filling of the circles shows the occupation of the states after
spin relaxation. The corresponding peaks are labeled as I-111 in the next panels. (b) Pumped spin accumulation (7,9 /h3 ). (T, £2), (¢) nonlocal
voltage (eT.o /h?2 Wp(S2, T), and (d) pumped energy accumulation W (7', 2)/W (T, 2), generated by the magnetization dynamics in the setup
of Fig. 1. The parameters used for (b)~(d) are T'/T,g = 1073, hy/T,o = 0.528, and 7,'/T.o = 1.19. For these parameters 7, ~ 0.9T,, where

T, is the critical field at iy = 7.;' = 0.

where we denote [ASB](t1, 1) = f dtA(t,, t)B(t, 1) —
B(t),t)A(t,t;) and similarly for the anticommutator
{X sY}. Here the interface is characterized by the effective
exchange coupling [54] Jy;. Within the minimal model
of the FI [53,55] it can also be expressed through the
spin-mixing angle [39,40]. The longitudinal spin-relaxation
time can be expressed in terms of the Green functions as
T, = 6%1;1\2 Tr[(g%)* — (8f)?], where g% and g* are the
singlet and triplet parts of g8 — @' = g 4 R4 [23].

We assume the time-dependent magnetization is m (1) =
mg(cos(L2t), sin($2t), 0) consisting of the left- and right-
hand parts m(t) = mq e’ (x — iy) +m_q 7% (x + iy)
with mq; = m_q , = mgq/2. In general, solving Egs. (3) and
(4) to the second order in time-dependent field we obtain the
stationary second-order correction to the Keldysh component
of the GF gX (e) mgz It consists of corrections to the spectral
function analogous to those induced by the electromagnetic ir-
radiation [56,57] and of the anomalous part [58—61] g* which
determines the stationary spin accumulation and thereby the
nonlocal voltage in Eq. (1). The calculation of g* and its rela-
tion to the observables W, u, and the distribution functions
ft» f is presented in Supplemental Material [51]. It provides
the general expression for the spin accumulation

Mz (82, T) = 1, (82, T)my omy, g, &)

where x;, is the second-order spin response function.

Here we consider a superconductor film with thickness
ds < Uy, & small compared to the spin relaxation and co-
herence lengths in the superconductor. Then Eqgs. (3) and (4)
can be reduced [51] to the coordinate-independent Usadel
equation with an effective Zeeman field h = Jygm/d so that
h() = Jsd/d and hQ = h()mQ.

The calculated dependencies of pumped spin accumula-
tion p,;, nonlocal voltage Vp, and energy W are shown in
Figs. 3(b)-3(d). One can see the clear correlation between
these three quantities resulting from the strong spin-energy
coupling in spin-split superconductors. The key feature of
s (2) and Vp(2) dependencies are the sharp peaks labeled
by I and II as well as the less pronounced peak labeled by III
corresponding to the different spin excitation processes shown
schematically on the energy level diagram Fig. 3(a).

The excitation processes I and II create nonequilibrium
quasiparticle states on the spin-down branch at the energy
interval A —hg < E, < A + hg, which corresponds to the
situation with spin-energy accumulation shown in Fig. 2.
Such states can relax only due to the slow energy relaxation
which determines the large amplitude of the peaks I and
IT in Figs. 3(b) and 3(c). The size of these peaks scale as
min(z;, A" /(7,T") as demonstrated by the series of plots
for different parameters [51]. The process III is more compli-
cated since it requires the existence of subgap spin-up states
at [A — hg, A + ho] energy interval which appear due to the
broadening of spin subbands by the spin relaxation. The equi-
libration of spin-up and spin-down populations shown by the
horizontal arrow leads to f; = f| but the spin accumulation
appears due to the DOS difference N| > N;.

Results in Figs. 3(b) and 3(c) predict sizable spin and
voltage signals even for low frequencies 2 < Ag. They
are especially pronounced near the peak II associated with
electron paramagnetic resonance frequency 2 & 2k usually
reached in FMR experiments with resonance frequencies
around several GHz. The excitation process II in Fig. 3(a)
polarizes existing quasiparticles and therefore disappears at
low temperatures 7' < 7. The processes I and III exist even
at T — 0 since they break Cooper pairs and create spin-
polarized quasiparticles out from the vacuum state. As a result
peaks I and IIT become exponentially diverging in the voltage
signal at low temperatures 7 < T, [not shown in Fig. 3(c)],
Vp o /T since the local conductance Gp o< e*/T in Eq. (1).

Because of energy conservation W (2) = a(Q)22m2 /T,
where «(€2) is the frequency-dependent increase of Gilbert
damping. The plot of the ratio W(Q,T)/W(RQ,T.) =
a(Q2, T)/a(L2, T.) shows the presence of the superconducting
gap since the damping is generally suppressed for Q2 < 2A,.
For temperatures somewhat below 7. there is a coherence peak
[37-40] at around Q2 ~ 2hy.

Next, we consider the spin accumulation driven by the
stochastic magnetization corresponding to the magnon ther-
mal field at temperature T, # T which can be controlled with
the help of electrical spin injection based on the spin Hall
effect [11,34]. For that we find pu,, by averaging Eq. (5) over
the fluctuations of magnetization. This can be done [51] by
replacing the product of classical field components with the
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FIG. 4. Magnon Seebeck coefficient S(7") in FI/SC/FM setup
calculated using (a) model energy relaxation (3) with I' = 10737,
or (b) quasiequilibrium model (7) with electron-phonon relaxation.
Red (blue) curves correspond to (kg - my) > (<)0. Blue curves in
(a) are multiplied by 20 for clarity. Solid and dashed lines are for
|h0| = O.STL‘(), 'L'il = l]Tto (Nb) and |h0| = 0.97}0, 'L'il = OIZTCU

50 50

(Al), respectively; Pp = 0.5, Pp - hy > 0.

nonequilibrium Keldysh magnon propagator m; om, _q —
v,8DX (), where v, is the volume per spin, and summing
over Q. In the stationary case §DX(Q) = DRA(Q)8f,,(R),
where DF4(Q) and f,, are the magnon density of states
and the distribution function [51]. For the thermally bi-
ased magnon state 6 f,,(2) = ng(2/T,) — np(2/T), where
np(2/T) = coth(2/2T). This approach generalizes the cal-
culation of the magnon-driven spin current [38,62,63] to that
of the magnon-driven spin accumulation.

For small magnon temperature bias this spin accumulation
s, x (T — T,,) and the detector voltage (1) can be expressed
through the linear Seebeck coefficient characterizing the con-
version of magnon temperature into the electric signal in
FI/SC/FM nonlocal circuit Vp = S(T — T,,)

GF n

o0
Vi, drnpd$2, (6)

where v;, the volume per unit spin in FI, determines the
number of magnon modes. For YIG [64], my =~ 1 eV A2
and [65] vy &= 500 A3. Figure 4 shows S(T") for parameters
qualitatively corresponding to the EuS/Al and YIG/Nb based
FI/SC bilayers that have been studied recently [34,49].

The spin signals are enhanced even more due to the energy
dependence of the inelastic scattering rate when the relaxation
is due to the electron-phonon coupling. This can be demon-
strated in the quasiequilibrium limit, assuming the rapid
internal thermalization process that allows us to parametrize
the distribution function by temperature 75 and the spin-
dependent chemical potential shift eV;. Then kinetic Eq. (2)
can be written as the following system describing energy, spin,
and charge currents at SC/FI and SC/FM interfaces

Ge»ph(TS - Tph) = Gme(Tm - TS)
VSveVs/T:a = Gm:(Tm - TS)
(Gr/GFn)Vp = PpVy + o (Ts — TF). (7N

Here G, is the electron-phonon thermal conductance,
o = ePp fOOO(N¢ — N} )ornpde is the thermoelectric coeffi-
cient at the SC/FM interface [20,21], Vg the superconductor

volume, v its density of states, and the energy-averaged spin
relaxation rate is t;' = [° de (3,n0)T,'N4N, /(Ny + N)).
The magnon-electron conductances for spin and heat, G,,; and
G, are expressed [51] through the linear spin susceptibil-
ity [40,66] and were previously studied in the normal state
[67,68]. Further we assume that the temperature of the phonon
heat bath is equal to that of the ferromagnetic metal electrode
Tr = T to obtain the electric Seebeck coefficient

o GFn (PDTsaGms atthe ) (8)
GF VSV Gme + Ge—ph ’

The second term is again due to the spin-energy mixing, and it
provides the dominating contribution in the superconducting
state. The Seebeck coefficient is plotted in Fig. 4(b) [69].
Compared to the full nonequilibrium case [Fig. 4(a)], we find
that due to the rapid decrease of the electron-phonon coupling
with decreasing temperature, the signal persists to lower tem-
peratures and is mainly limited by the Seebeck coefficient of
the SC/FM junction [21].

The large value of the Seebeck coefficient converting the
magnon temperature difference to an electrical voltage indi-
cates that this device can be used as an ultrasensitive detector
of propagating magnons [51], analogous to the thermoelec-
tric detector suggested in Refs. [70,71]. The detector can
have a very low noise equivalent power of the order of
NEP? ~ Gy, T?, limited by the weak thermal conductance
G = Gy + G,y from the superconductor to the relevant
heat baths. Similar to the other nanoscale superconducting
detectors [72—74], they will also have a very good energy reso-
lution AE = NEP, /7., provided that the thermal relaxation
time T is not too long. With suitable setting one can then
approach even the detection of single propagating magnons
with frequencies of a few tens of GHz.

To conclude we have shown how the electron-hole sym-
metry breaking present in SC/FI bilayers mixes the spin and
energy modes and leads to a giant enhancement of the spin
battery effect. This leads to the large magnon-driven Seebeck
effect which can be considered as a very sensitive detector of
magnons. We expect this effect also to explain the giant spin-
Hall signal measured in Ref. [34], but its precise description
would require appending the theory with the description of the
spin-Hall angle [75-77].

The mechanism of producing giant spin signals does not
necessarily require superconductors, but we expect similar
effects in any system exhibiting strong spin-resolved electron-
hole asymmetry, such as semimetals in the presence of large
exchange fields or magnetic topological insulators [78]. Such
systems allow for an electrical access to the energy dissipation
processes in ferromagnetic resonance or detailed studies of
the magnon spectra via the heat conductance G,,, between
electrons and magnons.
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I. SUPPLEMENTARY MATERIAL

Here we provide technical details of the formalism, ver-
ification of our approach by comparison with known re-
sults as well as the extended results of calculations for
wide range of parameters. In Sec. [A we describe the
general formalism of Keldysh-Usadel equation with the
dynamical boundary conditions at the S/FI interface. In
Sec. IB we show that our general formalism yields the
conventional expression for the spin current with pumped
and backflow terms. In Sec. I C we show that our formal-
ism in the normal superconducting state yields the usual
expression for static spin current and spin accumulation
(spin battery effect).

The generalization of kinetic equations to describe spin
accumulation in the superconducting spin sink are de-
rived in Sec. ID.

In Sec. TE we describe the perturbation theory ap-
proach to solving Keldysh-Usadel equation to the second
order of the driving Zeeman field to calculate the station-
ary spin accumulation. Here we present the extended cal-
culation results of spin and energy accumulation as well
as the non-local voltage driven by the magnetization dy-
namics for a wide range of parameters.

Beyond perturbation theory we have also developed
the numerically exact solution of the non-stationary
Keldysh-Usadel equation with the time-dependent Zee-
man field. The method is described in Sec. I'F.

Using the results for spin accumulation driven by the
deterministic magnetic signal we can treat the case of
stochastic magnetization dynamics driven by the field of
thermal magnons. The approach based on the calcula-
tion of electron-magnon collision integral is presented in
Sec. I G. We verify our approach by deriving the known
results for the magnon-driven spin and energy currents
in the normal state of FI/metal bilayer.

In Sec. TH We demonstrate that general relations be-
tween pumped spin and energy currents are valid in the
superconducting state.

Section II considers the FI/SC/FM system as a
magnon detector and estimates the corresponding figures
of merit.

A. General formalism

We describe the superconducting film using Keldysh-
Usadel equation [1] with a gradient term and without
external Zeeman field

- {7238t ?g} + axj = [A'f'l + F + 2Vlso ?g] (Sl)

Here ¢ is the quasiclassical Green’s function (GF) in the
8x8 space consisting of Keldysh, Nambu and spin in-
dices, D is the diffusion coefficient and I = D(§ o 0,4)
is the matrix current in the z-direction.[1] We assume
translation invariance in the y—z plane. For double-time
variables o is a convolution product

(AoB)(tl,tg):/th(tl,t)B(t,tg). (S2)

For single-time variables it reduces to a product

(ao B)(t1,t2) = a(t1)B(t1,t2),
(B O a)(thtg) = B(tl, tg)a(tg).

The commutator is [X $ Y] = X oY —Y o X, and the
time-derivative acts as

{730, 5 g} (t1,t2) = 730, G(t1,t2) + O, g(t1, t2)73.  (S4)

The value of the superconducting order parameter A
is determined from the self-consistency equation

(S3)

A Qp

“16 ). de Tr[#15% (¢)]. (S5)

We assume the weak-coupling limit, so that the coupling
constant A and the high-energy cutoff Q2p can be elim-
inated in favor of the transition temperature T, in the
absence of pair-breaking effects.[1] We do not include the
non-equilibrium correction to A, as it only gives a spec-
tral correction to the GF's and does not affect the second-
order perturbation theory results for the non-local volt-
age Vp or the energy accumulation W.

The coupling to the normal reservoir self-energy has
spectral components I'A = 4T'7; and the Keldysh
component I' = 2I'73ng with the equilibrium distri-
bution function in the Fourier representation ng(e) =
tanh(e/27"). The spectral components of this self-energy
yield the frequently used Dynes[2] parameter which de-
termines the smearing of the BCS density of states singu-
larity. In addition, this self-energy determines the relax-
ation of spin-independent non-equilibrium distribution
functions.



Elastic spin relaxation in the ladder approximation is
determined by the spin-orbit scattering self-energy [3]

Yo =6-G6/(6Ts). (S6)

The differential equation (S1) is supplemented by dy-
namical boundary conditions at x =0 describing the spin
splitting and pumping induced by the electron scattering
at the FI interface with time-dependent magnetization.
These boundary conditions are derived from the spin-
dependent scattering matrix at the FI/SC interface[4]

I(x:O):szd[é’mﬁ;?g] (S?)

The boundary condition determines the interfacial ma-
trix current.

B. Boundary condition for spin current

To demonstrate how the spin pumping arises in this
formalism, we now derive an expression for the energy-
integrated spin current generated at the interface. The
Fourier transform of the Keldysh part of the matrix cur-
rent is

jK(E7 8_9) = Z.‘]Sd/dw (mwg&{iw,sfﬁ_ggsfﬂ+wmw) ’
(S8)

—iw!  Fourier convention for

where 1, = [ diTsom(t)e
double-time functions is

f(€1,€2) = /dtldtgf(tl,t2)€_i81t1+i52t2. (89)

We extract the quasiclassical part of the energy-
integrated current by imposing an energy cutoff A sat-
isfying Ag, Teo, 2 < A < EF, so that

+A
%) = / del(e +9Q/2,e — Q/2) (S10)
—A
+A
—idu [ o [ de(rogS o e o
- g‘_f:»Q/ZefQ/Zermw)'
In terms of a matrix A(w) = fj//\\ dsgiw/zﬁw/z, the

current is

fK(Q) = iJsd </ dw(mw’flﬂ_w—ﬁgz_wﬁ’bw) — 4QO‘mQ> .
(S11)

The last term appears from energy shifts about the cutoff,
where gX__, ~ 2sgn(e)736(w) does not depend on the
state of the system.

Transforming to the time domain and extracting the
spin-dependent part, we find the boundary condition for
the spin current

Golz = 0) = 20,0 [s(t) x m(t)—3m()].  (S12)

Here the spin current and the quasiclassical part of the
spin accumulation are defined as

Gu(t) = 7% [ Yl T 15 (e, )], (S13)
p(t) = fé /_ " e Teomg® (e, 1), (S14)

respectively, with an implicit high-energy cutoff. Above,
the center-of-mass time-coordinate ¢ is the Fourier trans-
form of the frequency Q =1 —ey and € = (e1 +£2)/2 as
in Eq. (S9). In Eq. (S12), the latter term is the pumped
spin current and the former term is the back-flow current
due to spin accumulation. This expression corresponds
to the general one[5] with a purely imaginary spin-mixing
conductance associated with the interfacial exchange con-
stant [6] gty = —QiJsd/V.

C. Spin diffusion in the normal state

Consider a normal metal (N) in contact with FI with
time-dependent magnetization m(¢). In the normal
state Eq. (S1) is greatly simplified because we know the
spectral functions ¢4 = 4753 and they are not per-
turbed by the time-dependent boundary conditions (S7).
The Keldysh function is given by ¢% = 2r3 f where
f = fL + fé. The distribution functions f; and f
parametrize the energy and spin accumulations, respec-
tively. The spin accumulation is given by

pat) = [ def(t.e) (s15)
Js = DO, s (S16)

Spin diffusion equation in the normal metal, obtained
from the Keldysh part of Eq. (S1), is

02Js = Osprs + s /Ts, (S17)

where 7,1 is the spin relaxation rate in the normal state.
In the normal-state we can use the energy-integrated
Eq. (S12) as the boundary condition for the spin current
generated at the FI/N interface at @ = 0. The length
of the normal metal is d and the other interface is to
vacuum so that the current vanishes at © = d.

From the diffusion equation (S17), we find that the
spin accumulation at frequency w is determined by the
spin current at x = 0 at the same frequency,

cosh[k(x — d)]

Dgsinh(kd) (S18)

ps(r,w) = —js(z = 0,w)

and the boundary condition mixes the harmonics. Here
the wavevector is kK = /1 + iwTs/As with the spin diffu-
sion length Ay = \/D7s. We assume the FI magnetiza-
tion m has a circularly polarized alternating component
m (t) = Re[mq(x + iy)e™™], with m§, = mq. It drives



the alternating spin accumulation (S18) with frequency
w = £ and for static spin accumulation with w = 0.
The latter one determines the spin battery effect [5, 7]

As cosh(z — d) /]
Dsinh(d/X\s)

(ms)(z) = —(3s)(2=0) (519)
where (..) denotes the time averaging.

We assume the FI magnetization m has a static com-
ponent my = z and a circularly polarized alternating
component m | (t) = Re[mq(x+iy)e™™], with m§ = mq.
Solving Egs. (S12) and (S18), we find the linear response
spin accumulation at the interface,

ps(z = 0,Q) = xi(Q)ma(z +iy), (S20)

Q
xi(Q) = — 1 —i(Dr/2J.q) tanh(kd)’

(S21)

In time-domain, pu,(t) is real, so the negative frequency
is given by ps(z =0,—Q) = ps(x = 0,Q)*.

At the second order in m (t), the static spin current
at the interface is given by the boundary condition (S12)
as

(Js(z =0)) = Jsaps(z = 0,Q2)" x m(Q) + c.c.

= —2J54Im[y;(Q)md 2. (522)

In the low-frequency limit wr, < 1 we can put kK = A; !
so that combining Egs. (S21-522) we get the constant
spin current in the conventional form [5, 7]

v{js(x = 0)) = ReAlk (m x 9,m)
1 v vD 1

e T 24

AL T 2005 N, tanh(d/n,) (524)

(S23)

Here the first term is the inverse of pure imaginary spin-
mixing conductance of the FI interface —2iJsq/v while
the second term is the usual contribution from the spin
relaxation in the spin sink[5] with ¥ D /) is the dimen-
sional resistance of the normal metal layer of the thick-
ness Ag.

In the thin-film limit d < A¢q and beyond the small

frequency limit the susceptibility (S21) becomes
XI(Q) = QhQQ/(Q—Qho—i/TS), (825)

with the effective field hg = Jgq/d. Tt corresponds to the

Bloch equation
Orprs + 215 X b+ pug/Tsn = 20:h (S26)

with h = hgm. Here we have electron paramagnetic
resonance at € = 2hg.

D. Derivation of kinetic equations
The stationary non-equilibrium Keldysh function can
be presented in the form

i = n0(e) (98 — Ghn) + Gins (S27)

3

where g},?;LA are the corrections to the spectral func-
tion and gy, is the anomalous part which contains the
information about non-equilibrium quasiparticles. The
anomalous and spectral parts can be calculated sepa-
rately.

In general, the corrections to GF satisfy the relation
coming from the normalization condition

9095 + 9hn98 = —91 © 9h — 9h © i (S28)
where g;f/ A/ are the first-order corrections and g,}f,{ Ala

are the second-order corrections. To derive the simpli-
fied description in terms of the stationary kinetic equa-
tions one can use a parametrization in terms of the spin-
dependent distribution functions

g = (08 — a0 (frmo + frso). (S29)
This parametrization implies that §{tge, + 98,95 = 0
and therefore it is not exact. It neglects the contribution

gFo fa—fno g to the second-order correction to the

anomalous function, where fh is the first-order correction
to the distribution function. However this contribution
does not contain large parts determined by the inelastic
relaxation. Therefore by comparing the results given by
this parametrization (S29) with the general form of gf,
we find that they coincide with good accuracy for not
very small spin relaxation, that is when I'ry, < 1. All
numerical results in paper are obtained with general g,
as explained in Sec. IE With good accuracy we can thus
parametrize the stationary anomalous GF with the help
of the distribution functions.

Distribution functions satisfy stationary kinetic equa-
tions

azje +F5(NfL + szz) +Iph =0
8$L78 +Iso = 07

(S30)
(S31)

where the spin-relaxation collision integral is given by

Lo = TI‘(O'Z [Esovg]K)/4 = f;;leTS (832)

~—1

with spin relaxation time given by 7.

(1/6NTs0) Tr[(g54)? — (gF*4)?] with spin-singlet g%4 and

spin-triplet g/** parts of the difference g4 = gt — g4.
The spectral densities of currents are given by

Jsz = D130, fr + Dr.0: fr3
Je =e(Dr0xfr + Dr30x fr3)

with diffusion coefficients found in [8]. These kinetic
equations can be rewritten in terms of the spin-up and
spin-down distribution functions f;,, = fr £ fraz. Then
we obtain the spectral densities for spin and energy ac-
cumulations fs = NTfT _Nifi and fe = e(NTfT—i_Nifi)'
In this representation the spin-orbit scattering collision
integral (S35) is given by

(S33)
(S34)

Iso _ fs - K?sefe

e (S35)



where Tp = 730N+ N /N 2 is the longitudinal spin relax-
ation time and spin-energy coupling is quantified by the
coefficient

_1M-N

7€N¢+N¢. (836)

Kse(€)

Note that kse(g) # 0 requires the description of the
static magnetic proximity effect, i.e., the generation of
the spin splitting hg in the superconductor. The spin-
diffusion equation modified by the spin-energy coupling
is given by

_ fs - h:sefe
azjsz - 7-1

aacje = le—ph + Ffea

(S37a)
(S37b)

where Js.(¢) and J.(g) are the spectral densities of the

time-independent spin and energy currents. The sources
in Egs. (S37a-S37b) are determined by the boundary
conditions for these currents at the FI/SC interface, gen-
erated by the magnetization dynamics. We obtain it from
the general boundary conditions (S106-S107) by leaving
only the anomalous part of the sources

1Jsq

T (e) = Tr(o.[om7s $ gnl*)(e) (S38)
T (e) = i‘fTsdgTr([omfg © 3u])(e). ($39)

The anomalous part of the boundary conditions can
be calculated by subtracting the spectral part, i.e., the
part independent of the nonequilibrium state of the sys-
tem, from the full Keldysh component of the currents.
We assume the magnetization dynamics given by m(t) =
moz + m (t) with rotating time-dependent component
given by m | (t) = mq(cos(2t),sin(2t),0). It can be rep-
resented as the sum of left-hand and right-hand compo-
nents with the same amplitudes m (t) = mmeim(m -
iy) + m,Q,Te_im(w + 1y) where mg; = m_q, = mq/2.
This signal can be induced in the standard ferromagnetic
resonance setup. The frequency ) can be tuned by the
external magnetic field.

The spectral part of the boundary conditions reads

i A ~ 18

ZTI‘(TgO'Z [om S gnF)(e) = myom, _qno(e)x  (S40)
XFA (e - Q,e) — X[ (e,e — Q)-

Xi e+ Q) + X (e e + Q)]

With that we obtain the anomalous part

TTr(Fao-fom ¢ gul*)(e) = (s41)
mial (e = 2.) = x4 (e - Q,eno(e)
—my-alxf (6,6 = Q) = x{ (6,6 — Qo ()] +
my—alf (e +9,0) = X[ (e + 2, )na(e)]
—mualx; (g6 + Q) — X (e, e + Qno(e))]

Substituting these expressions to (S38,539) we get the
spectral densities of the anomalous parts of spin and en-
ergy currents. The examples of gl )(57T ), T (e,T)
functions at a given frequency of the driving magnetiza-
tion are shown in Fig. 1.
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FIG. 1. Spectral densities of interfacial currents generated

by the magnetization dynamics. (Left column): Energy cur-
rent Je(e,T). (Right column): Spin current Js.(g,7). The
energy-like quantities ho, 75 *,Q are given in terms of Tyo.

E. Numerical perturbation calculations in the thin
film limit

In this section we develop the perturbation theory
which allows for calculating the corrections to spectral
and anomalous parts of the GF in FI/SC system to the
second order of the time-dependent magnetization. This
calculation yields the boundary conditions for spin and
energy currents which are the sources for kinetic equa-
tions discussed in Sec. I D. Besides that here we consider
a general form of the anomalous function and hence can
go beyond the approximation used for deriving the ki-
netic equations. This allows to study the limit of vanish-
ing spin relaxation.

Integrating Eq. (S1) by thickness using boundary con-
ditions (S7) we get the time-dependent Eilenberger equa-
tion

— {730, 9 G} = [Ghs + A + T+ 55909 (S42)
where 6y, Tk, k = 0,1,2,3 are Pauli matrices. The effec-
tive Zeeman field is h = (Jsq/d)m. In the presence of
both the non-zero spin-splitting field A and spin relax-
ation we can solve Eq. (S42) only numerically. Let us



write the iteration scheme for Eq. (S42) considering the
time-dependent Zeeman field h(t) as a perturbation.

— {730, 3 g} = iloTs S gl + [hoo.m3 + AT + T + X5 9 g].

(S43)

Zeroth order solution is found in the form go(t1,t2) =

Go(e)e1=t2) - with the Keldysh component g{<(e) =

g%4ng(e). The spectral components satisfy the station-
ary equilibrium Eilenberger equation

[(hoos + € £ i0) 75 + ATy + Do, 9o ] = 0 (S44)

The first-order perturbation solutions
gn(12)eertimie2t2 and gp, (21)efe2t1 ~€1t2 where g1 = g9+
are determined by

[(ie1 + Te, )3 4+ A + So(1)]gn(12)—

gn(12)[13(ieg + Te,) + A + S (2)]+ (S45)
Yn(12)g0(2) — go(1)Xn(12) =

i[go(L)hqoms — hqoTsgo(2)]

[(ie2 + Te,)7s + A + o(2)]gn (21)—
gn(21)[r3(ier +Tc,) + A+ So(1)]+ (846)

Yn(21)go(1) — go(2)2n(21) =
i[go(Q)h,QU'Tg — h,QO'ngo(].)].
Here we also denote A = hgo,73 + ATy

The second order perturbation yields the stationary
correction from gy, (¢)e?(t1—%2)

[(ie + )73 + A + o, gnn) + [Enns 9] =
i[gn(12)h_qom3 — h_qoT3gn(31)]+
t[gn(13)hqoTs — haoTsgn(21)]—
[2,(12)gn(21) — gn(13)2,(31)+

]

Sr(13)gn(31) — gn(12)24(21)]. (547)

Here the spin-orbit terms are
$,12) = 031 (12) 67 (s48)
E() = O‘god'/67'so. (849)

The linear spin response is diagonal in the circu-
lar basis. Provided that there are components h; o,
hr_q we can write ps(Q) = xihio(x + iy)/ho and
ps(=Q) = xphe—q(x — ty)/ho. For left-hand field,
ho = (1,1,0)h;o/2, the first-order (imaginary-time)
Green function solution reads

73 — 9+ (1)739-(2)
R0 ;3,(2) e (S50)

3Tso

gh(12) = Z’hl7QU+ s

Here go(e) = H%ng(g) 4 1*%97(5)7 and gi = (wirs +
Aj:Tl)/S:I:’ w4 = 725ilh0+ 3_::%;’ A:t — A+ 372%;7

s+ = y/w} + A%Z. The algebraic equations for wy, Ay

need to be solved numerically. The R, A components are
obtained via gf’A(IQ) = gp(18%A4 28:4) where ¥4 =
e £ ¢I". The spin susceptibility is conveniently obtained
via the analytic continuation,

K _ R oR &2 A oA 1
X1 (1:2) 7Xl(1 )2 )tanh 2T Xl(l )2 )tanh oT
€ €
+ (17, 24) [tanh ﬁ — tanh ﬁ] , (Sh1)
where y;(12) = 8,};00 tr730_gp,(12). The calculation for

x has been previously discussed in Refs. 9 and 10.

Now let us consider the equation for the rectified spin
polarization ps, x z - (mgq X m_gq) which is given by the
second-order non-linear spin response of the supercon-
ductor. We search for the correction to Keldysh function
in the form

9 = n0(e)(Gh% — Ghn) + diin (S52)
where Q}};’l‘q are the corrections to the spectral func-
tion and gy, is the anomalous part which contains the
information about non-equilibrium quasiparticles. The
anomalous and spectral parts can be calculated sepa-
rately from Eq. (S47). We are interested in the anoma-
lous part since it determines the non-equilibrium spin ac-
cumulation and thereby the non-local voltage in Eq. (1)of
the main text

po—— [ T deT [abgln(@)/8 (953)
W [ deTig ) ($54)

Using the scheme described above we calculate
sz (2, T), W(Q,T) and V(Q,T) in the wide range of
parameters. The series of calculation results for varying
ho and 7, are shown in Figs. 2, 3.

F. Numerical higher-order calculation in thin-film
limit

Numerical calculations can be also performed beyond
low-order perturbation theory. The Usadel equation in
the thin-film limit can be written as

[Q(g)’g} :0792 =1,

where Q = 9;6(t — ') + X where X is the operator on
the r.h.s. of Eq. (S42). This is formally solved by

(S55)

g9 = sen((g)), (S56)
where sgn is the sign function, defined as the analytic
continuation sgnz = sgnRez of sgn from real axis to
complex plane, so it extends to an operator-valued func-
tion. For finite matrices, it can be defined via the
eigenvalue decomposition X = Vdiag(\,...,\,)V ! as
sgn(X) = Vdiag(sgnRe \q, ..., sgnRe A, )V L.
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FIG. 2. (1st column): Pumped energy of the electronic system W (T, Q)/W (T, ). (2nd column): Pumped spin accumulation
(Teo/hd)p-(T,€). (3rd column): Non-local voltage generated by the pumped spin accumulation (eTwo/hd)V (2, T). (4th
column): Magnon-induced spin accumulation.. (5th column): nonlocal Seebeck coefficient in the FI/SC/FM bilayer. Parameters
are ho/T.o = 0.88, energy relaxation rate I'/Tyo = 1073, We consider circular polarization h; q,hr—o # 0. Scan over Q, T,
different values of spin relaxation.

To deal with the time convolutions, for periodic forces Floquet Ansatz,
h(t) = h(t + 27Q71), we can make a Green function

® dwdw' .
g(t,t') = / %6_“"”“ glw,w'), (S57)
— 00

g(w, ) = Zgoyk(w)%ré(w —w +kQ), (S58)
k

Imn(W) = gon—m(w +mQ). (S59)
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FIG. 3.

(Ist column): Pumped energy of electronic system W (T,Q)/W(T¢,€). (2nd column): Pumped spin accumulation

(Teo/hE) = (T, Q). (3rd column): Non-local voltage generated by pumped spin accumulation (eT.o/h3)V (Q,T). (4th col-
umn): Magnon-induced spin accumulation. (5th column): nonlocal Seebeck coefficient in FI/SC/FM bilayer. Parameters are
(TsoTe0) ™" = 1.19, energy relaxation rate I'/T.o = 1073, We consider circular polarization hiq,h.—q # 0. Scan over Q, T,

different values of Zeeman splitting.

One can now check that (A4 o B)pyalw) =
Yk Am (W) B (w). Moreover,  (€)m,n(E) =
(E 4 nw)bmn, and (h)p . (B) = [dte {m=mp(t).
We take

h = hoZ + Relhac .€*")2 + Relhae "7,

(S60)
1
hm,n(E) = h025m,n + ig(hac,zém,n-i—l —+ h:;.c,z(;m,n—l)
(S61)
1 .
+ yg(hac,yémmﬂ + Ry Omn—1) -

Hence, Q — (). (E), and Eq. (S56) becomes a matrix
equation. The matrix size is infinite, but when the time-

dependent perturbations are not too large, when solv-
ing for go,0(E) we can limit the equations to g, (E),
|m|,|n| < N for some cutoff N. Second-order perturba-
tion theory corresponds to N = 1. The iteration (S56) is
reasonably convergent, and can be solved numerically in
a straightforward way also for large N. However, if 7,
is small, Newton method is preferable.

The results are compared with the perturbation cal-
culation of the previous section in Fig. 4. For the small
excitation amplitude chosen here, results coincide.
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G. Spin pumping by the stochastic field of
magnons

Here we show how to derive the electron-magnon col-
lision integral in the case of a spin-split superconductor.
The approach is relatively standard [11, 12], but the de-
tails related with superconductivity are new. We present
it here for the convenience of the reader.

We can quantize time-dependent components of mag-
netization by introducing the bosonic creation and anni-
hilation operators

1 e
Hefm = \/7570 pz}; @nﬁalmaﬁ (862)
m = (bo4 +bT6_)7s, (S63)

where Sy is the value of the localized spin, the matrix
O, describes spin-dependent scattering at the surface
and 13, bt are the magnon field operators at the interface.
They are expressed through the operators of the magnon
modes in the usual way b(r) = >, j%bk, where Npy
is the number of sites in the FI.

To calculate the matrix current driven by the electron-
magnon interaction (S62) we calculate the corresponding
electron-magnon collision integral. We work in the inter-
action representation with respect to He,,, so that the
Heisenberg equations are

Oyt = i[Howrm, i) = —i0, y1nay  (S64)
Opal = i[Hep,al] = i@)p,paTm (S65)

The contour-ordered GF is defined as

G(t1,ta,p,p) = (TeSay(tr)al, (t2)) (S66)
S = T exp(—i / Ho ) (S67)

The e-m collision integral J (t1,12) is given by
j(tl, tz) = 8t1 G(tl, tg) + 6,52@(151, tg) (868)

Using equations of motion (S64,565) and expanding
the S-matrix S~ 1—i [ He_,(t)dt we get
— 0, G(t1,12) =

(T / G o (D)1 (1) Ot (1)} (12)) =
(7. / dta
ST / b, (£)64 Oy, (15— Oy (t2)al(£2)b(E) (1)) +
Sy M. / dtal ( ap, (154

/dtz(tla taﬁ/7ﬁl)G(t: t27p17p)'

c

(S69)

1h(t)Odp, (t)(t1)Ody ()a(t2)) =

ap (t1)ah(t2)bF (£)b(t)) =

Here the self-energy is
SoX(ty,t) = (S70)
6_0G(t1,t)06 . DV (t,t)) + 6, 0G(t1,t)06_D"(t,1,)

where the left- and right-hand polarized magnon propa-
gators are

DW (¢t
DW(t, ) =

(S71)
(S72)

Differentiating with respect to the second time variable
gives

Dy, G(t1,t2)

T/dta

ST [ dtin(t)al, (05O (0 12)5-

=(T. / dtHo_p (t)ap(t1)al (t2)Om(tz)) =

101 (t)Oip, (1)p(t1)a} (t2)Omia(t2)) =

Ob(t)bf (t2))+

HT / bty (), ()6 O, (£)ity (2)O8 4 B(1)D (£2)) =

/dtG(t17 t7p7p1)2(ta t27ﬁlap)'

c

Thus the matrix double-time current which can be con-
sidered as the electron-magnon collision integral (CI) is
given by
GoX—Yod.

J(ty,ts) = (S73)



The self-energy can be represented as the sum of the parts
associated with right- and left-hand polarized magnons
¥ =30 450,

Switching to the Keldysh contour, we express the con-
volution product as matrix components coupling different
segments of the contour, i.e.,

SOZYB = 6,0[G1 DY + G12DS; 166 (S74)
Soxl) = 6,0[G22DY) + G2y D{Y))O6_ (S75)
So2y) = 6.0[G1,DS) + G D166 (ST76)
SouS) = 6, 0[Go1 D) + G DS1O6_.  (ST7)
and
Sox) = 5_6[G1, DY) + G1,DY166, (S78)
So%Y) = & O[Gaa DY) + Goy D166, (S879)
Soxly) = 6_0[G4 Dgg + G DY)66, (S80)
So2y) = 6_6[G21 D} + G22DS)106 . (S81)

Next we use the RAK representation [12] G — HGH
which yields

SoxE =6, 06|DEGK + DEGM66_ /2 (S82)
SoxA = 6,06[DAGK + DKGA](S)&, /2 (S83)
SoxK = 5,0[DEGK + (DF — DM (GF — GM))66_ /2

(S84)
Soxf = 6_6[DIGK + DEGR66, /2 (S85)
Soxft = 6_O[DAGK + DK G“]®a+/2 (S86)
Soxf = 6_O[DEGK + (DF — DM(GE — G106, /2

(S87)

The left- and right- handed magnon propagators are

DfT/A/K => DfT/A/K(Q,wk) where
DY (Qw) = DA (Q, —wy) (S88)
Dr/z (Df/l - Df/z)”B(Q/Tm): (589)
where
1
DE DA —_— S90
= (D) = Qri0) —on (590)

The dc part of the collision integral (S73) is given by
the sum of two terms corresponding to the left- and right-
handed magnons JX = J; + J, where e.g.

SoJ, = (66, éé& G}K(12)>D£<+ (S91)
510GX (1)6-0G" (2)D]

6,061 (1)6_6G (z)DRA

GK(1)6,.6GK (2)6_ODF—

GR(1)6,.6G1 A (2)6_6DEA
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where the angular brackets (..) denote the average by
momentum and disorder.

Since only the first term in Eq. (S91) depends on the
distribution of magnons and the collision integral is zero

in equilibrium we can write it as .J (e,Q) = Jy 4 J; where
Sodr(g,9Q) = Xn(e, 0)SDE(Q) (S92)
Sodi(,Q) = X (e, Q)6DE(Q). (S93)

Here we denote the response functions
(e, Q) = ([06,.GOs_, 6] (12)) (594)
Xir(e,Q) = ([06_GO6,., G (12)), (S95)
where G(1) = G(e), G(2) = G(e + Q) and 6Df,

are the non-equilibrium parts of magnon Keldysh func-
tions. In the stationary case they can be parametrized
by the magnon distribution function 5D£</l(ﬂ) =
Df'/‘?( )0 fm (). If the non-equilibrium is determined
by the temperature difference between superconductor
and magnon subsystem, the distribution function reads
0 fm (£2) = coth(2/21},) — coth(€2/2T"). For small damp-
ing o < wy, we can write D4 = 225(wk —Q) We can sum
by the magnon states to replace DT 7 with the density of
states for magnons as

1
TZDﬁA(wk) ~
FI L

15D (Q)(1 + Step(£2)) /2

(S96)

where my; is the magnon mass and Step(x) is a step
function, vs = Vrr/Npy is the volume per spin, D,, () =
m%2|9|1/ 2 is the magnon density of states. To avoid
extra parameters in the model, we have set the magnon
gap to vanish, but it can be easily added if needed.

Using the symmetry relation D¥(Q) = DE(—Q) we
can write the total current

—-Q)]6D (),
(S97)

J(e) = v, / Y A, D) + e,

—00

where vs = Vp;/SoNpr is the volume per spin in FL

The correlators in Egs. (S92-S93) can be determined
by calculating the matrix currents generated by the clas-
sical time-dependent exchange field

jrCl(QaE) = [)A(Tl
jol(ny) =[x

(Q,8) + Xir (=9, 8)lmr.omi, —q
#(,8) + X (—Q, e)lm.amy, —q

(S98)
(S99)

where m,. ;.o = (Mg, & imy o) are the right-hand and
left-hand polarized components. The expressions for J f} .
can be found using the quasiclassical equations. Then,
to get the magnon-driven current we can replace the
classical field amplitudes by the magnon propagators
myomi,—o — vs0DE /Q and myom,. —q — vs6DE /Q.



Using this general matrix current we can calculate
. . o0 .
spin and energy currents as j. = Vfioo Jede and js, =

v ffooo Js.de where the spectral densities are

i) = %Tr[ai'gj(e)] (S100)
To(e) = STxlsJ (e)] (S101)

4

As shown in the next section, these currents can be in
general expressed through the linear spin susceptibility

Jsz = VJsd / Im(x;)dDFdQ (S102)
Jo = vJsa / QIm(y;)6DFdQ (S103)

In the normal state and low-frequency regime we have
seen in Sec. [ C that vJglmy; = QReAZé. Then taking
into account (S96)
jsz = REAIé/ Im(Xl)Dm(Q)Q[nB(Tm) —nB (T)]dQ
0
(S104)
jo = Realt [ 1) D (@) s (T) — n(T)]a
0
(S105)

coincides with that derived in [13, 14]. In the normal
state the expression coincides with that derived in [13,
14].

H. Spin-energy pumping: general relations

For coherent magnetization precession at frequency 2,
boundary conditions for dc spin and energy currents are

Ts(e) = %Tr(o’[o‘mﬁg 2 gn]%) (e) (S106)
T(€) = et (omis s )F) ) (S107)
The currents can be written as
Ts=(€) = (Jsa/2)miom, —q X (S108)
{(xF (e —Qe) = xi*(,e — Q) —
i (e +9Q,6) =X (e,e + QD)
Je(€) = (eJsa)mu,omy,—a X (S5109)

{06 (e = Qe) = xi* (.6 = D+
i (e +Q.8) =X (e, + Q). }

where we introduce the linear response functions for the
Keldysh GF

iTr[ﬁ,f'g,gK(e —Q,8)] = mr_axX(e — Q) (S110)

%Tr[@_%ggK(e +Q.8)] =moxK(e +Qe),  (S111)
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and where 64 = (6, £1i6y)/2.

The total energy and spin currents are defined as j, =
[ Jede and js. = [ Js.de, respectively. They can be
written as

Joz = vJsalXr (=) — x1(Q)]Jmy omy —q, (S112)

Je = vJsaQxr (=) — x1(Q)]my.am, _q, (S113)
where we introduce

w@ = [ dedee-o), (s

@)= [ a0, s

The total spin and energy currents satisfy the relation

Je = QJsz (S116)

Using the relation x,(—) = x;(€2) we obtain for the
currents
(S117)
(S118)

Jsz = 2Jsq Imx; (Q)my.omy. —q,

je = 2Jsq Q Imxl(Q)ml,Qm'r,—Q-
Let us establish the connection between spin current and
the Gilbert damping coefficient. From the boundary con-

dition (S12), the linearized spin current can be written
as

Js1(Q) = 20Jq[x1(2) — x(0) + Q)my @,

where x(0) is the nonlinear static spin susceptibility.
Spin current can also be parametrized in terms of the
damping-like and field-like components as

i) = —a(m x 9ym) — (0Q2/Q)0ym,

(S119)

(S120)

where « is the Gilbert damping coefficient and 02 is the
FMR frequency shift. Comparing the two expressions for
the current, the coefficients in (S120) can expressed as

_ Re(jsl)
o =
leyg

Im(xq)
Q b

= 2] (S121)

Im( 7
00 = # = 2Jsqa {Re[x1(2) — x(0)] + Q}. (S122)
1,0
The last term in the frequency shift drops out when com-
paring difference in the frequency shift between the su-
perconducting state and the normal state. We find that
the energy current can be in general written as

je = QQQ(Q)ml’er,_Q. (8123)

As shown in Sec. IG the magnon-driven currents
are obtained by replacing the classical field amplitudes
by magnon propagators m,om;_q — vs6DE and
mp My —Q — Us5DlK

Jor = W / T ()3 D dQ (S124)
Je = 2wJyy / Q Im(x;)0 D d (S125)



For thermal magnons with small temperature bias we
can write j,. /e = Guus/medT’, with thermal spin and heat
conductances defined as

Goms = QVSV}ZoUSm%2 Ql/zIm(Xl)aTanQ (S126)
0

Ge = QVSVhovsm%Z QB/2Im(Xl)8TanQ,
0
(S127)

where v is the density of states and Vg the volume.

I. Superconductor as an ultrasensitive magnon
detector

The giant magnon-induced voltage signal in the super-
conductor can be used to realize a bolometric or calori-
metric magnon detector and an optimized device could
reach single-magnon sensitivity down to tens of GHz of
magnon frequencies. Assuming unit quantum efficiency,
i.e., that the main damping mechanism of magnetization
dynamics in the junction is provided by the coupling to
the quasiparticles in the superconductor, we can then
proceed analogously to the description of the thermo-
electric read-out of the dissipated spin signal as in the
case of thermoelectric detection of electromagnetic radi-
ation, presented in Refs. 15 and 16. In particular, the

11

noise equivalent power NEP can be made of the order of
the thermal fluctuation noise due to the heat contacts to
the phonons and magnons. The optimum regime is one
where the heat conductances Gy, to both are of the same
order of magnitude, in which case the thermal fluctuation
noise is given by [15]

NEPipy = kpT?Guo(1+ /1 + ZT,)?/ZT;,  (S128)
where ZT; is the intrinsic thermoelectric figure of merit
of the junction. For low temperatures and not too large
spin polarization P of the superconductor-ferromagnet
contact, it is ZT; = P?/(1 — P?) [17]. On the other
hand, the energy resolution in a calorimetric detection is
given by|[16]

AE = NEP\/Tes, (S129)
where Teg & T¢n, the thermal relaxation time in the super-
conductor. For an Al detector at kT ~ 0.2A, with a su-
perconductor volume of 107 m~3, we would then obtain
NEP ~ 10~' W/y/Hz and energy resolution enough for
single-magnon detection accuracy for magnons with fre-
quency above 200 GHz. On the other hand, with 100
times smaller detector sizes, still within reach of regular
sample preparation techniques, the figures of merit could
be 10 times smaller, and hence a single-magnon regime
could be reached with magnon frequencies above 20 GHz.
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A conventional superconductor sandwiched between two ferromagnets can maintain coherent equi-
librium spin current. This spin supercurrent results from the rotation of odd-frequency spin corre-
lations induced in the superconductor by the magnetic proximity effect. In the absence of intrinsic
magnetization, the superconductor cannot maintain multiple rotations of the triplet component but
instead provides a Josephson type weak link for the spin supercurrent. We determine the analogue
of the current-phase relation in various circumstances and show how it can be accessed in experi-
ments on dynamic magnetization. In particular, concentrating on the magnetic hysteresis and the
ferromagnetic resonance response, we show how the spin supercurrent affects the nonequilibrium
dynamics of magnetization which depends on a competition between spin supercurrent mediated
static exchange contribution and a dynamic spin pumping contribution. Depending on the outcome
of this competition, a mode crossing in the system can either be an avoided crossing or mode locking.

Superconductivity is characterized by a U(1) symme-
try breaking complex order parameter and the dissipa-
tionless supercurrent proportional to its phase gradient.
In the context of spin transport, analogous spin super-
fluidity has been discussed in various scenarios [1]. Re-
cent work on coherent spin transport in multilayers con-
taining ferromagnetic (F) and superconducting (SC) el-
ements has opened the question of dissipationless spin
transport in superconductors [2-4]. While there are no-
tions of dissipationless or conserved spin currents in such
systems [5, 6], it has remained unclear in which sense
such spin currents can be observed in experiments on
dynamical magnetization. Here we clarify the situation
by showing how spin supercurrents (SS) naturally arise
in ferromagnetic resonance (FMR) experiments involving
two or more magnets, how it is linked to the gradient of
the direction of the triplet order parameter, and how it
mediates magnetic interactions.

What distinguishes the superconducting currents from
normal persistent ones [7-9] is their robustness against
disorder and interactions and the large length scales on
which they occur. In F/SC systems SS depends on the
magnetic proximity effect and its range is set by the co-
herence length of the SC.

Here we study SS in possibly the simplest supercon-
ducting system in which it can exist, namely a SC sand-
wiched between two ferromagnetic insulators (FI) with
noncollinear magnetizations (Fig. 1). This system was
considered already in the 1960s by de Gennes who showed
that the SC mediates an antiferromagnetic interaction
between the magnetic moments of the two FIs [10]. We
demonstrate that this interaction can also be interpreted
as an equilibrium spin current, and generalize it for a

a)

FI SC

1121(£) | e D el

spin supercurrent

Q N0 % %)

triplet condensate f;
\

—d/2 0 d/2

FIG. 1. a) Spin supercurrent through a superconductor with
thickness d. mi(t) and mo(t) are the instantaneous magne-
tization directions of the FIs, and the direction and radius
of the ‘clocks® illustrate the spin direction and magnitude
of the SC triplet condensate f:. b) Sketch of an FMR ex-
periment. The sample is mounted on a coplanar waveguide
(CPW). The static field H is applied in the film plane. The
additional heavy metal (HM) layer can be used to tune the
Gilbert damping of the other FI.

SC with a finite length and finite spin scattering. We
consider the magnetization dynamics of two FIs coupled
by spin pumping and SS, and show that spin supercur-
rents can lead to decreased or increased damping of the
FMR modes of the trilayer, as compared to unhybridized
modes in the normal (N) state.

We first illustrate the concept of SS with a scheme
based on the linearized Usadel equation. Consider a SC
of length d coupled with two non-collinear FIs, with mag-
netizations on y-z plane pointing in directions m; and
my forming an angle ¢. The effective exchange field at
the SC/FT interface leads to a partial conversion of the
conventional singlet superconducting condensate into a
triplet component [11, 12]. Thus, near 7., the Matsub-
ara Green’s function (GF) for frequency w,, > 0 has the
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FIG. 2. a) Spin supercurrent as a function of

SC thickness with fixed h, <« Ay normalized by
jo = hihssinglimg_o [x(x1,22)d] €. b) Spin current—
magnetization angle relation for d = & with no spin scat-
tering. Dashed lines indicate SC/N state hysteresis.

general form

G=T13+ (fs + fr-o)71, (1)

where f, and f; are the singlet and triplet condensate
functions, respectively.[13] We assume translational in-
variance on the y-z plane. The spin supercurrent in z-
direction can then be expressed as [14]

J8=7T Y NoDfi x 0. f,

g (2)
=T Y NoD|fil* 0.2,

W >0

where @ is the angle of f; relative to the z-axis and Ny
is the density of states at the Fermi level in the normal
state. The SS arises from the coherent rotation of the
triplet Cooper pairs. The vector structure of j, indicates
its spin direction, and the subscript refers to the spatial
direction.

The triplet condensate is determined by the Usadel
equation and its boundary condition (BC)

DV? + = 2w ft, (3&)
Dn- Vft‘x:xn = ZiGnmnfsa (3b)

where D is the diffusion constant, m is the interface
normal from FI to SC, and z12 = Fd/2. The inter-
face parameters G,,, which are related to the imaginary
spin mixing conductances of the interfaces by Im G+ =
G, Ny, determine the coupling between the singlet and
triplet Cooper pairs [15, 16]. To first order in G,,, the
singlet retains its bulk value fs = A/w,,. The triplet
condensate leads to a spin density [17, 18]

S(x) = 2iNorT Y fofil)

wm >0

= Z X(CE7 xn)Gnmn

n=1,2

On the second line, we define the nonlocal spin suscepti-
bility x(z,z’).
Substituting Eq. (3b) into Eq. (2), we find the SS

Jog = G1Gax (w1, x2) sin ¢. (5)

In analogy to SNS-junction, the FSF trilayer can be con-
sidered a spin Josephson junction [19, 20]. The middle
layer is weak in the sense that it cannot support multiple
phase windings, since there is no energy penalty for the
vanishing condensate function. In order to have strong
SS with a total phase winding larger than 7 would re-
quire the condensate to be restricted to U(1) symmetry,
as happens e.g. in easy-plane ferromagnets|1, 21]. Figure
2b shows the current-angle relation, which deviates from
sine function at high 7" and at strong coupling.

As an equilibrium current, j$¢ is conserved through
the SC.[22] Figure 2a shows its magnitude as a function
of d. In the thin-film limit d < &y, where £, is the SC
coherence length, each interface induces a homogeneous
exchange field with amplitude h,, = G,,/d.[23] The to-
tal exchange field is h = hymy + homeo is limited by
the Chandrasekhar-Clogston critical value h. = Ag/ V2.
With fixed h,, the SS is proportional to d. When d — oo,
the supercurrent vanishes as exp(—d/&p). This exponen-
tial factor measures the overlap between the two proxim-
ity fields. Maximal SS is obtained when the maximum
volume of SC is proximitized by both FIs at d ~ &.

At arbitrary temperatures and with finite spin-
orbital /spin-flip scattering times 7., /s, we determine the
SC spin accumulation in the dirty limit from the full Us-
adel equation [24], using the spin-mixing BC [15, 25]

Dn-goVg|,_, =iGu[m, o1354d], (6)

where ¢ are the 8 x 8 quasiclassical Green’s functions
in Keldysh-Nambu-Spin space and o-products are time-
convolutions. The above BC gives Eq. (3b) as a special
case. In the BC we take into account only the effective
exchange field, [15] and neglect terms associated with
interfacial spin relaxation and decoherence. [26-28]

By taking the trace over spin of (6), and integrating
over the energy, the spin current through the nth inter-
face is [29]

Jen(t) = Gn [S(t, xn) X my(t) — Nomny,(t)],  (7)

where S contains both the equilibrium spin density cf.
Eq. (4) and the non-equilibrium spin accumulation. We
assume that d > A\p, where \p is Fermi wavelength, and
neglect the short range Pauli paramagnetic contribution.
The r, term is the spin pumping contribution, and S x
m,, gives the equilibrium SS and the back-action due
to non-equilibrium spin accumulation induced by spin
pumping. [30] According to Eq. (7) there is a finite SS
if the equilibrium S and the magnetization of the FI are
not collinear.
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FIG. 3. Hysteresis loops for two coupled ferromagnets. a)
Weak SC exchange interaction dNoA3/K% = 1. For T =0
the system is always in the SC state. b) Strong exchange
interaction dNoAg/KX = 15. For T/T. = 0.6 the system
is in the N state in P configuration, but in the SC state for
AP configuration. For both panels, M; = 2Ms, h,, = 0.340,

Ts;}sf = 0. External field is at 2° angle to the anisotropy axis.

We introduce a Stoner-Wohlfarth [31] type free energy
(per interface area) to describe the effect of SS on the
magnetic configuration of the FI/SC/FI trilayer

F(my,mo) = Z {_ poM,-H — K} (m,, - 2)°
n=1,2

+K§(mnw)2:| +Fsc(m1'm27A)7 (8)

where |M,,| = M,, is the FI magnetic moment per inter-
face area. The free energy includes the Zeeman energy
from external magnetic field H, the SC free energy Fy.,
and the in-plane easy axis/out-of-plane anisotropy ener-
gies K} /B In the thin-film limit, at 7= 0 and without
any spin scattering Fi.(h) = dNo(|h|> — A?/2). In the
general case we use the SC energy functional of Ref. 32.

In a static setting, the coupling between the magnets
can be described as an effective magnetic field poHf ; =
—Jpmy /M, which can be identified with SS via the spin-
transfer torque

¢4 = — M x uoHSS
Jz,1 1 X podd gy )

= Jymy X ma,

with exchange constant J, = dFy./dcos¢ > 0. At weak
coupling Eq. (9) coincides with Eq. (5).

When the SC exchange energy is small compared to
the anisotropy energies, SS modifies the coercive fields
[33] (Fig. 3a). In the SC state, the coercive fields for AP-
to-P switching increase by J /M,,, and the coercive fields
for P-to-AP switching decrease by Jy/M,, relative to the
N state. With a strong SS (Fig. 3b) the anisotropies can-
not force the magnets into a binary parallel/antiparallel
configuration space and the exchange interaction may in-
duce a spin-flop transition, in which the two magnets
collectively rotate from AP to P configuration [34].

At low temperatures the SC transition is of the
first order as a function of ¢ and exhibits hysteresis
(Fig. 2b).[35-38] If there is a strong uniaxial anisotropy in
the FIs, it is possible to study the N-to-SC hysteresis[37,

38], as opposed to the ordinary magnetic hysteresis re-
sulting from anisotropies. By applying the external mag-
netic field perpendicular to the easy axis direction, the
exchange field changes continuously. If the SC transi-
tion is continuous, there is also no magnetic hysteresis.
If the transition is of the first order, the N-to-SC and
magnetic hysteresis become entangled. We show in the
supplementary how the two can be disentangled in the
magnetization curve.[24]

We now consider the dynamical effects due to SS.
In contrast to most studies of F/SC hybrid structures
[39, 40], we take both magnets as dynamical. We study
the small-angle dynamics around the equilibrium config-
uration with the ansatz

my(t) = m,(0) + Re[m, (w) exp(—iwt)], (10)

where m,(w) is a small perturbation perpendicular to
m,(0). The dynamical magnetization induces a time-
dependent exchange field at the SC interfaces, which in
turn induces a time-dependent spin density in the SC.
The dynamics of the FI magnetizations are described
by the classical Landau-Lifshitz-Gilbert (LLG) equation,
supplemented by a spin current term [41]
M, = —yMy o o HUg 31 (Mo x M)+, (1)
n
where H ég)n is the effective magnetic field in the N
state including the external magnetic field and anisotropy
fields, 7 is the gyromagnetic ratio, and «,, is the Gilbert
damping coefficient, which can be controlled with an ad-
ditional heavy metal layer next to the FI (Fig. 1b). The
spin current is given by Eq. (7).
In a FMR experiment, the external field has a static
component and a small transverse dynamic part Hg.
The linear response to H,s given by LLG Eq. (11) is

G @M, @) = o) — ma(0) x 2205 1z)

where X, 1 are the 2 x 2 magnetic susceptibilities of the
uncoupled magnets. [24] Since the magnets are insulating,
there are no eddy currents inside the FIs and we can
neglect the direct coupling between the SC and the rf
field.[42, 43]

In the parallel configuration, the coupled dynamics of
the two magnets is described by a matrix susceptibility

A1 Jo—6J11(w) Jo+6J12(w)
N e I
o Jo+6J21 (w ~— Jo—6J22(w ’
_%ﬁ;) 5 W) + OT?()
(13)
where Jy = —G1Gax(x1,22) is the static exchange con-
stant, and

— NoGwé;j63,



are the dynamic corrections related to spin pumping and
other finite-frequency processes. Here, x is the dynamic
spin susceptibility, [24, 44] related to the static spin sus-
ceptibility by x(0,z;,z;) = X(z,-,a:j)i.

To illustrate the effect of SS on the FMR properties,
we first consider a fully symmetric trilayer. In the P con-
figuration, the eigenmodes are the acoustic and optical
modes for which m4(t) = £ma(t), respectively. [34] In
the acoustic mode, the magnetizations are always paral-
lel to each other and there is no SS[34]. The magnets
are only coupled by the residual part of the susceptibil-
ity, x(w) — x(0) =~ wx’(0). The imaginary part Im x’(0)
contributes directly to dissipation and can be included
in the Gilbert damping coefficient. It describes the re-
laxation of quasiparticles, and vanishes at low T where
quasiparticles cannot be excited due to SC gap [45]. This
leads to the usual decrease of the FMR linewidth in the
SC state (Fig. 4a). The real part Re x(0) shifts the res-
onance frequency.

In the optical mode the magnetizations precess out-of-
phase and are strongly coupled by the SS. In this case,
the effective magnetic field is shifted by 2Jy/M,,. The
resonance field difference between acoustic and optical
modes at fixed frequency gives a direct measure of SS.
However, measuring the optical mode can be difficult as
a symmetrically applied rf field excites only the acoustic
mode. Optical mode can be excited by longitudinal FMR
pumping [46, 47], or by breaking the symmetry. For the
optical mode the non-equilibrium spin currents pumped
by the two magnets partially cancel in the SC spacer.
In the thin-film limit this cancellation is exact and the
dissipation in the spacer does not affect the linewidth.

In an asymmetric trilayer, SS can have a drastic effect
on the linewidths of the FMR modes. For illustration, let
us neglect the spin pumping and consider only the effect
of SS together with the intrinsic damping of the mag-
nets. In the N state the magnets are uncoupled, and the
eigenmodes are the Kittel modes of the individual mag-
nets with linewidths AH? proportional to Gilbert damp-
ing constants a,,. In the SC state, the SS hybridizes the
modes so that their linewidths become weighted averages
AH, = (AH? + p,AHY)/(1 + pn), where p; = 0 and
p2 = oo in the uncoupled system, and p; — M; /M5 and
p2 — Msy/M; in the strongly coupled system.[48] The
top panel of Fig. 4b shows a numerical evaluation for the
linewidth of such a system, including the spin pumping
contribution. In particular, if one magnet has a lower
intrinsic damping than the other magnet, the linewidth
of the related mode increases below the SC transition.

The SS-mediated exchange interaction and spin pump-
ing depend on temperature in opposite ways; spin pump-
ing vanishes at zero temperature, whereas SS vanishes
in the normal state. The competition between these two
processes can be studied at a mode crossing between two
FMR modes (Fig. 5), which can be engineered e.g. by
having FI films with different thicknesses. In general,

s a) : b)1o

3 1 gg| —acoustic L
E . ——optical 7 ———magnet 2
< 1.01 4 ——magnet 1
>

1 0 T ]
'&m 1.75 1.75

=

< 17 17

E _/_
3 1.65 1.65

0 0.5 1 0 0.5 1
T/T, T/T.
FIG. 4. Temperature dependence of linewidth (top) and

resonance frequency (bottom) for a) symmetric system with
a, = 0.005, b) asymmetric system with a; = 0.005 and az =
0.05. Parameters: K% = 0, dNoA3Z = 0.1, AgM,, /v = 100,
ypoMnH =1, in units of Kp; h, = 0.3A0, 755" = 0.24,

thinner films will have stronger anisotropy fields. A mode
crossing may then be seen by rotating the applied in-
plane magnetic field relative to the anisotropy axis. [49]

In the N state (Fig. 5a) the magnets are only coupled
by spin pumping. The dissipative component of spin
pumping generated by spin relaxation in the SC layer
gives rise to mode attraction. Its signature is the sudden
change of the mode linewidths at the mode crossing (in-
set of Fig 5a) [30, 50]. In the SC state (Fig. 5b), the SS
mediated exchange coupling dominates over spin pump-
ing, creating a regular avoided crossing.

So far the dynamical properties of SS have been ex-
perimentally studied only in systems with ferromagnetic
metals (FM) [2-4], and an increase in FMR linewidth be-
low T, has been observed in systems which include mul-
tiple FM or heavy metal layers with strong spin-orbit
coupling. In some of these experiments[2], there is nom-
inally only a single magnet, but the heavy metal layers
close to the ferromagnetic instability can be magnetized
by the SS-mediated magnetic proximity effect.[51]

With minor changes, our theory can describe SS-
mediated coupling in FM/SC/FM trilayer. The form of
the magnetic susceptibility (13) is otherwise unchanged
from the insulating case, but the susceptibilities for the
spin density at the interfaces are replaced by the suscep-
tibilities for the total spin density of the FM conduction
electrons, and the spin mixing conductance is replaced by
the s-d coupling inside the FM. In contrast to an FI, in
FM the spin current is not absorbed in a layer of atomic
thickness, but penetrates into the FM at the range of
&r = /Dp /2T, where Dp is the diffusion coefficient of
the FM. [12] The long-range triplet component[12] pene-
trating deep into the FM is exactly the component non-
collinear to its exchange field, and the one related to SS.
Because FMs support eddy currents, there is also an elec-
tromagnetic coupling between the layers.[42, 43]. Finding
the magnitude of spin currents in a metallic system will
be left for further work.

Despite these differences, our framework suggests that
the experimentally observed enhancement below T, is



FIG. 5. Absorbed rf power as a function of external field
angle 0 and amplitude puoH (in units of Kj/M;). Dashed
lines indicate the resonance fields and the insets show the
linewidths. a) Mode locking in the N state is the most evident
from the linewidth broadening/narrowing near the crossing.
b) Avoided crossing in the SC state. The linewidths do not
depend strongly on the proximity to the crossing. Parameters
are as in Fig. 4a except for wM;/y = 1.75, K} = 0.1, K% =
1.1, AgM,, /v = 10, given in units of K.

likely to be a result of SS-mediated hybridization be-
tween the FMR modes. In interpreting the FMR data
in systems with superconducting interlayers and multiple
magnets, one should not rely on the spin pumping pic-
ture with a single dynamical magnet, but instead model
the magnetization dynamics of the whole structure.

Conclusions. We have studied the properties of SS
in FI/SC/FI systems and shown how they can me-
diate damping between ferromagnetic insulators even
though they, as equilibrium currents, are themselves non-
dissipative. In an analogy to Josephson junctions, the SS
can be characterized via the spin current - magnetization
angle relation. This can be accessed by studying temper-
ature dependent modifications to the FMR frequencies
in FI/SC/FT setups.

The phenomena described here can be studied in var-
ious different FI/SC combinations, provided they can be
suitably stacked or placed next to each other. The FI can
be for example GdN, EuS/EuO, or ferrimagnetic YIG,
which have been recently studied in combination with
superconductors such as Nb, NbN or Al. [33, 52-57] Our
results can be used to design magnetic resonator struc-
tures where the SS mediates a tunable coupling between
the resonators.
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Supplementary material
The FI/SC/FTI trilayer is described by the Hamiltonian

n=1,2

where Hgc is the BCS Hamiltonian for an s-wave super-
conductor, assumed infinite in y and z directions, but
with a finite thickness d in the x direction. Hiyy, is the
random impurity potential in the SC, containing both
non-magnetic and magnetic impurities, which gives the
spin-orbit and spin-flip self-energies, respectively. We as-
sume that the elastic mean-free path is short so that the
SC can be described with the quasiclassical Usadel equa-
tion.

The Hamiltonians describing the FIs and the SC/FI
interfaces are[23]

HY) = =" Jij8; - Sj + Han, (S2)
]
H = —Joen > WH(ry)S; - o¥(r;), (S3)
€Ly,

where J;; is the exchange coupling between the localized
spins S; at FI lattice sites r;. H,, includes the possible
anisotropy fields. Z,, is the set of spins at the interface
between nth FI and the SC, and the spin-mixing con-
ductances are related to the interfacial exchange coupling
Jex,n by G = Jex,nSna, where S, is the local spin at the
interface and «a is the FI lattice constant.[23]The Nambu
field operator

wi(r) = (6l(r) () —vu(r) i) (s9)

is chosen so that the s-wave SC order parameter is pro-
portional to unit matrix in spin space.

Quasiclassical theory

When the elastic mean-free path is short, the SC spec-
ified by the above Hamiltonian can be described at the
quasiclassical limit by using the Keldysh-Usadel equa-
tion [23, 29, 59]

— {7301 39} + 9:(Dg o d,9) = [An + X 5g]  (S5)
with the boundary conditions given by Eq. (6) of the
main text. Above, g is the quasiclassical Green’s func-
tion (GF) in 8x8 space consisting of Keldysh, Nambu
and spin indices. It obeys normalization condition
gog = 6(t,t'). The elastic spin relaxation is deter-
mined by spin-orbit and spin-flip scattering self-energies
Y =6 - §G6 /6Ty + T36 - G673 /674, where Tso/st are the

scattering rates. The order parameter A is solved from
the self-consistency equation

A

Alw) = 16

2p

/ dsTr[f'ng(s, e—w), (S6)
— b

where the coupling constant \ and the cutoff {2p can be
eliminated in favor of SC order parameter Ay at T = 0
in the absence of pair-breaking effects. [23].

The spin current density in z-direction and the spin
density are defined as

i) = 30 [ deDloD(g o dug)e, e, (87

Ny

S(w,z) = —— /7 deTr [a'ngK(s,Efw;x)]. (S8)
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For the SC we use the free energy functional [32, 58]

F[g, A] = No/dx(%z (S9)

Ztr{ wp +ih-o)T3§+ AT — —(V )?

+

. 1
15 (@) (00) + 5 —(730) - (0750)}).

which is regularized by subtracting the normal state en-
ergy with g = sgn(w,, )73 and A = 0.

Spin susceptibility at the thin-film limit

In equilibrium, spatially averaging over Eq. (S5) and
using the BC of Eq. (6), we find an effective position-
independent Usadel equation

lile —h-o)m3+ Am + 3,§] = 0. (S10)
This equation is valid at the thin-film limit d < &, lsq,
where lsq = [D/(75' + 75")]™ is the normal state spin

diffusion length. Equations (S6) and (S10) together with
the normalization condition constitute a nonlinear group
of equations which we solve numerically. In the thin-film
limit we drop the spatial indices and define the static
susceptibility as S = ¢ (0)h. It is related to the nonlocal
susceptibility by x(0) = limg—,0 x(0, z;, z;)d.

Let us denote by Xhomog(w) the usual spin suscepti-
bility to an external in-plane magnetic field [61]. It is
related to the nonlocal thin-film spin susceptibility by a
simple shift: x(w) = Xhomog(w) — No. These susceptibil-
ities vanish at different limits; Xhomog(0) =0 at T'= 0 in
the absence of spin scattering [62], whereas the nonlocal
susceptibility vanishes in the normal state. Figure Sla
shows the static spin susceptibility for 75! = 7';1 =0.

The dynamic spin susceptibility x(w) is defined as a
spin response to a dynamic perturbation of the exchange
field

S(w i) = > X(w, i, 2;)Gmy;(w). (S11)

j=1,2
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FIG. S1. a) Thin-film static spin susceptibility in the SC state without spin scattering. Overlaid lines show the phase diagram.
Blue solid (dashed) line indicates a second-order (thermodynamic first order) phase transition[35]. Within the area delimited by
red and white curves, both SC and normal state are (meta)stable. b) Dynamic correction for the transverse spin susceptibility.
Solid and dashed lines denote the real and imaginary part, respectively. Real and imaginary parts are normalized by their

normal state values given by Eq. (522).

Generally, y is a 3 x 3 matrix. In the thin-film limit, it
is diagonal in the standard circular basis

er = Tz +iy)/V?2,

where the z-axis is chosen along the static component
h(0). The components of x are extracted as " =
eL)zel,. In the parallel case, or in the thin-film limit,
the susceptibilities x(w, ;, z;) can be simultaneously di-
agonalized, and we drop the second index: y* = xy*+.
We call x* the longitudinal susceptibility and yt(=)
left(right)-handed transverse susceptibility. The longi-
tudinal component is only induced if m4(0) and m4(0)
are non-collinear, since only then mj(w) - mo(0) # 0.

In the thin-film limit finite frequency transverse spin
susceptibility can be obtained by solving the perturbed
Usadel equation

[A(1) + 2(1)]g(12) — §(12)[A(2) + 2(2)]
+ 2(12)g0(2) — §o(1) 2(12)
=1i[go(1)(h(w) - o)73 — (h(w) - 7)73G0(2)],

where go(1) is the static GF at Matsubara frequency €1 =
iw, and §(12) is the perturbation induced by the left
polarized driving field h(w) = ™ (w)e,, and

€, =2z, (812)

(S13)

A(e) = —i(e — hos)Ts + Ary, (S14)
3(e) = \/[A(e) + Zo(e)]?, (S15)
Go(e) = ()1 [A(e) + Zo(e)). (S16)
Using the normalization condition
go(1)? =1, §0(1)§(12) + §(12)go(2) =0,  (S17)
and the relation
7390(1)9(12)go(2)73 + go(1)739(12)73G0(2) ($18)

= —2[g11(1)g41(2) — g13(1)g15(2)]9(12),

the solution for the Matsubara GF is found as

312) ifrs — 91(1)739,(2)h(w) - & ’
se(1) +5,(2) + i + gn(1)%1(2;;?3(1)%3(2)
(S19)
The energy-resolved spin susceptibility is obtained by
taking the trace

9(12)
hes

x(1,2) 7% Tr [(e+ o)l (520)

The solution for real frequencies is obtained with ana-

lytical continuation
de[x (17,25 fo — fix(14,2%)

+(f1 — f2)x (1%, 2],

where 1%/4 and 2%/4 stand for the replacements iw, —
e+l iwy, — e —w il fi = tanh(e/(27)), fo =
tanh((e —w)/(27)), and I' is an infinitesimally small
quantity denoting the correct solution branch. In the nu-
merical solution, we use a finite I" < 10724 to broaden
the BCS divergence in the density of states, which makes
the numerical solution converge faster.

The solution Eq. (S19) depends on the numerically de-
termined equilibrium GFs and thus the integral (S21) is
evaluated numerically. The low-frequency corrections to
the static spin susceptibility are shown in Fig. S1b. In
the normal state, there are no spectral changes, and only
the last term in Eq. (S21) contributes:

2N()w
w—2h + it

xtw) =

(S21)

X (w) = (522)

with 7} = 4(75t + 751)/3 + 2. We see that I acts as
an additional mechanism for spin relaxation. In general,
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FIG. S2. FMR dispersion (bottom) and magnetic hysteresis (top) in a symmetric bilayer a) in the N state and b) in the SC
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SC state the magnets are also coupled by SS. SC is evaluated in the thin-film limit. Parameters: dNoA3 = 0.5, K% = 0.01,
AoMi /)y = 102, in units of K73 hn = 0.34¢, an = 0.01, 7y /sr = 0. External field is at 1° angle to the anisotropy axis.

our results depend on I only if the dissipation from it is
comparable to dissipation from other sources (75,5 and
).

For longitudinal susceptibility, there is no simple an-
alytical solution, but the Usadel equation can be writ-
ten as a 4-component matrix equation, which is solved
numerically [29]. For small frequencies, the longitudinal
and transverse susceptibility differ near 7., where a small
change in the modulus of h can have a large effect on A.

Since both h(t) and S(t) are real, the left- and right-
handed susceptibilities are related by ¥~ (w) = x T (—w)*.
Also, the transverse spin susceptibility at zero frequency
and the static nonlinear spin accumulation can be related
to each other by considering an adiabatic rotation of the
total exchange field, so that when x(0,z;,z;) for i,j €
{1,2} can be simultaneously diagonalized, we have

ch(0,$i) = Z Xi(O,CIJZ,IL'])G]mJ(O)

j=12

(S23)

This relation is needed to show the exact cancellation of
spin supercurrents for the acoustic mode in P configura-
tion.

Magnetic susceptibility of FI/SC/FI trilayer

In this section, we derive the non-collinear matrix sus-
ceptibility for a coupled magnetic system. To find the
susceptibility, one first solves the equilibrium problem
by finding a local minimum of the free energy, Eq. (8).

This determines the static magnetization directions

0 Jpmg1(0)
maO) R,y = =320 (524)

In LLG equation the modulus of the magnetization
is fixed and there are only two degrees of freedom for
each magnet. To remove the third dimension, we rotate
Eq. (11) to each magnet’s individual eigenbasis in which
m,,(0) points in the z-direction and project on the z-y
plane.

Identifying in Eq. (12) the parts which are proportional
to Mj(w) and Ms(w), and doing the thin-film approx-
imation X(w,z;,z;)G; ~ X(w)h;, we find the magnetic
susceptibility for a non-collinear static configuration

T L )L%z“” i
e Xt w) + T
(S25a)
- w — yuoHeg i — taw
Xi W)t = T : (S25b)
Xi (W)t = —Kp/M} (S25c¢)
poHes s = poH cos(0 — ¢;)

+[2K' cos(y)® — K]/M; (S25d)

+dx(0)h1hg cos(pr — ¢2)/ M;,

where ¢; (0) is the angle between the anisotropy axis 2
and m;(0) (H). We assume that the static magnetiza-
tion is always in-plane. The spin currents not included



into the effective magnetic field are

Lij(w) = —dhih; [Dz—x(w)[)j. - X(o)nzaij}
- dNohiw(Sijé'g,

(S25e)

where ¥ = diag(x~,x%, x") is the spin susceptibility
in the SC eigenbasis, and the 2 x 3 matrices D, =
PDl(O,an — ¢sc,0) are a product of a projection P to
the 2-y plane, and of spin-1 Wigner matrices D'. ¢y is
the direction of h(0).

The eigenmodes are found by diagonalizing Xt (w) and
finding the values of w for which the real part of an eigen-
value vanishes. A typical dispersion for a symmetric sys-
tem is shown in Fig. S2.

In parallel configuration the magnetic susceptibility
can be written as Egs. (13-14) with

w — %uoHégf{i — W

Tlw)tt = 26
) e T, (s261)
X7 Hw) T = =K/ M? (S26b)
poHY = poH + 2K /M; — Kiy/M;,  (S26¢)
and with spin susceptibility ¥ = diag(x*™,x~ ) which

includes only the transverse components. Here we have
separated the N and SC state contributions to the effec-
tive fields into Hé?b and —J/M;, respectively, and did
not assume the thin-film limit.

Since M, (t) and H,¢(t) are real, the —+ and —— com-
ponents can be obtained by x ' (w)* = [x 1 (—w)""]*.

The spin current j;;(w) = & (w)mf (w), where £ is a re-

J
sponse function, also obeys the same reality condition

& (w) = [g5(—w)]".

FMR linewidth

Here we give the definition of the FMR linewidth used
in the main text. Typically in FMR experiment, rf fre-
quency is held fixed while sweeping the external field
strength H. The power of the rf drive is given by [30]

P/A: Z (Hrf(t)'atMn(t»
n=1,2
= Z wImx,\(w)|H>\|27

A€Eeigs

(S27)

where ) are the eigenvalues of the matrix susceptibility
X, and Hy are the projections of the rf field along the
corresponding eigenvector.

The linewidth is defined as the difference AH =
(2/V3)(Hmin — Humax) between the minimum and the
maximum of the field derivative dP/dH. Near reso-
nance, dP/dH is dominated by the resonant eigenmode
A and other modes can be neglected. To determine

10

the linewidth, we linearize the susceptibility of the reso-
nant eigenmode, expressing it in terms of resonance field
1oHyes, weight factor W and linewidth pgAH,

,MO(H - Hres) - Z,UOAH
W .

o (H) ™t = (S28)

The above parameters are defined by the equations

0= Re[XA(HrOS)il]v (529a)
1 dRe[xa(w)™']
— = A ] , S29b
W dpol |p—p,., (5290)
poAH = —W Im[xx(Hyes) . (S29¢)

In bulk ferromagnets, the field linewidth can be identified
with Gilbert damping o = yugAH /w.

Effect of the first order SC transition on the
magnetic hysteresis

At low temperatures, the transition between SC and
the N state as a function of the exchange field is of the
first order.[35, 36] In the phase diagram, the first or-
der transition is accompanied by a region in which both
phases are possible as metastable states, albeit only one
of them is thermodynamically stable away from the phase
boundary (Fig. S3a). Experimentally, the metastability
shows as hysteresis or state memory when the induced
exchange field is swept over the phase boundary.[37, 38]

The FI/SC/FI trilayer provides a way of probing the
transition and the SC-N hysteresis via magnetization
measurements. The requirement for such measurement is
that it must be possible to vary the total exchange field
induced into the SC continuously as a function of the
external field. This requirement is met if the FIs have
an in-plane easy-axis and the magnetic field is applied
perpendicular to it.

The FIs individually induce the exchange fields
h1,hs > 0 into the SC. In the AP and P configurations,
the total fields are |hy — ha| and h; + ha, respectively. By
changing the magnetization configuration, we thus sweep
a horizontal segment of the phase diagram as shown in
Fig. S3 for three different temperatures (blue, orange and
red lines). If hy and hy are chosen properly, we cross the
first order phase boundary at a low temperature (blue).
Let us denote the thermodynamic transition point by h¢y,.
If there is a measurable SC-N hysteresis, the N-to-SC
and SC-to-N transitions occur at fields h.; < hig, and
hea > hgn, respectively.

Let us then consider the magnetization in a symmet-
ric trilayer as the external field is varied. In the normal
state the magnets are uncoupled. At zero field the mag-
netizations lie along the anisotropy axis. Increasing the
field twists the magnetizations until they point towards
the external field (red dashed line in Fig. S3). The P and
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FIG. S3. Effect of the first order SC transition on the magnetic hysteresis. a) Phase diagram as a function of temperature and
exchange field. Red, orange and blue lines show the range of total exchange fields, when the individual magnets induce a field
of strength hi and ho. Blue shading indicated the region of metastability where both SC and N state are possible. Dashed
black line indicates the thermodynamic phase transition. b) Magnetization along the external field (M) as a function of the
field strength H. Red dashed line and the solid orange and blue lines correspond to the temperatures indicated in panel (a).
Red dashed line is the high temperature (normal state) behavior. Orange line is the behavior at intermediate temperatures
when the SC transition is continuous. Blue line shows the behavior at low temperatures in which the SC transition is of the

first order.

AP configurations are degenerate and when the field is
reduced to zero, the system may end up in either one.

The SC state on the other hand favors the AP con-
figuration, and the slope of the magnetization curve (or-
ange and blue lines) is lower. The first order transition
(blue line) shows in the magnetization curve as hysteresis.
However, the magnetic hysteresis itself is not necessarily
evidence of SC-N hysteresis, but only indicates a first-
order transition between SC and N states. The shaded

region in Fig. S3 is the magnetic hysteresis obtained by
assuming that the SC transition always occurs when h
crosses the thermodynamic field hyy,, with no hysteresis.
With this assumption, the P-to-AP and AP-to-P transi-
tions occur in Fig. S3b at the same total magnetization,
but the field strength depends on the direction of transi-
tion.

The evidence for SC-N hysteresis is the difference in the
magnetization M at which the transitions occur, since
there is a one-to-one correspondence between M and h.
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We show that the Higgs mode of superconductors can couple with spin dynamics in the presence
of a static spin-splitting field and Rashba spin-orbit coupling. The Higgs-spin coupling dramatically
modifies the spin susceptibility near the superconducting critical temperature and consequently
enhances the spin pumping effect in a ferromagnetic insulator/superconductor bilayer system. We
show that this effect can be detected by measuring the magnon transmission rate and the magnon-
induced voltage generated by the inverse spin Hall effect.

Superconductors (SC) with broken U(1l) symmetry
host two kinds of collective modes associated with the
order parameter fluctuations: the phase mode and the
amplitude mode. Coupled to a dynamical gauge field,
the phase mode is lifted up to the plasma frequency [1]
due to the Anderson-Higgs mechanism [2, 3]. The other
collective mode in SC is the amplitude mode [4, 5] with
an energy gap of 2A, called the Higgs mode by anal-
ogy with the Higgs boson [3] in particle physics. It was
commonly believed that unlike the phase mode the Higgs
mode usually does not couple linearly to any experimen-
tal probe. That is why in earlier experiments, the Higgs
mode was only observed in charge-density-wave (CDW)
coexisting systems [6-11]. With the advance of terahertz
spectroscopy technique [12] it became possible to inves-
tigate the Higgs mode through the nonlinear light—Higgs
coupling [13-17]. In these experiments, the perturba-
tion of the order parameter is proportional to the square
of the external electromagnetic field 6A o E2?, so very
strong laser pulses are required.

Recently, it has been shown that in the presence of a
supercurrent the Higgs resonance can actually contribute
to the total admittance Y due to the linear coupling of
the Higgs mode and the external electromagnetic field
[18-22]. This can be understood from a symmetry ar-
gument. Suppose the external electric field is linearly
polarized in the x direction E = #E,e**. The linear
coupling of the Higgs mode and the external field is rep-
resented by the susceptibility yarp = ,f:iasE obtained
from the action S describing the electron system con-
taining the pair potential field A. Without a supercur-
rent, the system preserves the inversion symmetry (f )
and the mirror symmetry in the 2 direction (M,). On
the other hand yap is odd under both these operations
because E changes sign under I and M, whereas A re-
mains the same. Therefore yar has to vanish. In the
presence of a supercurrent, the inversion symmetry and
the mirror symmetry are both broken and there is no re-
striction for yap, from these symmetries, so xar can be

magnon
detection

magnon
injection

FIG. 1. System under consideration. A superconductor thin
film is placed on the top of a FI with in-plane magnetization.
The SC and FI are coupled via spin exchange interaction. The
magnon in FI can be injected into SC in a process known as
the spin pumping effect. For magnon frequency 2 = 2A¢ the
SC Higgs mode greatly increases the spin pumping.

nonzero. This symmetry argument also explains why the
Higgs mode does not couple with an external field in the
direction perpendicular to the supercurrent.

Now a natural question arises: without a supercurrent
does the Higgs mode couple linearly with other exter-
nal probes, such as spin exchange fields? As we show in
this Letter it does. The above discussion indicates that
the decoupling of the Higgs mode is protected by cer-
tain symmetries. In order to couple the Higgs mode to
an external field one needs to break these symmetries.
Here we show how it happens in a ferromagnetic insu-
lator (FI)/superconductor (SC) bilayer system (Fig. 1).
Magnons with momentum g and frequency €2 in the FI
can be injected into the SC in a process known as spin
pumping [23-29]. We predict that the Higgs mode in
the SC couples linearly with the magnon mode in the
FI in the presence of Rashba spin-orbit coupling and the
magnetic proximity effect into the SC. In this system
the symmetries protecting Higgs-spin decoupling are bro-
ken: in particular, the (spin) rotation symmetry and the



time-reversal symmetry. Near the critical temperature,
superconductivity is suppressed and Ay becomes compa-
rable with the magnon frequency 2. When the magnon
frequency matches the Higgs frequency Q; = 24, the
Higgs mode is activated and the magnon absorption is
hugely enhanced which can be detected through the in-
verse spin Hall effect (iISHE) [30-32]. This effect can pos-
sibly explain the voltage peak observed in the experiment
[33].

We consider a SC/FI bilayer in which the FI and the
SC are coupled via the exchange interaction as shown in
Fig. 1. For simplicity, we assume that the thickness d
of the SC film is much smaller than the spin relaxation
length and the coherence length so that we consider it as
a 2D system. The magnetization of the FI can be written
as m = myg + mgq, where my is the static manetization
polarized in the z direction and mg is the dynamical
component perpendicular to mg. When magnons (spin
waves) are excited in the FI, they can be injected into
the SC in a process known as the spin pumping effect.
The DC interface spin current flowing from the FI into
the SC is polarized in the z direction and given by [34]

I, = Z _2Jsd1m[iss(gv Q)}mgkq’ (1)
Q.q
where Jgq is the exchange coupling strength and

mgq is the Fourier amplitude of mgq. Yss(2,q) is
the total dynamical spin susceptibility Xss(Q,q) =
S1(Q,9)/h+(Q,q), where S is the dynamical spin of
the SC, h is the proximity induced exchange field h =
Jsam/d [35] and for a vector A = (A,, Ay, A;) the £
component is defined as Ay = A, £4iA,. One can see
that for a fixed J,4, the efficiency of the magnon injection
is soley determined by Yss(€2, ). The spin susceptibility
of superconductors has been extensively studied [29, 36].
However the previous theories, based on the static mean-
field description, failed to explain the peak of the iSHE
signal observed in the spin Seebeck experiment [33]. In
this work, we start with the general partition function of
the SC, Z = [ D[, ¥, A, Ale=* obtained by performing
the Hubbard-Stratonovich transformation. The action .S
is given by

S = 62@}( (7iw+€k — h-a) Vg +AQ\IJK+Q\I/,K
K,Q

- A QA
TA_QURV_ k- + %2)

Here K = (w,k) and Q = (£, q) are the four-momenta
of the electrons and magnons, respectively. w = (2n +
1)7T and Q = 2n7T are the Matsubara frequencies with
n € Z and = 1/T. € is the energy dispersion of the
electron in the normal state, h is the proximity induced
exchange field, and U is the BCS interaction. In the
mean-field theory, one can ignore the path integral over

A and replace it by its saddle point value Ay which is
determined by the minimization of the action g—i| A=A, =
0 after integrating out the fermion fields.

To include the Higgs mode, we go beyond the mean-
field theory and write the order parameter as A = Ag+7,
where 7 is the deviation of A from its saddle point value
Ag. Here we only consider the amplitude fluctuation of
A, so 7 is real. Expanding the action to the second order
in 7 and the strength of the external Zeeman field h
gives S = Sy — So with [37]

amoxtuean ol 5 ] [46]
3)

Here, all the susceptibilities are functions of Q. Sy is the
mean-field action without the external field. In usual su-
perconductors the off-diagonal susceptibilities xas and
Xsa vanish as required by the time-reversal symmetry
and the (spin) rotation symmetry because these oper-
ations change the sign of hy but have no effect on 7
[38, 39]. In the system under consideration, the proxim-
ity induced static exchange field breaks the time-reversal
symmetry and RSOC breaks the (spin) rotation symme-
try. Thus the pair-spin susceptibility does not have to
vanish, allowing for a nonzero Higgs—spin coupling.
Then it is straightforward to calculate the total spin
susceptibility xss by integrating out the n field

)255 = Xss — XsAXAAXAs- (4)

The imaginary part of xaa is sharply peak at the Higgs
frequency 2 = 2A dramatically modifying the total spin
susceptibility.

Phenomenological theory. Before we go to the detailed
calculations, we use a simple phenomenological theory
to illustrate the effect of RSOC. It has been shown that
RSOC can induce a Dzyaloshinskii-Moriya (DM) interac-
tion in superconductors described by the DM free energy
(40]

where both A = A(r) and h = h(r) are position depen-
dent. d, ; is the DM vector proportional to the strength
of spin-orbit coupling a. For RSOC d, x alo., —0.],
where « is the spin-orbit coupling strength and o is
the Pauli matrix acting on the spin space. To find
the pair spin susceptibility we write A = Ay + n(t),
h = hoZ + hy(t)(& + i9), where n is the unit vector
in the n direction with n = x,y, z, and generalize the
DM free energy to the time dependent DM action. Here
we consider the case where the spin wave is propagating
in the z direction hy (t,7) = > q , hi (2 + if))et(t—a=2),
Focusing on the first order terms in n(t) and h(t) and



Fourier transforming them to momentum and frequency
space, the DM action can be written as

Spart = B ig=Dohoh (2, ¢:)0(, ¢=)do, - (2, ¢2)
Q.q-

(i — 9) (6)

where d~a,i is the dynamical DM vector, which has the
same finiteness and spin structure as d, ; from symmetry
analysis. From the above expression, one can see that
the Higgs mode couples linearly with the spin degree of
freedom in the presence of RSOC.

Spin susceptibility. We adopt the quasiclassical ap-
proximation to systematically evaluate the susceptibili-
ties. In the diffusive limit, this system can be described
by the Usadel equation [18, 36, 41-45]

1.4

FIG. 2. Imaginary part of the pair susceptibility. This can
be interpreted as the spectral weight of the Higgs mode. A
significant peak emerges when the driving frequency matches
the Higgs frequency 2 = 2A,. The inset shows the height
of the Higgs peak Py as a function of the inverse of the mo-
mentum q. Parameters: Ag = 0.8A7o, ho = 0.5A71 with
ATO = Ao(T = 0)

~i{7s0,9} = DV (9V9) — i[Ho, 3] + | X' @799 ).

(7)
Here § is the quasiclassical Green function, D = vp72/3
is the diffusion constant and 7 is the disorder scat-
tering time. Hy = —ihgos + Ag71, where hg is the
proximity induced effective static exchange field and 7;
is the Pauli matrix acting on the particle-hole space.
V = (V.,V,.) is the covariant derivative defined by
V., =V, + iafoy, ], Ve =V, — iafo,,]. The Usadel
equation is supplemented by the normalization condition
g% = 1. In the quasiclassical approximation the approxi-
mate PH symmetry of the full Hamiltonian becomes ex-

act. In the linear response theory, the external oscillat-
ing field X is small and can be treated as a perturbation.
Thus we can write the quasiclassical Green function as
§= goeiw(tl—tg) + gxei(w+Q)t1—iwt2—iqzz7 where §o is the
static Green function and gx is the perturbation of the
Green function describing the response to the external
field. Solving the Usadel equation we obtain the quasi-
classical Green function, the anomalous Green function
F = N.Tr[ng] /4i and the o4 component of spin in the
SC (s) = N.Tr[o_739] /4i, where N, is the electron den-
sity of states at the Fermi surface and Tr is the trace.
The susceptibilities can be evaluated as

s [XAlA XA9:|: %75—'_% ('?hljr:|

= 8
X XsA  Xss ( )

9(s) d(s)

an Ohy

Let us first set X = A’7; and consider the pair suscep-
tibility. We assume the RSOC is weak and treat « as a
perturbation. At ¢ = 0 and Oth order in «, we have

G

xaa (i) =

N.T Z 4A2 4+ 02
2 S0 (w)(4w? — Q2)

w,o

where s,(w) = v/(w +ich)? + A2, with 0 = £1. To get
the pair susceptibility as a function of real frequency, we
need to perform an analytical continuation [38]. Thus
i€) is replaced by Q +i0". One can see that the yaa is
peaked at the Higgs frequency Q = 2A.

We numerically calculate yaa with finite momentum
and show the results in Fig. 2 [38, 46]. One can see that
the imaginary part of the inverse of the pair suscepti-
bility exhibits a sharp peak when the driving frequency
equals 2Ag. With a finite momentum, the Higgs mode is
damped in the sense that the peak in the Higgs spectrum
has a finite height and width.

(b) o4

0.3
4

FIG. 3. Real part (a) and imaginary part (b) of pair-spin
susceptibility. The solid line is the approximate result calcu-
lated from Eq. (12) and the circles show the numerical solu-
tion from Eq. (7). Parameters used here are: Q = 0.8Axrq
for the blue lines, 2 = Apg for the red lines, hg = 0.5A70,
Dq? = Da? = 0.01A 7.

To study the response of this system to the external
exchange field we set X = hpo,73. Again we treat o as
a perturbation and write the Green function as

g _ go@iw(tlit?) + (§h0 +g}La)ei(W+Q)tl7th27iqzz, (10)



where §po is Oth order in « and g, is first order in a.
The 0th order solution in « is given by [38]

i[m3 — g1(1)739,(2)]haoy
s+s@ 0

where gy, = (wtiho)s 8T 4nq sty =

51/4
V(wxihg)?+ A% groo 18 a 2 x 2 matrix in the
particle-hole space. Without doing detailed calculations,
one can immediately see that xas has to vanish without
RSOC because g, has no og component. In this case
the external exchange field cannot activate the Higgs
mode. To get a finite pair-spin susceptibility we need to
consider the first order terms in o which break the spin
rotation symmetry. The first order solution in « yields

gha = diag(gha’rv gh(@) with

Jho = Ghoo @ 04 =

Got/1 [Gno0s Jor /1]

oV st/u(wr) + st/ (w2)
a
® 6
=
X%
=l
22
E
0 ; .
0 0.5 1 1.5
(b) L
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FIG. 4. (a) Total spin susceptibility as a function of tem-

perature with a fixed frequency. (b) Total spin susceptibility
as a function of frequency with a fixed temperature. The
two temperatures have been chosen so that A(T7) = 0.2A7¢
and A(T2) = 0.1A7o. The Higgs peak thus shows up when
Q = 2A(T). The parameters used here are: ho = 0.5A7y,
Dq¢? = Da* = 0.01A7.

Since the Oth order term does not contribute to the
pair-spin susceptibility, we have xas = Tr[T1Gna]/4ih .
We compare this analytical result with the non-
perturbative numerical solution of the Usadel equation
in Fig. 3. It shows that the perturbative approach is ac-
curate at high temperatures when Da? < A, T, and
captures the qualitative behavior of xas also at the low
temperatures. Another feature of this pair spin suscepti-
bility is that at a lower frequency (€ = 0.8Arg), xas IS

suppressed at low temperatures because the spin excita-
tion is frozen by the pair gap at low temperatures. On
the other hand, at higher frequency (2 = Aryg), xas is
slightly enhanced at low temperatures.

We can also get the bare spin susceptibility from g0,
Xss = Tr[o_7m3gno]/4ihs. Then it is straightforward
to calculate the total spin susceptibility according to
Eq. (4). The results are shown in Fig. 4. The total
spin susceptibility exhibits a significant peak near criti-
cal temperature. This is a signature of the Higgs mode
with the frequency ©Q = 2A,. The dependence of the to-
tal susceptibility on the strength of RSOC is studied in
the supplementary information [38]. The details depend
sensitively on the amount of disorder, as in the disordered
case increasing RSOC leads to a stronger spin relaxation.
We note that even though the pair-spin susceptibility is
linear in momentum ¢., the magnon momentum need
not be large for the detection of the Higgs mode. This is
because the spectral weight of the Higgs mode is propor-
tional to 1/¢2 at the Higgs frequency, so that the height
of the peak in the total spin susceptibility is independent
of the magnon momentum.

Ezperimental detection. We propose that the Higgs
mode in Rashba superconductors can be detected in the
spin pumping experiment as shown in Fig. 1. Magnons
in the FI with momentum q and frequency €2 are injected
from one side of FI and propagate in the z direction to-
wards the other end. Due to the spin pumping effect,
part of the magnons can be absorbed by the SC on top
of it and converted to quasiparticles. This spin injection
causes a spin current Iy flowing in the out-of-plane di-
rection. In the presence of RSOC, I, is converted into a
charge current I, via the iSHE I, = 0Z_I,, where 0 is the
spin Hall angle [47]. When the width of the SC is smaller
than the charge imbalance length the non-equilibrium
charge accumulation cannot be totally relaxed resulting
into a finite resistance p of the SC. Therefore a voltage
can be measured across the SC, given by

V=07p) —2Jam[X(Q,q)lmd.  (13)
Q,q

Thus by tuning the temperature or the frequency of
magnon, one can observe a peak in the voltage [33].
Meanwhile we can also obtain the magnon absorption
rate defined as the energy of the absorbed magnons di-
vided by time

W =20 —2J.m[{e(Q, q)Jmé. (14)
Q.q

This magnon absorption rate results in a dip in the
magnon transmission rate which is experimentally mea-
surable.

Conclusion. In this Letter, we consider a FI/SC bi-
layer with RSOC in the bulk of the SC. Using symme-



try arguments and microscopic theory, we show that the
Higgs mode in the SC couples linearly with an exter-
nal exchange field. This Higgs—spin coupling hugely en-
hances the total spin susceptibility near a critical phase
transition point, which can be detected using iSHE or
via strong frequency dependent changes in the magnon
transmission. Note that in this work, we consider the dif-
fusive limit where the disorder strength is stronger than
the RSOC and exchange field. However, our conclusion
on Higgs—spin coupling should still be valid in the case
of strong RSOC. In fact, we expect that the coupling is
much stronger with strong SOC in the clean limit. In
the diffusive limit, the RSOC together with disorder ef-
fectively generate spin relaxation which reduces the prox-
imity induced exchange field suppressing the Higgs—spin
coupling. On the other hand, in the clean case without
disorder this effect is absent and hence the Higgs—spin
coupling can be stronger. We also compare the Higgs
mode in the diffusive limit and ballistic limit in the sup-
plemental material [38].
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DETAILS OF SYMMETRY OPERATORS

Here we are most interested in the time-reversal sym-
metry T, spin rotation around the z axis by 180 degrees
R..(7), rotation (rotation in both spin and coordinate
space) around the z axis by 180 degrees RZ(T(). The
symmetry operators and their effects on the Hamiltonian
H(k) are

T = 1oy, K
TH(E)T™' = H*(—k)
Reo(r) = o
R (m)H(k) R () = H(K)
R.(m) = o,

RZ(W)H(]{;W kya kz)Rz_l(ﬂ') = H(fkma 7k’y7 kz)

where K is the complex conjugate operator and o is the
Pauli matrix acting on the spin space. These symmetry
operators acting on the Zeeman and pairing terms in the
Hamiltonian gives

OhoO™' = —ho
Onr0~' = nm, (S1)

where 7 is the deviation of A from its saddle point value
Ag. Here O = T, RSZ,I:EZ. In the main text we use
these results to show that Higgs-spin coupling requires
breaking all these symmetries.

CALCULATION OF PAIR SUSCEPTIBILITY

To calculate the pair susceptibility, we solve the fol-
lowing Usadel equation [1-7].

— {704, 3} = DV (3V§) i [Ho. g] + [Xe' @02 ]
(S2)

Here Hy = ihgos + Ag7, where hg is the proximity
induced effective static exchange field and 7; is the Pauli
matrix acting on particle-hole space. V = (V,,V,) is
the covariant derivative defined by V.- = V., + iafoy, ],
Vo = Vg — iafo,,-]. The Usadel equation is supple-

mented by the normalization condition §> = 1. Here

X = A'm. It is small compared to other energy scales
and can be treated as a perturbation. Then we write the
quasi-classical Green function as

9w, wa) = Go(w)e™1712) 4 ga(wy,wy)e i iwatamiasz

(S3)
where w1 = w+ 2 and wy = w. g is the static Green
function which is Oth order in A" and g, is first order in
A’. The normalization condition g2 = 1 indicates

{Qm@A}t =0 (84)

The anti-commutator {, }, is defined by {A, B}, = Ao
B+ Bo A, where o is the convolution product given by

(AOB)(tl,tQ) = /th(tl,t)B(t7t2) (85)
in time domain and

(Ao B) (w1,ws) ZZA(wl,w) B(w,w2) (S6)

w
in frequency domain. Here we only consider the Oth order
terms in «. The Oth order terms in A’ give the equation
for static Green function go

[(w — ihoUz) T3 + AoTl,go] =0. (87)

Solving this equation we have

- | golwr) 0 } ss
w= |2 o | (58)
with
. weTs+ AoTy
900 = S(Ldo-) (89)

where wy/; = w £ hg and s(w) is given by

s(w) = yJw? + A2.

Next we consider the first order terms in A’

(S10)



(wioTs + AT + Dq2) ga(wie, war)

Noting that
weTs + AoT1 = $(ws)do(wo) (512)

and making use of the normalization condition Eq. (S4)
we obtain ga given by

; 90(wo )T — T1Go(Ws)

— ga(Wie,was) (wa4/, 73 + AgT1)

= A'{)O(wﬂ)ﬁ - A'Tlf}o(w(,). (Sll)

_ X , 1
XAk = NeT;Tr (TG J4iA + id (S14)

where N, is the electron density of states at the Fermi

ga(ws) = A s(Wio) + S(w2o) + D2 (S13) energy in the normal state and U is the BCS interaction
: strength Making use of the self-consistency equation
The pair susceptibility is then given by =N.T5>, o m, we obtain
§ = WioW2o = 5(wi,0)5(wa,0) 1 1
= N.T = : : + . S15
R VI s o orys E s e M o 51

w.o=1/l

In above expressions all the frequencies are Matsubara
frequencies. In order to get the pair susceptibility with
real frequencies, we need to perform analytical continua-
tion according to

R = oc E w w — w w
x(ﬂkiﬁwd[(l,ﬂh fxeted) oo

+(f1 = f)x(wi wgh)],
where w4 = w 40" and f(w) = tanh(w/27).

CALCULATION OF PAIR-SPIN
SUSCEPTIBILITY AND THE BARE SPIN
SUSCEPTIBILITY

In order to get the pair-spin susceptibility, we consider
the following Usadel equation with a driven Zeeman field

—i{m30:, 9} = DV (§V§) i [raH, )+ [Py oy me' 17197 g]

(S17)
Here we assume h, < Da? < Dg?,T, Ay, ho and treat
both h and « as perturbations and write the quasiclas-
sical Green function as

g = goeiw(tlfh) + (ghO 4 gha)eiwlnfiwztz*iq,zz’ (818)

where §p is Oth order in « and g, is first order in «.
The normalization condition §? = 1 implies

o

— Gho(wi,w2)go(wa) =

— Gha(wi,w2)go(wz) =

Go(w1)gno(wi,ws)

Go(w1)gha (w1, w2) 0, (S19)

Jo is given by Eq. (S9). Using the same method in the
calculation of pair susceptibility, we get gno

i[r3 — 91 (1)739, (2)]ho
st(1) + 5,(2), '

Expanding the Usadel Eq. (S2) up to the first order in
« we have

Jno = Gnoo ® 04 = (S20)

= K(w1)Jha (w1, w2) =Gna(wi,w2) K (w2),
(S21)

iD [[gzGno, o1] ; Go)

where K (w) = (w+thgos)m3+Ag7;. Solving this equation
yields
o = | Thot O S22
o = | 5 (522
with
. ) dot/1 [Gn00s Jor /1]
That/ = 21Da . (S23)
v st/ (1) + 51/, (w2)
The pair-spin susceptibility is then given by
Xas = Ne Y Te[r1gnal /4ihy. (S24)

w

We can also get the bare spin susceptibility xss from
Gho
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FIG. 1: The imaginary part of the total spin susceptibility
as a function of temperature for different spin-orbit coupling
strengths. The parameters used here are: ho = 0.5A7¢, 2 =
0-4AT0, where ATO = A(T = 0)

Xss = N.T Z Tr[0-77—3gh0]/4ih+' (825)

w

Then it is straightforward to calculate the total spin sus-
ceptibility.

wT3 + Agmy
go(w) = T

g(wi)Tig(we) — 71

EFFECT OF SPIN-ORBIT COUPLING ON THE
TOTAL SPIN SUSCEPTIBILITY

We numerically calculate the total spin susceptibility
with different spin-orbit coupling strengths. The results
are shown in Fig. 1

HIGGS MODE IN THE CLEAN LIMIT

Within the qusiclassical framework, we can also re-
produce the results of Littlewood and Varma [8], but
since their approach considered a clean superconductor,
we need to consider the Eilenberger equation instead of
the Usadel equation as in the main paper. It reads

—vp-V§ = [wrs + Agry, §] + [A/Tlemt_iqzzyfl] , (526)

where v is the Fermi velocity. Again we write the Green
function as

§(t1,t2) = goe™ 712 4 gael@HDti—wta, (S27)

Solving the Eilenberger equation in Fourier space with
momentum g we have

(528)

galwi,wg) = A
where s(w) = Vw? + A2. The pair susceptibility is then
given by

1 (ga) | 1
=N.T E T
Xaa ¢ — YA * s(w)’

(S29)

where () denotes the direction average of vy. We evalu-
ate the pair susceptibility by performing analytical con-

J

Re(xah) = No(@2® — 423 -

where ¢ = |g|. This expression is equivalent to Egs. (2.28)

[s(w1) + s(w2)]” + (vF - q)?

1 2 2
31 )/de\/€2—|—A2(92—4A2—462)7

[s(w1) + s(w2)],

tinuation from imaginary time to real time, in which case
the frequency sum becomes an integral over energy. At
g = 0, the result is Eq. (9) of the main text, which is
the same both in the ballistic and diffusive limits. For
non-zero momentum the total expression is cumbersome.
However, we can find the Higgs mode dispersion by con-
sidering just the real part that is given by

1

(S30)

and (2.29) in [8]. We can obtain the dispersion of the
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FIG. 2: Real (red) and imaginary (blue) parts of the pair
susceptibility at ¢ = 0.

Higgs mode from the condition Re(x3}) = 0. It yields

1
Q2% = 4407 + —vit

. (S31)

Such a dispersion is possible to find only in the ballistic
limit, whereas in the diffusive limit the Higgs peak resides
at 2% = 4A? also for finite momentum gq.

To get the damping of the Higgs mode, one can follow
Littlewood and Varma’s method and arrive at Eq. (2.38)
in their paper. Here we also show a simpler way to see
the momentum dependence of the damping. In princi-
ple finite momentum may change both the damping and
the frequency of the Higgs mode. However, in the clean
limit the previous effect is negligible which is why the
main effect of a non-zero momentum is to shift the Higgs

frequency to above 2A according to Eq. (S31). How-
ever, for such frequencies the damping « represented by
the imaginary part of the pair susceptibility is nonzero
and proportional to v/ {2 — 2A even at ¢ = 0 as indicated
in Eq. (9) of the main paper. Inserting the dispersion
2 = 25 (q) we hence get

QX q.

(532)

This result is consistent with that of Littlewood and
Varma. We plot the real part and the imaginary part
of leA at ¢, = 0 using Eq. 9 in the main text and the
result is shown in Fig. 2.

In the diffusive case the damping of the Higgs mode
behaves differently as a function of momentum. In par-
ticular, disorder leads to momentum relaxation which is
why the finite momentum directly leads to damping even
at 2 =2A. In this case the damping is quadratic in the
momentum as seen in Fig. 2 of the main paper.
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