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Abstract

We review the use of hybrid thin films composed of superconductors and ferromagnets for
creating non-reciprocal electronic components and self-biased detectors of electromagnetic
radiation. We begin by introducing the theory behind these effects, as well as discussing various
potential materials that can be used in the fabrication of these components. We then proceed
with a detailed discussion on the fabrication and characterization of AlI/EuS/Cu and
EuS/Al/Co-based detectors, along with their noise analysis. Additionally, we suggest some
approaches for multiplexing such self-biased detectors.

Keywords: thermoelectricity, x-ray detector, THz detector, superconductor/ferromagnet hybrid,
non-reciprocal electronics, superconducting tunnel diode
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1. Introduction

Conventional superconducting electronics [1] rely on a com-
bination of supercurrent and quasiparticle current trans-
port across superconducting wires and different types of
weak links. These combinations enable various functionalit-
ies, such as magnetometry [2], current or voltage amplifiers
[3], voltage standards [4], and detectors based on resistance
[5] or inductance [6] that depend on the nonequilibrium
state of the system. Compared to their semiconductor coun-
terparts, superconducting electronics lack a basic element:
non-reciprocal devices such as diodes or thermoelectric ele-
ments. The absence of non-reciprocity can be attributed to
the intrinsic electron—hole symmetry of the superconduct-
ing state. However, this symmetry can be broken using
combinations of magnetic and superconducting elements [7,
8], which allow, in principle, the achievement of strong
non-reciprocity or thermoelectric figure of merit. These
phenomena can be employed to create superconducting
spintronic tunnel diodes [9], building blocks for superconduct-
ing logic and cryogenic memory, or novel types of detect-
ors, such as the superconductor—ferromagnet thermoelec-
tric detector (SFTED) [10], with applications in astrophys-
ics for the detection of the cosmic microwave background
[11], and terahertz-radiation sensing used, for example,
in security imaging [12]. Remarkably, in the SFTED the
absorbed radiation directly generates the desired measure-
ment signal, without the need for a separate bias current or
voltage.

This review is divided into two parts. The first part focuses
on the fundamentals of the building blocks for the SFTED,
namely superconductor—ferromagnetic-insulator (S/FI) bilay-
ers. We begin with a brief account of the underlying theory,
focusing on aspects of the physics that are important for func-
tionalities. The full theory for the underlying transport phe-
nomena has been summarized elsewhere [8, 13]. We then dis-
cuss the main material combinations used so far, along with
their basic properties, and the characterization of the supercon-
ducting state in the presence of the magnetic proximity effect,
as well as the basic non-reciprocal current—voltage character-
istics and thermoelectric signals. The second part focuses on
the realization of radiation sensors operating in two different
ranges of detected electromagnetic signals, and their readout.
We provide an outlook and present some open challenges in
the last section.

2. Fundamentals

In this first part of the article, we concentrate on the fun-
damental aspects related to the fabrication of the SFTED.
It comprises three sections that present the theory under-
lying thermoelectricity and non-reciprocal transport in
superconductor-ferromagnetic insulator systems, the fab-
rication process of these building blocks, and their spectral
characterization.
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Figure 1. Density of states (solid line) and charge carrier density
(shaded region) in thermal equilibrium for a (a) p-n junction and (b)
spin-split S/N tunnel junction. The dashed lines in panel (b)
represent the density of states of the filtered states. Here 1, and p,
are the quasi-chemical potentials of the p- and n-regions, and N
and Np are the holes and electrons supplied by the acceptor and
donor impurities, respectively.

2.1 Non-reciprocal transport in hybrid superconductor/
ferromagnet structures

The aim of this work is to identify and realize two
types of functionalities in an electronic device at low
temperatures. The first of them is non-reciprocity. Non-
reciprocal electronic transport in solid-state devices implies
an asymmetry in the current-voltage characteristic: I(V) #
—I(—V). Non-reciprocity is associated with inversion sym-
metry breaking, meaning that non-reciprocal elements
usually consist of hybrid structures involving different
materials.

A typical example is provided by p—n diodes, which con-
sist of p-type and n-type semiconducting layers in contact with
each other. In addition to the broken inversion symmetry, the
non-reciprocal electron currents require the breaking of the
electron—hole symmetry resulting from the n- and p-doping of
the two semiconducting layers. The working principle of a p-—n
diode can be understood from the sketch in figure 1(a), which
shows a positively biased p—n junction. In the p-n junction, free
electrons from the n-region diffuse into the p-region and vice
versa for the holes. The regions near the interface lose their
charge neutrality, with the negatively charged acceptor dopant
atoms remaining in the p-region and the positively charged
donor dopants remaining in the n-region, forming the deple-
tion layer. This charged region establishes a built-in poten-
tial that counteracts quasiparticle diffusion, leading to zero net
current at equilibrium. A forward bias allows the majority car-
riers of each region to cross the depletion layer and be injected
into the nearby region, where they recombine with opposite
charge quasiparticles.

For several electronics-based quantum technologies, the
interesting operating regime lies at sub-Kelvin temperatures.
This poses certain challenges to traditional semiconductor
technology, and substantial effort has been dedicated to scal-
ing this technology down to the lowest temperatures [14—16].
Due to these challenges, research into new alternatives for
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non-reciprocal electronic transport at low temperatures has
intensified.

An alternative realization of non-reciprocity to traditional
semiconducting devices can be achieved by combining two
types of correlated interacting electronic phases: supercon-
ductivity and magnetism. This review concentrates on hybrid
heterostructures formed using these elements. We illustrate
the working principle of a superconducting spintronic tunnel
diode in figure 1(b). There, the spin-split superconducting state
along with spin-polarized tunneling conspire to provide uni-
directional current. The quasiparticles pass through the insu-
lating barrier due to quantum tunneling. In the absence of
spin splitting, at 7 =0, there is no tunneling current until
the applied bias is greater than the superconducting gap
e|V| > A, since the chemical potential difference must provide
enough energy to create an excitation in the superconductor.
If particle-hole symmetry is broken due to spin-splitting and
spin filtering, for instance, the bias required for a finite current
in the forward bias configuration eV > A — h is smaller than
in the backward bias eV < —A — h (h is the exchange field),
so that the charge transport is non-reciprocal.

The second functionality we discuss is thermoelectricity,
where linear electric excitation leads to heat currents, or tem-
perature differences can be associated with charge currents. In
other words, the linear response charge and heat currents 7, 0
can be expressed in terms of bias voltage V and temperature
difference AT as

(é) - (5 GiT) (ATY/T>’ O

where G and Gy, are charge and heat conductances, respect-
ively, and « is the thermoelectric coefficient. By Onsager
symmetry, o’ is obtained from « through the time-reversal
transformation. In general, a characterizes the degree of
electron—hole symmetry breaking in the spectrum. When
a’ = « (appropriate for this paper), the thermoelectric effects
are characterized by the dimensionless figure of merit ZT =
a?/(Gu,GT — o). In ordinary metals with a large Fermi
energy (E) it is of the order of o(kgT/EF), and therefore
very small at sub-Kelvin temperatures. Semiconductor materi-
als exhibit the most significant thermoelectric effects at around
room temperature [17]. However, due to their 10-100 meV
scale energy gap, semiconductors tend to freeze out at sub-
Kelvin temperatures, and the thermoelectric efficiency is lost.
Similar to the diode functionality, sub-Kelvin thermoelectri-
city can be realized through the combination of superconduct-
ors and ferromagnets, as detailed in the following sections.
Both non-reciprocity and thermoelectricity can be utilized
in detectors. The majority of existing superconducting detector
types, such as transition edge sensor (TES) [5, 18] and kin-
etic inductance detector (KID) [19] are based on probing how
the response of the material changes upon irradiation. This
requires the use of additional probing lines, which can also
introduce added noise. Moreover, such detectors tend to be
rather non-linear and therefore they can saturate relatively
quickly. Conversely, using a diode or a thermoelectric element

IocAToch

Figure 2. Schematic idea for biasless detection based on
thermoelectricity. Absorbed light with power P., heats up one part
of the heterostructure, creating a temperature difference AT, which
results in a thermoelectric current I = «AT/T o P.,.

as a sensor enables converting the detected radiation directly
into a current or voltage. Hence, such detectors are self-biased
by the radiation (as in figure 2).

In the following, we describe how the spin-dependent scat-
tering at an interface between a superconductor (S) and a fer-
romagnetic insulator (FI) leads to two key phenomena under-
lying both the non-reciprocity and thermoelectric transport in
such systems: spin splitting of the density of states and spin-
polarized transport.

2.1.1. S/FI layer structures.  The magnetic proximity effect
concept in hybrid systems, comprising ferromagnetic insu-
lators and superconductors, was introduced early on by de
Gennes [20] within the realm of superconductivity theory.
The first experimental observations of spin splitting associated
with the interfacial exchange interaction in superconductors
were, however, obtained much later in [21, 22] using EuO/Al
systems, followed by observations in EuS/Al systems, also at
zero external field [23]. Subsequently, other material combin-
ations have been explored, and the theoretical understanding
has been refined.

Electron transport at ferromagnetic insulator interfaces is
explained by a scattering model as introduced in [24] and
further discussed in [25, 26]. Figure 3 illustrates this with
a ferromagnetic insulator layer between two conductors. At
the FI interface, an incident electron with spin o =7, can
reflect back, exhibiting a spin-sensitive amplitude given by
ry =r9 / G ©/2_In a thicker FI layer, while the reflection
probabilities for both spins are nearly one, the amplitudes dif-
fer by a scattering phase shift ¢/, where O is called the spin-
mixing angle. If conductor L is a clean thin film of thickness
d, electron eigenstates in it are given by a quantization condi-
tion e2/k:(€1/1)dEi0/2+id0 — | where ¢ is a spin-independent
phase shift. Consequently, © induces a spin splitting
! _ vpcos(a)©

il:
4d ’

2 4d|de @

where k, = kpcosa = , /2m*e — kﬁ is the incident momentum

of the electron hitting the FI interface at angle «, |0 < 1,

€+ — € - © ‘dkZ
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Figure 3. Spin-dependent scattering and tunnelling through a
ferromagnetic insulator (FI) sandwiched between two conductors (L
and R). In a simplified band model [24], the electron bands of the FI
exhibit a gap E,, and are spin split by an intrinsic exchange field hgy.
Electron scattering from L to R at Fermi level Er is spin-dependent:
the reflection coefficients r acquire a spin-dependent phase shift ©,
and the transmission is polarized to favor one spin direction. Top
right: the magnetic proximity effect can also be interpreted through
interaction with local moments at the FI interface. The physics is
greatly influenced by the interface quality.

and m™ is the effective mass. The splitting depends inversely
on the thickness d, as predicted by De Gennes [20]. A
scattering calculation in such a band model [24], assum-
ing the FI has a band gap E, and an internal exchange
field hg, gives the spin-mixing angle © ~2[\/Ep/E,+
VE;/Er) " (hpi/Eg) cosae = Ogcosa for E, > Ef, which is
proportional to hp;. On the other hand, the transmission
amplitudes #;,) exp[—dpl \/ 2m*(E, £ hpr) —|—kﬁ] are spin-

dependent and the spin-filtering polarization P = (|t1|> —
|t,*)/(|t+|> + |#,]?) increases by increasing the FI thickness
dpy, which is also observed [27-30]. Qualitatively, this sim-
plified model predicts then both the presence of the magnetic
proximity effect and the spin-polarized tunneling, even though
its quantitative accuracy is limited [24, 31].

The effect of FI interfaces on superconductors can also be
described by modeling the exchange interaction between the
conduction electrons and the localized magnetic moments S,
at the FI interface [26, 32],

Hex = —Jex Z ‘PL (r) (S, U)a,@

rof3

Vp(r), 3

where Jx is an effective parameter describing the interaction
strength. Semiclassical theory suggests the generation of a
localized interfacial Zeeman field for conduction electrons,
represented as hin(z) = h/ d(z), complemented by spin-flip
scattering [26]. Such J-function model can match experiments
reasonably well [33]. Here hl, = —Jexn(S) /B, with n,, the
2D surface density of magnetic moments and (S) their aver-
age spin [34]. In certain limits, this model can be mapped
to the scattering model, as the scattering matrices can be
incorporated to boundary conditions of semiclassical transport

equations [24, 25, 35-37]. These models allow for a conveni-
ent description of FI/superconductor(S) hybrid systems, also
in cases where the superconductors are not ideal, e.g. contain-
ing potential or magnetic impurities.

One way to probe the magnetic interface properties exper-
imentally is via spin transport measurements [38, 39]. In
the scattering model, these properties are often characterized
by the complex-valued spin-mixing conductance Gy). The
spin—dependent current incoming to the interface is I""/ o
(a{'n,) ag,, where a;, are the incoming spin-dependent scatter-
ing amplitudes. The difference compared to the reflected cur-
rent is [36, 38]

LY —Ig = [1 - (ro)*ro’]liio =goo I - “4)
The spin-mixing conductance Gt = ;T—zh >t [Onnr —

(r,’r‘”')*ri'”'] is defined by summing g4+ over all scattering
channels n, and describes the absorbed spin current transverse
to the magnetization of the FI. In the simple interface scatter-
ing model, and assuming complete reflection |r,| = 1, we have
8s0 =0 and gy _gm—l-zgw, g4, =1—cos®, ng =sin©.
For |©| < 1, g4, =~ iO is imaginary, and the spin-mixing con-
ductance per square area is found to be [34, 35, 37]

2 k 2
Nph ~ & g, (5)

I ~
mGyy /A~ 1 1672

where Np is the Fermi level density of states per spin. That
the imaginary part of G4 is associated with the interfacial
exchange holds also more generally [34, 35]. Physically, the
absorbed spin current produces spin torque acting on the FI
magnetization, leading to phenomena observable for example
in ferromagnetic resonance experiments; see [38] for a review.
Furthermore, in conjunction with the spin-Hall effect, it
provides an observable contribution to the magnetoresistance
[39-41].

The magnetic proximity effect in S/FI bilayers can also
be observed [21, 29, 31, 33] by probing the density of states
(DOS) N, (E) in S, as the effective exchange field / from (2)
splits the BCS peaks in the DOS. In ideal superconductors,
N, = NBCS,O” the splitting is

—i(E+h+i0t
Macsomiys (B) = Re——L2E0D)
VA2 = (E£h+i0%)

Although the splitting 7 in the ballistic model depends on the
momentum direction, it is expected to be averaged by disorder
of the bulk and the interface, and by Fermi liquid interactions
[24, 26, 31, 42]. For thin films, in this case one expects [26]

h/
~ (N

which scales similarly with film thickness d as in the ballistic
limit. Experimental evidence is compatible with momentum
independent 4 [31].
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Experimentally, N, can be probed via spin-polarized
tunneling [29, 30]. Tunneling current through a spin-polarized
contact to a spin-split superconductor is

1= 3 S [ aen, @)1 B - E+en], ®
o=",1 -

where fy s are Fermi distribution functions on the supercon-
ductor/normal sides of the tunnel junction, and G, are the
spin-dependent tunneling conductances. In S/FI/N junctions,
where the ferromagnetic insulator also serves as the tunnel bar-
rier, the spin-dependent conductances G, o || inherit spin-
dependence from the tunneling amplitudes #;,,. In F/I/S/FI
structures, where the tunnel electrode itself is ferromagnetic,
the spin-dependence in G, < Nr , is influenced by its spin-
dependent density of states. However, interface properties gen-
erally play a significant role as well [30, 43].

Usually, experimental / — V characteristics do not match
equation (8) with the ideal BCS density of states of
equation (6). These discrepancies can be addressed by consid-
ering the non-idealities of the superconductor that alter N, as
discussed below. Other contributing factors may include the
structure of the tunnel junction, such as pinholes and other
irregularities, as well as features of the experimental setup
like voltage fluctuations [44]. To account for these features
phenomenologically, one can introduce the Dynes parameter
I' > 0 and replace E with E 4 iI" in equation (6). We return to
these points in section 2.3.

The phase diagram of thin spin-split superconducting films
has been extensively studied, theoretically [26, 45-47] and
experimentally [26, 48, 49]. A main feature at low temperat-
ures is the presence of a first-order transition between super-
conducting and normal states, which in the ideal case occurs
at the Chandrasekhar—Clogston value of the exchange field
h. = A/+/2. This is expected to be affected by factors such
as Fermi liquid interactions, and short spin-flip 74 or spin-
orbit 7, scattering times in the superconductor which gener-
ally reduce the effect of the exchange field [13, 47, 50] and
also change the tunneling DOS.

The thickness dependence of the average exchange field (2)
and (7) implies there is a critical thickness d,. of the S film,
defined by h(d.) = h,, below which the film is not supercon-
ducting. Prediction from a semiclassical model [52] is shown
in figure 4(a) for the critical interfacial exchange field, and in
figure 4(b) for the critical thickness. Inset of figure 4(a) shows
h(d), which is well approximated by equation (7) for thick-
nesses d smaller than the coherence length &s. For d 2 3&g,
it becomes weak enough allowing superconductivity at zero
temperature for any value of the interfacial field.

The magnetic properties of the FI also have important con-
sequences for the physics. Generally, the form of the mag-
netic hysteresis is determined by them, and magnetic details
of the interface can matter for the temperature dependence.
Additionally, for bilayers with lateral dimensions surpassing
the domain sizes in the FI, spatial variations in the exchange
field introduce complexities that must be considered [26, 33,
52-56]. Moreover, the magnetic fringe fields of the FI lead to

k‘ex/(‘fsToO)

0'%.5 1.0 1.5 20 2.5 3.0
St d/és

0.2 04 0.6 0.8 1.0
T/To
b
( ) 8 — h’ex/fs=10Tc0
hlex/§SI3TCO
6 hlex/fszTCO
3”‘: F— hlex/§s=0~5TcJ0
< 4
2
8.0 0.2 04 0.6 0.8 10
T/Teo

Figure 4. (a) Critical exchange field for different thicknesses d of
the superconductor and (b) critical thickness for different interfacial
exchange fields h/,. The dashed lines represent the temperatures at
which the transition is of first order. The inset in panel (a) shows
effective exchange field / (full line) and the thin film
approximation (7) (dashed line) as a function of the thickness of the
S layer for hl, = 0.5A0&s [51].

orbital depairing in the superconductor, generally suppressing
superconductivity and rounding sharp superconducting fea-
tures in its density of states.

There are numerous additional factors that influence the
experimental outcomes. The physics is very sensitive to the
interface quality: on the one hand, conduction electrons that
scatter back before interacting with localized FI magnetic
moments, do not acquire magnetic phase shifts or spin split-
ting. On the other hand, e.g. subgap bound states at the inter-
face are predicted also to enhance the spin mixing [57, 58].
Hence, the behavior of the magnetic proximity effect is sens-
itive to the materials and growth conditions influencing the
interface physics. We return to these points in sections 2.1.3
and 2.2.

2.1.2. Interface transport model.  The interplay of spin-
splitting and spin-filtering in FI/S structures is predicted
to lead to electron-hole symmetry breaking [7, 8, 13,
59]. Namely, in equation (8), due to the combination
of spin-dependence of the conductance (G # Gy), and
the spin-dependent asymmetry of the density of states
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(Ny(—E)=N_,(E) # N,(E)), it is possible to have
I(=V)# —I(V). These features enable both thermoelectric
effects and non-reciprocal charge transport.

2.1.2.1. Thermoelectricity. ~ For tunnel junctions, main fea-
tures of spin-split superconductor thermoelectric effects are
expected to follow equation (8). Experiments [60, 61] indeed
match its predictions well. For small temperature differences
between the normal and superconducting sides of the tunnel
junction, AT =Ts— Ty < T, low voltages eV < A — h, and
low temperatures kg7 << A, h, equation (8) reduces to [7, 62]

AT
HMAH=—07;+k(wWﬂ_1)

+IS(P—1)(cosh$—1>. )

The first term describes the thermoelectric effect. Here,
P=(G;—G,)/(Gy+G,) is the spin polarization of
the tunnel junction, and « is the thermoelectric coef-
ficient, which in the ideal case (6) has the value o=
P(Gr/e)V 2w Ae=?[Asinh(k) — hcoshh] [7], where A =
A/kgT and h = h/kT. Moreover, Is = Gp/eK;(A)e", where
K, is a modified Bessel function.

Thermoelectric applications generally require, in addition
to the description of the electrical circuit where the thermo-
electric element is embedded, also modeling the induced tem-
perature difference AT. Generally, it depends on the various
possible thermal conductance channels. Tunneling of elec-
trons is one of these and can also be described in the above
approach [8, 13], but it is often not the most significant contri-
bution. In particular, the electron-phonon coupling often dom-
inates in a wide temperature range, see [13, 63] for a review.
Generally, all heat conductances are exponentially suppressed
in the superconducting state, due to the presence of the super-
conducting gap. This is why, in the presence of radiation with
frequency larger than the gap, superconductors tend to heat
up more than normal metals. A combined electrothermal the-
ory for S/FI junction detector applications is discussed in more
detail in section 3.1.

2.1.2.2. Rectification. ~ The second and the third term in
equation (9) describe the non-reciprocal charge transport in
the form of a non-ideal Shockley diode equation. Namely, the
second term is the ideal Shockley contribution, while the third
term describes deviations from ideal behavior, and vanishes at
perfect polarization P = 1. The I-V characteristic is shown in
figure 5(a). The rectification can be characterized by decom-
posing the current into antisymmetric lygym = 3|1(V) —I(—V)|
and symmetric Lym = 1[I(V) +1(—V)| parts in voltage, and
defining the rectification coefficient

ELLY

(10)
I asym

The maximum of R(V) is determined by the spin-polarization
of the junction, as shown in figure 5(b), which provides a way
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Figure 5. (a) I(V) curve of a N/FI/S junction for different values of
the polarization P. (b) Rectification coefficient R = Isym /Iasym.
Parameters used in the plots: 7 = 0.3A, kgTy = kgTs = 0.1A,
I'=10"°A.

to estimate the polarization parameter from the experimental
I(V) curves.

In the presence of an AC voltage V,., N/FI/S junctions pro-
duce a rectified DC current, which at high frequencies and
low temperatures (fiw > A, h, eV, and kgT < A — h) has the
form [62]

. PGT €2V§C
le = 2¢ h2w?

L

Note that the sign of the rectified current is determined by
the relative sign of & and P, namely, sign(/.) = sign(hP).
Similarly, for the current produced by the thermoelec-
tric effect, Iy, = —a 5L, we have sign(ly,) = —sign(ATa) =
—sign(ATPh). Therefore, Iy, and I, have the same sign if
AT < 0, meaning that the normal side of the junction is at a
higher temperature. On the other hand, if the superconducting
side of the junction is at a higher temperature (AT > 0), the
two currents have opposite signs, so the rectification and ther-
moelectric effects compete. Therefore, to produce the max-
imal signal using FI/S junctions in e.g. radiation detectors,
special care must be taken to optimize the ratio of rectification
and thermoelectric effects, which depends on material-specific
parameters and junction geometry.

The results above assume ideal /-V characteristics. As
noted in section 2.1.1, several sources of nonideality can be
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phenomenologically described by introducing the Dynes para-
meter ' in the superconducting density of states. It enables
subgap conduction channels, which can provide significant
contributions at very low temperatures when % b %e‘A/ ksT
In particular, the correction to the tunneling current due to

small I" at kgT,h,eV < A is [62]
3 th)
+ )

I'v
o=Gry (1 A7

12)
yielding the rectification coefficient of R ~ 3PeVh/(2A2).
Similarly, nonzero I" also affects the thermoelectric response.
Atlow temperatures kg T < A — h and for small I the thermo-
electric coefficient obtains an extra contribution

_ G g AT

oo —e - h2)5/2 .

13)

On the other hand, the thermoelectric voltage (or Seebeck
coefficient), represented as —akpAT/(eG), generally
decreases due to G increasing more than « [7]. Besides the
Dynes parameter, somewhat similar effects on the thermo-
electric coefficients are provided by spin-flip scattering as
described in [64].

2.12.3. Detector yield. =~ The efficiency of conversion of
absorbed radiation can be characterized by the quantum yield,
i.e. the number ny, (w) of electrons transported across the junc-
tion per absorbed photon at frequency w. For steady-state
thermoelectric conversion, the estimation can be made using
equation (9) and a heat balance model
S/N

as/NPy = Gy " (Ts — Toam) T G (Ts —Ty) . (14)
This describes fractions as and ay of the absorbed power P., =
hiw/dt distributed on the S and N sides in time 67, and relaxing
via junction and parasitic thermal conductances Gy, and Gﬁ]/ N
Now, assume that kg7 < A, h so that G < Gy, < GY [13,
63], and that /iw = 2A so that absorption as is non-negligible.
Using the low-temperature values of the junction transport
coefficients,

oy = It fe ~ agP—1% (15)

A sen(h),
for T' < e=2/%TA2 /h. In the opposite limit of large T, ny, ~
3asPhwh/(A? — h?) which is smaller by only a factor of #/A.
Hence, absorption of a single photon fairly generally trans-
ports ny, > 1 electrons across the junction.

A similar estimate can be made for the rectification effect,
assuming that fraction a > 0 of the incoming power P, gen-
erates an AC voltage across the N/FI/S junction, aP., =
V2./(2R). Here R = R/(1 + RGy) is the parallel resistance of
the junction and a radiation absorber of resistance R. Using
equation (11),

Nee = L0t )e = aPﬁcTie. (16)
hw

Here n,. <1 at hw 2 A, indicating that the thermoelectric
effect can dominate AC rectification, and lead to better device
performance.

2.1.3. Material specific implementation.  The results above
highlight that for practical purposes it is desirable to
find suitable superconductor/ferromagnet combinations.
Thermoelectricity and non-reciprocal effects are maximized
by having, on one hand, a good spin-filter efficiency and,
on the other hand, a sizable spin-splitting of the supercon-
ductor. Both of these effects depend crucially on interfacial
parameters. As discussed in the next section, very good exper-
imental control over spin split superconductivity has been
achieved in EuS/Al systems [9, 29, 31, 33, 65-67]. Crucial
for the splitting is the size of the imaginary part of the mixing
conductance, as explained in section 2.1.1. This value can
be notably large at EuS/metal interfaces, as demonstrated in
spin Hall magnetoresistance experiments on EuS/Pt systems
[68], which found A/, ~ 0.8 meV nm, as extracted from meas-
ured Im G4, using equation (5). This value corresponds to the
superconducting gap A, of aluminum with a film thickness
of d =~ 4nm. In EuS/Al the induced effective exchange field
can range from values much smaller than A 4j, up to such large
values that superconductivity is fully suppressed, as observed
in [69].

Recent experiments also suggest a finite induced exchange
field in YIG/NbN [70] and YIG/Nb [71, 72], even though the
spin-mixing conductance of YIG/metal interface is dominated
by the real part and not the imaginary part, in contrast to EuS
based structures [68].

With respect to spin-selective transport, Eu-chalcogenides
serve as highly efficient spin-filtering barriers. Efficiencies lar-
ger than 95% have been achieved in EuSe barriers, whereas
80% spin-filter efficiency has been achieved in EuS barriers
[73]. However, a fundamental challenge arises when using
these magnetic barriers in several of the devices discussed
herein: achieving high spin filter efficiency necessitates thick
barriers, which subsequently exhibit substantial resistances.
One way to circumvent this issue is to utilize a ferromagnet
as the normal metal electrode in lieu of a magnetic barrier
[9, 61]. Indeed the thermoelectric effect has been observed in
EuS/Al/Co [9], EuS/Al/Fe [61], and in Al/Fe tunnel junctions
[60]. In the latter, an external magnetic field was applied
to provide the spin-splitting in the superconductor. A spin
filtering efficiency of 75% was reported in NbN/GdN/NbN
Josephson junctions [74], and a sizable interfacial exchange
coupling was seen in Nb/GdN samples [75].

Table 1 summarizes various experimental studies on FI/S
structures, providing values for the spin filtering efficiency and
the spin-splitting field.

2.2. Materials and device preparation

For cryogenic thermoelectric detectors and non-reciprocal
electronics that utilize spin-polarized tunneling junctions
with exchange-split superconducting electrodes, there are
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Table 1. Summary of reported values for spin filtering efficiency (barrier polarization, ) and exchange splittings (%) across different

experimental studies.

Material combination ~ Barrier polarization P Exchange splitting 4 @ applied field B Reference
EuO/Al/Al05/A1 no spin-filter barrier 1T@0.1T...1.73T@04T [21]
Au/EuS/Al 0.8 16T@0T [23]
Al/EuS/Al 0.6-0.85 19-26T@O0T [65]
Ag/EuSe/Al >0.97 0T@O0T [76]
EuSe/Al/AlO3/Ag no spin-filter barrier 4T@0.6T [76]
NbN/GAN/NbN 0.75 — [74]
NbN/GAN/TiN 0.97 14T@0T [77]
EuS/Al/Fe 0.15-0.20 1I5T@04T [61]
Cu/EuS/Al 0.48 1.83T@0.1T [9]
EuS/AV/AlO,/Co 0.3 1.67T@O0T [9]
EuS/Al/AlO,/Al no spin-filter barrier 252T@O0T [52]

application-dependent considerations that for example require
maximizing the amplitude of the thermoelectric effect, which
depends on the splitting of DoS, or setting limits on the tun-
nel junction resistance to achieve rapid readout. This implies
having good control on the properties of the devices constitu-
ent material as well as the growth parameters of the hetero-
structures. In this section, we focus on the elements concerning
the interface between a superconducting thin film and a mag-
netic insulator or semiconductor that creates a spin-split dens-
ity of states. Application-dependent issues are discussed in the
corresponding sections. In the early works of Meservey and
Tedrow, many different material combinations were tested,
including chalcogenides of rare-earth elements as well as very
thin metallic layers interfaced with Al and V layers (for a
review see [29]). The effect of the exchange splitting is usu-
ally explored via tunneling spectroscopy. Spin splittings cor-
responding to effective magnetic fields of the order of several
Tesla have been achieved, in particular using ferromagnetic
insulators. The splitting decreases with the increase in thick-
ness of the superconducting film in close accordance with the
predictions of the de Gennes’ theory [20]. In the case of metal-
lic magnetic layers adjacent to superconducting films the situ-
ation is more subtle since Cooper pairs can leak into the mag-
netic region leading, in general, to a suppression of supercon-
ductivity. For this reason, in order to obtain a good splitting, it
is more convenient to use magnetic insulators. Many differ-
ent ferromagnetic insulators (FI), including transition metal
oxides or rare earth oxides, such as gadolinium gallium gar-
net (Gd3GasOj,) and yttrium iron garnet (Ys;FesOi,) were
tested. However, EuS was the first FI where spin filtering was
determined [23], which has implications in magnetic tunnel
junctions and spin valves [67], as well as in superconducting
electronics, and radiation sensors [23, 52, 61, 65, 78, 79].

To obtain reliable and reproducible amplitudes of the
exchange splitting, it has been demonstrated that the qual-
ity of the interfaces is crucial [65]. Introducing a thin insu-
lating layer between the magnetic and superconducting films
results in a complete quenching of the exchange interaction
[65]. Moreover, in many examples where lithography-based
nano-fabrication was used to create devices with exchange
split DOS, especially based on the combination of Al and
EuS [49, 80], the exposure of EuS to atmosphere before the

deposition of the superconductor prevents maintaining the
exchange splitting without external magnetic field even after
the initial saturation of the magnetization below the Curie
temperature of the EuS. These findings suggest that the EuS
was partially oxidized during the lithographic nanofabrication,
which causes formation on the interface of the paramagnetic
Eu-based compound with zero magnetic remanence. In con-
trast, in several references of devices prepared by Moodera
et al, a zero-field exchange split DoS was demonstrated in the
absence of any external magnetic field [33, 81]. The explana-
tion lies in the method of device fabrication, which is in-situ
shadow mask evaporation. In the early works of Meservey
and Tedrow, the crossed-wire tunneling junctions used in tun-
neling spectroscopy experiments were created by subsequent
deposition of the FI and S materials using different shadow
masks in a high vacuum environment (1 x 10~8 mbar) and pre-
venting the exposition of the layers to the air [21, 65]. More
recently, it has been shown that the EuS sublimation temper-
ature also plays a significant role, with a trend toward Eu-
rich compounds at higher sublimation temperatures [82]. This
modification to the chemical composition is mirrored in the
magnetic properties, with an increase in magnetic moment and
Curie temperature. Therefore, the need for precise control of
the composition and cleanliness of the interface between the
superconductor and the magnetic layer places constraints on
the fabrication techniques for tunneling junctions.

To illustrate the growth of the required heterostructures
for fabricating cryogenic thermoelectric detectors or non-
reciprocal electronics, in the subsequent paragraph, we detail
the shadow mask fabrication procedure of the EuS/Al-base
devices described in [52], which was similar to the one sum-
marized long time ago in the review by Meservey and Tedrow
[29]. To complement it, we discuss those aspects relevant
to understand and control the device performance. These
example potentially serve as a foundational elements for a
SFTED.

2.2.1. Device fabrication. =~ As we mentioned before, in [52]
the procedure to fabricate X/AlO,/Al/EuS tunnel junctions
was essentially shadow mask fabrication. Here, X denotes
a metallic layer, either superconducting or magnetic. The
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Figure 6. Schematic representation of the different steps involved in the hybrid heterostructure growth.

sequence is schematically represented in figure 6, and it
includes: (i) the deposition of the magnetic EuS on the insu-
lating substrate via electron-beam (e-beam) sublimation from
stoichiometric powder; (ii) the growing of the superconduct-
ing Al electrode through the shadow mask; (iii) the formation
of the tunneling barrier via the oxidation in the oxygen plasma;
(iv) the deposition of the counter electrodes X through another
shadow mask; and (v) finally deposition of the capping layer
to protect the devices from the atmosphere. All the process is
done without breaking the vacuum at any time, and therefore
preventing the undesirable oxidation or contamination of the
layers and interfaces.

The substrates for fabricating cryogenic thermoelectric
detectors or non-reciprocal electronics must be good insulat-
ors, such as high-quality polished silica or SiN. Thin film of
EuS layer is deposited as a continuous film by employing
a Knudsen cell (Tungsten crucible) filled with commercially
available stoichiometric EuS powder, as Smoes et al demon-
strated in 1977 [83]. During the sublimation process, the cru-
cible temperature can be estimated via the power vs temperat-
ure calibration curve and the growth rate is calibrated using a
quartz microbalance, or monitored via a flux monitor. This is
relevant for sample preparation because EuS powder decom-
poses during evaporation and the ratio Eu:S in the gas phase
varies with increasing temperature, which affects its magnetic
behavior [83]. Superconducting and magnetic metallic wires,
Al and Co in example of figure 6 must be deposited over the
EusS layer in the same vacuum chamber, i.e. without breaking
the vacuum, in order to avoid the oxidation of the EuS sur-
face. There are several methods to deposit aluminum layers
in vacuum environments, being the thermal evaporation used
in [52] one of the most convenient, because of its reprodu-
cibility, its cleanness and its precise control of film thickness
and composition. Although for the SFTED, the second metal-
lic electrode needs to be a ferromagnet, as for example Co, for
the characterization of the spin-splitting induced by the EuS in
the Al wire, it is convenient to first grow an Al/AlO,/Al/EuS
structure [23, 33, 52, 65].

Regarding oxide barrier fabrication, the conventional
method to grow the AlO, barrier is thermal oxidation, where
aluminum is directly exposed to air (or pure molecular oxy-
gen), resulting in many instances in amorphous layers that

lead to inhomogeneous interfaces [84]. Moreover this method
is self-limited in the barrier thickness, being only possible to
grow barriers of around 2 nm [85]. Among alternative meth-
ods to produce tunnel barriers, the most popular is the oxygen
glow discharge plasma oxidation that employs atomic oxygen
[86] instead of molecular one to produce much thicker barri-
ers in shorter time. However, this is an aggressive technique
because the oxygen atoms that arrive to the sample have high
kinetic energy and can create defects in the AlO, layer. These
drawbacks can be overcome by Inductively Coupled Plasma
sources, which produce barriers with very low amount of pin-
holes and high reproducibility [87, 88].

Typical tunneling spectroscopy measurements of the
Al/AlO,/AV/EuS junctions shown in figure 7 revealed the spin-
split DoS of the bottom Al electrode even in the absence of
an external magnetic field. The characteristic splitting of the
differential conductance (dI/dV) curves becomes more pro-
nounced when the magnetization of the sample is saturated,
and remains almost intact when the field is reduced back to
zero. Work [82] discussed the possibility of a systematic con-
trol of the exchange coupling strength via tuning of the para-
meters of sublimation of EuS. The control of the effective
exchange field is essential to optimize the SFTED.

2.2.2. EuS properties.  Early works aimed at the growth of
thin films of EuS unveiled a strong variation in their chemical
composition associated with different deposition conditions
[89, 90]. Since the evaporation of sulfur, which is required
for Molecular Beam Epitaxy (MBE), is technically challen-
ging, the preferred technique for growing EuS is sublimation
from stoichiometric powder. Detailed study of the thermody-
namics of this process showed that solid EuS decomposes due
to the heating and the proportion of Eu to S in the gas phase
changes slowly with increasing temperature from nearly 1:1
ratio at 1400 K to the Eu-reach mixture at temperatures above
2000 K [83]. Usually, the temperature of sublimation is kept
high to obtain higher growth rate. Excess of Eu in the depos-
ited films is compensated by means of heating of the sub-
strate. For instance, it has been demonstrated that increasing
the temperature to 630 K results in near-stoichiometric films,
while cooling the substrate promotes the growth of Eu-rich
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Figure 7. Tunneling spectroscopy of sample S3-e. (a) First magnetization of the EuS. Before the application of any magnetic field (B =0,
black arrow), a clear & is observed (broad peak around V = 4-0.4mV) in the tunneling conductance. It is a signature of the magnetization of
the individual EuS grains not being aligned with respect to one another. Sweeping from O to 30 mT said broad peak quickly splits into two
(the magnetization directions of the individual EuS grains are being aligned) and then disappears above around 16 mT (dashed line) where
the superconductivity of one Al layer is quenched (the bottom Al layer which is in contact with the EuS). Measurement done at 7 = 30 mK.
(b) Evolution of the peaks in (a) taken at B =0 (black), 10 mT (green) and 20 mT (blue), indicated in (a) by arrows. (c) Magnetic field sweep
of the tunneling spectroscopy at T =30 mK. After the first polarization of the EuS layer, a spin-splitting in the tunneling spectroscopy is
observed between around +8 mT and —12 mT. The split peaks move slightly towards each other throughout the sweep. Here, the surface
spins of the EuS are dependent on and therewith behaving like the EuS grains which are responsible for the narrowing. Beyond mentioned
applied magnetic field strengths, the spin-splitting disappears. Now, the 4 is again so large that it quenches the superconducting state of the
bottom Al layer. The superconductivity of the top Al layer is preserved, as can be concluded from the remaining peaks and the gap.
Throughout the sweep of the B field, the peaks shift almost linearly in B as represented by the fit lines: (solid line) eV = A+

Ay +h =580 peV + 35 upB and (dashed line) eV, = Ay + Ay — h =290 peV — 35 upB. From the difference between the two curves, it
is possible to estimate /1(B) = 145 eV + 35 upB and to extract A ~ 240 peV. From the tunneling spectroscopy at 15 mT it is possible to
evaluate A, ~ 200 peV. (d) Tunneling spectroscopy at no applied magnetic field: before the first magnetization (black) and after
magnetization (blue). Data extracted from (a) and (c) respectively, as indicated by the arrows. (e) Magnetic field sweep of the tunneling
spectroscopy at T =1 K. At a higher temperature, the size of the superconducting gaps (A ) decreases and the spin-split peaks are only
visible when the external magnetic field is opposed to the polarization of the EuS layer. The surface spins have enough energy at this
temperature to be independent of the EuS grains, explaining why the spin-splitting increases with increasing applied magnetic field. A third,
so called matching peak located between the superconducting gap and the spin-split peaks is likewise observed. With increasing negative B
field the peaks shift almost linearly in B as represented by the fit lines: (brown solid line) eV = Ay 4 Ay + 7 = 340 peV — 172 ppB; (blue
dashed line) eVo = Ay + Ay — h =250 peV + 172 ppB; (green dash-dotted line) eV3 = Aj — Ay +h =140 eV — 172 ugB. With a
simple linear combinations of the three fit functions it is possible to estimate (B) = 45 peV — 172 upB, A1 ~ 195 ueV and A, ~ 100 peV
with the assumption of a negligible dependence of A > on B. (f) Tunneling spectroscopy at B = —9.5 mT, taken from panel (e). The
spin-split peaks (brown and blue) and the matching peak (green) are visible (indicated by a circle of the respective color as corresponding to
the fit lines in (e)).

films [89-91]. In the pioneering works of Moodera’s group
on the fabrication of the exchange-coupled Al/EuS bilayers,
EuS (and Al) are usually deposited on the substrates cooled
down with liquid nitrogen because it results in higher mag-
netic remanence (more rectangular hysteresis loops), which
is an advantage for the applications that require persistence
of the exchange-coupling between the EuS and Al in zero
magnetic field. A recent work [82], has shown that deposition
of the EuS on the substrates kept at room temperature or cooled
with liquid nitrogen has to be accompanied by the control of
the sublimation temperature in order to limit the exchange

coupling strength in the Al/EuS—based devices. It was found
that the interaction gets stronger with the increase in Eu con-
centration. It quickly surpasses the critical value, quenching
the superconductivity of the thin Al films, once the Eu/S ratio
becomes higher than unity [82]. Control of the power of the e-
beam evaporators allows for precise manipulation of the EuS
sublimation temperature, which opens up a way to the tuning
of the exchange coupling. For instance, in the series of samples
listed in table 2, effective exchange field variations of up to
a factor of three are obtained by tuning the layer thicknesses
and/or the growth temperatures.
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Table 2. Overview of the investigated samples with varying layer thicknesses and growth temperatures.

Samples  Structure Ap (ueV)  Aj (ueV) h (peV) h/A
S1 Al (10)/A1Oy /Al (12)/EuS (19)/silica 254 131 68 0.5

S2 Al (10)/AIOy /Al (10)/EuS (11.5)/silica 118

S3 Al (12)/A10y /Al (12)/EuS (16.5)/silica 200 275 150 0.57
S4 Al (12)/A1O; /Al (6)/Eu$S (10)/silica® h > heritical

2EuS and Al grown at cold 7 (150 K).

The capability to control the exchange coupling strength
in the AI/EuS bilayers enables the validation of the theoret-
ical description of the proximity effect for hybrid S/FI sys-
tems presented in section 2.1.1. Furthermore, by tuning the
exchange coupling strength to be near the critical value, it
becomes possible to investigate the magnetization reversal
process in EuS films across a temperature range below 1.2
K. This range is typically inaccessible for the majority of
magnetic measurement systems [52]. Figure 7(c) presents typ-
ical results for tunneling spectroscopy of the Al/AlO,/Al/EuS
tunnel junction. In this spectrum, the characteristic splitting
induced by the exchange interaction between the supercon-
ductor and the magnetic insulator is observable within a nar-
row range of external magnetic fields. This behavior was inter-
preted in [52] as decreasing of the average effective field in
the AI/EuS bilayer close to the coercive field and quenching
of the superconductivity in the Al wire interfaced with EuS,
once the applied field saturates the magnetization of the mag-
netic layer. Thorough measurements of the transport prop-
erties of the Al wire coupled to EuS showed that magnet-
ization reversal causes step-wise changes of the resistance.
This indicates local quenching of the superconductivity. Phase
diagram built for the range of temperatures from 30 mK to
1.2 K and within the |B| < 50 mT allowed for tracking a vari-
ation of the coercive field with temperature. This unveiled
a number of critical temperatures that we attributed to the
presence of small superparamagnetic particles of EuS [52].
These findings were correlated with results of magnetic char-
acterization by means of XAS/XMCD spectroscopy, magneto-
metry and low-temperature ferromagnetic resonance (FMR)
[82, 92]. For instance, it was observed that sulfur-rich and
near stoichiometric polycristalline EuS films with moderate
exchange coupling strengths show very broad and shallow
peaks of FMR, meanwhile the Eu-rich films possess sharper
resonance but their coupling to thin Al films causes quench-
ing of the superconductivity. Besides the preparation of poly-
crystalline films, growth of textured and single crystal epi-
taxial EuS layers was reported [90, 93-97]. The temperature
of the substrate and the density of dislocations were crucial
to controlling the stoichiometry of EuS [90, 93]. Small lat-
tice mismatch and suitable range of the substrate thermal sta-
bility made possible the growth of very high-quality epitaxial
EuS/InAs(001) films [94]. These layers were employed to rig-
orously study their magnetic and electronic properties and
to grow the fully epitaxial Al/EuS/InAs(001) heterostructures
[95]. Together with results obtained in the GAN/NbN system
[98], these works make up a solid base for understanding

the exchange coupling phenomena in the epitaxial S/FI
layers.

An alternative approach to the fabrication of heterostruc-
tures, which may overcome the challenges associated with tra-
ditional growth methods, involves utilizing two-dimensional
(2D) materials. Van der Waals stacking of magnetic insulator
and superconductor layers, as reported in several recent stud-
ies, has produced high-quality samples exhibiting a diverse
array of intriguing properties. This showcases the significant
potential of this technique [99, 100]. Inherently, 2D materi-
als exhibit a sharp interface between adjacent layers in their
stacks. This permits the engineering of heterostructure inter-
faces with a level of precision only achievable with the most
advanced MBE systems [101]. Due to minimal chemical inter-
mixing between layers, it is possible to combine distinct slabs
of various 2D materials and even single atomic layers in the
case of graphene or hexagonal boron nitride. This precision
opens up a way to study the phenomena typically unobserved
in bulkier heterostructures. For example, a rich assortment
of strongly correlated electronic states is evident in twisted
bilayer graphene [102]. On the other hand, sharp well-defined
interfaces between dissimilar 2D materials enable engineer-
ing of interface-dependent effects, like exchange splitting of
the electronic density of states in the superconductors [100].
For instance, a heterostructure that integrates an insulating
layer of the ferromagnetic CrBr; and superconducting NbSe,
showcases these capabilities [99]. While some 2D materials
exhibit strong reactivity and chemical instability, a possibil-
ity of obtaining single layers via exfoliation is widely accep-
ted as a feature of the 2D materials, which facilitates build-
ing of the heterostructures by means of stacking of the lay-
ers via mechanical micromanipulations. Nevertheless, exfoli-
ation produces flakes of variable thickness that requires eval-
uation and selection procedure incompatible with automatic
fabrication processes. Therefore, technologies for growing
macroscopic (wafer-size) single-layer films and the proto-
cols of transferring of these films have being developed for
a number of most relevant 2D materials [101, 103]. Such
advancements pave the way for implementing 2D materials
in the applications and creates incentives for further research
activity in the field. However, several challenges still need
to be addressed to fully leverage the benefits of this new
group of materials. In terms of materials science, signific-
ant work is required to broaden the selection of materials
available as large, high-quality wafer-size single layers. While
progress is being made in developing growth processes for
semiconducting and superconducting materials, exfoliation
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remains the most common method for obtaining single-layer
magnetic 2D material [101, 103]. An alternative to wafer-scale
production of 2D materials could involve the development
of moderate-temperature growth techniques for 2D layers,
which could be compatible with standard lithography-based
nanofabrication [104]. On the front of device physics and tech-
nology, significant efforts will be required to adapt fabrica-
tion processes to the new materials and address common chal-
lenges associated with implementing electronic devices, such
as establishing electrical contacts to the 2D layers [105, 106].
Specific challenges related to realizing superconducting elec-
tronic devices with non-reciprocal transport properties include
determining the spin-filtering efficiency and the strength of
spin splitting due to exchange coupling in heterostructures of
2D superconductors and 2D magnetic insulators. This topic
requires further experimental investigation.

2.3. Tunnel characteristics

In this section, we summarize the low-temperature character-
ization methods, which provide information on spin-splitting
and polarization of the tunneling transport and how to improve
it. We also discuss experiments on the thermoelectric and rec-
tification effects in different junctions based on S/FI elements.

2.3.1. Characterization and optimization of the exchange
splitting.  The properties of the ferromagnetic supercon-
ductor generated with a FI/S bilayer are heavily influenced
by factors such as operating temperatures and external mag-
netic fields as well as material characteristics including the
quality of the interface between the two layers, the thick-
nesses of layers and the material selection for the FI and S
layer [52]. Different materials combinations are discussed in
section 2.1.3. In the most typical case of using Al as the super-
conductor, the critical temperature is relatively low (T¢ ~ 1—
2 K, depending on the film thickness), but also the spin—orbit
interactions (SOI) are weak due to the low atomic mass of Al.
In the presence of disorder, SOI leads to spin relaxation [8] and
therefore the spin-splitting essential for non-reciprocal elec-
tronic properties of the tunnel junction is clearest in metals
with weak SOI. By contrast, the disadvantage of operating
below 1 K is not significant for detection applications that typ-
ically need to operate at ultra-low temperatures to minimize
thermal noise.

The FI that pairs optimally with Al is EuS due to a min-
imal lattice mismatch making ideal AI/EuS interfaces so that
a strong ferromagnetic exchange interactions can be induced
in the Al. Such interactions generate an effective Zeeman
splitting (/1) in the DoS comparable to the Al superconducting
gap (Ao ~200 peV), i.e. equivalent to the Zeeman splitting
induced by an external magnetic field of a few Tesla. For the
fabrication of optimal FI/S bilayers two experimental paramet-
ers are crucial: the quality of the FI/S interface to induce strong
exchange interactions in the S film and the thickness of the
S that facilitates such interactions through the film thickness
d. It has been demonstrated [52] that for d > 3£y the induced
h is almost negligible, determining the upper limit to the S

thickness. On the other hand, to maximize & the Al thick-
nesses (d) can be lowered [31] down to a critical thickness
(d.) below which the ferromagnetic correlations increase up
to the Chandrasekhar-Clogston limit and kill superconductiv-
ity as described in section 2.1.1. Using equation (7), in thin
layers such a lower limit can be estimated from the Zeeman
splitting of a sample as:

_ V2dh(d) _ V2k

de Ay Ay

a7

It is worth noting that from this equation, d. depends
only on the intrinsic parameters i/, and A,. As described
in section 2.1.3, for an AI/EuS bilayer with Ax; ~ 200 peV
and A/, ~ 0.8 meV nm it is possible to estimate d. ~ 4 nm.
This limit has been numerically evaluated and demonstrated
by comparing the tunneling spectroscopy of samples made
with AI/EuS bilayers of different thicknesses [52].

Besides the direct magnetic proximity effect, external mag-
netic fields can also be exploited to enhance . Interestingly,
a large increase is typically observed even at small fields for
which the simple additional Zeeman term would be negligible.
This suggests a superparamagnetic behavior in EuS since the
spins at the Al interface surface likely have a weak coupling
with the bulk EuS [33]. This effect has already been observed
in early experiments [33, 61, 67] and in some samples can be
strong enough to induce a S to N phase transition.

Characterization of the magnetic proximity effect was also
necessary in the SuperTED project and was quantified from
the tunneling spectroscopy of Al/AlO,/Al/EuS samples of dif-
ferent thicknesses [52]. Table 2 summarizes selected measured
samples and the extracted values for the order parameter of
the Al tunnel electrode (A;) and of the Al layer adjacent to
the EuS (A»), as well as the induced exchange splitting /, and
the ratio 1/A,. In figure 7 we show an example of tunneling
spectroscopy of an AI/EuS bilayer in which the Al thickness
was optimized to set & just below the maximal Chandrasekhar-
Clogston limit. It corresponds to sample S3-e in table 2 and it
is partially reported in [52]. The EuS/Al bilayer is in tunnel
contact with an Al probe that allows us to quantify / from the
amplitude of the splitting observed in the energy spectrum of
the tunneling conductance. Notably, after the cooldown of the
device and before the magnetization of the EuS layer a small
splitting was already visible in the tunneling spectroscopy as
shown in the black line of figure 7(b). This indicates the pres-
ence of magnetic domains with sizes larger than the super-
conducting coherence length & in the EuS film as described
in previous works [33]. Domain sizes much below &, would
lead to a vanishing average spin splitting. Upon the applica-
tion of an external magnetic field (B) the magnetic domains
start to align and the observed splitting increases as shown in
figure 7(a) up to an in-plane field of 16 mT. Above this field
the secondary peak at the higher energy suddenly disappears
as a consequence of the S to N transition induced in the AlI/EuS
bilayer by the increased i(B).

The superparamagnetic component of the EuS is further
confirmed by measuring the tunneling spectroscopy at lower
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magnetic fields as shown in figure 7(c). The magnetic field
response is hysteretic: By tracing B back a N to S transition
can be observed at B<9mT with the re-appearance of the
secondary peak. The splitting then decreases by lowering B
down to —12 mT. Below —12mT the EuS layer reverses its
polarization and / increases again above the Chandrasekhar-
Clogston limit with the resulting quenching of superconduct-
ivity. By reversing the sweep this picture reverts as expected
for a ferromagnetic system (data not shown). Interestingly,
by following the position of the two peaks in B we notice
an almost linear decreasing of the splitting (as underlined by
the black fit lines in figure 7(c)) consistent with a linear field
dependence of h = h(0) + 35 jpB. h(0) =~ 145 peV represents
the intrinsic exchange splitting induced by the ferromagnet-
ism of the EuS while the linear part in B is the superparamag-
netic component (35 >> 2) and corresponds to the action of the
external magnetic field on the polarization of the surface spins
interacting with the Al layer and weakly coupled to the bulk
EuS. In addition, the action of B (<9 mT) applied anti-parallel
with respect to the EuS polarization results in a decreasing of
h(B).

The tunneling spectroscopy of the junction at higher tem-
peratures reveals an even richer and non-trivial dependence of
the bilayer superconductivity on the external magnetic field.
This dependence is especially relevant for extending the tem-
perature range of the detectors. In particular, as shown in
figure 7(d), the tunneling spectroscopy measured at 1 K is
characterized by a normal state for the EuS/Al bilayer for most
of the magnetic fields explored including at zero magnetic
field, while only when the polarization of B is anti-parallel
with respect to the polarization of the EuS layer (—2 mT
> B > —10mT), the bilayer is in the superconducting state.
This behavior can be explained by an increase of d¢(T, ) over-
coming the physical thickness of the device at higher tem-
perature as estimated in figure 4(b) and the monotonic rela-
tion with 4. In contrast to the low-temperature measurement,
now the exchange splitting is enhanced by the external mag-
netic field 4(B) = h(0) — 172 ppB (notice the opposite slope
in B) with a stronger superparamagnetism (larger slope) and a
weaker intrinsic effect 4(0) ~ 45 peV. This high-temperature
scenario is likely related with a ferromagnetic to paramagnetic
transition of the EuS surface spin pattern expected to have a
transition around ~900 mK [33], much below the transition
temperature of the bulk EuS (~17 K). As a result of this trans-
ition, the surface spin alignment, determining the spin splitting
in the Al, is only weakly coupled to the magnetization of the
bulk EuS. Notably, at high temperature, the tunneling spec-
troscopy is enriched by a third peak representing the match-
ing peak appearing at eV ~ A; — A, + h. The almost linear
evolution of the three peaks in B is reported in figure 7(d) and
underlined by three fit lines.

Finally, similarly to the low temperature spectroscopy, by
repeating the measurement in the opposite field direction the
features are reversed with respect to the magnetic field (data
not shown) confirming the magnetic hysteresis of the device
and the ferromagnetism of the EuS layer.
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Figure 8. Differential conductance as a function of in-plane external
magnetic field for sample S1-b. Subgap states and delta vary with B.
The inset shows the field dependence of the zero bias conductance
Go(B) normalized respect to the normal state conductance Gy.

Within the same batch of samples some devices (S1)
showed a weaker / so that superconductivity could survive at
larger in-plane magnetic fields. In figure 8 we show the evolu-
tion of the tunneling spectroscopy at large magnetic fields, up
to 400 mT. Also for these devices a clear superparamagnetic
effect is visible in the enhancement of the Zeeman splitting
at large magnetic fields. Moreover, increasing the magnetic
field also lowers the amplitude of the peaks and increases the
zero bias conductivity, a phenomenon that can be described
with an enhancement of spin-scattering and/or inelastic scat-
tering events typically described by a generic Dynes parameter
I [60, 107]. The evolution of the zero-bias conductance (Gg)
compared to the normal state conductance (Gy) is shown in
the inset of figure 8. Although the precise origin of the mag-
netic field dependence is not clear from this data, a possible
explanation is the orbital depairing from the combination of
the external field and the stray fields of the EuS.

2.3.2. Spin selective tunnel junctions. As shown in
section 2.1, to obtain non-reciprocal transport from a FI/S
based tunnel junction a spin selective probe is required. There
are two primary methods to achieve this: (i) by using a FI
as a spin selective tunnel barrier in S/FI/N [9, 23, 65, 76,
108] or S/FI/S [65, 78, 108—110] junctions using a ferromag-
netic probe in FI/S/I/F [9, 111] and S/FI/F [112] configura-
tions. For both configurations, clear non-reciprocal transport
has been observed with an I — V characteristic of the junc-
tion similar to an ideal semiconducting pn diode for small
voltage bias (V < Ay), with corrections dependent on the non-
ideal spin polarization (1 —P) as described in equation (9).
The non-reciprocity is also visible in the asymmetry of the
tunneling spectroscopy as depicted in figure 9(a) and b
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Figure 9. (a) and (b) Differential conductance measured for typical spin selective tunnel junction made of EuS/Al/AlO,/Co at different bias
voltages V and magnetic fields. The field was swept from —140 to 4140 mT. (b) Traces selected from (a) showing: a persistency of the spin
polarization and filtering also in the absence of magnetic field (B = 0 blue dots); the maximal asymmetry at 28 mT (red dots); no asymmetry
and spin filtering at the coercive field of EuS (B =6 mT green dots); and an almost flat tunneling spectroscopy corresponding to the
quenching of superconductivity at large magnetic fields (B =140 mT green dots). (c) Rectification coefficient R = Isym /Iasym extracted from
the same IV characteristics used in panel (b). Notably, the R(V) curves provide an alternative method to quantify the asymmetry of the
junction and the degree of spin polarization as described in section 2.1.2. (d) Field dependence of the Dynes parameter I' = Go /Gy
extracted from the tunneling spectroscopy of three similar samples of EuS/Al/AlO,/Co. Notably, the increase of I" at B ~ 6 mT corresponds
to the switching field of the EuS and Co layers, while at large fields (|B| > 100mT) I" tends to unity as a consequence of the quenching of

the superconducting layer.

showing the differential conductance measured at different
magnetic fields and bias voltages for an EuS/Al/AlO,/Co tun-
nel junction.

From the amplitude of the asymmetric peaks it is pos-
sible to extract the spin polarization of the junction P ~ (.2 at
28 mT and P ~ 0.15 at 0 mT, then showing a permanence of
spin-polarization even at zero field. Unlike tunnel barriers that
employ non-ferromagnetic probes, the zero bias conductivity
(Gyp) is not much smaller than the normal-state conductance
Gy, an effect similarly observed in prior experiments [113] and
similar devices. Such subgap conductance depends also on the
applied external magnetic field as shown in figure 9(d), show-
ing I'(B) evaluated from the ratio between the normal-state and
zero-bias conductances for three similar devices. Notably, for
all the devices I'(B) shows a similar trend with a minimum at
low magnetic fields parallel to the polarization of the two fer-
romagnetic layers while a local maximum appears at the coer-
cive field up to the global maximum of unity above 100 mT
and corresponding to the quenching of superconductivity.

The origin of this subgap conductivity is still under debate.
For example, stray fields from the Co layer as well as pin-holes
in the AlO, barrier can impact the superconductivity of the
Al layer. Independent of the microscopic origin of the sub-
gap conductance, the net effect on the device performance is
a reduction of non-reciprocal charge transport that, to the first
order, is linear in I" as shown in equation (12) while it is less
detrimental (by a factor hT%/A3) for thermoelectricity [7] as
shown in equation (13).

2.3.3. Thermoelectricity in spin selective tunnel junctions.

Thermoelectricity in spin selective tunnel junctions has been
observed, for the first time, in AI/AlO,/Fe junctions [60]. Here
the Zeeman splitting of the Al layer was induced by an external
in-plane magnetic field as shown in the tunneling spectroscopy
measurement of figure 10(a). The Fe contact was heated by a
Joule current and thermoelectric current generated from such
a thermal gradient was measured with a third Cu contact using
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Figure 10. (a) Differential conductance of an Al/AlO,/Fe tunnel junction as a function of voltage bias V for different magnetic fields B. (b)
False-color scanning electron microscopy image of a region of the Al/AlO,/Fe sample. The image displays the measurement configuration
for thermoelectric measurements. (c) Thermoelectric current Iy, as a function of magnetic field B measured at a base temperature 7y =

100 mK, together with theoretical fitting. (d) Differential conductance of the tunnel junction EuS/Al/AlO,/Fe as a function of the applied
bias V for various applied fields. (e) Thermoelectric current /y, measured for the sample in (d) as a function of the applied magnetic field
noH at different base temperatures 7. Reprinted with permission from [60], Copyright (2016) by the American Physical Society. Reprinted
with permission from [61], Copyright (2017) by the American Physical Society.

a circuit scheme shown in figure 10(b). With this configur-
ation a thermocurrent up to 100 pA was observed at B=1
Tesla, 100 mK bath temperature and ~100 mK thermal gradi-
ent (data reported in figure 10(c) extracted form [60]). Notably,
a sizable thermoelectric signal was visible only above 0.5 T, a
field at which the tunneling spectroscopy shows an asymmetry,
confirming the intimate relation between thermoelectricity and
non-reciprocity. From the measurement a Seebeck coefficient
up to ~100 12V K~! was estimated. The measured effects were
in a very good agreement with the tunneling theory of [7] dis-
cussed in section 2.1.2. One year later, the same group per-
formed a similar experiment on a EuS/Al/AlOx/Fe junction
[61]. Thanks to the presence of the additional EuS layer a
larger thermometric signal (up to 0.7 nA) was visible already

at small magnetic fields due to the strong exchange interaction
induced by the FI layer as shown in figure 10(e). However,
thermoelectricity was not visible at zero magnetic field con-
sistently with the weak ferromagnetic response of the EuS as
observed also from the tunneling spectroscopy in figure 10(d).
This was likely due to the poor interface between EuS and
Al resulting from the nanostructuring procedure that requires
exposing EusS to air before the growth of the Al layer.

After adding an antenna to the setup of figure 10, the system
could in principle be used as a thermoelectric detector. There
the effect of transverse rectification in detection is likely neg-
ligible due to the fact that the lateral size of the junction is
much smaller than the characteristic length estimated in [9].
However, the operation of the detector is likely hampered by
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the necessity of applying a relatively large magnetic field to
reveal the magnetic proximity effect.

3. Applications

In this second part, we explore the applications of S/FI struc-
tures in radiation detection. In the first section, we describe
how an SFTED can be used as a microcalorimeter for x-ray
detection. The second section is devoted to THz detection,
whereas in the third section, we discuss possible multiplexing
read-out.

3.1 X-ray detection

A microcalorimeter is a microscale thermal detector that
thermalizes the energy of an absorbed particle, creating a
temperature deviation which is then measured by a sensor.
Modern microcalorimeters should possess high energy resol-
ution, broad bandwidth, minimal dissipation, straightforward
fabrication, and the capability for operation in a sensor-array
with readout-multiplexing. The superconductor-ferromagnet
heterojunction is an attractive sensing device for cryogenic
microcalorimeter applications [114]. The pronounced thermo-
electric effect [7, 60] in this device converts the absorbed
energy into an electrical signal without requiring bias power,
fundamentally reducing the heat dissipation and wiring com-
plexity of the detector. Theoretical studies indicate that a
SFTED has the potential to be a swift cryogenic microcalor-
imeter. Its energy resolution could rival state-of-the-art ultra-
sensitive detectors, such as the TES [18, 115], KID [19], and
the superconducting tunnel junction (STJ) [116].

This section reviews the linear microcalorimeter theory of
the SFTED as presented in [10, 114, 117]. We also address
the time-domain analytical models and the pulse excitation
solutions for the SFTED [118]. Furthermore, design consid-
erations and optimizations of the detector are discussed with
numerical examples using practical parameters.

3.1.1. Lineartheory. A simplified schematic of the SFTED is
presented in figure 11. Consider an x-ray photon with energy
E, impacting a superconducting absorber. The thin supercon-
ducting electrode of the junction is assumed to be thermalized
with the bulk absorber, thus sharing the same electron temper-
ature Typs, Which jumps above the phonon bath temperature
T, after the absorption of an x-ray photon, and then decays
exponentially due to the heat flow into the bath. Conversely,
the normal electrode of the junction remains at the bath
temperature 7p.

A finite temperature difference, AT = Ty,s — T, induces a
thermoelectric voltage V; across the junction, simultaneously
creating a heat current Q (AT, V) (see panel (b)) and a ther-
moelectric charge current I;( AT, V) (see panel (c)), transport-
ing energy and charge between the hot and the cold electrodes,
until the detector is restored back to its quiescent state AT = 0.

The detector’s thermal and electrical balance govern
Q,(AT,V;) and I;(AT, V;), and within the small-signal regime

AT < Ty, the balance can be expressed in a linearized form
using the state variables AT and V; [10, 117] as:

dAT .
Cabsi = Qin — GEEKAT-F OéVj
dt
AT 1 (18)
L =a———V,
J aTb R, J>

where C,ps is the heat capacity of the absorber®, R; = 0V, /01;
and o = T0I;/OAT are the dynamic resistance and thermo-
electric coefficient [7] of the junction at V; =0 and AT =0,
respectively. In figure 11(b)’s thermal model, Gi' = Gy + Gep
represents the total thermal conductance between the sensing
elements—the absorber and superconducting electrode—and
the bath, where Gy, = 0, /OATand Gep = 8er JOAT are the
thermal conductances through the tunnel barrier of the junc-
tion and through the electron-phonon coupling in the super-
conductors, respectively.

In the electrical model from figure 11(c), the thermoelec-
tric current I; at frequency w is given by I;(w) = [iwC+
1/(iwL)]V,;, with L and C as the inductance and capa-
citance of the lumped circuit. As a result, equation (18)
read as Qin(w) = Yin(W)AT — aVy and aAT/T, = Ya(w)V;
in frequency domain, where Yy = iwCyps +G:ﬁ‘ and Y, =
1/R;+iwC+1/(iwL) are the total thermal and electrical
admittances [10].

Thus, the voltage and current responsivity of the detector,
considering capacitive and inductive loads, can be defined as:

VJ « _IL_)\V

)\V = — = Y v 2 = - = = 5
Oin YnYaTlp — Oin iwL

I 19)
where I is the current in the inductor.

The noise equivalent power (NEP) is a key metric to evalu-
ate the performance of a detector, particularly important for
bolometric applications. It is defined as the input radiation
power in 1 Hz bandwidth required by the detector to generate
a signal equal to its noise. For a SFTED, the total NEP2, =
NEPimp + NEP3y,, where NEP,,, is induced by the noise
from the amplification chain that is used to readout the detector
signal, and NEPygp arises from the junction noise combined

with the thermodynamic fluctuation noise (TFN) [10]:

4kp T, Gip!

NEP%;, = o

14+ (1+ZT)gw?],  (20)
where Ty = Cyps /Gl is the thermal time constant and ZT is
the thermoelectric figure of merit reading as ZT (w) = aAy(w).
Here it is worth noting that a ZT value exceeding one enhances
the NEP of SFTED over a standard bolometer at low fre-
quency, and this comes about because of the direct negative
electrothermal effect on the noise [117].

Furthermore, it has been shown [10] that the zero-frequency
NEP1ep can be optimized with respect to Ry yielding a con-

dition Gy/Gep = /14 2T; where zT; = o/ (G Ty /Ry — a?)

8 Due to the large volume difference between the absorber and the thin super-
conducting electrode (<20 nm) in practical devices, we assume that the
absorber heat capacity dominates and omit the contribution of the electrode.
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Figure 11. Schematic of a (a) superconductor—ferromagnetic thermoelectric detector (SFTED). (b) and (c) are the thermal model and the

electrical circuit of the SFTED.

is the intrinsic figure of merit of the SFTED. As a result,
the optimal detector intrinsic zero-frequency noise equivalent
power reads as:

4 T2G, 2
NEPgp o =~ (14/T+7T1)

T, 21

which is an important result particularly in guiding the design
of SFTED for the bolometric applications.

For calorimetric applications, the performance of the
detector is widely benchmarked by the energy resolution AE.
In the small-signal limit it is [5]

o 2 —1/2
AE = (/ dw 2) ,
0 TNEP

obtained by applying the optimal filter and assuming an infin-
ite bandwidth amplifier. For SFTED, the intrinsic energy res-
olution AETgp (omitting the amplifier noise) can be simplified
to [114]:

(22)

Vv14+ZT
(AETED)2 = 4k T} Caps ~—r—— -

7T (23)

As one can see, the intrinsic energy resolution of the SFTED
can go below the level of a TEN-limited feedback-less calori-
meter (AE2. = dkp TiCabs) when ZT > 1.6.

Furthermore, [118] shows how equation (18) can be solved
analytically in time-domain, providing a direct description
of the potentially complex behavior of the signal pulse of
SFTED and a guide for designing and optimizing the detector
and readout components. For the sake of simplicity, here we
only revisit a case that the detector signal is readout from
the inductive load, i.e. by a cryogenic current amplifier based
on Superconducting QUantum Interference Device (SQUID),
and the capacitance in figure 11(c) is omitted (C — 0).

Because of the strong similarity between the thermoelec-
tric effect and the electrothermal feedback of a TES [5],
equation (18) can be rearranged to a first-order differen-
tial matrix format [118] analogous to those of the TES [5],

reading as
1 LG:O[
d(IL\_[~Ta Y I (24)
dt \AT _ak, L \AT)’
Cabs I

where we have defined £; = o’R;/(GY'T}) as an analog of
the constant current-bias low-frequency loop gain of the TES,
71=71m/(1— L) as the constant current thermal time con-
stant, and 7] = L/R; as the electrical time constant. It is worth
mentioning that, despite the similarity, the main differences
between equation (24) and those of TES [5] are in the defini-
tion of £;, and that the thermoelectric « appears in a dual role
both within £; and as the analog of the DC current of the TES.
In particular, the thermoelectric factor « has a unit of current,
making £; correctly dimensionless. One should also note that
it is totally different from the dimensionless logarithmic tem-
perature sensitivity of the resistance for the TES, which is also
typically denoted by .

Equation (24) have analytical solutions [118], which yield
two time constants, denoted as 7' = (1, + 7, ' £VA)/2,
where A = (75" —7,7")? —4L(a7m) " These time con-
stants signify the rise (7) and decay (7_) time of the SFTED
current pulse in response to a delta-impulse absorption event.
The general stability condition of a microcalorimeter detector
requires that the signal pulse decays back to the quiescent state
either with oscillation (underdampled case A < 0) or without
(critically damped A = 0 or overdampled A > 0), requiring
the real part of 71 to be positive. An unbiased SFTED calor-
imeter is always stable because the loop gain satisfies £; < 1
[10, 118]. However, an oscillatory signal extends the recov-
ery time and significantly slows down the detector, therefore
a more restrictive exponential pulse decay condition A > 0 is
desired for the SFTED.

3.1.2. Numerical results. It is a non-trivial task to achieve
the best performance of a detector. This is also the case when
designing a SFTED. In particular, the non-ideality of the fab-
ricated junction and the noise of the readout circuit and the
amplifier will degrade the performance of a SFTED compared
to the optimal operation regime. These topics have been ana-
lyzed and discussed in previous studies [10, 114, 117, 118].
Here we revisit the key conclusions with numerical examples
that incorporate practical detector parameters. To achieve this,
we employed numerical computations based on equation (22)
to determine energy resolution, as demonstrated in figures 12
and 13. Furthermore, we examine the transient pulses by
numerically solving the eigenfunction equation (24), as illus-
trated in figure 14.
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broadening parameter I" and (d) absorber volume V. The three colored lines demonstrate AE with three different current read-out noise
levels, and the black dashed line demonstrates the intrinsic resolution. Panel (d) is computed with materials parameters for an Sn absorber.
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Figure 14. (a) Current-temperature pulse cycles under different operational conditions, denoted by the color of the lines. (b) Signal current

pulse under different operational conditions corresponding to panel (a).

The most important parameters for designing a SFTED
include: the tunneling resistance Ry, the exchange field A, the
polarization P and the broadening parameter I' of the tunnel
junction, the volume V,,, and heat capacitance Cyps of the
absorber, the noise power spectra density of the read-out amp-
lifier, and the temperature 7}, of the bath.

Among these parameters, the tunneling resistance Ry and
the bath temperature 7}, are of paramount importance to the
optimization of the detector, as they are technically relatively
easy to adjust. 7} can be controlled by the cryogenic appar-
atus on-the-fly, whereas Ry can be tuned in detector fabric-
ation by modifying the area of the junction and/or the oxida-
tion time of the tunnel barrier [88]. In figure 12, the theoretical
energy resolution and the thermal time constant of a SFTED
are demonstrated as functions of Ry and T}, when a set of real-
istic parameters, 7 = 0.3y, P=0.5,T = 1073A, C=10nF,
L=2.6 uH and Vs = 10* zm? are selected to represent a real
device.

The intrinsic energy resolution of the SFTED AFErgp is
presented in panel (a) together with four contour dotted-lines
denoting different thermal time constants as functions of Ry
and T,. Optimal SFTED performance is achieved around a
temperature of 0.2 K with a tunneling resistance under 100
Q. Increasing or decreasing the temperature leads to a reduced
figure of merit ZT (see figure 2 panel (b) of [117]), whereas lar-
ger Ry degrades AE by limiting the bandwidth of the detector.

The electrical signal from a cryogenic microcalorimeter
is typically too small to be directly read out by room tem-
perature electronics. Consequently, a low-temperature pre-
amplification of either the voltage or the current signal is
required. Typically, voltage read-out works better for high-
impedance sensors, whereas low-impedance sensors prefer
current read-out. For a SFTED, it is not immediately obvious
which type of read-out works better as Ry can be adjus