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Abstract

The recent technological and scientific advances has allowed for the fabrication
and ever-progressing characterization of interacting quantum mechanical systems.
I focus on the theoretical description of such hybrid quantum systems. Specifi-
cally, I discuss two prototypical classes of light-matter systems: polaritonic and
optomechanical systems. They are characterized by linear and nonlinear quantum
mechanical interactions, respectively. I introduce possible physical realizations, dis-
cuss light-matter interaction giving rise to polaritons, and derive optomechanical
interaction for a ferromagnetic system. The experimental reality also requires an un-
derstanding of dissipation and decoherence. I therefore describe how input-output
formalism can be employed to model the optical response of open hybrid quan-
tum systems. In addition, I discuss the possibility of the electromagnetic vacuum
modifying chemistry by the formation of hybridized light-matter states, polaritons.
These theoretical approaches to open hybrid quantum systems have wider appli-
cability than their physical realizations and further elucidates the possibilities of
light-matter interaction.

This dissertation is composed of an introductory text and five publications —
three of which have been published while two are under peer review at the time of
writing.



Tiivistelma (Abstract in Finnish)

Teknologinen ja tieteellinen kehitys on mahdollistanut vuorovaikuttavien kvantti-
mekaanisten systeemien valmistamisen sekd karakterisoinnin. Keskityn tallaisten
kvanttimekaanisten hybridisysteemien teoreettiseen kuvaukseen. Erityisesti tar-
kastelen kahta hyvin yleistd valon ja aineen vuorovaikutuksesta seuraavaa luokkaa
hybridisysteemeille: polaritonisia sekd optomekaanisia systeemeja. Ne kattavat
sekd lineaariset ettd epilineaariset kvanttimekaaniset vuorovaikutukset. Esitte-
len lukuisia fysikaalisia toteutuksia, kdyn lapi polaritoneihin johtavan valon ja
aineen vuorovaikutusen teoriaa sekd johdan optomekaanisen kytkennén ferro-
magneettiselle systeemille. Kdaytdnnosséd vaaditaan kuitenkin myos dissipaation ja
dekoherenssin ymmartdmista. Esittelen sen tdhden, miten ndiden tosiasiallisesti
avoimien kvanttimekaanisten hybridisysteemien optista vastetta voidaan kuvata.
Néiden asioiden liséksi kisittelen niin sanottua polaritonista kemiaa, eli mahdolli-
suutta muokata kemiallisia reaktioita elektromagneettisen tyhjion ja aineen vuoro-
vaikutuksella. Timén véitoskirjan muodostamalla teoreettisella ldhestymistavalla
on hyotya monenlaisille hybridisysteemeille, ja toisaalta se auttaa ymmaértamaan
entistd paremmin valon ja aineen vuorovaikutusta.

Tama vaitoskirja koostuu johdanto-osasta sekd viidestd julkaisusta, joista kaksi
on véitoskirjan julkaisun aikaan vield vertaisarvioitavana.
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Chapter 1

Introduction

Physics strives to explain nature as emerging from simple premises. However,
we intuitively know that the world around us isn’t particularly simple. This
conundrum is explained by interactions: if we have a model of nature that consists
only of, say, elementary particles with well-defined properties, it is the interactions
between these particles that produce incredible complexity. Fundamentally, all you
need is to understand these elements, particles and their interactions, and physics
is finished. In practice, such a program is just exceedingly difficult.

Another viewpoint is offered by a few modern fields within physics, for in-
stance, condensed matter theory. We accept that there are emergent features arising
from elementary interactions that can be modelled as is. Perhaps, there is some
inner structure we are neglecting and, thus, our approach is necessarily incomplete.
If such a phenomenological theory is able to explain our observations, nevertheless,
it gives an insight to our reality. Fundamental physics is also physics of emergence
and collective behavior [1].

Recent technological advances have lead to the possibility of constructing phys-
ical systems, involving many elementary particles, that can be fully understood
only in a quantum mechanical description. Furthermore, we are at a point where
manufacturing a hybrid of distinct systems is possible. This gives rise to the field
of hybrid quantum systems [2-7]. Their potential is inspiring. The platform provided
by hybrid quantum systems can be used to devise more accurate sensing and
measurement technology. In the far-distant future, it would be beneficial and,
therefore, reasonable to use our knowledge of quantum mechanics in communi-
cation and information processing tasks [8-11]. Hybrid quantum systems play a
key role in such quantum networks [12, 13] as they provide a way to transduce
information between different physical realizations. For example, we could still
carry information over long distances by light but perhaps hope to further process
it in an electronic or mechanical system.

We do not construct hybrid quantum systems as to show our technological
prowess. They allow for studying fundamental physics. All hybrid systems are
based on light-matter interactions or electromagnetism — it is currently quite
difficult to think of technologies based on gravitational or nuclear forces. On one
hand, light provides a probe to new materials and physical effects. One can think
of, for instance, metamaterials with designed optical properties [14, 15] or inferring



non-local electronic correlations of topological states using spectroscopy [16]. On
the other hand, the possibility of connecting multiple separate systems allows for
collective effects [17] as well as observing quantum mechanical features of our
world like quantized energies and entanglement [18-21].

When I write about hybrid quantum systems, there is a level of abstraction
involved. It represents an idealized and imagined version of reality. Rather, what
we have is systems coupled to measurement devices and whatever environment
they are in. Such interactions we have trouble controlling. In the study of quantum
mechanics, we tend to call them open quantum systems [22]. We can only begin to
approximate and cleverly work around such complexity. It brings about a new
set of physics: How do we understand any experiment in practice? At the same
time, it brings about a set of philosophical questions on the arrow of time and the
physical meaning of information.

As interesting as the foundational questions are, the focus of this thesis far more
practical and rooted in shorter-term goals. One of the main questions presented
here is the issue of understanding optical, frequency-resolved, measurements of
hybrid quantum systems. It is a question partially motivated by experiments. Thus,
the hybrid systems come with certain physical realizations. I focus on the specifics:
what is the underlying cause or interaction that results in a hybrid quantum system.
Nevertheless, the ideas of this dissertation can likely be used for many realizations
I do not discuss here.

This dissertation focuses on two separate physical systems highlighting differ-
ent aspects of hybrid quantum systems. First, I discuss polaritons. It is a short-hand
name for light-matter systems whose quantum mechanical interaction can be pre-
sented in a linear form. Strictly speaking, polaritons are the hybridized excitations
of light and matter, much like photons are the excitations of light. They can be
created by, for instance, inserting atoms or molecules in an optical cavity. The
hybridization between the vacuum electromagnetic field and the matter produces a
very distinct optical response (as discussed in Ch. 2). Much of the recent interest in
polaritons is due to the idea, coming far outside physics, that the light-matter cou-
pling may produce changes in chemical reactivity (as discussed in Ch. 3). Second,
I discuss opto- and magnomechanics in Ch. 4. It provides another prototypical
class of hybrid quantum systems which are characterized by nonlinear interactions.
Optomechanics refers to the idea that light carries momentum and can induce
radiation-pressure force on matter. Of subsequent interest is magnomechanics;
magnetization of a ferromagnetic material may produce similar interaction.

I explicitly state the purpose of the introductory part of the dissertation. I describe
the thoughts we had before any work was done, the many misguided steps I took,
and what we ultimately learned. The structure of this dissertation is therefore not
that of an article. I want to use this opportunity to recollect what was (or still is)
difficult for me to understand. My aim is to interweave these difficulties with the
basic physical principles and descriptions so that the included publications may be
understood. I hope that these choices make this text worth something.



Some reading advice I should give: This thesis is somewhat technical and
assumes that the reader is familiar with advanced quantum mechanics [23, 24].
The unit convention is that of i = 1 almost everywhere. This means that whenever
I write an angular frequency (often symbolized by w) I tend to mean energy (as the
two are related by E = hiw). I do not separate quantum mechanical operators from
their classical counterparts by any typographical feature. I think that it is clear
from the context which one I mean. In contrast, I try to carefully denote vectors by
a bold typeface (for instance, x refers to a vector living in three-dimensional space
but x; to its component k) in this introductory text, because there is no unifying
convention in the included publications.



The theory of quantum electrodynamics describes
Nature as absurd from the point of view of common
sense. And it agrees fully with experiment. So I hope
you accept Nature as She is — absurd.

Richard P. Feynman
QED: The Strange Theory of Light and Matter
(Princeton University Press, 1985)



Chapter 2

Polaritons: hybridization of light and matter

In this chapter, I discuss the low-energy, non-relativistic quantum description
of light-matter interaction in detail. It gives rise to hybridized quantum states
which are termed as polaritons. I here describe their optical response within the
input-output formalism, which is also the focus of [I] and [II].

Hybridization of light and matter states elucidates foundational questions in quan-
tum theory as well as leads to interesting applications. Historically, it started from
coupling atoms to microwave and optical cavities to provide new measurement
and quantum control techniques. The trapping of photons in cavities allowed for
preparing quantum states of light, entanglement of atoms, non-destructive mea-
surements, and seeing decoherence of quantum systems; the inevitable destruction
of quantum information [25, 26]. In many ways, it has provided a foundation for
the quantum technological revolution.

Replacing atoms by organic molecules provides many more possibilities for
applications and investigations at the boundary of classical and quantum worlds.
The matter degrees of freedom are greatly increased. Recently, the hybridization of
photons with such large matter systems has been shown to be possible — first in
semiconductors [27, 28] and then in other optical systems. It allows for modifying
optical properties [29], creation of hybrid Bose-Einstein condensates [28] and a
new type of laser [30], and it has been suggested to affect chemistry of the involved
molecules, for example. The modification to chemistry is discussed in Ch. 3 while
this chapter focuses on optical properties.

2.1 Quantum electrodynamics of light-matter coupling

The theory of quantum electrodynamics (QED) provides the most accurate de-
scription of interactions between light and matter. Its development formed the
foundation for the standard model of physics with the techniques of quantum
field theory and renormalization. In the classical limit, it corresponds to Maxwell’s
equations.



In the case of coupling molecular degrees of freedom to low-intensity light fields,
much of the complicated and beautiful machinery of QED can be avoided [31].
There is no need for constructing a Lorentz invariant description of the matter, for
instance. (Here, I also neglect spins.) The focus of this chapter is quite opposite
from the physics tradition I have been entrenched in: to understand the light-matter
coupling in large molecular systems involving many degrees of freedom. I briefly
introduce the idea behind the quantization of light-matter interaction [32].

The classical electrodynamics is characterized by Maxwell’s equations, and the
effect of electric and magnetic fields to charged particles by Lorentz force [33, 34].
If point-like particles of charge e; and mass m; are subjected to an electromagnetic
field, their positions g; obey the equation of motion

m;g; = e;E(q;,t) + e;q; X B(q;,t), (2.1)

presuming that the electric field E and the magnetic field strength B are inde-
pendent of the velocity of the particle (or, in other words, neglecting classical
renormalization of fields).

Next, the electric and magnetic fields can be simplified and partially unified.
Consider the Gauss law for magnetism and the Maxwell-Faraday equation,

V-:B=0 and VXE:—%—?, (2.2)
respectively. It immediately follows that B = V X A satisfies the first equation.
The electric field must then be E = — 9A /9t — V¢ in order to satisfy the second
equation. The quantity ¢ is often called scalar potential and A vector potential. It is
important to note that these potentials are not physical but rather a mathematical
tool, called gauge fields. This is reflected in the fact that the potentials can be
transformed according to A — A — Vf and ¢ — ¢ + 9f /0t for an arbitrary scalar
function f without changing the physical electric and magnetic fields.

With the renewed definitions of the electric and magnetic field in terms of the
vector and scalar potential it is possible to derive the energy contained within the
coupling. This means dwelling into Lagrangian and Hamiltonian formalism of
classical mechanics [35]. First, the Lagrange function L can be deduced by matching
the associated Euler-Lagrange equation to Eq. (2.1). This gives

L= Y| gmid? +eidi- Ai— eigy| + Lo, 23)
1

where Lgj, is an electromagnetic Lagrange function independent of the positions g;,
while the potentials are evaluated at these positions, ¢; = ¢(g;,t) and A; =
A(g;,t). Finding the Hamilton function is then a matter of using the Legendre
transformation. The canonical momenta p; are modified by the coupling and, in this
case, read as p; = dL / 0q; = m;g; + e;A;. We arrive at the typical starting point of
the discussions on light-matter coupling [32], the minimal coupling Hamiltonian H
for a collection of point-like particles

eiA;)?

H:Z[(pi_JreicPi

Hepy. 2.4
m; + Hem (2.4)




This result is often highlighted as obeying the principle of minimal substitution,
i.e.,, we only had to change p; — p; — ¢;A;. One should note that the particles feel
the vector and scalar potentials only locally.

In the low-energy theory, the gauge freedom of the vector and scalar potentials
can be used advantageously to choose a gauge which gives the easiest frame to
work in. There are two common choices: the Coulomb gauge and the dipole gauge.
Here, I first discuss the Coulomb gauge while the dipole gauge is derived in the
quantum description.

In the Coulomb gauge, the vector potential is chosen so that V - A = 0 holds.
Thus, V - E = —V?2¢. The Gauss law in this gauge gives

V-E=-V* =p/e, (2.5)

where p is the charge density and €y the vacuum permittivity. The solution to
this Poisson equation for point-like charges p = Y ;¢;6(q — g;) is the Coulomb
potential ¢(q) = Y e;/ (4meo|q — qi|), explaining the name of the gauge. Thus, it
is physically reasonable to denote }; e;¢; = V({g;}) and treat it as a molecular or
atomic potential.

The remaining Maxwell’s equation, Ampére-Maxwell equation,

JE
V X B = po] + Hoeo 5, (2.6)

allows for fixing the vector potential A. Here, J is the charge current and y is the
vacuum permeability. It gives a wave equation that reads as

VA - — = —‘uo]—EV—. (2.7)

Since the Coulomb gauge fixes V - A = 0, it is possible to replace the right-
hand side with the component Jy of the current obeying V - Jy = 0. Without
charges, we see the historically important result that light is an electromagnetic
wave traveling in vacuum. Thus, ¢ = 1/,/ji€p is the speed of light. It is the
foundation of quantization in the non-relativistic theory as well, since the effect
of moving charges is often neglected. Here, it corresponds to a mental image of
almost-stationary charges in molecules, for instance.

The energy of the electromagnetic field can be derived from the Euler-Lagrange
equation which should match the Maxwell’s equations. This gives for the Hamilto-
nian, in terms of the electric and magnetic field,

Hey = %eo / &g (B2 +2B?). 2.8)

The integration is taken over the whole space of the fields.

The quantization of the molecular system is straightforward as it is enough
to promote the canonical coordinates to operators with the commutation relation
[9i, pj] = id;j. A much more complicated issue is the quantization of electromag-
netic modes because of the wide range of possible systems. Here, postponing the
discussion of realistic systems, I assume an empty cubic box of volume V with
ideally reflecting bounding surfaces. In the absence of any moving charges, the

7



electromagnetic modes inside the box obey the wave equation (2.7) and it can be
solved in the Fourier space. The quantization process can be framed in the typical
way of finding canonical coordinates and setting up the commutation relations.
However, it is more conventional and often useful to use dimensionless bosonic
operators instead. I omit these steps here. The vector potential can be written in
terms of a wave vector k and two orthogonal unit polarization vectors e (k-e;, =0
and g, - €y = 6,v) as

1 . .
A(q,t) = ;;m SENRRY {ame’(k"’_“’kt) + a,t/\e_’(k"?_“’kt)}, (2.9)

where [ay,, ai, v] = Okkrdr - In empty space, the dispersion relation between the
frequency wy and the wave vector k is found to be simply wy = c|k|. Inserting
the quantized vector potential to the Hamiltonian leads to, after a relatively long
calculation,

1
Hem = Y wy (abam + 2). (2.10)
Ak

Here, the polarization plays no other role than providing two copies of the electro-
magnetic mode. More generally, the frequency wj may depend on it.

In principle, it seems I am done. I have presented the quantized form of the
vector potential and the electromagnetic Hamiltonian which can be inserted to
the Hamiltonian in Eq. (2.4). However, the resulting expression is difficult to
use. The vector potential in the light-matter coupling can be further simplified by
physical reasoning. If the charge system is smaller than the wavelength of the light,
an atom or a molecule for instance, the wave functions change appreciably on a
size scale that is much smaller than the wavelength 27t/ |k|. Thus, the evidently
quantum mechanical factor e’**7 can be replaced by a classical value ¢/*""i, where
r; denotes the approximative position of the charge system. This is known as the
dipole approximation.

A conventional form of the light-matter Hamiltonian is obtained when the
many-charge system is represented by energy eigenstates without radiation. Let
us assume that there are identical and distinguishable copies of the same system,
mental image being atoms or molecules, which are labelled by the subscript . 1
assume here that the Coulomb interaction between the different systems can be
neglected. Furthermore, I do not include the term proportional to A? in Eq. (2.4)
assuming that it is negligibly small. When the light-induced modification to ener-
gies is small, it appears as a reasonable assumption. If c, generates an excitation
of energy E;, to the charge system 7, then the Hamiltonian reads as

H = Hgpm + ZEnvcjwcny + Z Z (gn,k/\,vyak/\ + gz,k)\,yvaz)\)chcnll/ (2.11)
nyv Ay p

where the light-matter coupling constant is

. [ 1 .
Sn kA vy = l(Eny - Em/) 2eowrV (SA . dn,vV)Elk n, (2.12)



Here, d,, is the dipole moment of the system 7 projected to the energy eigen-
states |y ), defined as dy vy = (Yuv|Licn €igi|Pnp)-

This is the intellectual foundation on which [I], [II], [IV], and [V] is based. The
light-matter interaction is now quantized, and the interpretation is clear: it is possi-
ble for the matter, the charge system, to get excited by the absorption of a photon
or to relax by emitting one. Evidently, this is a low-energy limit of QED as it is
straightforward to imagine processes which employ several photons. If there is no
energy transfer, the coupling vanishes. The coupling constant (2.12) itself depends
both on the zero-point fluctuations of the electromagnetic field (through the square
root term) as well as on the direction of the transition dipole moment d,,,,;, with
respect to the polarization vector €, and the position of the system r, within the
field. These latter findings hold only in the dipole approximation.

The dipole gauge presents another useful choice for calculations regarding
light-matter interaction. It more directly shows that it is indeed the dipole moment
that couples to the electromagnetic field, regardless of what the underlying degrees
of freedom within the dipole moment are. The dipole gauge can be derived from
the Coulomb gauge by the so-called Power-Zienau-Woolley gauge transforma-
tion [36, 37]. It requires the dipole approximation together with a long-wavelength
assumption. That is, it is assumed that k - r, is constant for all systems and the
vector potential is fully independent of the positions A(g) = A(0). In the quantum
formulation, it is a unitary transformation, defined by U = exp|[id - A(0)] where
d =Y, e;q; is the total dipole moment operator [38, 39]. Since A(0) commutes with
q; and p;, the transformation on Eq. (2.4) gives

2
_ t_ PP g LN
Hpzw = UHU —HEM+Zi:2mi+V({ql}) d E—i—kZA:ZeOV(s/\ d)?. (2.13)

Here, E = — dA(0)/0t. This expression is particularly useful for semiclassical
analysis because the dipole moment can be directly specified as d = d({q,}). There
is no reference to any energy states as in the Coulomb gauge. Moreover, one can
associate the dipole moment d to an electronic or vibrational mode of a molecule.
Here, by vibrational I refer to nuclear motion within the molecule. The price to
pay for this description is the dipole self-energy term proportional to (e, - d)2.
It appears formally divergent, only renormalized by restricting the number of
photon modes. Note that the dipole self-energy is second order in the zero-point
fluctuations of the electromagnetic field and, in this sense, small compared to the
dipole interaction d - E.

The long-wavelength assumption is crucial to the derivation of the dipole-
gauge Hamiltonian. If there is position dependence in the form of phase factors,
the vector potentials at different positions do not commute. When one generalizes
the transformation for multiple dipole moments at different positions as U =
expli L, dn + Ay], the dipole interaction follows as Y, dy, - E,. However, there is
a wide variety of terms that are second order in the zero-point fluctuations. One
should be able to neglect them if the fluctuations are small enough. This line of
thinking is present in [IV] and in [V].

The derivation of light-matter coupling I presented provides a nice physical
picture of photon exchange but there are a few issues when applied to physical

9



systems. They are something to be aware of.

First, the choice of gauge should not matter as the vector potential A is not
an observable. But it does when further assumptions are made. Gauge issues
especially arise when the matter Hamiltonian is further approximated to only a
handful of energy levels (i.e., the Hilbert space is truncated) in the context of very
strong light-matter coupling. For instance, the energy spacing between levels in
the hybrid system and the number of emitted photons may then depend on the
gauge unless it is specifically accounted for [40—42]. Furthermore, the exclusion of
the second-order term, A2 in the Coulomb gauge and (e, - d)? in the dipole gauge,
has some unphysical theoretical consequences. It removes gauge invariance but
also may break coordinate invariance even if the long-wavelength limit k — 0 is
taken, lead to a radiating ground state, and destroy bound states [43, 44]. For this
reason, the dipole gauge may appear more favourable as the calculation of the
dipole self-energy term (g, - d)? can be more straightforward than including A2.
(If A contained only a single mode, then A? can be dealt with by redefining the
bosonic operator ay , so that it corresponds to neglecting A2 outright.)

Second, not all electromagnetic fields are well described within an empty box
of volume V with ideally reflecting surfaces. In fact, few are. The mental image in
the derivation is that of optical cavities. However, the mirrors forming an optical
cavity are never ideally reflecting but, rather, photons in the cavity escape to their
electromagnetic environment. This poses a problem: how to make sure that the
correspondence principle holds and that the quantization procedure works when
the classical system should already be treated as an open system? In the case of
electromagnetism, one of the solutions is the introduction of classical quasi-normal
modes [45]. This is intimately connected with the definition and magnitude of
the effective mode volume V¢ of a confined light mode that should replace the
quantization volume V in the light-matter coupling constant (2.12). Smaller the
mode volume Vg, larger the light-matter coupling. It has lead to a considerable
search for as small V¢ as possible [46, 47].

Lastly, there is a wide range of metallic and dielectric systems that can support
electromagnetic resonances. Common examples are plasmon and surface-plasmon-
polariton (SPP) excitations. They are a consequence of oscillations of electrons in
the metal. SPPs form specifically at a metal-dielectric interface. The focus of [I]
is on the light-matter coupling between molecules and SPPs. The description
in terms of classical electrodynamics is changed which then adds to quantiza-
tion considerations. (The quantization of SPPs is discussed in [48], for instance.)
Fundamentally, the light-matter coupling can still be described in the form of
the Hamiltonian (2.11) but with different mode volume Vg, polarization ¢,, and
dispersion relation wy = w(k).

2.2 Jaynes—Cummings model and its extensions

Let us then focus on relatively straightforward Hamiltonians that follow from the
general expression (2.11). There is a rich history for such models [49-51].

First, consider a single degree of freedom described by a two-level system, e.g.,
an electronic excitation of a single atom. If the energy spacing of the electronic
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ground and excited state matches, for instance, the fundamental frequency of an
optical cavity, the higher order electromagnetic modes can be neglected to a good
approximation. In this case, the Hamiltonian (2.11) may be simplified to

H = woo'to + wea'a + (ga + g*a*) (0’ + (7+). (2.14)

In this expression, o (c1) refers to the annihilation (creation) operator of the excita-
tion in the two-level system. This is often called the Dicke model [49]. Here, it is
more of a starting point than the point of interest.

It makes sense to modify the Dicke model because working with it is cum-
bersome. Physically, there is a clear motivation: if the two-level system and
the cavity are on resonance and w. = wyp holds, then the terms ¢a and ofat in
the Hamiltonian change the energy by 2wy whereas the other terms retain the
value of energy. This can be seen also by moving to the interaction frame with
the unitary transformation U = exp [i(woo'o + wca'a)t]. One can show that
Ufal = ae“et and UteU = ce“o!. Consequently, on resonance, the interac-
tion term Utcall = gae?“0! rotates very fast compared to UTcTall = ota. The
often-used argument is that the exponential averages out over time. Thus, the
rotating-wave approximation neglects these oscillatory terms [32]. The approximation
however breaks down at very strong couplings g [52].

A prototypical light-matter model obtained from the Dicke model by rotating-
wave approximation is called the Jaynes—-Cummings model [50]. Its Hamiltonian
reads as

Hjc = wooto + weata + gota + g*a'o. (2.15)

Now, the total number of excitations is preserved as [H jC/ oto+ a*a] = 0. Thus,
the two systems, the molecule and the cavity, simply interchange excitations at a
rate g. It should be recalled that the eigenfrequencies wg and w, are here assumed
to be in close proximity of one another.

Finally, after all these steps, I can specify polaritons more concretely. They are
the excited eigenstates or the excitations of the Jaynes—Cummings Hamiltonian.
Since the number of excitations is a constant, one can deduce that there are an
infinite amount of subspaces based on the number 1 of cavity photons. For each
subspace, there are two relevant states: |n+ 1, g) and |1, e), where g (e) refers to the
ground (excited) state of the molecule. An exception is the true ground state |0, g)
which forms a subspace of its own. I write the operation of the Hamiltonian to the
n-photon subspace states in a matrix form as

<H1c|n+1,g>) _ ((nJrl)wc g\/n+1) <|n+1,g>> _ <|n+1,g>)
Hiclne) ) \gVn+1 nwe+wy lne) )~ "\ Ime) )
2.16)

The diagonalization of the coefficient matrix H; gives the polaritonic states, which
now hybridize the two states in play, and gives the two eigenenergies

(,UC+CU0

ok \/(n +1)[g]* + (wo — we)?/4. (2.17)

Ei(n) = nwe +

11



In this thesis, my focus is on the single-excitation subspace with n = 0 since it
is the lowest energy subspace, relevant for many experiments. The cavity is in
the electromagnetic vacuum state or it contains a single photon. On resonance,
we = wy, the energy level splitting between the polariton states is the smallest but
the levels are still separated by

Q=2|g], (2.18)

which is called the vacuum Rabi splitting [32]. (Sometimes, it is denoted by R and,
often, “vacuum” is omitted.) Moreover, the higher (lower) energy polariton state is
referred as the upper (lower) polariton in short.

Note that the coefficient matrix Hg [as defined in Eq. (2.16) with n = 0] serves
also to define the original Jaynes-Cummings Hamiltonian. I write it in a quadratic
form as

Hjc = (a* o)y (Z) (2.19)

It is now evident that it does not matter for the lowest energy subspace whether ¢
is a ladder operator of a two-level system or a harmonic oscillator. It is expected.

A straightforward but important extension of the Jaynes-Cummings model is
N identical systems coupled to a single cavity mode. It is often called the Tavis—
Cummings model [51]. With the lessons learned, I directly write it in a matrix
presentation as

We 81 g2 gN
g w 0 ... 0 a
. . o1
Hrc=(at of ... o)| g5 0 wo - . (2.20)
0 | \oy
sy 0 ... 0 wo

The solution of the eigenvectors is not straightforward anymore but the eigenvalues
can be solved analytically from the (N + 1)-dimensional coefficient matrix H,.!
The polariton eigenenergies are

We + Wy +

Es ="

N
Yo 18l + (wo — we)?/4, 2.21)

i=1

while there are N — 1 states of energy wy. This is V1suahzed in Fig. 1(a). Com-
parm% to the Jaynes—Cummings eigenenergies (2.17), | g| has been replaced by
) where (-) represents the arithmetic average over N couplings (i.e., (|g]*) =

YN, | gi|*/N). Consequently, the vacuum Rabi splitting is Q) = 2v/N1/ (|g]?).
The Tavis-Cummings model provides important insight to many experiments
in the field of polaritons. The fact that the Rabi splitting Q o /N can be enhanced

If D(N) = det(H,) for N systems so that D(1) = ww, — |g1]%, then one can derive and use the
recursion relation D(N) = woD(N — 1) — |gn |2wé\] ~!for N > 2 to find the eigenvalues.

12



Wi
N N —1
Wo  — —
.................................................................................. 0
We 1
w_ 1
¥
(a) molecule cavity polaritons (b)  vibrational coordinate

FIGURE 1: (a) Eigenenergies and associated degeneracies of the Tavis-Cummings model.
(b) Potential energy diagram associated with molecules in the Holstein-Tavis-Cummings
model.

by adding more and more molecules makes the experimental observation of po-
laritons feasible. Since in many cases the individual couplings are very weak, it is
enough increase the concentration of the molecules within the cavity to enhance
the total coupling. However, as becomes relevant in the next chapter, it also means
that there are many more states at the unperturbed molecular energy wy (when
N —1 > 2). These states do not have any photonic component but rather they are
superpositions over molecular states [53, 54]. They also turn out to be optically
invisible as shown in the next section. Thus, these states are often called dark states
or exciton reservoir in polaritonics literature.

Finally, to end this section, I shortly discuss the model in [I] and [II]. Its motiva-
tion is to describe a cavity and organic molecules with an electronic excitation but
also vibrational states. These two molecular degrees of freedom may be coupled. It
causes Stokes shift: the absorption and fluorescence frequency of molecules need
not be the same. The energy that excites the molecule goes partially to the vibra-
tional modes, to the generation of phonons. The simplest model Hamiltonian that
captures this effect adds to the Tavis-Cummings Hamiltonian a vibrational mode
of frequency wy for each two-level system [55]. Hence, one more name needs to be
added to the model. It is now called the Holstein-Tavis—Cummings model and it
reads as

N
Hyre = Hre + 2 [wyb?bi + \/E(UUO';O'I' (bl + bj)} . (2.22)
i=1

The coupling between vibrations and electronic states is characterized, for historical
reasons, by the dimensionless Huang—Rhys factor S [56]. More generally, one can
add multiple vibration modes, each with different Huang-Rhys factors.

The molecular part in the Holstein-Tavis—Cummings model corresponds to the
picture originally thought of by Franck and Condon [57, 58]. Writing vibrational
part in terms of quadrature operators g = (b + b")/+/2 shows that the vibrational
ground state in the electronic excited state is shifted by +/S compared to the
electronic ground state. The picture in the eigenspace of the vibrational coordinate g
is thus that of two displaced harmonic oscillators, as in Fig. 1(b). Stokes shift follows
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when the electronic excitation is fast compared to vibrational motion, wy > w,,
and its lifetime long compared to the time scale of vibrational relaxation. That is,
the decay rate of the electronic excitation x;, is much smaller than the decay rate of
phonons 7, or k;; < <. The most likely electronic transitions are then those that
do not involve changes in the vibrational state represented by up- and downward
arrows in Fig. 1(b).

2.3 Role of dissipation

In polaritonics, one talks about weak, strong and ultrastrong coupling to categorize
the effects of light-matter coupling. In the previous section, there is however only
a single dimensionless parameter, )/ wy, determining the strength of the coupling.
Realistically, the light and the matter interact with their environment leading to
dissipation, which is intimately related to finite linewidths in the optical spectrum.
This gives rise to another parameter relating the polaritonic linewidth I' to the total
coupling (3 as (3/T'. Now, one can identify a regime as weak coupling if ()/wq
and /T are small whereas ultrastrong-coupling regime is characterized by a
large fraction )/ wy at which point the assumptions of the low-energy light-matter
interaction start to break down [52]. Strong-coupling regime lies between the two.
One can then ask: What is the polaritonic linewidth I in terms of the dissipation
rates of the individual systems? Does dissipation affect the optically observed Rabi
splitting?

The exact answers to these questions depend on the models used. They are
answered, in my opinion, in a physically reasonable and pleasing way with the
input-output formalism. I introduce the important ideas by an example calculation
by starting from the literature results and then modifying them based on the
physical setup.

Input-output theory of quantum optics refers to a form of scattering theory.
It can be derived in the typical open quantum system scheme of defining the
quantum system of interest, the environment, and the interaction between the
two [22]. Specifically, it is assumed that, for a system operator 2 and bosonic envi-
ronment operators by, the interaction resembles the rotating wave approximated
form Y /\k(b;ga + atby) with some coupling constants Ax. I omit the derivation here
— see e.g. [59]. Importantly, the derivation is done within the Heisenberg picture
of time-dependent operators. The input and output fields are defined in terms of
the environment operators and connected by the system. In terms of the system’s
dynamics, the input field may be seen as external noise on the system while there
is also an associated dissipative term. The dynamical equation of the system could
be called quantum Langevin equation in this point of view. When the input field
is specified with certain correlations, the input-output formalism is equivalent
with the quantum master equation for the density matrix in the Lindblad form
(or Gorini-Kossakowski-Sudarshan-Lindblad equation) providing a Markovian
description of the open quantum system dynamics [59].

Let us then consider an optical cavity which encloses N molecules. Suppose this
system is well described by the Tavis—Cummings model in the single-excitation
subspace. That is, I treat the operators ¢; in Eq. (2.20) as obeying the bosonic
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FIGURE 2: Schematic input-output pictures. (a) Cavity containing molecules probed by
incoming light (driving) and reflected back; part of the light is emitted to the other side
(detection). The fluctuations from the detection side, depicted by the dashed arrow, are
neglected. (b) The important fields in the example calculation: Specifically, cavity (C) is
driven and it mediates the emission as well. It is coupled to molecules (M) whose direct
fluorescence is neglected.

commutation relations [0, O'JH ~ ¢;;. The polaritonic system is probed through
the cavity by driving it with laser light. One can then measure either the reflected
or the transmitted light. For simplicity, I assume that the transmitted light does
not interfere with the driving laser but is really due to cavity leakage. There are
two sets of environmental modes for the cavity: one set allows for the driving
and reflection and the other set allows for the transmission. These are physically
separated by the cavity as in Fig. 2.
The equations of the motion in the input-output formalism are

4= —iwea — iZg;Uj - ga N (2.23a)
j

. . . K

0j = —iwy0j — igja — Tmaj — V/KmOin j- (2.23b)

Here, x and «;, are the dissipation rates for the cavity and the molecules, respec-
tively. I assume here that every mode has an associated and separate bath —
the possibility of transferring energy or information through a common bath is
neglected — but all molecules are similarly coupled to their own baths.

Next, one can divide the input operators based on the environmental modes.
The cavity input operator a;, separates into contributions from the driving and
thermal fluctuations. Thus, I denote v/xaj, = \/@afn + Kintﬂitﬁ- The drive
couples to the system with the rate xext whereas the thermal fluctuations couple
with Kjnt. In total, Kext + Kint = K.

A typical quantum optical description of fluctuations (so-called white noise
approximation) is achieved by setting <afﬁ(t)> = 0and <a{f{*(t)aitﬁ(t’ )> = ny,(t —
t'), where nyy, is the number of thermal photons at the cavity frequency w,. Since
in the optical regime w, is much larger than the typical temperature scales, I
approximate 1y, = 0 here. Since the input-output equations (2.23) are linear, one
can effectively forget about the thermal input operator a!’. The same holds for the
molecule operators 0y, ; as I assume that the molecules and the cavity are nearly
resonant, wy ~ w,. I omit the thermal input operators from the notation.

Formally, input operators depend on the environmental states in the past. In
the same vein, output operators describe the present in terms of the future. These
operators are then connected by the system in the present through input-output
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relations
Aout(t) — ain(t) = \/Ea(t) and Uj,out(t) - Uj,in(t) = Kmo}'(t)' (2.24)

Here, I want to emphasize that these relations provide a “scattering” picture that is
independent of any detectors or such — they really tell only about causality. We
then assign to the cavity output operator a? , the meaning that it describes really
those fields that connect to the detectors. Further taking into account that there are
two sides to the cavity, I write for the cavity instead

R d _ R T _ /.T
Oout — Bin = \/Kexed  and  agy = 1/ Ked, (2.25)
R/T

where now «,;,~ describe the coupling rate to the detectors of the reflected and
transmitted signal. The assumption about the drive and the transmitted radiation
not interfering is encoded by disregarding the input term in the latter equation.

In this dissertation, I focus on measurements which probe the stationary re-
sponse of the system. (As a theoretical tool, input-output formalism works also for
investigating time-dependent response.) A natural observable in this case is the
transmitted power spectral density [60] which is given by

ST(w) = % /drei“’T <a£§t(t)agut(t + T)> , (2.26)

where t can be set to zero due to stationarity. In short, I call this quantity the
(optical) spectrum. A similar quantity can be devised for the reflected power as
well as the driving power.

We have all the tools to calculate the spectrum of the Tavis—-Cummings polariton
system. First, note how useful working in Fourier space is for this problem: the
spectrum is a Fourier transform of the autocorrelation function and the linearity of
the equations of motion (2.23) allow for a straightforward calculation. In Fourier

space?,
1 - .
a(w) = P —T z]Zg]- 0j(w) + v/Kextalh (w) |, (2.27a)
(@) = i8j
oj(w) = (o —ap) = Km/za(a)). (2.27b)

These expressions gather all the definitions and approximations made so far. They
allow solving the cavity operator a(w) in terms of the driving field af (w). They
are linearly related in Fourier space as a(w) = r(w)ag (w). If we assume a classical
monochromatic drive of frequency wy so that af (w) = aé(w — wy), the spectrum
can be resolved to be

$T(w) = [ e’ (all(@)adu(w)) (228)

= [aPrlelr(w)?6(w — wy), (2.29)

2Here_, I choose the convention that the Fourier transform of a function f(t) is given by f(w) =
A [dtetf(t). It implies that the inverse tranformation f(t) = [ dwe ™! f(w). Furthermore, the
Fourier transformation of df /dt becomes —iwf(w). I denote f*(w) as the Fourier transform of f*(#).
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where the essence of the polaritonic spectrum is contained in the function

r(w) = Vlext — (2.30)
i(w—we)—x/2+ i L g

i(w=wo)—rm/2

It is also important to note that the response under monochromatic drive is equally
monochromatic. There are no inelastic processes included in this model of a cavity
that could modify the frequency.

Let us quickly analyze the polaritonic spectrum, i.e., focus on the function r(w).
There are four important parameters: the detuning w, — wy, the dissipation rates x
and «,; and the total coupling ) ’gjlz = N (|g|*). If « = Kk, = 0 is taken, the
response (w) diverges at the Tavis—Cummings polariton frequencies (2.21). The
response vanishes at wy which explicitly shows that the other N — 1 eigenstates
are indeed dark. For so small dissipation rates that the polariton frequencies w+
are hardly modified, the response function on resonance wy = w, simplifies near
these polariton frequencies to

r(w)]* ~ Kext/4 , (2.31)

(W—we)?+ 15+ 5

which shows that the polaritonic linewidth I' is in fact just an average (x + ;) /2.
(I obtain this by calculating the first-order Taylor polynomial around w+ of the
denominator and then assuming «, «;, are small compared to N (| g|2> .) In the same
limit, one can also find the polariton frequencies w+ by finding the extremal points
of |r(w)]?. On resonance wy = w, the result is

wi R wyt \/N (1g]?) + K1 /4. (2.32)

Thus, it seems that dissipation can increase the observed Rabi splitting. This of
course holds only for small linewidths because, at some point, the polariton peaks
should coalesce if N (|g]*) < T = (k4 ku)/2. A few examples of polaritonic
spectra are plotted in Fig. 3.

2.4 Electronic strong coupling and vibrations

As mentioned in Sec. 2.2, the Tavis-Cummings model is not necessarily a good
description of all molecules. Molecular vibrations and their coupling to an elec-
tronic excitation changes the optical properties of molecules. The effect of Stokes
shift on the polaritonic spectrum at first quite unclear. What is the role of the
fluorescence or absorption frequency? Furthermore, vibrations have their own
intricate dynamics and provide another dissipation channel.

These points are motivated by experiments. One experiment was more moti-
vating than others for us: it was observed that the amount of Stokes shift strongly
affected the light emitted from a polaritonic system [61]. There are a few differ-
ent observations. First, the experiment was conducted using surface-plasmon-
polaritons (SPPs) which are strongly coupled to nearby molecules. The radiative
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ST(w) (au.)

(w —wo)/\N(lg]*)

FIGURE 3: Normalized cavity emission ST for the Tavis—Cummings model. Here, x = x;,
for simplicity. The blue solid curve and orange dotted curve have no detuning, wy = w,

but in the former x/1/N (|g|*) = 0.2 and in the latter x/1/N (|g|?) = 2. The gray dashed
line corresponds to the blue one except it is detuned so that w, — wy = /N (|g|*).

decay of SPPs is often due to surface imperfections but, nevertheless, the emission
is polarized according to a specific polarization direction set by the bare SPP. So
much so that in the orthogonal polarization almost no emission is observed. This
polarization dependence was changed by coupling the SPP to molecules — the
emission to the orthogonal polarization became possible. Furthermore, the smaller
the Stokes shift of the molecules, the more orthogonally polarized emission there
was. Second, the “symmetry” of the polariton peaks on resonance was changed:
the upper polariton peak intensity decreased as the Stokes shift increased.

Input-output formalism is particularly suited to model this kind of an exper-
iment. It is natural to extend the definition of output fields to include different
polarizations. The role of the polarization is also evident in the light-matter cou-
pling as discussed in Sec. 2.1. In the case of a SPP-molecule system, the molecules
can also directly emit through a thin dielectric layer they are embedded in. This
is the solution we present in [I] to the question why emission is observed in both
polarizations. Even though the surface-plasmon-polariton is driven, the light-
matter interaction transfers energy to the molecules which can radiate it. The
SPP couples only to a certain polarization but the molecules can couple to any
polarization if their dipole moments are not ordered but rather point to random
directions. Furthermore, we expect that the emission from the SPP and molecules
is incoherent.

Let me denote the polarization in which the bare SPP emits by p and the orthog-
onal direction by s. The generalization of the output fields that are “transmitted”,
taking into account all the above points, is

Zgut,p =/xlc+ \/@2 (af]- : ﬁp>0j, (2.33a)
z“(]J"ut,s = \/&Z (‘i] : ﬁs)aj- (2.33b)

Here, the unit vectors d ; and 7 denote the direction of the dipole moment of the
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molecule j and the polarization, respectively. The inclusion of the dot product
between them is in line with what we know about light-matter coupling, Sec. 2.1.

Figuring out the input-output description for such an involved system is one of
the main points of [I]. The other important point is the solution of the input—output
equations involving the Holstein-Tavis—-Cummings model. I omit the technical
details here but I shortly discuss the underlying assumptions. I also note that
similar techniques are used in Ref. [62] that worked out the solution independently
of us at the same time.

The vibrational mode brings forth a nonlinear interaction. It is discussed at
length in Ch. 4. For instance, the dynamics of the bosonic operator b of the vibra-
tions depends on ¢'¢. This term can be neglected in the single-excitation subspace,
assuming that the molecules are in their electronic gruond state for the most part.
Then, vibrations provide another bath for the electronic excitation mode, exciton
in short, 0. We further assume that there are no induced correlations between the
SPP or cavity mode and vibrations — it represents a mean-field approximation. In
such a case, the input-output equations can be approached using so-called polaron
transformation that diagonalizes the molecular system (i.e., exciton and vibrations)
alone. Considering first molecular spectroscopy, or the input-output equations
without the SPP, allows us to identify absorption and fluorescence functions of
the molecules, A(w) and F(w; wy) respectively [see Egs. (2.37) and (2.38) below]. I
discuss their mathematical definitions later on but, using Fig. 1(b) as an intuition-
building tool, the absorption should be maximized at w = wy and the fluorescence
at w = wy — 25wy if wy =~ wy. In contrast to the cavity case, the molecular vibra-
tions now provide inelastic scattering so that fluorescence at frequency w depends
on the probe frequency wy.

The response function r(w) presented in the previous section is changed to

-1

"9 _ Tifw )~ 5+ N () Alw)] 234

v/ Kext

That is, we changed the Lorentzian function [i(w — wp) — &1 /2] ! to A(w). The
SPP response under strong coupling is thus solely defined by the absorption
properties of the molecules.

In the calculation of the polarized emission spectrum, one has to take into
account or model incoherence. That is, we do not wish to accidentally include
coherence between the molecules, e.g., all the molecules are in the same phase.
The light-matter coupling constants g; are important to this end. Note that, in the

dipole approximation, g; o ¢'*"i where rj is the position of the molecule. In the
experiment [61], the molecules are distributed over much larger distance than the
wavelength of the SPP mode. The phase factor is then randomized uniformly. If
one neglects this dependence (which does not change the polariton eigenenergies),
the fluorescence contains spurious coherence effects, sub- or superradiance. I found
this the hard way as, at first, it didn’t cross my mind that the phases of g; would
matter.
The polarized emission spectrum in this incoherent limit is

ST (w;wg) = |ar(wa) PCsF(w; wg), (2.35a)
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S;(w; wy) = |ar(wy)|? {KOT(S(aJ —wy) + CpF(w;wd)} , (2.35b)

where C,/; are constants determining the rate at which the decay of electronic
excitations is observed. [See Eq. (32) in [I] for the definitions.]

These equations, I think, are the main result of [I]. The emission to s-polarization
becomes possible because of the light-matter coupling and random orientations of
the dipole moments. The absorption modifies the polariton response function r(w)
which in turn modifies the fluorescence F of the molecules. The p-polarized emis-
sion is partly due to the radiative decay of SPPs and partly due to the molecular
fluorescence. The relative magnitude of these emissions is determined by the trans-
mission rates k! and C, — their ratio is essentially a fitting constant in experiments.

The functions A and F have, of course, definitions that are related to vibrations.
We find that there are two important vibrational correlators. They are expressed us-

ing an operator Q; = exp [\@ (b]+ - bj)} that resembles the displacement operator
of vibrations [63]. The two- and four-point correlators

(Qf@)Qj(w)) = Plw)d(wi +w2), (2:362)
<Q;f(w1)Qj(w2)Q}(W3)Qj(w4)> = L(wy, w2, w4)d(w1 + wy + w3 +wy), (2.36b)

define the absorption and the fluorescence functions as

/ dp — P(E+Swo) (2.37)

Km 7

i(w — WO—E)—7

L(wy, wg — w — w1, wy)
Km

Fusan) = | den den e e S — %]

(2.38)
The fluorescence function F is difficult to interpret but the absorption function A
gives rise to a very clear interpretation. The expression of A(w) is simply the
convolution of the Lorentzian function we have without vibrations, and then a
function P(E) that describes the vibrations. In fact, it has a probability interpreta-
tion due to our choice of the Fourier transformation conventions: P(E) gives the
probability to transform E amount of energy to or from vibrations in the excitation
process. So it simply tells the amount of phonons generated when E > 0. The
negative energies (E < 0) are related to so-called anti-Stokes processes where the
electronic excitations happens from an excited vibrational state. The maximum of
P(E) is roughly at E = Sw, which matches the intuitive picture in Fig. 1(b). Fur-
thermore, thermodynamics dictates that P(E)/P(—E) = exp(—E/kgT) where T is
the temperature of the vibrations. This relation is termed as the detailed balance.
That is, at low temperature, no phonons can be absorbed from the environment
and P(E < 0) = 0. Such functions P(E) have been studied in other contexts,
for instance, in charge tunneling where it would describe the energy absorbed or
emitted to the environment during tunneling [24, 64, 65].

The presence of vibrations breaks the symmetry between the higher and lower
energy polaritons. Theoretically, it is a direct consequence of P(E), the probability
to generate phonons. When a molecule is excited, a part of the energy can go
to vibrations. This energy has of course a lower limit; that no energy went to
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phonons. It means that the weight of the absorption spectrum moves towards
higher energies. This interferes with the upper polariton peak — a part of the
energy in the polariton state goes to vibrations — and its optical response is thus
weakened.

The essence of [II] is the evaluation of the function P(E) in the case of vibrational
dissipation. One can view this work as an open quantum system generalization
of the absorption function defined by Huang and Rhys in the 1950s [56]. The
function P(E) can be evaluated for an input-output model but our focus is on
a slightly different model. The issue with the input-output formalism is that it
assumes the rotating-wave approximation. It is well suited for optical systems.
The question is about the characteristic frequency scales of the system at hand
and the scale produced by the interaction with their environment — the relaxation
rate. For an optical cavity, w. > «x typically holds. However, the vibrational time
scales are much longer than those in the cavity. It can thus be that the dissipation
rate y of the vibrations is of the same order with the frequency w,, and that the
relevant environmental modes are higher frequency than the vibrations. This
is the case for (quantum) Brownian motion. The vibrational dynamics is then
described by the equations of motion for the position and momentum quadratures,
xXj = (b] -+ b;)/\ﬁ and pj = l(b;‘ - b])/\ﬁ, as

Xj = wopj, (2.39a)
b= —wor; — 0+, (2:39b)

where the noise ¢ is not white but rather has the autocorrelation

/ . ny_Tw w
(&me)) = /dw exp [—iw(t —t')] T {coth (2k3T> + 1] . (2.40)
The noise ¢ is specified so that it obeys the detailed balance relation and, so, should
accurately describe thermal fluctuations [66].

The description of the vibrations and their thermal fluctuations allows for the
calculation of the function P(E) and, consequently, the absorption function A(w).
This alone allows solving the cavity spectrum. The main observation of [II] is that
the observed Rabi splitting is affected by the vibrational dissipation in many ways.
For instance, it becomes dependent on temperature. The larger the temperature,
the larger the molecular linewidth and the observed Rabi splitting.

What I however could not figure out was how to approach the solution of the
fluorescence F. The four-point correlator is rather difficult to solve for. I was only
able to solve it in the limit of no vibrational dissipation 7y — 0 in [I]. I find it
rather unfortunate: it would have been nice to confirm that the Stokes shift follows
from vibrational dissipation. That is, if a molecule is excited, it mostly emits at
the fluorescence frequency. On the other hand, it seems obvious that the typical
argument should fail without vibrational dissipation. It would be interesting to
understand how the transition to the Franck—Condon picture in Fig. 1(b) happens
as it must somehow be related to vibrational decoherence on the electronic excited
state.
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Such a regime is less pure from a fundamental point
of view ...
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Chapter 3

Polaritonic chemistry: a physicist’s viewpoint

In this chapter, I discuss the possibility of changes in chemistry by the formation
of polaritons. I first give an overview of some important results in polaritonic
chemistry, both experimental and theoretical. Then, I focus on our own work in [IV]
and in [V] which provides some insight into this complex field from statistical
physics. These publications consider vibrational strong coupling and ground-state
reactions so that electronic excitations do not play a role at all.

3.1 Idea of vacuum-modified chemistry

It is evident that light can alter chemical reactions, for there would be no intelligent
life on Earth without photosynthesis. It is equally evident that there are physical
consequences of the electromagnetic vacuum such as the polaritons discussed in
the previous chapter, the Casimir effect [67], and the Lamb shift [68, 69]. Could the
electromagnetic vacuum affect chemical reactions as well?

Over the past two decades, this has been an inspiring question right on the
border of (quantum) physics and chemistry. The intuition is that the formation of
polaritons changes the energetics of molecules, dictating the likelihood of reactions.
The molecules get to borrow some qualities from the light. This requires strong
enough light-matter coupling which means that microcavities or similar fabricated
electromagnetic vacua are needed. At the same time, the hybrid states including
many systems behave collectively, and thus, it would seem natural that the more
molecules participate, the stronger the effect. It seems reasonable if one associates
the vacuum Rabi splitting as the measure of the “total” coupling.

Controlling chemistry by vacuum would clearly have a great technological
benefit, if the effect is strong enough. In practice, the fabrication of microcavities is
relatively straightforward and, so, polaritonic systems should be readily available.
It though seems mysterious to physical intuition. What even is the polaritonic
effect? Does the vacuum somehow enhance or slow down the rate of reactions?
Both have been claimed to happen [70-74], which is in some ways troubling if one
hopes for a generic polaritonic effect. It could be, of course, intimately connected
to specific reactants or molecules or the types of reactions. For a physicist not well-
versed in chemistry it is also slightly troubling. Nevertheless, I was so intrigued by
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the ideas of collectivity and coherence between light and matter that I hoped to
understand at least a part of it.

The field of polaritonic chemistry is young and there is not yet fully-formed
consensus on what is going on. Theoretically, it really is an unsolved problem.
Its difficulty arises from combining quantum electrodynamics and chemistry, and
the fact that computational methods are not readily usable. Furthermore, it is
impossible to simulate the typical experimental realizations of polaritonic systems
which contain a very large number of molecules. We are thus at a point where we
try to build intuition on what is important. I first introduce what other people have
considered and focus then on the main points of [IV] and [V].

3.1.1 Overview of experimental works

I give a quick summary on the present status of claimed effects in polaritonic
chemistry. I roughly outline a few experimental works, but much more detailed
descriptions can be found in several other outstanding reviews [75-77].

Polaritonic chemistry has been investigated both for electronic and vibrational
strong coupling. The important difference between the two is the energy scale:
vibrational energies are typically of the order 10 meV whereas electronic excitations
are several orders of magnitude higher, 1eV. This restricts the possible optical sys-
tems if they are to provide a resonant effect. Therefore, electronic strong coupling
is commonly studied in plasmonic or sub-micrometer-sized cavity systems with
molecules embedded in a solid environment, while vibrational strong coupling can
be studied in optical cavities supporting microfluidistics (the separation between
the mirrors being of order 10 um). The size of optical cavities is often further in-
creased by matching higher-order modes of the cavity to the vibrational resonance.
Microfluidistic approach is evidently more useful for applications than embedding
reactants in solids. It also provides, in principle, the possibility to track chemical
reactions by other than optical means.

Let me next highlight some experimental results.

In the case of electronic strong coupling, isomerization of molecules! has been
claimed to be affected by strong coupling. In this experiment that has marked
a starting point to the field of polaritonic chemistry, tuning the optical cavity
into resonance with one of the excitation energies of a molecule modifies the rate
of isomerization [78]. Another experiment shows that a chemical reaction with
oxygen that destroys optical properties of a dye molecule is greatly slowed down
in a plasmonic system as the vacuum Rabi splitting is increased [79]. The effect
is reportedly not resonant, as in the other example, but rather depends almost
linearly on the detuning between the plasmon frequency w, and the molecular
excitation energy wg. The rate is slowed down more when w, < wy than on
resonance w, = wy; although, the detuning range is at most roughly ten percent
(ie., |we — wo|/wp $0.1).

Due to the aforementioned experimental reasons, the focus has recently been
mostly on vibrational strong coupling. The general idea is to couple a cavity

1Isomer refers to a specific configuration of a molecule; isomerization is essentially a process of
changing the shape of a molecule. Different isomers can have different properties.
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to a vibrational mode that is relevant for the chemical process — and since we
don’t really know what is going on, this seems to be an arduous trial and error
approach. Nevertheless, it has been reported that the formation of polaritons can
both slow down [70, 71] and speed up reactions [73, 74]. A common theme in
these reports is that the polaritonic effect is resonant and, often, the magnitude of
the effect is proportional to the Rabi splitting. Furthermore, the cavity vacuum
mode can reportedly induce a change in the ratio of two different reaction rates,
effectively allowing for the selection of the predominant reaction product from a
single reactant [72]. It has also been claimed that underlying molecular symmetries
of vibrational modes play a role in determining the modification due to the vacuum
field [80].

As interesting and seemingly many-faceted the reported effects are, some sci-
entifically necessary asterisks must be added. There are only a few groups in the
world providing these inspiring experimental results — in fact, I have referenced
only works from three groups. Furthermore, these are not straightforward experi-
ments as one has to have great control over both optics and chemistry. A few failed
replication attempts have been reported [81, 82]. Especially, Ref. [82], which tries
to replicate the experiment in Ref. [73], fails to see any polaritonic effect.

3.2 Understanding polaritonic chemistry

There are many theoretical approaches to polaritonic chemistry — so many in fact
that there are even reviews on them [83-87]. Here, I give a very biased overview,
focusing on the analytical results within a subsection of polaritonic chemistry
concerning ground-state reactions. This means that there is no discussion on
the modern computational techniques like density-functional theory (DFT) and
quantum mechanics/molecular mechanics (QM/MM) simulations in the context
of polaritonics. I genuinely believe that there must be a way to understand the
issue from some simple physical principles and illustrations. To limit the scope, my
focus is on reaction rates and how they are affected by the formation of polaritons.
Before going on with the discussion on polaritonics, there is a need to go
through some nomenclature and theoretical framework of physical chemistry.

3.2.1 Physical picture of chemical reactivity

Chemical reactions are categorized into adiabatic and diabatic reactions [88, 89].
The notion comes from the fact that chemistry involves molecules, and the interac-
tions between the electronic and nuclear degrees of freedom depend on the specific
molecular system. In the adiabatic regime, the electrons are assumed to equilibrate
much faster than the nuclear motion. This is formalized in the Born-Oppenheimer
approximation which separates the wavefunction of the molecule into nuclear and
electronic degrees of freedom. Effectively, it allows one to think of reactions hap-
pening on a potential energy surface depending only on nuclear coordinates while
the electronic system is integrated over. One may extend this line of thought to
excited states as well. This is particularly useful in photochemistry [89] but, other-
wise, it is often enough to focus on the ground state. The diabatic, or nonadiabatic,
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FIGURE 4: One-dimensional potential energy surface V() entailing two states, denoted by
coordinates g, separated by an energy barrier.

reactions are those where the time-separation argument fails. The electronic system
becomes partially excited during the nuclear motion. This can be represented by an
effective interaction between the different electronic states, and, if this interaction
is small, the Fermi golden rule should hold to a good approximation.

I should note that both [IV] and [V] consider toy models of adiabatic ground-
state reactions. They are the focus here. I review their basic description here for
reference.

The adiabatic reactions may be classically characterized with a potential V' (gq)
where g represents the nuclear coordinates [90]. The different molecular states
are identified as the minima of the potential. In this regime, the crown jewel of
reaction rate theories is the transition state theory. The mental model it provides
seems to be popular and well-utilized, and it supports naturally some quantum
modifications.

The principal idea of the classical transition state theory can be elucidated for
an one-dimensional potential V' (q) describing a molecular system. For simplicity,
let us assume there are two minima separated by a potential barrier as in Fig. 4.
When the molecule is in contact with a heat bath, it is expected that there are
transitions between the two minima due to thermal activation. The nature of the
argument is then statistical: if the molecule is prepared so that it is initially in
one of the states, there is over time a finite probability to find the molecule in the
other state as well. However, it is often prohibitive to calculate the full probability
distribution in terms of the position g and time ¢. The transition state theory solves
this problem by instead considering only the flux of probability or population
over the barrier. That is, the transition rate is assumed to be proportional to the
probability to find the molecule in a state that corresponds to the coordinate g at
the maximum of the potential and with a momentum p that leads the molecule into
the other state. Concretely, let us fix that 4 = 0 corresponds to the maximum point
of the potential (i.e., the transition state) and the molecule is initially prepared in
a state that corresponds to negative 4 = q—. The transition rate to the state with
positive g = g is given by

I'=((q)0(p)p/m). (3.1)

Here, 6(p) is the Heaviside function, §(q) is the Dirac delta function, and m is
the effective mass of the mode. The probability distribution of coordinates and
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momenta is then argued from statistical physics. Since the molecule is prepared
in the state around g = g_, the initial distribution would be well approximated
even if the other state at § = g+ was neglected. It however requires that the
rate of transitions is much slower than the internal dynamics within the well.
Effectively, this argument amounts to a harmonic approximation of the poten-
tial V(g) around g_. Then, the likelihood P(g, p) for the coordinate and its asso-
ciated momentum to have values g and p, respectively, follows the Boltzmann
form P(q,p) « exp[—H(q, p)/(kpT)] when the heat bath enclosing the molecule
is at temperature T and H(qg, p) is the classical Hamiltonian, or the energy, of the

molecule. Now, H(g, p) ~ % + Imw?(q — q-)*. This avoids the potentially diffi-
cult calculation of the full partition function, let alone the full dynamical problem.
Thus, evaluating the expectation value gives

Irst =~ (;72 exp {_II;E?F)} , (3.2)
which can be identified with the Arrhenius rate expression.

This idea is readily extended to describe more involved systems. The main
problem becomes the identification of the transition states and relevant reaction
pathways. Somehow, the multidimensional information residing in the nuclear
coordinates g must be projected to a one-dimensional space. Without dwelling in
the issues of uniqueness of the transition state and other issues, the same argument
can be generalized to multidimensional system [90, 91]. The resulting equation is
known as the Eyring equation [92] and it reads as

_ kgT 27 Ep

Here, Ej, refers to the potential energy barrier [instead of V(0)]. The partition
function Z; is evaluated in the well from which the transition happens, typically in
the harmonic approximation. The quantity Z7 is formally identified as a partition
function at the transition state: For a multidimensional system, this state should be
at a saddle point of the full potential V(g) with only a single unstable mode. The
harmonic approximation at the transition state is utilized again in the calculation
of Z7 which contains all other modes except the unstable one. Furthermore,
both Z; and Z7 can be calculated in the quantum regime, resulting in quantum
transition state theory. The modification due to multiple degrees of freedom is
sometimes called the Grote-Hynes factor kg = I'/I'rgr. Lastly, x is an ad hoc
transmission coefficient characterizing the recrossings back to the initial well which
could have been included in the one-dimensional rate expression as well. Here,
x = 1 everywhere.

3.2.2 Overview of theory efforts in polaritonic chemistry

The analytical efforts to describe polaritonic chemistry of adiabatic ground-state
reactions are best summed as modifications of the transition state theory result (3.3).

Due to the complexity of the full N-body polaritonic problem, there has been
considerable focus on single-molecule polaritonic chemistry. In these cases, it
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has been noted that the Grote-Hynes factor xgy can provide cavity frequency-
dependent changes to reaction rates [39, 93]. This assumes that the transition
state has an associated dipole moment. In the simplest case of a one-dimensional
molecular potential, it reads as kg = A/wp, where wy, is the barrier frequency —

w2 o — B§V(q) =0 in Fig. 4 —and A is the barrier frequency modified by the light-

matter coupling. The latter frequency A is obtained by substituting to the lower
polaritonic eigenenergy E_ in Eq. (2.17) that wy — —w}, under the rotating-wave
approximation. In this model, the cavity decreases the reaction rate if the barrier
frequency wy, not the well frequency wy, is in resonance with the cavity.

A particularly transparent calculation for an N-body system is provided by
Zhdanov [94], who also uses one-dimensional potential surfaces for molecules.
The main assumption is that the reactant well is at resonance with the cavity while
the product well and the barrier frequency are either so far detuned that the light-
matter coupling to them can be neglected or that they are simply optically inactive.
The quantum mechanical model describing the reactant molecules and the cavity
is the Tavis—-Cummings model with equal coupling constants g; = g (although, it
is called Dicke model in the article). The calculation then proceeds with using the
eigenenergies (2.21) to calculate the energy barrier and the quantum mechanical
partition functions when, in the transition state, one of the N molecules resides
on top of the potential barrier. The transmission coefficient x is assumed to be
unchanged by the coupling. In the leading order of the Rabi splitting (), this results
in the reaction rate I'y that reads as

1" QZ k T 7(,(]0/kBT
o pqy @ (kT el 3 (.4
Ty 4N(kBT) wo [1 _ e—aJQ/kBT]

where Iy is the reaction rate without the cavity. The term in brackets is negative
when kgT 2 wy and positive otherwise — if temperature is high, the rate is
decreased. More importantly, this result clearly shows the scaling with respect
to N: Even though the Rabi splitting () is compared to the temperature, only one
of the N molecules can be in the transition state resulting in an extra factor of
N in the denominator. Since at resonance Q) = 2v/Nyg, the factors of N exactly
2 2
W = TP
coupling strength to the temperature which is assumed to be small in experiments.
Thus, there appears to be almost no change in the reaction rate, 'y ~ I'y. Similar
considerations and conclusions are present in a few other works [38, 95]. It has been
further noted that if one treats the nuclear and photonic coordinates classically,
the energy barrier E, is changed only by the N-independent dipole self-energy
term [38].

There is also a contrasting viewpoint. Yang and Cao have argued that the
collective effect of polaritonics is similar to the difference between the Jaynes—
Cummings and Tavis-Cummings models [93]. That is, it is implied that one could
use the single-molecule (N = 1) reaction rate modification and then further modify
the rate by replacing ¢ — /Ng. This is mechanistically in line with what is
presented in Sec. 2.2 but seems to be at odds with the saddle point formulation of
the multidimensional transition state theory.

cancel and

. Truly, one compares the single-molecule light-matter
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3.3 Quantum tunneling regime — a toy model

My initial idea was this:

By definition, the existence of polaritons is due to coherence or, to be more exact,
coherent exchange of energy between light and matter. At the same time, quantum
tunneling is a coherence phenomenon as it follows from the wave-like qualities
of matter. They could be intimately linked and the polaritonic effect would be
explained as a genuine quantum effect.

The coupling of a tunneling system to a cavity does change its tunneling rate.
However, this does not depend on the number of systems which means that the
effect is not collective. For this reason, as the result closely mirrors that in the
thermal activation regime [Eq. (3.4)], I pondered a lot whether or not to write it
down. I concluded that I should; the result is [V].

Polaritonic quantum tunneling is nevertheless interesting as it can be compared
to the reported high-temperature results. For instance, Eq. (3.4) implies that the
reaction rate increases very slightly when kgT < wy. Polaritonic tunneling gives
another type of insight and, furthermore, it is a difficult problem whose solution
might have some relevance for other hybrid quantum systems as well. This is
because the tunneling of a polaritonic system concerns very many systems. It
greatly differs from the typical setting where a single system, perhaps coupled to a
dissipative environment, escapes a potential barrier.

Finding a suitable approach to polaritonic quantum tunneling took a while. I
became somewhat familiar with the approaches and viewpoints of both physics
and chemistry. Within physics the literature is already vast [90, 96-100]. Tunneling
is relevant to fields like cosmology, particle and nuclear physics, and condensed
matter theory [97, 101]. In chemistry, the focus is more on quantum corrections and
theoretical generalizations for thermally activated processes [102-104].

The method I eventually ended up using to describe polaritonic quantum
tunneling is called the Im F method, Im F referring to the imaginary part of the
free energy [96]. It was developed in the 1960s by Langer in the context of bubble
nucleation [105]. The approach is differs quite a lot from, e.g., the transition state
theory and can be devised fully in the quantum formalism.

Consider again a two-well system as in Fig. 4 with a large energy difference
between the wells. When the temperature of the environment is very low compared
to other energies, there is no thermal activation. Thus, the only way the system can
relax is by tunneling through the barrier. This relaxation means that all the states
in the metastable well have a finite lifetime. In the Hamiltonian formalism this is
a problem because these states are not proper energy eigenstates. If we were to
disregard this, however, we could proceed with writing the partition function for
the metastable well alone,

Z =Y e PEr — ¢ PR whenBE, = E,/kgT > 1. (3.5)

n
Here, Ej represents the lowest energy in the system. Now, still suspending the
disbelief on Hamiltonian formalism not holding here, we can deduce that Ey must

also contain the information about the finite lifetime. If the system was somehow
initialized in the lowest energy state, its probability to remain in the state should

29



decay in time. Since this probability is given by |exp(itEy) |2, the only resolution is
that Ey contains an imaginary part, that is,

lexp(itEg)|* = |exp(it Re Eg — tIm Eg)|* = exp(—2¢Im Eg) # 1. (3.6)

A finite and constant decay rate I' = 2Im E can now be related back to the partition
function Z and the free energy F as

Fz—élmanzZImF, (3.7)
where the free energy is defined as in statistical physics by F = —In Z/p. Even
though my argumentation here seems rather sketchy, it can be shown, through
rather complex analytical continuation tricks, that the classical transition state
theory can be derived in the same way from an imaginary part of a classical
partition function — only the prefactor changes [98, 106].

There is a wealth of literature on how to calculate the imaginary part of the free
energy, especially in the limit of low temperature [96-98, 101]. The central idea
is to use path integral formalism in semiclassical approximation to evaluate the
partition function Z = tr(eﬁH ). It amounts to finding classical periodic solutions
in an inverted potential and the quadratic fluctuations around them. In the low-
temperature limit, these solutions are called instantons.

The Im F method is suitable for polaritonics because it naturally extends to
many degrees of freedom. For instance, without doing any difficult calculations, it
is straightforward to infer the tunneling rate of N independent and distinguishable
systems. That is, if a single system has a tunneling rate [y = —2ImIn Zy/B, then
the factorization of partition functions for the N-body system, Z = Z results
in the total tunneling rate I' = NT. The Im F method has been utilized in open
quantum systems extensively because one can naturally introduce an environment
for the tunneling system and integrate it out. One of the landmark results is by
Caldeira and Leggett who showed that friction or dissipation leads to exponential
suppression of the tunneling rate [107]. In [V], I however neglected the coupling
to the environment and the dissipation it produces, as the main focus was on the
collective polaritonic effect: How does the polaritonic quantum tunneling rate
depend on the number N of systems?

The model I used in [V] for the molecular potential is as simple as possible
in order to have a solvable problem. In the spirit of the transition state theory, I
assume that there is a metastable potential where the system, a molecular degree of
freedom, is trapped. The presence of the true potential minimum is neglected. The
potential V() of a single system is assumed to depend only on a single coordinate 4.
Furthermore, the coupling to the vacuum of the cavity is through this coordinate.
This is in line with the dipole approximation presented in Sec. 2.1. The Hamiltonian
of the tunneling system is

1 1 N 1 N
H= 5 ) péi + Epi + ) Vig)+ waxz + Vwowe Y 8ixqi, (3.8)
i=1 i=1 i—1

1,22 <
V(q) = {2“’0‘7 1= (3.9)
—0oo, q > a,
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where x is the single-mode cavity quadrature of eigenfrequency w.. Here, p;, and
px are the momentum associated with g; and x, respectively, and they have been
rescaled so that they contain the effective masses of the modes. The reasoning
for this kind of model is that, in the potential well, the energy levels with finite
lifetime are reasonably well approximated by a harmonic oscillator. (Formally, this
is true at least in the 4 — oo limit.) Thus, this is nothing but a metastable version
of the Tavis—Cummings model discussed in Sec. 2.2 without the rotating-wave
approximation.

I quote here a simplified version of the low-temperature tunneling rate modifi-
cation caused by the cavity, as it serves as a starting point for the next section as
well, leaving all the details in [V]. In the strong-coupling regime, the presence of
the cavity modifies the total tunneling rate (which is proportional to the number N
of systems) by a factor

_IN) _Jww [ o (wn
aro =~ (o[- 1)]) (310

Here, I'y refers to the single-system tunneling rate without the light-matter cou-
pling and Sy = 2E;/wy is the bare action determining I'y as I’y e—%0. In the
high-temperature limit, Sg = E;/ (k;T) as in the Arrhenius rate expression. The
angular brackets remind that if the light-matter couplings g; have some distribu-
tion, we should average over it. The polaritonic effect is tidily contained within the
harmonic mean frequency defined as

WH _ N(g*) (3.11)

wp  N(g?)-g’ 146 1, 1=6 1\ '

@0 +82(%m - TI)

where w. are the polariton eigenfrequencies and 6 = (w3 — w?)/(w? — w? ) de-
scribes detuning. The light-matter couplings are as if weighing factors of the
harmonic mean. Importantly, however, the bare frequency wy obtains a weighing
factor proportional to the number N of systems whereas the polariton frequen-
cies w4+ have a weight of unity. This corresponds to the picture of the eigenstates
discussed in the context of the Tavis—-Cummings model. Thus, when the number N
of systems is large and the individual couplings small, no modification is to be
found and r ~ 1. Moreover, the polaritonic effect appears not to be resonant as the
tunneling rate is not maximized at wp = w,.

3.4 Collectivity from classical theory

There are many ways to approach a difficult physical problem. More often than
not, however, the first approach is quite similar independently of the problem.
To use the case of polaritonic chemistry as an example, this first approach is to
take well-known theories concerning reaction rates and try to modify them to
accommodate polaritons. If it works out then it is done. If it does not, well, then
there is truly a problem or even a crisis. The resolution in physics is often that
one had to think about the underlying principles of the theory carefully. However,
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without taking the first approach and seeing it fail, it is very difficult to come to
understand the cause of the problem.

After a lot of thought, we at least see one failure of the reaction rate theories
when naively applied to polaritonics. This applies to the whole quantum tunneling
calculation as well.

Consider the expression in Eq. (3.10). It seems to imply that the rate of escape
from a metastable potential per system is I'(N) = r(N)I'g, where I have explicitly
denoted the dependence on the number N of trapped systems forming the polariton
states. Presumably, this relation should describe how the number N of trapped
systems evolves. Since I" describes the instantaneous rate of escape, I would write

SN =-T(N)N (3.12)

as the equation that determines the population N(t) at time ¢. It definitely makes
sense without the polaritonic interaction in which case I'(N) = Iy leads to an
exponential decay of the population.

Is this accurate for an interacting system in general? No, it is not. Rather, it
seems that we have inadvertently assumed something about the system. I will
argue this from another perspective.

Let us consider an alternative, probabilistic description for the N trapped
systems. When p;(t) is the probability to find the jth system still trapped at time ¢,
the expected value of systems is (N) = Y, p;(t). Intuitively, the probability p;(t)
must decay in time. I shall conjecture, as many have done, that this probability
decays according to an equation similar to the number of systems, that is,

d
P = ~Tjpi(t), (3.13)

where the rate I'; could depend on the system. Here, the different systems can
couple differently to the cavity, and they may not behave identically anymore. The
question is whether or not Eq. (3.12) corresponds to summing over Eq. (3.13) which
gives

d
4 N) = LTjpj = (D) (N) + ) dTjp, (3.14)
J J

where I have divided the rate into a mean and a deviation as T'; = (I') + T;. If we
identify N in Eq. (3.12) with the expectation value (N), it appears that some kind
of mean-field approximation has been made. I have neglected the fluctuation of
the rates. Furthermore, it is not clear if (I') corresponds to I'(N') when the number
of systems is not fixed from the start.

The beginning of this story is mostly rationalization after writing [IV] to be
perfectly honest. At first, our focus was including all the molecular states and
not just the one from which the system escapes. These other states were fully
neglected in the quantum tunneling calculation — including them is fairly difficult.
The intuition was and is that all the molecules forming the polariton must know
each other. They can discuss through the vacuum of the cavity, after all, even if
they are in different states. Somehow this should be represented by the transition
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rates I';. This line of thought became clearer to us after a presentation by Mark
Dykman on atoms in magneto-optical traps in the context of time crystals [108]. A
fully distinct physical system leads to similar modeling considerations but with an
entirely different interpretation.

Often, Eq. (3.13) is called a master equation [109, 110]. It is straightforwardly
generalized to multiple states. Dropping the system index j for now and denoting
the possible states by Greek letters, its general form reads as

%Pﬂ(t) =Y Tuupu(t) — (er> pult). (3.15)

Here, I';y describes the transition rate from the state y to the state v. The change
of probability is related to the difference between the inflow (first term) and the
outflow (second term) of probability. This equation encodes the fact that the total
probability }, p, does not change and so it can be set to unity.

The master equation provides an evidently Markovian description of a system.
The likelihood of transitions between different states depends only on the state of
the system at that time. Here, it is justified by the separation of time scales: rate of
transitions is assumed to be small compared to other internal frequency scales [90,
109, 110].

An important realization is that T';,’s must be related to thermodynamics.
Considering a classical system of fixed number N of constituents in a thermal
bath of temperature T and some energies E, associated to the state y, the thermal
equilibrium should correspond to the Boltzmann distribution

(t — o0) il (3.16)
— 00) xexp| ——= |, .
Pu P kB T
where kg is the Boltzmann constant. If the system thermalizes and the stationary
state of the system corresponds to the Boltzmann distribution — as we may assume
for a polaritonic system which is not driven — the issue is resolved by assuming
that

Ey E"] . (3.17)
This assumption is called the detailed balance, since it fixes the in- and outflow of
probabilities to be the same in the stationary state (%py = 0) [109].

In [IV], the principal idea is that the detailed balance may be used in conjunction
with a simple model for polaritonic energies to describe the collective stochastic
behavior of a polaritonic system. The states and their energies are associated
with the minima of a potential function that mimics Eq. (3.8). The molecules
themselves are described by a potential with two minima as in Fig. 4. The minima
are associated with molecular states (in chemistry, for instance, the reactant and
product state of a unimolecular reaction).

In the polaritonic system, different molecules effectively interact through the
cavity. Modifying the state of one molecule will affect the cavity state which in turn
will affect another molecule. The strength and the type of the interaction depends
on the light-matter terms g;xq;. Compare this term to the classical example of
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spring connecting two masses at x and g;. It is otherwise the same but, now, we can
have either repulsive or attractive interactions described by the sign of g;. Though,
the only thing that can matter is the sign difference due to the U (1) symmetry of the
vacuum field. (There cannot be an observable change in physics if we transformed
x — —x.) The effective interactions between molecules are of the second order
in the light-matter coupling — the effective coupling between molecules j and k
is then proportional to g;gx. The total potential energy of the polaritonic system
depends on the state of every molecule through these effective couplings. More
technically, the potential energy minima which we associate to molecular states
change. The cavity induces a potential energy term that depends on the collective state —
whether the molecules are in one minimum or in the other.

This results in collective behavior that drastically differs from the “mean-field
picture” of using transition rates calculated by e.g. transition state theory within the
master equation. We even predict spontaneous symmetry breaking: Even if the two
molecular states had the same energy, all the molecules would go to the same state
because of the cavity-induced interaction. This requires only two conditions. First,
the Rabi splitting must be large enough. This is easy as we can simply increase the
number N of molecules. Second, the effective interactions between the molecules
should be of roughly equal strengths. That is, the light-matter constants g; should
be similar or, more technically, the standard deviation of g’s should be small
compared to their average. If this latter condition is not fulfilled and there is a large
range of couplings, the polaritonic system does something peculiar: it minimizes
the energy by separating the molecules based on their coupling constants g;. Those
with a larger coupling will go to another state than those with smaller coupling.
For example, one can imagine a case where half of the molecules have a coupling
constant gg and the other half has exactly the opposite phase coupling —go. The
molecules with the same coupling attract one another while those with different
sign repel — and so, the two halves predominantly have different states. This
describes phase separation based on the light-matter coupling which does not
change the macroscopic number of reactants and products in the steady state.

I note that these changes to the stationary state of the polaritonic system are
reflected in the transition rates. The attractive interaction between molecules slows
down the reaction rates.

In polaritonic chemistry experiments, I expect that the variance of g’s is large.
This means that phase separation is more likely but it would be difficult to confirm
and the fluctuations in the light-matter couplings may destroy it. Again, the effect
is not resonant because the cavity frequency w, describes only how difficult it is for
the molecules to change the cavity state. The dimensionless parameter describing
the light-matter interaction turns out to be Q)/,/wpw, i.e., the Rabi splitting is
compared to the eigenfrequencies in the system. This kind of a thermodynamic
argument does therefore not produce an effect that is directly relatable to existing
experiments. However, if the disorder leading to different light-matter couplings
can be or is experimentally removed, we predict that the formation of polaritons
has a strong effect on chemistry and can even cause a phase transition.

Our work in [IV] shows an approach to collective reactivity that is far removed
from the perspective of the transition state theory. Furthermore, it highlights that
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the distribution of light-matter coupling constants ¢ has an observable effect. It
is surprising in the sense that this distribution does not change the polaritonic
eigenenergies which depend only on (g?). But it really does change the effective
(repulsive or attractive) interactions between molecules which affect the underlying
collective chemistry.

What is curious about this classical argumentation and consequent results is that
it seems fully incommensurate with the quantum tunneling calculation presented
in the previous section. Even if one takes into account the fact that the tunneling
rates are dependent on the individual light-matter couplings g;, the results remain
different. The only resolution I see is that the presence of the true minimum energy
state, not just the metastable one, plays an important role. It seems impossible to
“factorize” the polaritonic system in a way assumed by the transition state theory
and the quantum tunneling calculation. For collective systems, these approaches
give only a part of the picture.
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Inexhaustible

The strength of fire is running through me
Spine like beam of light

What mortal could ever break this force?

Joseph Duplantier
Gojira — Backbone
From Mars to Sirius
(Prosthetic Records, 2005)
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Chapter 4

Optomechanics: nonlinear interactions

There is a world of hybrid quantum systems beyond polaritons that are character-
ized by bilinear Hamiltonians. These nonlinear systems are the focus of the present
chapter. I use so-called cavity optomechanics as a prototypical example. Our work
in [III] considers magnomechanics that is closely connected to this field. Here, the
main role is reserved for a detailed understanding of opto- or magnomechanical
interactions while the openness of such systems plays more of a supporting role.

4.1 Cavity optomechanics

Whereas polaritons are formed by a coherent exhange of energy between two
systems, optomechanics follows if one system can alter the resonant frequency of
another system. In cavity optomechanics, this idea becomes reality: mechanical
motion of the cavity itself causes a change in its resonant frequency [111, 112]. This
nonlinear interaction between light and matter is mediated by a radiation-pressure
force.

Optomechanics has profoundly elucidated the boundary between quantum and
classical worlds. The optomechanical interaction has been used to cool macroscopic
mechanical resonators close to their quantum mechanical ground state [113, 114].
Two such resonators have been entangled with its help [20, 21, 115, 116]; a famous
point of contention in the early days of quantum mechanics [117]. The control
of these systems has allowed for establishing relationship between the entropy
cost and accuracy of clocks [118] as well as sensitive and even quantum-limited
measurements [119-121]. Of applied interest is the signal processing made possible
by optomechanical nonlinearities [122, 123] and the fact that optomechanics could
work as a mediator or an interface of quantum information between different
physical systems [4, 124, 125].

Optomechanics can be understood from elementary physical arguments. Con-
sider a standing wave between two parallel plates. If one plate is fixed but the
other one is allowed to move while remaining parallel, the standing wave has
to change. Let us assume some initial distance L between the plates and a small
displacement x in the moving plate. From the physics of waves we know that a
standing wave is possible only if there is exactly an integer amount of half wave-
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lengths A /2 between the plates. This relation reads as L + x = mA /2 with m being
an integer. Let us assume it is independent of the speed v of the wave. Then, the
frequency f of the standing wave is

f(x)zj’\zT’.lez’ﬁ’{l—i+(i)2+...} 4.1)

When the displacement x is small compared to L, that is, |x| < L, we may neglect
all terms beyond the first order term x/L to a good approximation.

Iinadvertently define the displacement x so that x > 0 corresponds to mov-
ing the plates away from one another. This is reflected in the sign of x in the
frequency f(x). Farther the plates, lower the frequency. If such directionality did
not exist, the standing wave would not be affected by the motion at all and there
would be no optomechanics to speak of.

For a wide range of media the standing waves within them are well described
by harmonic oscillators. This is the case for the electromagnetic vacuum within
a cavity, for instance. The energy stored in the standing waves in the quantum
description is thus

H = hf(x)a'a ~ hwy(1 —x/L)a’a, (4.2)

where wy = 27tf(0) = mmo/L is the bare eigenfrequency of the standing wave
while x is still treated classically. Curiously enough, the radiation-pressure force is
now encoded into this elementary model: the classical force on the moving plate is
givenby F = —dy (H) = h%n where nn = (a%a) is the expected number of photons
in the system. Again, the signs matter as a positive force means that the plates
are pushed apart by the standing waves. It seems reasonable, considering that the
wave is reflected at the plates.

Finally, optomechanical interaction is obtained by claiming that the motion of
the moving plate can be described by a harmonic oscillator as well. Then, the total
energy of the optomechanical system is

H = hwoa'a + hw,b'b + hgata(b + b1). (4.3)

This conventional form of the Hamiltonian follows from denoting the mechanical
eigenfrequency by wy, and the optomechanical coupling by g = x?™ 9f /ox |x:0,
where x?™ is the quantum mechanical zero-point amplitude defined by x =
xZPM (b + pt )

In this simple example, we found only a nonlinear interaction between light and
matter. What if there is a linear interaction present, for instance a'b + b*a? In cavity
optomechanics, they are often neglected because the typical optical frequency is
many orders of magnitude larger than the mechanical one, wg > wy,. Similar to
the idea of rotating wave approximation, the operators in the interaction are in the
interaction frame a — ae~"! and b — be~'“n! 5o that a'b rotates at a frequency
wo — wy; which is fast compared to wy,. Neglecting the linear terms is another form
of the rotating wave approximation.

In practice, one successful type of an optomechanical system has been an elec-
tric microwave circuit with a mechanical element. The cavity is then essentially an
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LC-oscillator. In these approaches, mechanical motion modulates the capacitance of
the circuit which in turn modifies the resonant frequency. Alternative optomechan-
ical systems that more clearly correspond to the above model include patterned
photonic crystals [113] and flexible optical cavities [126, 127]. The derivation of the
Hamiltonian in each case matches that of Eq. (4.3) with a different frequency f(x)
and a different mechanical mode x.

4.2 Magnomechanics

Magnomechanics is a magnetic variation of cavity optomechanics. Simply put, the
idea is to replace the often-used microwave cavity by a ferromagnetic resonance
(FMR). The opto- or magnomechanical coupling is caused by magnetic shape
anisotropies that change the FMR frequency.

This is a relatively new idea. The first experimental evidence of the magnome-
chanical coupling in the sense of Eq. (4.3) was published in 2016 [128] and, as far as
I’ know, there is only one other experimental work at the time of writing [129]. Both
of these experiments employ a ferromagnetic sphere embedded in a microwave
cavity. The idea, more or less, is to drive the microwave cavity which interacts with
the magnetic degree of freedom, FMR, which in turn excites vibrational modes of
the sphere due to the magnetoelastic interaction. The cavity works as a lens to the
magnomechanical system.

Besides the physical interest of replacing an optical system by a magnetic one,
there is a technological benefit. Optomechanics in the microwave regime has had
prolonged success and, the name notwithstanding, the typical wavelengths of light
are then of the order of millimeters. This constrains how small the elements in
the resonator can be — of the order of millimeters. It might not seem like much.
However, it makes quantum information applications with many such systems
impractical. A quantum computer capable of full-fledged error correction based
on microwave technology and trapped ions requires a chip larger than a football
field if it is to factorize a 1024-bit number [130]. Without the microwave cavities,
the optomechanical systems could be much smaller, and magnetic systems offer an
interesting alternative in that regard. Furthermore, magnetic systems have more
parameters, more knobs, to tune such as an external magnetic field. These allow
for a tunable magnomechanical coupling.

4.2.1 Ferromagnetic resonance

The magnetization of a ferromagnetic sample can be made to precess at a rate
that depends on external factors. This precession is the FMR. As in the case of
nuclear magnetic resonance or other spin resonances, it can be seen by applying
a strong static magnetic field to the sample and probing it with an alternating
magnetic field oriented in the perpendicular direction relative to the static field.
Fundamentally, ferromagnetism is caused by the angular momentum carried by
the electrons of the material, but FMR is a phenomenon well understood from
classical electromagnetism [131].
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If a ferromagnet consists only of a single domain, its magnetic state is described
by a single magnetization vector M, independent of the position within the magnet.
Subjecting the magnet to an external magnetic field H results in an effective mag-
netic field Heg within it. This effective field includes the response of the magnet to
the external field — this is to be discussed at length. In any case, the magnetiza-
tion M and the effective field Heg interact. They would prefer aligning with one
another and, thus, the magnetization experiences a torque. Dynamically, this is
described by the equation of motion

dM

dt

which is also called the Landau-Lifshitz-Gilbert equation [132]. The proportional-
ity constant -y in the torque is the gyromagnetic ratio which can vary from the free
electron value in different materials. The damping, or dissipation, is represented
by the latter term proportional to A which is a phenomenological parameter. Physi-
cally, this equation is constructed so that it describes a rotating magnetization; for
all times, the magnitude of the magnetization remains constant. Its value is called
the saturation magnetization Mg = |M|.

The ferromagnetic resonance mode is the time-dependent solution of Eq. (4.4).
(The time-independent solution is that M is parallel to Heg.) For a constant ef-
fective field Hg in the z direction and in the absence of dissipation, A = 0, the
magnetization in the x and y directions is given by Eq. (4.4) as

(i) =ew a3 3] (o)
= (COS(WKt) —sin(w;d)) (MX(O)) @)

sin(wgt)  cos(wit) M, (0)

= —YM X Hegt — AM x (M X Heg), (4.4)

with any initial condition. The solution describes magnetization that rotates around

the z axis at the angular frequency wg = y|Heg|. This is the FMR frequency. The z

component follows from the normalization condition M? = M% - M2 - M; and is

a constant in the present case. Often, however, the effective field H.¢ depends on

the magnetization M. This may change the circular precession to an elliptic one.
The effective field Hy¢ describes FMR fully. It can include

1) the external field H,

2) the demagnetizing field Hy,, that describes the shape-dependent response
to the external field as to satisfy the boundary conditions of the Maxwell’s
equations,

3) the magnetoelastic field Hpye to model the material-dependent interplay
between elastic deformations and magnetism,

4) the crystal anisotropy field Hay, to take into account the possible magnetic
contribution from the lattice structure of the material.

Similar to the concept of force in classical mechanics, the effective field is a super-
position of all such fields. Its main value is differentiating magnetic effects while
retaining one cohesive framework of the magnetic system.
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In some cases, the idea of fields is helpful. In others, it can be more useful to
work with the free-energy density F associated with the field. It plays an important
role, as it determines the magnomechanical Hamiltonian. The two frameworks are
connected by the functional derivative relation

)

poH; = “SM

Fis (4.7)
where y is the vacuum permeability. For instance, in this definition, the external
field H corresponds to Fext = —poM - H.

Magnetoelastic interaction is conventionally written in terms of the free energy.
For cubic crystals! specifically, the magnetoelastic free-energy density is estimated
by [133, 134]

B 2B
Fe = ﬁlz (M2eyy + M2ey, + M2e..) + ﬁ; (MyMyéxy + MyM;ex: + MyMzey:),
S S

4.8)

where Bj /; are material- and sample-dependent magnetoelastic constants [134],
and the elastic deformation is encoded in the strain tensor defined as

. 1 { du; au] Uy duy

The vector field u describes displacement from an assumed neutral position of
the magnet and, here, the notation x; should be understood as referring to the
coordinate system (x,y,z) = (x1, X2, x3). Focusing on the terms in the strain that
are linear in u, it can be seen that By describes deformations that change the size
of the magnet whereas B, describes the effect of shear to the magnetization. I was
surprised to learn that By can be of either sign: some materials wish to shrink and
some to expand when magnetized in order to minimize the free energy. In contrast,
the conventional (cubic crystal) ferromagnetic materials dislike shear in which case
B, is a positive constant [134].

Crystal anisotropy field describes the effect of crystal structure on magneti-
zation. It can lead to preferred direction of magnetization with respect to the
underlying lattice axes of the material. In a similar spirit to the magnetoelastic
energy, this magnetocrystalline free-energy density for cubic crystals is estimated

by
K K
Fon= 11k (MEM2 + MZMEZ + M2ME) + 6 MEMEME (4.10)
S S

with some constants K; and K; [133]. This expression, as well as the magnetoe-
lastic free energy, follows from symmetry arguments — such as invariance under

B mistakenly implied in [III] that this is a general quality of magnetoelasticity independent of the
crystal structure. It is not. In the context of [III], there is only a single relevant strain component
and, thus, the change can only be in the relevant magnetization component and the magnitude of the
effective magnetoelastic constant. It is also consistent with CoFeB as the possible magnetic material for
the experiments.
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axis permutation — and only including the lowest order terms in the magne-
tization [135]. In [III] the crystal anisotropies are neglected as we assume the
magnetoelastic effects to be stronger. In any case, it does not change the physics of
magnomechanics.

Magnomechanics is realized in a ferromagnetic system alone since the magnet
can have vibrational modes. Magnomechanical coupling is evidently in the demag-
netizing and magnetoelastic fields. In principle, the crystal anisotropies may also
be connected to the shape and motion of the magnet. Such effects are assumed to
be small in comparison to other shape effects.

4.2.2 Suspended magnetic beam

The program to finding the magnomechanical coupling of a vibrating single-
domain magnetic beam follows: First, all the free energies related to the effective
magnetic field must be specified. From the free-energy description, the station-
ary state of the magnetization within the beam may be obtained. This lays the
foundations of quantization. The FMR mode around the stationary state can be
solved and then quantized. All the while the magnetization and the FMR mode
depends on the shape of the beam. Allowing the beam to vibrate and quantizing
those vibrations, the magnomechanical coupling can be found.

The remaining premise is how the beam geometry should be defined. There
are two clear candidates: a bridge and a cantilever. Their only difference is that,
in a bridge, the two ends of the beam are fixed (and thus it is also called doubly-
clamped beam) whereas a cantilever has only one fixed end and the other one is
free to move about. In practice and in theory, they work differently. Herein, as
in [III], my focus is on a bridge setup.

There are three directions to be defined: the beam axis, the external static field
to generate the FMR mode, and the external alternating field to drive the FMR.
Our choice is partially experimentally motivated. We set the beam axis and the
external static field in the same plane, while the alternating field is perpendicular
to this plane. It allows for varying the direction of the static field while retaining
the perpendicularity to the driving field. Furthermore, as discussed later on, the
static field can be used in devising measurement and driving schemes.

The beam itself should be as low mass m as possible to benefit the vibrational
qualities of the magnet. Especially, the zero-point motion amplitude x“"M is
proportional to 1/+/m. Practically, this is achieved by making very thin beams. The
relevant beams for magnomechanics are thus of height i1, width w, and length L
so that L > w > h. The smaller the width, the more sense it makes to describe
the beam as an one-dimensional object. This greatly simplifies the description of
deformations: the displacement u has a single non-vanishing component with a
functional relationship u, = uy(z) when the beam axis is in the z direction. Itis a
reasonable approximation for beams of finite width, as well.

The setup is depicted in Fig. 5. At this point, one might observe a problem
without proceeding with the calculations. There is no difference if the beam would
have been displaced downwards instead of upwards as in Fig. 5. There is no
directionality, there is no magnomechanics.
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FIGURE 5: Sketch of a beam with a displacement. Here, I; represents a current which
causes a Lorentz force f on the beam in the presence of a static magnetic field Hy. For other
symbols, see the main text. Reprinted with permission from [IIT], Copyright American
Physical Society.

This problem can be solved by introducing directionality in two different ways.
The setup can be modified so that the static field points out of the plane of the
beam. Alternatively, we can assume that there is a static deformation — similar
to Fig. 5 — and the beam vibrates around the already-deformed configuration. I
am unsure which realization came first, but such deformation is also observed
experimentally. It is a consequence of fabricating multi-layer beams. The practical
idea is to have an insulating magnetic layer and a separate conducting layer for
using currents in measurements.

Theoretically, we proceed by dividing the deformation u, = u into a static and
a dynamical component by

u(z,t) = up(z) + uy(z,t) (4.11)

together with an assumption that the static deformation is large in the sense
of ug > uy. I drop the subscript x for simplicity. This approach requires the
calculation to be second order in u in order to calculate the effect of the vibrations
to first order which are proportional to 1. In accordance, the dynamics of the beam
are described by a nonlinear Euler-Bernoulli beam equation

EA (L ou\ 2| o2u

o%u otu
A— +EL,— —
i Ys) + Y oz4

where A = wh is the beam cross-section area and I, = wh3/12 the bending
modulus, p the density, E the Young’s modulus, P the axial load or compression,
and f a possible external force on the beam.

Our idea was initially to describe the deformed beam by setting P = 0 and by
specifying a finite derivative for u((z) at the ends of the beam. However, this does
not result in beams that look physical. The point is that P describes compression
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or tension in the system. This differs greatly from simple boundary conditions.
We then understood that the compression may follow from the internal tension
between different layers of beam. Here, it is P that causes the static deformation.
More conventionally, it describes an axial force which is easy to test: Put a piece of
paper on a table and softly push two sides towards one another. At first, the paper
resists but with enough force it will deform upwards. This is called the buckling
transition. The deformed configuration follows if P > 4712EI, /L2 In contrast, take
a piece of paper and bend it from two opposite edges to the same direction while
trying to keep your hands as far apart as possible. The result is quite different: the
center remains very flat and there is a great tension. This is what setting P = 0 and
fixing the boundary conditions would describe.

Finally, the demagnetizing field Hgy,, can be specified. It follows from the
magnetostatic part of the Maxwell’s equations, thatis, V-B=0and V x H=0.
The difference between B and H is the magnetization M. The role of demagnetizing
field is to modify the H-field so that the magnetostatic equations are satisfied. We
have that

_ {P‘OHowE = po(Ho + Ham), outside the beam,

. 4.13
po(H™ 4+ M) = puo(Ho + Hymy + M), inside the beam. (*13)

More often than not, the demagnetizing field outside the magnet is called a stray
field. The analytical solution of these equations is admissible only in special
cases. If we approximate the beam as infinitely thin and as having infinite width
and length, the demagnetizing field of a deformed magnet can be obtained by a
boundary condition argument: the magnetostatic equations require that the B-field
is continuous in the normal direction of the beam and the H-fields continuous in
the tangential directions. Without deformation the stray field is zero, and using
this as an ansatz gives the conditions for the normal (subscript 7) and tangential (t)
components of the demagnetizing field

Himu = —Mn, Hamt =0, Hgmy =0. (4.14)

This expression shows that the magnetization wishes to follow the shape of the
deformed beam. Here, we assume that the ferromagnet however remains as a
single domain and that the deformation does not induce position dependence in the
magnetization. In the end, it is useful to transform the local coordinate system (1, t)
that depends on the deformation u(z) to the original coordinate system (x, z). This

gives, finally,
Hdm x> 1 -1 ozU <Mx>
)= . 4.15
(Hdm,z 1 + [azu]z azu _[azu}z Mz ( )

and the corresponding free-energy density
1 M2 dzu M 1 [azu}z 2

Fam 1
= - o M2 4.16
po 21+ 14[u)? T 21+ [ ¢ (410

Without the deformation only Fgy,, = poM?2/2 remains. Turning the magnetization
towards x, out of plane, costs energy. Consequently, in magnetism literature, x
would be called a hard axis.

44



We assume that the strain producing the static deformation produces such a
large effect that it overpowers any crystal anisotropies in the material. In other
cases, such anisotropies might be necessary to include.

The classical Hamiltonian, the total free energy, is obtained by integrating
over the beam. At this point, many of the terms disappear due to the boundary
conditions of doubly-clamped beam u(z = 0) = u(z = L) = 0. In the end, there
are only four terms

B
H/(whL) = —joH - M + ﬁlegéZZ + oM /2 + g (M§ - Mi) & (417)
S

with the strain now averaged over the beam as

_ 1 /L, 1/0u\?

To reaffirm the point about the necessity of the static deformation, observe that
the strain depends only on the square of u. Thus, the energy changes as much to
upward as to downward displacements, and there is no magnomechanics without
the buckling of the beam in an in-plane magnetic field.

The steps to the magnomechanical coupling follow the program set about in the
beginning of this section. The static magnetization is obtained by minimizing the
total free energy while considering a static field H = Hy and a strain &,,. Due to
the demagnetizing field, it prefers to stay in the yz plane (refer to the coordinate
system in Fig. 5). The magnetic system can be quantized and the FMR frequency
can be solved for a fixed strain, then expanded around the static and dynamic
deformations, 1 and u; respectively. The explicit form of ug and the eigenmode
decomposition of u; is obtained from the Euler—Bernoulli equation. Finally, the
vibrations can be quantized as well. (In [III] the order is slightly different; we first
expand the strain and then quantize the magnetization but the result is the same.)
One important difference between opto- and magnomechanics is the quanti-
zation. In contrast to the cavity mode, the magnetization M is not quantized as a
bosonic mode but rather obeys the commutation relations [Mi, Mj] = 1)y €My
with the fully antisymmetric Levi-Civita tensor €;j [23]. These are of course the
commutation relations of spin or angular momentum as well, arising from the same
considerations. Especially, one can relate the magnetization M to a spin Mg system.
This is the macrospin model. The magnetization in a coordinate system (x'y’z’) —
which is chosen so that z’ points into the direction of the static magnetization —
can be mapped to a bosonic mode m by the Holstein-Primakoff transformation
My g My ; Mo ey [ G
ﬁsfl—gm m,ﬁsf\/f 1—§m+mm, Me = \/2¢m 1—§m+m,
(4.19)

where § = hiy/(whLMs) is a dimensionless parameter and My, = My £iM,,
are the ladder operators. Here, ¢ characterizes the ratio between the classical
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energy powhLM2 stored within the magnet and a single quantum of energy at
the frequency ypoMsg. For magnets whose volume is larger than a few cubic
nanometers, typically ¢ < 1. Moreover, we retain the bosonic description similar
to optomechanics, if we can assume that the number 1 of excitations of the mode m,
which are called now magnons, is such that n¢ < 1 as well. In such a case, one can
only consider the lowest-order expansion in ¢ so that M, o< m. It however limits
how much the magnon mode can be driven before there are saturation effects.

The magnomechanical coupling of the nth vibrational mode in the deformed
beam setup obeys

1
G = 20— g™ (ccosto + - cos29 ) — 2cg™, (4.20)

where 0 is the angle of the magnetization vector M with respect to the z direction,
c is a squeezing factor related to the ellipticity of the FMR mode, and two separate
coupling constants are given by

B thPM B
& =Ptz Vﬁ; (4.21a)
am _ ™M
&n = +Pn 12 YHoMs, (4.21b)
_ L /L
:anﬁ/o dz(azuo)(azXn)' (4.21¢)

The dimensionless parameter f3,, contains the information about static deformation
and vibration modes as ) is the nth vibrational eigenmode corresponding to the
eigenfrequency wy,.

The squeezing factor c is also related to a truly magnetic property resulting
from the free energy: hysteresis. In the process of minimizing the free energy with
respect to the magnetization, there can be a local minimum in addition to the global
one. Since the minima depend on the external field as well, the magnetization
may remain in the energetically unfavored state as the external field is varied.
Here, it is due to the magnetoelastic and demagnetizing fields in the presence of a
static deformation. The resulting model for hysteresis closely imitates a seminal
description in the field, the Stoner-Wohlfarth model. Hysteresis is characterized
by a coercive field H.. When the strength of the magnetic field is below H,, there
are multiple minima. The coercive field when the external magnetic field is in the y
direction, perpendicular to the beam axis, can be solved and it reads

B
L+ 1]el? Ms. (4.22)

.uOMs
The superscript (0) is to emphasize that the strain here is due to the static deforma-
tion.

The squeezing factor c describes, on a more technical level, how much the
momentum quadrature of the magnon mode m must be squeezed in order to
diagonalize the FMR Hamiltonian. It is given by

. Hy cos(8 — ¢) + HcC cos(20) , (4.23)
Hycos(0 — ¢) + (1 — 269\ Mg + He{ cos?(6)

HC:2
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where { = sign(—B; — uoM32) = %1, |Hy| = Hy is the magnitude of the static
external field and ¢ its direction as in Fig. 5. Without the strain, the value of the
squeezing factor is simply ¢ = \/Hy/(Hop + Ms). The fact that squeezing is always
present in magnon systems has given rise to discussion how it can be utilized in,
for instance, entanglement [136, 137] and generation of quantum states [138].

In every expression there is a competition between the demagnetizing and
magnetoelastic fields. This is characterized by the ratio By / (uoM3) = —gme¢/gdm.
There are two distinct regimes, that of By < —yoMg and that of By > —yOMg. In
the former case, the fields have an opposite tendency and the magnetoelasticity
wins. Magnetization in the z direction is strongly preferred and, thus, z is an easy
axis. In the latter case, either the fields have the same tendency or demagnetizing
field wins making z a hard axis. These regimes have different hysteresis curves
and thus can be experimentally separated.

The magnomechanical coupling in the end depends only the magnetic pa-
rameters By /( yOMé) and Hp/ Mg, and the mechanical parameters like the static
strain égg) and the “mode overlap” f,. From the Euler-Bernoulli equation (4.12) it
follows that these mechanical parameters are mapped one-to-one to maximum of
the static deformation u,, = max |ug(z)|. For instance, the dimensionless parame-
ter Bn is plotted in Fig. 6 in terms of u,;,.

The magnomechanical constant in the case of dominating demagnetizing field
and a negative magnomechanical constant, 0 > By > —gM3, is graphed in Fig. 7
as a function of the direction of the external magnetic field. The inset represents
the hysteresis curve, focusing on the relation between the magnetization and the
external field in the y direction. What appears interesting and unexpected at first is
that the coupling is larger for the hysteretic part and may diverge. In these points,
the local minimum is also very unstable in the sense that the energy barrier to
escape from the state goes to zero. A closer look also reveals that a larger magnetic
field does not necessarily result in a larger coupling. Rather, the coupling changes
sign and is even zero at some configurations.

After all that work, it would seem that finding that the magnomechanical
coupling can simply vanish due to an unfortunate choice magnetic field is dis-
couraging. It is not so. Having a system with tunable interaction is exactly what
we are after. Moreover, even if the optomechanical interaction in the sense of the
Hamiltonian (4.3) is not present, there are higher-order terms that were neglected.
One of them is the so-called cross-Kerr term of type atab™h. Such terms can be
finite even without the static deformation since they do not have an immediate
issue with symmetry.

4.2.3 Brief comment on other geometries

The magnomechanical coupling follows in a similar fashion for a cantilever — a
thin beam fixed only on one end. In contrast to the bridge, it is enough to take
into account only the first order displacement u in the magnetoelastic and demag-
netizing fields. Then, the total magnetic free energy of the cantilever depends
on the position of the free end u(L). The shape-dependent free-energy terms are
proportional to MyM;u(L) and the relevant magnetoelastic constant is the shear
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FIGURE 6: The dimensionless parameter f3, for five first modes as a function of the maximum
deformation u,,. Here, n = 1 is the lowest order mode, and Bn = 0 for n = even modes. For
small deformations By, o uy, /h, but the nonlinearity of the Euler-Bernoulli equation results
in a nonlinear behaviour for large deformations. Reprinted with permission from [III],
Copyright American Physical Society.
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FIGURE 7: Magnomechanical coupling constant g, » as a function of the external field
direction ¢. The different curves represent different magnetic field strengths Hy; the dotted
lines correspond to the metastable magnetization configuration. The parameters are u,, /L =
0.1and B = 70.6;40M§ so that 50H, ~ Mg. The inset shows the corresponding hysteresis
curve for components perpendicular to the beam. Reprinted with permission from [III],
Copyright American Physical Society.
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constant By. The symmetry argument remains: if the external magnetic field is in
the plane of the neutral position of the cantilever, there is no magnomechanical
interaction.

Somewhat more interesting is the question of “bulky” systems. For instance,
the ferromagnetic materials in [128, 129] are in the shape of spheres. The theoretical
analysis in [128] argues that the magnomechanical coupling can be found by
quantizing the magnetization in the magnetoelastic energy and then gathering the
terms which give an optomechanical interaction. This leads to magnomechanical
coupling proportional to

B
goct / dx (exy + €gy — 2622), (4.24)

when the FMR mode is precessing around the z axis and V is the spherical magnet
volume. At this point, again, symmetry seems to play a somewhat confusing
role: the coupling vanishes for mechanical modes that retain the spherical shape
without shear. For the strains, [ mean that only €y = €y = €, are non-vanishing.
This happens even though the magnetoelastic energy cares whether the sphere
shrinks or expands. There is a clear directionality. However, it does not affect the
FMR mode. This is a simple consequence of the magnetoelastic energy; for such a
shrinking or expanding sphere the relevant term is

M3 + Mj + M2

€2z = Bi€z. (4.25)
M3

Fine = ]511% (Miexx + Mleyy + Mﬁezz) B
That is, there is no coupling between the strain and the magnetization if the mag-
nitude of the magnetization remains constant.? Ultimately, this is not much of a
problem since there are many other mechanical modes that have a finite magne-
toelastic coupling. As a final remark on spheres, I note that the magnomechanical
coupling g scales as g o 1/D? with D being the diameter of the sphere, so the mag-
netic systems are in fact small, of the order of few hundred micrometers [128]. This
is similar to the deformed beam geometry wherein ¢ « 1/L? if all other parameters
are fixed.

4.2.4 Input-output scheme

The advance of the beam setup of Fig. 5 is that both the FMR and the mechanical
mode can be driven individually. The signs of magnomechanical interaction may
be observed as changes in reflection or transmission of the driving signals.

If the magnetic beam is conducting, which can be achieved either by using a
ferromagnetic metal or by constructing bilayer beam with separate conducting
and insulating ferromagnetic layers, a current I; can be driven through it. This
produces a Lorentz force per unit length as f = I;o(Hp sin ¢ + Mg sin6) pointing
always to the normal direction of the beam (the contribution proportional to Mg
assumes that the current is flowing through the magnet). At the same time, the
vibrations of the beam produce an electromotive force due to induction. This seems
reasonable if one considers the beam to be a part of circuit enclosing some area

2For a sphere, the demagnetizing field is Hgy, = —M /3 [131]. That is, it is independent of the size.
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and, thus, some magnetic flux. The vibrations of the beam change the flux. These
ideas are called the magnetomotive scheme.

The FMR mode is driven by an alternating magnetic field h, produced by
an alternating current in a microwave line. This requires “a good contact” as
the spatial extent of the FMR mode and the driving field must have an overlap.
The FMR mode can be seen as an absorption of power in the driving process, or
alternatively with an external antenna measuring the transmitted microwaves.

An interesting feature (or a possible nuisance) is that the drives can interact. The
current I; that drives the mechanical vibrations produces a Lorentz force together
with the alternating field /. This force is to the y direction and may drive transverse
vibrations. However, the frequency scales of the mechanical and FMR mode are
often of different orders, and thus, this cross-driving can be neglected.

The picture of the input and output fields is readily applicable. Phenomenologi-
cally, I write for the diagonalized (and bosonized) FMR mode I and the vibrational
mode b

j = %[Hs,l} - gz — Veelin, (4.26)
b= %[Hs,b] - %b — Yebin, 4.27)

where H; is the full magnomechanical Hamiltonian similar to Eq. (4.3)
Hs/h = will + wyb' + gul'l (zﬁ + b). (4.28)

The dynamical equations are supplemented with the relations lout = lin + /%!
and bout = bin + /7.b. These equations allow for, eventually, the solution of the
reflection coefficient; how much of a probe signal gets reflected. This provides the
way to observe magnomechanics.

The dissipation rates x and vy for the FMR and the vibrations, respectively, play
an important role in optomechanics [111]. In general, for any quantum application,
it is required the modes are of high quality, that is, w;, > v and wx > x. In
cavity optomechanics and thus in magnomechanics, the relation of wy, to « is also
important. In [III] we assume that the FMR dissipation rate or linewidth is much
larger than the mechanical eigenfrequency, x >> wy,. The opposite limit of w;,; > «
is called the resolved-sideband limit. Many of the experiments mentioned in the
beginning of the section rely on this regime but, for instance, the signal processing
effects do not.

To enhance the magnomechanical coupling, the FMR mode should be driven.
The drive also linearizes the coupling Hamiltonian. One can redefine the FMR
mode in such a case by | = /n + 61, where n is the number of excitations, magnons,
uphold by the drive in the presence of dissipation, and J! represents deviation from
this equilibrium. If the deviations are assumed small, the second-order term S1t 61
may be neglected in the interaction, and the Hamiltonian simplifies to

Hs/h = widl' 81 + wnb™d + v/ngm (51 4 51*) (b* T b). (4.29)

Here, the terms proportional only to b + b™ and 6! + 51" have been displaced away
to the definitions of b and 41.
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FIGURE 8: Reflection coefficients for the (a) FMR and (b) mechanical mode. The external
field strength is fixed by Hy = 5H. while the other parameters are as in Fig. 7. In (b),
wyg = wg — wy whereas in (a) wy = wk. The relevant parameters are fixed by 24/1, gdm =
0.8wy; and x = 15wy, v = 0.1wy, and k. /x = 0.1, ./ = 0.01. Reprinted with permission
from [III], Copyright American Physical Society.

In the description I = \/n + 61, it is implicitly assumed that the number 1 of
magnons obeys some classical equation, depending on the driving power. The
deviation éI then obeys, in fact, the same input-output equation as ! itself. Thus,
it is somewhat common and convenient, although slightly confusing, to rename
Ol — 1.

Due to the linearity of the Hamiltonian the outputs and the inputs are linearly
related. Such a relation holds in frequency space as well. This in turn gives the
transmission, reflection, and transduction coefficients. For instance, the reflection
coefficient Sl11 of the FMR mode is lout = S11lin + ... Whereas the transduction
coefficient Sy, from mechanics to FMR follows from loyt = Sipbin + - - - -

Focusing on the reflection coefficients, magnomechanics in the non-resolved
sideband regime gives rise to the amplification of microwave signals and a “mag-
netic” spring effect. Fig. 8(a) shows the amplification, given a drive frequency
wy that is resonant with the FMR mode, w; = wg. The reflection coefficient be-
comes greater than unity at the sideband frequencies wx £ wy, at the strongest
couplings. The latter means that the FMR mode shifts the resonance frequency
of the vibrations. Thus, the mechanical system absorbs the most power at a fre-
quency that depends on the magnomechanical coupling. This results in magnetic
field-dependent dips in the reflection coefficient as shown in Fig. 8(b).
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4.3 Many facets of hybrid quantum systems

An interesting aspect of hybrid quantum systems is that we can easily imagine a
single system that exhibits both linear and nonlinear interactions. Likewise, it is
easy to imagine systems with more than two physically important modes. The
latter I already mentioned in passing: the successful experiments on magnome-
chanics [128, 129] employ magnons, photons, and phonons at the same time. The
purpose of this penultimate section is to take a broader look on such systems, going
beyond [1]-[V].

Magnon-photon-phonon systems have recently seen also theoretical attention.
There are two relevant classes: systems with both opto- and magnomechanical in-
teractions and systems with one nonlinear and one linear interaction. For instance,
one can add to the magnomechanical interaction a linear resonant interaction be-
tween a FMR mode and a light mode as in [128, 129]. It has been suggested that
these partly linear, partly nonlinear systems can be used to investigate tripartite
entanglement [139] and that magnons could enhance ground-state cooling of a
mechanical resonator [140]. On the other hand, the combined opto- and magnome-
chanical interaction can be used to effectively probe the magnons optically [141].
That is, there is ground to cover in understanding how opto- or magnomechanical
effects are modified by the presence of a coupling to another degree of freedom.

Next, I must point out a direct connection between the discussion of polaritons
in Ch. 2 and optomechanics: the field of molecular optomechanics [142, 143].
Physically, the point is to couple a molecular vibration mode to a cavity instead
of an electronic excitation. Optomechanical interaction follows from the dipole
interaction and the classical argument of the depolarizing field (that is the electric
field equivalent of the demagnetizing field). If the dipole moment d of a molecule
depends on the classical electric field E as d = dy + «E where « is polarizability
tensor [33], then the dipole interaction d - E results in an interaction proportional
to E - («E). This term modifies the eigenfrequencies of the cavity. Optomechanical
interaction is then achieved if « depends on a vibrational coordinate of the molecule.
This interaction has been suggested as the mechanism behind surface- and tip-
enhanced Raman scattering [143] which are widely-used spectroscopic tools for
studying vibrational resonances of molecules.

Organic molecules provide innately different frequency scales through their
vibrational and electronic excitations. In Ch. 2, the mental picture is of light-matter
coupling to the higher-energy electronic excitation while the much lower-energy
vibrations perturb the coupling. In molecular optomechanics, it can be inversely
asked how does the higher energy electronic state perturb the optomechanical
interaction.

The presence of different energy scales begs the general question of “emergent”
resonances: What can be achieved by tuning, for example, some interaction energy
between two systems on resonance with a third one? This is relevant for schemes
utilizing dressed (i.e. driven) spin states as qubits [144] which can be seen as a form
of Floquet engineering [145-148]. In the same vein, the possibility of tuning system
resonances with respect to dissipation rates as to realize reservoir engineering has
been suggested as another tool for future devices [149-151].

52



“Beware of the man who works hard to learn
something, learns it, and finds himself no wiser than
before,” Bokonon tells us. “He is full of murderous
resentment of people who are ignorant without
having come by their ignorance the hard way.”

Kurt Vonnegut
Cat’s cradle
(Holt, Rinehart and Winston, 1963)
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Chapter 5

Conclusion

I hope that you have learned as much by reading this introductory part as I have
writing it, and feel ready to tackle the actual scientific publications right after the
list of references. Before embarking on such an arduous journey, let me conclude
by summarizing what is important in this introduction and how it connects to the
five included publications.

I show through detailed examples a few physical phenomena and principles
underlying hybrid quantum systems. The generality of quantum mechanical frame-
work means that the types of hybrid systems described here are representative. We
could have chosen some other starting points and arrived at a similar description.
However, knowing the system is only a part of the relevant physics. I therefore
focus on describing measurements and dissipation channels. For the physical real-
izations of hybrid quantum systems considered in this dissertation, the main tool
is the input-output formalism. It is particularly suited for stationary, frequency-
resolved, optical measurements. Its usage in the context of molecular systems
strongly coupled to confined electromagnetic modes is the heart of publication [I]
where it is extensively described. An extended discussion in the same framework
about dissipation and its effect on polaritonic spectroscopy can be found in [II].

I show that hybrid quantum systems are not only interesting because of, say,
their quantum informational possibilities, like utilizing non-classical correlations
in quantum computing and communication, but they pose new challenges to our
physical understanding. Particularly curious is the case of polaritonic or vacuum-
modified chemistry. Understanding the transitions or reactions within a hybrid
system still remains difficult. In this introduction, I give an outlook to the field and
how our work in [IV] and [V] fits in. Here, my focus is more on the physical ideas
so that their concrete manifestations are left to the publications. It remains to be
seen whether or not polaritonic chemistry will have such a foundational impact
as understanding the role of the electromagnetic vacuum had in the theory of
quantum electrodynamics and in physics at large. Whatever the case, it is exciting.

Finally, I discuss nonlinear interactions in the context of hybrid quantum sys-
tems. I specifically focus on a new field, magnomechanics, to highlight the process
of figuring out the quantum mechanical interaction. In the context of magnetism,
it is quite involved. I outline the relevant physical ingredients and the important
results. A more detailed understanding can be obtained from [III]. I hope that this
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introduction and the publication together can give new ideas on how to approach
magnomechanical systems and help realizing their technological potential.

Hybrid quantum systems will certainly thrive and see much more attention
given to them in the future. The prospect of quantum technological revolution
fuels the efforts. We will see continued interest in the field of quantum information
and sensing and, in short term, a great devotion to utilizing magnetic systems in
its applications on top of the state-of-the-art research lines like superconducting
circuits. I will not try to predict the future any further — it is futile since one’s
imagination has limits — as we have only scratched the surface of the possibilities
of hybrid quantum systems. I will, however, conclude that they will not only pose
engineering challenges but questions of fundamental physics.
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We construct a model describing the response of a hybrid system where the electromagnetic field—in
particular, surface plasmon polaritons—couples strongly with electronic excitations of atoms or molecules. Our
approach is based on the input-output theory of quantum optics, and in particular it takes into account the thermal
and quantum vibrations of the molecules. The latter is described within the P(E) theory analogous to that used in
the theory of dynamical Coulomb blockade. As a result, we are able to include the effect of the molecular Stokes
shift on the strongly coupled response of the system. Our model then accounts for the asymmetric emission from
upper and lower polariton modes. It also allows for an accurate description of the partial decoherence of the
light emission from the strongly coupled system. Our results can be readily used to connect the response of the
hybrid modes to the emission and fluorescence properties of the individual molecules, and thus are relevant in
understanding any utilization of such systems, such as coherent light harvesting.

DOI: 10.1103/PhysRevB.100.245426

I. INTRODUCTION

Photonic structures, such as optical cavities or surface
plasmon polaritons, can modify an electromagnetic vacuum
field by confining the light to smaller volumes and restrict-
ing the number of available photonic modes. Any electronic
excitation inside such modified vacuum can interact much
more strongly with the confined light mode. This interaction
can become strong enough for the coupling energy to show
up in the absorption and emission spectra of such systems,
suggesting the formation of hybrid light-matter states, called
polaritons. Common examples studied in this strong-coupling
limit are single atoms [1], excitons in semiconductors [2], and
photoactive molecules [3,4].

More recently, strong coupling of molecules with con-
fined light modes has been the focus of interest because the
hybridization between light and matter into polaritons not
only delocalizes the excitation over many molecules, but also
changes their potential-energy surface, and thus provides a
new way to control chemistry [5]. Experiments on strongly
coupled molecules have already shown (i) suppression of
photo-oxidation of TBDC J-aggregates coupled to plasmonic
nanoprisms [6], and of photoisomerization of Spiropyran in-
side an optical cavity [7]; (ii) enhanced electronic conductivity
in organic semiconductors [8]; (iii) intermolecular excitation
energy transfer over large distances inside optical cavities
[9,10]; and (iv) enhanced decay of triplet states in erythrosine
B molecules [11]. Since polaritons are like interacting dressed
photons with mass, they can undergo Bose-Einstein conden-
sation even at room temperature [12], which further enables
very efficient and thresholdless polariton lasing [13,14].

Strong coupling between a single molecule and electro-
magnetic field is very hard to achieve [15,16]. The com-
mon way to circumvent this problem is to couple multiple
molecules to the same photonic mode. Often these systems are

2469-9950/2019/100(24)/245426(12)
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still described within effective two-state models accounting
only for the two polaritonic states [17]. However, such a
description disregards the fact that the visible polariton modes
are now superpositions of several molecular excitations and
the photonic mode, and they are not the only eigenmodes of
the system. The response of the whole system also depends
on the presence of “dark modes,” i.e., superpositions having
no photonic component. These dark modes become relevant
especially when dissipation processes within the molecules,
such as those linked to vibrations, are included. In this case,
they can dramatically affect the predicted guiding of the
chemistry, and even the validity of the whole concept. They
have been taken into account in some multiscale simulations
coupling the investigated molecules to thermal environments
[18]. However, those simulations often consider the transient
response, whereas the majority of experiments on light-matter
coupling concern stationarily driven setups.

Here we construct a detailed description of the stationar-
ily driven response of the strongly coupled system, taking
into account the effect of inhomogeneous broadening of the
molecular response due to quantum and thermal vibrations of
the molecules. We take the vibrations into account via the
P(E) theory analogous to that used in Coulomb blockade
[19,20]. This theory describes the probability of absorbing
(for E > 0) or emitting (E < 0) the energy E to/from the
vibrations. For the specific models of harmonic vibrations,
such a P(E) function can be calculated exactly. In general, we
find how this P(E) is related to the absorption and emission
spectra of individual molecules. Therefore, an alternative ap-
proach is to deduce an effective P(E) for the measured spectra
of individual molecules. The resulting fluorescence spectrum
is similar to that found via quantum many-body theory [21].
However, in these approaches, only the transient response is
considered which requires assumptions on the initial state
of the system. In our work, the focus is on the stationary

©2019 American Physical Society
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response, in which case different conservation laws and their
explicit breaking come into focus. What is more, we connect
this fluorescence spectrum directly to the absorption/emission
spectrum of the strongly coupled system. In a certain limit of
parameters, the resulting inhomogeneous broadening of the
molecular absorption/emission then determines the linewidth
of the polariton modes. In particular, our model explains the
asymmetric emission spectra of upper and lower polaritons
seen in many experiments [22-27], as well as the varying
polarization of that emission depending on the quantum co-
herence of the system, as shown recently [22].

Besides the detailed description of the vibrations, we in-
clude polarization of the confined light field and the positions
of the molecules. The position of a molecule with respect to
the light field only amounts to a phase factor to the light-
matter coupling, but collectively it leads to experimentally
observable effects. Perhaps the most striking effect is the
superradiance due to coherent emission described by Dicke
in the 1950s [28], but conversely it is seen in the usual
experiments where many molecules are distributed over a
region larger than the light wavelength. On the other hand,
the polarization of the light and the transition dipole moment
of a molecule determine whether there is coupling at all: if
these directions are perpendicular, the coupling vanishes. This
provides another way to control light-matter interaction which
could be used in applications [29]. In this paper, we describe
both the incoherent and coherent limits of polaritonics.

Although many aspects of our theory can be generalized
to any confined light mode, such as resonances of Fabry-
Pérot cavities, here we focus in particular on surface plasmon
polaritons (below, plasmons) driven by an external light field.
Plasmons are evanescent like electromagnetic modes propa-
gating along a metal-dielectric surface with a two-dimensional
momentum k along the surface. In general, they have a
nonlinear dispersion a)(l?), and due to the evanescent nature
their electromagnetic field is highly confined to the surface.
Because of this confinement, the dipolar coupling to molec-
ular excitations residing at the surface can be made strong
[3,23], leading to the observed avoided crossing between
the two systems and thus offering the possibility to control
photochemical reactions. A typical way to launch plasmons is
via the Kretschmann configuration, i.e., coupling an external
electromagnetic field to the surface modes via a prism [30].
In this setup, the angle with which the light enters the prism
determines a specific plasmon k vector. Hence, in this work,
we concentrate on a single plasmon mode with defined k and
a generic frequency w,.

To be specific, we consider the plasmon-molecule system
in the strong-coupling regime. We describe the plasmon by a
single bosonic mode ¢ of frequency w. and a given polariza-
tion i, with respect to its wave vector k. A concrete example
of such a plasmon is the surface plasmon polariton traveling
along an interface in the xy plane in the y direction with
ity = (0, sin B, cos B) as in Fig. 1(a). The plasmon interacts
with N identical molecules [31,32], which we approximate
as two-level systems with transition frequency w,,. We de-
note the rising (lowering) operator of a molecule with o
(o). As in typical experiments, we assume that the electric
dipole moments of the molecules point in uniformly random

o)
iwat | Wey, K Z
Cinoce™wd SR
~ N 9]
Up = U R, = T
P Y ext
o g9 Ko
e BYOW 5 2 >
n p2| T
4_3/7) W, HJS Eout (UJ)
N ~ o >
Ug = Ug Eout((")) S - 77T
-— = Vs/p
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KO Wy, 'Y] E
b
(b) 2

FIG. 1. (a) The measurement setup in which a surface plasmon
polariton is excited on an interface where it can strongly couple
to molecules. (b) Schematic with relevant parameters to the input-
output formalism.

directions 71;. Following the standard approach of quantum
optics [33,34], the Hamiltonian of the strong-coupled system
is in the rotating wave approximation (i = 1),

N
H;_. = wCCTC + Z(wntajaj + ng;C + gj-CTO’j). (1)
=1

The position 7; of a molecule affects the coupling g; in two
ways: it contains a complex phase factor due to the phase
of the plasmon, and the coupling strength depends on the
distance to the interface. If this distance is independent of
the polarization, the latter effect may be disregarded and the
average value used. Also, the coupling strength depends on the
angle between the plasmon polarization and dipole moment of
amolecule. Thus, we write g; = ge'* i - fipp).

In addition to the strong-coupled system, we include the
vibrational modes of the molecules. We assume a single
vibration mode b; per molecule with eigenfrequency w,,
but the generalization to multiple modes is straightforward
(Appendix A). These vibrations and their interactions are
described by

N N
Hy =Y wblbj+Y 0Solojb+bp). ()

j=1 j=1

The coupling between electronic and vibrational modes
is quantified with a dimensionless parameter /S, the
Huang-Rhys factor [35], which is related to the Stokes shift
measured in fluorescent emission.

We seek an approach to find the response of the strongly
coupled plasmon-molecule system in the presence of vibra-
tions. To this end, we employ the input-output formalism of
quantum optics [36,37]. We assume that there are separate
bosonic baths for each molecule, vibration, and plasmon to
which the coupling is linear in o}, b;, and c, respectively. In
the Markov approximation, these couplings are described by
the dissipation rates &;, y;, and « of the molecules, vibra-
tions, and plasmon. In the following, we suppose identical
molecules and vibrations so that y; =y and &; =&. We
neglect the thermal fluctuations of plasmons and molecules
here as fiwy, iw. > kgT even at room temperature. We
simplify the molecule-vibration Hamiltonian by introducing

VS(bi—b))

a new polaron operator 015 =e oj = Qjo;. Lastly,
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we assume a low driving power which corresponds to the
single-excitation limit o Yo ~ 0. We find that when f:’T > ZVKS
where «,, = £ + yS is the total effective damping rate of the
individual molecules, the dynamics of the vibrational modes
b; are approximately uncoupled from the plasmon-molecule
system, as shown in Appendix B. This allows us to use the
Caldeira-Leggett model [38] for the vibrational dynamics.
The plasmon and molecular equation are, in this case,

¢ = —iw.c—1i E gj-(er]

lg/Q/

€ — \/KexCin» (3a)

-V KeXtQ/Um J» (Sb)

oY = —za),,,a

where @,, = w,, — Sw, is the renormalized molecular fre-
quency, while ke and xS are the couplings to external
driving fields. For the plasmon—molecule system, we assume
that only the plasmon is driven so that ¢, = ae™™ and
Oin,j = 0.

‘We model a measurement on the plasmon-molecule system
so that the incoming light ¢;, produces a reflected XX and
transmitted X7, field. These fields contain both the plasmon
and the molecular emission, but not the emission of phonons
from the vibrations because they are usually not measured.
Phonon emission hence allows for a loss of energy in the
process, so that the power in the output fields can be lower
than the one in the input. We also separately include coupling
to s- and p-polarized light represented by i, = i, and i, =
it [Fig. 1(a)]. Since the propagating plasmon cannot emit
s-polarized light to the direction perpendicular to the interface
but the molecules have no directional preference, we consider
s- and p-polarized output fields separately. The output fields
obey a general expression,

S T/R

out,s/p

_ ((T/R W I/Re TR
= (‘SR Cin + 53/p + Z Nj.s/p91

In this equation, §§ = 0 and 8% = 1, meaning that only the
reflected field interferes with the input field. The 837 is
defined similarly because the plasrnon couples only to p-
polarized modes. The constants r] descrlbe the coupling

of the molecule electronic states to the environmental s- and

. T/R / KT/
p-polarized free-space modes, and thus 7, = (A -
ily/p). These fields and couplings to the system are represented
schematically in Fig. 1(b). The output spectral density is

obtained from
1 ) .
T/R iot [T /Rf T/R
ST wion = 5 [ @ (=08, 0L, 0) 6

where w is the frequency of the output field and w, is the
driving frequency.

‘We note that the Markov approximation leading to Egs. (3)
disregards the heating of the various baths of the plasmons,
molecules, and vibrations. These heating effects can be disre-
garded when the heat conductance from those baths to other
degrees of freedom exceeds that due to the losses described
by «, kn, and y.

II. P(E) THEORY

The presence of the vibrations makes the input-output
equations (3) nonlinear as they contain products of different
dynamical fields. This nonlinearity leads to an inelastic (flu-
orescent) response of the molecules to the light field, where
the emitted light from the molecules takes place at lower
frequencies than the absorption. This is often referred as the
Stokes shift. In order to take this nonlinearity into account
in the output spectra, we introduce P(E) theory similar to
the one in a dynamical Coulomb blockade [19]. Recently,
the same problem has been discussed in Ref. [39] using
similar methods, but only in a specific limit of vibrations
(see below). The identification of P(E) allows for a more
general approach, also enabling the resolution of polariton
emission, which is lacking from Ref. [39]. Let us first define
P(t) = (Q; (t)Q;(0)) and its Fourier transform,

P(E)_ ! / dte®' P(r). (6)

When the molecules are identical, P(E) does not depend
on the molecule index j; this assumption is easily lifted if
needed. The P(E) function normalizes to unity and is real for
stationary vibrations, i.e., (Q t+1)Qj(1)) = (QT(Z)Q 1(0))
for any time 7. We can thus’ mterpret the P(E) functlon as
a probability distribution of transforming energy E to the
vibrations (E > 0), or vice versa (E < 0). This P(E) function
is characterized by four parameters: vibration eigenfrequency
wy, their linewidth y, Huang-Rhys factor S, and temperature
T of their bath. It constitutes a full description of the response
of the vibrations.

We present a general derivation of the P(E) function and
a related L function assuming Gaussian thermal fluctuations.
Then, we derive P(E) analytically in the limit in which y
vanishes. In this regime, P(E) is related to the absorption
function defined by Huang and Rhys [35]. However, our
analytic results for the response also apply in the case of
general y and can be used for different models of vibrations.

A. Derivation of P(E)

We now derive the P(E) function analytically in a similar
manner as in the context of dynamical Coulomb blockade
[19]. To establish notation, we omit the molecular index j here
and denote x = b" + b and p = i(b" — b), the dimensionless
position and momentum operator, respectively. Then, we may
write Q7(r) = ¢V5P® in the correlator P(t), which is the
inverse Fourier transform of P(E). This correlator can be
evaluated for thermal vibrations. If the vibrations are de-
scribed by a harmonic-oscillator Hamiltonian, the fluctuations
are Gaussian and the weak version of the Wick’s theorem
(see, e.g., Ref. [19] and an example of a non-Gaussian P(E)
in Ref. [40]) applies. We identify P(¢) as the characteristic
function of fluctuations of the stochastic quantity p(t) — p(0),
where everywhere in the calculations p(¢) should be ordered
to the left of p(0). We assume the thermal vibrations to
be stationary, and therefore the expectation value of p(t) —
p(0) vanishes [as {p(t)) = (p(0)) for stationary vibrations].
Consequently, for Gaussian fluctuations, we can write the
characteristic function in terms of the variance alone. In that
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case [20],
P(t) = T GVSIPO-pON)/2 — SUPO-POIPO) (7

where the latter equality uses the fact that (p(t)%) = (p(0)?).
The operator 7 takes care of ordering p(t) before p(0), but
that operator is no longer needed in the second equality be-
cause, there, p(¢) always precedes p(0) in operator products.

Now, p(t) can be obtained by solving the quantum
Langevin equations without the rotating wave approximation
(also known as the Caldeira-Leggett model [38]),

x(1) = wup(t), pit) = —wux(t) —yp) +£@), (8)

where y is the linewidth of vibrations, and & is a Langevin
force describing the thermal fluctuations. It has the correlator

EER)) = fdwexp[—iw(t = 1)18¢ (w), ©))

where the noise correlator is given by

Se(w) = L& th(w +1 (10)
5‘”_:1%[“) 2k3T> ]

for thermal noise [41].
The Langevin equations (8) can be solved via Fourier
transform. The result is

x(w) 1 —wy
= . . 11
(P(w)) 0? — 02 + ivy ( iw )S(w) an
After some Fourier analysis with the help of Egs. (9)—(11), we
find P(t) = ¢’/ © according to Eq. (7), with

J(t) = S(p@)p(0))
3
= Sy /dwe”"‘”( d

2
T, w? — ?)’ + w?y?

w
X [coth <2kBT> + 1]. (12)

The resulting P(E) is thus governed by three dimensionless
parameters: the Huang-Rhys factor S, the quality factor of
vibrations w,/y, and the relative temperature k37T /w,. Note
that in the Caldeira-Leggett model, J(¢) is related to the
vibrational spectral density J, () = Sw% (x(t)x(0)) via their
respective Fourier transforms by J,(w) = J(w)/w?.

A simpler expression for J(¢) is obtained if, instead of the
Caldeira-Leggett model, one uses the usual quantum optical
equation b = —(iw, + %)b + /¥ bin, as in [39] for example.
Then, for white noise (bin(t)bj'n(t’)) = (nn + 1)8(t —t'), we
find

J(t) = S(ng + e~ =21 4 gpg et =50 (13)

Here, ng, = (¢®/®T) — 1)~1 is the Bose factor, i.e., the mean
number of thermal phonons at the vibrational frequency w,.
We arrive at the same solution from the Caldeira-Leggett
model by using the method of residues to calculate the integral
(12) and then approximating y < w,. This is hence the limit
where Ref. [39] is valid. However, typical multiscale quantum
chemistry calculations assume the opposite limit of a large
y 2 k, where molecular vibrations decay before the photon
excitation.

Lastly, there are two general properties of the P(E) func-
tion worth noting. First, since P(f) may be regarded as a
characteristic function of the probability distribution P(E), the
raw moments of the energy can be expressed as

Ld"P() L de®
]E Ell — n — n
E = T ar

With the help of this formula, the mean and variance of P(E)
can be found. Second, the Kubo-Martin-Schwinger (KMS)
relation for thermal fluctuations at temperature 7 leads to the
detailed balance condition (or emission-absorption asymme-
try) for P(E),

(14)

1=0

P(fE)zexp< E >P(E). (15)

kT

This asymmetry in P(E) is relevant for the anti-Stokes part of
the spectrum. Some approximations, such as the white-noise
approximation, break this balance condition.

B. L function

Another quantity we encounter that is relevant for the
emission spectrum of a molecule is the Fourier transform of
the four-point correlator,

L(t1, 1, 13) = (0T (1) 0(1)Q"(0)0(1)). (16)

This function is clearly related to P(t) as for certain time argu-
ments it coincides with the definition of P(¢), e.g., L(¢,0,0) =
P(t). Using the same assumptions as in the derivation of P(E),
we may write

Lt h, t3) = efST([p(tu)fp(tz)er(O)fp(tx)]z)/Z? a17)

where 7 orders operator products so that they are in the same
order as in Eq. (16). Now, since the vibrations are stationary,
we may write L in terms of P(¢)’s,
P(t; — )P(t; — t3)P(tr)P(—t
Lty 1o, 13) = (1 — 0)P(t) — 13)P(12)P( 3). (18)
P(t))P(t2 — 13)

Even if we can fully calculate J(¢), the Fourier transform of
L is not straightforward to evaluate numerically in the general
case.

C. y = 0 limit

Next, we consider the limit in which the dissipation rate
of vibrations vanishes and derive expressions for both P(E)
and L. We note that the definition of J(¢), given by Eq. (12),
contains a nascent § function,

- 1 yo?
Plo)y=——-T (19)
T (w% — wz) + w?y?

which in the limit y — 0 reduces to P(w) = %[S(w —wy) +
8(w + wy,)]. Therefore,

J(t) = S(nn + 1e™™" + Snype”’. (20)

Note that this coincides with the limit ¥ — 0 in the white-
noise model given by Eq. (13). The corresponding character-
istic function P(¢) is known in probability theory to be that of
the Skellam distribution [42]. It is a distribution that describes
the difference of two independent Poisson processes. In our
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case, these processes are the emission and absorption of
phonons. P(E) then describes the total number of phonons
transferred from/to vibrations to/from their environment. The
resulting P(E') function is

PE)= ) pu(SBE —koy),

k=—00

(21a)

1

k
) 3
Pe(S) = 67“2”‘“*')(1 + 7) L[28v/nn (nn + 1], (21b)

Nih
where [ (x) is the modified Bessel function of the first kind.
In the zero-temperature limit, p(S) = e’S% for k > 0 and
pr(S) =0 for k <0, i.e., the probability to emit phonons
becomes Poissonian and the absorption probability vanishes.
We find the average and variance of the y = 0 distribution
by using Egs. (14) and (20),

E(E) = Sw, and var(E)= 2ng + DSw?. (22)

The variance depends on the temperature so that for high
temperatures kg7 > w,, the variance is directly proportional
to the temperature: var(E) & 2Sw,kgT . It should be noted that
both the variance and the average are proportional to S, which

L(wy, w3, @3) = m

>

ki k2 k3. ky ks ke

X 8(wy — [k2 — k3 + ks]wy )8 (w3 + [ky + ks + kelwy).

This result can be used to obtain the fluorescence spectrum
of a molecule. The expression is slightly cumbersome to use
because the six sums obtain values from —oo (or from 0
when T = 0) to co. This problem is alleviated by the rapid
decrease of p; as a function of k. Consequently, Eq. (24) is
straightforward to compute numerically.

III. STOKES SHIFT

Before solving the full plasmon-molecule problem, we
illustrate how the P(E) theory is used to model a mea-
surement of the Stokes shift in a molecule-vibration sys-
tem. This is achieved by removing the plasmon term from
Eq. (3b) and driving the molecules, i.e., adding the term

ae'ﬁl
VN
driving field for molecule j. The driving is scaled so that

the total input power spectral density is given by [, =
|ot|?8(w — wgq). Then, we solve Eq. (3b) with Fourier trans-
form and convolution theorem. The spectra ST/R are found
from Eq. (5) when the output fields are changed to sI/R =

Y ( T/R
j

Oin,j = 8(w — wyq) where 0; represents the phase of the

out

km'" 0+ 8;/ Rcfm, ;). Here, the “reflected” field should
not be understood literally, but rather as the field that contains
the driving field. The “transmitted” field is fully from the
molecular fluorescence. Since o; = Q;ajs and the solution
gjs of Eq. (3b) depends on Q;, we encounter a four-point

correlator (Qj. (w1 )Q_f(wz)Q,’: (w3)Qr(wy4)) in the calculation of

also holds for a Poissonian quantity. The physical picture is
that the mean of E describes the Stokes shift in the molecules,
whereas the variance (or standard deviation) is connected with
the inhomogeneous broadening of the molecular linewidth
due to vibrations.

Finally, we derive L in the y — 0 limit using Eq. (18). It
is necessary to simplify 1/P(¢) in order to find the Fourier
transform of L. Since P(t) = ¢/©~/© and J(t) « S, we may
find 1/P(t) by changing § — —S in Eq. (21). Using the parity
of the modified Bessel function of the first kind I(—x) =
(—D*I(x), we can express the inverse as

D (=S

k=—00

1/P(1)

> (=1 expl28Q2ny + Dlpi(S)e . (23)

k=—00

Below, we omit the S dependence and denote p(S) = py.
The Fourier transform of L is straightforward with the help
of Eq. (23). We obtain

/ dl‘]dtzdl‘3L(l1 b, 13 )eim|t1+iw2t2+iw3t3

(=1P™ pe Dty iy Pr Prs Pre €S V8 (@) — [y + ks + ko)

@24

ST/R Here, Q;r.(a)) refers to the Fourier transform of Q; (t). As-
suming that the vibration modes are independent and 1dentical
in different molecules, the correlator factorizes into two-point
correlators when j # k. These resulting two- and four-point
correlators are related to P(E) by

<Q;(w1)Qj(a)2)) = P(w)8(w) + o), (252)
<Qj (w )Qj (a)z)Qj (w3 )Q/ (ws))
= L(1, 0, 0)8(w1 + 01 + @3 + @), (25b)

where L(w), w2, w4) is the Fourier transform of Eq. (18) in the
general case.

When discussing the response of molecules to driving, it
is useful to introduce a frequency A = w,; — ®,,, which is the
detuning between the driving and renormalized molecular fre-
quency. Without vibrations, the molecular response is charac-
terized by x(A) = (iA — 4+)™", which describes Lorentzian
absorption and emission spectra. However, in the presence
of vibrations, the information about the spectral properties is
contained in

A(A) = /dEP(E)X (A—E) (26)
and
F = /dwldsz(wl, wg —w— Wy, wy)
X x (w1 = A)x (w2 + Q). (27)
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FIG. 2. (a) P(E) functions for y = 0 showing the weights of §-
function peaks when ’;"{ = 0.5 and ]‘B L — 0.5. (b) The normalized
emission and absorption with § = 2. Emls%lon is evaluated with the
driving frequency w; = @,,. Here, we choose i /% ext — fm

m o = Km =70

These functions are associated with absorption and fluores-
cence of molecules, respectively, and play an important role
in the plasmon-molecule problem.

A. Incoherent limit

Let us assume that molecules are randomly arranged, so
that the phase 6; is random. Averaging over them, the resulting
spectra are

ST/R (w3 wy)

T/R .
ap = (A — o)

+ 5T/R[1+ ZWRe[A(A)]]S(w — wy).

(28)

The emission spectrum ST is determined by F, which de-
scribes inelastic scattering (output field frequency w different
from driving frequency wy). In the “reflected” field S¥, we
also find the input power spectral density [, and a term
proportional to A representing absorption.

Both F and A are straightforward to determine from
Egs. (21) and (24), i.e., when the vibrational linewidth y —
0. Then, F is also § peaked at frequencies w — w; = mw,
with an integer m. The absorption spectrum is obtained from
power conservation S4(wy) = Iy, — ST — S evaluated at the
driving frequency w = w, and it is mostly determined by A.
In Fig. 2(b), we have plotted the emission spectrum S” along
with the absorption spectrum S*. The absorption maximum
is at the bare molecular frequency w,,, while the emission
maximum is at approximately w,, — 2Sw,. The difference is
the Stokes shift. The spectra correspond to the results de-
scribing the transient response obtained with Green functions
[21]. However, in our stationary model, the absorption is not
a mirror image of the emission because the emission may also
happen from the excited vibrational states.

B. Coherent limit

Besides the experimentally more typical incoherent situ-
ation, we look at the coherent limit. Then the phase e/ is
fixed. This happens, for instance, when the distance between
the molecules is much smaller than the wavelength of the

driving field or the molecules are in a suitably chosen lattice.

We renormalize the input in this case to be oj, ; = %e""""’

so that again the total input power is distributed evenly and
is independent of the number of molecules N. Then, the
calculation can be repeated to give

ST/R(w; wq)

loe|?

= 8B + i Rieet A(A) P 8(e0 — 4)
4t meen| B (grim L JA(A)28 (@ — wg)
m m N T N .

29

Interestingly, we obtain an explicit dependence on the number
N of molecules for two terms. One of those terms is the inelas-
tic emission term F', which means that for large N, the spectra
are mostly elastic. However, if the vibrations are absent, i.e.,
S = 0 which leads to P(E) = §(E), F = |A(A)|*8(w — wyg)
and the 1/N-dependent terms cancel. Therefore, this coherent
effect is not related to the sub- or superradiance of molecules
described by Dicke [28]. Rather, it is related to vibrations
and their enhanced nonradiative emission, which shows up
as a diminishing fluorescence as the number of molecules
increases.

IV. PLASMON-MOLECULE SYSTEM

With the tools developed in Secs. II and III, we can
return to the problem of a strongly coupled plasmon-molecule
system and find the polarized spectra of the system using
Egs. (3) (with only the plasmon being driven, i.e., oj, ; = 0 in
this case). We integrate Eq. (3b) from an initial time ; — —o0
to t; =t and neglect the initial condition O’S(l‘,) which has no
role in a stationary situation. We substitute thls into Eq. (3a),
which leads to

¢ = (lw< ) — A/ KextCin

t
= > 1g? / dr' 00N 0 (¢ )e(t'). (30)
J
At this point, we average the equation over the fluctuating
vibrations and use a mean-field approximation. This leads
to the P(E) function since (Q;(Z)Qj(t’))c(t’) =Pt —t)e(t)).
Consequently, the elastic response of the plasmon is given by
c(t) = ar(wyg)e™'?", where
-1

= |iwi—0o =5+ Y lgPA@) | . @D
J

r(wq)

A/ Kext

Vibrations provide a channel of relaxation, broadening the
response which is associated with the real part of A. The
imaginary part contains information about the frequencies of
the polariton modes. When the vibrations are absent, i.e.,
S =0 and P(E) = §(E), the usual strong-coupling response
is obtained as A — x with Rabi splitting proportional to

Y. Z j |gj |2
especially the upper polariton branch is perturbed, as Fig. 3
shows.

at o, = w,. When the vibrations are present,
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FIG. 3. Response function |r(w,)[*/w, of Eq. (31) for a single
molecule for (a) S =0 and (b) S = 1. The other parameters are
g/w, = 1.5, /%T =0.5, k/w, = 0.1, kexy = «/2, and k,,/w, = 0.5.
The response function also determines the direct plasmon emission
spectrum.

Finally, ajs can be solved from Eq. (3b) in terms of Q;
by Fourier transformation using the convolution theorem and
c(w) = ar(wg)d(w — wy). Then we have all we need to eval-
uate the output spectra with Egs. (4) and (5).

A. Incoherent polaritonic response

Let us consider a large number N of identical molecules
with random dipole moment directions ;. In this case, we can
replace the sums over the molecule index with an integral over
a surface of a sphere, ) i % f dQ2. Then, because g; =

ge* i (fij - fi,) where i, = (0, sin B, cos B) is the plasmon
polarization vector, the square of the Rabi splitting in Eq. (31)
is Zj |gj|2 =Ng*/3 = g%, We assume that the positions of
the N molecules are random over a region that is large
compared to the wavelength of the plasmon so that we may
replace ¢ =) — §; for an ensemble average. Using these
assumptions, the polarization dependence shows up in the
spectra as the coefficients

T/R
T/R T/R \* K"’sg%'
Cyp = 2 g.fnj,s/p(gknk‘s/p) =\ ke
Kn'" 8y

ik =22 — cos 28],

(32)

where the upper/lower line is for s/p. Above, only the terms
where j = k contribute in the sum, which results in four-point
correlators as in Eq. (25b).

The s- and p-polarized emission spectra are

ST (w; 04) = |ar(wg)*CF,

ST (@;wq) = lar(@q)*[x] 8w — ) + CpF ]

(33a)
(33b)

The main difference between the s- and p-polarized spectra is
because the plasmon emits only p-polarized light. The molec-
ular fluorescence is also slightly enhanced in this polarization
for g # 0.

Both the s- and p-polarized emission spectra are now rep-
resented with ' and A found in molecular fluorescence given
by Eq. (28). Therefore, the emission of a strongly coupled
plasmon-molecule system is related to the properties of the
plasmon and the molecules separately with a few parameters
describing the plasmon-molecule coupling strength and their

S=1 x6.4
/; .
<
— S=05 x3.5
2
£ A
0
P
S=0 S
] T T T T T T T
-4 -3 -2 -1 0 1 2 3 4
(w - wm)/wu

FIG. 4. Elastic emission spectra for s and p polarization (red
and blue curves, respectively) from a plasmon-molecule system with
. = w,,. The different curves are offset and scaled for clarity. The
parameters are the same as in Fig. 3, except for % =2, 8=

T T _ kpT
Ky =K/2, K, = Kn/3,and 2= =1.

I
12°

intrinsic decay rates. Note also that these results hold for any
P(E), i.e., these results are independent of the vibrational
model.

Since only the terms with F' contribute to the inelastic
emission, for a given driving frequency wy, the ratio of p- and
s-polarized emission at @ # wy is S} /ST = 2 — cos(28). For
example, for an interface of vacuum and silver in the Drude
model [34,43], B ~ & and SZ/SST ~ 1.13 at w, = 2eV. This
ratio is otherwise independent of the system.

In Fig. 4, we have plotted the elastic emission spectra from
Eqgs. (33) using the P(E) function (21). The s- and p-polarized
emission are similar for small S, but for larger values the com-
petition between the plasmon and molecule emission becomes
more noticeable. The ratio between elastically emitted p- and
s-polarized power is controlled by the ratio between «! and
C,/p and the detuning w. — wy,.

We find that the upper and lower polariton modes emit
asymmetrically as in other approaches [39,44-50] and exper-
iments [22-25,51]. This is caused by the asymmetry of the
effective dissipation rate I' = x /2 — ngRe[A(A)], which is
related to the molecule’s absorption spectrum. The number
of molecules affects the dissipation rate only via the size of
the Rabi splitting. Analytical insight can be obtained when
kgT < hw, and S < 1. Then, we may consider only single-
phonon processes. When gy > w,, we find the polariton
frequencies from the response function (31) for zero detuning
W, = Wy, to be approximately

Sw, 1

2 dgy/w, — 1"
Thus, the vibrations affect both the position of the polariton
peaks as well as the size of the Rabi splitting. At these

frequencies, the dissipation rate in the first order of «,, is
given by

wr = w, gy + (34)

K Knm Sw? Sw?
Fi:7+—|:1+ L v ] (35)
22 (gv Faw)*  gn(gy F oy)

Due to vibrations, the dissipation rate of the upper polariton
(I'y) is larger than the dissipation rate of the lower polariton
(I"~), which suppresses the upper polariton emission com-
pared to the lower polariton.
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FIG. 5. Comparison of experimental polarization ratio data and
corresponding theoretical fits for two different molecules. For
TDBC, w,, ®2.10eV and 25w, ~ 5 meV, and for R6G, w, ~
2.27 eV and 28w, =~ 97 meV. We estimate the plasmon linewidth to
be k = 250 meV. The Rabi splitting for TDBC is 167 meV and, for
RO6G, it is 337 meV. Our data on fluorescence of TDBC are limited
below 2.6 eV so we cannot produce an estimate for the polarization
ratio above 2.6 eV. In the legend, LP (UP) refers to lower (upper)
polariton.

An alternative method of using the equations for polarized
emission spectra (33) is to use experimental molecular absorp-
tion and fluorescence data. Then, to a good accuracy, the line
shape of absorption is related to Re(A) and fluorescence to
F, as seen in Eq. (28). From the real part of A, the imag-
inary part may be found numerically by Hilbert transform
(due to Kramers-Kronig relations). The response function is
then determined from the plasmon eigenfrequency w. and
its linewidth « together with the strong-coupling constant
gn. Although gy (and the magnitude of A) is unknown, it
can be fixed so that it corresponds to a given Rabi splitting.
Lastly, the coupling coefficients C,, and kI are needed to
evaluate the spectra. However, if we are only interested in the
relative magnitudes, it is enough to fix the ratios «! /C; and
C,/Cs. The latter ratio is given by the polarization angle 8,
which can be evaluated with the dielectric functions of the
materials at the interface where the plasmon is excited. The
former ratio . /Cy is difficult to determine directly from the
experiments, but it can be found by fitting to experimental
data.

In Fig. 5, we employ the above method to compare the
experimental results for the polarization ratio of the TDBC
and R6G molecules from Ref. [22] to our model. Here, the
polarization ratio PpT /PT of the lower (upper) polariton is
defined as the ratio of the p- and s-polarized emission peak
intensity of the lower (upper) polariton. In our numerical anal-
ysis, we approximate the fluorescence data by a mirror image
of the absorption data over the zero-phonon frequency @,,.
We assume that the fluorescence is effectively independent
of the driving so that we can calculate and consider only the
elastic emission (see, also, Appendix C). Adding the inelastic
emission can only diminish the polarization ratio. Then we

calculate the polarization ratio using Eq. (33) and fit the
coupling rate ratio k! /C; to the experimental data for each
branch separately.

For lower polariton peaks, we find reasonable agreement
with the fitted theoretical curves and the experimental data.
For upper polariton peaks, the correspondence is very lim-
ited. Theoretically, we would assume that the polarization
ratio increases for the upper polariton for positive detunings,
while for the lower polariton the ratio increases for negative
detunings. This is caused by the polaritonic state becoming
more plasmonic, which is seen from the response function
being peaked at w; ~ w, in Fig. 3. While these trends can
be seen in Fig. 5, except for the R6G upper polariton branch,
some features differ from the theoretical description. From
an experimental point of view, the polarization ratio might be
affected by any external noise, especially in regions of small
s-polarized emission. In our modeling, we neglect the possible
dependence of the plasmon linewidth and coupling rate on the
plasmon eigenfrequency. Also, since we use the experimental
absorption data to determine the spectra, the line shape far
from the absorption maximum is also important.

The fitted ratio « /C; controls, generally speaking, the
magnitude of the polarization ratio. The effect of Stokes
shift seems to be important only at plasmon eigenfrequencies
below the fluorescence frequency of the molecules, while the
external coupling rates control the polarization ratio at higher
frequencies. From the fit to the experimental data, we find that
the ratio k7 /C; is larger for R6G than for TDBC. This implies
that if the plasmonic emission rate remains the same for the
TDBC and R6G samples, there is more molecular emission
for TDBC than for R6G.

B. Coherent polaritonic response

If we assume that the plasmon couples strongly to the
molecules and drives them coherently, the phase factor ¢**7i
is fixed to a constant. This leads to the introduction of two
different sums over the molecular indices,

0
A~ _§ T/R _
CS/P - gjnj,.v/p - {g
J N

where again the upper/lower line is for s/p. The sum in
C, vanishes because the plasmon polarization vector i, is
orthogonal to the s-polarization vector ii;, making the product
antisymmetric under reflection through the plane orthogo-
nal to #i;. This is what breaks the symmetry between the
polarization directions emitted from the strongly coupled
mode.
Then, we find the polarized emission spectra to be

36
%;«,ﬁ/’* sin 3, (36)

ST (w3 04) = lar(wa)PCIF — JAD)*8(0 — wq)], (37a)
2

c
14+i—2A(A)

+ lar(@)PColF — |A(A)P8(w — wa)].
(37b)

Sh(@; wq) = lar(wa)k, 8w — wq)

The s-polarized emission now vanishes fully when the vibra-
tions are absent. This result shows that coherence is crucial
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FIG. 6. Elastic emission spectra in the coherent case for two dif-
ferent numbers N of molecules. The curves for p-polarized emission
(only ones depending on N) are offset and scaled. Here, S = 1 and
the other parameters are the same as in Fig. 4.

to the destructive interference of emitted light [22], while
the vibrations still provide a mechanism for a partial loss of
coherence. On the other hand, the p-polarized spectrum
contains the interference terms between the plasmon and
molecular output fields. Similar to the Stokes shift case,
there are terms with different powers of the number N
of molecules. Considering the Rabi splitting (or gy) to
be fixed, there is one term with an extra N factor from
C2 and V/N from C,. Increasing N leads to mostly elas-
tic p-polarized emission, as the inelastic terms and s-
polarized emission are independent of N. In contrast to the
Stokes shift case, the absence of vibrations does not re-
move the N dependence. Therefore, the result corresponds to
superradiance [28].

Figure 6 shows that the coherence and the resulting in-
terference between plasmonic and molecular emission have
a qualitative effect on the elastic spectra. The difference
between s- and p-polarized spectra becomes more evident.
While the s-polarized emission is likely to occur on the lower
polariton frequency, for the p-polarized emission, the upper
polariton frequency may be favored depending on the relative
magnitudes of «! C,,, and C),.

[

V. CONCLUSIONS

To summarize, we have constructed a model that allows
one to describe the effect of vibrations on the strongly coupled
stationary response of driven coupled light-matter modes.
Depending on the case, one can either find the P(E') function
describing the absorption and emission of vibrations in a
given model system, or relate the measured absorption and
fluorescence of uncoupled molecules to P(E). With small
modifications, this approach can also be extended to the case
of molecule-cavity systems [4,17,51-53], plasmonic lattices
[54], and/or higher-order correlation functions of the emitted
light [16]. Our quantum Langevin equation approach allows
one to describe the stationary driven system, and hence it
complements the often-used computational methods usually
concentrating on transient response [18,45].
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APPENDIX A: GENERALIZATION TO MANY
NONIDENTICAL AND INTERACTING
VIBRATIONAL MODES

The P(E) theory is straightforward to generalize to mul-
tiple vibrational modes when the modes couple linearly to
the molecule. A general interaction term in the Hamiltonian
is then )»,-jk/b?'jbkz + H.c., where b;; corresponds to the jth vi-
brational mode of the ith molecule. The molecule-vibrational
Hamiltonian is then diagonalized by first diagonalizing the
vibrational Hamiltonian and then using the polaron transfor-
mation. For simplicity, let us now discuss the case of a single
molecule. After the diagonalization of the vibrational part, we
may write the interaction Hamiltonian in terms of the new
diagonal vibrational modes b; as

M
Hypo =Y /S0 0 (x; +u;p;), (A1)
j=1

where x; and p; are the position and momentum operator
of vibrations. The term u;p; follows from the fact that the
molecule couples to the bare vibrational modes. Because in
the Caldeira-Leggett model the position operator x; couples
to the position operator of an environmental (harmonic) mode,
the diagonalization is incommensurate with this model unless
u; = 0. In the single-excitation limit, we may then introduce
the operator 0¥ = Qo = I1 j Qjo, where Q; = eVS®i=b) .
troducing many molecules into the situation only adds one ex-
ternal index to each operator. When there is no coupling to the
plasmon, by following the same approximations as in the main
text, we find that the dynamics is given by the input-output
equation

Km
.S C~ S /
o° = —(la) + 7)0- — K';cleQo-im

with @,, = w,, — Z_i Sjw,, ;. The equation for b; again decou-

(A2)

ples from the dynamics of o% in the single-excitation limit.
Similarly to the case of a single vibrational mode, we find
the two- and four-point correlators of Q in the calculation
of the spectra. However, since Q(7) = [| ; Q;(t), the Fourier
transform of Q is always a convolution. After diagonalization,
we may treat the modes as independent so this structure shows
up as convolutions of P(E)’s and L’s defined in the earlier
sections. Thus, we have

(0T (@1)Q(@2)) = Po(@1)8(w1 + @2), (A3a)
(0" (@1)0(2)Q" (03)Q(4)) = Lit(1, w2, w4)
x 8(w1 + wr + w3 + wy),
(A3b)
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where P (E) = [P, * P, % - - - % Py](E) is a convolution over
M different modes, and similarly for L. For example,

[Ly * Ly)(w1, @2, @3)
:/dw'ldw’zdngl (01— 0], 02— wh, w3 — )L (0], W)y, @),
(A4)

where L; and L, are defined for a single mode as the Fourier
transform of Eq. (16).

APPENDIX B: APPROXIMATION TO THE
POLARON EQUATION

We discuss the consistency of the approximation that al-
lows us to simplify the input-output equation of ojS . The full
dynamical equation of st for the strongly coupled plasmon-
molecule system, using the approach of [36], is given by

K
J S =
?Uj + v Kijaz,jO-in,j

65 =

o s .
; — i@no; + ig;Qjo; jc —

iV
2

07 (bj — b1 + \/viSof (binj — b, ).

In the main text, we assumed the single-excitation limit in
which o, ; ~ —1. In addition, we neglect the thermal fluc-
tuations and set oy, ; = 0. Next we discuss when we can
neglect the two last terms that are generated by the coupling
of O'/-S to the vibrational baths. This approximation effectively
uncouples the vibrational dynamics from the dynamics of
the polaron operator ajs . As this approximation is related to
the molecule-vibration system, the coupling to the plasmon
may also be neglected, i.e. g; = 0. For notational brevity, we
omit the molecular index j. Let us consider an expansion
0% = GOS + 615 , where JOS is the solution of

K,
LS “~ m N T )
0y = 7(lwm + 7)0’0 — VK Qoin,

on Eq. (B1) with the above simplifications. Consequently, the
dynamics of &7 is given by

5-5 = _(i(bm + ) )

+vS(o5 + &) (bin — b},).

We may now construct the next order of the expansion by
setting 615 = O‘IS + 625 and fixing als to be the solution of

S _ = Km }/«[s +
6; = (la)m+2) Pt oy (b—1b")

+/y 805 (bin = b},)

This equation can be solved with the solution of o;. The
dynamics of &5 is then determined by an equation similar
to Eq. (B3), where &} is replaced by &5 and o3 by of.
Continuing this process gives then the expansion of o5 =
Z;’QO 77 However, we focus only on the first order of the
expansion.

Consider now that the molecule is driven coherently, o, =
e 5o that the solution of Eq. (B2) is

5 (@) = ay/iS X (@ — D) Q@ — ).

B

(B2)

+ M(O'O + 64 )(b b")

(B3)

(B4)

(B5)

Consequently, we obtain, from Eq. (B4),
o (w) = VSx (@ — @)
x {%[ag % p](@) + 707 * (bin — bjn)](w)},
(BO)

where * denotes a convolution in the Fourier space.

We are now interested in the consistency of the expansion,
but it is not straightforward to see the effect of the convolution
and the underlying dynamics of the vibrations. For this reason,
we compare the mean values of UOS and 015 . When the input
operators of the vibrations represent thermal noise, the b,
terms do not contribute to the average. The expectation value
of o5 can be expressed as

(05 (@) = ay/k % (@ — &) {Q0)8(w — wy).

For a thermal ensemble, (Q(0)) = exp[—S(nn + %)]. In the

calculation of the average of UIS, we need the generalized
Wick theorem to write

S{p"0)p0) = nd )(p"' 1)), (B8)

where J(t) is the function defined in Eq. (12) and we define
its Fourier transform by J () = f dwe™ " J(w). We obtain

(o ()
= ga\/ Kan[X(w - a)m)

X [/ do'x (o' +wq — ﬁ)m)J(w')] (0(0))8(w — wa)

B7

= %[/ do'x (o' + wa — cbm)J(w’)} (5 (@)

= Clog (@)). (B9)

Now we have a necessary condition for the consistency of
the simplification: The parameter C should be small compared
to unity for the expansion to be sensible. It can be estimated
by using the same approximation in Eq. (19) as in the y =0
calculation. Then (denoting A = w; — @y,),

S
c = %[(nm + Dy (@ + A) + nax (—oy + A)]
A=—w, S 1
~" 14 i + (B10)
E+yS 2

In the last approximation, we have written the renormalized
linewidth «,, in terms of the bare linewidth of the molecule &
and neglected the smaller term x (—2w,) for clarity. Now, it
is clear that the consistency of the approximation is related to
the temperature and the linewidths. This condition is always
fulfilled when ny, < 1 or, alternatlvely, —‘ > In(2) ~ 0.69. It
should be remembered that this is only a crude estimate and
larger values of y can diminish the value of C.

APPENDIX C: CORRESPONDENCE TO EXPERIMENTS

In the experimental Kretschmann setup, a prism is used
together with white light to excite the plasmons. The angle
6 of incoming light with respect to the normal of the interface
then determines the plasmon eigenfrequency w,. In our model,
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which is based on a coherent single-frequency driving at wy,
we can introduce a distribution p(w, ) for light intensity. Then
we can relate our theoretical model to the observed spectra by
an integral relation

S s (@) = f dogp@)Sl M@0, (€1

The distribution p(w,) can include features of the driving light
as well as the prism that couples the light to the interface. We
can generally divide the theoretical spectrum into elastic and

inelastic parts by SST/;,R(w; wq) = Se1b(w — wgq) + Sinet(w; wg).

Now, if we assume that the distribution of light is uniform and
its bandwidth large compared to the plasmonic linewidth «,
we have

ST fhon@) = Sa@)+ [ dosSua(@ion. (€

The inelastic contribution is due to vibrations and molecular
fluorescence [i.e., the function F(w # wy)]. In the fit for
Fig. 5, we disregard the contribution from S, because its
main body is clearly separated from the elastic emission
coming around the polariton frequencies.
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ABSTRACT

We study the elastic response of a stationarily driven system of a cavity field strongly coupled with molecular excitons, taking into account
the main dissipation channels due to the finite cavity linewidth and molecular vibrations. We show that the frequently used coupled
oscillator model fails in describing this response especially due to the non-Lorentzian dissipation of the molecules to their vibrations. Sig-
natures of this failure are the temperature dependent minimum point of the polariton peak splitting, the uneven polariton peak height
at the minimum splitting, and the asymmetric shape of the polariton peaks even at the experimentally accessed “zero-detuning” point.
Using a rather generic yet representative model of molecular vibrations, we predict the polariton response in various conditions, depend-
ing on the temperature, molecular Stokes shift and vibration frequencies, and the size of the Rabi splitting. Our results can be used as a
sanity check of the experiments trying to “prove” results originating from strong coupling, such as vacuum-enhanced chemical reaction

rate.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0036905

1. INTRODUCTION

Strong coupling between electromagnetic modes and electronic
excitations has emerged as a tool to modify internal material prop-
erties and dynamics in various systems from light harvesting' and
energy transport’ ~ to controlling photochemical reactions.”’ The
strong coupling regime is typically reached when the interaction-
driven splitting of the dressed state, or polariton, eigenenergies
becomes larger than their linewidth. Only then, the avoided cross-
ing in the energy spectrum can be identified. This is rather clear
in systems with a Lorentzian response that can be described by
adding imaginary parts to the photon/exciton eigenenergies. How-
ever, in the case of molecules, the main cause of linewidth broaden-
ing often originates from vibrational dissipation, which does not typ-
ically produce a Lorentzian response. Here, we consider in detail a
rather generic model system (two-level system and harmonic vibra-
tions) to explore the effects of Brownian vibrational dissipation to
the polaritonic spectrum. Comparing the results of such a model
to the experimentally obtained polariton fingerprints then provides
a sanity check of those experiments, helping to rule out spurious
effects.

Our approach is based on the open quantum system model that
we introduced in Ref. 10 to study the polariton response in the case
where surface plasmon polaritons couple strongly with molecular
excitations. Here, we modify this approach to concentrate on the
case of a cavity containing a large number of molecules interacting
with the cavity mode. The qualitative difference between these sys-
tems is that in the cavity case the molecular excitations are coupled
with the free field only via the cavity field. We also focus on study-
ing the role of vibrational dissipation on renormalizing the effective
strong coupling parameters, especially in the case approaching the
overdamped vibrations.

We consider the setup shown in Fig. 1. It consists of a cavity
with eigenfrequency w, and linewidth «., probed externally via a
field coupling through one of the cavity mirrors. Inside the cavity,
there are a (large) number N of molecules with excitation frequency
wm. We denote the coupling energy between the cavity fundamen-
tal mode and a single exciton by gj. At the same time, the molec-
ular excitation couples to its vibration mode with eigenfrequency
w, via a coupling strength \/Sw,, where S is the Huang-Rhys
factor."' We assume the vibrations to reside in a bath with tempera-
ture T, providing them with a linewidth y. This vibrational coupling
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W = Wq

FIG. 1. Schematic picture of a measurement setup in which the cavity eigenfre-
quency w; is controlled by both the length L between the mirrors and the angle « of
incident light of frequency wy. This confined light mode couples to molecules with
harmonic vibrations. In this article, we focus on the elastic cavity emission or trans-
mission, that is, the observed light power at frequency w = wq. For explanation of
other parameters, see the main text.

gives the individual molecules their Stokes shift and provides their
inhomogeneous broadening.'”

We illustrate the effects of this inhomogeneous broadening on
the polariton eigenmodes via the system response in Fig. 2. Com-
pared to the model in which the molecule response is taken as
Lorentzian—known as the coupled oscillator model—the polari-
tonic spectrum has a few distinct features. First, the vibrations cause
an asymmetry between the upper and lower polariton peaks, which
is similar to that obtained by changing the detuning between the cav-
ity and molecular frequency. However, this effect cannot be imitated
by using a Lorentzian molecular response because this asymmetry is
caused by the asymmetry of the molecular response. Second, we find

i a
1.0 \
Vg
0.8 \=
— ‘<
: \
2 0.6 \ T T T
~— v —20 0 20
=y \
3 04 1 \ (W - wm)/wu
g \
0
0.2 1
0.0
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—-15 =10 =5 0 5 10 15 20
(W - Wm)/wr

FIG. 2. Example of the polariton spectra under the coupled oscillator model
(orange dashed line) and our P(E) model (blue solid line), assuming a very high
finesse cavity tuned so that the spacing between the polariton peaks is at its small-
est. The inset shows the respective absorption profiles. Since the cavity dissipation
K¢ is negligible, in the Lorentzian model, we find the Lorentzian polariton peaks
whose linewidth is half of the “molecular” linewidth x,. When the vibrations and
their dissipation are taken into account, one can find the non-Lorentzian behavior,
renormalization of Rabi splitting, and changes in the linewidths.
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that the polaritonic frequencies are renormalized, which affects the
observed Rabi splitting.

A. Coupled oscillators

We briefly motivate the upcoming discussion with the often-
used “coupled oscillators” model of polaritonics. It describes the
cavity and excitonic modes as effectively harmonic oscillators; the
cavity mode has the eigenfrequency w., while for the exciton, it is
wym. The rotating wave approximation is often made to simplify the
coupling between these modes.” Then, in the single-excitation sub-
space, the Hamiltonian for a single molecule in a cavity is given by
(h = 1 throughout the text)

H- (wj § ) (1)

This is the Jaynes-Cummings Hamiltonian."* The polariton eigen-
frequencies are then obtained by diagonalizing this matrix, which

gives
We + Wm
ws= = £/ g + (0 — wm)?/4. )

Perhaps, the most straightforward and often-used way to model dis-
sipation is to introduce an imaginary shift in the eigenfrequencies.
That is, we set w. - w. — ik, for the cavity and similarly w, - wp,
— ik for the exciton. This method leads to Lorentzian line shapes
for the cavity and the exciton alone. Consequently, if the dissipation
is inserted to the polaritonic frequencies at resonance we = Wy, one

finds
wi:wm—imTKmi\/\g|2—(1<c—1cm)2/4, 3)

from which one infers (k. + «,;)/2 to be the polariton linewidth."”

However, the molecular vibrations cannot often be neglected in
molecular polaritonics. It is quite obvious that the vibrational modes
have their own complex dynamics as well as coupling to their envi-
ronment, which shape the absorption and fluorescence spectra of
molecules. We show that even in the simplest vibrational models,
the dissipative properties of the molecular vibrations, which in fact
are the main source of line broadening, have quite intricate physics
and thus effects on the polariton spectrum.

1. INPUT-OUTPUT THEORY OF MOLECULE-CAVITY
SPECTROSCOPY

In this article, we consider a simplified model of a molecule
as a two-level system with harmonic vibrations. In the language
of operators, we associate a lowering operator ¢ to the electronic
two-level system, while the phonons of vibrations are destroyed by
b. The Hamiltonian is then characterized by the eigenenergies, w
and w,, of the two-level system and vibrations, respectively, and the
dimensionless Huang-Rhys factor $ quantifying their coupling

Hunol = @m0 0+ wpb b+ wp/Sola(b+b'). (4

We assume that there are N identical particles that are described by
this Hamiltonian.
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Here, we consider that these molecules are embedded in a
Fabry-Pérot cavity of eigenfrequency w.. For instance, the cav-
ity eigenfrequency may be tuned by controlling the length of
the cavity L and the incident light angle a by the relation

we="T/ \/T@c)/nﬁm where cis the speed of light and . is the

effective refractive index inside the cavity.'* The electronic coupling
strength is described by a constant g;. When we denote the cavity
photon annihilation operator by ¢, the full Hamiltonian under the
rotating wave approximation is

N
H-= wCC]\C"‘Z(HmoLj +ngT0'/' +gj*g;fc), (5)
b=

which is often referred to as the Holstein-Tavis-Cummings Hamil-
tonian.'” Under the assumption of identical particles, the relevant
strong coupling constant is Zjl\il |gj|2 =g

In order to observe anything spectroscopically, the cavity must
be driven by an external light source, which we assume to have a
low power so that we can concentrate on the lowest order response.
We assume a laser drive at a driving frequency w,. Then, some light
will leak out of the other side of the cavity. We are interested in
this transmission spectrum ST(w; wg), where, in general, w is the
frequency of the transmitted light. Any observed polaritonic emis-
sion is mediated by the cavity—there is no direct emission from the
molecules. This simplifies the description of the spectrum as there
cannot be interference between the cavity and molecular emission.
In addition, the light emission should mostly be observed at the
driving frequency. In this article, we neglect all processes that could
cause inelastic behavior. This may be experimentally guaranteed by
fixing the outgoing angle to be the same as the incident angle and
measuring light power only at the frequency equal to the driving
frequency w = wy.

We assume that there exists an environment for each of the
vibrational, excitonic, and cavity modes; coupling to these environ-
ments leads to dissipation. Both the driving and dissipation may
be taken into account in the input-output formalism of quantum
optics.'” It describes the quantum dynamics in the Heisenberg pic-
ture and can be considered an open quantum system modification
to the Heisenberg equation. Without vibrations, this method gives
similar results to those alluded in Eq. (3). However, the vibrations
complicate finding the cavity reflection and transmission spectra
notably as the equations of motion are nonlinear. The solution is
obtained by moving into a polaron frame, i.e,, finding the dynam-
ics of 05 = Ue\/g(htb), which allows for simplifying approxima-
tions that in the end decouple the vibrational dynamics from those
of the cavity-exciton system.'”'” The cavity transmission or emis-
sion spectrum is in this model ST(w;wy) o |r(wy)*d(w — wy)
where the physics is contained in the cavity response
function'’

. Kc 2 -
r(wg) = [1(wd -w) - ey + gvA(wg — wm + Swl,)] . 6)

The molecular contribution to the polaritonic spectrum is the
absorption function

ARTICLE scitation.org/journalljcp

Aw) = f ﬁ%. @)

The absorption profile of the molecule without the cavity is given
by Re[-A(w)]. Here, P(E) describes the probability to emit (E > 0)
or absorb (E < 0) energy E to/from the vibrations. It can be
expressed as
P(E) - f dt i (erOev®) - dt g0 g
2 2m

where ¢(t) = +/S[b'(t) - b(t)] is proportional to the momen-
tum operator of the vibrations in the Heisenberg picture, while
J(t) = (¢(t)9(0)) is proportional to the momentum correlator.
The Fourier convention has been chosen this way to allow for a
probability interpretation: The energy integral over P(E) amounts
to unity. Furthermore, the same formalism extends to many vibra-
tional modes: The total P(E) in Eq. (7) is then a convolution of all
the single-mode P(E) functions."’

The expression of A is the convolution of the vibrational P(E)
and the electronic susceptibility. The latter alone would produce a
Lorentzian line shape with linewidth «;,,. This linewidth follows from
the assumption of excitonic dissipative environment, which does not
couple to the observed far-field mode. It is renormalized by the cou-
pling to vibrations as k,, = & + Sy, where & represents the dissipation
rate of the electronic transition and y is the dissipation rate of the
vibrations.'’ However, P(E) ultimately determines the line shape in
the presence of vibrations.

If there are no vibrations, S = 0 and P(E) = &(E), the solu-
tion of 1/r(w) = 0 gives exactly the polariton frequencies in Eq. (3).
However, in this context, the frequencies are real. When w., wm,
|g| > &, km, one can first neglect the dissipation rates and minimize
the imaginary part to find the polariton frequencies in Eq. (2). It is
then straightforward to show that the behavior around these eigen-
frequencies is Lorentzian and the real part gives the dissipation rate
(%c + Km)/2. The proper way to find the polariton peaks would be to
find the extremal points of |r(w)|?, which gives the dissipative correc-
tion. A closed form solution is possible to obtain only at resonance
we = Wy It reads

W = m £+ | g’y 1+%—K%/‘L 9)
8

The square root term may be approximated by \/|g|* + K¢k /4 when
|g] > #m, xc. This result differs from the coupled oscillator model
in two ways: First, the dissipation strictly increases the spacing
between polariton frequencies, or the Rabi splitting, when the cou-
pling is large compared to the dissipation rates. This changes at
the opposite limit when the dissipation rates dominate the cou-
pling |g|* leading eventually to the disappearance of the polari-
ton peaks. Second, the dissipation in the cavity and the molecule
are, in general, not interchangeable as in the coupled oscillator
model. This is a direct consequence of our assumptions: We only
couple the external light source to the cavity and observe only its
emission.

J. Chem. Phys. 154, 044108 (2021); doi: 10.1063/5.0036905
Published under license by AIP Publishing

154, 044108-3


https://scitation.org/journal/jcp

The Journal
of Chemical Physics

Ill. P(E) THEORY UNDER BROWNIAN DISSIPATION

We now derive the P(E) function assuming that the molecu-
lar vibrations are coupled to a bath of harmonic oscillators. This

means solving the correlator <e¢(')eﬂ”(0>> and then evaluating its

Fourier transform. We note the recent similar approaches of Refs. 20
and 21 that model molecules embedded in a crystal taking into
account coupling between the lattice vibrations and molecular
vibrations.

The correlator <e‘F(’) e?©® > can be evaluated for different mod-

0,19,2 . . .
els,'”"*”" so let us make a general argument: Since the vibrations

are harmonic, their fluctuations follow Gaussian statistics. Fur-
thermore, we assume that these fluctuations are stationary, i.e.,
all correlators depend only on time differences and not on any
specific time. By introducing a time ordering operator 7 that
always orders ¢(t) before ¢(0), we can write the correlator as

T(e"’(’)""(o)). This may be identified as the characteristic func-

tion of the stochastic quantity ¢(t) — ¢(0), which has a vanishing
mean.”””’ In the case of Gaussian fluctuations, the correlator is fully
determined by the variance T{[¢(t) — ¢(0)]*)/2, which equals to
J(#®) - J(0).

Because vibrational modes are often low frequency compared
to optical frequency, the quantum optical models of dissipation are
not justified. This is because in the quantum optical case, the time
scales of the system are generally assumed to be much smaller than
its relaxation time. However, this is not a typical limit for molecu-
lar vibrations. This leads to a failure of the rotating wave approx-
imation that is made to the system-environment coupling in the
quantum optical formulation.” In the Brownian case (also called the
Caldeira-Leggett model ™), the equations of motion for the position
x and momentum p are

i=wop, p=-wy(x+V2S0T0) - yp+E, (10)

where & is the Langevin force of thermal fluctuations obeying a noise
correlator,”

(E(@)EW)) = wﬂ[coh(zk T)+1]5(w+w’). (11)

On average, the molecules are in their ground state since w,;, > kgT,
so we neglect the o7 o-term in Eq. (10). This assumption decouples
vibrational dynamics from those of the exciton. The solution of x
and p can then be obtained in the Fourier space in terms of the
force &.

By using ¢(t) = v/2Sp(t) and taking a few algebraic steps, we
find an integral expression

3
—twt w w
J(t) = f dw — )2 Tty [coth(—szT) + 1].

(12)

It should be noted that this integral does not converge when ¢ = 0,
that is, the variance of momentum diverges. This is akin to the free
Brownian particle for which the variance of the position diverges.
We may solve the integral for ¢ # 0 and deal with this divergence at
a later point.

ARTICLE scitation.org/journalljcp

Whereas Ref. 10 computes P(E) in the limit y << w,,, here we
solve the problem with an arbitrary y/w,. We employ the method
of residues to solve the integral for > 0 by choosing an infinite
radius semi-circle in the lower complex half-plane as the integra-
tion contour. Formally, we then set J(¢) — J(0) = J(¢) to vanish
at time t = 0 and cut off the divergence. Finally, we can use the
stationarity of vibrations to expand to negative times by the rela-
tion J(—t) = J(t)*. These steps are taken to ensure the consistency
of P(E).

The integral in Eq. (12) may be separated into two contri-
butions by the singularities of the integrand that lie inside the
integration contour (see Fig. 3). On the one hand, there is the
contribution of the singularities of the rational function g(w)
= @’ /[(0® - w})* + w’y*], which is determined by the quality
factor Q = w,/y of vibrations. Especially, when Q > 1/2, there
are two singularities with non-zero real frequencies, which are
associated with underdamped motion. The value Q = 1/2 repre-
sents the critical damping of harmonic motion, while Q < 1/2
corresponds to the overdamped motion with two singularities on
the imaginary axis. On the other hand, the hyperbolic cotan-
gent has an infinite series of singularities at complex frequencies,
which are related to the temperature. We term this the Matsubara
contribution.

Since we want to calculate the Fourier transform of P(t)
= exp[J(t)], it is useful to use the convolution theorem. It allows us
to Fourier transform the individual components (each correspond-
ing to one singularity/residue) and convolve the Fourier transforms
together only in the end.

The calculation is tractable due to a group property of
Lorentzian distributions under convolutions. We find that the
Fourier transforms may be written in terms of two functions,

r
fi(w;wo,T) = ;m, (13a)
w — wo
gL((U wo, F) = ;m (13b)
—Wy TImw Wy Rew
L 4 | L
w-@ $72T, ® Wi

FIG. 3. Sketch of the singularities of g(w) (blue circles) in the lower complex half-
plane as a function of the quality factor Q. The singularities of coth(w/2kg T) that lie
on the imaginary axis are depicted by gray crosses. The red dotted line represents
the integration contour for ¢ > 0. This residue structure is mirrored in the upper
complex half-plane.
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We recognize f1, to be the Cauchy-Lorentz probability distribution
function and g; to be its Hilbert transform. We use these normal-
ized functions as they integrate to unity (f1) or to zero (gr) for
all parameters. In addition, these functions follow the convolution
table,

[fL(wl,rl) >“fL((l)z, Fz)](w) :fL(w;wl + w2, I +F2), (14a)
[g(@1,T1) * fi(w2,T2)](w) = gr(w; 1 + @2, T1 +T2),  (14b)
[gr (w1, 1) * gr(w2, T2) (@) = ~fi(ws w1 + w2, Ty +T2). (14c)

Often, only the Lorentzian component is taken into account. How-
ever, the role of g is to provide the emission-absorption asymmetry
to P(E). This general physical rule simply states that the temperature
(of the environment) dictates the ratio of probabilities between the
absorption and emission of energy E between the environment and
the vibrations. To be more exact, this ratio is given by P(E)/P(-E)
= ¢7PF_ This relation follows from the definition of P(E) as a Fourier
transform of (e“’(') e7¢(0)> by using the definition of Heisenberg
operators and the cyclic property of the trace when the vibration
mode is in thermal equilibrium.”

Next, we find the contributions of individual singularities to J (t)
and then calculate their Fourier transforms. The algebraic details of
the Fourier transform are given in the Appendix.

A. Residues of the rational function g(w)

Let us consider underdamped motion with Q > 1/2. We

then find singular points at @ = @, # i. The frequency @,
= wyy/1- ﬁ is the renormalized vibrational frequency. By the

method described above, we find, for all times ,
J.(t) = [Re(Ds) +ilm(Dy) sgn t](emvf*%'f‘ - 1), (15)

where sgn ¢ is the sign function (sgn ¢ = t/|t| for t # 0 and sgn t = 0 if
t=0)and

D+:S(N*+1)[fé—2—:(2%22—1)]. (16b)

The constant N defined in D_ seems to be a complexification of the
Bose function. If we set y = 0, N would be the number ny, of thermal
excitations. One can then readily associate D, to emission and D_ to
absorption.

The Fourier transform of exp[J.(t)] is given by the following
series representation:

Po(E) = Flexpll(O1](B) = ) 5 .|

x [Cos(ﬁ)fL(E; in&)v,n%) + sin(¢§)gL(E;ina)v,n%)],
(17)
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where ¢; = Im(D.) — narg(D..) is the angle that depends directly
on the complex phase of the coefficient D,. This series repre-
sents all the possible vibronic peaks: P, describes all the processes
where a certain number of vibronic excitations are created when
the molecule is excited, while P_ describes the anti-Stokes pro-
cesses of exciting the molecule from an excited vibrational state.
Since we assume harmonic vibrations, there is no limit to the num-
ber of vibrational states, but accessing higher vibrational states is
unlikely because of the dissipation. Note that without the angle
dependence, ¢; = 0, which happens when y = 0 or Q — oo, the
prefactors would follow the Poisson distribution with D, = S(ny,
+ 1) and D_ = Sny,. Thus, the non-zero ¢ can be regarded as a
sign of correlation between processes that involve multiple quanta of
vibration.

In the overdamped limit, Q < 1/2, only a few changes are
required in Eq. (17). First, there is no harmonic motion and, thus,
F@, — 0. We rather have two dissipation rates so that

Y .- LIS S A
5 r*’w“\J T liQ Yz L. (18)

In addition, the coefficients change to

ol o)

assuming that the singularities of g(w) do not occur at the same point
as those of the hyperbolic cotangent. Such coincidences would take
place only at numerable points of continuous variables. We hence
expect such double poles to have no observable consequences.

B. Matsubara contribution

The function coth(w/(2kpT)) has singularities at w = 2k Tk
for k € {1, 2, ...}. For any k, the contribution to J(¢) is given by

48 w}

7 _ —awlt] _ -2
Ji(t) = Ci(e 1), G Q (wi+w%)z_72wi.

(20)

Since there is no imaginary part in Ji(t), its Fourier transform is
simply a Lorentzian. The resulting Py is then a series of E = 0 cen-
tered Lorentzians with a width that is multiples of the Matsubara
frequency wy. Furthermore, it admits to a representation in terms of
the incomplete Gamma function”’ as

Pi(E) = Flexp[Ji(t)]1(E)
= e*“k(a(E) - Re|:(_ck)lwk1"(—iE;—Ck,())j|). (21)
Wy Wi

The Matsubara contribution only widens P(E).

When we consider the sum Y, Ji(t), we encounter a
logarithmic divergence as the sum behaves asymptotically as the
harmonic series Y x1/k. This is a well known feature of Ohmic
dissipation,”® which is characterized by the asymptotically linear
w dependence of the noise correlator in Eq. (11). Thus, we must
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introduce a cutoff to the integral (12), which we may consider at
the level of residues. Since the divergence is logarithmic, the results
depend only weakly on the chosen cutoff. In this context, the Mat-
subara frequency wy is also the width parameter of Py so that the
corresponding distribution becomes wider and wider as higher and
higher Matsubara frequencies are considered. Here, we choose the
number of Matsubara modes by first choosing some cutoff fre-
quency w; and then calculating kmax = |wi/(27ksT)|. For very
low temperatures corresponding to w,/kgT > 2m, one may also
choose to approximate the k-sum as an integral. However, this is
not the limit we consider below. We set w,/kgT € [0.5; 4] and
choose the cutoff frequency to be w; = 25w, in our numerical
analysis.

C. Absorption function

Using the results of Secs. 111 A and III B, we may now express
the absorption function as a convolution

A(w) =[Py + P_ % Py # - % P % x](w) (22)

with the electronic susceptibility y(w) = [iw — x/2]" defined in
Eq. (7). With the value of 4, it is then straightforward to calculate the
elastic spectrum S” (w) using the response function r(w) of Eq. (6).

Due to the associativity of convolution, we may change
the order of convolutions in A. This is numerically useful; as
x(w) = -n[fr(w; 0, km/2) + igr(w; 0, km/2)], the susceptibility y
provides a constant to all the width parameters. By dividing the
susceptibility into parts using the convolution rules, especially all
the delta functions in Eq. (17) acquire a finite width proportional
to xm. This facilitates a numerical method for the calculation of
the convolutions, although it is possible also analytically. There
are only a few numerical issues to be aware of: One must have a
dense enough discretization of frequencies so that the peaks are
well represented and a large range of values must be included
so that there are no spurious edge effects in the calculation of
convolutions.” '

Without numerical analysis, one can already have some insight
to P(E) and the resulting absorption function A. The effect of the
Huang-Rhys factor S is twofold: Because the prefactors in P, are
similar to those of Poisson distribution, increasing S increases the
support of the P(E) function, ie., there are more terms in the
sum, which differ appreciably from zero. In addition, increasing
S increases the effective dissipation rate «,, in the molecular sus-
ceptibility y, which further widens the absorption function A and
increases the linewidth of individual vibronic peaks. The role of
temperature T is similar to this because it allows for thermal exci-
tations. Then, the molecular linewidth increases as the temperature
is increased since there are more processes available, which result in
the same amount of energy absorbed. The role of the Matsubara con-
tribution is essentially to be a correction to this thermal broadening.
In conjunction with S and T, the quality factor of Q then determines
whether individual vibronic peaks may be observed and what the
molecular linewidth is.

The derivation of P(E) and A is here done for a single vibra-
tional mode. As mentioned below Eq. (8), the definition of P(E)
extends to many vibrational modes through convolution. One can
then identify each element of P(E) (Py, Py) as in the single mode case
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and convolve these elements together. For instance, if we have M
identical but independent vibrational modes, the convolution over
all P.’s is straightforward to do and it only multiplies the Huang-
Rhys factor S by M, i.e., S > MS. Here, we assume this kind of case:
The Huang-Rhys factors can be large, but we want to retain the
tractability of the problem, so we use only the minimal number of
free parameters.

IV. POLARITONIC SPECTRUM

Next, we discuss different features of the polaritonic spectrum,
which change due to vibrational dissipation. The interest especially
lies in the quantities that are inferred from experimental data: Rabi
splittings, linewidths, and peak amplitudes.

Vibrations provide an asymmetry to the absorption due to the
emission-absorption asymmetry, which manifests itself as a renor-
malization of the resonance condition. In the coupled oscillator
model, there are three distinct features at resonance w, = wp: (1)
The difference between the upper and lower polariton frequen-
cies is at minimum, (2) the linewidths are the same and equal to
the mean of cavity and exciton linewidths, and (3) the intensities
of the peaks are equal. In the presence of vibrations, these condi-
tions bifurcate to different values of detuning. The role of Brownian
vibrational dissipation to this “bifurcation” has not been investi-
gated to our knowledge. This phenomenon is often framed con-
versely as the asymmetry of the upper and lower polariton peaks,
which has garnered both theoretical'***** and experimental™ **
interest. The notion of asymmetry often follows in theory even
after fixing the detuning to zero by setting w. = w,,. However, this
might not give the minimum polariton peak separation, i.., the
Rabi splitting. This is demonstrated in Fig. 4(a) where the polari-
ton spectrum is plotted as a function of the detuning and the driving
frequency.

A. Rabi splitting

Let us first discuss in detail the renormalization of the observed
polariton frequencies w. and especially the Rabi splitting R. Here,
we define the Rabi splitting as R = ming —a, (0 — w-), and we
denote the value w. — w, at which this minimum is obtained

100

107!

-2 0 2
b) (Wc - Wm)/gN

FIG. 4. Polaritonic spectrum S”(w) for (a) Q = 0.9 and gy = 7w,, and (b) Q=5
and gy = 3.5w,,. In (a), the gray dotted lines denote the position of the polariton
peaks, while the black dashed line represents the detuning dz on which the Rabi
splitting R is determined. We set S = 1, gn/xc = gn/ks T = 3.5, and the dissipation
rate of the electronic transition /gy = 0.01 in both the panels.

a) ("J(‘ - Wm,)/g}\“'
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by dr. To avoid ambiguities, we only look at parameter regimes
where the vibrational sub-peaks are suppressed. For instance, in
Fig. 4(b), it is unclear how the Rabi splitting should be eval-
uated. This is rarely a problem in experiments with organic
molecules.

We show in Fig. 5(a) how such an “experimentally inferred”
Rabi splitting depends on the temperature T, vibration quality factor
Q, and Huang-Rhys factor S. As in the case of the coupled oscilla-
tor model, the Rabi splitting depends on the molecular linewidth.
For example, R increases with an increasing temperature, which
may be attributed to the increase in the overall linewidth. How-
ever, the molecular line shape plays an important role. In Fig. 5,
we have chosen two pairs of values for S and Q so that there are
two different effective linewidths indicated by the solid and dashed
lines. These linewidths are determined as the full width at half max-
imum (FWHM) of the absorption profile Re(-A). We find that
the Rabi splitting is closer to the value expected from the coupled
oscillator model (2gn without any dissipation) with larger quality
factors Q.

Contrary to the coupled oscillator model, the vibrational dis-
sipation affects the relative position of the polariton frequencies to
the uncoupled eigenfrequencies wy and w,. It is especially evident
when the vibrations are of low quality. This follows from our def-
inition of P(E): If the vibrations are very dissipative, P(E) becomes
centered around E = 0 because a vibronic peak at E = +n@, has
the width of ny/2. Consequently, the absorption function A(w — wm
+ Swy) in the response function and thus the absorption profile is
peaked at w = wy,, — Sw,. This results to a shift of Sw, of the polariton
peaks, which is most clearly seen as a shift in the local minimum
of the polaritonic spectrum (see Fig. 2). If the vibrational quality

1.0
@rennnrrmanrree °
Z 09 A PO
> 0 ®
Q ‘..‘. __._...---.........
& 08 A ._..--0""
0.7 4
a) T T T T
@ 0=215=2 Q=14,5=2
0.0 ® Q=4,5=3 Q=092,5=1
3 05 7
~
S
S
—1.0 +
—1.5 T T T T
b) 0.5 1.0 1.5 2.0
kBT/UJU

FIG. 5. (a) Rabi splitting R and (b) the corresponding detuning dg as a function
of the temperature. The values of Q and S are chosen so that the absorption pro-
file's linewidth at kg T = w,, is approximately equal for the circles and the crosses
(97w, and 6.2w.,, respectively). The temperatures are chosen so that the
spacing between inverse temperatures is constant and each point corresponds
to a different number of Matsubara modes. Here, gy = 7wy, ke = 2w.,
%©=0.01w,.
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factor is very high, Q > 1, then w = w,, becomes again the absorption
maximum.

An interesting consequence of the renormalization of polariton
frequencies is that the detuning 6z between the bare cavity mode
and the molecular exciton at which the Rabi splitting is determined
changes. This change is plotted in Fig. 5(b) as a function of temper-
ature. A part of the shift in the detuning by the vibrations is caused
by the renormalization of the absorption frequency described in the
previous paragraph. However, even if this renormalization is taken
into account, the effect still remains due to the change in the molec-
ular line shape. The frequency range of the change in detuning is of
the order of one vibrational frequency.

B. Linewidths

Next, we consider the issue of polaritonic linewidth. A natu-
ral point of comparison is the coupled oscillator model from which
one infers the rule that the polariton linewidth is the mean of cav-
ity and molecular linewidth, although only at resonance we = wp.
However, when vibrations are present, it is unclear what should
be chosen as the molecular linewidth. One option is the full width
at half maximum (FWHM) of the molecular absorption spectrum.
Another option would be to deduce the value using a Lorentzian
fit. We choose the former method because of its simplicity. Like-
wise, we use FWHMs as polariton linewidths. To this end, we
choose larger Rabi splittings so that the polariton peaks are clearly
separated.

In Fig. 6(a), we compare the polariton linewidths in the cases
where the molecular broadening is Lorentzian (orange) or mostly
caused by vibrations (blue). We observe that the vibrations change
the detuning dr at which the upper and lower polaritons are of equal
width Ty = T_. Since at w; = w, we have I'y > T, as is well estab-
lished, it is not surprising that dr > 0. The same effect may be seen
in the ratio of upper/lower polariton peak intensities in Fig. 6(b),
although to a much lesser extent. Together with the change in the

Peak height ratio

—0.5 0.0 0.5 —0.2 0.0 0.2
a) (Wu - wm)/gN b) (Wu - Wm)/gN

FIG. 6. (a) Estimated polariton linewidths T'.. [the solid (dashed) line represents
the lower (upper) polariton] and (b) the ratio of peak intensities of the upper and
lower polariton as a function of detuning. The insets show the polaritonic spectrum
S7(w) corresponding to negative and positive detuning. Here, we have chosen
the effective molecular linewidth (FWHM of absorption) as the dissipation rate xp
in the coupled oscillator model S = 0 (in orange). The parameters are Q = 4,
gn = 10w, ke = 0.2 gy, wolkg T=1, % =0.06w,,.
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detuning &g, it appears that the ratio is below unity, i.e., the lower
polariton peak is of higher intensity than the upper polariton at
the detuning at which the Rabi splitting is determined. This is in
line with the previous experimental and theoretical analysis.'”'****
We also find that the polariton linewidths I's under vibrational
dissipation are in general larger than those of the coupled oscilla-
tor model. In our model, this is a consequence of the absorption
function A whose real part is even more tail-heavy than Lorentzian
distributions.

C. Limits of vibrational dissipation: Overdamping
and high quality vibrations

So far, we have only considered the case in which the vibra-
tions are underdamped and there exists a well defined vibra-
tional frequency. For completeness, we briefly comment the
changes of the polaritonic spectrum induced by the overdamped
vibrations.

The effect of overdamping is that the absorption function
becomes extremely tail-heavy as all the possible vibrational tran-
sitions are fully smeared by the dissipation. Consequently, the
emission-absorption asymmetry causes a very notable asymmetry
to the absorption, which is visible in the orange dashed line of
Fig. 7. Compared to the blue curve that is closer to a Lorentzian
profile, the renormalization of the Rabi splitting becomes very large.
This is similar to what is observed in Fig. 5 for low Q values. The
change in the polariton line shape is also notable but difficult to

quantify.

(W — W) /wy

FIG. 7. Three examples of different line shapes that follow from the P(E) theory to
(a) the polariton spectrum and (b) absorption profile with the change of parameters.
The blue line represents a Lorentzian-like case in which the vibrational dissipation
dominates. The orange dashed line is in the overdamped limit, while the brown
dotted line is in the opposite limit of high quality vibrations. The parameters are
chosen so that FWHMs are the same for each case, approximately 9.1w,,. The
vibrational parameters are S = {4, 1,0.51}, &/w, ={0.01, 0.01, 1.6}, w./ks T
={1,0.56, 1} for Q = {4, 0.3, 15}, respectively. The polariton spectrum is calculated
with gy = 9w,, and /gy ~ 0.11 and the detuning w; = Wy
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We have considered here mainly the cases in which the vibra-
tional dissipation is in fact the main source of dissipation. However,
it is possible that the vibrations are of very high quality, but there
is a large dissipation rate of the electronic transition. In our model
with only a single vibrational mode, this appears to be the only way,
which leads to a Gaussian-like absorption profile. It is the opposite
limit to the overdamped vibrations as the tails of absorption pro-
file become less pronounced than in Lorentzian profiles. The effect
on the results presented in Figs. 5 and 6 is that the values change,
while the trends remain the same. These changes may be inferred
by comparing the brown dotted line in Fig. 7 to the blue line that
represents a Lorentzian-like case: The Rabi splitting is larger, while
the polariton linewidths are smaller than those in the corresponding
Lorentzian case.

V. CONCLUSIONS

In summary, we have presented an analytical model on the
effect of Brownian vibrational dissipation to the polariton spec-
trum in a cavity measurement. Even though our approach is math-
ematically involved, it can provide richer physics than the cou-
pled oscillator model. For most organic molecules, it should work
as a much better approximation. The associated cost is that there
are a few parameters more regarding vibrations whose determi-
nation from experimental data requires more work. However, our
work provides some general checks to which the experimental
data may be compared, such as the different detunings, which
give the Rabi splitting, equal polariton linewidths, and equal peak
intensities.
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APPENDIX: FOURIER TRANSFORM OF exp[J(t)]

Formally, all the Fourier transforms in this work are of the form

1 iEt . iwot=Tlt]
py fdte exp[(a+ibsgnt)(e 1], (A1)

where a,b, wo,T € Rand I' > 0. We use the convolution theorem to
separate the Fourier transform into two parts before expanding the
exponential into a Taylor series. Thus, we have

1 iEt —a—ibsgnt —a — (_ib)n 1 n iEt
— [ dte”e = e —fdtsnt e
=/ > [ arsgn)

n=0 n!
-a [5(5) b b ] (A2)
=e cosb+ —— |,
nE
which holds true when treated as the Cauchy principal value integral.
At this point, we can recognize that formally §(E) = f1(E; 0, 0) and
1/(nE) = gL(E; 0, 0). The second part of the transform is
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1 iE iwgt—
— f dte™ exp[(a + ib sgn t)e "' l"M]
2
0o l n "
SEAT )
n=0 n k=0
where, with the help of the binomial theorem,

n—k
I = a27 fdt(ib sgn t)k exp[i(E + nwo)t — nl|t]]. (A4)

Again, the expressions with even k differ from those of odd k. By
direct evaluation, one can confirm that

1 k .
Efdt(sgn 1) exp[i(E + nwo)t - nTt]]

_ ]'(L(E;—nwo,nl‘), k even (A5)
igr (E; —nwo,nl'), k odd.

This result in conjunction with the convolution theorem leads
directly to the convolution rules of f; and g; in Eq. (14). Further-
more, it can be used in I,'(', which allows us to write expression
(A3) as

Z (1 Z +g1 znj )(Z)a"”‘(ih)". (A6)

n=0 k even kodd

We omit the arguments of f; and g; for brevity. The even and odd
binomial sums may be simplified by the relation

%[(a +ib)" £ (a—ib)"] = %H(Z)a"*k(ib)k, (A7)
kodd

which follows from the binomial theorem. We denote now z = a
+ib= |z|e'6, which simplifies expression (A6) to

oo

Z cos(nG)fL +sin(n6)gL]. (A8)

The last step of convolving the results together is then straight-
forward with the convolution rules and by using the sum rules of
trigonometric functions. Thus, the Fourier transform (A1) is

ey |—‘ [cos(b — n0)fi(E; —nwo, nT)
n=0 M-
v

sin(b — n6)gr (E; —nwo, nl') ]. (A9)

We ﬁnc~l Egs. (17) and (21) of the main text by applying this result to
J+ and Jj.
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Cavity optomechanical systems have become a popular playground for studies of controllable nonlinear
interactions between light and motion. Owing to the large speed of light, realizing cavity optomechanics in
the microwave frequency range requires cavities up to several mm in size, hence making it hard to embed several
of them on the same chip. An alternative scheme with much smaller footprint is provided by magnomechan-
ics, where the electromagnetic cavity is replaced by a magnet undergoing ferromagnetic resonance, and the
optomechanical coupling originates from magnetic shape anisotropy. Here, we consider the magnomechanical
interaction occurring in a suspended magnetic beam, a scheme in which both magnetic and mechanical modes
physically overlap and can also be driven individually. We show that a sizable interaction can be produced
if the beam has some initial static deformation, as is often the case due to unequal strains in the constituent
materials. We also show how the magnetism affects the magnetomotive detection of the vibrations, and how the
magnomechanics interaction can be used in microwave signal amplification. Finally, we discuss experimental

progress towards realizing the scheme.

DOI: 10.1103/PhysRevB.104.214416

I. INTRODUCTION

In cavity optomechanical devices, the radiation pressure
force mediates an interaction between mechanical modes
and photons [1]. This has led to several developments, both
fundamental and applied: ground-state cooling [2,3] and en-
tanglement [4,5] of mechanical modes, quantum information
storage in the mechanical excitation and interface, e.g. be-
tween superconducting qubits and flying optical photons
[6], sensitive measurements with precision limits given by
quantum mechanics; classical signal processing with tunable
nonlinearities [7-11].

Several implementations of cavity optomechanics have
been considered: mirrors on cantilevers and beams [12,13];
membranes in cavities [14,15]; atomic clouds [16]; beams
and plate capacitors in microwave resonators [2,7,8,11,17,18];
photonic crystals patterned into beams [3].

Recently, the coupling between magnons and phonons has
been considered to obtain an interaction similar to that in
cavity optomechanics, but with the role of photons now played
by magnons [19-22]. The interaction between magnons and
phonons is mediated by the combination of the magnetic
shape anisotropy and the magnetoelastic effect which make
the frequency of the magnon, i.e., the ferromagnetic resonance
(FMR), dependent on the strain. One interesting feature is that
the speed of spin waves is substantially lower than that of elec-
tromagnetic waves, which can offer a much denser integration
of similar functionalities. Moreover, enhanced tunability and
richer interaction suggest additional possibilities for devices
for fundamental studies and applications.

‘We propose and theoretically describe a scheme for mag-
nomechanics that is a direct analog of a basic microwave

“kalle.s.u.kansanen @jyu.fi

2469-9950/2021/104(21)/214416(15)

214416-1

optomechanical system where a suspended conducting beam
is capacitively coupled to a microwave resonator. We con-
sider a suspended ferromagnetic beam that is subjected to an
external in-plane magnetic field. This generates the FMR or
magnon mode which is affected by the vibrations of the beam.
However, as shown below, a simple doubly clamped beam
does not give rise to the desired magnomechanical coupling.
Since the FMR frequency changes as much to upward as to
downward displacements of the beam, the analog of the radi-
ation pressure force vanishes. Such symmetry may be broken
by a static deformation as in Fig. 1(a).

Following Fig. 1(a), we consider a ferromagnetic beam,
magnetized as a single domain and having a rectangular cross
section with width w and height 4. We assume that the coordi-
nate system may be oriented so that the beam displacement is
in the x direction and the beam axis is in the z direction. The
clamps fix the ends of the beam to be in the xy plane parallel
to one another with distance L in the z direction. The external
and static magnetic field H is assumed to lay in the yz plane.
The external field H, fixes the static magnetization My around
which magnons are generated.

The setup with a doubly clamped beam allows for sep-
arate driving of mechanical and ferromagnetic resonance
modes. The measurement scheme is conceptually similar
to microwave optomechanics. The mechanical mode can be
driven by driving a current I; through the beam, assuming
that the beam is conducting, which generates a Lorentz force
f on the beam due to the external field H,. Similarly, the
magnon mode can be driven by a time-dependent magnetic
field h, for instance, generated by a microwave antenna. These
schemes are commensurate with the typical reflection and
transmittance measurements performed with vector network
analyzers. Moreover, the separate control over mechanics and
magnons opens a perspective to signal transduction.

©2021 American Physical Society
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FIG. 1. Schematic drawings of a doubly clamped magnetic beam
with a static deformation. (a) A three-dimensional perspective draw-
ing of a static suspended beam with several useful definitions (see
main text). (b) A simplified view of the deformation of the beam
axis from the y direction. The gray dotted line represents the static
deformation u((z) and the blue solid line the total displacement
u = ug + u; that includes the time-dependent vibrations u;. Here, 7
and 7 are tangent and normal vectors of the beam, corresponding to
the local direction of the current I, and the force f, respectively.

In contrast to recent experiments [19,22], this setup does
not require a cavity to hybridize with the magnon mode,
lessening the physical size of the magnomechanical system.
Also, it does not require any magnetic field gradients as in a
few recent theoretical works [20,21]; the fields Hy and h are
here considered to be homogeneous in space.

Magnomechanics is in many ways similar to optomechan-
ics but there are several points of distinction. In the setup of
Fig. 1, it is possible to modulate the optomechanical coupling
by tuning either the strength or the direction of the exter-
nal magnetic field H. This in turn changes the response of
the system to driving. We also focus on a feature unique to
magnetic systems: magnetic hysteresis and its effect on the
magnomechanical coupling.

The layout of the paper is as follows. In Sec. II we derive
the magnomechanical Hamiltonian for a statically deformed
beam. In Sec. III we describe the driving of the mechanical
and ferromagnetic resonances which is used in Sec. IV to
describe possible experiments for the system. Section V dis-
cusses the first steps towards implementing a doubly clamped
magnetic beam as a platform for magnomechanics.

II. MAGNOMECHANICAL HAMILTONIAN

To motivate the upcoming discussion, let us discuss the
optomechanical Hamiltonian in detail. The simplest deriva-
tion of optomechanics follows from the assumption of a
cavity, described by a bosonic mode ¢, whose eigenfrequency
. depends on the position %, of some mechanical mode b

(e.g., a mirror connected to a spring). The typical optome-
chanical Hamiltonian is then obtained by an expansion of the
cavity frequency to first order in the position Xj:

Hopim = homb'b + hoo()¢7¢
~ hwub'h + hwe’e + higoee(dt + b), (1)

where w,, is the eigenfrequency of the mechanical mode. The
constant go is called the optomechanical coupling and the
corresponding term describes the radiation pressure force.

A similar mechanism can be found in ferromagnetic
systems. Then, the cavity is replaced by a ferromagnetic reso-
nance (FMR) and ¢ corresponds to a magnon mode. There are
at least two distinct physical mechanisms that allow the FMR
frequency to depend on a mechanical mode: On one hand, it
is well known that the shape of the ferromagnet affects its
FMR frequency [23]. On the other hand, the magnetoelastic-
ity directly changes the ferromagnetic dynamics, providing
an extraneous anisotropy field [24]. Therefore, the relevant
mechanical mode b is the vibration of the ferromagnet itself.

In this section, we start by describing the mechanical and
ferromagnetic dynamics of a deformed beam from which we
derive the magnomechanical coupling that corresponds to g
in Eq. (1).

A. Mechanical dynamics

We describe the deformations of the beam in Fig. 1 within
the Euler-Bernoulli beam theory that is typically used to de-
scribe beam dynamics, even in the nanometer scale [25]. In
order to describe the large static deformation [A < max uy(z)
in Fig. 1(b)] and vibrations around it, we include in the
Euler-Bernoulli equation nonlinear terms that are typically
neglected [26,27]. We assume that the beam material is
homogeneous and isotropic. Then, vibrations in different
directions do not generally couple, and the following anal-
ysis can be done separately for vibrations in the x and
y directions. However, it turns out that the static defor-
mation is needed for a finite magnomechanical coupling.
In the following, we thus neglect the beam dynamics in
the y direction. We also neglect shear modes, that is,
modes where the displacement in the x direction depends
on y, assuming that the width w is appreciably smaller
than the length L. These assumptions are consistent with
the actuation scheme of Lorentz force in Fig. 1. Without
any external force, the beam displacement u(z,t) in the
x direction obeys the equation [27,28]

P A P L W T 0% s
PG TERA T T o ), 5z ) ez

where T is the initial tension, p is the mass density, E the
Young modulus, A = wh the area of the beam with a rect-
angular cross section, and I, = wh®/12 the corresponding
bending modulus. Here, the terms on the right provide the
nonlinear corrections related to tension whereas the usual
Euler-Bernoulli kinetic and stress terms are on the left.

In order to describe the initially buckled beam and the
flexural vibrations around it, we choose an approach similar
to Ref. [28] and discuss it briefly here. Further details can be
found in Appendix A.

214416-2



MAGNOMECHANICS IN SUSPENDED MAGNETIC BEAMS

PHYSICAL REVIEW B 104, 214416 (2021)

A static deformation of the beam can be caused by a com-
pressive stress that is, for instance, due to an external force
on the clamping mechanism or due to the fabrication method
of the beam. Here, we assume that this compression may be
described by a negative tension 7p < 0 in Eq. (2). We then
divide the total mechanical deformation u into a static and
dynamical part (1o and u,, respectively) as in Fig. 1(b) and
assume that the dynamical deformation is small, that is,

u(z,t) = up(z) +ur(z, 1), ur K up. (3)

This allows for an expansion of the nonlinear Euler-Bernoulli
equation (2) in the powers of u;. Together with the boundary
conditions of a doubly clamped beam for both the static and
dynamic deformations (9, denotes z derivative)

up;1(0) = uo/1 (L) = 0;ugy1(0) = d,up/ (L) =0, (4)

the mechanical system is now fully described.
The static deformation 1 is solved from the zeroth-order
equation in u;. We find a particularly simple expression
1 —cos(2mz/L)

uo(2) = Uy - (&)

where the parameter u,, gives the displacement at the midpoint
of the beam as uy(L/2) = u,,. This is also the point of the
largest displacement. There is a one-to-one correspondence
between u,, and the negative tension 7y, which is why they
can be used interchangeably.

From the first-order equation for the dynamic deformation
u;, neglecting the terms that are of second order in u;, we can
then find the flexural eigenmodes y, and the corresponding
eigenfrequencies w,. These do not admit to simple expres-
sions but a numerical solution is readily available [29]. We

. . . N 2
find that the dimensionless eigenfrequencies @, = % '27”50,,

are determined by the ratio of the largest static deformation
to the height of the beam u,/h. Especially, the eigenfre-
quencies of symmetric eigenmodes (n =1,3...) increase
with u,, /h while the eigenfrequencies of antisymmetric modes
(n=2,4...) are constant (see Fig. 7 in Appendix A).

With the assumption of small dynamical deformation, the
general solution can be expressed as a superposition

(2, 0) =Y x()xn(2) (6)

with the dynamical amplitudes x, and eigenmodes yx, normal-
ized as fOL XnXmdz = L&;;. This in turn gives the mechanical
energy

2
Hoe=Y | 2oy 1 22 %)
mc - 2m 2 n’n |’

where the mass is given by m = pLA and the momentum by
pn = mx,. Then, we can quantize the harmonic oscillators as
usual:

%, = <M B + b, (8a)

~ 1. i,

b — (™) <x,, - p,,), (85)
where x2™M = /=JL_ g the zero-point motion amplitude and

Ej,, l3n are boson operators for each mode n.

B. Ferromagnetic resonance

We describe the magnetization M and the magnon mode of
the beam in Fig. 1 assuming that it is magnetized as a single
domain, similar to the Stoner-Wohlfarth model [30]. The mag-
netization is driven by an effective field H.y that takes into
account the external magnetic field H, the demagnetizing field
H g, the magnetoelastic field H ., and intrinsic anisotropy
field H ,, [31]. We consider the magnetization almost uniform,
adiabatically following the beam geometry, and that the mag-
net is in the Landau-Lifshitz-Gilbert regime where |M| = Mg
with My being the saturation magnetization. For the external
magnetic field H, we consider a strong static component
H and a perturbation h oscillating at a frequency close to
the ferromagnetic resonance (FMR) frequency wg, although
the latter plays a role only in the following section. Equiva-
lently, the magnetization dynamics can be obtained from the
magnetic free-energy density within the beam

,F:—/LoH'M+fdm+-Fme+-Fan’ (9&)

8
Her = ——— 3 FIM). b
poH eff SM/dX}—[] (9b)

To obtain the total magnetic energy, the free-energy density
F must be integrated over the beam. Next, we describe the
terms in the free-energy density in detail for the deformed
beam. We first discuss the results arising from the assumption
that there are no vibrations in y direction (meaning that the
displacement u is only in x direction and it is a function of z).
Then, we return to assess this assumption.

We calculate the demagnetizing field Hyy in the thin
plate limit 7 <« w < L, which allows us to neglect the size-
dependent terms in the demagnetizing field. It is obtained
by requiring the continuity of the H-field components par-
allel to the beam, that is, H, and the tangent field H, =
[H,0,u(z) + H.]1/+/1 + (8,u(z))?, and the continuity of the B-
field component normal to the beam, that is B, = [-B, +
B.3.u(2)1/+/1 + [0.u(z)]*> (see Fig. 1), where B = puo H"
outside the beam and B = (H™ + M) inside. The demag-
netizing field H g, is within the beam and, thus, we set H*" =
Hand H"=H +H am- Then, up to the second order in du,
we find its components

HI™ = —M,[1 — (0.u(@))’] + M.3.u(z),  (10a)
H{™ =0, (10b)
HI™ = M, d.u(z) — M-(3:u(2))° (10¢)

from the continuity conditions. The corresponding free-
energy density is given by
2

Fam _ My M M.9.u(z) + l(M,2 - M})(@u())*. (11)

Ho 2 20"
It describes a hard axis parallel to 71, the (position-dependent)
surface normal to the beam. Since we have to integrate the
free-energy density due to the demagnetizing field over the
beam volume, the component proportional to d.u(z) disap-
pears in the case of a doubly clamped beam due to the
boundary conditions u#(0) = u(L) = 0 [32]. Moreover, for a
small deformation the averaged surface normal aligns with the
x direction, which is why the x axis is a hard axis for a uniform
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magnetization. This means that for an in-plane magnetic field
considered below, the magnetization also lies in the yz plane.
On the other hand, deformations provide a position-dependent
correction to this hard axis. These corrections are sensitive to
vibrations and thus provide one contribution to the magnome-
chanical coupling.

In general, the magnetoelastic free-energy density is given
by [24,33]

By
Fine = 8
2

(Mféxx + Mfeyy + Mze)

2(M Myeyy + MM.€,. + M\M.€,.),  (12)

where B; and Bz are the magnetoelastic coupling constants,
and the strains ¢;; are given in the nonlinear Euler-Bernoulli

theory by [26,34]
1{ ou; + ou; n ouy Ouy (13)
€j == — —— .
T2\ 0y Ax ax; dx;

Here, u; are the components of the general displacement vec-
tor at a given point. The last term in ¢;; is neglected in the
linear elasticity theory but is here of importance.

Let us then consider, for convenience, the average of Fy,e
over the beam volume and denote it by Fine. Since uy = u
and u, = u; = 0, only the derivatives d.u and d,u are finite.
Moreover, setting dyu = 0 for now, only €, and €, are finite.
However, in the process of averaging over the beam volume,
we encounter the same situation as in the demagnetizing
energy: first-order terms d,u average out due to boundary
conditions. Thus, we find

= dx3 Bl
me = | ——Fme = —5MZE, 14
Fme / LA]: M} a4

with the definition of averaged strain

1 1
€. = z/dzezz =57 /dz(a u)’. 15)

Note that the total demagnetizing energy is also proportional
to €, due to the last term in Eq. (11). Moreover, by using the
expansion (3) of the displacement u into a static deformation
and dynamical vibrations, the average strain can be expanded
to first order by &, ~ & + &l with

1 L
eV =— [ dz(d.u)’ (16a)
= oL J, 0
e = ! Ld (3.10)(d,u1) (16b)
= T A 2 (0zup)\o Uy ).

Using the solution of the static deformation in Eq. (5),
(u /L) Here, we expect that u,, < L,
meaning that e(o) << 1.

Finally, we assume that the magnetoelastic and demagne-
tizing fields dominate over the intrinsic (crystal) anisotropies,
that is, the total free energy of the intrinsic anisotropies is
small compared to the described free energies and may be
neglected. At least, such an assumption is valid in the case
of a polycrystalline magnet. This assumption may be lifted
straightforwardly in favor of a specific crystal anisotropy

we obtain e(o) =

model; however, difficulties may arise when trying to take into
account the possible direct effect of elasticity on the intrinsic
anisotropies.

The average magnetic free-energy density, with the as-
sumption of the displacements only in the x direction, is

F = —M()H M + 7M2_M

+roM; /2 + ILO(MZZ -

The addition of beam vibrations in the y direction only pro-
vides an additional term to &, that is proportional to (Bzu),)z.
However, such term does not provide the correct form of
optomechanical coupling as in Eq. (1): it is second order in the
position operator. In contrast, the contribution of vibrations
in the x direction around the static deformation ug is linear
in position because of the expansion in Eq. (16) and &{.
Finally, we note that if d,u # 0, both €,, and ¢,, are also
finite. Without a static deformation in the y direction, &,
does not provide magnomechanical coupling but €,, will via
the nonlinear term (dyu)(9d.up). Similar terms would appear
from the demagnetizing field. Typically, such shear terms
are neglected in optomechanics: this is justified if the beam
width is much smaller than its length, or that only modes
without shear are actuated. We follow the same assumption in
this work.

We treat both cases of the metallic and insulator ferromag-
nets (e.g., a two-layer beam with a ferromagnetic insulating
layer and a metal layer). To do so, we can observe that the
current induced by a static field H and the flexural dynamics
gives rise to a negligible screening effect for a thin film.
Furthermore, the wavelength of the driving field &, corre-
sponding to a frequency close to the ferromagnetic resonance
¢/w ~ 107! m, is much larger than the characteristic dimen-
sion of the typical micrometer-scale beam and, since we do no
make particular assumptions on k, we can write the quasistatic
approximation

M2)e,,. a7

VxHy~0~V xh, (18)

provided that we consider the screened h in the conducting
case.

Next, we derive the quantum mechanical Hamiltonian for
the magnon mode assuming a static deformation of the beam.
We express the magnetization as M = My + m, where M
provides the direction of the static magnetization in the pres-
ence of a static external magnetic field Hy and m is the
deviation to be quantized. By using the assumptions of a
single domain magnet and the external field in the yz plane,
we have the situation depicted in Fig. 1:

Hy = Hy(cospZ+sing$), My = Mg(cos6 Z + sin6 9).

19)

That is, the magnetization M|, is also in the yz plane, mean-
ing that the static deformation of the beam does not remove
the hard axis in the x direction. The magnetization angle 6
depends on the direction and size of the field H. This depen-
dence results from the competition between the external, the
magnetoelastic, and the demagnetizing fields, as the angle 9 is
determined by the free-energy minimum from Eq. (17). Aside
from the global free-energy minimum, there can exist a local
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minimum corresponding to a metastable magnetization con-
figuration. This describes magnetic hysteresis. Furthermore,
the ferromagnetic resonance frequency depends on the effec-
tive field and, then, on &, giving rise to an optomechanicslike
coupling. The magnetic anisotropy related with the strain also
provides a coercive field which in the case of a magnetic field
perpendicular to the beam is H. = 2|By/(oM3) + 1€ Ms.
For further details, see Appendix B 1.

We assume a Kittel-type magnon mode m that is spa-
tially uniform in the ferromagnetic beam and neglect the
dynamics of finite momentum magnons. This follows from
the magnon driving setup: we assume that the magnetic field
h is homogeneous in space and, thus, the spatially uniform
mode is dominantly excited. In practice, however, the finite
momentum magnons provide an effective thermal bath for
the vibrations and the spatially uniform magnon mode. The
spectrum of such a bath would then depend on the external
magnetic field.

The quantum magnetization Hamiltonian can be obtained
by substituting the Holstein-Primakoff relations in the total
magnetic energy H,,, = [ dx*F = LAF (see Appendix B2).
Choosing the reference direction 2’ along the static magneti-
zation M (£ = cos 6 2 + sin 6 $), we can expand and get

h
M. = Ms— "Ziti, (200)
LA
My = mgpoit, M_ = mzpgitt’, (20b)
where mzpq = Zﬁz’fs and y is the gyromagnetic ratio.

The quantized magnetization components M, and M, =
%(M+r — M_) are related to those in the free-energy den-
sity F in Eq. (17) by a rotation of the angle # about the
x axis which leaves the x component invariant, M, = M, =
TMy +Mo).

Without considering the driving terms & and the coupling
with the flexural dynamics eg), the magnetic Hamiltonian

reads as, to the leading order in 1/Mj,

n F 20+ e
= o+ — m i R
W 1 2 3 7
where
MS O
w) = yuo| Hycos(gp — 0) + — | — 3eDy noMs cos® 0,
_ YB3 00 1 2
v (3 cos? ), (22a)
M. B
wy = VHO?S - é(o)g sin? 0
-0y poMs(sin® 6 + 1), (22b)
2y Mg B
w3 = —@[659)( ! +M0Ms) sin 26
mzpQ e M
+ woHy sin(¢p — 9):|. (22¢)

The term proportional to /' 71 is the sum of four com-
ponents: one coming from the external magnetic field Hy,
the second and third from the hard axis, and the last from

the magnetoelastic coupling. On the other hand, @, does not
depend on the external magnetic field. This is a consequence
of the assumption that H is parallel to the yz plane. Finally,
the linear term w3 does not depend on the x-hard axis strength
which is quadratic in M, in Eq. (17).

H,, is a highly tunable quadratic Hamiltonian which could
be relevant in the continuous-variable quantum information
processing [35]: the hard and easy axes produce a controlled
squeezing. This leads to entanglement between the spins in the
magnetic material [36]. Recently, it has been suggested that by
tuning the frequency w; close to w, and coupling the magnon
system to a microwave cavity, a magnon Schrodinger cat state
(superposition of two coherent states) could be observed [37].
The fact that the magnon Hamiltonian is often not diagonal
(i.e., ﬁm = hwgm' 1) should also have other signatures, e.g.,
in the shot noise of ferromagnet-conductor systems [38].

Let us diagonalize the Hamiltonian (21). For this task,
it is useful to introduce dimensionless quadrature operators
% = (" +10)/v/2 and p,, = iGi" — 1i)/+/2 (the subscript
indicates the corresponding bosonic mode). The Hamiltonian
(21) may be expressed as

H, ] +wy ) —

Fln _ 1 5 2x’2n + 1 5
The diagonalization is achieved by first displacing p,, and
then scaling both %, and p, properly. That is, we define
a new bosonic operator [ so that it has the quadrature
operators p; = A/c(pm +d) and % = 3X,//c where ¢=
\/(a)l —wy)/(w) + @) and d = w3 /(w; — wy). In the valid-
ity range of the Euler-Bernoulli theory éﬁ?) « 1, we generally
find that ¢ < 1. Thus, we call ¢ the sdueezing factor. The
variance of p; is smaller than the variance of p,, by a factor
of ¢; the corresponding factor is 1/c > 1 for the variances
of %; and &%,. The diagonalized Hamiltonian is then given
by H,, = hiwgltl where the FMR frequency wx = v a)f - a)%
may be expressed as

r
252+ w3 (23)

ok = ypolHo cos(6 — §) + M. cos(26)]*

—2eD)Ms + M. cosz(Q)]%.
24)

x [Hocos(®@ — ¢) + (1

Here, M, = —2e0( B'z_ + 1)Mg = +H,. describes the
anisotropy energy due to magnetoelastlc and demagnetizing
field terms. The sign of this term depends on the relative
magnitude of the two effects in the typical situation with
By < 0. The corresponding bosonic transformation is
given by

~ N . . + -

g_ _ 1 w1 +1
= 2 wg '
Note that without strain, i.e., e«’) =0, we obtain wgx =
y o/ Ho(Hy + Ms) as expected Whlle ¢ = «/Hy/(Hy + Ms)
and d = 0. Therefore, the squeezing is inherent to the magnon

system and produced by the out-of-plane hard axis while the
displacement is due to the static deformation.

(252)

(25b)
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80
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Um/h

FIG. 2. The mechanical mode parameter B, as a function of the
static bending parameter u,, divided by the height /4 of the beam for
the three first n = odd modes.

C. Magnomechanical coupling

By introducing the flexural component of the strain &}’ via
Egs. (6) and (16) and replacing € in Eq. (22) by the full ..,
we have both a magnomechamcal and linear coupling.

The magnomechanical interaction Hamiltonian reads as

f?mm =h Z(g:‘le - g(rj,m
n

ity + i MsLA in? 6
+w5m29_ MsEA o2 S
hy 2

)b}, + En)[ﬁ’ﬁl’h(?) cos’6 — 1)

(rrﬁ)2
—h SO = T 41,
ACE >[ L
(26a)
_ hx“™ y B,
e _ B, —, 26b
o = P (26b)
d _ XZPM
&' = Pu—p 5y 1oMs, (26¢)
_ L [t
Bi=1 / d2(0-00) (0. ). (26d)
0

where g™ and gi™ refer to magnetoelastic and demagne-
tizing coupling, respectively. From the dimensionless mode
parameters B, we get a selection rule: only the modes with
oddn = 1,3, ... corresponding to even mode functions give
rise to a coupling. In Fig. 2, we plot B, for the three lowest
even modes as a function of the static bending parameter u,,.
We note that the change in the eigenmode shape y, is as a
function of u,, so drastic that, at certain points, x, becomes
orthogonal to the static deformation uq (for further details, see
Appendix A). At these points, the magnomechanical coupling
vanishes. Also, rather surprisingly, there is no clear hierarchy
of the parameters B, but rather, they depend strongly on the
static deformation. It may hence be that a higher-frequency
mode couples stronger to the magnetization dynamics.
There is also a linear coupling

m— Z;IL—FA
—th”) \/E sin 26, (27a)
_ h M
¢ = B Ty oM. (27b)

V1212 mzpg

]\,{9‘)‘

Y ——

9 4 H - orro0°
L] iH

T

dm

= 37
~
g
RS 0
— Hy=0.4H,
-3 1= Hy = 06H, ~
— Hy=5H,
76 -
Hy = 50H,
T T T T T
0 30 60 90 120 150 180
o (%)

FIG. 3. Magnomechanical coupling constant g, , as a function of
the external field direction ¢. The different curves represent different
magnetic field strengths Hy, characterized by the coercive field H, at
¢ = 90°: the dotted lines correspond to the metastable magnetization
configuration when H, < H.. Note that this metastable state does
not necessarily exist for all ¢. Here, we set u,,/L = 0.1 and B, =
—0.6u0M§ so that 50H, &~ M. The inset shows the corresponding
hysteresis curve for ¢ = 90°.

It also depends on the mechanical mode parameter B, and
is directly proportional to the coercive field H. = | M| mea-
sured perpendicular to the beam. In this work, however, we
concentrate on a situation in which the FMR and mechanical
frequencies are strongly detuned and the linear coupling will
therefore play no further role.

Note that the interaction terms in Eqgs. (26) and (27) are
written in the original nondiagonalized basis, and therefore are
not yet the relevant ones for magnomechanical measurements.
Using the transformation (25) allows us to write this in the
diagonal basis. Neglecting doubly rotating terms, the result
for the magnomechamcal coupling Hamiltonian is Hym =
nY, em ,l(b,z + b)ITT with

1
2(gre — &) (c cos? 6 + — cos 29) —2egi™. (28)
c

The squeezing factor

Hycos(0 — ¢) + M. cos(20)
C =
Hycos(0 — ¢) + (1 — 262(?))M5 + M. cos?(9)

depends on the direction of the magnetic field in a nontrivial
way which is why the magnomechanical coupling depends
not only on the direction of the field, but also its precise
magnitude setting the direction of the magnetization. More-
over, the magnitude is different for the stable and metastable
magnetizations for fields below the coercive field.

We illustrate the dependence of the magnomechanical cou-
pling on the magnetic field direction in Fig. 3, assuming that
the z axis is a hard axis (|By] < MOMSZ). ‘We observe that, in
general, as the magnitude of the external field Hy is increased,
the magnomechanical coupling decreases. Focusing on the
angle ¢ = 90°, the magnomechanical coupling changes sign
as a function of the external magnetic field strength Hy and ap-
proaches the value g, , — —2g3¢ as Mg/Hy — 0. Lastly, we
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FIG. 4. Magnomechanical coupling constant g,,, as a function
of the external field direction ¢ that is otherwise identical to Fig. 3
except we set B| = —1.4MOM§. With this value, the coercive field at
90° remains the same but the z axis becomes an easy axis, changing
both the hysteresis curve as well as the magnomechanical coupling.

find that Hy = H,/2 represents the point where the metastable
magnetization ceases to exist for some values of ¢. For ex-
ternal fields Hy that are between H,/2 and H,, this shows up
in the magnomechanical coupling as divergences; it should be
noted, however, that the free-energy barrier is very small at
these points.

An interesting consequence of our choices for the magneti-
zation free energy is that there are always two values of B that
correspond to a given coercive field H,. This changes the mag-
nomechanical coupling constant as shown in Fig. 4. There,
the magnetoelastic energy is negative (B; < 0) and dominates,
that is, |B;| > quf. At the same time, the z axis becomes an
easy axis. Thus, a hysteresis measurement separates these two
situations with the same coercive field; see the insets of both
Figs. 3 and 4 which describe the hysteresis curves obtained for
an external magnetic field pointing perpendicular to the beam
at ¢ = 90°.

Finally, we note that interesting physics remains even if the
magnomechanical coupling vanishes, g,,, = 0. In such a case,
a second-order cross-Kerr-type term, i.e., a term quadratic in
the deformation, may remain finite. The situation is analogous
to the “membrane in the middle” optomechanics setup with a
vibrating semitransparent mirror in the center of the cavity
which is proposed as a way of measuring the phonon number
in the mechanical mode [14]. In the doubly clamped mag-
netic beam, such terms are always present as discussed below
Eq. (17). Interestingly, they can be finite without (1y = 0) and
with the static deformation. The strength of the cross-Kerr
terms may also depend on the external field H. Especially in
the beam with a static deformation, there are multiple values
for Hy and ¢ which give g, , = 0 as shown in Figs. 3 and 4.
However, the analysis of the cross-Kerr terms is beyond the
scope of this work.

III. DRIVING INDIVIDUAL RESONANCES

In order to experimentally see the magnomechanical cou-
pling and its effects, it is necessary to consider the ways the

magnomechanical system may be driven. At the same time,
dissipation to the environment is still to be taken into account.
Here, we discuss some general features of the driving while
showing an example of a possible scheme together with a
model for its description using the input-output formalism
[39]. For brevity, we focus only on reflection measurements.

The driving of the magnon mode 7 is achieved by applying
an alternating magnetic field & that is perpendicular to the
static field Hy. Here, it is convenient to choose hk in the
direction of the displacement u, i.e., in the x direction. Then,
h is independent of the direction ¢ of the static field Hy.
This produces an extra term in the Hamiltonian, proportional
to jolh|M, or |h|(# + m'). The coupling rate of a similar
drive is described and measured in Ref. [40]; importantly, it
is directly proportional to the spatial overlap of the magnon
mode and the driving field.

Within the input-output formalism, we do not include such
driving to the closed-system Hamiltonian, but rather assume
that there exists a bath of free electromagnetic modes to which
the magnon mode 72 is coupled. Integrating out these free
modes gives rise to dissipation and the possibility of the bath
exciting the system, either via thermal noise or an external
drive. In the diagonalized frame, the squeezing factor c is
introduced to the coupling between the bath and the magnon
which modifies the dissipation rate.

Since the alternating magnetic field can be produced by
an alternating current, we can readily associate the input and
output fields of the magnon mode to ingoing and outgoing
voltage signals on a transmission line. If we now denote the
driving field by fin, we have the input-output relation lem —
I = \//ZIA in the diagonalized frame. The dynamics is then
determined by

= %[ﬂs, e gi — ek, (29)

where Hy = H,, 4+ Hyn + Hpe is the system Hamiltonian, k
the total effective magnon linewidth, and «, the dissipation
rate related to external driving. In the proposed setup, we
expect that «x,/k < 1 due to only a small proportion of the
external field residing within the beam.

Similar to traditional optomechanics, the mechanical mode
does not necessarily need to be actuated. However, it may still
be driven and characterized, for instance, within the magne-
tomotive scheme [41-43] by utilizing the static field Hy. If
an alternating current I; goes through the beam, a Lorentz
force of magnitude f = I;uo(Hysin¢ + Mgsin6) per unit
length acts on the beam to the direction 7i(z) that is locally
perpendicular to the beam as in Fig. 1(b). We may neglect
the dynamical magnetization in this force as we assume
its characteristic frequency to be much larger than those of
the vibrational eigenmodes. Likewise, the flexural (dynamic
vibrational) modes should have a negligible effect on the
direction 7i(z) and, thus, we can consider only the normal
of the static deformation 1 here. It is possible to find the x
component of the force f,(z), which in turn must be projected
to the eigenmodes x, to determine its effect on the amplitude
x,,. The effective force per unit length on x, is

L dZ L dZ Xn
= [ —xfi= / e (30)
feff fo L f o L T+ (3214())2

214416-7



KALLE S. U. KANSANEN et al.

PHYSICAL REVIEW B 104, 214416 (2021)

It is possible redefine the mass m in Eq. (7) to contain the
integral term; this gives the so-called effective mass [1]. Due
to the mirror symmetry of the static beam, only the symmet-
ric vibrational eigenmodes couple to this force. Note that a
similar analysis holds for the force in the z direction: such
force f, is negligible when d,up < 1 and it only couples to
the antisymmetric vibrational eigenmodes. By changing the
frequency of the drive I;, we may then drive individual flexu-
ral modes on resonance if the vibrations are of high quality.

‘What is then observed is the induced voltage, as the beam
vibrates and thus changes a magnetic flux through a circuit in
the xz plane. This induced voltage is

ou(z)
ot

L
Vemt = moHo sin(q&)/ dz = uoHy sin(¢)LZ;‘cﬂ.
0 n

(€29}

That is, all flexural modes contribute to the voltage. The static
magnetization My may be neglected as it does not provide
a change in the magnetic flux in the first order while the
dynamical magnetization changes at much higher frequency
than the vibrations.

The modeling of the magnetomotive scheme can be done
within the input-output formalism. First, we define formally
the input and output fields for each vibration mode b, by the
usual relation l?,l,oul — l;n,m = m@n where y,, refers to the
total dissipation rate of the vibration mode n whereas y, .
refers to external losses. One may then transform this formal
input-output relation to match the induced voltage in Eq. (31)
by multiplying by HyL sin ¢, using £, o (b, + l;f, ), and taking
the time derivative. These transformations also define new
input and output fields. However, in the Fourier space, these
are linear transformations so we may equally well consider the
original input-output relation, as long as we remember that all
the fields are in fact proportional to sin ¢ and that y,, ., depends
on the force projection on the eigenmodes. The dynamics of
the flexural modes is obtained by

A [N ny i
b, = g[H57 by] — %bn - \/mbn,in (32)

from which it is straightforward to obtain the output l?,l,ou[.

Lastly, it should be noted that there is “cross driving,”
i.e., the different drives exemplified here interact if they are
applied simultaneously. The alternating current /; through the
beam causes a force proportional to 11o|k|l; to the beam. Like-
wise, it causes an extraneous magnetic flux which generates
induced voltage proportional to the magnitude of current ;.
These effects are negligible in most cases with a frequency
mismatch of the magnon and flexural modes.

IV. MAGNOMECHANICS

‘With the magnomechanical Hamiltonian and the scheme to
drive and observe such a system, we may describe an exam-
ple magnomechanics experiment. The wealth of literature on
optomechanical systems can be used straightforwardly due to
the similar form of the Hamiltonian. However, there are a few
issues that are important for magnomechanics specifically.

The relevant magnitude of the eigenfrequencies and dis-
sipation rates of the magnon and mechanical system affect
the possible measurements. As mentioned in the derivation of
the magnomechanical Hamiltonian, we assume that the me-
chanical frequency is much smaller than the FMR frequency
wy, <K wg. These systems are also assumed underdamped,
meaning that for each system the eigenfrequency is larger than
the dissipation rate w,, > y and wg > k. The only question
left is thus whether the mechanical eigenfrequency w,, is
larger than the FMR linewidth « or not. The case w,, > « is
called the resolved sideband regime which, in optomechan-
ics, has allowed for ground-state cooling of the mechanical
oscillator [2,3,44] and amplification of microwave signals at
the quantum limit [45]. This is also the regime of experiments
in Refs. [19,22] performed with microwave cavities and YIG
spheres. However, for many other ferromagnetic materials, it
may be expected that w,, < k. Although the analysis could
proceed either way, we focus on results in this nonresolved
sideband regime where the FMR linewidth « dominates.

Next, we describe in detail an amplification scheme for
microwave signals in the nonresolved sideband regime which
is both theoretically known [46] and experimentally observed
[47] in optomechanical systems. Especially, we focus on the
aspect that is not present in optomechanics: the tunability of
the magnomechanical coupling as well as the magnon eigen-
frequency with respect to the external static field H .

The derivation of the reflection coefficient, often called
S11, follows the lines of Ref. [46]. First, we assume a strong
drive on the magnon system at a frequency w,; and focus on
the deviations around the driven system. That is, we replace
[ — (Jn+ De ' where we identify n as the number of
magnons, in the Hamiltonians of Eqs. (21), (26), and (27),
using the transformation in Eq. (25). Note that the Holstein-
Primakoff transformation gives an upper limit to the strength
of the drive, given by Mg > liyn/(LA). Then, we may neglect
the second-order terms of the deviations as well as the terms
that rotate at frequency w, or faster. The dynamical part of the
Hamiltonian then reads as in the diagonalized frame

As/h=oxlT+) wiblb;+ > Giiky;.  (33)
J J

where %, ; = (Ej + 5;)/ /2 and the effective coupling con-
stant follows from Eq. (28) by G; = 2./ng,. , that s,

1
G;= 4ﬁ|:(g’}‘e ) (c cos? 6 + - cos 20) - cg‘}m].
(34)

The effective magnomechanical coupling is thus enhanced by
the number n of magnons and is tunable by the external field
H), as it determines the direction of the magnetization 6 and
the squeezing factor c.

The response matrix of the magnomechanical system is
obtained by utilizing the input-output equations in the Fourier
space and the transformation between the bosonic operators i
and b ; and their respective quadratures. For simplicity, let us
focus on a single flexural mode j and denote w; = w,, while
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dropping the other subscripts. We find now the linear response

[(w) L n(@)
() Ly (@)
“ =T . R 35
b(w) bin(w) 43
b (w) bit1 ()

where all elements of the matrix 7 may be nonzero (further
details given in Appendix C). Here, it should be noted that
[ is now defined in a frame that corotates with the drive so
the frequencies are defined with respect to the drive frequency
wy. For example, fill(wp) corresponds to an input at frequency
wq + w, Whereas i i . (wp) corresponds to wg — ).

The output ﬁelds are readily obtained from the rela-
tions lout = l,n + JKe [ and b(,m = bm + ﬁb Especially, we
can define now the reflection coefficients for the magnon
and mechanical systems as S{l =14 /k.T1; and S’l’l =1+
/VeT33. Likewise, the transduction coefficients may be de-
fined as S;, = \/k.Ti3 (from mechanics to magnons) and
Sy = /VeT31 (vice versa).

The amplification of the probe signals may be observed
by calculating the reflection coefficient. Assuming that the
magnon dissipation rate « is large compared to w,, and y, we
obtain for wy; = wg and w = *w,,

! Ke G?
Sy =1—-2—(14+— (36)
11 P Ky

for high-quality vibrations w,, > y. Thus, if the coupling
G is large enough, we find |S},| > 1. At the same time,
the mechanical response is sharply peaked at approximately
Om ~ w,;, — Re A where
; 2
Ao o, AG ! 37)
[l(wm + a)m) - ,][AZ + (libm - %) ]

and A = wg — w,. This change in the resonant frequency
corresponds to the optical spring effect of optomechanics. At
this frequency, the reflection coefficient for the force driving
the mechanics is given by S, =1 — y./(% 4+ Im A). Thus,
the current through the beam may be modified by the mag-
nomechanical coupling.

The reflection coefficients for different angles ¢ of the
external field Hy are graphed in Fig. 5. With the chosen
parameters, the effective coupling constant (34) vanishes at
¢ ~ 43° (see also the orange line in Fig. 3) and, thus, the
responses match those of the uncoupled systems (blue line).
It would be possible to obtain larger values of the coupling
constant with values ¢ ~ 0 but, as discussed in Sec. III, this
would not be commensurate with the magnetomotive scheme
for which the input and output amplitudes depend on sin ¢.

V. EXPERIMENT ON A MAGNETIC BEAM

Already in some experiments, magnetic beams and can-
tilevers have been considered [48-50]. Here we demonstrate
successful fabrication and characterization of a magnetic
beam made out of CoFeB, which exhibits a large magne-
tostriction, and is promising for the upcoming magnomechan-
ics experiments. The beam is a bilayer system, consisting
of nonmagnetic aluminum and the CoFeB layer. Using a

@) ¢ = 30°

2 4 —_— =43
~ - ¢ =90°
93]

1 v,

0 T T T T T

—3 -2 —1 0 1 2 3
(UJ - wd)/wm
1.00
0.98 4
w
0.96
(b)
T T T T T
0.8 0.9 1.0 1.1 1.2
W/ wn,

FIG. 5. Reflection coefficients of the magnon (a) and flexural
(b) systems for three different angles ¢ while the magnitude of
the external field Hy = 5H, ~ 0.1Mj is fixed. In (a), we set A =0
whereas in (b) A = —w,, for all angles. The magnitude of the effec-
tive coupling rate is given by 2\/ﬁg‘}‘“ = 0.8w,,, and the dissipation
rates are k = 15w,,, y = 0.1w,, k./k = 0.1, and y,/y = 0.01. We
choose here relatively low-quality vibrations for visual clarity. Oth-
erwise, the parameters match those of Fig. 3 so that the orange line
there characterizes the angular dependence of the magnomechanical
coupling constant.

combination of electron-beam lithography, evaporation, dc
sputtering, and a lift-off-based process, we first fabricated
the beam structures over a silicon substrate. Subsequently,
using reactive ion etching, we created the suspended bridge
structures. The final fabricated bridges had a length of 50 um
and a width of 10 um. The aluminum layer had a thickness
of 100 nm while the CoFeB layer was 50 nm thick (with
a Ta capping layer of 3 nm). Consequent to the fabrication
steps, an asymmetric deformation is observed in the bridge
at room temperature as seen in Fig. 6. This deformation may
be attributed to a compressive stress owing to a mismatch of
the elastic constants in the different layers. Since the thermal
expansion coefficients of these layers are also different, it
is expected that the compressive stresses observed at room
temperature may be changed at cryogenic temperatures. Nev-
ertheless, as pointed out in the above sections, the presence
of the asymmetric deformation is necessary for providing a
sizable magnomechanical coupling.

We also characterized the magnetic hysteresis of the
suspended beam and found the low-temperature switch-
ing field Hy, = 30mT in the presence of a field in the
y direction, i.e., perpendicular to the wire. This hence corre-
sponds to the case considered in Fig. 3. Using the saturation
magnetization of CoFeB, Mg ~ 1200 emu/cm? correspond-
ing to uoMs ~ 1.5T or yuoMs ~ 42 GHz, this Hg, would
be obtained with éz(?)[l + Bl/(p,ng)] = 0.01 assuming that
|B| < ,ugMé This corresponds to the maximum deformation
u, ~ 0.06L, quite well in line with what is seen in Fig. 6. It
should, however, be noted that the magnetoelastic constant B}

214416-9



KALLE S. U. KANSANEN et al.

PHYSICAL REVIEW B 104, 214416 (2021)
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(on top of bridge)
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Frenchdepth
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FIG. 6. Scanning electron micrograph of a doubly clamped beam
fabricated in our laboratory (see main text for further details). A close
inspection of the beam or bridge segment reveals that the beam is
deformed but its structure differs slightly from the idealized beam
in Fig. 1. The process of reactive ion etching during the fabrication
also leads to the formation of an undercut, further contributing to the
asymmetry.

does not only depend on the material but also on the details of
fabrication [33,51]. To our knowledge, there are no accurate
estimates available in the literature that would correspond to
our system.

The mechanical eigenfrequency may be estimated by us-
ing the solved dimensionless eigenfrequencies in Fig. 7 (see
Appendix A) and, for simplicity, by using the characteristic
values for a beam fully made of aluminum, p = 2.7 g/cm?
and E = 70 GPa. Since u,,/h ~ 20 according to the analysis
based on the switching field, we find that the eigenfrequency
of the first mode is w;/(27) ~ 1 MHz. This corresponds
to the zero-point motion amplitude x?"™ ~ 6 x 10~ m. In
contrast, if u,/h =10, we would find the eigenfrequency
0.5MHz as the conversion from Fig. 7 is given by w, =
(88kHz) x @j.

Finally, let us estimate the expected size of the magnome-
chanical coupling for this setup. Using u,,/h = 20, which
gives the mechanical mode parameter B; ~ 3, we get gi" ~
50 mHz. This is the scale used in Figs. 3 and 4 and depending

400
300 4 n=5 /
5 200 1
100 -
n=2 /
o4 A

T
0 20 40 60 80
U/ h

FIG. 7. The dimensionless eigenfrequencies of the dynamical
mode i;.

on the precise magnetic field the actual magnomechanical
coupling may be somewhat larger. Due to the nonlinear nature
of the Euler-Bernoulli equation used, if the static deformation
was half as large, u,,/h = 10, we would find g‘}‘“ ~ 0.15Hz.
These couplings are comparable to what was found for the
magnomechanical coupling in [19,22] for YIG spheres and
somewhat smaller than the optomechanical coupling in our
setups (e.g., g ~ 100 Hz in [8]).

Experimental preparations on realizing the magnomechan-
ical physics are currently ongoing in our laboratory.

VI. CONCLUSIONS

We present a detailed analysis of magnetoelastic inter-
actions in suspended micromechanical beams made out of
ferromagnetic materials. We find the mechanical vibrations
of the beam, and its ferromagnetic resonance, exhibit non-
linear interactions reminiscent of radiation-pressure coupling
in cavity optomechanics or in microwave optomechanics.
The interaction, however, is more versatile and easily con-
figurable. Part of the interaction arises via magnetoelasticity,
where the vibrations modulate the frequency of the magnetic
resonance. The dominant coupling under typical conditions,
however, is due to demagnetizing field of the beam, which
is affected by the instantaneous shape of the vibrating beam.
The predicted radiation-pressure coupling rates are smaller
than in microwave optomechanics, but still sizable enough
that optomechanical physics such as cooling, amplification,
and lasing are within experimental reach. In comparison to
optomechanics, our system has the assets of a small footprint,
areconfigurable interaction, and a high-power tolerance of the
magnon resonance.
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APPENDIX A: BEAM DYNAMICS

From the nonlinear Euler-Bernoulli equation (2) one can
find a beam configuration that has a static deformation as well
as the eigenmodes in which the beam vibrates [28]. These
eigenmodes depend directly on the static deformation which
is caused in our description by a negative tension 7. That
is, there is a constant compressive stress or “load” which we
denote by P = —T > 0.
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For the following analysis, it is useful to make Eq. (2)
dimensionless by introducing the relations

_ A _ oz EI,
u= |—u, z=-—, = t, (Ala)
I, L pAL*

L2 _ A1/2L4
= 1o, =—=5/
EL"’ EL !

T (Alb)
where f = f(z) is the external force per unit length on the

beam. The dimensionless nonlinear Euler-Bernoulli equation
reads as (P = —1p)

vu  ta [ ] ld_ da\o% -

a2 o +[ 2/0 Z(az) ]azz =7

We set the force to vanish, £ = 0, as we are interested in the

static deformation and the eigenmodes of vibrations around it.

Let us now assume i(zZ, f) = iig(Z) + i (Z, ) where iig >

i) as in the main text. Using this assumption, we may insert

the relation for #(Z, ) to Eq. (A2) and separate the resulting

equation into two by considering the zeroth and first power of

i11. We find that the static deformation # is determined by the
zeroth-order equation which reads as

(A2)

_ 24 -
Ozzzzilo + @7 Ozzidp = 0,

1

=Pt / dz(d;ip)*. (A3)
2 Jo

A static deformation is possible only if @* > 0; otherwise,

ilp = 0 is the only solution. This is known as the buckling

transition.

We may begin solving Eq. (A3) by assuming that & is
independent of uo. If indeed @* > 0, one can provide a general
solution of the differential equation in terms of trigonometric
and linear functions. However, the boundary conditions (4) fix
& = 2m for a single antinode solution which reads as

1 — cos(@z)

2 (A4)

il (Z) =l

the parameter i, = +4. /L 1 is

Here, z fixed self-
consistently by inserting the solution to the definition of
@2. Tt also describes the value ity of deformation in the middle
of the beam z = % Note that P may be removed in favor of
il,, if the condition for buckling P > a@? = 47? holds true.

In the first order of i, its dynamics is described by

drur + dzzzzily + G Ozl — P dzlig =0,  (ASa)

1
B= / dz (0o )(0zity ). (A5b)
0
We can now find the flexural eigenmodes by Fourier trans-
forming ity (Z, f) = i1y (z) e '@’ which gives
agz;zﬁ| + 6{28521/_{1 - (,7)2 ﬁ] = B 85517{(). (A6)

Here, the dimensionless frequency @ is related to the physi-

pib&). The differential equation (A6) is
written so that the left-hand side is the homogeneous equa-
tion while the right-hand side provides the nonhomogeneous
term. It is straightforward to check that setting i1} o 9t

gives a particular solution. Thus, the general solution may be

cal one with w =

written as

i11(z) = Cy cos(8+7) + Gy sin(642) + C3 cosh(8-%2)

. N ity
+ C4 sinh(6_Z) + Cs cosaz, (A7)
where
/Ja* + 402 + a2
gy = VY@ Fawrar (A8)

V2

Here, the terms with C;...Cy specify the solution of the
homogeneous equation.

The constants C = (Cy, G5, C3, C4, Cs) may be fixed in the
following manner: The boundary conditions for i#; give in
total four equations. The last equation is obtained by inserting
the full general solution into Eq. (A6) where we use the defini-
tion (ASb) for B. This set of equations can be rearranged into
a linear equation M,|C = 0, where the matrix M, depends
on frequency @. One can then solve the equation numerically
in many ways: we use the singular value decomposition to
minimize the smallest singular value and use the correspond-
ing vector C belonging into the null space of M. We then
normalize the found solution for i; so that it corresponds to
the eigenmode y,,, that is, fol dzy?=1.

We note that it would be possible to remove Cs by set-
ting Cs = —B/@” which gives the correct particular solution
and, then, self-consistently solve for B. However, the divi-
sion by the unknown frequency is numerically problematic
since values @ = ( are needed. Even with finite frequencies,
this method did not produce orthogonal modes. With the
method described above, we find the eigenmodes x, to be
orthonormal to a reasonable numerical accuracy, meaning that
ﬁ)l Az XnXm = Sum-

In Fig. 7 we have plotted the five first eigenfrequencies.
The structure of eigenfrequencies as a function of the static
deformation u,, is that of crossings and avoided crossings.
We find, as in Ref. [28], that the antisymmetric modes with
n=2,4... do not depend on the static deformation. This
is because the static deformation is symmetric and, thus,
B = 0 for these modes. As u,, increases, there is a crossing
in eigenfrequencies between the symmetric and antisymmet-
ric mode, followed by an avoided crossing with the next
symmetric mode.

A few examples of the eigenmodes y, for different static
deformations u,, are plotted in Fig. 8. In general, we note
that the eigenmodes x, with odd n are changed by the static
deformation while x, with even n remain the same. More
specifically, the first mode x; is plotted in Fig. 8(a). After
the crossing in eigenfrequencies w; and w, around u,,/h ~ 14
the eigenmode x; starts to resemble the third mode at small
u,: it has three antinodes. The same can be observed for
x3 in Fig. 8(c) where the eigenmodes have either three or
five antinodes. On the other hand, the eigenmode x, remains
independent of u,,/h as can be seen in Fig. 8(b).

APPENDIX B: MAGNETIC DYNAMICS

1. Magnetic hysteresis

The static component of the magnetization M can be de-
termined for a given external field H, knowing the saturation
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FIG. 8. Eigenmodes x, for (a) n=1, (b) n=2, (¢c) n=3,
and (d) n=5. Here, u,/h are chosen from approximately
{0.5, 19, 37, 55,73, 91}.

magnetization My, the magnetoelastic constant Bj, and the
static strain EZ(_?).

For simplicity, we assume that the static component of the
magnetic field is parallel to the yz plane: Hy = Hy(cos ¢ Z +
sin ¢ ) with Hy > 0. In this case, the static magnetization M
is obtained by minimizing the magnetic free energy, propor-
tional to Eq. (17) with H = H, and M = M, which is up to
a constant

L 0)).2
Fo = —poHo - Mo+ 1o 3 & M;

By _(0) 142
+Mo< + 1>e§,>M,. (B1)
M0M§ 2z z

In the validity range of the Euler-Bernoulli theory d,u(z) <
1 and E;f,’) « 1, we must have My, = 0. Thus, we can make
the ansatz My = Mg(cosf Z + sinf §) where the angle 6 is
obtained by minimizing

Fo
moMsHy

B M
= —cos(@ —¢) + ( 1 5 +l)—séég)00529.
oMy Hy

(B2)

Since, in general, the magnetoelastic constant B; can be pos-
itive or negative, the solution of 6 depends on this choice.
More precisely, the sign of B;/ ([L()Mg) + 1 determines the
behavior of the magnetic free energy F when H, and £
are fixed and nonzero. In either case, the competition between
the external magnetic field, the demagnetizing field, and the
magnetoelastic field gives rise to hysteresis that is similar to
the Stoner-Wohlfarth hysteresis [30,52].

1.0 1

Va

Fo (arb.)

0.0 1

Increasing H,

705 T T T T T T T
-180 -90 ¢ = 45° 180

0(°)
FIG. 9. The static magnetic free energy derived in Eq. (B2) for
B, > —M0M§ (corresponding to a hard z axis) as a function of the
angle 0, as the magnitude H, of the external field pointing at ¢ = 45°
is increased (orange arrows). The blue line corresponds to Hy = 0.

As H, is increased, the metastable local minimum of F; disappears
and the global minimum approaches ¢.

If B > —/L()Mg, the prefactor of cos? @ term in Eq. (B2)
is positive and, therefore, the z axis is a hard axis of the
magnetic system. The magnetic free energy in this situation
is depicted in Fig. 9 as a function of 6. Without any external
field (blue line), the minima are found at & = £90°. When
the external field magnitude Hy is increased, at first, one of
the minima becomes a global minimum and, eventually, the
second metastable local minimum disappears. At the same
time, the magnetization angle 6 corresponding to a global
minimum approaches ¢ = 45°.

The case with By < —poM? corresponds to an easy z axis,
as the sign of Bl/(/L()Mg) + 1 is negative. Mathematically,
this case can be mapped exactly to the previous hard z axis
case with the transformations 6 — 6 + 180° and Fy — —Fy.
Thus, comparing to Fig. 9, the maxima correspond to the
minima after a shift in 6 in this case.

For ¢ = 90°, i.e., magnetic field perpendicular to the beam,
the problem can be solved analytically. For low fields, the
(meta)stable magnetization directions depend on the sign of
the anisotropy term, i.e., the sign of B;/ (}L()Mg) + 1, because
when this term is positive, the beam axis is a hard axis and
the magnetization prefers to lie along the magnetic field. For
the opposite sign of the anisotropy, the static magnetization
is along the beam for low fields and along the field for high
fields. The coercive field, i.e., the size of the magnetic field
where the second relative minimum disappears is, however, in
both cases

By
2+1

~(0)
€ Ms. (BS)
/loMS

H=2

This field can be accessed in magnetic hysteresis mea-
surements, but it is also related with the size of the
magnomechanical coupling.

In Fig. 10 we show the solution of 6 as a function of ¢
for different external field magnitudes Hy. The magnetization
angle 6 is fully characterized by ¢ and Hy/H, if the z axis
being a hard or easy axis is given [the sign ofBl/(/AoMSZ) + 1].
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FIG. 10. The magnetization angle 6 as a function of ¢. In

(a) By < —poM? andin (b) By > —poM} corresponding to the z axis

being a hard and easy axis, respectively. The dotted lines represent

the metastable free-energy minimum. For H, > H,, the metastable
minimum disappears, and for large Hy we find 6 ~ ¢ as expected.

—180

2. Magnetic Hamiltonian

The magnetization dynamics is given by the Landau-
Lifshitz equation that can be written in the Hamiltonian
formalism [53]

3= . at=— , B4
a laa* da B4
where
M, =Ms — L a*a, (BSa)
LA
2y M.
My = |5 1 Y geaa, (B5b)
LA 2MgLA
29 M.
Moo= [ 1 Y g, (B5¢)
LA 2MsLA
Hye = LAF, My =My £iM, (B5d)

and the conjugate variables are a = (q + ip)/v/2, a = (g —
ip)/~/2. The quantization can be achieved with [a,a'] =
i hi{a, a*} = h, where the braces represent the Poisson brack-
ets. This corresponds to the Holstein-Primakoff bosonization,
where it =: a' /«/i creates a boson.

If we assume My = Mg?% and Hy > h, we can obtain
the linearized Landau-Lifshitz equation by retaining only the
quadratic terms in a, a* in Eq. (B5). After a linear trans-
formation a — @, having the same form as Eq. (25), the
Hamiltonian reads as H,,, = wga*a — (E*Zl + ha* ), where

)/MsLA
2

h = po lhe(Cy — &) +ihy(Cr +¢)1  (BO)

and wg, ¢+ are defined in the main text in Eqs. (24) and
(25). Then, by Fourier transforming @ — e~''a, hyy —

et vy, the dynamic equations for the magnetization

(B4) are
h* wg — W 0 a*
()=("0" u2o)E) @

from which we can see that wg is the FMR resonance fre-
quency.

APPENDIX C: DERIVATION OF THE LINEAR RESPONSE

As in the main text, let us focus on the case of a single flex-
ural mode. Using the input-output equations given in Eqgs. (29)
and (32) with the Hamiltonian (33), we obtain a system of
equations

b & 1,in
Prl=m| P —c| L], (@)
X Xp Xb,in
12 Do DPb.in

where C = diag(\/ke, \/Kes A/Ves o/Ye) is a diagonal matrix
containing the external coupling rates and

2 A 0 0

[ N B 0

M=1 9 0 -2 w | ©D
G 0 —Wp —)//2

where A = wg — w,. The quadrature operators are connected
to their bosonic counterparts by a unitary transformation. Let
us now denote this transformation by U and define it such that

& I 1 1 0 0
ol 0 _ =i i 0 o
5|95 Y= 5 o 0o 1 ) ©
P bt 0 0 —i i

The same relation holds for the input operators. Now, we can
apply the Fourier transformation 2 (w) = [ £ (1)e dt to
Eq. (C1) and use the transformation (C3) to express the linear
response matrix 7 as

T(w) = U (il +M)~'CU, €4

where / is the 4 x4 identity matrix. Due to the complex struc-
ture of the response matrix 7', there are only six independent
components which read as

i/ke[ wn 2 .

Iy, =— D 7G +1Xy(_wm)Xy(a)m)XK(_A) s (Csa)
i /Ke W

T = —Tf?Gz, (C5b)
i/ve G

T =— {EXy(_wm)XK(_A)s (CSC)
iJve G

Ty =— f?){y(wm))(k(_A), (C5d)
LY [A 5 .

I3 = — D EG + IX}/(_a)m)XK(A)XK(_A) s (C5e)
N

=2, (&)
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where x, (@) = i(w — wy) — n/2 and

D = xy (@) Xy (o)X (D)X (—A) — Aw, G (Co)
is the determinant of the matrix iwl + M. The full linear response matrix 7 may now be written as
T (w) Ti2(w) Ti3(@) Tis(w)
I (@) Ti(-o)  Tiw) Ti(-o)
T=1/[2T5@) [“Tu@) Ts@) Tu@) | €N
ST [ETe) The) Ti-o)

That is, the other elements are obtained by conjugation, multiplying by a prefactor /§ and setting  — —w.
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We show how coupling an ensemble of bistable systems to a common cavity field affects the
collective stochastic behavior of this ensemble. In particular, the cavity provides an effective inter-
action between the systems, and parametrically modifies the transition rates between the metastable
states. We predict that for a coupling strength exceeding a certain threshold, the cavity induces
a spontaneous symmetry breaking where the stationary states of the bistable system bifurcate and
the systems coalesce preferentially in one of the states. The effect crucially depends on the distri-
bution of system—cavity coupling strengths. In the case of alternating signs of the couplings, the
bifurcation shows up as a phase separation. Our results are of particular relevance in polaritonic
chemistry where the presence of a cavity has been suggested to affect chemical reactions.

Classical rate theory provides a stochastic framework
for investigations in natural and social sciences [1-6]. It
has been used to describe a wide variety of phenomena
in different fields: the spreading of diseases in epidemi-
ology [7, 8], the growth and decline of companies in eco-
nomics [9] and of populations in ecology [10], and disinte-
gration of radioactive nuclei in atomic physics, to name a
few. In chemistry, rate equations provide a quantitative
way of understanding chemical reactions [11].

There have been several recent indications of chemical
reactions being altered by the formation of vibrational
polaritons, hybrid excitations formed by the coupling of
molecular vibrations to vacuum electromagnetic field of
an optical cavity [12-14]. The vacuum field has been
reported to work both as a catalyst [15, 16] and an in-
hibitor [17-19] in different reactions. However, the cur-
rent theoretical understanding seems to contradict these
experimental results. The conventional approach that
concentrates on the cavity-induced modification of the
individual reaction rates within the transition state the-
ory finds that all the polaritonic effects should disappear
when the number of molecules forming the polariton in-
creases [20-23]. Furthermore, very recently, there have
been reports of failed replication experiments [24, 25],
adding to the confusion.

The cavity effect on the chemistry poses an interesting
stochastic problem, regardless of the current experimen-
tal knowledge on the subject. Its fundamental notion is
that of collectivity: a large number of molecules partic-
ipate in the polaritons. At the same time, the strength
of the light-matter coupling may vary from molecule to
molecule.

In this Letter, we concentrate on the effect of the in-
direct interactions between molecules mediated by the
cavity field in the classical limit. We show that such
an interaction can be taken into account in the classical
rate theory as transition rates that depend parametri-
cally on the state of the molecules. The rate equation
describing the macroscopic state of the many molecule
system is consequently non-linear. We find an order pa-

FIG. 1. Interactions between a harmonic cavity mode x
and N identical modes g;, described by a bistable potential
V(g). In the harmonic approximation, ;V (a/2) = w% and
02V (—a/2) = w} define the relevant frequencies.

rameter for the polaritonic system and show that, in an
attainable parameter regime, it bifurcates so that it can
have multiple solutions in the stationary state. Further-
more, we show that the distribution of the light-matter
couplings dictates whether this bifurcation may be seen
in the macroscopic state or whether it corresponds to a
“hidden” order; a phase separation. Even before the bi-
furcation, the cavity-mediated interaction may slow down
the effective transition rates, suggesting that the collec-
tivity of the many molecule system must be considered
on the level of the rate equations, not only on the level
of the rates themselves.

Rate theory. Let us first consider a one-dimensional
and bistable system described by a potential V(q) as in
Fig. 1. Here, ¢ is a position quadrature which can de-
scribe, e.g., a vibrational mode of the molecule. Clas-
sical rate theory then relates the probability p to find
the system in one of the wells to the transition rates I';,,
between the wells. We adopt a terminology of left and
right wells corresponding to the minima of V(q) at ¢ < 0
and g > 0, respectively. Thus, if p; is the probability to
find the jth system in the left well, its rate equation [26]
reads as

d

&pj =T ppj + TRl —pjl. 1)

The macroscopic behaviour is obtained from Eq. (1) by



noting that the expectation value of the number of sys-
tems in the left well is given by Ny = 37, p;. If the
transition rates are independent of the system j, we find
dN
dt N

= -Tpp—L2 +FRL{17&}. (2)

N N

In the following, we show that this approach has to be
extended when the molecules have varying couplings to
the cavity.

Often, the transition rates are assumed to be inde-
pendent of p; and time, i.e., constants. In such a case,
to comply with thermodynamics, the rates must obey
the detailed balance I'yg/T' g = €% where 8 = 1/kpT
is the inverse temperature and o = V(—a/2) — V(a/2)
corresponds to the potential bias between the different
states (Fig. 1). The rate equation then describes ther-
malization to the Boltzmann distribution.

The coupling of the molecules to the vacuum field leads
to a state-dependent modification of the rates in Eq. (1).
This is caused by the effective interaction between the
different molecules mediated by the cavity. Before deriv-
ing the modification explicitly, we write this statement
formally as Iy, = FWTW(NL) where r,,,, (N1,) represents
the rate modification caused by the vacuum field which
may be expected to be a function of N, and not of the
individual p;’s. The subsequent solution of the rate mod-
ifications r,, is the main result of this work from which
the polaritonic effects follow.

State-dependent rate modification. Consider N sys-
tems with coordinates g; coupled to an external collective
mode as in Fig. 1. In what follows, we call those N sys-
tems “molecules” and the collective mode is a “cavity”,
in analogy to the systems studied in polaritonic chem-
istry. However, this approach works also for example in
the case of a large number of superconducting flux qubits
coupled to a single microwave cavity, or bistable atoms
in a cold-atom arrangement, coupled to a common cavity
mode [27].

We derive the state-dependent transition rates from
the detailed balance. That is, if the stationary state of
the total system thermalizes in the presence of the cavity,
the rates for the molecule j obey

i—R = exp{BlVior(q; < 0) — Viewlg; > O]}, (3)

RL
when V;, is the potential energy for a polaritonic state
and the notation is understood so that all the other
modes gy; are fixed.

Motivated by quantum electrodynamics (QED), we in-
troduce a single cavity mode of frequency w. and its po-
sition quadrature z and choose the classical potential en-
ergy of a polaritonic system [28] as

N N
1
Vi = D _ V(@) + gwia® + 3 _dila)z,  (4)
L £

where d; represents the molecular dipole moment com-
ponent in the direction of the cavity mode’s polarization
vector.

We focus on a linear dipole moment d;(g;) =
V/Wewmgjq; to gain insight on the effect of the cavity
on the transition rates. Here, w?, = (w? + w%)/2 repre-
sents the mean frequency of the potential V(q), and the
square root term normalizes the light-matter coupling
constant g;. These choices allow mapping this model po-
tential to the Dicke Hamiltonian in which case g; follows
directly from the QED derivation [29]. However, our ap-
proach works for an arbitrary dipole function d;(g;).

The light-matter coupling g; typically depends on both
the position of the molecule within the cavity and the
alignment of its dipole moment [29-31]. Importantly, g;
can be either positive or negative which has physical con-
sequences. The strength of the collective coupling is in-

dicated by the Rabi splitting frequency Q o« /> J gJZ.,
defined as the difference of the eigenfrequencies of the
total potential on resonance wy, = wp = w, [32, 33]. We
assume that g; < we,w,, while Q is a small fraction of
we and w,, due to N > 1.

The effective interaction mediated by the cavity can be
understood by a force analysis. For a system in a station-
ary state, displacing the mode ¢; by dg; causes a force
proportional to —g;dg; to the cavity mode x. This leads
to a displacement dx proportional to the force to the cav-
ity mode. The force applied on another mode ¢, is then
proportional to —gdz which reads as gpg;dq; in terms
of the original displacement on mode g;. Whenever the
coupling constants of two different molecules share the
same sign, the force between them is attractive and for
opposite signs repulsive. The cavity-induced interaction
resembles the phonon-mediated interaction between elec-
trons in superconductivity [34].

We solve the stationary states of Vo within the har-
monic approximation which holds when g; < we,wm,
and, thus, the cavity-induced change to the local min-
imum points of V'(g;) is small. Technically, we first solve
the values of ¢;’s and x from the conditions 9,Viot =
0q, Viot = 0 by treating the signs of ¢; as variables, repre-
senting whether the molecule j is in the left or the right
well. We find that all the stationary points may be ex-
pressed by using the collective order parameter

=5 Z FSlgn @), (5)

where <g2> = 3", g?/N represents the average over the
molecules and sign(g;) is the sign function. If there is
no variation in the coupling constants g;, A becomes the
normalized difference between the number of molecules in
the right and the left well, A — éN/N = (Np — N)/N.
Finally, we calculate the value of Vioy using Eq. (4) at
these stationary points. The details of this algebraic cal-
culation are relegated to the Supplemental Material [27].



We find that the stationary states of the full N
molecule system have the potential energy

Viot 2 O ON

= —E,PA TN (6)
The first term is caused by the effective interaction via
the cavity mode while the second term describes the po-
tential bias of V(¢). The magnitude of the interaction is
determined by the product of an effective potential bar-
rier E, = w2 (a/2)? [35] and a polaritonic coefficient

N{s*)
S ETIE

P= (7)

Welm
Here, w; equals wy, for ¢; < 0 and wg for ¢; > 0. The
coefficient P can be related to the Rabi splitting Q using
N <g2> o 2. We assume that ) is a small fraction of
\/Wewy, and P < 1. Consequently, P may be treated as
a state-independent constant since its variation is pro-
portional to P? [27].
Using the detailed balance (3) and Eq. (6), we find in
the lowest order of P that

1‘\0 Tj .
= _FgR;R—exp<ﬁa+2a ‘?;2>A>, (8)
RL RLTRL

j
1_‘LR

where o = 2P FE}, plays the role of a control parameter.
It should be noted that, even though P <« 1, the effec-
tive potential barrier Ej can be much larger than the
temperature so that a can be of the order of unity.

Equation (8) expresses the relative change of the rates
due to the change of the number of molecules in the left
and right wells. To find the individual rates, we use the
fact that reversing all coordinates also interchanges the
rates. That is, we impose that rr, must be equal to rpr
if we at the same time transform ¢; — —¢;,0 — —o, and
wr/rR — Wg/L- The control parameter « retains its value
in this parity transformation. By using this equality in
Eq. (8) and expanding the exponent of 1 in the powers
of A, we find that

riR—Cexp<ang+f>, 9)
(9?)

where f is a function of A that stays invariant in the
parity transformation. A few examples of such functions
are A and ¢A. C is a constant that describes a state-
independent cavity-induced modification that may be ac-
quired in, e.g., the transition state theory. Here, we as-
sume that such modifications are small and C' = 1. The
function f, although not forbidden by the symmetry, we
neglect as there is no clear physical origin for such terms.
That is, we set f = 0. In this case, i, = 1/17 5.

Next, we use Eq. (8) to evaluate the stationary state
of the macroscopic system. The separate rate modifica-
tions (9) allow for a continuous-time Markov chain simu-
lation of Eq. (1) from which dynamics can also be inves-
tigated and compared to an analytical approach [27, 36].

SN?/N?

(b)

—
0 2 4
a Yt

FIG. 2. (a) Steady state solutions of Eq. (2) exhibiting bi-
furcation for equal couplings. The dotted line represents an
unstable solution whereas the solid lines are stable; the av-
erage tends to one of the stable solutions after a long time.
(b) Phase separation of a system that is divided into two
equally large partitions (N' = N? = N/2) with couplings re-
lated by g1 = —2g2. The solid lines represent the dynamics
of the partitions alone whereas the dashed line describes the
dynamics of the full system. Here, I'%p = T'%;, a = 1.3 and
o=0.

Equal coupling strengths. We illustrate some qualita-
tive consequences of the parametric rate modifications by
taking a simplifying limit of identical couplings as in [32];
we set g; = go for all j. In this case, the transition rates
become independent of the molecule in question. The set
of rate equations can be mapped to a master equation
describing the probability to find exactly N; molecules
in the left well. Interestingly, a similar state-dependent
master equation has been used to model the formation of
time crystals in magneto-optical traps [37]. We confirm
numerically that such a master equation and the macro-
scopic rate equation (2) produce the same results as long
as N > 1 [27].

We find the stationary state of the full N molecule
system by inserting Eq. (8) into the macroscopic rate
equation (2) together with %NL =0. It gives

%N = tanh(ﬁg + a%). (10)
The solutions for 0N determine the long-time behaviour
of the macroscopic system.

First, let us consider ¢ = 0. If there is no coupling to
light, the only stationary state is N, = Ng = N/2 due to
the left/right symmetry. For small values of « = 2PSE,
there is no change to this stationary state. However, as
soon as o > 1, we find two new stationary states while
the state N, = Ng becomes unstable. The stationary
states are represented in Fig. 2(a) as a function of the
control parameter «. As this configuration is possible
only if the coupling is large enough, we call it the cavity-
induced bifurcation of the stationary state.

The cavity-induced bifurcation remains in the presence
of a finite bias 0. However, the critical value of « in-
creases as o increases. For a very large bias fo > a, all
the systems eventually end up in the right well which is



lower in energy. This is expected, as biasing the poten-
tial pushes the molecules towards the right well whereas
the attractive interaction tries to keep the molecules in
the same well. Before the bifurcation, one can also see
the effect of the cavity-mediated attraction in that more
molecules can be found in the right well than without the
cavity. This seems as if the cavity increased the potential
bias.

The mere state-dependent light-matter coupling —
caused by a nonlinear d;(¢;) — may bias the polaritonic
system. Similar to a potential bias, the molecules prefer
the state with the larger coupling strength even with a
single stationary state, and the larger the coupling dif-
ference, the larger the critical value of o [27].

Effect of coupling strength distribution. If there is only
a partial control of the coupling constants as in polari-
tonic chemistry, one must include the variation of the
couplings. We argue that this can but does not neces-
sarily remove the cavity induced effects. Especially, the
role of the average (g) is important. This average is inde-
pendent of the optically observed Rabi splitting which is
proportional to /N (g?) [12-14, 38, 39] and hence does
not depend on the sign of the individual g;’s.

The order parameter A determines the individual rates
in Eq. (8). If we consider a partition of the N molecules
such that all molecules within the partition share the
same coupling constant g;, they also share the same tran-
sition rates I‘fw. Macroscopic rate equations similar to
Eq. (2) can be derived for each partition but deriving
a closed-form differential equation for A is impossible.
Consequently, the full macroscopic rate equation cannot
be evaluated. However, the stationary states of the par-
titions can be solved in terms of A. This leads to a
self-consistency equation [27]

9 g g
A—< ) tanh</32+a <92>A>> (11)

whose solution can be used to find

% = <tanh (ﬁ; +a <gg2>A> > (12)

given a distribution of coupling constants g.

We specifically discuss the case ¢ = 0. By expanding
Eq. (11) to the third order in A, one finds the solutions
A x +y/a—1 and A = 0. Thus, @ = 1 is the criti-
cal value for the bifurcation of the order parameter A.
This agrees with Fig. 2 in which A = §N/N. At the
same time, Eq. (12) may be linearized giving 6N x (g)A.
Whenever (g) = 0, we find §N = 0 or N;, = Ni. Thus,
even if A bifurcates, it is possible that no change in the
macroscopic state is seen.

The bifurcation of A indicates formation of a new po-
laritonic phase; the coupling constants g; and the corre-
sponding modes g; become strongly correlated. This is

1.00 0
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FIG. 3. Kinematics for different Gaussian distributions of
coupling constants g;. The other parameters are as in
Fig. 2(b). The solid lines are obtained by the Markov chain
simulation of 1000 molecules averaged over 100 realizations,
the dashed line by evaluating Eq. (2), while the dotted black
lines represent both the stationary state [Eqgs. (11)-(12)] and
the initial behaviour [Eq. (13)]. Inset: The rate modification
in the initial state N = N [Eq. (13)] as a function of a.
From bottom to top, the different lines are obtained by set-
ting (g)° = ¢ (¢*) with ¢ =1,0.75,0.5,0.25,0.

exemplified in Fig. 2(b) in a simple case of two equally
large partitions with two different couplings. The parti-
tions have distinctly different dynamical behaviors and,
in the stationary state, the molecules are found mostly
in the right well for one partition and in the left well for
the other. Such a correlation may be observed even if all
the couplings are different [27].

Finally, let us consider the dynamics of thermalization,
i.e., reaction kinematics. To this end, consider an exper-
iment where every molecule is initialized in the left well
(“reactant”) and, at a time ¢ later, the percentage of the
molecules in the right well (“product”) is measured. The
thermalization (or reaction) rate is initially controlled by
I'Lr alone. Averaging over Eq. (9), this initial rate is
modified from I'Y , by a factor

(rLr) =~ exp (—a<g>2 + Oﬁ@ {1 - (g>2:|> (13)

(g% 2 (g% (9%

in the leading order of 1/N and to the second order in
the cumulant expansion [27]. This result is independent
of the bias o. In the inset of Fig. 3, we show the effect
of a and the variance of the coupling distribution. The
effective transition rate becomes always slower due to the
presence of the cavity — the cavity is an inhibitor — and
the effect is stronger the less varied the couplings are.

The agreement between our theoretical approach and
the Markov chain simulation is shown in Fig. 3. For
equal couplings, Var(g) = 0, we use the macroscopic rate
equation (2) directly and the results are nearly indistin-
guishable. Our solutions for the stationary and transient
behavior also agree well with the simulation.



To summarize, we have shown how a cavity-mediated
interaction between molecules can cause a collective
change in their stochastic behavior. The cavity may
cause a slowdown of the thermalization rate of the full
system and a bifurcation in the stationary state. The po-
laritonic effect depends on the number of molecules and
the distribution of the light-matter couplings. The bifur-
cation can even show up as a phase separation without
altering the macroscopic state. In polaritonic chemistry,
our approach is straightforward to extend to studies of
multiple cavity modes, molecular symmetries [40], and
cavity-induced reaction selectivity [19]. Due to the ubig-
uitous nature of polaritonics, our results can be used to
describe other systems such as electric circuits and cold
atoms in optical traps.

We thank Mark Dykman, Jussi Toppari, and Gerrit
Groenhof for the insightful discussions. This project
was supported by the Magnus Ehrnrooth foundation and
the Academy of Finland (project numbers 317118 and
321982).

* kalle.kansanen@gmail.com

[1] C. Gardiner, Stochastic methods: A handbook for the nat-
ural and social sciences, 4th ed., Springer Series in Syn-
ergetics (Springer, Berlin, 2009).

[2] N. G. Van Kampen, Stochastic processes in physics and
chemistry, 3rd ed. (Elsevier, Oxford, 2007).

[3] C. Castellano, S. Fortunato, and V. Loreto, Statistical
physics of social dynamics, Rev. Mod. Phys. 81, 591
(2009).

[4] W. Weidlich, Physics and social science — the approach
of synergetics, Phys. Rep. 204, 1 (1991).

[5] J. Schnakenberg, Network theory of microscopic and
macroscopic behavior of master equation systems, Rev.
Mod. Phys. 48, 571 (1976).

[6] M. F. Weber and E. Frey, Master equations and the the-
ory of stochastic path integrals, Rep. Prog. Phys. 80,
046601 (2017).

[7) N. T. J. Bailey, A simple stochastic epidemic, Biometrika
37, 193 (1950).

[8] K. Rock, S. Brand, J. Moir, and M. J. Keeling, Dynam-
ics of infectious diseases, Rep. Prog. Phys. 77, 026602
(2014).

[9] R. R. Nelson and S. G. Winter, An Evolutionary Theory
of Economic Change (Harvard University Press, Cam-
bridge, 1985).

[10] A. Hastings, K. C. Abbott, K. Cuddington, T. Fran-
cis, G. Gellner, Y.-C. Lai, A. Morozov, S. Petrovskii,
K. Scranton, and M. L. Zeeman, Transient phenomena
in ecology, Science 361, eaat6412 (2018).

[11] P. Hénggi, P. Talkner, and M. Borkovec, Reaction-rate
theory: fifty years after Kramers, Rev. Mod. Phys. 62,
251 (1990).

[12] F. J. Garcia-Vidal, C. Ciuti, and T. W. Ebbesen, Ma-
nipulating matter by strong coupling to vacuum fields,
Science 373, eabd0336 (2021).

[13] F. Herrera and J. Owrutsky, Molecular polaritons for
controlling chemistry with quantum optics, J. Chem.

Phys. 152, 100902 (2020).

[14] R. F. Ribeiro, L. A. Martinez-Martinez, M. Du,
J. Campos-Gonzalez-Angulo, and J. Yuen-Zhou, Polari-
ton chemistry: controlling molecular dynamics with op-
tical cavities, Chem. Sci. 9, 6325 (2018).

[15] J. Lather, P. Bhatt, A. Thomas, T. W. Ebbesen,
and J. George, Cavity catalysis by cooperative vibra-
tional strong coupling of reactant and solvent molecules,
Angew. Chem. Int. Ed. 58, 10635 (2019).

[16] J. Lather and J. George, Improving enzyme catalytic effi-
ciency by co-operative vibrational strong coupling of wa-
ter, J. Phys. Chem. Lett. 12, 379 (2020).

[17] A. Thomas, J. George, A. Shalabney, M. Dryzhakov,
S. J. Varma, J. Moran, T. Chervy, X. Zhong, E. De-
vaux, C. Genet, J. A. Hutchison, and T. W. Ebbesen,
Ground-state chemical reactivity under vibrational cou-
pling to the vacuum electromagnetic field, Angew. Chem.
Int. Ed. 55, 11462 (2016).

[18] R. M. A. Vergauwe, A. Thomas, K. Nagarajan, A. Sha-
labney, J. George, T. Chervy, M. Seidel, E. Devaux,
V. Torbeev, and T. W. Ebbesen, Modification of enzyme
activity by vibrational strong coupling of water, Angew.
Chem. Int. Ed. 58, 15324 (2019).

[19] A. Thomas, L. Lethuillier-Karl, K. Nagarajan, R. M. A.
Vergauwe, J. George, T. Chervy, A. Shalabney, E. De-
vaux, C. Genet, J. Moran, and T. W. Ebbesen, Tilting
a ground-state reactivity landscape by vibrational strong
coupling, Science 363, 615 (2019).

[20] V. P. Zhdanov, Vacuum field in a cavity, light-mediated
vibrational coupling, and chemical reactivity, Chem.
Phys. 535, 110767 (2020).

[21] J. A. Campos-Gonzalez-Angulo and J. Yuen-Zhou, Po-
laritonic normal modes in transition state theory, J.
Chem. Phys. 152, 161101 (2020).

[22] T. E. Li, A. Nitzan, and J. E. Subotnik, On the origin of
ground-state vacuum-field catalysis: Equilibrium consid-
eration, J. Chem. Phys. 152, 234107 (2020).

[23] D.S. Wang and S. F. Yelin, A roadmap toward the theory
of vibrational polariton chemistry, ACS Photon. 8, 2818
(2021).

[24] M. V. Imperatore, J. B. Asbury, and N. C. Giebink, Re-
producibility of cavity-enhanced chemical reaction rates
in the vibrational strong coupling regime, J. Chem. Phys.
154, 191103 (2021).

[25] G. D. Wiesehan and W. Xiong, Negligible rate enhance-
ment from reported cooperative vibrational strong cou-
pling catalysis, J. Chem. Phys. 155, 241103 (2021).

[26] We use the term ”rate equation” as it fits the context of
the Letter. In other contexts, at least the names ”Kol-
mogorov equation” and “master equation” have been
used to describe the same approach.

[27] Supplemental material available at URL. It contains ad-
ditional references [41-48].

[28] The quadratures are chosen so that the corresponding
kinetic energy is (p2 + 3, p?)/2, i.e., all the information
about polaritonics resides in the potential alone.

[29] D. F. Walls and G. J. Milburn, Quantum Optics
(Springer, Berlin, 2008).

[30] R. Chikkaraddy, B. De Nijs, F. Benz, S. J. Barrow, O. A.
Scherman, E. Rosta, A. Demetriadou, P. Fox, O. Hess,
and J. J. Baumberg, Single-molecule strong coupling
at room temperature in plasmonic nanocavities, Nature
535, 127 (2016).

[31] W. Ahn, I. Vurgaftman, A. D. Dunkelberger, J. C.


mailto:kalle.kansanen@gmail.com
https://doi.org/10.1103/RevModPhys.81.591
https://doi.org/10.1103/RevModPhys.81.591
https://doi.org/10.1016/0370-1573(91)90024-G
https://doi.org/10.1103/RevModPhys.48.571
https://doi.org/10.1103/RevModPhys.48.571
https://doi.org/10.1088/1361-6633/aa5ae2
https://doi.org/10.1088/1361-6633/aa5ae2
https://doi.org/10.2307/2332371
https://doi.org/10.2307/2332371
https://doi.org/10.1088/0034-4885/77/2/026602
https://doi.org/10.1088/0034-4885/77/2/026602
https://doi.org/10.1126/science.aat6412
https://doi.org/10.1103/RevModPhys.62.251
https://doi.org/10.1103/RevModPhys.62.251
https://doi.org/10.1126/science.abd0336
https://doi.org/10.1063/1.5136320
https://doi.org/10.1063/1.5136320
https://doi.org/10.1039/C8SC01043A
https://doi.org/10.1002/anie.201905407
https://doi.org/10.1021/acs.jpclett.0c03003
https://doi.org/10.1002/anie.201605504
https://doi.org/10.1002/anie.201605504
https://doi.org/10.1002/anie.201908876
https://doi.org/10.1002/anie.201908876
https://doi.org/10.1126/science.aau7742
https://doi.org/10.1016/j.chemphys.2020.110767
https://doi.org/10.1016/j.chemphys.2020.110767
https://doi.org/10.1063/5.0007547
https://doi.org/10.1063/5.0007547
https://doi.org/10.1063/5.0006472
https://doi.org/10.1021/acsphotonics.1c01028
https://doi.org/10.1021/acsphotonics.1c01028
https://doi.org/10.1063/5.0046307
https://doi.org/10.1063/5.0046307
https://doi.org/10.1063/5.0077549
https://doi.org/10.1038/nature17974
https://doi.org/10.1038/nature17974

Owrutsky, and B. S. Simpkins, Vibrational strong cou-
pling controlled by spatial distribution of molecules
within the optical cavity, ACS Photon. 5, 158 (2018).

[32] M. Tavis and F. W. Cummings, Exact solution for an N-
molecule-radiation-field Hamiltonian, Phys. Rev. 170,
379 (1968).

[33] K. S. U. Kansanen, A. Asikainen, J. J. Toppari,
G. Groenhof, and T. T. Heikkild, Theory for the sta-
tionary polariton response in the presence of vibrations,
Phys. Rev. B 100, 245426 (2019).

[34] G. Eliashberg, Interactions between electrons and lattice
vibrations in a superconductor, Sov. Phys. JETP 11, 696
(1960).

[35] Note that E is typically larger than the true potential
barrier energy that determines the transition rates Fﬂ,,
in the absence of the cavity.

[36] The numerical simulation code and all plotting scripts
are based on Python (especially, numpy-, scipy, and
matplotlib-packages) and can be found at https://
gitlab.jyu.fi/jyucmt/prt2022.

[37] M.-S. Heo, Y. Kim, K. Kim, G. Moon, J. Lee, H-R. Noh,
M. I. Dykman, and W. Jhe, Ideal mean-field transition in
a modulated cold atom system, Phys. Rev. E 82, 031134
(2010).

[38] B. S. Simpkins, K. P. Fears, W. J. Dressick, B. T.
Spann, A. D. Dunkelberger, and J. C. Owrutsky, Span-
ning strong to weak normal mode coupling between vi-
brational and Fabry-Pérot cavity modes through tuning
of vibrational absorption strength, ACS Photon. 2, 1460
(2015).

[39] P. Térmé and W. L. Barnes, Strong coupling between
surface plasmon polaritons and emitters: a review, Rep.
Prog. Phys. 78, 013901 (2014).

[40] Y. Pang, A. Thomas, K. Nagarajan, R. M. A. Ver-

gauwe, K. Joseph, B. Patrahau, K. Wang, C. Genet, and
T. W. Ebbesen, On the role of symmetry in vibrational
strong coupling: The case of charge-transfer complexa-
tion, Angew. Chem. Int. Ed. 59, 10436 (2020).

[41] S. Shin and H. Metiu, Nonadiabatic effects on the charge
transfer rate constant: A numerical study of a simple
model system, J. Chem. Phys. 102, 9285 (1995).

[42] J. Galego, C. Climent, F. J. Garcia-Vidal, and J. Feist,
Cavity Casimir-Polder forces and their effects in ground-
state chemical reactivity, Phys. Rev. X 9, 021057 (2019).

[43] X. Li, A. Mandal, and P. Huo, Cavity frequency-
dependent theory for vibrational polariton chemistry,
Nat. Commun. 12, 1 (2021).

[44] J. George, T. Chervy, A. Shalabney, E. Devaux, H. Hiura,
C. Genet, and T. W. Ebbesen, Multiple Rabi splittings
under ultrastrong vibrational coupling, Phys. Rev. Lett.
117, 153601 (2016).

[45] J. A. Zasadzinski, R. Viswanathan, L. Madsen, J. Gar-
naes, and D. K. Schwartz, Langmuir-Blodgett films, Sci-
ence 263, 1726 (1994).

[46] J. J. Gooding and S. Ciampi, The molecular level mod-
ification of surfaces: from self-assembled monolayers to
complex molecular assemblies, Chem. Soc. Rev. 40, 2704
(2011).

[47] T. Orlando, J. Mooij, L. Tian, C. H. Van Der Wal,
L. Levitov, S. Lloyd, and J. Mazo, Superconducting
persistent-current qubit, Phys. Rev. B 60, 15398 (1999).

[48] A. Kruckenhauser, L. M. Sieberer, L. De Marco, J.-R.
Li, K. Matsuda, W. G. Tobias, G. Valtolina, J. Ye, A. M.
Rey, M. A. Baranov, and P. Zoller, Quantum many-body
physics with ultracold polar molecules: Nanostructured
potential barriers and interactions, Phys. Rev. A 102,
023320 (2020).


https://doi.org/10.1021/acsphotonics.7b00583
https://doi.org/10.1103/PhysRev.170.379
https://doi.org/10.1103/PhysRev.170.379
https://doi.org/10.1103/PhysRevB.100.245426
https://gitlab.jyu.fi/jyucmt/prt2022
https://gitlab.jyu.fi/jyucmt/prt2022
https://doi.org/10.1103/PhysRevE.82.031134
https://doi.org/10.1103/PhysRevE.82.031134
https://doi.org/10.1021/acsphotonics.5b00324
https://doi.org/10.1021/acsphotonics.5b00324
https://doi.org/10.1088/0034-4885/78/1/013901
https://doi.org/10.1088/0034-4885/78/1/013901
https://doi.org/10.1002/anie.202002527
https://doi.org/10.1063/1.468795
https://doi.org/10.1103/PhysRevX.9.021057
https://doi.org/10.1038/s41467-021-21610-9
https://doi.org/10.1103/PhysRevLett.117.153601
https://doi.org/10.1103/PhysRevLett.117.153601
https://doi.org/10.1126/science.8134836
https://doi.org/10.1126/science.8134836
https://doi.org/10.1039/C0CS00139B
https://doi.org/10.1039/C0CS00139B
https://doi.org/10.1103/PhysRevB.60.15398
https://doi.org/10.1103/PhysRevA.102.023320
https://doi.org/10.1103/PhysRevA.102.023320

Supplemental Material for “Cavity-induced bifurcation in classical rate theory”

Kalle S. U. Kansanen' and Tero T. Heikkila!
! Department of Physics and Nanoscience Center, University of Jyviskyld,

P.O. Box 35 (YFL), FI-40014 University of Jyviskyld, Finland
(Dated: August 5, 2022)

This supplement is organized as follows: First, we calculate the stationary states of a polaritonic potential in
Section I. Then, we use these results to obtain the transition rates using the detailed balance in Section II. In this
section, the cumulant expansion of the transition rates is also presented. In Section III, we derive the self-consistency
equation for the order parameter A of the polaritonic system. Section IV discusses a special case of the polaritonic
model, that of equal couplings. In this case, the rate equation approach presented in the main text can be mapped to
a master equation. The continuous-time Markov chain simulation method is presented in Section V. We then show
some consequences of state-dependent light-matter coupling, caused by a nonlinear dipole moment, in Section VI
using a numerical example. Finally, in Section VII, we discuss possible realizations of the cavity-induced bifurcation.
We discuss the specific experimental details of polaritonic chemistry in a detailed manner, present an electric circuit
model using flux qubits, and briefly discuss the possibilities of cold atoms.

I. CALCULATION OF THE STATE-DEPENDENT POTENTIAL ENERGY

Here, we present how we calculate the potential energies of the classical states, starting from the total potential

N N
1
Viot = § V(g) + §w§m2 + § di(qi)z, (S1)

i=1 i=1

where V(g;) is a bistable potential and d;(g;) characterizes the dipole moment of the molecule j projected on the
polarization vector of the cavity mode. We point out that the following calculation is very similar to the Caldeira—
Leggett model except that the typical bath of harmonic oscillators is replaced by a single mode. Consequently, instead
of dissipation, integration over the cavity mode x leads to effective interaction between the molecular coordinates g;.

First, we solve the stationary points dictated by the conditions 0, Vior = 0 = 0y, Viot. We work here in the harmonic
approximation, assuming that the coupling to the cavity quadrature z induces a small change in the positions of the
stationary points ¢ which fulfill aqlV(qi,)|q1:q* = 0. We choose the coordinate system so that ¢ = +a/2 without
the presence of the cavity field. Thus, a is the distance between the (local) minimum points. To characterize the
displacement of the minimum points, we introduce a variable dg; = ¢; — §sign(g;). We can now write the potential in
the harmonic approximation as

o . 1
Vi) = —ESISH(%') + 5%‘25%27 (S2)

where o represents the energy difference between the left and right well and w? is a shorthand notation for
2 2

2 2 _
Sh L SR in(gy), (53)

wz(qi) =

which alternates between w? and w?% depending on the sign of ¢;. Similarly, we assume that the dipole moment can
be linearized near ¢ = +a/2

di(gs) = A2 [0q + Lsign(ay)], (34)

where A2 = A2[sign(q;)] describes the strength of the light-matter coupling and g additionally characterizes the
difference in the dipole moment between right and left well. The coupling constants A? can generally vary both due
to the state, similar to the frequencies w?, and due to disorder in the polarization vectors and positions. The results
of the main paper are obtained by replacing go = a and A? — \/wnw.g; where g; is independent of the molecular
state. The presence of the square root term is due to the choice of coordinates ¢; and x so that, for a harmonic
potential V(g;), we retain the light-matter interaction with constants g; as g;(af + a)(b} +b;) after quantization as in
the Dicke model.



As the derivative of the sign function sign(g;) vanishes everywhere except at ¢; = 0, and ¢; obtains values only near
+a/2 by assumption, we find

0= BVM =wlr + Z A2 [6(], —elgn(q,)] (S5a)
= Whot = w?dg; + N (S5b)
9q;

This set of equations can be solved by noting that Eq. (S5a) depends on Q =", A25g; and, at the same time, we can
derive from Eq. (S5b) an equation

A4
0= P S6
AR o
for the collective variable Q). Inserting the solution of @ in terms of x to Eq. (S5a) gives
I 2 Afsigr;g%‘) —_ “3"4 PAL, (s7)
wi =3 o (A1) 2

In the latter equality, we introduce the useful notations from the main text — which we gather here for convenience
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Though, here, the coupling A? still depends on the state of the molecule i. The solution of x allows for the solutions
of individual dg; which are simply dq; = }‘2 z. Note that the solution is consistent with the harmonic approximation

as long as the dimensionless constant P is well below unity and |w 7 —w R| < (1= P)(w? +w}).

Finding the potential minima is now straightforward. We insert the obtained local minimum points into the
expression of total potential Vio¢. The potential energies found in this way still depend on the state of the system in
the sense that the variables sign(g;) are not fixed. Within the harmonic approximation it holds that |d¢;| < a/2 and
it is clear that the signs of ¢; indicate whether the system is in the left (¢; < 0) or right (g; > 0) well. We find

N
Viot = —75N + Z 70q; + w?ﬂﬁz + z;/\?fv[(?qi + q—;sign(qz')]
= —%5N + % (wg - ; )1 + f‘EZ)\ngn qi) (59)
N q
g Y (g)ee

which matches with the result of the main text when Ej, = %wfn(%’)z is identified in the latter term. Since Ej has
the dimension of energy, we call it the effective potential barrier.

In the main text and the remainder of this supplement, we assume, for simplicity, that the dipole moment func-
tion d;(g;) can be written as a linear function over the whole range of ¢;. Physically, this assumption means that
both states are equally coupled to the cavity. The condition is easily relaxed to investigate a multitude of possible
polaritonic systems we briefly discuss one example in Sec. VI. In terms of the model at hand, it means that
d;i(g;) = M\2q; where A\? is a constant for each molecule i. Thus, the average </\4> is state independent and, as seen
in the next section, P can be regarded as a constant in the lowest order of the light—matter coupling. In addition, if
also wr, = wg, Ep simply describes the potential energy V(¢ = 0) within the harmonic approximation since ¢o = a.

II. DETAILED BALANCE AND CUMULANT EXPANSION

The detailed balance states that the transition rates must obey

J
?—R = exp{BlVion 45 < 0) — Viex(gj > 0)]} = exp(B6Vior) (510)
RL



in order for the system to thermalize to the Boltzmann distribution. The above notation refers to the other systems
being fixed while jth system moves from one well to another. We assume here that the light-matter coupling is state
independent.
4 2
First, we calculate the difference in P due to one system moving. It is useful to denote K = % > &—z)“;—m Note
that K =1 if wy, = wg. Thus, we formally can expand P around K = 1 which leads to

[e]

N n+1
P3G ) wevr =S s11)

n=0

Since we assume that N (A*) /(w?w?) is small and Py < 1, P ~ Py+ P§(K —1) to a good approximation. The higher
powers of K also scale in the powers of 1/N. Finding the difference due to moving one system is now straightforward
and results in

A w2 w2,
5P~ ~p2 i (—m - —) +O(P3/N? (S12)
N on 2 ( )-

In the main text, we neglect the second order contribution of P and, thus, the state dependency of P.
Since P can be regarded as a constant in the calculation of the difference in potential energies, the calculation
simplifies greatly and we obtain

2 2 2
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However, we still have to connect this to what would be observed in experiments which deal with macroscopic numbers
of N.
With the value of 0V;q, the detailed balance states that

n L _ /\]2, 217&] m51gn(%)
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Here, one can readily identify the ratio of the rate modification factors which is the latter exponent.
Now, we can appeal to symmetry: if we interchange left and right everywhere in the potential V(g), the rate
modifications should remain the same. Thus,

Tig({‘]i}; a, w%v WIQ?) = T?{L({_Qi}; -0, w%?ﬂ w%) (816)

where {g;} refers to the set of all ¢;’s. One can confirm that P remains invariant in this transformation (the relevant

antity i is dwn :

quantity in P is Y, \] o=
can thus write

> 1+(w?{*wi>ﬁi;\;‘((]i)/(W%+W%)). Following the line of deduction as in the main text, we

x2 T gsien(a)
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(S17)

and 15, = 1/r] 5. We may also replace the sum in this expression with A as the error made is of the order of 1/N.
Next, we treat the coupling constants A? as independent random variables — instead of considering them to have
some fixed values — and average the detailed balance relation over all realizations. Furthermore, we assume that the
sign of ¢; is independent of /\f which does not necessarily hold for a dynamical system but may be assumed to hold
for the initial state, for instance. The average of the exponent gives rise to the cumulant expansion. To calculate the



cumulants, we first calculate the raw moments of the term in the exponent. Taking only the leading order in 1/N, we
find

N g n "
< 22 Dk Wblgn(fh) >z << 22 ) > { (3?) cSN} (S18)
) N (AT) o N

Since all cumulants may be expressed using only raw moments in a specific polynomial manner [1], we can deduce
from this result that the nth cumulant K, of the term in the exponent of 7 , is

K, =

Vo N

That is, we have related the cumulants of the sum to the cumulant of its individual elements. Using the cumulant
expansion to second order, we have that

In <7’LR> ~ QP/))Eb <<);\4>> 6WN + %(QP[))Eb)Z <<);\4>> |:1 - <<);\4>> :l <%> . (SQO)

2PBE, ) 6N} Kn<)\2/\/</\4>>' (S19)

Here, the first term follow from the average and the second from the variance. We emphasize that the approximation
is valid when N > 1. The cumulant expansion is otherwise exact if the distribution of )\?’s is Gaussian; only the first
two cumulants may be finite for a Gaussian distribution.

III. DERIVATION OF THE SELF-CONSISTENCY EQUATION

One can derive a self-consistency equation for A in the stationary state. Let us assume that, even though there are
2
N systems, there are M < N different values for the coupling constants )\?. Let us denote ¢; = \/% and a« = 2PSE,
here, for brevity. Then,.if there are NI je{l1,2,... M} subsystems (N = > N7) with the constant ¢; , we can write
A= % Zj ¢; (N7 —2N7) where N7 is the number of systems in the left well having a coupling constant ¢;. Following
the main text, we assume that we can write for each subsystem j the macroscopic equation
CNJ = T pNj 4+ Ty (N7 = ). (s21)

We assume that each subsystem has a stationary value. We may then solve, using Eq. (S15),

N} 1
Ni 1+ exp(Bo + 2ac;A) (822)
Inserting this solution to the definition of A and dN leads to
ON Zj Nz NI o - o
N 1-2 7 —gwtanh(55+ach> = <tanh<5§+acA>>, (S23)
N Gy —ony =S V. T 4 = o
A_;N(N 2N7) _; N tanh(ﬁ2 +ac]A> = <ctanh<ﬂ2 +acA)>. (S24)

In both equations, we identified the structure of Zj(Nj/N)f(cj) as an average over the distribution of ¢’s which
follows from the fact that there are exactly N7 values of ¢;. In the limit N — oo, we may construct a continuous
distribution of the coupling constants which we use here as an approximation for systems of finite size.

It should be noted that we treat A and N as numbers, not stochastic variables, even though the underlying
stochastic processes determine their realizations and the possible values of A are constrained by the distribution of
the coupling constants.

Here, we have neglected the possible variation of a with the macroscopic state. This arises from the variation of P,
as discussed in Section II. In principle, this is remedied by including an equation for & = «(A) and solving all three
equations self consistently. It should be noted that the variation of P with the macroscopic state is a second order
effect in P and, thus, one should also calculate 0V;,; to the same order.
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FIG. S1. Comparison of the macroscopic rate equation (solid lines) and master equation (crosses). Here, [') z = ', = TV and
N = 1000.

IV. RELATION TO THE FULL MASTER EQUATION OF THE N MOLECULE SYSTEM

If all the coupling constants g; are equal, the potential difference 0Viq; is independent of the system index j. In
this case, the full N molecule system is readily described by the probability P(Ny) to find N, systems in the left
well. The master equation for these probabilities reads as

d

P We) = pnvp+1 PN+ 1) + v, -1 P(NL = 1) = (v, +vn, ) P(NL), (525)
where pp = M F% rTLr(M) describes the removal rate of particles from the left well to the right well and vy =
(N — M)T'%rri(M) the inverse process. Now, the expectation value of Ny, is given by (Np) = >y, NLP(Ny).
Using this definition, one can derive from the master equation an equation for the average as

d
3 Vi) = —TLr (rerNe) + Ty (rre(N = Ni)). (526)
This matches exactly to the macroscopic rate equation presented in the main text if (rLgNr) = (rpgr) (Nz) and

(rep(N — Np)) = (rrr) (N — (Nr)), and the resulting rate modification factors may be understood as a function of
the mean value of N, only. Due to the non-linearity of the rate modifications, this can be used as a valid approximation
only when the fluctuations of N, are small compared to some characteristic scale given by the rate modifications.

This assumption can be checked numerically. First, we note that the transition rates are independent of time. The
master equation (S25) can thus be written in a matrix form as 8,P = WP where W is independent of time. Given an
initial state P(t = 0), we formally have P(t) = ¢"W!P(t = 0). The numerical problem is then to calculate the matrix
exponential e, Fig. S1 shows that the macroscopic rate equation and the master equation produces the same mean
behavior for Ny, as N is large enough.

We note that even though the rate equations are state dependent and consequently non-linear, the macroscopic
behaviour fits well to the typical exponential behaviour Ny, (¢) = Np(c0)+ [Ny (0) — Ny (c0)]e™* with a suitable fitting
constant . This observation seems to hold even when the variation of couplings is included which is possible by the
numerical method presented in the next section.

V. NUMERICAL METHOD

Here, we shortly describe the Markov chain algorithm we use in this work. The main motivation is to simulate a
set of rate equations

d ) )
apj = —T7ppj +Tr(1 - 1)) (S27)

where F{W depend on the state of the system. In our formulation, these states are s; = sign(g;) € {—1,+1}. The
rate equation describes that in a small time step At, the probability to change the system from s; = —1 to s; = +1
is given by I'}, rAt while the converse process has the probability I‘ﬁ 1 At. The algorithm is as follows:
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FIG. S2. A single realization of the Markov chain simulation for N = 1000 systems and 1000 time steps (I'°At = 0.01). Other
parameters are o = 1.3,0 = 0, and T'Y , = ', = I'°. Here, the coupling constants are sampled from a Gaussian distribution
with zero mean. a) The time evolution of the quantities 6N and A. As mentioned in the main text, A has a solution other
than zero when « > 1 while N fluctuates around zero. b) As a visual representation, the states ”left” and "right” are here
represented by blue and orange, respectively, for each time step. Here, the different systems are indexed in the ascending order
in the coupling constant (i.e. g1 < g; < gn). The correlation becomes visible; the systems with largest values of coupling are
predominantly found in the left well after a transient period.

1. Initialize the states {s;} at time ¢ if necessary.
2. Draw N random numbers u; ~ Uniform(0, 1).

3. For each j € {1,2,... N} calculate 4; = F’LRAt ifsj=—-1and 4; = F%LAt if s; = +1 using the system state
at time .

4. For each j € {1,2,... N} compare u; and A;. If u; < Aj, set the system state at time ¢ + At to be s;(t + At) =
—s;(t). Otherwise, set s;(t + At) = s;(t).

5. Return to step 1 with ¢t — ¢ + At.

Thus, when an appropriate amount of time steps is taken, we have a list of system states s;(t) at the chosen time
points. These states can be used to calculate e.g. A or §N. This is exemplified in Fig. S2.

Practically, we choose N to be large enough so that there are no spurious 1/N effects and correspondence with the
master equation approach holds. The time step we choose so that '’ At is below or of the order of 1 percent. The
initial state is chosen according to how many systems are wanted to be found in the left well and then the states are
shuffled.

VI. EFFECT OF NONLINEAR DIPOLE MOMENT IN A SYMMETRIC POTENTIAL

We shortly describe how the physics changes when the assumption of equal light-matter coupling strength in both
wells is lifted. Now, we have to specify two coupling constants A?; and /\?R for each molecule in Eq. (S4) based on
its state [sign(g;) = %1]. Furthermore, the average coupling on different states may differ, that is </\2L> #* <)\%> For
simplicity, we assume here a symmetric potential with w;, = wgr and ¢ = 0.

Physically, breaking the (anti)symmetry of the dipole moment leads to a preference or a lower energy on the state
that is coupled more strongly to light. This is relevant for engineering state or reaction selectivity by vacuum fields.
The bifurcation behavior presented in the main text also changes. Here, we investigate this numerically with the help
of the Monte Carlo algorithm presented in the previous section.

The main mathematical difficulty in the case of a state-dependent light-matter coupling is that the quantity P is
no longer a constant. For a linear dipole moment, this dimensionless parameter effectively describes the strength of
the Rabi splitting. Now, assuming relatively small couplings and thus taking only the lowest order in /(A\*)/(wcwm),

it is useful to write P in terms of an auxiliary constant A%

N (A% N _ (A1) Nt _ <>:4>]5' (S28)
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FIG. S3. Monte Carlo simulation of a polaritonic system with nonlinear dipole moments, schematized on the right side of
the figure. The transition dipole moment vanishes on the right state in the blue line and on the left state in the brown line.
The orange line from Fig. 3 is the dashed line here for reference. The simulation uses N = 1000 molecules averaged over 100
realizations, and 'Y p = 'y, =TI

Recall that <)\4> depends on the state of the molecules as well. Now, P can characterize the total coupling strength
if we choose, for instance, A4 = (M%) + (A1))/2 or simply M= </\‘i/R>.

The calculation of the energy difference between left and right states §V;o¢ follows as in Sec. II. In the lowest order
of 1/N, we find

D AL+ Alr

F‘iR BV, 24 A )\?L B )\fR A2 (829)
— = e’ = exp | 2a-——=+ — s
%ar M2 /(%) 24/ (M%)

where & = Qﬁ,BEb now functions as a control parameter. It is noteworthy that the nonlinearity of the dipole moment is
connected with a A%-term in the energy difference. This term shows that the different light-matter coupling constants
generate an effective energy gradient to the molecular states. Furthermore, the collective coupling always vanishes if
the dipole moment is fully symmetric so that )\5 R = 7)\5 I

Here, we concentrate on a numerical example, even though one could proceed with a similar kind of argumentation
as in Sec. II. Let us choose a light-matter coupling that vanishes on one state and is finite on the other. How does
the polaritonic system relax, if all the molecules are initially in the left state, and what is the stationary state? To
further connect this setup to Fig. 3 in the main text, we choose A4 so that it is the larger one of (A%) and (A%),

choose the couplings from a normal distribution with Var(g) = 0.25 (g)? (in the description A2 = VWmweyi), and set
& = 1.3. That is, in the case in which only the molecules on the left state couple to light, the situation is initially the
same as in Fig. 3 (orange line).

The result of the numerical simulation is plotted in Fig. S3. As expected, the initial evolution of the macroscopic
state is very similar in the case where the left state couples to light as to when both states are coupled to light. The
stationary state changes only in a minor way.

Much more interesting is the case where the coupling to light is on the right state only. Initially, there is no light-
matter coupling and the polaritonic system starts to thermalize towards an even split between the states. This initial
rate is similar to that without any coupling. The stationary state however changes notably as more of the molecules
prefer the right state. This again shows the effective attractive interaction mediated by the cavity. Finally, because
of symmetry in the potential and the mirror symmetry of the nonlinear dipole moment, the stationary states of these
two plotted scenarios are related. One gets from one to the other by simply interchanging the labels for left and right.

Finally, we note that Eq. (S29) allows solving the stationary states analytically. This is the most straightforward
in the case in which there is no variation in the left and right coupling constants, that is, A2, = A2 and A5 = A%,
Focusing still on the symmetric potential, the relevant parameter is the ratio )\}5/ /\2L = gr/gr. The effect on the
bifurcation diagram, comparing to Fig. 2(a) in the main text, is similar to having a bias in the potential as shown in
Fig. S4. That is, the critical value of & at which the bifurcation happens increases as the ratio gr/gy deviates from
unity. Similar to the effect of bias, there is a measurable effect before the critical value as more molecules are found
in the state with the larger coupling.



FIG. S4. Bifurcation diagram for a symmetric potential without any variation in the left and right light-matter couplings.
Here, we fix \* = A} within & and the different curves represent different values of \%.

VII. REALIZATIONS OF CAVITY-INDUCED BIFURCATION
A. Polaritonic chemistry

Let us discuss the validity range of the approach in the main text in the context of polaritonic chemistry. As
we derive the rate constant modification from detailed balance, our results disregard quantum effects. That is, the
temperature must be above a certain threshold frequency that is related to we,wr,wg [2]. This limits the systems
mostly to vibrational strong coupling where these frequencies are typically of the order of 100meV and not in the
range of several eV as in electronic strong coupling (at room temperature kg7 ~ 25meV). More notably, we treat the
molecules as one-dimensional systems and assume a constant bilinear coupling to the (single mode) cavity. We believe
that even though this choice neglects many details of molecules used in recent experiments, it gives an important
analytical insight which can be improved upon with specific molecular models.

We note that the potential V(q) with ¢ = 0 and w;, = wg is similar to the ground state potential of the Shin-
Metiu model describing proton-coupled electron transfer [3]. Recently, it has been used in other works in polaritonic
chemistry [4, 5]. In these works, the typical barrier energy is of the order of 1 eV; although it depends on the exact
choice of model parameters. Since the effective potential barrier Ej is typically larger than the barrier energy, our
order of magnitude estimate is that Fj,/(kgT) may range from tens to hundreds.

To identify the strong coupling, the Rabi splitting € must be large enough to be observed. This means that
Q 2 (k+v)/2 where k and + refer to the dissipation rates of the cavity and the molecular mode, respectively. We
have assumed the collective strong coupling regime where /w,, ~ 0.1 leading to P ~ 0.01. Thus, all the results are
given in the first order of P and higher order corrections are yet to be found. Experimentally, it has been shown that
it is possible to reach the so-called ultrastrong coupling regime in vibrational strong coupling; Q/w,, = 0.24 in Ref. 6.

Therefore, the control parameter & = 2P E}, can be of the order of unity in experiments of polaritonic chemistry.
For example, if P =0.01 and SE, = 100, we have a = 2. In the main text, we find that cavity induced bifurcation is
possible only if a > 1.

We emphasize the fact that the coupling constants can differ from molecule to molecule which, somewhat surpris-
ingly, is often neglected in the seminal theoretical works [7]. To further complicate the picture, the couplings may
truly be time dependent if the molecules can diffuse within the cavity. However, such time dependent variation is
much faster than the typical reaction rates, and thus, we can deal with only the averages of coupling constants. There
are at least two types of randomness in the couplings: 1) ”orientation disorder” due to the varying directions of tran-
sition dipole moments with respect to the cavity polarization vector(s), and 2) "position disorder” due to the varying
positions of the molecules within the cavity. These disorders have been shown and studied in several experiments,
for instance, in plasmonic picocavities [8] and in optical cavities [9]. In the main text, we find that the average of
the coupling constants determines the macroscopic properties of the N molecule polaritonic system, for instance the
stationary state and the rate modification. The detailed understanding of these disorders is thus important.

It is speculated in Ref. 10 that the orientation disorder must be negligible in order to see polaritonic chemistry. This
indeed corresponds to the rate modification analysis in the main text, as assuming that the transition dipole moments
are distributed isotropically would lead to the average of the coupling constants being zero and leaving the rate
unchanged. However, it is not clear to us what processes would cause the alignment of molecules in the experiments.
There are fabrication techniques to construct such aligned molecular assemblies [11, 12] but they represent a departure
from the microfluidistic cavity approach detailed in Ref. 10. We hope that our work could motivate theoretical and
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FIG. S5. Electronic circuit model of an LC' oscillator coupled to a set of flux qubits, where the Josephson junctions are marked
with the triangle. There is a flux ® = h/(2¢) + 6P applied across each loop.

experimental inquiries into this kind of disorder.

The effect of the positions of the molecules within the cavity has been investigated experimentally [9]. The experi-
mental findings agree well with the current theoretical understanding presented here and in the main text. That is,
local variations in the cavity field strength affect the couplings. We also know from Maxwell’s equations that such
vacuum electromagnetic fields may change sign as a function of position within the cavity. This is often neglected
since observables such as the energy and the absorption/fluorescence spectrum are independent of the sign. Also, for
a single molecule, the sign is always an irrelevant phase factor of the cavity field. The phase difference between differ-
ent positions is important for the chemistry because one would expect that the molecules are distributed somewhat
uniformly within the cavity. The average of the coupling constants should be zero for antisymmetric cavity modes
and decreases as the order of the cavity mode is increased for symmetric modes. Thus, it would seem beneficial to
limit the variation in the molecule positions by cavity design and/or using the lowest order cavity mode. The reader
should be aware that this message is in contradiction with the published experiments in polaritonic chemistry (see
main text for references); for instance, the second-order cavity mode was put in resonance with a vibrational mode
in Ref. 13 and the tenth-order mode was used in Ref. 14. It is an intriguing possibility that some effects would be, in
fact, caused by coupling to the highly detuned first cavity mode and, consequently, the interpretation of polaritonic
chemistry as a resonant effect would be challenged.

In the presence of great position and orientation disorder, we expect no change in the rates. Nevertheless, if Rabi
splitting is large enough and « > 1, a phase separation based on the value of coupling constants is possible. If we
imagine a case where we have somehow aligned the transition dipole moments and the relevant cavity mode is the
second lowest order mode, the phase separation would manifest as a physical separation. The molecules on one side
of the cavity would then go to another state than those on the other side. This could be achieved, alternatively, with
two films of oriented dipole moments using the same measurement setup as in Ref. 9 so that the films are at the
opposite sides of the cavity (that is, mirror-film-spacer-film-mirror).

B. Coupled anharmonic LC oscillators

Although our work was initially motivated by polaritonic chemistry, our generic stochastic model is applicable to a
large variety of systems. Here we illustrate how similar physics could be studied in an ensemble of superconducting
flux qubits all coupled to the same cavity. We also show how in this setup one can in principle realize the alternating
sign of the couplings.

Consider the electronic circuit drawn in Fig. S5. It describes an LC circuit coupled via mutual inductance with
N (ideally identical) flux qubits [15]. The figure depicts a simplified version of the flux qubit, but the idea can be
generalized to the usually used configurations where the inductance L, is replaced by several Josephson junctions. Such
systems have two macroscopic quantum states corresponding to clockwise and counterclockwise persistent currents,
used as the logical qubit states. When the flux ® ~ h/2¢e[l + f/(27)], the flux qubit Hamiltonian is

A2

H= chq + E; [b¢? + cos(¢ — f)] - (S30)

V(o)

Here Qq is the displacement charge operator of the capacitor with capacitance C,. Qq is canonically conjugate with
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the phase difference ¢ across the junction. They thus take the roles of canonical momentum and position in the
electronic circuit. E; is the Josephson energy of the junction and b = 272h2/(2eLE;) is a dimensionless parameter
characterizing the inductor with inductance L. For f < 7 and b < 0.5, the effective potential V(¢) has two minima
corresponding to the two directions of the persistent current. The relative bias between the minima can be controlled
with f such that the two minima are degenerate for f = 0. For small b and f, the minima are around ¢4 = % + f,

and both have eigenfrequencies wy, = wr &~ wp+/(1 + 2b), where wp = 2e\/E;/Cy/his the Josephson plasma frequency.

Then, the effective barrier height is By, = $E;(1 4 2b)[(¢4 — ¢-)/2]? = 7’7 f%

Flux qubits operate in the regime where the potential barrier between the states is low, Ej, ~ hwp /g, and thereby
the tunnel coupling is large, providing coherent oscillations of the quantum state between the two minima. This limit
is reached when the charging energy Ec = €2/(2C,) is not much smaller than the Josephson energy E;. On the
contrary, we assume E; > FE¢ and thereby a high barrier, such that the transitions between the minima are rare and
mostly driven by thermal noise in the environment of the system.

In such systems, the mutual inductance coupling of the individual qubits to a common LC circuit has been used as
a means to realize controllable coupling between the qubits, as they are tuned on and off resonance with each other
[15]. However, there the resonance condition derives from the resonance of the qubit energy splitting, whereas we
assume that the resonance is between the bistable energy minima. Let us then consider a mutual inductance coupling
of the flux qubits to a common LC' circuit. We model this coupling in the limit where the qubits are in one of their
minima, in which case we describe them as LC' oscillators. The Lagrangian of the system is thus

L= L2+ LPZQHZMQ,Qﬁ G- 2@
j=1 Pj=1 (S31)

= §QTLQ - EQTCAQ’

where we have introduced capacitance C), and inductance L, such that w, = 1//L,C,, for the flux qubits. Note that
this form of expression is possible because w;, = wr = wp; otherwise the state of the flux qubits affects the capacitance
and inductance. The mutual inductance M; can be characterized by a dimensionless parameter k; € [—1,1] so that
M; = kj\/LL,. Here, one can understand the possibility of a negative k; as a phase shift of the induced current; the
sign depends on the details of the inductive coupling.

We define the conjugate momentum using the notation of the flux quantum ®, = h/2e as

= = S32
or” 0Q; L,Q; + M;Q., (32)

@ L {LQC+Z M;Q;,
which can be also formally written as ¢ oc Lé. With this definition, the left hand side represents magnetic flux. The
Hamiltonian of the full systems is obtained by the Legendre transform. We find

oy = 1<%)2¢TL*1¢+ lgrcg. (833)
2\ 27 2

The inversion of the inductance matrix L presents a difficult analytical problem. If the mutual inductances M; are

large, that is |k;| ~ 1, every element of the matrix L™! is generally non-zero. However, we assume that they are

small. To first order, the solution is obtained by noting that we can obtain the conjugate relation for ¢ only in the

zeroth order of M’s and substitute the result in the original Lagrangian £ in Eq. (S31) as it is first order in M’s. We

find for an LC circuit of resonant frequency w, = 1/v/LC

2
0 1 % o
Heor +ch (QW) ta ZL +Z\/LL pebi
(S34)
P2 PJ2 1 2yv2 1 2
=) 5 WXt D wWEX; +wewy ¥ ki XeX;,

2 - -

J J J
where, in the last step, we denoted P; = Q;/4/C), and P, = Qc/\/é and correspondingly X, = %\FC@C and
X; = %\ /Cp;. Thus, in the lowest order approximation, the Hamiltonian corresponds to the potential we chose to

describe in Eq. (S1) with )\? = kjwcw,. Note that both of these models are within the harmonic approximation, as
we expanded the flux qubit Hamiltonian around a minimum point.
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In other words, the cavity induced bifurcation could be observed in flux qubits by studying their collective evolution
towards a state where even in the absence of a bias f, a majority of the qubits would be in the state with, say, clockwise
circulating persistent current.

C. Cold atoms

Recently, there has notable progress in the field of cold polar molecules [16]. Following the long tradition of optical
trapping of cold molecules, this field provides an interesting opportunity to realize a controllable polaritonic system.
This is because the many internal degrees of freedom in molecules allow for metastability in the energy, as described
in this supplement and in the main text. Thus, in the future, it would seem possible to manufacture a system that
is topologically the same as in polaritonics but with controllable coupling constants, and then investigate the noise
activated processes or even quantum tunneling between the possible molecular states.

[1] C. Gardiner, Stochastic methods: A handbook for the natural and social sciences, 4th ed., Springer Series in Synergetics
(Springer, Berlin, 2009).

[2] P. Hanggi, P. Talkner, and M. Borkovec, Reaction-rate theory: fifty years after Kramers, Rev. Mod. Phys. 62, 251 (1990).

[3] S. Shin and H. Metiu, Nonadiabatic effects on the charge transfer rate constant: A numerical study of a simple model
system, J. Chem. Phys. 102, 9285 (1995).

[4] J. Galego, C. Climent, F. J. Garcia-Vidal, and J. Feist, Cavity Casimir-Polder forces and their effects in ground-state
chemical reactivity, Phys. Rev. X 9, 021057 (2019).

[5] X. Li, A. Mandal, and P. Huo, Cavity frequency-dependent theory for vibrational polariton chemistry, Nat. Commun. 12,
1 (2021).

[6] J. George, T. Chervy, A. Shalabney, E. Devaux, H. Hiura, C. Genet, and T. W. Ebbesen, Multiple Rabi splittings under
ultrastrong vibrational coupling, Phys. Rev. Lett. 117, 153601 (2016).

[7] M. Tavis and F. W. Cummings, Exact solution for an N-molecule-radiation-field Hamiltonian, Phys. Rev. 170, 379 (1968).
[8] R. Chikkaraddy, B. De Nijs, F. Benz, S. J. Barrow, O. A. Scherman, E. Rosta, A. Demetriadou, P. Fox, O. Hess, and J. J.
Baumberg, Single-molecule strong coupling at room temperature in plasmonic nanocavities, Nature 535, 127 (2016).

[9] W. Ahn, I. Vurgaftman, A. D. Dunkelberger, J. C. Owrutsky, and B. S. Simpkins, Vibrational strong coupling controlled

by spatial distribution of molecules within the optical cavity, ACS Photon. 5, 158 (2018).

[10] F. J. Garcia-Vidal, C. Ciuti, and T. W. Ebbesen, Manipulating matter by strong coupling to vacuum fields, Science 373,
eabd0336 (2021).

[11] J. A. Zasadzinski, R. Viswanathan, L. Madsen, J. Garnaes, and D. K. Schwartz, Langmuir-Blodgett films, Science 263,
1726 (1994).

[12] J. J. Gooding and S. Ciampi, The molecular level modification of surfaces: from self-assembled monolayers to complex
molecular assemblies, Chem. Soc. Rev. 40, 2704 (2011).

[13] A. Thomas, J. George, A. Shalabney, M. Dryzhakov, S. J. Varma, J. Moran, T. Chervy, X. Zhong, E. Devaux, C. Genet,
J. A. Hutchison, and T. W. Ebbesen, Ground-state chemical reactivity under vibrational coupling to the vacuum electro-
magnetic field, Angew. Chem. Int. Ed. 55, 11462 (2016).

[14] J. Lather, P. Bhatt, A. Thomas, T. W. Ebbesen, and J. George, Cavity catalysis by cooperative vibrational strong coupling
of reactant and solvent molecules, Angew. Chem. Int. Ed. 58, 10635 (2019).

[15] T. Orlando, J. Mooij, L. Tian, C. H. Van Der Wal, L. Levitov, S. Lloyd, and J. Mazo, Superconducting persistent-current
qubit, Phys. Rev. B 60, 15398 (1999).

[16] A. Kruckenhauser, L. M. Sieberer, L. De Marco, J.-R. Li, K. Matsuda, W. G. Tobias, G. Valtolina, J. Ye, A. M. Rey, M. A.
Baranov, and P. Zoller, Quantum many-body physics with ultracold polar molecules: Nanostructured potential barriers
and interactions, Phys. Rev. A 102, 023320 (2020).


https://doi.org/10.1103/RevModPhys.62.251
https://doi.org/10.1063/1.468795
https://doi.org/10.1103/PhysRevX.9.021057
https://doi.org/10.1038/s41467-021-21610-9
https://doi.org/10.1038/s41467-021-21610-9
https://doi.org/10.1103/PhysRevLett.117.153601
https://doi.org/10.1103/PhysRev.170.379
https://doi.org/10.1038/nature17974
https://doi.org/10.1021/acsphotonics.7b00583
https://doi.org/10.1126/science.abd0336
https://doi.org/10.1126/science.abd0336
https://doi.org/10.1126/science.8134836
https://doi.org/10.1126/science.8134836
https://doi.org/10.1039/C0CS00139B
https://doi.org/10.1002/anie.201605504
https://doi.org/10.1002/anie.201905407
https://doi.org/10.1103/PhysRevB.60.15398
https://doi.org/10.1103/PhysRevA.102.023320

A%

THEORY FOR POLARITONIC QUANTUM TUNNELING

by
K. S. U. Kansanen

Manuscript, submitted to the arXiv-repository (2204.13490v1)

Copyright 2022 the Author

123



Theory for polaritonic quantum tunneling

Kalle S. U. Kansanen*®
Department of Physics and Nanoscience Center, University of Jyvdskyld,
P.O. Box 35 (YFL), FI-40014 University of Jyvdskyld, Finland
(Dated: April 28, 2022)

I investigate the tunneling decay rate of a polaritonic system formed by a strong coupling between a
vacuum cavity mode and N metastable systems. Using a simple model potential, I find the instanton
solutions controlling the low-temperature tunneling rate. The resulting rate modification due to the
cavity is proportional to the mean of the second power of the light-matter coupling. No collective
effect that would enhance the rates by a factor of V/N is present, which is in line with the results in

the thermal activation regime.

I. INTRODUCTION

Tunneling is a manifestation of quantum coherence:
quantum systems are able to surmount barriers they
energetically should not due to their wave-like proper-
ties [1]. The range of tunneling systems is broad: ele-
mentary particles in nuclear matter [2], electrons in con-
ductors [3, 4], magnetization in nanomagnets [5], and
superconducting phase in superconducting circuits [6].
Theoretically, tunneling can be understood as the quan-
tum mechanical counterpart to classical thermal activa-
tion describing, for instance, chemical reactions [7-9].

Another type of quantum coherence can be seen when
a coherent exchange of energy between two quantum me-
chanical systems happens. A prime example of such co-
herent systems is polaritons which are the hybrid excita-
tions of the vacuum electromagnetic field and molecular
degrees of freedom. Recently, it has been suggested that
the formation of such coherent systems could affect chem-
istry which is still poorly understood [10-13]. In fact, a
transition state theory calculation shows that all the po-
laritonic enhancements to the reaction rate scale as 1/N
where N is the number of molecules participating in the
polariton [14-16]. This is often attributed to the fact
that the coupling to light induces only two energetically
different polaritonic states, separated in energy by the
Rabi splitting proportional to v/ N, while N — 1 molecu-
lar states, the so-called dark states, remain energetically
the same.

Motivated by the idea of polaritonic chemistry, I focus
on a related question whether there can be a genuine po-
laritonic quantum tunneling effect. This question arises
naturally as the light-matter coupling changes the coher-
ence properties of the system at hand. It also induces
collective behavior through the formation of polaritons.
In fact, the N — 1 dark states are superpositions over
the molecular states even though their energy does not
change.

In this article, I present a model of N metastable sys-
tems coupled to a cavity mode and investigate the ef-
fect of the common cavity mode on the low-temperature

* kalle.kansanen@gmail.com

tunneling decay rate. For a simple model potential, I
analytically solve the polaritonic rate modification using
path integral techniques in the semiclassical approxima-
tion. Such solvable models are rare; there are only a few
truly multidimensional problems in quantum tunneling
that have been solved analytically [1, 17].

In the low-temperature regime, the tunneling decay
rate is dominated by instantons. I find the instanton so-
lutions for the polaritonic system without friction. As the
main result, I find the polaritonic rate modification as a
function of the number N of metastable systems. The
tunneling decay rate is modified by a factor proportional
to the single-molecule coupling constant and not by the
Rabi splitting. This shows that the cavity indeed induces
a coherence effect but it is not a collective effect. Similar
to the transition state theory calculation [14, 15], the po-
laritonic enhancements scale as 1/N if the Rabi splitting
is fixed. Therefore, the practical route to realizing the
cavity-induced coherence is not in the collective strong
coupling regime with large number of systems but rather
in single systems with large couplings to the cavity.

II. SEMICLASSICAL APPROXIMATION TO
TUNNELING

Consider a metastable system described by a potential

1,2 2
Wi ¢<a,
Vig=4¢2"° 1
(9) {OO’ > (1)

where a determines the energy of the potential barrier
By, = 1w3a? as in Fig. 1(a). The quadrature q is defined
here so that the conjugate momentum quadrature p is
given simply by p = ¢. Although this potential has been
used before [18, 19], it lacks a name and, so, I call it the

ski-jumping potential. I set A = 1 everywhere.

Next, consider N identical metastable systems coupled
to a single harmonic cavity mode whose position quadra-
ture is x, normalized similarly to ¢. I assume that this
coupling is directly between the quadratures z and q.
The total Hamiltonian of this polaritonic system is given
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Here, the apparent eigenfrequency of the cavity mode
is w. while the light-matter coupling is encoded within
A2. Tt can be related to the coupling constant g; obtained
from a quantum electrodynamics calculation [20] by A2 =
/wewog;. If one considers the ski-jumping potential to
be a simplistic model of a potential energy surface of
a molecule, the exact value of each coupling constant
depends on the orientation and position of the molecule
within the cavity [20].

There are several methods to calculate the tunneling
decay rate of a metastable system. Here, I use the so-
called Im F' method [21] as it can straightforwardly be
used for multidimensional systems and provides the pos-
sibility to extend the theory to include dissipation [1, 19].
Physically, the idea is simple: the metastability of the
ski-jumping potential means that there are no stationary
states. This may be represented by the eigenenergies ob-
taining a finite imaginary part which is associated to a
tunneling decay rate. Likewise, the partition function Z
defined in terms of the states within the ski-jumping po-
tential obtains an imaginary part. Then, the tunneling
decay rate k at low temperature may be expressed as

2
k= BIman, (4)

where 8 = 1/kpT is the inverse temperature [1, 22]. The
partition function Z can be represented by an Euclidean
path integral

z-= / D(6) exp{—Sp[6(r)]} (5)

over f-periodic paths in imaginary time 7 = it. Here,
¢ = (z,q1,...,qn)7 represents a column vector of all the
dynamical degrees of freedom and the Euclidean action
is given by

B/2 1.
Sg = / dr {§¢T¢ + Vlot(¢)j| . (6)
—B/2
One can associate this Euclidean action to the classical
action of systems moving in the inverted potential — V.
For independent systems, the total potential energy
can be written as a sum of system’s potential energies.
Thus, the partition function factorizes as 2 = Z for
identical systems. Whatever the single-system tunneling
decay rate ki is, the total rate is then k = Nk;.
In general, solving the path integral exactly to obtain
the partition function is difficult. Thus, I resort to the
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FIG. 1. (a) Ski-jumping potential of Eq. (1). It is obtained by
a limiting process from a potential Ej [(q/a)2 —0(q)(q/a)"]
with 6 being the Heaviside step function and n — oco. The
dotted line represents n = 4. (b) Inverted potential —V (g).
The arrow indicates the instanton solution in which the sys-
tem moves from ¢ = 0 to ¢ = a and back.

semiclassical approximation which is valid when the bar-
rier energy Fj is large compared to the real part of the
ground state energy (which is of the order of wyp) [22]. I
expand the path integral around the classical solutions
and take into account only the quadratic fluctuations

Za Yy e S5m0, (7a)
n

IM:/D(r“)exp{%rg[az+V(¢“)m}. (7b)

Here, ¢,, represents one possible classical S-periodic path
and I, the contribution of quadratic fluctuations which
may be expressed using a second derivative matrix V;; =
0?Vior, /0¢;0¢; evaluated at the corresponding classical
solution ¢,. The integration variable 7, is the deviation
from ¢,, with the boundary conditions r,(+8/2) = 0. As
the action Sg is a real variable, the imaginary part of the
partition function must be in fluctuations 7.

The ski-jumping potential allows for the solution of
classical paths in a general case but it complicates the
evaluation of the fluctuations as the potential is discon-
tinuous at ¢; = a. These problems can mostly be avoided
since the quadratic fluctuations can be expressed in terms
of the classical solutions exactly in the case of a closed
system [23, 24].

A. Solution of the Euclidean action

First, I solve the classical periodic paths in imaginary
time. The problem is the same as solving classical mo-
tion in real time but in the inverted potential. Note that
q; = a represents a wall in the inverted potential as in
Fig. 1(b). Thus, at this point, the velocity ¢; is discon-
tinuous. Rather than trying to piece together solutions
before and after hitting the wall, I expand the mathe-
matical trick presented in Ref. 18 for a polaritonic sys-
tem and take this discontinuity into account at the level
of the equations of motion. If a single quadrature ¢; hits



the wall at time 71, that is, ¢1 (7 = 71) = a, the dynamics
in the inverted potential is determined by

N

—& 4wl + Z Mg =0, (8a)
i=1

—i1 + Wi + Mo = AS(T — 1), (8b)

—ji+ Wi+ N2x =0, i=23,...N. (8c)
The unknown constant A is determined from the condi-
tion ¢1(tr =71) = a.

Since I am searching for periodic solutions, the way to
proceed is to write all dynamical quantities as Fourier se-
ries. Here, I choose the convention f(7) =Y, fme™“n”
with w,, = 27mm/8 being the bosonic Matsubara fre-

qucncy Thc inverse transformation is then f,, =
3 L [dr f(r)e~®m". By applying the latter definition to
Egs. (8), 1 ﬁnd

N
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This set of linear equations can be solved. The idea is
first to find the dynamics of the cavity mode z which
then gives the solutions of the individual quadratures g;.
This is achieved by defining a collective variable @, =
Zf;l %qi,m with (A?) = >, A?/N representing the av-
erage over the couplings. The dynamics of @ can be de-
termined from Egs. (9b)—(9¢), which allows for solving
the dynamics of z. After a short calculation I find the
solutions in Fourier space to be

A
Im = 77)\1XP(Wm)€

3 TiemT (10a)
A AZAQ —wm T
dim = ﬂ wz i (/.)2 XP(wm)e " 17 (].Ob)
A 1 — W T
qm = 3 ﬁ [ + )\1XP(Wm)} ™, (10c)

where I defined a short-hand notation describing the po-
laritonic response

Xp(wm) = [W2 +wd) W2 +o?) - NOAH] ™ )

The cavity-mediated interaction can be seen in the fact
that the dynamics of all the quadratures g; depend on
the coupling A? of the first quadrature.

The abstract Fourier space solutions become clearer in
the zero-temperature limit 8 — oco. Then, the Fourier
series can be transformed to an integral which I evaluate
using the residue theorem. Setting 73 = 0 for brevity,

this results in the imaginary-time paths
2 1o <efw+w
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Hr) == 20, 5 ol 2y (2D

with further definitions of the polariton eigenfrequen-
cies wy without the rotating wave approximation and
a detuning parameter § € [—1, 1] given by

witw? 1

wi = \/70 e 5\/4N (M) + (2 —w2)?,  (13a)
2 2

b= % (13b)
UJ+—W_

The Rabi splitting is typically defined as w; —w_ when
the cavity is on resonance w. = wp. Finally, A resolves
by demanding that ¢; (7 = 71 = 0) = a. It gives rise to a
weighted harmonic average

N ()

A=2
a </\4) 24 +)\4(1+5 1 1;5L)
wy w_

= 2aWH,1-

(14)

Here, the weights are the second-order coupling constants
A4 and detuning factors (1 £ 6)/2. This expression al-
ready shows that, similarly to the discussion about dark
states, the bare frequencies wy are weighted with a fac-
tor proportional to N — 1 whereas the polariton frequen-
cies wy have a weight close to unity, independently of N.
Thus, in general, wy 1 ~ wy for N > 1. If A2 = 0, then
WH,1 = Wo.

An example of the polaritonic instanton solution is
shown in Fig. 2. Initially, 7 — —o0, all the quadratures
are at zero. Very slowly, the first quadrature starts to
evolve, pulling all the other systems with it. The exact
direction the other systems are pulled towards depends
on the relative signs of the coupling constants AZ. At time
7 = 0, the first quadrature is at the wall and bounces
back. From this hitting time to 7 — oo, the inverse hap-
pens. The first quadrature starts to slow down and all
the quadratures creep towards their initial position.

The Euclidean action follows directly from the instan-
ton solutions at any temperature. I obtain

1 1+ Aixp(wm)
Spa=5a a® 1 ™ 15
B1 [32 w2 + w2, (152)
FE
g bW ES()%, when 8 — oo. (15b)
Wo WwWo wo

In the low-temperature limit, the action is determined
by two ratios: First, the barrier energy Ej is compared
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FIG. 2. Polaritonic instanton solution for N = 6 on resonance
we = wo. The coupling constants are chosen so that A%/wg =
0.1 and )\?#/wg € {0,£0.1,£0.2}. The dashed orange line in
the middle graph also represents the second term in Eq. (12¢)
that describes the modification to the bounce due to the light-
matter coupling.

to the pseudo-eigenenergy wy. This is in contrast to the
high-temperature result with S = SE,. Second, the
polaritonic effect is contained within the ratio of the har-
monic mean frequency wy,; and the bare frequency wy.
This ratio is unity when there is no coupling, A\? = 0,
and the action is just the bare action, Sg1 = Sp. A fully
uncoupled system does not know about the polaritons,
as expected.

There are also configurations in which multiple quadra-
tures hit the wall. Finding such solutions is a well-defined
classical problem which can be tackled similarly to the
case of one-bounce instanton and is shortly discussed in
Appendix A. However, these multi-bounce paths do not
contribute to the tunneling rate. I argue this in sim-
ple terms: Consider only two systems coupled to a cav-
ity with equal coupling strengths A? = A2, Then, it is
clear that the two systems obey the same imaginary-time
equations of motion, except when they bounce off the
wall. Consequently, one of the possible multi-bounce so-
lutions is that the two quadratures are exactly the same,
¢1(7) = g2(7) for all 7’s. However, this solution is not a
saddle point of the Euclidean action. If you increase the
temperature, the instanton path shrinks to a point that
is near the maximum of the total potential Vi, around
q1 = g2 ~ a. This point is not a saddle point of the po-
tential Vot but the maximum — the Hessian matrix of
the potential has two negative eigenvalues. In the limit
of no coupling, A2 — 0, we arrive at a contradiction with
the case of independent systems; only the saddle points
contribute to the imaginary part of Z in the semiclassical
approximation. It is thus hard to see how the “coherent
transition state theory picture” of Ref. 25 can be mapped

to this low-temperature calculation.

B. Polaritonic tunneling rate modification

To get from the instanton solution (12) to the polari-
tonic tunneling decay rate, one needs to calculate the
fluctuation factor I,,. The program is somewhat cum-
bersome even in the one-dimensional case [22]. The first
derivative of the instanton solution happens to be a zero
eigenvalue mode for the fluctations and I, formally di-
verges. The existence of the zero mode also implies that
there exists a negative eigenvalue mode which makes I,
imaginary. A further complication is that one should
include multiple sequential bounces. Such paths are ob-
tained by essentially glueing instanton solutions together:
The imaginary-time axis can be separated into n parti-
tions of length 8/n. Since the instanton paths change
appreciably only for the imaginary time 2/wy, using the
instanton solution (12) for each partition of length 8/n
gives a path with n bounces. The error of this process is
exponentially small in 8 when 2/wy < (. In these steps,
I follow closely the one-dimensional treatment of Ref. 24.
I do this as the relatively recent literature [26, 27] can-
not be applied since the instanton solution (12) is not
differentiable at the hitting time.

The fluctuation factor of a single bounce can be ob-
tained from a version of the Gelfand—Yaglom formula [22]

= 45\/@,/61}3(?), (16)

where D = ’det(%)’ is the fluctuation determi-
nant evaluated in the S — oo limit and € (8) provides
a finite temperature correction to it. In these and the
following expressions, I denote the number of bounces as
a superscript whereas the subscript refers to the quadra-
ture that hits the wall. I also choose not to keep track of
the powers of 27; in the end, they are fixed by comparing
to the non-interacting result. By expanding the method
in Ref. 28 to the multidimensional system at hand, I find

" (=B/2)6(=B/2) — 8" (8/2)6(5/2)
Je o (n)g(r)dr

where ¢ refers to the vectorized form of the instanton
solution (12). The derivation of this result can be found
in Appendix B. The factor —i is the Maslov—Morse in-
dex, which takes into account the one negative eigenvalue
mode. Mathematically, it follows from the singularity
of the fluctuation determinant at the turning point of
the classical solution (see e.g. Ref. 22). Lastly, 81/Sg1
follows from the Faddeev—Popov method as the hitting
time 7 is in fact a free parameter. By a change of inte-
gration variables from the zero mode proportional to the
first derivative of the instanton solution to 7y in I, one
integrates T over the whole range [—3/2, 3/2] while the
Jacobian of the transformation is 1/Sg,1 [19, 22, 29].

e1(B) =2 . (a7




To connect two bounces, in principle, one needs to cal-
culate the action with variable ending points. This is not
feasible in practice. However, since the instanton paths
reside mostly near ¢ = 0, it is justified to expand the
action. Thus, from the initial ¢(—3/2) = ¢_ = 0 to an
arbitrary point <;~5, the action can be expressed in terms
of the final point ¢(8/2) = ¢+ =0 as

Sglo—, 8 ~ Selo—. 6+] (18)

+300-9) [g5; ) (64 -9)

The Hessian matrix on the second row is calculated along
the classical instanton path. The same structure is also
obtained from a variable initial point and a fixed final
point. Thus, the paths are connected by first dividing
the path integral into two parts with a variable mid-
point ¢ and then integrating over it. These two parts
are assumed to obey the instanton solutions individually.

At this point, the multidimensional nature of the prob-
lem becomes relevant. To connect two bounces, I should
take into account that the two bounces correspond to dif-
ferent quadratures. In the case of equal couplings, they
are exactly the same. Thus, the integration over the mid-
point ¢ is a Gaussian integral and the Hessian matrices
in Eq. (18) are the same. In this case, the determinant
rising from integration is equal to the inverse of the fluc-
tuation determinant D; [23]. I assume here that this
relation holds, at least to an approximation, also in the
case of variable coupling constants.

The extension from two to n bounces does not require
considerably more effort. One should note that there are
now n hitting times, which are all free parameters and
for which the Faddeev-Popov method gives an extraneous
factor of 1/n!. Otherwise, the fluctuation factor is similar
to Eq. (16) for each bounce. Thus, the general n bounce
contribution to the partition function is

W 1 —iB)" 1
I"eSe D Z ( ;[f) H \/ S kier, (B/n)e”SEki
{k} Toi=1

(19)
The vector k enumerates which quadrature hits the wall
in each bounce and the sum is taken over all the possible
n-bounce configurations (k; € {1,...N}). There are n
independent sums and, thus, in total N™ configurations.
These sums can be alternatively written as

7S o %NTL <\/W675E>n . (20)

Here, (-) denotes the ensemble average over the coupling
constants A2,

The remaining problem is to calculate the finite tem-
perature correction €(3) and evaluate the sum over all
bounces to arrive at the partition function Z. The strat-
egy I use is to approximate e(3/n)" ~ C(8)e(0)" with
a prefactor C'(3). This approximation renders the parti-
tion function Z to an exponential form which gives the

leading order contribution in temperature to the tunnel-
ing rate. The function C(8) plays no role in the rate
as it becomes a real prefactor of the imaginary part in
the partition function Z. This approximation is further
discussed in Appendix B. Effectively, it leads in Eq. (20)
to

e1(8/n) — €1(0) = dwa 1wh 1. (21)
where I need to define the weighted arithmetic average

_ (V) = Mwo + M (HPws + F0w-)
N (x%)

WA 1 (22)

with the same weights as in the harmonic average wg 1.
Whenever the total coupling N <)\4> is small compared
to w2w? (i.e., the rotating wave approximation is appli-
cable), always w4 1 ~ wo. In the limit A3 — 0, one finds
€1(8/n)" = (2wp)?™ without any approximations.

Finally, the sum over all classical solutions and their
quadratic fluctuations can be evaluated to arrive at the
partition function Z. The important quantity here is the
average modification r of the tunneling rate, defined as
the ratio of the total tunneling rates with and without
the coupling to the cavity, r = k/k(A = 0). I find

e

This analytical result is for an arbitrary distribution of
couplings. It directly shows that the most important
polaritonic effects are contained in the harmonic fre-
quency wy defined in Eq. (14) while the arithmetic mean
frequency wa of Eq. (22) provides a small correction rel-
evant only in the ultra-strong coupling regime.

The rate modification r describes the total tunneling
rate modification of an N-body polaritonic system. The
light-matter coupling modifies the tunneling for each sys-
tem and, thus, there must be an ensemble average over
the coupling constants. To be more precise, the aver-
age is over the second-order couplings A# which are the
weighing factors in the harmonic average wy. Using the
expression ’\12 = /Wewoy; it is instructive to write

1
c:.)i - g2 146 wo 1-6 wo (24)
0 1+W<TH+TI_1)

in terms of the true coupling constants g. Thus, the rele-
vant distribution is that of g2. This is in contrast to our
recent work focusing on bistable potentials in the thermal
activation regime where we found that the distribution
of g plays an important role [30].

III. ANALYSIS OF THE POLARITONIC RATE
MODIFICATION

Let us consider the consequences of the rate modifica-
tion (23). In the following, I assume that the rotating



—_ S5p=20
4 — Sy=5
“ So=10.5
9 4
0 T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

9/ \/@owe
FIG. 3. Polaritonic tunneling rate modifications of a single

system with different tunneling barriers Ey/wo = So/2.

wave approximation holds and that w. ~ wg. The polari-
ton frequencies are effectively redefined as

we + wo

we = VN (92) + (we — wp)2/4 (25)
and w4 /wp = 1. The harmonic average simplifies as the
relation

1446 1 1-61 We
i — = 26
2wy + 2 w-  wowe.— N{g?) (26)

removes the need for the detuning parameter 4.

N = 1: For a single metastable system, the analysis is
straightforward. The harmonic average is then over the
polariton states which favors the lower polariton state.
By employing the rotating wave approximation, I have
wp /wo = 1— g2 Jwow,. Inserting this relation to Eq. (23)

gives
2 2
= <1 - >cxp<50 J ) (27)
Welo WeWo

Whether the tunneling rate is increased or decreased de-
pends on the bare action Sy = 2E},/wy. Expanding to the

lowest order in the coupling gives r ~ 1+ (So—1) 72—

high tunneling barrier is represented by So > 1 in" thch
case the rate always increases due to the presence of the
cavity. Higher the barrier, stronger the effect for a fixed
coupling ¢g. This is visualized in Fig. 3. It should be
noted that Sy < 1 is at odds with the semiclassical ap-
proximation and, thus, the result might not be accurate
in such case.

The case of a single tunneling system coupled to a har-
monic oscillator is relevant for experiments conducted in
superconducting circuits [1]. The metastable quadrature
could be, for instance, the superconducting phase dif-
ference of a Josephson junction in an electrical circuit.
Then, Eq. (27) predicts the tunneling rate change if this
circuit is connected to an external resonator.

N > 1 but N <g?> < wowe: The case of macroscopi-
cally large N is the typical regime of polaritonic chem-
istry. The ensemble average in Eq. (23) could be cal-
culated numerically for some model distribution of cou-
plings but, rather, I calculate it with the cumulant ex-

pansion to the second order. This gives

)]
chp{SOfSU<L:}U>+ SOVr(ZJZ)},

where Var(-) refers to ensemble variance defined as
Var(z) = (2?) — (z)?. Thus, in principle, the variance
of the coupling constants can modify the observed rate
modification. However, for N > 1, the variance is well-
approximated by

Var(a;g) - <(:}TI;>4 (Woszir(Jgf?QQ»Q’

because the fluctuation of couplings is also suppressed
by the factor 1/N in the harmonic mean. Now, if
92 Jwewo < 1 for all 4, which is a typical assumption in the
collective coupling regime, the variance can be neglected
as Var(gQ/wcwo) < 1. Consequently, the expectation
value of wy /wy is given by

() -mZwont

—(N-1)(e?)

Here, it appears that wy/wy is determined as a ratio of
polariton frequencies (w;w_)? so that the polaritons in
the denominator consist of N —1 systems and in the nom-
inator of N systems. The latter equation is an expansion
in the leading order of <gz> Jwowe. Using this expanded

form I find
2 2
ra (1 <g >>exp<50<g >>, (31)
WeWo WeWo

which generalizes the single-system polaritonic rate mod-
ification of Eq. (27). In conclusion, there is no consid-
erable collective tunneling effect, even if the collective

coupling /N (g2) is a considerable fraction of ,/w.wq.

(29)

1 N{g*)
7N WeWo .

(30)

WoWe

A. Comparison to high-temperature escape rate

Thermal activation is the main mechanism in the es-
cape from a metastable potential whenever the temper-
ature is above a threshold temperature proportional to
wo (8, 31]. The instanton path shrinks to a single point in
the limit of high temperature, 5 — 0. This follows from
Matsubara frequency w29 — oo. Thus, only m = 0
contributes in the Fourier series expressions. The action
is in this case

wowe — N (g%)
wowe — (N {g2) — g7)"

The similarity to the low-temperature action in Eq. (15)
is evident: the bare action has changed from S, =

Spi=BE, (32)




2E,/wy to BE, while the polaritonic modification is ex-
pressed in a form similar to Eq. (30) instead of wg ;/wo.
However, I have not used the rotating wave approxima-
tion here as in Eq. (30).

In the high-temperature regime, one can also calculate
the rate using the classical transition state theory. This
approach gives the same exponent but it allows for a
straightforward solution of the prefactor (also called the
attempt frequency). The prefactor is proportional to

WO\/ wowe — N <92> (33)

wowe — (N (g?) — g7)

The structure of the classical escape rate is therefore dif-
ferent from the low-temperature one. Besides the change
of the harmonic frequency wy to the ratio of polariton
frequencies (which coincide in the rotating wave approxi-
mation), the modification of the action and prefactor are
in different powers.

With both the low- and high-temperature limits of the
rate modification at hand, one can imagine the follow-
ing set of experiments (see e.g. Ref. 6): One varies
the temperature of the polaritonic system and measures
the escape rate. Starting from a high temperature and
lowering it, the rate drops and eventually saturates to
the quantum tunneling rate. By repeating this measure-
ment without the cavity, the polaritonic coherence effect
should become visible. The results I obtained imply, how-
ever, that this is likely only in single systems with sizable
light-matter coupling because there is no collective en-
hancement of the rates.

IV. CONCLUSION

The work presented here is rather technical and, in
many ways, cumbersome. Next, I try to clarify what I
think are the main ideas and results of the work.

I show a simple, analytically solvable, toy model for po-
laritonic tunneling. In principle, there are numerous cal-
culation techniques in the literature but the multidimen-
sionality of the polaritonic system and the ski-jumping
potential require some adaptation. These techniques
might prove useful, for instance, in the investigations of
macroscopic tunneling in superconducting circuit arrays
or other interacting ensembles of metastable systems.

Even if the main result, the polaritonic tunneling rate
modification (23), is obtained in a ski-jumping potential
that does not directly correspond to any potential seen
in nature, it has value. As a first guess, the structure
of the solution is likely similar for a different potential:
the modification is determined by the bare action and
the harmonic frequency wy. The formation of polaritons
affects the coherence properties in such a way that the
tunneling rate may be increased. At the same time, if
N > 1, the dark states spoil the effect of the polaritons to
the tunneling decay rate out of any metastable potential.
Of course, I would prefer to be proven wrong.

My work in the low-temperature regime coupled with
the transition state results in Refs. 14 and 15 indicate
that there is no collective polaritonic effect in the escape
rate in the case of a large number N of molecules. Thus,
it seems that one should take into account the possibility
of systems returning back to the metastable state, or that
there is no effect to be found in the first place.

This article considers only a truly metastable poten-
tial. An alternative system would be a bistable potential
which we considered in the thermal activation limit [30].
For the low-temperature limit, the approach would have
to be different than what I present here because there are
no similar instantons. This is because these imaginary-
time paths are at zero energy while the cavity changes the
energies of the stationary states. Tunneling in bistable
systems therefore requires another approach.

I did not take into account the friction or dissipation
the systems realistically have. On the level of the action
this would be, in principle, a straightforward extension [1,
19, 32, 33]. I expect dissipation to modify the tunneling
rate modification: the modification should be larger for
a nearly dissipationless cavity than for a bad cavity with
a large dissipation rate. However, it cannot change, for
instance, the N-scaling of the action.
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Appendix A: An approach to classical multi-bounce
solutions

For completeness, I show how the method presented in
the main text can be expanded to instanton configura-
tions where multiple quadratures visit the point ¢; = a.
It requires modification.

One has to introduce a matrix-like structure to the
delta functions in the equations of motion. From the
viewpoint of Lagrangian mechanics, the delta function
can be seen as a constraint force following from the con-
dition ¢i(m1) = a. If there is another constraint, say,
g2(T2) = a, the constraint on quadrature 1 affects also
quadrature 2 due to the coupling via the cavity. The
equations of motion to be solved are in general

—G; + wigi + N =) Aijd(r — 1) (A1)
J

for all quadratures that hit the wall, ¢;(7;) = a.

If one assumes that all the off-diagonal elements of
A;; are zero, the delta functions do not conserve en-
ergy E(1) = %quqb — Viot(¢). (The energy is zero for



instanton solutions in the limit 8 — oo.) That is, the so-
lution is only correct in a piecewise manner with abrupt
changes in energy at hitting times 7;. The energy is con-
served for a single bounce.

One can fix the unknown parameters A;; not only from
the conditions ¢;(7;) = a but also from the energy conser-
vation and symmetry considerations. This seems clear for
two bouncing quadratures, because the constraint forces
between the two systems should be similar and, conse-
quently, Ao = As;. Whether or not it works in the
solution of the general many-bounce dynamics, I do not
know.

If there is a solution of the action in terms of the many
hitting times, it is not evident what it means. Presum-
ably, in the spirit of the least action, the classical path
should be that of minimal action. I conjecture that this
path is always for a polaritonic system such that the dif-
ference between hitting times is zero.

Appendix B: Finite temperature correction

For large but finite 5, an exponentially small correc-
tion to the zero eigenvalue mode should be included. This
section generalizes the discussion in Ref. 28 to multidi-
mensional systems. Since the eigenvalues of the fluctua-
tion determinant can be mapped to the eigenvalues in the
time-independent Schrédinger equation, the question is,
how do the energies change when a system is put into an
infinite potential well. That is, there are two equations

@2 +V)f(r) =0,
(02 +V)g(r) = —eg(r)

with boundary conditions f(7 — f+o0) — 0 and g(7 =
+6/2) = 0. It can be shown that the solution of
the former equation is related to the classical instanton
path ¢(7) by f(7) = ¢(7). By multiplying Eq. (Bla)
by g7 from the right and similarly Eq. (B1b) by f7,
integrating over [—//2,3/2], and then subtracting the
equations, I find

FH(=B/2)9(=B/2)~F(8/2)3(8/2)

B/2
:e/ fE(r)g(r)dr.
—B/2

(Bla)
(B1b)

(B2)

Since the correction must be small for large 3, the in-
tegral on the right hand side can be approximated by
replacing g by f and extending the integration limits
to +oo. Consequently, € can be solved in terms of f
and g. The question is then about the relation between
the derivative of g and f at the boundaries +3/2.

For real-valued functions, the WKB approximation
gives g(+£3/2) ~ 2f(£8/2). Alternatively, one can set
g(7) = ¢(7) f(7) and find ¢ to first order in € which results
in §(£8/2) ~ 2v/3f(£8/2) for the ski-jumping potential.
However, in this article, the exact proportionality con-
stant is not of great importance as such factors cancel

_or2xi0 {®
= Tx107
<
— 6.8 x 1073 L4
< 5 .
Q6.6 x 10” o,
6.4x107° 1 : - ]
10° 10 10 10°

n

FIG. 4. The values of [¢(8/n)/e(0)]" for N =1, fw = 5 and
(1+0)w+/wo=1+£0.1.

out when determining the cavity-induced modifications
to the tunneling rate.

For vector-valued f and g, the argument is similar but
less rigorous. It is possible that putting the system into
a box changes both the magnitude of the derivative and
its direction. However, the change of direction can be
neglected in the ski-jumping potential: The potential
matrix V is close to a constant near the boundaries so
one can diagonalize it by an orthogonal matrix. For the
ski-jumpinging potential especially, V' is constant for all
values of 7 except the hitting time 7 = 7. The argument
for real-valued functions holds then for each component
of the transformed vectors. Since the transformation is
the same for both f and g, the result is also the same.
Inserting the relations g(+£8/2) ~ 2f(+5/2) and f = ¢
into Eq. (B2), I get Eq. (17). It should be noted, however,
that this result will likely not hold for more complicated
potentials but, in general, g(£38/2) = Cf(££/2) where
C' is a matrix.

1. Correction for ski-jumping potential

The finite temperature correction (17) is readily ob-
tained by using the instanton solutions (12). It should
be noted that the denominator in the correction €;(f)
is the action Sg,; and that the instanton solutions are
symmetric with respect to the hitting time 7 = 0. I find

1 —Bw,
61(5) = 40UH,lm |:(N <)‘4> - A%)WOE Buo (B3)
+ )\‘11 <1T+6w+€_ﬂw+ + 17760‘)_6—&0—)

As implied in the main text, this expression is not partic-
ularly helpful because the partition function Z depends
on €(f/n) so that n is summed over. A reasonable ap-
proximation is to replace €(3/n) by €(0) because it rep-
resents the n — oo limit. Furthermore, it can be shown
that, for a constant /3, the value of €(8/n) can be limited
by €(0) in the sense that A < [e(8/n)/e(0)]" < B for alln
with suitable constants A and B. This is exemplified in
Fig. 4. The prefactor in the approximation €(5/n) « €(0)



does not contribute to the imaginary part of the partition

function Z and is thus unimportant.
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