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ABSTRACT

Polariton chemistry exploits the strong interaction between quantized excitations in molecules and quantized photon states in optical cavities
to affect chemical reactivity. Molecular polaritons have been experimentally realized by the coupling of electronic, vibrational, and
rovibrational transitions to photon modes, which has spurred a tremendous theoretical effort to model and explain how polariton formation
can influence chemistry. This tutorial review focuses on computational approaches for the electronic strong coupling problem through the
combination of familiar techniques from ab initio electronic structure theory and cavity quantum electrodynamics, toward the goal of
supplying predictive theories for polariton chemistry. Our aim is to emphasize the relevant theoretical details with enough clarity for
newcomers to the field to follow, and to present simple and practical code examples to catalyze further development work.
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. INTRODUCTION

Strong interactions between nanoconfined photons and molecu-
lar systems' ~ can lead to the creation of hybrid light-matter states
known as polaritons that may display remarkably different chemical

and physical properties than their parent components.* '* The techno-
logical and chemical applications of these strongly coupled light-mat-
ter states are wide-ranging. Recent examples of cavity control of
chemical reactivity and catalysis,"* ' polariton lasing,"* manipulation
of non-linear optical effects in organic molecules,’” optical energy
propagation,”””" plasmon-based photostabilization,”” plasmon-based
multimode vibrational strong coupling,”’ Bose-Einstein condensation
of molecular exciton-polaritons,”* and protection against decoherence
processes”” offer only a glimpse into the transformative potential of
polaritonic approaches to chemistry and materials science. In order for
the field to fully live up to its promise, the experimental realization of
strong and ultra-strong light-matter coupling must be accompanied
by high-quality theoretical descriptions of the emergence and proper-
ties of molecular polaritons.

There have been several excellent reviews and perspective articles
focusing on theoretical advances related to polaritonic chemistry.
Theoretical challenges in polaritonic chemistry bridge most domains
of chemical physics, including polaritonic structure, dynamics, statisti-
cal thermodynamics, and rate theories as pointed out by a recent com-
prehensive review by Huo and co-workers™ and an incisive
perspective by Feist and co-workers.”” Ruggenthaler et al. have con-
tributed a rigorous review of several promising directions in ab initio
cavity quantum electrodynamics (QED) methods with a particular
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emphasis on real-space approaches to bridge density functional theory
(DFT) and its real-time extensions with cavity QED; the resulting
QEDFT approach”® has played an important role in simulating polari-
tonic structure. In this tutorial review, we also focus on the problem of
simulating polaritonic structure through the lens of ab initio cavity
QED, but we emphasize emerging methods implemented with
Gaussian basis sets. Throughout, we refer to ab initio cavity QED
methods (whether in Gaussian or real-space grid bases) as those where
the starting point is a single time-independent Schrodinger equation
for charged particles comprising a molecular system coupled to quan-
tized photonic degrees of freedom. These methods can be seen to be
complementary to parameterized cavity QED (pCQED) methods
where one essentially considers solving two Schrodinger equations in
series: a first for the molecular system, and the second for the coupled
molecular-photonic system that is parameterized by the solutions to
the first.”****" As a tutorial review, our aim is to provide a level of
technical detail sufficient for newcomers to the field to implement
some of the more introductory methods and start applying them as-is,
or to leverage these implementations to seed new or more elaborate
methodological developments. In addition to the discussion of the
related theory in text, we provide example code in a tutorial style that
utilizes the Psi4dNumpy framework for a QED-Hartree-Fock self-
consistent field method and a QED-Configuration Interaction Singles
method. We will present some illustrative calculations utilizing these
methods and also discuss results from the literature for methods
beyond those for which we have provided tutorial implementations.

Historically, theoretical descriptions of strong light-matter inter-
actions have been built upon simple model Hamiltonians that describe
interactions between two- or few-level quantum emitters and a single
photon mode. For electronic strong coupling in polariton chemistry,
the Jaynes—-Cummings model provides such an example. Here, two
states of the quantum emitter are parameterized by the ground- and
excited-state energies, and these states couple to the photon mode
through a dipolar transition; see, for example, Ref. 26 for a derivation
and detailed discussion of this model. Such models are powerful tools
for simulating qualitative changes to properties of molecular systems
strongly coupled to nanoconfined photons,"”"** offering essential
insight, for example, into optical changes that can be induced by
manipulating the energy content of an external field”’ or into changes
in chemical reactivity’* or rates of electron transfer reactions.”” While
such simulations improve our qualitative understanding of many
problems, quantitative predictions of chemical reactivity or orbital-
specific quantities (e.g., ionization potentials) within optical cavities or
other nanoconfined environments necessitate an ab initio approach to
light-matter interactions or a pCQED treatment with a sufficiently
large basis of molecular and photonic eigenstates.”®

The most conceptually straightforward strategy to realize an ab
initio polaritonic model is to generalize an existing methodology to
treat more than one type of quantum mechanical particle—namely,
for the description of both electrons and photons. Following this
scheme, approaches based on quantum electrodynamics generaliza-
tions of density functional theory (QEDFT****"** and QED-DFT** ")
configuration interaction (QED-CIS),"* and coupled cluster (QED-
CC)" have emerged. An alternative and perhaps more direct descrip-
tion of polaritonic structure could be obtained from a theory designed
from the outset with a different particle type, the polariton, in
mind.”® " This approach could be the more natural one, but, in the

REVIEW pubs.aip.org/aip/cpr

framework outlined in Ref. 50, the technical challenge of designing
algorithms for treating multiple types of quantum mechanical particles
is supplanted by a new problem: enforcing the correct Fermi-Bose sta-
tistics on the polaritonic wave function. In either case, the vast majority
of polaritonic quantum chemical models are built upon density func-
tional theory (DFT). For many applications, DFT offers an excellent
balance of accuracy and computational affordability. However, DFT
suffers from a number of well-known deficiencies’ that are no doubt
inherited by polaritonic extensions of the model and potentially limit
its applicability to arbitrary polaritonic problems. Hence, while this
review article touches on QED generalizations of DFT, the main focus
is wave function methods.

Il. THE PAULI-FIERZ HAMILTONIAN

The starting point for our presentation of ab initio polaritonic
structure theory is the Pauli-Fierz (PF) Hamiltonian,”>” represented
in the length gauge and within the dipole and Born-Oppenheimer
approximations. An excellent pedagogical discussion and derivation of
this Hamiltonian from the minimal coupling Hamiltonian in the
Coulomb gauge can found in recent papers and reviews by Huo and
co-workers.”*”* Here, we briefly outline some key details, assuming a
single photon mode for simplicity, but the Hamiltonian we derive can
be generalized for multiple modes. It has been shown that the inclusion
of multiple modes can profoundly impact ground-state and excited-
state polariton surfaces, and physiochemical process in model sys-
tems.”” Most ab initio cavity QED studies to date have considered only
a single mode, so multi-mode effects represent an important area to
explore in future work.

We begin with the minimal coupling Hamiltonian in the
Coulomb gauge

. N1y, SN2 s
HP.A:ZT%<IJ1-72,‘AL> +V(X)+h(1)cavb b, (1)

where the subscript on the Hamiltonian denotes that this operator is
also referred to as the “p - A” Hamiltonian.”* The sum runs over all
charged particles (electrons and nuclei in molecular systems); p; and z;
are the momentum operator and charge for particle i, respectively; A |
is the transverse component of the vector potential, which points along
é shown in Fig. 1; V(x) is the Coulomb potential operator for all pairs
of chargefiT particles; and fiweyb b captures the photon energy. The
symbols b and b are photonic creation and annihilation operators,
respectively. Important properties of the photonic creation and annihi-
lation operators include their action on photon number states

b'|n) = v+ 1ln+1), @)

bln) = Vnln — 1), (3)
b'bln) = nln), @
and their commutation relations
[b6,6'] =1, 5)
6" 6] = 1. ©)

In Eq. (1), the coupling between light and matter is captured by
the first term, which includes the matter momenta and the product of
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FIG. 1. Schematic of a Fabry—Pérot cavity containing molecular subsystems. The
transverse component of the vector potential and the associated electric field com-
ponent points along the vector €, which is parallel to the z axis in this scheme. The
cavity mode volume is determined by L°.

the matter charges and the vector potential; note that, in the Coulomb
gauge, the vector potential is purely transverse. The p - A Hamiltonian
in the Coulomb gauge is quite natural for formulations of ab initio
QED represented in a real-space grid basis, and so, approaches such as
QEDFT are formulated in this gauge.”® However, because momentum
eigenfunctions are delocalized functions, capturing the coupling matrix
elements between in the p - A representation is challenging for formu-
lations that utilize Gaussian basis sets, which are inherently localized in
space. Therefore, PF Hamiltonian in the length gauge that we seek
may be obtained from H .4 via a gauge transformation, known as the
Power-Zienau-Wooley (PZW) transformation, followed by a unitary
phase transformation. The PZW transformation operator is

R i
Upzw = CXP<—EP¢ : A)7 (7)

where, within the dipole approximation, A = Ag(b + ET) and A,
=,/ ﬁé are the vector potential of the cavity photon, which is still

purely transverse, but we are dropping the _L for simplicity. We can see
that the cavity mode volume derives from the cavity length L shown in
Fig. 1 as V = L?, and sets the magnitude of the vector potential.

Let us consider the PZW transform of each term in Eq. (1). As
noted in Ref. 54, the PZW operator boosts the momentum operator by
an amount zA. To see why this is the case, consider the BCH expan-
sion of this transformation for the light-matter coupling term for a
single particle with charge z,

UPzw(i? - Zf\) U;zw = eBée’B

—c+[B.el+y B BC+ o, ®

where C = (p — zA) and B = — 1 zA%, and we have used the fact
that the dipole operator ji = zX. Because A commutes with itself,

pubs.aip.org/aip/cpr

we have [C, B] = — %ZA [,p] = zA, and all subsequent commutators
equal to zero. Thus, we can see that

. . AN At N - - A

Upzw (p — 2A) Upyw = (p—zA) +zA = p. 9)

Consequently, the first term in the PZW transformation of Eq. (1)
becomes

N N
. 1 /. N2 g 1 .
Urzw > —( .—z.A) Ubpw = 5—b.  (10)
PZW o, pi—zi PZW o) iP:

Both A and % commute with V (%), so we have

Uprw V(&) Uppy = V(%) 1)

Finally, we have

0PZW hwcavl;Tl; LAJITJZW = eECe—B

~ PN lra 12 &
where we will call C :hwcaV};TiJ and B :g(l;—ﬁ—lj), where
g = —+ij1- Ag. The first commutator gives
howg |(b+5),6'D] = —hoag® —b),  13)

and the second commutator gives

B

w6 +5), 0 - b)] = howg, a9

so that this term overall reads
. Afa g A R ~F s
Upzw heavb b Uy = hocayb b + iyt - Ag(b — D)
@, N
;V (jt - Ao)z‘ (15)

Combining all terms gives the Hamiltonian in the dipole gauge, also
called the “d - E> Hamiltonian™®

+

N 2
Hyp = ZZP_J@ FV(R) + hova b + ioavit - Ao(b' — b)
COCBV
h
To derive the Pauli-Fierz Hamiltonian from Eq. (16), we apply a uni-
tary phase transformation defined by the operator

U(/, = exp(i%i)%)), (17)

which transforms the photonic operators as follows:

+ = (jr - Ag)’. (16)

(/)ZAJU; = —ib, (18)
S
Ugb bU¢ =bb.
Thus, the Pauli-Fierz Hamiltonian can be defined as
HPF - 0¢I:IdEU;
Noproo N PO
= Zj + V(X) + hieah' b — waeft - Ag(b + b)

i

(- Ao)*. (19)
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It is common to define the coupling vector 4 = , /goivé’ and so after

recalling the definition Aq = /51— € We can write Ag = 4/ T
‘cav ¢l cav

At this point, the sum ZN

1

nuclei, and the potential operator V(%) = Ve + Veny + Vi includes
electron—-electron repulsion, electron-nuclear attraction, and nuclear-
nuclear repulsion operators. We will invoke the Born-Oppenheimer
approximation, which fixes the nuclei and eliminates the nuclear kinetic
energy operator and makes the nuclear-nuclear repulsion a constant for
a given molecular geometry. With these definitions in mind, we write the
Pauli-Fierz Hamiltonian™>>” in the length gauge and within the dipole
and Born-Oppenheimer approximations and in atomic units as follows:

o R
% = T, + Ty runs over the electrons and
;

r COC&V

H:He+wcavI;TI;_ )

(o i)' +B) 43 (3P (20)

Here, H o represents the electronic Hamiltonian that arises in standard
electronic structure theories when the Born-Oppenheimer approxima-
tion is imposed on the charged particles captured by the Zf\] 2%
+ \7()2) term in Eq. (19). The second term Hey = wcavl;TiJ represents
the Hamiltonian for the cavity mode, which is a Harmonic oscillator
with fundamental frequency wc,y. The last two terms are the bilinear
coupling, Hye = —/%=(A - ﬂ)(iﬂT + b), and dipole self-energy terms
Hpse = % (4~ ﬁ)z, respectively. We will assume a Cartesian coordinate
system, where A and fi will have x, y, and z components. As is shown
in Fig. 1, the projection of the Cartesian components of the molecular
dipole operator onto € will arise from the orientation of the molecule
relative to the cavity polarization. We note that for molecules in the
gas phase, the orientations sampled will depend on the distribution of
rotational states occupied by the molecules at the temperature of the
setup. The molecular dipole operator jt has electronic and nuclear con-
tributions, ie., ft = fi, + p,. In the Born-Oppenheimer approxima-
tion, the nuclear contribution is a constant for a given geometry. While
this review focuses on purely electronic coupling, a more complete
description of the polaritonic structure could also consider nuclear
effects, in which case the breakdown of the Born-Oppenheimer
approximation may have considerable consequences on predicted spec-
tra and dynamics of these systems. As an example, simulated vibration-
ally resolved electronic spectra can vary dramatically depending on
whether they are computed in the adiabatic or diabatic representation
and also on the particular diabatization scheme.”

For the remainder of the paper, we use standard labeling notation
for molecular spin orbitals, i.e., labels 4, j, k, and I refer to electronic molec-
ular spin orbitals that are occupied in a reference configuration, and labels
a, b, ¢, and d refer to unoccupied electronic molecular spin orbitals.
General electronic molecular orbitals will be indexed by p, g, 1, and s, and
electronic atomic orbitals will be indexed by Greek labels. Unless other-
wise noted, all electronic orbital labels refer to spin orbitals. The symbols
@' and a will represent fermionic creation and annihilation operators,

respectively, while b and b will represent the bosonic equivalents.
lll. MEAN-FIELD CAVITY QED

As our first step in approximating the energy eigenstates of
Eq. (20), we introduce the cavity quantum electrodynamics Hartree—
Fock (QED-HF) method based on the reference wavefunction

REVIEW pubs.aip.org/aip/cpr

0°0°) = |0%) @ [0P), 21

which is a direct product of a Slater determinant of electronic spin
orbitals (]0°)) and a zero-photon state (|0)). This zero-photon state is
defined as a linear combination of photon-number states

0°) =3 (0)" 10}, 22)

n

where |0) represents the photon vacuum. The functions |0°) and |0P)
can be determined via the following modified Roothaan-Hall proce-
dure. In the first step, the electronic wavefunction can be determined
as the Slater determinant that minimizes the expectation value of Eq.
(20), given a fixed zero-photon state. Second, given |0°), we integrate
out the electronic degrees of freedom of Eq. (20) to obtain a photon
Hamiltonian

H, = (0°|H|0°), (23)

the lowest eigenfunction of which is [0P). In practice, |0P) can be deter-
mined by expanding H, in a basis of photon-number states and bring-
ing it to diagonal form. This two-step procedure should be repeated
until self-consistency.

One key detail in this procedure is that incorrect behavior can be
recovered if the photon space is not fully converged. As an example,
Fig. 2(a) illustrates the QED-HF energy for a cavity-bound hydrogen
fluoride cation (described by the cc-pVQZ basis set) as the molecule is
moved away from the origin. Here, the cation is coupled to a single-
mode cavity with a fundamental frequency of 2 eV, the cavity mode is
polarized along the molecular axis, the coupling strength, 4, is 0.05
atomic units, and the H-F distance is fixed at 0.917 A throughout the
translation. The QED-HF energy should be origin invariant, but, as is
evident from the data, the correct invariance properties are only
observed in the limit that the photon basis is complete. Figure 2(b)
illustrates the error in the QED-HF energy, with respect to calculations
carried out in the so-called “coherent-state basis,””” which, as discussed
below, yields results that are equivalent to those obtained with a com-
plete photon basis. Here, we can see that even with 20 photon number
states, the QED-HF energy is still not strictly origin invariant, and this
issue is more pronounced the farther from the origin the molecule is
placed.

Aside from origin invariance, the QED-HF energy should be
independent of the photon frequency;”” any polaritonic wave function
that is factorizable as a product of an electronic wave function and a
photonic wave function should have this property. Figure 3 illustrates
the frequency dependence of the QED-HF energy for the same cavity-
bound hydrogen fluoride cation when the molecule is placed 10 A
from the origin. Clearly, an incomplete photon basis leads to an incor-
rect frequency dependence in the QED-HF energy. The errors with
respect to calculations carried out in the coherent-state basis depicted
in Fig. 3(b) demonstrate that errors due to the incompleteness of the
photon basis can be quite large, even when considering 20 photon
number states. In this case, errors larger than 1073 E,, are observed for
cavity mode frequencies less than 1.5eV; these errors become much
smaller as the photon frequency increases.

As alluded to above, an equivalent representation of ground-state
QED-HF involves representing the problem within the coherent-state
basis,”” which is the basis that diagonalizes o p-In this way, we avoid
the need to solve the second step of the modified Roothaan-Hall
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FIG. 2. Origin dependence of the QED-Hartree-Fock energy when varying the number of photon-number states used to represent the photon Hamiltonian, FIp, for a hydrogen

fluoride cation.

procedure described above and automatically ensure convergence of
the procedure with respect to the number of photon-number states. In
the coherent-state basis, we need only solve the electronic problem with
a transformed Hamiltonian, the form of which is derived in Sec. TIT A.

A. Coherent-state transformation of the Hamiltonian

As noted in Ref. 57, |0P) can be exactly defined with a unitary
coherent-state transformation operator of the form

Ucs = exp (z(lfr - i))), (24)

where z is a parameter defined such that UcsH o UTCS is a diagonal
operator
—J- (i
AN (25)
Vv 2COCBV

The term (i) in Eq. (25) represents the expectation value of the molecu-
lar dipole moment (with respect to the Slater determinant, |0¢)), which
is also a vector quantity. We can relate the photon vacuum to the zero-
photon state through the unitary transformation defined in Eq. (24),

-99.0 T T T T T
coherent-state basg
n= o]
-99.1 n=5 A 4
n=10 +
=15 X
OE@g n
992 F BEEm@@pg n=20 o
Ooopp
- oo lc ol
w
3—99.3- B
= AXA
@ A A,
S -99.4 | AAAAAAA i
AAAAAAAAA
+
995F Tt g
MH—C—CMH‘-‘-HD
-99.6  (a) g
1 1 1 1 1 1 1

1.0 15 20 25 3.0 35 40 45 5.0
photon frequency (eV)

~t
|0F) = Usl0), (26)
where |0) represents the photon vacuum. Now, consider the expecta-

tion value of the PF Hamiltonian with respect to the QED-HF
wavefunction

(0°0P |E[0°0P) = (0°] ® (0| UcsH U ts|0) @ [0°). 27)

From the right-hand side of this expression, it is evident that the elec-
tronic wave function, |0°), could be determined by miAnimAiziAn]g the
expectation value of the transformed Hamiltonian, (0|UcsHU |0),
with respect to variations in the orbitals, without any explicit consider-
ation of the photon degrees of freedom. Hence, by applying the
coherent-state transformation to the full PF Hamiltonian, we avoid the
second step of the modified Roothaan-Hall procedure for QED-HF
that is outlined above.
To transform H pr to the coherent-state basis, we note that

energy error (Ep)

1.0 15 20 25 3.0 35 40 4.5 5.0
photon frequency (eV)

FIG. 3. Frequency dependence of the QED-Hartree—Fock energy when varying the number of photon-number states used to represent the photon Hamiltonian, I:Ip, for hydro-

gen fluoride cation.
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So, applying this transformation to Eq. (20) yields

Hes = H, —i—wca\,(lyr —2)(b—2z)— 1/%1-;1(1? +b—22)
1 .
+5 i)’ (29)

and substituting Eq. (25) gives the specific form of the Pauli-Fierz
Hamiltonian in the coherent-state basis

Hos = Ho+ 0ud'b = /220 (i = (@)](6" +b)

3l G- @)P G0)

Although we see that in Fig. 2 the total energy for charge systems
remains origin invariant in the coherent state basis, the orbitals and
the Fock matrix itself are not origin invariant for charged systems in
this formulation. This presents challenges for introducing perturbative
corrections for electron—electron and electron-photon correlation.
This was recently observed by Riso et al. who developed a strong cou-
pling quantum electrodynamics Hartree-Fock theory (SC-QED-HF)
that leads to a fully origin-invariant formulation®® based on the follow-
ing ansatz:

A AT oA 7 e
|®scaepmr) = exp (‘\/TZ%ML% b-b ))|0 )10), (31)
cav “p

where a a and a,, are fermionic creation and annihilation operators
for spin orbital po and 1, are orbital-specific coherent-state coefficients.

B. Cavity QED Hartree-Fock (QED-HF) in the coherent-
state basis

Consider a QED-HF wave function of the form of Eq. (21).
We express the photon state using the coherent-state transformation
[Eq. (26)] and take the expectation value of the Pauli-Fierz
Hamiltonian to give

1
EQED—HF = Z <pr + V[U/ + - ];uz - ;w) Y

+ <5 [ (e — <ﬁe)>}2>~ (32)

Here, ;1 and v represent atomic basis functions, and Ty, V., Juw» and
K, are electron kinetic energy integrals, electron-nucleus potential
energy integrals, elements of the Coulomb matrix, and elements of the
exchange matrix, respectively. The elements of the Coulomb and
exchange matrices are defined by

]w/ = Z(NVMO_)V/IJ (33)
and
K = > (140v)756, (34)
yia

where the symbol (pv|Ag) represents a two-electron repulsion integral
in chemists’ notation, and y,,, = Zf\’ c;;cyi is the one-particle reduced
density matrix (with {c,;} and N, being molecular orbital coefficients

pubs.aip.org/aip/cpr

and the number of electrons, respectively). The last term in Eq. (32) is
the dipole self-energy; note that, in the coherent-state basis, this quan-
tity depends on only electronic degrees of freedom. Note also that the
bilinear coupling term in Eq. (30) does not contribute to the QED-HF
total energy when the Hamiltonian is represented in the coherent-state
basis. This property is shared by all QED approaches where the wave
function is represented as a product of electron and photon functions
(e.g., in the QED-DFT approach described in Ref. 43 and in Sec. 111 C).

The implementation of the dipole self-energy term is not consis-
tent across the literature, with the difference being the treatment of the
square of the electric dipole operator. To appreciate these differences,
we first expand the dipole self-energy operator as

(o i) (- (i) 5 (B ()
(35)

(b (= @) =5 () —

N~

Now, the square of the electric dipole operator [the first term on the
right-hand side of Eq. (35)] can be expanded in terms of one- and
two-electron contributions as

(h-fe) =Y [h-Re(i)] [ ()] +Z i), (6)
i

where i and j represent different electrons. The right-hand side of Eq.
(36) can be expressed in second-quantized notation as

(- [le Zdw,dma”aﬁa a, — ZqW&L&W (37)

nvio uv

where 4" and & represent fermionic creation and annihilation opera-
tors, respectively. The symbols d,,, and g,,, represent modified electric
dipole and electric quadrupole integrals, which have the form

d;w - - Z )“a JX;raXydT (38)
ac{xyz}
and
Quv = — Z )”uj-b szrarbedfv (39)
abe{x,y,z}

respectively, and are evaluated over atomic basis functions, L Here,
/g is a Cartesian component of 4, and r, is a Cartesian component of
the position vector [e.g., for r = (x, ¥, z), r,=x]. As is well known, the
square of an operator expanded initially in first quantization and then
represented in second quantization is not necessarily the same as the
square of the second quantized form of the operator; these representa-
tions are only equivalent in the limit that the one-electron basis set is
complete. Equation (37) makes no assumptions about the complete-
ness of the one-particle basis set and is the form of the square of the
dipole operator employed in Refs. 43, 46, and 59-61. On the other
hand, many other studies take the second-quantized form of the
square of the electric dipole operator to be the product of second-
quantized electric dipole operators, which leads to

(- )’ =Y dudisdla,ala,
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In these studies, the assumption that the basis set is assumed to be
complete is never stated, but this choice is evident in the form of the
Fock matrix [see Eq. (30) of Ref. 57, for example]. In this review, we
choose the form of (4 - ji,)* given by Eq. (37). Given that choice, and
the fact that

(i) = dwila,, (41)
uv
we arrive at

N . 1 e
[;“‘ (. — <”e>)}2 = EZ d#ydzaalaza,,a,,
nvio

At 1
+>OpFala, 4G (w)) @2)
uv
where

N 1
OEI/SE =—(4-(fe))duw — quw- (43)

Now, we can evaluate the expectation of Eq. (42) with respect to a sin-
gle determinant, which gives

1 . . 1 1
(3G )" = 3 (7 KB+ 02

w

30 () (a4

Here, ]B,SE and KB/SE are elements of dipole self-energy matrices that
are analogies of the usual Coulomb and exchange matrices

T = du ; dioVie = (& (ite) )y, (45)

KF = " dyodine- (46)

With all of the components of the energy [Eq. (32)] defined, we
can make this energy stationary with respect to the molecular orbital
expansion coefficients, {c,;}, while enforcing orthogonality of the
molecular orbitals, which leads to a set of Hartree—Fock equations that
resembles those in the ordinary electronic problem, augmented by the
dipole self-energy contributions. As such, QED-HF orbitals are eigen-
functions of a modified Fock matrix

F;U/ = Tpu+Vyy+]uu7K/41/+ODSE+]!]?VSE7KB/SE- (47)

uv

For organizational purpose, it will become convenient to partition the
Fock matrix into contributions that define the canonical Fock opera-
tor, FISV = Tw + Vi + Juw — K, plus terms that derive from the
dipole self-energy, F>* = O + J2%F — KJOF.

Upon solving the QED-HF equations, one obtains a set of molec-
ular orbitals corresponding to the (mean-field) ground state of a
many-electron system coupled to an optical cavity. For sufficiently
large coupling strengths, the cavity can induce significant changes in
these orbitals, as compared to orbitals obtained from a standard HF
procedure on the isolated many-electron system. Here, we examine
such changes for a formaldehyde molecule that has been coupled to a
single-mode optical cavity. Excited states of this system have been

explored using QED generalizations of time-dependent density

REVIEW pubs.aip.org/aip/cpr

functional theory (TDDFT)***” (see Sec. IV B for a description of the
relevant theory). Here, we adapt the results of Ref. 46 and focus on
cavity-induced changes to the ground state (i.e., to the molecular orbi-
tals). We supplement this discussion with a tutorial implementation of
QED-HF that the interested reader can find online.”* The tutorial pro-
vides a benchmark calculation on the water molecule and can be modi-
fied to study other systems.

As described in Ref. 46, the geometry of isolated formaldehyde was
optimized using restricted HF (RHF) theory and the cc-pVDZ basis set,
and the principal symmetry axis of the molecule is aligned along the z
axis. At this level, the RHF ground state has a dipole moment oriented
along the z axis with (u), = —1.009 a.u. We consider solutions to the
QED-HF equations for a coupling vector with fixed magnitude (i.e.,
|A| = 0.1 au), and three different cavity mode polarizations: 4,

=0.1¢, au, 4, =0.1¢; au, and 4, = \/%(ly +4;) au, with &,

=(0,1,0) and é, = (0, 0, 1). As compared to the HF energy, the
QED-HF energy is higher in all cases, with the largest increase occur-
ring for 4, (see Table I). Going back to the explicit expressions for the
QED-HF dipole self-energy derived above, we can see that this large
change likely originates from the permanent dipole moment that is ori-
ented along the z axis, which contributes to the last term in Eq. (44).
The cavity-induced changes to the energy for the other polarizations
point to important effects arising from the other contributions to Eq.
(44). Specifically, in the case of 4, we should see no permanent dipole
moment contributions to the dipole self-energy, which indicates that
the cavity effects stem entirely from the quadrupolar contribution to
OPSE [Eq. (43)] and the exchange-like contribution [Eq. (46)].

To quantify cavity-induced changes to the energy, Ref. 46 consid-
ered how various contributions to the QED-HF energy change with
and without coupling to the photon field. Specific formulas for these
couplings are given in Ref. 46. The quadrupolar contribution to OPSE
(A1g) and the Coulomb-like and exchange-like contributions [Egs.
(45) and (46)], the combination of which is denoted A,;, in Table I,
typically account for the largest changes to the QED-HF energy for the
three polarizations considered in Table I. However, the changes in the
one- and two-electron contributions to the canonical RHF energy
(denoted Air and A,p) suggest that cavity-induced changes to the
orbitals themselves can have appreciable energetic consequences. We
note that the various components of the energetic changes largely

TABLE I. Change in total QED-HF energy (AE in eV) and % relative changes in dif-
ferent contributions to the total QED-HF energy for three different polarizations of a
photonic mode with magnitude |4| = 0.1 a.u. The terms A and Ay denote
changes in the RHF 1- and 2-electron energies, respectively, and the terms
Atde, Agde, Atge, Aqg, denote changes in the QED-HF 1-electron dipole, 2-electron
dipole, 1-electron quadrupole, and dipole constant terms, respectively.

Canonical RHF Cavity contributions

Total

AE (eV) % AIE % A2E % Alde % Alqe % Azde % Adr
Ay

0.925 —229 230 0 209 —110 0
Az

1.110 —178 179 -31 431 -316 15
Ay

1.034 —200 201 —16 329 —222 8
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cancel with one other (i.e, Ajgp = —A,g in all three cases), leading to
more modest changes in the total energy (see Table I).

Aside from the energy, we can also visualize the impact that the
cavity has on the real-space form of the molecular orbitals. As an
example, Fig. 4 depicts HF orbitals for the highest occupied molecular
orbital (HOMO, 2B,) and the second-lowest unoccupied molecular
orbital (LUMO + 1, 64,) for an isolated formaldehyde molecule and
the corresponding QED-HF orbitals for the 4,, case (7A’ and 84’).
The QED-HF orbitals are noticeably distorted compared to the HF
ones, which results in a reduction of symmetry from C,, to C; and
impacts both ground-state energy and properties. The direct inclusion
of these cavity-induced effects on the orbital basis is one appealing
advantage of ab initio QED methods.

C. Cavity QED density functional theory (QED-DFT)

The QED-HF theory outlined above can easily be adapted to
develop a QED generalization of Kohn-Sham DFT or QED-DFT.* *
To do so, one can simply follows the basic premise of Kohn-Sham
DFT:* there exists a fictitious system of non-interacting photons and
electrons that has the same density as the fully interacting system. The
QED-DFT ground state is then taken to have the form of Eq. (21),
except that |0°) now refers to a determinant of Kohn-Sham orbitals.
As with QED-HF, the photon part of the wave function can be exactly
represented using the coherent-state transformation operator, see Eq.
(26). All electron—electron correlation and exchange effects and elec-
tron—photon correlation effects can then, in principle, be accounted
for by appropriate functionals of the density (and gradient of the den-
sity, etc.), as in standard Kohn-Sham DFT. Historically, QED-DFT
was predated by a different generalization of DFT for cavity QED
applications, called QEDFT,**#2°¢°% which, rather than following the
Kohn-Sham scheme, represents the electronic and photonic degrees of
freedom directly in real space. QED-DFT studies typically employ
standard exchange-correlation functionals used in electronic structure
theory (i.e., they ignore electron—photon correlation effects), while, for
QEDFT, a few examples of electron—-photon correlation functions have

39,40,69-71
been put forward.”**°

IV. SINGLE-PARTICLE POST-SCF CAVITY QED
METHODS

A. Cavity QED-configuration interaction with single
excitations (QED-CIS)

A general correlated wave function for a many-electron system
coupled to a single-mode cavity could take the form

) =D > clu) ®aP), (48)
i A

where |1¢) represents a determinant of electronic orbitals, |AP) is a
photon-number state corresponding to A photons in the cavity mode,
and cz‘ is an expansion coefficient. If {| )} includes all possible deter-
minants and {|AP)} includes all possible photon-number states, then
this full configuration interaction (CI) wave function provides an exact
description of the electronic/polaritonic structure, within a given one-
electron basis set. However, as in the usual electronic case, a full CI
description of a cavity-coupled many-electron system is, in general,
an intractable prospect. The simplest solution to this problem is to trun-
cate both the many-electron basis and the photon basis at some level.

pubs.aip.org/aip/cpr

HOMO LUMO +1

No Field 2B 2
A
X
y—2 ' '
polarized field 7A 84

FIG. 4. Comparison of the HOMO and LUMO +- 1 orbitals of formaldehyde uncoupled to
an photon mode (top) and strongly coupled to a photon mode polarized along the y-z axis
(bottom), where strong coupling results in a change in symmetry from Cy, to Cs. Adapted
from Ref. 46 [McTague and Foley, J. Chem. Phys. 156, 154103 (2022). Copyright 2022
Author(s), licensed under a Creative Commons Attribution (CC BY) license.].

McTague and Foley proposed a truncated cavity QED-CI
approach wherein the sum over Slater determinants, u, in Eq. (48) was
restricted to include only the reference electronic configuration, |0°),
and all single electronic excitations out of this configuration, and the
sum over photon-number states was restricted to include only states
representing zero or one photon in the cavity (|0) and |1), respec-
tively). Those authors termed this approach cavity QED configuration
interaction with single excitations, or CQED-CIS, but, following the
naming convention used in some QED coupled-cluster approaches’”
(see Sec. V), we adopt the name QED-CIS-1. The QED-CIS-1 wave
function for state I takes the form

[¥1)=c010%) @0) + D el |0F) ©0) +¢/0°) 1)+ i, @) D 1)
ia ia

(49)
Following Ref. 46, |®¢) = ﬁ (|of) + |<I)f,f)) represents a singlet spin-
adapted basis function, where |®{") is a determinant generated by
exciting an electron with spin ¢ from a spatial orbital that is occupied
in |0%), ¢;, to an unoccupied spatial orbital, ¢,. For multiple cavity
modes, QED-CIS-1 is defined such that the photon basis includes all
possible combinations zero or one photon in each of the modes.

The expansion coefficients in Eq. (49) can be determined as the
elements of the eigenvectors of the matrix representation of the
Pauli-Fierz Hamiltonian represented within the coherent-state basis
[Hcs, Eq. (30)], i.e,, by solving the eigenvalue problem

0 0 0 hg d I

0 A+A hg hG < _q &

0 hg ho 0 o | TS

hg'  hG 0 A+A+KQ||c, cl
(50)

Note that the matrix on the left-hand side of Eq. (50) actually is the
matrix representation of Hes — Eqep—nr, where Eqep_pr is the
energy of the QED-HF reference state. The elements of A are similar
to those encountered in canonical CIS theory

Chem. Phys. Rev. 4, 041301 (2023); doi: 10.1063/5.0167243
Published under an exclusive license by AIP Publishing

4,041301-8

¥1:2S'LL €20T 1890100 | L



Chemical Physics Reviews REVIEW

Aiajy = Fg,05 — Fi; 0 + 2(ialjb) — (ijlab) (51)

with important differences being that (i) the two-electron integrals are
performed over QED-HF orbitals, and (i) F€ is not diagonal in the
QED-HF basis when the coupling strength is non-zero. The dipole
self-energy contribution to the Hamiltonian in the subspace of spin-
adapted singly excited functions is contained in the A matrix, with
elements

Aigjo = F,?bSEéij - F?SEéub + 2diodjp — djjdgp. (52)

Again, we note that FP5F is not necessarily diagonal in the QED-HF
basis. The symbol Q represents a diagonal matrix of photon energy
contributions, defined by

Qia,jb = waijaab (53)

The symbols g and G arise from the bilinear coupling term in H 5 and
are defined by

Gia = _\/adia (54)

and

® .
Giajb = \/;(dijéah — dapdij + (d)dijdap)- (55)

The g term couples the reference to |®¢)|1), while G couples singly
excited configurations with different photon numbers, i.e., |®¢)|0) and
|@¢)[1). Note that the fact that g couples the reference to |®f)|1)
implies that QED-CIS-1 captures some electron-photon correlation
effects. Indeed, the lowest eigenvalue, Qqrp_cis—1, obtained from solv-
ing Eq. (50) is nonpositive and represents an electron-photon correla-
tion energy.

B. Cavity QED time-dependent density functional
theory (QED-TDDFT)

Given the popularity of time-dependent DFT (TDDFT) for
the electronic structure problem, it is not surprising that multiple
generalizations of TDDFT have been proposed and applied to cavity-
embedded molecular systems. Both real-time™® **’*"* and linear-
response/lz‘““’3’(’7’(’8’75‘7(’ formulations have been put forward; here, we
focus on the linear-response approaches because they more closely
resemble the QED-CIS-1 method discussed above. Both real-
space’””°*”> and atom-centered Gaussian basis function’”**"°
representations of the electronic structure have been used within
linear-response QED-TDDFT. In the latter category, Refs. 63 and 76
have considered QED-TDDFT calculations on top of canonical
Kohn-Sham reference configurations (i.e., |0°) @ |0), where |0°) is a
Kohn-Sham determinant optimized in the absence of the cavity),
while Refs. 43 and 45 have considered fully relaxed QED-DFT refer-
ence functions and represented the QED-TDDFT problem in the
coherent-state basis, similar to what is done in QED-CIS-1. As dis-
cussed in Ref. 45, significant differences in excitation energies obtained
from these “unrelaxed” and “relaxed” QED-TDDFT protocols can
occur when considering large coupling strengths. In either case, linear-
response QED-TDDFT can be implemented as a solution to a general-
ization of Casida’s equations

pubs.aip.org/aip/cpr

A+A B+A ngt mg' || X
B+A A+A hg' ng'||Y
hg hg ho 0 M
hg hg 0 ho||N

1 0 0 o0][x

_ QQED—TDDFT Lo 0 Y (56)
0 1 0||M
0 0 0 —1||N

Assuming a spin-adapted basis, the A matrix is the same as that given
in Eq. (51), except that the exchange term (ij|ab) is replaced with
appropriate derivatives of the exchange-correlation energy. For a cavity
QED random phase approximation (RPA), the B matrix has elements

BiaJh = Z(ian) - (iblja)7 (57)

and, for QED-TDDFT, the exchange term (ib|ja) is again replaced by
the appropriate derivatives of the exchange-correlation energy. The A’
matrix has elements
;i,bj = 2daidhj - dajdihu (58)
and, finally, g = g. As described, the QED-TDDFT formalism corre-
sponds to the “relaxed” one developed in Ref. 43. The “unrelaxed”
QED-TDDFT method proposed in Ref. 63 can be obtained by ignoring
the effects of the cavity in the underlying ground-state Kohn-Sham
problem and taking
Aigjp = A, b = 2daidy;. (59)
The elements of X, Y, M, and N parameterize the QED-TDDFT
excited states; the elements of X and Y correspond to the usual elec-
tronic excitation and de-excitation amplitudes encountered in conven-
tional TDDFT, while M and N refer to photon creation and
annihilation amplitudes, respectively. We see clear connections to
QED-CIS-1, where the CI coefficients c”; and ¢} play roles that are sim-
ilar to those of the elements of X and M, respectively. Unlike QED-
CIS-1, however, the linear-response QED-TDDFT equations do not
couple the QED-DFT reference to any excited configurations. Hence,
this approach does not account for any explicit electron—-photon corre-
lation effects, absent any that are included via the exchange-correlation
functional. Such effects were ignored in Refs. 43, 45, 63, and 76; all cal-
culations reported therein used standard density functional approxi-
mations designed for non-QED applications.

C. The QED-TDDFT and QED-CIS prisms

As mentioned above, some coefficients from the QED-CIS-1 prob-
lem map directly onto amplitudes that arise in QED-TDDFT. However,
QED-CIS-1 lacks analogues to the de-excitation and annihilation ampli-
tudes (Y and N, respectively). That said, in Ref. 63, Shao and co-workers
explored an approximation to QED-TDDFT that ignored these terms,
called the Tamm-Dancoff-Rotating Wave Approximation (TDA-
RWA) in that work, which has a simpler structure that is more similar
to QED-CIS-1. The TDA-RWA eigenvalue problem is
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X
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X
Ml

A+A hg'
hg  ho

_ QTDA-RWA (60)

The primary differences between QED-CIS-1 and TDA-RWA are (i)
the different definitions of the A matrix that we have already discussed
and (ii) the fact that TDA-RWA, like QED-TDDFT, does not account
for simultaneous electronic excitations and photon creation, which
would couple the QED-DFT reference to excited configurations. Other
subtle differences exist, depending on whether the TDA-RWA is done
in a fully relaxed way or not (as discussed in the context of QED-
TDDFT above). The TDA-RWA approach is only one of eight possible
approximations to QED-TDDFT that Shao and co-workers analyzed
in Ref. 63; these approximations live on what those authors describe as
the QED-TDDFT prism (see Fig. 5). The facets of their prism include
all possible combinations of including or neglecting of the B matrix,
the A/A" matrices, and g.

An analogous family of approximations to QED-CIS-1 can be
developed by neglecting A or the bilinear coupling terms in Eq. (50) or
by excluding simultaneous electron excitation and photon creation
terms (|®¢) ® |1)) in Eq. (49). For example, excluding |®f) ® |1)
from the wave function expansion results in a QED-CIS method has
the same structure as TDA-RWA,

0
Cia

A+A ng
hg  ho

3
= Qqep-cIs gl (61)

1
€o 0

On the other hand, neglecting A Eq. (50) leads to a
Jaynes—Cummings-like approximation to QED-CIS-1 (JC-CIS-1),

0 0 O hg < <

0 A hg' KG & &

0 hg o 0 c(l) = Qyc-cis-1 al (62)
hgt WG 0 A+hQ| |c}, cl

and if we neglect A from Eq. (61), we arrive at a JC-CIS methods that
has the same structure as the TDA-JC method of Shao and co-
workers®’

toAaPE — 9% | tpaRwa
B+A =0 _

) A=0 B+A=0

gis s A=0
TDDFT-PF —— 2+ TDDFT-RWA =

H A=0
A = O
TDA-Rabi -t ey » TDA-JC
g=0
B=0 B=0
g=0

TDDFT-Rabi ——— > TDDFT-JC

FIG. 5. The QED-TDDFT prism with the front-most upper-left vertex representing
full linear-response TDDFT applied to the Pauli-Fierz Hamiltonian (TDDFT-PF,
herein referred to as QED-TDDFT), the back-most lower right vertex representing
the most severe approximation (TDA-JC) through neglect of the electronic de-
excitation matrix B, the dipole self-energy A/A’ matrices, and the counter-rotating
bilinear coupling terms g. Reproduced with permission from Yang et al., J. Chem.
Phys. 155, 064107 (2021). Copyright 2021 AIP Publishing.

REVIEW pubs.aip.org/aip/cpr

0

A hg'| e,
hg ho ||

Reference 63 provides a detailed analysis of the behavior of differ-
ent facets of the QED-TDDFT prism for several cavity-coupled molec-
ular systems. Here, we consider how the description of an MgH™
cation coupled to a single-mode cavity differs for facets of the QED-
CIS-1 prism. The cavity mode frequency is chosen to be resonant with
the S — S, transition in MgH' at an Mg-H distance of 22 A
(4.75eV, as evaluated at the CIS/cc-pVDZ level of theory). The mole-
cule is chosen to be oriented along the cavity mode polarization axis,
and we consider two coupling strengths, [4] = 0.01 a.u. and |A| = 0.05
a.u. For the smaller coupling strength (J4| = 0.01 a.u.), all facets of the
prism provide a similar description of the upper and lower polariton
states (see Fig. 6). On the other hand, clear differences between each
model become evident for the stronger coupling strength (|4| = 0.05
a.u.). Not surprisingly, energies from Jaynes—Cummings approxima-
tions (JC-CIS-1 and JC-CIS) are consistently lower than those from

i
= Qic-cis { o ] - (63)
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FIG. 6. Potential energy curves of the lower- and upper-polariton states of MgH™
coupled to a photon with energy «» = 4.75 eV and fundamental coupling strength
|4] = 0.01 a.u. (left), and |A| = 0.05 a.u. (right). Energies correspond to Eqep.ne
+ Q, where Q is the excitation energy for a given QED-CIS-1 facet.

Chem. Phys. Rev. 4, 041301 (2023); doi: 10.1063/5.0167243
Published under an exclusive license by AIP Publishing

4,041301-10

¥1:2S'LL €20T 1890100 | L



Chemical Physics Reviews

the Pauli-Fierz approaches (QED-CIS-1 and QED-CIS) because the
Jaynes—Cummings model neglects the quadratic dipole self-energy
contributions, which are non-negative. We also see that QED-CIS-1
energies are consistent lower bounds to energies from QED-CIS; the
reason is that simultaneous electron excitations and photon creation
terms in QED-CIS-1 account for electron—-photon correlation effects
that lower the energy. For large coupling strengths, these effects can be
quite large; at an Mg—H bond length of 2.2 A and |4| = 0.05 a.u,, for
example, the energies of the upper- and lower-polariton states com-
puted by QED-CIS and QED-CIS-1 energies differ by 12.4 mE,;, and
5.35 mE,,, respectively.

As mentioned above, simultaneous electron excitations and pho-
ton creation terms in QED-CIS-1 incorporate electron-photon corre-
lation effects into the approach and, as a result, the lowest-energy
eigenvalue associated with Eq. (50) is nonpositive and corresponds to
an electron-photon correlation contribution to the ground-state
energy. Table II quantifies these effects for a formaldehyde molecule
coupled to a single-mode cavity with two different coupling vectors, 4,
and 4, which both have magnitudes of 0.1 a.u. and were defined in
Sec. III B. The geometry for formaldehyde was taken from Ref. 46,
with the principal axis of the molecule aligned in the z direction. The
authors of Ref. 46 considered a photon mode with @ =10.4 eV, which
is approximately resonant with the first two dipole allowed transitions
at the CIS/cc-pVDZ level of theory. The changes to the ground-state
energy as predicted by QED-CIS-1 are given relative to the canonical
RHF method and the QED-HF method in Table II. A Jupyter-note-
book-based tutorial implementing the prism of QED-CIS-1 methods
can be found online.”” The tutorial provides a benchmark calculation
on the MgH " ion, and it can easily be modified to study other systems.

V. CAVITY QED COUPLED CLUSTER (QED-CC)

Beyond the single-particle theories discussed in Secs. Il and IV, a
number of groups have considered many-body frameworks for ab
initio cavity QED calculations. Many of these efforts have focused on
the coupled-cluster (CC)"* " ansatz, which has enjoyed great success
in conventional (non-QED) quantum chemistry applications. CC
methods exhibit a number of desirable features that have contributed
to this success, including the size extensivity of truncated CC expan-
sions, the size intensivity of equation of motion (EOM)"" ** or linear-
response”” ** CC excitation energies, and systematic convergence of
the approach toward the full CI limit.

Two slightly different generalizations of CC theory for use with
the PF Hamiltonian appeared in the literature at roughly the same
time.”””” The polaritonic coupled-cluster theory of Mordovina et al.””
considered an exponential parameterization of the ground-state polari-
tonic wave function that included single and double electronic

TABLE II. Changes to the ground-state energy predicted by QED-CIS-1 relative to
the canonical RHF energy as well as the QED-HF energy in atomic units.
Calculations were performed with a fixed magnitude of || = 0.1 a.u. for the 2, and
Jy, polarizations. QED-CIS-1 method calculations were performed to reflect formalde-
hyde coupling to a photon with hco = 10.4 eV.

Relative to RHF Relative to QED-HF

Polarization AE (eV) AE (eV)
. 0.811 —0.318
lyz 0.771 —0.266

REVIEW pubs.aip.org/aip/cpr

transition operators, as well as photon creation operators and coupled
electron transition and photon creation operators. They applied this
ansatz, along with QED full CI, to the description of strong coupling
between a single photon mode and a four-site Hubbard model. It
should be noted that this work did not use typical boson creation oper-
ators, but, rather, nilpotent operators that lead to a linear parameteri-
zation of the photon space. On the other hand, the QED-CCSD-1
model presented by Haugland et al.”” used an exponential parameteri-
zation of similar complexity, along with more familiar (non-nilpotent)
boson creation operators, and they applied this approach strong cou-
pling problems involving an ab initio molecular Hamiltonian. The
ground-state QED-CCSD-1 wave function is

Pec) = e |@y) (64)
with
T = Zt‘““ += Zt“b tata;a; + uob +Zu‘“*fzif
I]ab
+ Zu atajaab (65)

1]ab
and where |®y) is a reference configuration of the form
|®g) = [0°) ® |0). (66)
In Eq. (65), the symbols #{, t;b, ug, uf, and ugb represent the cluster
amplitudes, and we can see that QED-CCSD-1 is an extension of the
usual CCSD model”™ that includes both photon creation operators and
products of electronic transition and photon creation operators.
Excited states in QED-CC theory are represented within the
EOM-CC framework,” ** in which we define both left- and right-
hand excited states of the form
[¥1) = Rie” @), (67)
(P1] = (@o|Lie”", (68)
where the label I denotes the state. These functions satisfy left- and
right-hand eigenvalue equations
(®o|LiH = (®|L;E;, (69)
HRy|®o) = ER;|D), (70)

involving the similarity transformed PF Hamiltonian, H = e THeT.
Here, H is represented in the coherent-state basis. At the EOM-QED-
CCSD-1 level of theory, the R; and L; operators are defined by

L=l + Zl’&“a + - Zlaha aapa, + moi) + Z m;&f&ui)
ai ai

uht]

+ = Zmaba a ahau (71)
abZJ

and
§ rivalajaa;

sob + ZS“AT& iJT
abx]

+- Z sibatalajab, (72)
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respectively, and the amplitudes appearing in Egs. (71) and (72) are
determined by solving Egs. (69) and (70).

Since 2020, several groups have developed implementations of
similar QED-CC approaches and explored the influence of cavity
effects on various ground-state properties. DePrince’” used QED-
CCSD-1 to demonstrate that strong coupling leads to appreciable
changes in electron affinities in sodium halide compounds and that
QED-HF significantly overestimates these effects. Ionization potentials
were found to be less sensitive to cavity effects in these systems.
Pavosevi¢ and Flick™ also explored the influence of cavity effects on
electron affinities using a unitary formulation of QED-CCSD-1, imple-
mented using the variational quantum eigensolver (VQE)™ ** algo-
rithm, on a quantum computer. They also extended the framework to
include up to two photon creation operators plus single and double
electronic excitations (termed QED-CCSD-2). These works led to a
study on the features of ionization in QED environments by Riso
et al.” that highlighted the importance of an appropriate treatment of
the ionized electron.

Beyond these studies on ionization/electron attachment, a num-
ber of works have used QED-CC approaches to explore how vacuum
fluctuations can be leveraged in chemical contexts. Here, it is impor-
tant to note that we are referring to changes to ground states of cavity-
embedded systems, without driving transitions or creating polariton
states via the addition of photons to the cavity. Pavosevi¢ et al.'” used
non-unitary QED-CCSD-2 to show that strong coupling leads to non-
negligible changes in proton transfer reaction barrier heights; changes
as large as 20% were reported in Ref. 100. These authors also intro-
duced an approximation to QED-CCSD-2 in which single electron
transitions appear with up to two photon creation operators, but dou-
ble electron transitions only appear with up to single photon creation
operators (termed QED-CCSD-21). This QED-CCSD-21 model has a
similar structure to the approach of White et al.,'”" which was devel-
oped to model electron-phonon interactions. Pavosevi¢ et al. applied
an approximate QED-CCSD-1 model (that ignores coupled two-
electron plus photon interactions) to two cycloaddition reactions. In
that work, the authors demonstrated that sufficiently strong coupling,
along with precise control over the relative orientation of molecules
and the cavity mode axis, could influence the major products of these
reactions. PavoSevi¢ and Rubio have also incorporated QED-CCSD-1
into an embedding protocol'* that treats a subset of a cavity-
embedded molecular system using QED-CC and the remainder of the
system via QED-DFT or QED-HF (termed “QED-CC-in-QED-SCF”).
Assuming that electron—-photon correlations are limited to the embed-
ded region, this protocol could circumvent the high computational
cost of the many-body ab initio cavity QED framework.

Haugland, Schifer, Ronca, Rubio, and Koch used QED-CCSD-1,
QED-DFT, and QED full CI to model the effects of vacuum fluctua-
tions on nature of intermolecular interactions.”” Not surprisingly,
QED-HF and QED-DFT do not provide good descriptions of intermo-
lecular interactions in a cavity, particularly for van der Waals interac-
tions. Additional notable observations include an R~ contribution to
van der Waals interactions (which display R~ dependence in the
absence of a cavity), stemming from electron—photon correlations, and
an apparently infinite distance over which cavity-embedded molecules
remain correlated, which results from the dipole self-energy contribu-
tion to the interaction energy. It should be noted that the coupling
strength employed in this study was quite large: 2 = 0.1 a.u., which,

REVIEW pubs.aip.org/aip/cpr

assuming a single cavity mode, corresponds to an effective mode vol-
ume of ~ 0.2 nm°>. The authors correctly note that, at the mean-field
level, multiple modes polarized along the same axis can be treated as a
single effective mode with coupling strength, 22 = >, 27. Even so,
some conclusions regarding long-range correlation effects involve
inter-molecule distances on the order of hundreds of A, which seems
inconsistent with such large coupling strengths. More recently, Philbin
et al.'"” used machine learning (ML) techniques to learn intermolecu-
lar potentials for cavity-embedded dimers of H, molecules, which were
treated using QED-CCSD-1 plus two-photon creation operators
(termed QED-CCSD-12-SD1 in that work) and QED full CI with up
to five photon creation operators (QED-FCI-5). Interestingly, compar-
isons between QED-CCSD-1 and QED-CCSD-12-SD1 revealed that
two-photon transitions are crucial for recovering the correct sign on
interaction energies for H, molecules separated by large distances;
QED-CCSD-12-SD1 and QED-ECI-5 predict these interactions to be
attractive, while QED-CCSD-1 predicts a repulsive interaction. Given
machine-learned potentials, path integral molecular dynamics simula-
tions on hundreds of cavity embedded molecules revealed that cavity-
modified van der Waals interactions result in orientational order not
seen in cavity-free simulations.

In 2022, Riso et al.'”’ developed a formulation of QED-CCSD-1
that models interactions between electronic degrees of freedom and
the quantized photon field of a chiral cavity mode. They found that a
proper description requires that the photon field be treated beyond the
dipole (or even multipolar) approximation, which results in a
complex-valued Hamiltonian that depends on two cavity modes (for a
single resonant frequency). These complications aside, Ref. 103, dem-
onstrated that circularly polarized light can discriminate between
enantiomers of chiral molecules embedded within a chiral cavity (e.g.,
via changes to the energies of the ground states of the enantiomers or
their rotational spectra). Moreover, the discriminating power of the
cavity increases with the number of molecules.

Cleary, a large body of work has considered the effects of strong
light-matter interactions on ground states of cavity-embedded sys-
tems. Somewhat less work has considered excited-state electronic/
polaritonic structure of such systems. The initial papers’”*” describing
generalizations of CC theory for use with the PF Hamiltonian devel-
oped and applied QED-EOM-CC formalisms to cavity-embedded sys-
tems. In particular, Ref. 57 describes how polariton formation can
manipulate conical intersections; QED-CCSD-1 calculations on a
cavity-coupled pyrrole molecule show sufficiently strong coupling can
open a gap at a conical intersection between the 'B;'A, states. An
exciting chemical consequence is that such modifications to the energy
landscape could lead to changes in relaxation pathways or dynamics in
chemical reactions. This idea has also been put forward in the context
of linear response QEDFT, as well;” QEDFT simulations on cavity-
embedded formaldehyde** have shown that different combinations of
cavity parameters can move or suppress avoided crossings between
excited states. While we have limited this discussion to consider
descriptions of purely electronic strong coupling, we recognize that
Vidal et al.” have used similar QED-EOM-CC approaches to explore
how coupling to a cavity mode can affect vibronic structure.

Liebenthal et al.”" extended QED-EOM-CC theory to consider
non-particle-conserving excitation operators. Specifically, they devel-
oped a QED-EOM-CCSD-1 model for electron attachment (EA),
which is a cavity QED generalization of the EOM-EA-CC approach'”*
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from electronic structure theory. One of the key findings in Ref. 61
was that, in order to recover electron affinities obtained from separate
QED-CCSD-1 calculations on different charge states,”” QED-EOM-
EA-CCSD-1 calculations starting from an N-electron reference must
employ the coherent-state basis defined for the (N 4 1)-electron state.
This finding suggests that the coherent-state basis should be chosen
with care in any QED-EOM-CC model that samples non-particle or
spin-conserving sectors of Fock space. This work also revealed defects
in the similarity-transformed PF Hamiltonian (i.e., complex eigenval-
ues) at a same-symmetry conical intersection in magnesium fluoride
(MgF), involving the lower-polariton state. Such defects can emerge in
standard EOM-CC theories that make use of truncated cluster expan-
sions; the MgF example highlights that this issue persists in the cavity
QED generalization of EOM-CC.

We note that most QED-CC studies are formulated within the
coherent-state basis introduced in Sec. III A. The primary reason for
this choice is that it guarantees that the correlated calculation will be
strictly origin invariant, even for charged species. Liebenthal et al.”
studied the numerical consequences of this choice by comparing
QED-CCSD-1 and QED-EOM-CCSD-1 calculations in the coherent-
state basis, using a QED-HF reference (termed “relaxed”), to calcula-
tions performed in the canonical Hartree-Fock basis, using a
Hartree-Fock wave function that was not perturbed by cavity interac-
tions (termed “unrelaxed”). For the unrelaxed case, they found that the

presence of exponentiated single electron transitions (eT1) does a good
job of accounting for orbital relaxation effects from QED-HF, while

exponentiated boson creation operators (e““bf) can mimic the effects
of the coherent-state transformation itself. For example, ground-state
unrelaxed QED-CCSD-1 energies on charged species acquire only
modest origin dependence; for a cavity-bound HF" cation, described
by a cc-pVDZ basis set and a large coupling strength of 4 = 0.05 a.u,,
that work showed that the energy changes by less than 1 x 1073E,
when shifting the molecule 10 A from the origin. Moreover, for the
most part, excitation energies from relaxed and unrelaxed QED-EOM-
CCSD-1 are similar, particularly for experimentally feasible coupling
strengths (i.e., 4 < 0.05). These results stand in stark contrast to results
obtained from unrelaxed and relaxed formulations of QED-DFT and
QED-TDDFT. First, unrelaxed QED-DFT acquires a substantial origin
dependence in the energy (stemming from the dipole self-energy con-
tribution). Second, relaxed and unrelaxed QED-TDDFT yield signifi-
cantly different spectra, with relaxed QED-TDDFT generally doing a
better job of reproducing some trends from relaxed QED-EOM-
CCSD-1. These observations are important, given that multiple formu-
lations of QED-TDDFT can be found in the literature, and not all of
them account for cavity self-consistently in the ground state.”””®
Fregoni et al. have applied QED-EOM-CCSD-1 to interactions
between a molecular system and a plasmonic nano/picocavity.'””
Their protocol is similar to that discussed throughout this section,
except for the precise form of the Hamiltonian. First, a polarized con-
tinuum model for nanoparticles'” is applied to describe the plasmon
mode. Second, the dipole self-energy contribution is not included in
the Hamiltonian for the coupled system. The argument for neglecting
the dipole self-energy is that the collective electronic oscillations com-
prising the plasmon excitation interact with the molecule through lon-
gitudinal Coulomb interactions, and this interaction dominates over
the coupling between the molecule transverse components of the vec-
tor potential.'’”'** It should also be noted that in the case of strong

pubs.aip.org/aip/cpr

coupling to a cavity mode with a significant material contribution to
the excitation (such as a plasmonic mode), Eq. (1) should be aug-
mented to include coupling between the charged particles of the
molecular subsystem and the electric scalar potential ¢(x) associated

with the plasmon excitation: Hp.4 = SVL(p, — zA L) 4 zid(x:)

i 2m
+ V(&) + hwcavi)TZJ. We note that the dipole self-energy term (even if
very small) still emerges upon PZW transformation of this
Hamiltonian, particularly through transformation of the energy of the

cavity mode ﬁwcaviJTE [see Eq. (15)]. Third, the bilinear coupling term
takes a slightly different form. Despite these differences, the QED-
EOM-CCSD-1 wave function ansatz is the same as that discussed
herein. Building upon this work, Romanelli et al.'”” have developed a
QED-CC model that folds in the effects of multiple plasmonic modes
into a single effective mode. Other models for plasmon-molecule
interactions that make use of quantized radiation fields and parame-
trized plasmon modes have been proposed as well." "’

Finally, two many-body perturbation theory approaches to cavity
QED have recently emerged. First, a cavity QED extension of second-
order Moller-Plesset perturbation theory (MP2) and the algebraic dia-
grammatic construction (ADC) has been developed by Bauer and
Dreuw.''' QED-MP2 is an approximation to QED-CCSD-1, and, like
conventional ADC, QED-ADC can be thought of a Hermitian approx-
imation to QED-EOM-CCSD-1. The data presented in Ref. 111 sug-
gest that the QED-MP2 correlation energy is much more sensitive to
the frequency of the cavity mode than the correlation energy from
QED-CCSD-1. This sensitivity is increased if the QED-MP2 calcula-
tions are performed on top of Hartree-Fock reference wave functions
evaluated in the absence of the cavity. Hence, it appears that, like
QED-DFT and QED-TDDFT, the QED-MP2 ansatz is not as robust
as QED-CCSD-1 to the description of cavity effects at the mean-field
level. On the other hand, the Rayleigh-Schrodinger perturbation the-
ory'"” presented by Haugland et al. does an excellent job of reproduc-
ing ground-state energies from full QED-CC over a wide range of
cavity frequencies and coupling strengths. This perturbation theory is
general and can be implemented for any electronic structure theory for
which linear-response theory has been formulated.

VI. TRANSFORMATION OF OPERATORS

In Secs. I1I-V, we have obtained (approximate) eigenstates of
H s, where Hg results from a unitary transformation of our original
Hamiltonian in Eq. (1). In the following, we discuss relationships that
hold between the exact eigenstates of H s (which could be obtained,
for example, through full configuration interaction in a complete
single-particle basis) and H .. Although it is generally not possible to
obtain the exact eigenfunctions of Hcs or Hp,.», we will work out prac-
tical relationships for the photonic character and the dipole operator
and apply them to expectation values taken with approximate eigen-
functions obtained from the QED-CIS-1 method.

The exact eigenvalues of an operator are preserved under unitary
rotations, while the eigenfunctions of H s are related to the eigenfunc-
tions of H .5 by a unitary transformation. In particular, we have
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[¥)) — |¥)) via U|¥), (74)

Hpa|¥r) = Ef|¥1), (75)

Hes|W)) = Ef|¥)). (76)
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Therefore, in order for expectation values computed with these trans-
formed eigenstates to have correspondence with the expectation values
computed with the eigenstates of F .5, we must transform the opera-
tors as follows:

(W1[O]¥1) = (W} |0'[¥)), (77)
= (W|U'0'0wy), (78)
= (P |0 UOU U ¥)). (79)

Thus, we see the transfor{n/atior} onrA gr)perators to use with our trans-
formed eigenstates is also O = UOU . Specifically, following transfor-
mation of the Hamiltonian from the minimal coupling Hamiltonian in
Eq. (1) to the Pauli-Fierz Hamiltonian in the length gauge and to the
coherent state basis, we must apply the same transformations to opera-
tors for the purpose of computing expectation values with the eigen-
functions of Eq. (30).

Some operators will commute with the operators that provide
these transformations (Upyzw, U¢, and Ucs) and will be unchanged,
while others will be transformed. It is common to compute the pho-
tonic character of a polaritonic state, and so, here we investigate the

behavior of the photon number operator, N, = b'b for a single-
photon mode. Furthermore, the dipole moment expectation value of
the polariton system can be of interest,"” so we will also investigate the
behavior of the dipole moment operator ji.

For a single photonic mode:

A Sta At ISP | Lot
Upzwb bUPZW:b b+% El‘u(b *b)

~AN2
+ hz chav (l ”) bl (80)
PPN s At At a1 1 Lot
U¢UPZWb bUPZWUqS =bb-— 7 zwcavl -p(b +b)
11 o
— (- 81
+h22wm( i) (81)
and
. St 1 1 St
Nes=bb—— A-(p— ()b +b
& i\ o (= D)6 +0)
[ (i ()] (®2)
hzzwcav :u ” b

where Nes = Ucs U Upzwb 00y Ul Ul

On the other hand, the PZW transformation of the dipole opera-
tor can be shown to preserve the expectation values because the dipole
operator can be shown to commute with ji - A since A operators only
on photon degrees of freedom, and i must commute with itself.
Similarly, since the phase and coherent state transformations involve
only photon operators and i involves only electron operators, the
dipole operator is unchanged by these transformations, and we have

P N N .
UcsUpUpzwitUpyyy Uy Ucs = it (83)

Of course we are not typically able to obtain the exact eigenfunc-
tions for Hcs; for example, we will perform some truncation in the
single-particle basis and/or in the many-particle basis. We will derive

pubs.aip.org/aip/cpr

explicit expressions in the case that we have truncated the many-
particle basis consistent with QED-CIS-1; these expressions are inde-
pendent of the level of truncation of the single-particle basis.

Recalling the form of the QED-CIS-1 wavefunction (49), we will
examine the explicit expressions for the photonic occupation of a given
electronic state W; that can be defined as

(Ncs) = (P1|Nes| W)

= (9B — e (Wi G () B + D))
o (L G ()1, (50

cav

The first expectation value can be computed as follows:
~Ata
(Wilb b|W) = | + > el (85)

The second expectation value can be computed as follows:

1

V 2(’UCIIV

(Wil (i, — (w),) (b + )W) = — Hyc,

1
Vv 2’CUCa‘I/
(86)

where ¢ denotes the QED-CIS-1 eigenvector for state I and Hy is the
contribution of the Hamiltonian matrix in Eq. (50) that contains only
the elements given in Egs. (54) and (55). The third expectation value
can be computed as

1

CTHdseC7 (87)
2Wcay

(Prl(2- (e~ (p))*|¥1) =

2Wcay

where Hy. is the contribution of the Hamiltonian matrix in Eq. (50)
that contains only the elements given in Eq. (52).

We plot these various contributions and the total photon occupa-
tion of the QED-CIS-1 ground state of the MgH™ ion as a function of

the fundamental coupling strength 4 =  / soiv from a photon polarized

purely along the principle axis of the molecule in Fig. 7. Here, we
denote the zeroth-order contribution as arising from Eq. (85), the first-
order contribution as arising from Eq. (86), the second-order contribu-
tion as arising from Eq. (87), and the total as arising from the sum of
these three terms, e.g., Eq. (84).

VIl. CONCLUDING REMARKS

Despite the impressive surge of theoretical and experimental
advances in polariton chemistry and molecular polaritonics, many chal-
lenges and opportunities remain to advance the field toward its full
promise. While it may seem daunting to span the chasm that exists
between the majority of polariton experiments (done in the regime of
10° to 10° molecules within the cavity mode volume) to the regime
accessible by even large-scale atomistic methods'"” (hundreds of mole-
cules), we assert that all advances in the theoretical treatment of cavity-
molecule interactions provide value toward the goal of understanding
and controlling polariton chemistry. In particular, single- and few-
molecule strong coupling has been experimentally realized with several
different cavity platforms,("“"1 and, as the limits of this regime are
expanded, there is an urgent need for rigorous and non-perturbative
quantum mechanical methods that can accurately capture modifications
to ground- and excited-state properties and emergent phenomena.
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FIG. 7. Photon occupation of the ground state of the MgH™ ion as a function of the
fundamental coupling strength /. The total photon occupation is computed using
Eq. (84), the zeroth-order contribution comes from Eq. (85), the first-order contribu-
tion comes from Eq. (86), and the second-order contribution comes from Eq. (87).
This calculation is performed at the QED-CIS-1/cc-pVDZ level of theory with a pho-
ton frequency of Aweay = 4.756V. The bond length is fixed at 2.2 A.

The techniques described in this review provide such a rigorous founda-
tion, although we should note that there are additional advances
required for plasmonic nanocavities, such as rigorous inclusion of longi-
tudinal scalar potential coupling to capture the material contribution of
plasmon excitation, and inclusion of the modified chemical environ-
ment that molecules experience in the vicinity of plasmonic particles in
the dark.”” Some of these effects are more naturally included in the real-
space Coulomb gauge formulations described in Refs. 28 and 74, which
then leaves us with an intriguing theoretical challenge for formulations
based on Gaussian basis sets and in the length gauge, or Coulomb gauge
formulations with Gaussian basis sets, as reported by Koch and co-
workers."”” Moreover, theoretical approaches (quantum and classical)
can be deployed to approach collective strong coupling from the bottom
up, which may provide valuable insight into some of the phenomena
that are observed in this regime. In this case, the availability of rigorous
methods to benchmark lower-scaling methods (e.g., density functional
based approaches, parameterized and semi-empirical approaches, and
classical force fields) will be paramount. We hope that this tutorial
review will serve to orient researchers toward these varied areas of devel-
opment, as well as to provide the foundation for further development of
ab initio QED approaches and the sound deployment of these methods.
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