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Describing electron-phonon interactions in a solid requires knowledge of the electron-phonon matrix elements
in the Hamiltonian. State-of-the-art first-principles calculations for the electron-phonon interaction are limited
to the one-electron-one-phonon matrix element, which is suitable for harmonic materials. However, there is
no first-principles theory for one-electron-two-phonon interactions, which occur in anharmonic materials with
significant electron-phonon interaction such as halide perovskites and quantum paraelectrics. Here we derive an
analytical expression for the long-range part of the one-electron-two-phonon matrix element, written in terms
of microscopic quantities that can be calculated from first principles. We show that the long-range one-electron-
two-phonon interaction is described by the derivative of the phonon dynamical matrix with respect to an external
electric field. We calculate the quasiparticle energy of a large polaron including one-electron-two-phonon
interaction and show that it can be written in terms of a one-electron-two-phonon spectral function 7,4(w). We
demonstrate how to calculate this spectral function and its temperature dependence for the benchmark materials
LiF and KTaOs3, where it turns out that the effect is very small. The first-principles framework developed in this
article is general, paving the way for future calculations of one-electron-two-phonon interactions in materials

where the effect may be larger.

DOLI: 10.1103/PhysRevB.111.184320

I. INTRODUCTION

Electrons in a crystalline solid can interact with the lat-
tice vibrations of the nuclei. This electron-phonon interaction
is responsible for a wide range of interesting proper-
ties of materials, including formation of polarons [1-10],
band-gap renormalization [11-13], conventional supercon-
ductivity [14-17], and contributions to the electrical con-
ductivity [18-21]. In general, the Hamiltonian describing
a coupled electron-phonon system consists of three contri-
butions: the Hamiltonian of the electron system H,, the
Hamiltonian of the phonon system ﬂph, and a term I-?el_ph that
describes how electrons and phonons interact with each other.

Many treatments of a coupled electron-phonon system rely
on the harmonic approximation, where the Hamiltonian is
expanded up to lowest order in the ionic displacements. This
means the phonon Hamiltonian ﬁph is approximated up to
second order in the ionic displacements. Additionally, the
electron-phonon interaction Hel_ph is approximated up to first
order: This is known as linear electron-phonon interaction.
In the harmonic approximation, the Hamiltonian is entirely
described by three inputs: A depends only on the electron
bands € ,, ﬂph depends only on the phonon bands wyg,,, and
ﬁel_ph only depends on the electron-phonon matrix element
gmmv (K, q) [see also Sec. II, (2)-(4)]. This formulation can
be applied in several different contexts. For example, one
could choose analytic models for the electron bands, phonon
bands, and electron-phonon matrix elements: In particular,
the Frohlich [3] and Holstein Hamiltonian [4,5] are both
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special cases of this formulation. On the other hand, keeping
€k,n> Wq,v> and g, (K, q) as general functions allows one to
interface the Hamiltonian with first-principles calculations.
Indeed, they can represent the electron bands, phonon bands,
and electron-phonon matrix elements of a specific material,
which can be calculated with a first-principles code such as
the Vienna Ab-initio Simulation Package (VASP) [22-24],
Quantum ESPRESSO [25,26], ABINIT [27,28], EPW [29],
or Perturbo [30].

Physically, the electron-phonon matrix element g, (K, q)
can be split into a long-range and a short-range contribu-
tion. In polar materials, g, (K, q) has a |q|’1 divergence
around q = 0, due to the appearance of nonzero Born effective
charges: This allows long-wavelength phonons to generate
macroscopic electric fields, which couple to the electrons.
The |q|~' divergence is the long-range contribution. It is the
basis for the Frohlich Hamiltonian [3], and, in general, it
has a semianalytic expression which was first calculated in
Ref. [31]. In some contexts, the long-range electron-phonon
interaction dominates the short-range interaction, which can
then be neglected: Most notably, this happens in the large
polaron problem, where the electron wave function spans
numerous unit cells. Then, the electron only interacts with the
q ~ 0 phonon modes, which are the modes whose momentum
hiq is nonzero but very small with respect to the edge of the
Brillouin zone [3,7].

For anharmonic materials, the ionic displacements can
be large, and higher-order terms in the ionic displacements
should be added to both ﬂph and I{Ve]_ph. The higher-order terms

©2025 American Physical Society


https://orcid.org/0000-0002-7382-6132
https://orcid.org/0000-0003-0143-7258
https://orcid.org/0000-0001-8337-1066
https://orcid.org/0000-0002-7918-3772
https://orcid.org/0009-0003-5603-2968
https://orcid.org/0000-0002-7990-2984
https://orcid.org/0000-0001-8814-6837
https://ror.org/008x57b05
https://ror.org/03prydq77
https://ror.org/00rqy9422
https://ror.org/01111rn36
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.111.184320&domain=pdf&date_stamp=2025-05-30
https://doi.org/10.1103/PhysRevB.111.184320

MATTHEW HOUTPUT et al.

PHYSICAL REVIEW B 111, 184320 (2025)

in ﬂph are due to phonon anharmonicity and manifest them-
selves as three-phonon interaction, four-phonon interactions,
etc. The higher-order terms in Hel_ph are known as nonlinear
electron-phonon interactions: They are expected to be im-
portant for materials with strong electron-phonon interaction
and strong anharmonicity. Examples of such materials include
the quantum paraelectrics SrTiO3; and KTaO3 [32-36], halide
perovskites [37-40], and high-pressure hydrides [41-49].
The treatment of phonon anharmonicity is well known
in the literature [50,51] and can be tackled on the first-
principles level with codes such as Phono3Py [52,53] or
SSCHA [54]. However, the nonlinear electron-phonon in-
teraction has been much less studied in the literature. The
main obstacle for a general treatment is the increased com-
plexity of the nonlinear electron-phonon matrix elements.
Even for the one-electron-two-phonon interaction, which is
the lowest-order nonlinear term, there is no general theory
or code available for a practical calculation of the matrix
element g1, (K, q1,q2). Therefore, almost all literature
treatments of nonlinear electron-phonon interaction that the
authors are aware of start from a simplified model: either
from a Holstein-type lattice Hamiltonian [55-70] or from a
model Hamiltonian for one-electron-two-phonon interaction
in SrTiO5; [33,70-76]. Both of these Hamiltonians include
phenomenological parameters, which makes them incompat-
ible with a full first-principles approach. Notable exceptions
are the first-principles calculation of renormalized electronic
quantities based on adiabatic supercell approaches [77-80],
the first-principles treatment of conventional superconduc-
tivity in MgB, based on a second-order expansion of the
deformation potential [81,82], and the first-principles theory
of nonlinear electron-phonon interaction for conventional su-
perconductivity in anharmonic metals such as PdH [83]. Of
these three treatments, only the last one provides a way to
obtain the one-electron-two-phonon matrix element. How-
ever, it is limited to metals, where only the short-range
part of the electron-phonon interaction is considered because
the long-range part is essentially suppressed due to very
large screening. A theory for the long-range electron-phonon
interaction in semiconductors, due to the generation of a
macroscopic electric field, is still lacking.

In this article, we provide a general theory of long-range
one-electron-two-phonon interaction that can be combined
with first-principles calculations. We propose a derivation for
the long-range part of the nonlinear electron-phonon interac-
tion, which we use to find the semianalytic expression for the
long-range part of the one-electron-two-phonon interaction
matrix element in arbitrary materials. This derivation contains
the result in Ref. [31] for the first-order long-range interaction
as a special case and can be straightforwardly generalized to
arbitrary order. The only anharmonic quantity that appears is
the derivative of the phonon dynamical matrix with respect
to an external electric field, which plays a similar role as the
Born effective charge tensor in the one-electron-one-phonon
interaction [31]. As a demonstration for the theory presented
in this article, we then use this matrix element to calculate
the quasiparticle energy shifts Agy, of a large polaron. We
show that the result only depends on well-known harmonic
quantities and a new one-electron-two-phonon spectral func-
tion T (w), which represents the strength of the long-range

nonlinear interaction in a material. We explicitly show how
to calculate 7 (w) from first principles for the benchmark
material LiF and KTaOj; at finite temperatures.

This paper is structured as follows. In Sec. II, we an-
alytically derive an expression for the long-range part of
the one-electron-two-phonon interaction in terms of quanti-
ties that can be calculated from first principles. In Sec. III,
we use this matrix element to calculate the ground-state
energy and effective mass of a polaron in a material that
only has long-range electron-phonon interaction, including
the one-electron-two-phonon interaction up to lowest or-
der. In Sec. IV, we calculate the one-electron-two-phonon
matrix element from first principles for LiF and KTaO3
and build a framework to analyze the strength of the one-
electron-two-phonon interaction and to reconstruct where
its main contributions originate from. We also calculate
the one-electron-two-phonon spectral function 7T (w) at fi-
nite temperatures and show that it grows larger as the
temperature increases, in contrast with the equivalent one-
electron-one-phonon spectral function which is independent
of temperature. We discuss the results and conclude in Sec. V.

II. ANALYTICAL DERIVATION OF THE LONG-RANGE
ELECTRON-PHONON MATRIX ELEMENTS

A. Definition of the electron-phonon Hamiltonian

Consider a crystalline material where the electrons interact
with the phonons of the lattice. The Hamiltonian for such a
system is given by:

ﬂ = Hel + th + ﬂel—ph- (1)

If we limit ourselves to terms that are quadratic in the phonon
coordinates, and electron-electron interactions are neglected,
then the three terms that appear in this Hamiltonian are given
by [13]:

Ao =" exntl @)
k,n
A At A 1
th = Zhwq.v aq’vaq,v + 5 s (3)
q,v
A /€2 P4
Hel—ph = E Z &mmv (K, q)Aq,UClLJrq!ka,ﬂ
k.q,n,m,v

Qo o
+ 5 Z Z Emnviv, (k, q1, Q2)Aq1,u1Aq2,u2

k,q;,q2 m,n,vi,v

At A
X Cit q,+qomChn- “)

Here é:;n and (g, are the fermionic electron operators

which create and annihilate an electron in a Bloch state
|[¥k.n) with crystal momentum 4k in band n and Aq,v =
aq,v +2z%_q1v, where &g,v and a4, are the bosonic phonon
operators which create and annihilate a phonon with crys-
tal momentum /iq in branch v. © and Q2 represent the
volume of the unit cell and the system volume, respec-
tively. We will also introduce a Born-von Karmén supercell
of volume €. for first-principles calculations. Throughout
this article, it is always assumed that Q > Qg > . The
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FIG. 1. Feynman diagrams of electron-phonon interactions that
will be considered in this article. (a) Linear one-electron-one-phonon
interaction with vertex factor g,,,, (K, ¢). (b) Nonlinear one-electron-
two-phonon interaction with vertex factor g, (K, qi,q2). k =
(k, w) and ¢ = (q, ') represent four-momenta, m and n represent
electron bands, and v represents a phonon branch.

assumption Qg > ¢ is necessary for convergence of the
first-principles calculations, and the assumption Q > Q. is
the thermodynamic limit, which implies that the sums over
the momenta k, q can be interpreted as integrals over the
first Brillouin zone (1BZ). The Feynman diagrams for the
one-electron-one-phonon and one-electron-two-phonon inter-
actions are shown in Fig. 1; the electron-phonon matrix
elements g, (K, q) and gy, v, (K, q1, q2) respectively con-
tain all the physics of these interactions. It is worth pointing
out that the one-electron-two-phonon matrix element is writ-
ten as m},’vvm (k, q1, q2) in Ref. [13]. The superscript DW can
be traced back to the fact that the one-electron-two-phonon
interaction is often only used to treat the Debye-Waller term
in the self-energy [12,13,84]. In the Debye-Waller term,
gmmv (K, q, —q) can be approximated by an expression that
contains two one-electron-one-phonon matrix elements [84],
but this is no longer true for the general one-electron-two-
phonon matrix element g,,,,1, (K, qi1, q2). Since we apply the
one-electron-two-phonon interaction beyond only the Debye-
Waller diagram in this article, we will also drop the superscript
DW from the notation.

B. Classical derivation of the long-range
electron-ion Hamiltonian

The central goal of this article is to find expressions for
the long-range parts of the electron-phonon matrix elements,
which are due to the classical electrostatic interaction be-
tween the electric field £ of the electrons and the polarization
field P of the ions in the material. For the one-electron-
one-phonon interaction, these expressions have been derived
already [3,31]: Here a derivation is presented that can be
generalized to higher orders in the phonon coordinates. To do
this, we start from a rather general Hamiltonian of the ionic
lattice. Let us write the lattice basis vectors as a;, a,, a3, such
that the lattice vectors £ and supercell lattice vectors T are
defined as:

€=m1a1+m2a2+mga3, mj'G{O,],...,Nj—l}, (5)

T = nNa; + myNo,ar + n3Nza3, nj € Z. (6)

This splits the crystal into supercells of size Ny x N, x N3,
each of which is labeled by a unique supercell vector T. A
unique unit cell can be labeled by £ 4 T, one lattice vector and
one supercell vector. This unit cell contains N atoms, which
are labeled with an index « € {1, ..., N}. The equilibrium
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FIG. 2. Schematic drawing of a large polaron in a crystalline
solid. When the electron wave function is much larger than the size
of the unit cell, the electric field due to the electron can be treated
approximately as a constant external electric field in the unit cell.

positions of these atoms within the unit cell are denoted as 7.
As the ions move, they will be brought out of their equilibrium
positions to a new position T 4+ £ + 7, + u, (£ + T), where
u, (£ + T) is the instantaneous displacement of atom « in cell
£ + T. Then, the general Hamiltonian of this lattice can be
written as:

PLE+T)
H = ———— + ko, (7

%; %T: 2my )
where o € {x,y,z} denotes Cartesian directions, m, is the
mass of atom «, and P,(£ + T)=m. .+ T) is its
momentum. Furthermore, Ej is an interaction energy that
depends only on the ionic displacements u,, (£ + T) and the
macroscopic electric displacement field D(r). The change in
Ey due to a change Su in the ionic positions and a change §D
in the electric displacement field satisfies ([85], Sec. 10):

8Eg =~ ) muiica(€+ Tt (¢ +T)
ko LT

+ / () - DT, @®)
Q

where &, (r) is the macroscopic electric field in the material.
The general Hamiltonian in Eq. (7) is too difficult to treat
computationally for a system in the thermodynamic limit. To
simplify this Hamiltonian, we make a key assumption, which
is inspired by an observation in the large polaron problem in
Fig. 2. For a large polaron, the electron wave function is very
delocalized over the crystal, and the electric field generated
by the electron will be approximately constant on the scale of
a unit cell or even a supercell. This approximation becomes
exact in the large polaron limit. In the more general context
of electron-phonon interaction, the same assumption can be
made: For the long-range interaction a constant external elec-
tric displacement field D can be assumed, and any spatial
variations in this field should be included in the short-range
interaction. With this assumption, the relevant Hamiltonian
to study is the Hamiltonian of a single supercell, which then
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takes the following form:

‘C_ZZ Pe(

SEg=—Y) Z mKuKO,(e)aum(z) + Qi+ 6D. (10)
ke £,T

+ Ey({u,(£)}, D), ©))

The total Hamiltonian is then approximately given by sum-
ming the Hamiltonians for all of the supercells T, where
we take the supercell average for the externally applied field
D(T):

H~ )" He(T), (11)
T

D(T) := D(r)d’r. (12)

Qe(T)

This approximation is valid if the supercell is large enough,
Qs > Qq, such that the interactions between atoms in neigh-
boring supercells are negligible. By making the simplification
in Eq. (11), all supercells in the system will decouple, and
only a single supercell must be treated under the application
of a constant electric field. This is computationally possible
with first-principles theory.

So far, the D dependence of E was kept general. However,
in practice, the external electric field is small, and Ey may be
expanded in orders of D. In this article, we will expand E( up
to second order in D, which gives the following expression for
the supercell Hamiltonian in Eq. (9):

P2
e~ Y5O 4 @Dl

ko,

IEy({u,(£)})
T,

9%Eo({u (£)}) 3
+D-WD=0~D+O(D ). (13)

Each of the expansion coefficients is still a function of
the ionic displacements u, (£). We will additionally neglect
this ionic dependence for the second-order term and write
% Ip= dl;gf) |p=u, (¢)=0- Later, the first-order term in
D will lead to all of the one-electron-n-phonon interactions.
Therefore, approximating the O(D?) term and neglecting all
terms of O(D?) and higher will not affect the results for
the one-electron-n-phonon interactions, which are the primary
focus of this article.

We can give names to the expansion coefficients in D, such
that they will correspond to physically relevant quantities. Let
us define the electron energy Hys, phonon potential energy
Epn({uc(€)}), ionic polarization Pjo,({u.(€)}), and dielectric
tensor &4 as follows:

Hys = Eo({0])lp_o» (14)
Ep({ue () = Eo({u (ODlpoo — Hs: (15
0E, (L
Pin({uc () 1= — e W .36
sc D=0
-1 ._ 8_0 82EO

- 17
o = Q. 9DID an

D=u, (£)=0

Hgs represents the energy of the system without external
electric field and with all ions in their equilibrium positions.
After quantization, Hgg will take the role of the Kohn-Sham
Hamiltonian. With the definitions in Eqgs. (15)—(17), the su-
percell Hamiltonian Eq. (9) can be written as:

P
Hie ~ Hys + ) 5% = S T Em((uc(O)

ka,l

Qsc D —1 Qsc —1
- 8 Pion(fuc(O}) + =D& -D. (18)
£o 2g0

So far, this derivation is written in terms of the ground-state
energy Ey, which is a function of the electric displacement
field D. In the first principles literature, it is far more common
to define the electric enthalpy E, which is a function of the

external electric field £ [86,87]:
E({u, ()}, &) = Eo({uc (£)}, D) —

where Pey = D — g9€ is the polarization in the case where
all the ions are stationary. Many useful quantities can be
calculated as derivatives of the electric enthalpy. For example,
in Appendix A, it is proven that the quantities defined in
Egs. (15) and (16) can also be written directly in terms of
(derivatives of) the electric enthalpy:

Qscg : Pext’ (19)

Hgs = E({0})|g—o, (20)

Epn({u, (D)) = E({uc(6)})|g—g — Hks. (21)
P; 0} = I oF 22
ion({ue (0)}) = T w 98 |y (22)

and that e, defined through Eq. (17), defines a relation be-
tween D and £ in the usual way [88]:
D =¢pes - E. (23)

To describe the one-electron-one-phonon interaction one also
needs the Born effective charge tensor, which is defined from
the electric enthalpy as follows [88]:

1 9°E Q. Pion
e dEJu, (£) e Ju.({)

o= —

N2
u (=0

u (0)=E=0
which is independent of £ because of the translation invari-
ance of the crystal. Finally, to describe the phonon properties,
one requires the harmonic force constants @, ,g(£) and the
dynamical matrix D, p(q), as well as their dependence on
the constant external electric field &£:

’E({u. (D)}, €
uup(t —6:6) = ~LWOLE) | o5
auka(e)auk/ﬁ(e ) u, (£)=0
1 .
Dyg i ;€)= Kok LE zq-l. 26
(@ E) i & wpl;E)e (26)

The dynamical matrix can be diagonalized to yield the phonon
eigenvectors e, ,(q; £) and the squares of the phonon fre-
quencies w?(q; €):

Z DKa,K’/S(q; S)ek’ﬁ,v(q; 8) = wg(q; g)e/coz,u(q; g) (27)
K'B

Unless otherwise indicated, throughout this section we use
the d-type convention for the phonon eigenvectors (see, e.g.,
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Ref. [89], Sec. 2.3), and we assume the Born-Huang con-
vention e:a’v(q; E) = exan(—q; €) [90]. The dependence on
the electric field is naturally included from the electric field
dependence of the electric enthalpy. When £ = 0, the defini-
tions in Eqgs. (25) and (26) reduce to the literature definitions
of the force constants Cbm,,(rlg(l/ — ), the dynamical matrix
Dyap(q), the phonon frequencies wgq,, and the phonon
eigenvectors e, ,,(q) [88,89].

Pion ({u, (£)}) can arbitrarily be written as a volume average
of dipoles associated with each atom (x, €) in the supercell:

Pio, (T) =

Y p@+T). (28)
se "y

Doing this for every supercell T allows us to define a position-
dependent polarization field Pj,,(r), defined by placing the
dipoles p, (£ + T) at the equilibrium positions of the atoms
(k, £+ T):

Pon(r):= Y p+Tar—-T—L—17,). (29
L, T

This field is defined in such a way that taking the volume av-
erage over a supercell €2 yields the correct ionic polarization
for that supercell, analogously to the definition for D(T) in
Eq. (12):

Pion(T) =

1
/ P, (r)d’r. (30)
Qe Jaum
The Fourier transform of P, (r) is given by:

1 ) .
= D Bl M DO 3y
©,2,T

Pion(q + G) =

where G is a reciprocal lattice vector. In Sec. I1C, we will
derive explicit expressions for the dipoles p, (£ + T) from the
derivatives of the electric enthalpy. The choices of how to
write Pj,, as a sum of dipoles, and how to associate these
dipoles with a position, are arbitrary. However, only the low-
momentum components of Pio,(q + G) will appear in the
final results. In this limit with q + G — 0, any choice of
dipoles p, (£ 4+ T) that satisfies Eq. (28) will lead to the same
result for Eq. (31): Therefore, the arbitrariness has no phys-
ical relevance. We make the above choices because they are
implicitly made in Ref. [31] for the harmonic problem, where
P&+ T)=eZ, -u.(£+ T). By making the same choices,
we will eventually obtain the same result for the long-range
one-electron-one-phonon matrix element.

Next, the Hamiltonian H on the full system can be re-
covered by summing up the supercell Hamiltonians H.(T)
over all supercell vectors T. In Eq. (18) for the supercell
Hamiltonian, both D(T) and Pj,,(T) depend on the specific
supercell, so:

P
o=t + 3 > Bl D B+ )

kol
Qsc —1
- § —D(T) - &3
€0

+ Z —D(T) )

Pion (T)

-D(T). (32)

This can be written in terms of the continuous field D(r) by
substituting the definitions for D(T) and P(T) in Eq. (12) and
Eq. (30) and by using that D(r) ~ D(r’) when r and r’ are in
the same supercell. Then, a short calculation yields:

P.,+T
=i + 3 Zﬂwph({uk(eﬂ)})

Ko, d
D(r) €, L Py (r)d’r
60
1
+ — D(r).s;j -D(r)d’r. (33)
280

This Hamlltonlan describes an ionic lattice interacting with a
macroscopic electric displacement field D(r). In the case of
long-range electron-phonon interaction, this electric displace-
ment field is due to N electrons. If these electrons are moving
slowly enough, then their electric field must be longitudinal,
which means the electric field can be described through the
electrostatic potential:

E =-V¢(r). (34

The connection between D and &€, described in Eq. (23), then
tells us that the electric displacement field must be equal to:

D(r) = —gpex - Vo (r). (35)

Combining this with Maxwell’s first equation yields the
anisotropic Poisson equation for the scalar potential:

Nel

V- (ex V(1) = i 38— ra). (36)
j=1

This equation can be solved by transforming to Fourier space:
The derivation can be found in Ref. [31]. The final result for
the electric displacement field of the electrons is

le €00+ Q iQr

D(r) = S aree T (37)
Q;&OQ € -Q

where the sum over Q is over the entire reciprocal space
and the dimensionless density operator of the electrons pq is
defined in the usual way:

Nei
po = . (38)
j=1
Equation (37) can be used back in Eq. (33) to find a fairly gen-
eral expression for the classical electron-phonon Hamiltonian.
The integrals are straightforward; one should only remember
to remove the self-interaction of the electrons. The result is as
follows:

H = Hys + Hph + Heioph + Heleel, (39
o= ¥ 2D ). o)
ka8, T K
H.. = le Z Z Q- Plon(Q) (1)
€, &,T Q;éo
Haa = 2;;0 > p;;’—;; - gn @)

Q#0
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where we recall that P;,,(Q) is defined in Eq. (31). Equa-
tion (42) is the well-known Coulomb interaction between the
electrons. The focus of this article is on the electron-phonon
interaction, and we will only be interested in single-electron
properties: Therefore, for the remainder of the article, we will
ignore the Coulomb interaction H,_. However, note that
H.)_| can always be added to the Hamiltonian if desired.

The above Hamiltonian is classical but can be readily writ-
ten in first quantization by promoting Hks, pg, (£ + T),
and P, (£ + T) to operators. It can also be written in sec-
ond quantization, following the recipe provided in Ref. [91],
Sec. 1.2. Let us introduce the fermionic operators 6lt,n and
Ckn, Which create and annihilate an eigenstate |y ,) of the
Kohn-Sham Hamiltonian Hgs with corresponding energies
éi.n. Then, the second quantization expressions for Hgs and
pq are as follows [91]:

Hgs =Y €nty ,fn, (43)
k,n
A i(q+G)- At A
Parc = Y (Vicraml€ T OV lns (44
k,mn

where Q = q + G is written as the sum of a reciprocal lattice
vector G and a lattice wave vector /iq in the first Brillouin
zone. With these expressions, the Hamiltonian becomes

I:} = gel + ﬂph + ﬁel—phs (45)
ﬁel = ka,négnék,m (46)
k,n
P2, +T)

. + Epn(fuc (€ +T)})),  (47)

>
=]
=
Il
. =
Q
M
-

. B z (q+G)'Pi0n(q+G)
Heph = Z Z q+G) ex-(q+G)

X (Vicrqml@ O W)l (48)

This Hamiltonian is the furthest one can go without assum-
ing anything about the {u,(£+ T)} dependence of Ep, or
Pion(q + G). Respectively, these would be assumptions about
the phonon anharmonicity and about the electron-phonon an-
harmonicity.

Each of the terms in the above Hamiltonian has a clear
meaning. Equation (46) is the electron Hamiltonian with all
ions in the equilibrium positions, and in the absence of an ex-
ternal electric field. Equation (47) is the phonon Hamiltonian
in the absence of an external electric field or, equivalently,
in the absence of electron-phonon coupling. It contains the
entire energy landscape Eyn({u.(£+ T)}) and is therefore
valid up to arbitrary orders of anharmonicity. Finally, Eq. (48)
is the long-range electron-phonon interaction: It contains all
the processes where one electron interacts with the phonons.
This is again up to arbitrary orders of anharmonicity, since
Pion(q + G) and p, (£ 4+ T) are ultimately defined from the
general ionic polarization Pj,, ({u, (£ + T)}).

Note that the derivation requires that P;,, is approximately
constant over the size of a supercell. Therefore, for self-
consistency, we must assume that P;,,(q + G) only consists
of low-momentum components. In particular, the resulting
electron-phonon Hamiltonian Eq. (48) is only valid in the

limit q + G — 0. This is how one can define the long-range
limit for the electron-phonon interaction in general: Only the
momentum appearing in pq+g must be small, but all other
momenta can be arbitrarily large. Throughout this article, we
will frequently take the long-range limit in several expressions
for self-consistency.

C. Expansion in the ion coordinates

Equation (41) for the electron-phonon interaction is not
useful until one has a useful expression for the dipoles
p« (£ 4+ T). Such an expression can be obtained by expanding
Pion({u, (£)}) in terms of the ionic displacements u,(£). In
this article we focus on the one-electron-two-phonon interac-
tion and ignore phonon anharmonicity, so Ep,({u, (£ + T)})
and Pjo, ({u, (£)}) are both expanded up to second order. The
first-order derivatives of Epy({u, (£ + T)}) are zero since the
derivatives are evaluated at the equilibrium positions of the
ions, and its second-order derivatives are the harmonic force
constants defined in Eq. (25). Therefore, the phonon Hamilto-
nian Hy, from Eq. (40) can be written in the following form:

P2LE+T) 1
HPh:zMJrE 3

2my,
ka,L,T ka,k'B, 6,0, T
X Dpq gl — g +T), 49)

where it is assumed that the supercell is large enough so
that the force constants are zero when the two ions do not
belong to the same supercell. This is the usual harmonic
lattice Hamiltonian: Its further treatment can be found in
the literature [13,92]. Here the main steps are outlined. The
Hamiltonian can be written in second quantization in terms of
phonon ladder operators agq,,, &jl.v, if the ionic displacements
and momenta are written as follows [13]:

Q0 oo .
uKa(eJrT):,/EqXV: m(aq.wa_q,u)

Uea (£ +T)

X e (@)D, (50)

1 /1 hmewg,, A
Pea€+T) = ;,/5 ;‘/ —5 (g —aly,)

X Cra,n (@)D, (51)

and the bosonic commutation relations [dq,., &zy,w] =
8q,q'6v, are imposed. Substituting Egs. (50) and (51) into
Eq. (49) and using the definitions in Eqs. (26) and (27) yields
the familiar expression for the harmonic phonon Hamiltonian
in second quantization:

. 1
Hp = Z hwq,v(a;uaq,v + 5). (52)

q,v

This is precisely Eq. (3), where the phonon frequencies are
obtained in the usual way from the diagonalization of the
dynamical matrix.

To expand Pj,,, recall that it is defined as an electric field
derivative of the energy according to Eq. (22). Therefore, the
expansion coefficients can be written as derivatives of the
energy, where it is again assumed that the supercell is large
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enough so that the derivatives are zero when the ions do not belong to the same supercell:
d’E
0Edua (€ + T) [, ()=g=0

1
Pin((c (L + TH~ —— 3 ta(€+T)

s¢ ka, L, T

»E
Ettea (€ + Thugs( +T)

1
_ o+ Tues(€ + T
20 %t;”u (E+ D&+ 13

(53)
u (L+T)=E=0

These derivatives can be written in terms of the Born effective charge tensor and the harmonic force constants using Eqgs. (24)
and (25):

uep(® +T).  (54)
E=0

1 3CD,<0[,,</13(£/ —4;E)
> eZ u @+T)— TN > @+ T) £
«, 2, T ko ,k' B, 4,4, T

1
Pion({uk(e + T)}) ~ Q

sc

This also provides a natural definition for the ionic dipoles p, (£) in Eq. (28), such that P;,, is the volume average of these dipoles
in the supercell:

q)KO(,K’ﬁ('e/ - e; 8)
o€

1 0
P +T)~ eZe-u (€ +T) - o /ZM o (€ +T)
Note here that the first term is a standard expression for the ionic dipole moment, which is used in the harmonic derivation in
Ref. [31]. It will lead to the one-electron-one-phonon interaction, and the central quantity that controls it is the Born effective
charge tensor Z,. The second term is the next-higher order, which will lead to the one-electron-two-phonon interaction. This
T . . AP, 5 —LE) . . .
derivation immediately clarifies that 5—5 |e—o Will be the central quantity that will control the one-electron-two-phonon
interaction. Although we will be satisfied with the second-order expansion in this article, this idea is easily extended to higher
orders by including higher-order derivatives of the ionic coordinates in (54). It can straightforwardly be seen that the central
quantity that controls the one-electron-n-phonon interaction would be the electric field derivative of the n-phonon matrix
elements, as defined in, e.g., Ref. [50].
To find an expression for the long-range electron-phonon Hamiltonian, Eq. (55) and Eq. (50) should be substituted into
Eq. (41). The calculation is straightforward; only the main steps are presented here. First, Pio,(q + G) is calculated with Eq. (31),
Eq. (50), and Eq. (55), which gives:

Pion(q+ G) = \/_Z /2m e (q)e” z((H-G)rK(a +&'_qv)
«Wq,v

—ﬁ Y@ 4 + G)ag—qu + 8}y g+ ), (56)

q’,v,

uep(® +T). (55)
E=0

where the auxiliary vector Y,,,,(q’, ¢ + G) is defined as:

h h

aDKa,K/ﬂ(q/)
20q—q',v, 20g 1,

o€

—at® e (@ —q)

1
Y,..(q,q+G):= - e e (q). (57)

ka,k'B

0Da'p@ . Do, (WE)

Here the shorthand notation & |e—o was introduced for the derivative at zero electric field: We will use this
shorthand notation throughout the artlcle Now, Eq. (56) can be substituted back into Eq. (48) for the electron-phonon interaction.
This yields a Hamiltonian of the form Eq. (4), with the following expressions for the electron-phonon matrix elements:

long) (q + G) ev.K(q) i(q+G)-(r—,) 58
e 0 = e G;QZK: 2mkwq L@+ G)-em - (q+G)(wk+q””|e Vi) ©8)
n (@1 +4+G) Y,(@.q1 +9 +G6) ; .
ggl(;lvgl)vz(k’ qi, q2) - 2809() Z (ql + qQ + G) . elv . ((h + qQ + G) (¢k+q1+qz,m|e @He+6) |1/fk,n>- (59)
G#—qi—q2 o0

(

Equation (58) is the literature result for the long-range part ~ phonon matrix elements but only the long-range parts. Recall
of the one-electron-one-phonon matrix element [13,31]. This from the discussion at the end of Sec. IIB that the long-

confirms that the derivation presented in this section is a gen- range part can be identified as the Q — 0 limit of whichever
eralization of current literature theory, which can be applied =~ wave vector Q is in the density operator or, equivalently,
to arbitrary orders of anharmonicity. in the electron matrix element in Eqs. (58) and (59). For

We explicitly write the superscript “(long)” in Egs. (58) the one-electron-one-phonon matrix element this is q +
and (59) to indicate that these are not the full electron- G, and for the one-electron-two-phonon matrix element
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itisq; + q2 + G, so:

lim g (k, q) = gl (k, q), (60)
q+G—0

li mnv; v ka 5 = (long) ka s . 61
rdim 8 o, (K, 41, @2) = &, (K, Qi g2). (61)

The limit G — 0 in these expressions should be understood as
follows: In the sums over G that appear in Eqs. (58) and (59),
one may always neglect any term that has G # 0 without
changing the physical results. In practice, the sum over G is
only necessary when interpolating the entire electron-phonon
matrix element [31], which is outside the scope of this
article.

By definition, Eq. (58) is only valid in the q + G — 0
limit, and Eq. (59) is only valid in the q; + q2 + G — 0 limit.
Therefore, for self-consistency, these limits should be taken in
Egs. (58) and (59) as well. For the one-electron-two-phonon
interaction, this is easily done by replacing Y,,,,(q2, qi1 +

given by:
1 h h
Y\lez(q) = e:a,vl (q)
ie\ 2wq,y, 2wq,y, ol
0D o
~ Lﬂ(q)ew.w(q). (62)

o€

For the one-electron-one-phonon interaction, it is convenient
to introduce the mode polarities p, (§), which are used in the
generalized Frohlich model for the one-electron-one-phonon
interaction [93]. They are defined as:

ZK “Crv q
pu(@) = Z%@. (63)

In general, they may depend on the direction ¢ along which
we take the ¢ — 0 limit. Similarly, the phonon frequencies in
the ¢ — 0 limit can still have a nonanalytic dependence on
q [93], so we write the phonon frequencies around I' as wyg, ..

Taking the above-mentioned limits in Egs. (58) and (59)
yields find the final expressions for the long-range electron-

@©+G) with Y,,,(q,0):=Y,,,(q), whch is phonon matrix elements:
|
e h (q+G) - p,(@) ;
(long) () — le v i(q+G)r 64
S (K. Q) 8090‘/20)(}’” G;q QTG e (g1 G Prramle O ), (64)

e @i+ +G) Y,,(q)

o, (K, q1, 2) = oo >
0350 G#-q1—q

Note that Eqgs. (64) and (65) look very similar in this form
and that the role of Y,,,,(q) in the one-electron-two-phonon
interaction is analogous to the role of the mode polarities
p. (@) in the one-electron-one-phonon interaction.

We end this section with several remarks surrounding
the long-range limit. Most notably, for the one-electron-one-
phonon interaction, the long-range limit is identical to the
continuum limit, which is also obtained by letting q — 0
for all phonon properties. However, this is no longer the
case for the one-electron-two-phonon interaction: We only
require that q; ~ —q,, which leaves the phonon wave vector
q> completely free. This is reflected in Eq. (65), where
Y,,1,(q2) still depends on one phonon momentum which is
free to explore the entire Brillouin zone. In contrast, p,(§)
is only evaluated very close to the I' point at q¢ = 0. One
must therefore be careful to not confuse the continuum limit
qi, q2 — 0 with the long-range limit q; + q» + G — 0 when
working with the one-electron-two-phonon interaction. For
example, the model of Ref. [94] is derived in the continuum
limit instead of the long-range limit, which is an additional
hidden assumption of the model.

The long-range limit can be seen in terms of a series expan-
sion of the full electron-phonon matrix elements g, (k, q)
and gumyv, (K, q1, q2) as a function of the variables Q = q +
G and Q = q; + q2 + G, respectively. Then, the long-range
part represents the lowest-order term in the expansion, the
dipole contribution, which is a 1/|Q| divergence in both cases.
The next-order term would be a quadrupole contribution, a
term of order |Q|° but which may have a nonanalytic angular

@ +@+G6) e -(q +q+G)

(Vicrqu+qum| € CTETET Y ). (65)

(

dependence around Q = 0. This term is known for the one-
electron-one-phonon interaction [95-98], but it will not be
considered further in this article.

Finally, note that for cubic materials with a single nonde-
generate conduction band that only interacts with a single dis-
persionless longitudinal optical (LO) phonon branch, Eq. (64)
reduces to the well-known Frohlich interaction [3,31]. This
interaction is often used on its own to describe large polarons,
where it is assumed that the long-range interaction domi-
nates over the short-range interaction, so that g, (K, q) &
gone) k., q). For the remainder of this article, we make the
same assumption for the one-electron-two-phonon interaction
and assume that g, (K, q1, q2) ~ g(,lg,':f)\,z (k, q1, qy) for a
large polaron. In the next section, we will calculate the effect
of the one-electron-two-phonon interaction on the ground-
state energy of a large polaron. While the theory appears to
be general, it is essential to apply it only to materials that host
large polarons, where contributions to the ground-state energy
from short-range interactions are negligible. In contrast, for
other types of materials, such as metals or those hosting small
polarons, short-range effects become important and must be
properly taken into account.

1. WEAK-COUPLING TREATMENT OF THE
NONLINEAR ELECTRON-PHONON HAMILTONIAN
A. Weak-coupling electron self-energy

With the Hamiltonian Egs. (1)—(4) and with Eq. (64) and
Eq. (65) for the electron-phonon matrix elements ready, we
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(a) (b) o
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FIG. 3. Lowest-order self-energy diagrams that will be consid-
ered in this article. Diagrams (a) and (b) are the Fan-Migdal and
Debye-Waller diagrams. Only diagrams (a) and (d) give signifi-
cant contributions when the short-range one-electron-two-phonon
interaction is neglected. k = (k, ) and g = (q, »’) represent four-
momenta, m and n represent electron bands, and v represents a
phonon branch.

can proceed to investigate the effect of the long-range one-
electron-two-phonon interaction on a physically interesting
quantity. One of the most fundamental properties is the renor-
malization of the electron energies to quasiparticle energies
€k.n. They are found as the poles of the electron Green’s
function G, (K, w), which satisfies the following Dyson equa-
tion [13,91]:

Gk, 0) = GOk, w) + 5, (k,w).  (66)

mn

Here G¥)(k, ) is the free electron Green’s function, given in

terms of the Fermi-Dirac distribution ng (E’) as follows [91]:

1— " 0
Ak | trlkn) ) )
w—F+id o—TF -0

GOk, w) = amn<

and X,,(k, ) is the self-energy of the electron. Often,
the electron-phonon interaction is small enough that it is
sufficient to obtain the quasiparticle energies up to lowest
order in the self-energy. In this case, which is equivalent to
Rayleigh-Schrodinger perturbation theory, the quasiparticle
energy renormalization A€y , := &, — €k , is given by [13]:

€k,n 2
h)+0@). (68)

Aek,n ~ hEnn (ka

The self-energy itself can be obtained from a diagrammatic
expansion ([91], Secs. 2-3). Here the perturbation is a sum
of the one-electron-one-phonon and one-electron-two-phonon
interactions, so one must build diagrams using both vertices in
Fig. 1. In this article, we will consider all diagrams that have at
most two one-electron-one-phonon vertices, and at most two
one-electron-two-phonon vertices. This leaves the four unique
self-energy diagrams which have been depicted in Fig. 3. The
diagram in Fig. 3(a) is the Fan-Migdal diagram, which is
the only diagram that would remain if no one-electron-two-
phonon interaction was present. The diagram in Fig. 3(b) is
the Debye-Waller diagram. Both of these diagrams are well
known in the literature [13] and are the usual self-energy
diagrams that are kept when treating the one-electron-one-
phonon interaction: In that context, the Debye-Waller diagram
is rewritten in terms of g, (K, 0) using the rigid ion approx-

imation [13,84]. The diagrams in Fig. 3(c) and Fig. 3(d) are
new: They both contain the one-electron-two-phonon vertex
&mnvyv, (K, q1, q2), for which the expression in Eq. (65) can be
used.

We note that the choice of which diagrams to include
in the expansion is somewhat arbitrary, because it is more
difficult to define what “lowest order in the electron-phonon
interaction” means when more than one interaction is present.
For example, one might define the order of the diagram as the
number of its interaction vertices, which indicates how many
times the macroscopic electric field of the electron interacts
with the phonons. By this metric, the diagrams in Fig. 3(a)
and Fig. 3(d) have the same order. However, one might also
define the order of the diagram by their number of phonon
lines or, equivalently, the order of the ionic displacements. By
this metric, the diagram in Fig. 3(d) is of higher order than
the diagram in Fig. 3(a) and a self-consistent expansion that
includes this diagram should also include all diagrams with
four one-electron-one-phonon interactions. In the theory of
this section, we choose to limit ourselves to the diagrams in
Fig. 3 for the sake of simplicity and novelty, since results for
the higher-order one-electron-one-phonon processes already
exist in the literature [99-101]. In practice, the decision of
which diagrams to include should be based on the strength
of the interaction vertices, which can change significantly
from material to material. As a concrete example, the one-
electron-one-phonon interaction strength is strong in LiF and
the higher-order one-electron-one-phonon processes may not
be neglected. Therefore, when we calculate the polaron energy
for LiF in Sec. IV, we will use the literature result from
Ref. [99] that includes diagrams with up to six one-electron-
one-phonon interactions.

The diagrams in Fig. 3 can be written as integrals
over Green’s functions using the Feynman rules (Ref. [91],
Sec. 2.8). We follow the method and conventions in
Ref. [102] to determine the prefactors for each diagram. Ev-
ery one-electron-one-phonon vertex corresponds to a factor
«/% %gm,w (k, q), and every one-electron-two-phonon vertex
corresponds to a factor %%gm,,wz (k, q1, q2). The additional
factor 2 comes from the fact that the conventional factor %
from Ref. [102] is missing from the Hamiltonian in Eq. (4).
Every electron line corresponds to the usual electron Green’s
function from Eq. (67), and every phonon line corresponds to
the usual phonon Green’s function p© (q, w) [91]:

v’

D9q, w) = (1 + ng(w ))M
vy’ ) B q,v 0)2 _ (a)qu _ 18)2
— np(w U)M’ (69)
P02 — (wq, + i8)?

where ng(w) is the Bose-Einstein distribution. Finally, each
diagram must be divided by a combinatorial factor, equal
to the number of symmetries that leaves the diagram invari-
ant according to the rules in Ref. [102]. This combinatorial
factor is 1 for the diagrams in Figs. 3(a)-3(c) and 2 for
the diagrams in Figs. 3(b)-3(d). Following these rules, the
contribution of each of the diagrams in Fig. 3 can be
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written as follows:

Q1 [ do
Shko)=ig o [ 22 Y g QPG (k + 4.0+ 0)D(g. ~o1). (70)
£ h q,v,m
Q() 1 da)1
(b) I O _
ik, 0) =i h/ — > g (K —q, @D (g, 1), (71)
q,l)
do *® dw
Tk, ) = 2—— >N Zf — 5 Gl K+ @1 0+ 01)GL, (K + @, 0 + 02)
my,my vi,v2 qi,q2 - i
x DY) (q, —woDS;iZ(qz, —2)8mynv Ky @) Gmmyviy K+ Q1 =1 G2) &, (Ko @), (72)
da)1 da)2 2
Zf,(i)(ks == _2 522 hz / / |gmnv1v2(k» qi, (l2)|

qi, q7 Vy,V2,m
x GO\ (k+q1 + 2, 0 + @)D, (—q1, —o1 + 02)DY), (—q2, —a»). (73)

We are interested in the case where there is only long-range electron-phonon interaction, e.g., in the case of a large polaron. In
Appendix B, it is shown that in this case, the diagrams in Eqgs. (71) and (72) have negligible contributions compared to the other
two diagrams. Therefore, from here onward, we will only consider the “Fan-Migdal-like” diagrams of Fig. 3(a) and Fig. 3(d) for
the self-energy:

Tk, 0) = TPk, 0) + Z9 (K, w). (74)

nn

In Eq. (70) and Eq. (73) for these two terms, the integrals over the frequencies w; and w, can be performed exactly. First, note
that the free phonon Green’s function can be written as DV?)) (q, w) = Do(wq,v, @)8,,, where
Do ) = (1 + 15( ) ——r (@)
w,w) = ng(w))—— = —ng(0' ) ———.
0 b @ — (0 —i8)? P = (f +i8)?
Then, the following identity can be used in Eq. (73), which can be proven using complex contour integration on the upper half
plane:

(75)

+00 do’
[ e U0 = Dol ) = [1+ 10(0.0) + 18005 PP 010+ 0, 0)

o 2T
+ |n3(a)q2’,,2) _”B(wa.vl)|ID0(|wq1,V1 — WOqy, 1|5 ) (76)
The remaining integrals over w; are both of the following form:
T dw,; — np(exn) +np(o’ ng(@) + np(eg ,
i/ G0k 0+ 0Dy, —y) = +— o) IO ) ) F P () (77
oo 2T a)—a)’—T'"+18 o+to - +id

This identity can also be proven by complex contour integration on the upper half plane. It only holds after moving all the poles
to the lower half plane after performing the integration, which means that the resulting self-energy will be the retarded one. This
is a standard result at finite temperatures [13,91]; this distinction will not be relevant in the remainder of this article.

By using the above two integral identities in Eq. (70) and Eq. (73), the lowest-order self-energy from Eq. (74) can be written
in the following form:

too oo —np(e) + np(w') np(g) + np(w’) ,
Znn(l, ) = / / o Fi(e. w)[ “he —et+is | ha)+ha)/—e+i8:|d8dw' (78)

In the above expression, the two-argument Eliashberg function a?Fy (&, w) is defined as follows:

(24 Fk n(S w) - Z 1BZ / |gmnv(k (I)|25(8 - Ek-‘rq m)s(w — Qyq, v)d q

v,m

+ - Z Q2. /BZ /Bz | @ (K, Q1,(I2)| (¢ — extqr+qum)

V1 Va.,m

<[1 + 15 (0g;.0,) + 15 (0g.0,) (0 — g0, — qu,VZ)>d3QId3q2 7

+|nB(wQ2»V2) - nB(wQ1,V1)|8(w - |wq1,vl - w(h»vz’)
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Here the sums over q have been replaced with integrals over
the first Brillouin zone using the usual substitution Zq —

) -
% [ig, 4°q [103], and Q7 = (2—0) is the volume of the

Q
first Brillouin zone [103].

Equation (78) is the literature expression for the Fan-
Migdal self-energy [13]. The one-electron-two-phonon con-
tribution from the diagram in Fig. 3(d) only enters the
self-energy through an additional term in the Eliashberg func-
tion. Indeed, the first line of Eq. (79) is the familiar definition
of the Eliashberg function for the one-electron-one-phonon
Hamiltonian [13]. The other term is of a similar form but is
directly due to the one-electron-two-phonon interaction. Cu-
riously, this additional term is temperature dependent through
the Bose-Einstein distributions: This temperature dependence
comes directly from the integral identity in Eq. (76).

J

Qipz

2 1
+EZQ%

vy,vp,m " 1BZ

1
2 ~ _ E
o Fk,n(ga C()) ~ Fl -

% [1 + nB(wQZvVI) + nB(wQLVz)](S(w — Wqyv; — qu,Vz)
+|n3(w‘12a“2) - nB(w(hJ)l) |8(w - |“)qz,w — Wq,,v, |)

B. The one-electron-two-phonon spectral function

Let us now consider the case where the long-range in-
teraction is dominant over the short-range interaction, such
as in the case of a large polaron. In this case, we may ap-
proximate the Eliashberg function by using the long-range
electron-phonon matrix elements from Eqgs. (64) and (65)
in its definition from Eq. (79). Furthermore, because the
one-electron-one-phonon matrix element is dominated by
processes where q + G ~ 0, we may replace the phonon
frequencies wq,, in the first term with wg ,, the phonon fre-
quencies around the I" point. Analogously, the one-electron-
two-phonon matrix element is dominated by processes where
q: + g2 + G ~ 0, so we may set wq, v, X W_q,1, = Wg,,y, N
the second term. This yields:

1 . 2
/ |g(nl1(t)1r:;é)(k’ Q)| 8(e — 6k+q,m)3(a) - wﬁ,v)dSq
1BZ

1 2
/ f 1597 (k. 1. @) 56 — v ranm)
1BZ J1BZ

>d3Q1d3QZ~ (80)

Substituting Eqs. (64) and (65) into this expression yields, after a short calculation:

(q+ G (Rlo, PI + T (@) - (q + G2)

2 e? 1
o Fk,n(gv a)) ~
€080 18z J1BZ G1.Gib—q

m

[(q+ G1) ex - (q+GDI(g + G2) - € - (g + G2)]

x (Z 8(e — exrqm)(Winle T Y q ) <wk+q,m|e"<q+Gl>"|wk,n>>d3q, 81

where we have introduced the following two dimensionless spectral functions, which represent the contributions from the one-
electron-one-phonon and one-electron-two-phonon interactions, respectively:

R, q) :=

260w

e 1
o = Yoo Yy
Tﬁ(w) 2thQO Z QIBZ [BZ 12, (q) uluz,ﬂ(q)<

Vi, V2

In the common case where wq,, = w, does not depend on the
direction { (e.g., in cubic materials), the function R(w, q) is
simply a sum of delta peaks §(w — w,). This is due to the
long-range approximation. In practice, it means that R(w, q)
is merely a function to simplify notation: It cannot be calcu-
lated or plotted numerically.

By contrast, the one-electron-two-phonon spectral function
Tap(w) is an important quantity that can be calculated from
first principles. Indeed, recalling the definition of ¥,,,,, «(q) in
Eq. (62), one only requires the phonon frequencies, phonon
eigenvectors, and the £ derivative of the dynamical matrix
to calculate 7,g(w). It is the only new quantity in Eq. (81):
All other quantities are known, harmonic literature quanti-
ties. The intuitive meaning for 7,4(w) is more clear in the

62
IS HOIRICER! (82)

[1 + nB(wq’Vl) + nB(a)q,Uz)] 5(0) — Wq,v, — wqw))dsq. (83)
+’n3(wq»"2) - nB(wq,Vl)’ 8(“’ - ’wq,vl - wq,vz‘)

(

zero-temperature limit, where ng(w) = 0:

&2 1 /
= Yv v ,zx( )
2he2 UIXV: Qipz Jipz a

XY, 4(@)8(0 — g — wg.,)d’q.  (84)

Tap(w) can be interpreted as the total strength of all the
one-electron-two-phonon processes where q; & —q; and the
total phonon energy is /iw. Because 7, (w) is a dimensionless
quantity, its value for a material will roughly indicate how
strong we expect the one-electron-two-phonon interaction to
be for that material.
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Tap(w) is a real and symmetric 3 x 3 tensor, which is
a function of a single variable w. Furthermore, 7Tog(w) =0
unless o € [0, 2wmax], where wpax is the maximum phonon
frequency of the material. This makes it possible to tabulate
the one-electron-two-phonon spectral function for a given ma-
terial. Additionally, 7s(w) follows all the symmetries of the
material. Expressed mathematically, if G is the point group
of the material under consideration, then for every symmetry
R € G of the material, the matrix 7 (w) must satisfy:

T()=R"-T(w)-R. (85)

In particular, for any orthorhombic material this implies that
Tap(w) is diagonal, and for any cubic material the one-
electron-two-phonon spectral function is a scalar:

T(w)aaﬁ

(cubic materials). (86)
J

Tap(@) =

For the remainder of this section, it is assumed that 7,z(w)
is an input parameter that has been calculated elsewhere. In
Sec. 1V, it is shown how to calculate 7 (w) in practice from
first principles for the cubic materials LiF and KTaOs.

C. Quasiparticle energy shifts

With the one-electron-two-phonon spectral function de-
fined, we now return to Eq. (81) for the Eliashberg function.
It can be simplified considerably by making appropriate
approximations. First, recall that due to the long-range ap-
proximation, it is allowed to neglect any term with a nonzero
reciprocal lattice vector. Here we keep only the terms where
G; = G; in Eq. (81). Then, in Appendix C, we show that
the sum over m simplifies drastically, and the result no longer
depends on the electronic states:

> 86 — expqm) Winle FOT Y qm) Yirqml €T Y) = 8(e — exiqun)- (87)

m

This gives the following expression for the Eliashberg function:

(q+G) [R(w, ) I+ T ()] - (q+ G)

2
) e 1
o Fy (e, @) = E /
€020 wait Qipz Jisz

[(@+G) ex - (q+ G)?

8(e — €xrqn)d’q. (88)

The combination of integral over the first Brillouin zone 2,57 and the sum over reciprocal lattice vectors G can be written as an
integral over the entire reciprocal space, with an integration variable q + G = Q. Using 25z = 27 )3, this yields:

Q [R(, QI+ T(@)]-Q

(e — exrQn)d Q. (89)

2
F (e, ~
(%4 k,1( ) 80(271)3

(Q-ex- Q)

This expression for the Eliashberg function can be combined with Eq. (68) and Eq. (78) to find an expression for the temperature-

dependent quasiparticle energy shifts Ae ,:

nr (€xk+Q,n) + np(w)

B 80(277)3

[Q'eoo Q]2

where the lower bound for the w integral was changed from
—o0 to 0 because both R(w, Q) and T (w) are zero when
o < 0. This expression can be evaluated once the electronic
bands €k, are known, for example after a first-principles
calculation. In the remainder of this section, we will instead
evaluate Eq. (90) by choosing appropriate model expressions
for the electronic bands in the context of a large polaron.

D. Ground-state energy in the generalized Frohlich model

The generalized Frohlich Hamiltonian was introduced in
Ref. [93]. Its only assumptions are that the electron-phonon
interaction is dominated by the long-range interaction as in
Egs. (64) and (65), that the conduction band minimum is
located at I', and that all quantities are evaluated near I'. In
particular, it is assumed that only the electron bands around
the conduction band minimum are important, and these bands
are replaced by a parabolic approximation:

€+ kP 91)
b =T k)

Here €, is the minimum energy of the conduction band at I'.
We are neglecting any band with €y, # €.; in other words,

/ /*“’ Q R, QI+ T(w) Q [1 — np(€xtQ.n) + np(®) N

€k,n — €k+Qn — ho + i

d*Qdw. (90
Gk,n—€k+Q’n+fla)+l’(S:| Qdo. (0

(

we are only keeping those bands which are degenerate at the
conduction band minimum. The degree of degeneracy at the
conduction band minimum is denoted by 7geg.

With Eq. (91), it is possible to calculate the ground-state
energy Ey of a large polaron, which is the energy shift of
the conduction band bottom due to the electron-phonon in-
teraction. It is equivalent to the conduction band zero-point
renormalization in band-gap renormalization theory [93]. For
simplicity, we evaluate the ground-state energy at temperature
zero, such that ng(w) = 0. Furthermore, we assume that the
material is either undoped or that the doping concentration of
the material is very low, so that Er < €. and np(ex,) ~ 0
Under those approximations, the ground-state energy can be
obtained from Eq. (90) as follows:

ndeg

o 1 //*oo Q [R(w, QI+ T (w)]-Q
O a4 eo(zn)3 (Q-&x - Q)P
X W&de. (92)
i T

The integral over Q can be split into a radial integral
over Q*dQ and an angular integral d’§ over the unit
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sphere S
1 ”““g g4 - [R(w, @) I+ T q
Ey = — // q-[R(w, qQ) I+T(®)]-q
ndeg 80(27[ )3 s2 q- e - (A])Z
+0o0 d
x ﬁz—Q d’*qdo. (93)
0 m*Q(q) + heo

The integral over Q can now be evaluated analytically, which
yields:

Ly @ \/5/“”/ R@.9+4-T(@) -4
Ndeg el (47[)280 h Jo s2 \/5((1 - €00 * (’\])2

m* (§)dwd*q. (94)

Ey =

The one-electron-one-phonon contribution can still be simpli-
fied, because the w integral over Eq. (82) for R(w, ) can be
performed analytically:

T R(w, q) e g - po (@)1
do = Z .

= 5
—0 ﬂ 28090 (9 )

v

1w

w

Similarly, in the one-electron-two-phonon contribution, noth-
ing depends on w other than 7 (), so the one-electron-two-
phonon spectral function only enters the ground-state energy
through the following moment:

_ [T

With these two integrals, the ground-state energy can be writ-
ten in its final form as a sum of the one-electron-one-phonon
and one-electron-two-phonon contributions:

Ey = EJ'™ 4+ B!, 97)
Nge m
E(lelph) Z f < ) / VmE(q)
dmeg \/—Qondeg §? (ha)q v)2

y |?'pv(q2|2d2
(q- & q)

Ne, P
E{1 — g \/5 / T4
47780ndeg S2 (q €0 - (1)2

x ¢mz<q>d2q. (99)

Equation (98) is the literature expression for the weak-
coupling ground-state energy in the generalized Frohlich
model [93]. We have shown here that the one-electron-
two-phonon interaction gives a contribution that can simi-
larly be written as an angular average over d’q. Perhaps
most interestingly, it shows that the —% moment of the
one-electron-two-phonon spectral function has a physical
meaning: It controls the strength of the contribution to
the ground-state energy. Combining Egs. (96) and (83),

we can find another useful expression for this moment at

q. 98)

temperature zero:

2

e 1
<T—%)aﬂ ~ 2he0Q Z Qg

» vwz Dt(q) ViV ﬁ(q) q (100)
1BZ A/ @qu T @q

This moment is a 3 x 3 matrix; for cubic materials it is
even a simple scalar. Therefore, T _ 1 is a useful quantity
to tabulate for many materials to quantlfy the strength of
the one-electron-two-phonon interaction in that material. A
downside is that 7 _ 1 is no longer dimensionless but has the

same units as /w. If desired, then one could calculate and
tabulate T _ 1 //@rer Tor some reference frequency wer, such

as the maximum phonon frequency in the system.

E. Polaron energy and effective mass
in a Frohlich-type material

Finally, we investigate the one-electron-two-phonon in-
teraction in the case of a material that satisfies all the
assumptions of the Frohlich Hamiltonian. In particular, we
assume that the material has cubic symmetry and that it only
has two atoms in the unit cell so that there is only a single
longitudinal optical phonon branch. Additionally, we assume
that the conduction band is not degenerate at its minimum, so
that the electron band can be written as:

R~ L 101
€k,c ~ €c + It . ( )

Since this model describes a cubic material, the one-electron-
two-phonon spectral function 7 (w) is a scalar function, as
discussed in Eq. (86). The dielectric tensor €, = €o0l also
becomes a scalar in this case. The one-electron-one-phonon
function R(w, q) also simplifies considerably. Indeed, in this
model, the mode polarities § - p,(§) are zero for all phonon
branches except for the LO branch, whose mode polarity we
write as pro [104]:

q-pv(@) = pLodv.L0- (102)
This simplifies R(w, q) to a single delta peak:
N 47'[80830 (Fla)Lo )2
Rlw,q) =« §(w—wro),  (103)

e hoomt

where the Frohlich coupling constant « is defined as [104]:

* 2 2
x| ( : ) poP. (104)
Q() ZwLO 47‘[8()800th0
The polaron energy shift Aey . in the conduction band can
now be calculated from Eq. (90) in terms of « and T (w).
Just like in Sec. IIID, we assume temperature zero and
a very low doping concentration, such that we may write
ng(w) = np(ek ) = 0. Using this, Eq. (86), and Eq. (103) in
Eq. (90) gives the following expression for the polaron energy

184320-13



MATTHEW HOUTPUT et al.

PHYSICAL REVIEW B 111, 184320 (2025)

shift:
he? T dmepe?  (howro)? 1 d’Q
A, = —— € 3 S(w — i dw. (105
& eoego(ZnP/o [a e 2hwoom* (@ wLO)_’_T(w)} fh~|l2<+Q|2 Fzz\k\2 + ho — i Q12 o (10
m*

The remaining integral over Q also appears in the treatment of the Frohlich Hamiltonian. It can be performed analytically and

yields (see Egs. (7.10), (7.15), and (7.23) in Ref. [91]):

: FQ 22 K| (106)
P k+QP h2|k|2 St he—is QP T 2 Ik| arcsin P .
2m*
With the above integral, the quasiparticle energy of the conduction band can be written as:
2Kk arcsin ( 2m p |k|) 2 g oo 7
€kc — € = Ll hwroa = S m T (w) arcsin k| |dw (107)
’ 2m* K| 4mepel K| Jo *w

Zm* Lo

For a slow-moving polaron, this energy band can be expanded
up to order |k|?, which yields:

2|k|2

ke~ €+ Eo+ 3 + O(k|*),

(108)
Mpol

where the ground-state energy Ej and polaron effective mass
Mpol are given by:

* —+00
= —ahoro - — 82 ,/2'" / T )d (109)
0

2 * +00
i 2_1_ & [mm T(w) w. (110)
6hidmeoeZ ¥ 1 Jo w?

When there is no one-electron-two-phonon interaction,
T (w) = 0 and these formulas reduce to the well-known weak-
coupling results for the Frohlich Hamiltonian (Egs. (2.20)—
(2.22) in Ref. [100] or Eq. (7.28) in Ref. [91]). The
one-electron-two-phonon interaction simply adds contribu-
tions to the polaron ground-state energy and inverse effective
mass, and these contributions can be written in terms of 7 ().
As in the previous section, the contribution to the polaron
energy only depends on the moment 7_ 1 of the one-electron-
two-phonon spectral function. Equatlon (110) shows that the
effective polaron mass depends on a different moment:

400
_ T(C;))da). (111)
0 w?

This moment represents the strength of the one-electron-two-
phonon interaction in the context of the polaron mass, so it
may also be useful to tabulate alongside 7_ 1.

Note that Egs. (109) and (110) have been derived in the
weak-coupling approximation, since we only kept the lowest-
order diagrams in our diagrammatic expansion in Fig. 3. As
discussed in Sec. III A, this approximation is only valid when
the one-electron-one-phonon interaction is sufficiently small.
For the case with only one-electron-one-phonon interaction,
more accurate results are known. Besides the all-coupling
result obtained with the path integral method [11], the per-
turbation series in « for the polaron energy and effective mass

(

are known up to higher orders in « [99,100]:

Eo P 2 3 4
— —a — 0.015920¢% — 0.0008060° — O(a*), (112)
howro
M 1% 00041502 — 0@d).  (113)
Mpol 6

Therefore, one should only use Eqs. (109) and (110) when
a < 1, and when 7 (w) is similarly appropriately small.

IV. FIRST-PRINCIPLES APPLICATION TO LITHIUM
FLUORIDE AND POTASSIUM TANTALATE

A. The dynamical matrix derivative

In Sec. III it was shown how to calculate the lowest-order
effect of the long-range one-electron-two-phonon interaction
on the electron quasiparticle energies. The result was writ-
ten in terms of a one-electron-two-phonon spectral function
T (w) which depends on the material. In this section, we
show how to calculate 7 (w) from first principles, using
the finite-displacement method to calculate phonon proper-

ties Dyq, K/,g(q) and Lﬁ(q) As a benchmark example, this
method is applied to two polar semiconductors: LiF, a cu-
bic material with the rock salt structure and with significant
long-range one-electron-one-phonon interaction, and KTaOs3,
a cubic quantum paraelectric with the perovskite structure and
non-negligible anharmonicity [105]. The electron polaron in
LiF is a large polaron [7], and LiF has one atom of Li and one
atom of F in its primitive unit cell, so the one-electron-one-
phonon Hamiltonian reduces to the Frohlich Hamiltonian.
This will make it easy to quantitatively compare our nu-
merical results for the one-electron-two-phonon interaction
with those for the one-electron-one-phonon interaction. For
KTaOs, the situation is slightly different. Because it has more
than two atoms in its primitive unit cell, and because the elec-
tron band structure is degenerate around the conduction band
minimum, the one-electron-one-phonon Hamiltonian reduces
to the generalized Frohlich Hamiltonian instead. However,
because KTaO3; has cubic symmetry, it can still be shown
that the results from lowest-order perturbation theory in
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Egs. (97)-(99) reduce to:

EO — E(glelph) + EéleZPh), (114)
271 e 2m* |p
(lelph) v
Ey (47‘[80800> V Z A1)
/ oo T(w)
(1e2ph)
Eo B 47‘[8082 (116)

where p, := q - p,(q), and the smgle effective band mass
m* is given by a square-root average over all angles and all
degenerate bands at the conduction band minimum [104]:

Ndeg

Z/Jqu“

With this definition of a single effective band mass, the con-
tribution in Eq. (116) due to the one-electron-two-phonon
interaction is precisely the same as in Eq. (109). Therefore,
we can set up the same computational framework for both
materials: In this framework, the one-electron-one-phonon in-
teraction is treated from the generalized Frohlich Hamiltonian
(which reduces to the usual Frohlich Hamiltonian for LiF),
and the one-electron-two-phonon spectral function 7 (w) can
be calculated as a scalar.

We use the finite displacement method as implemented in
PhonoPy [52,53] to calculate the required dynamical matrices.
PhonoPy uses the c-type convention [89] for the dynamical
matrix; therefore, expressions in this section will be written in
the c-type convention as well. Note that Eq. (62) for Y,,,,(q)
is invariant if we change between the c-type and d-type con-
vention with the method described in Ref. [89], Sec. 2.3;
therefore, this change of convention has no influence on
the one-electron-two-phonon theory derived in the previous
sections.

In the finite displacement method, first-principles calcula-
tions are performed onan N x N x N supercell with one atom
slightly displaced in order to find an approximation for the
force constants ®,, ,g(£); an approximation for the dynam-
ical matrix Dyq p(q) is then obtained through Eq. (26). If
the first-principles calculation is performed with an electric

o =

117
47'rndeg ( )

J

DKO(,K'ﬂ(q) ~ ZDKUAK'ﬂ(qC) i Z

qc

1
#{TKK €} Z

field £, then D,y p(q; £) is automatically calculated as long
as the first-principles calculation includes the effect of the
electric field in the Hellman-Feynman forces. We note that
first-principles calculations with an electric field are possible
through the modern theory of polarization [86,106], which
circumvents the issue that the electric field introduces a non-
periodic potential. The electric field derivative can then be
calculated via the central difference approximation:

aDKa,K’,B(q) ~ DKa,K’ﬂ (q, 5ez) - Dka,x/ﬁ(q; _gez)
A&, 28

+0(&).

(118)

Here the value of £ should be chosen appropriately: small
enough such that the central difference approximation holds
and large enough such that the effect of the electric field is
larger than the numerical precision of the calculations. Only
the derivative in the z direction is needed, since LiF and
KTaOj3 are cubic materials.

Both LiF and KTaO; possess an inversion center which
takes all atoms to an equivalent position. In this case, the

c-type dynamical matrix Dy g(q) is real, and its derivative

—aDK;’gﬁ @ is purely imaginary. This property is proven in Ap-

pendix D. Therefore, in the particular cases of LiF and KTaOs3,
the following expression for the derivative of the dynamical
matrix is numerically more stable:

aDKa,K’ﬁ ((I) |:Dxa,x’ﬂ (q; gez) - DKQ,K/ﬂ(q; _Eez)i|

~ ]
3E. o 26

+ 0&Y). (119)

The finite displacement method provides an approximation
to the dynamical matrix which improves as the supercell size
N increases. In particular, the method is exact for all commen-
surate points q., which are the wave vectors in the Brillouin
zone which satisfy ¢/4T = 1 for all supercell lattice vectors
T [52]. For all other q points, the standard technique is to
use Fourier interpolation, which is implemented by default in
PhonoPy [52,53]. The dynamical matrix is interpolated from
the values at the commensurate points ¢, with the following
expression [52]:

ei(Q—qc)-(T-t-l-&-rKr—Tx) (120)

Te({T,, ¢}

Here N, = N? is the number of commensurate points in the Brillouin zone, {T,, ¢} is the set of supercell vectors that minimizes

IT+4€+ T,

— 7|, and #{T,, ¢} is the number of supercell vectors in that set. The factor between brackets only depends on the

geometry of the unit cell: It has no dependence on the electric field. Therefore, one can straightforwardly take the electric field
derivative of Eq. (120) to find the Fourier interpolation rule for the derivative of the dynamical matrix:

aDKO(,K/ﬂ(q) ~ Z aDKa,K’ﬁ(qc) i Z
€

i
N, e #{TKK’,E} T

aE,

c

. 0D,y 'p(qc)
In practice, é—gfiqr

Eq. (121).

ei(q—q()-(T-&-E-&-tk/—u) (121)

m(’,t}

is calculated at the commensurate points using Eq. (119), and then interpolated to arbitrary q points using
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Since the I" point is always a commensurate point, Egs. (120) and (121) only work in practice if the dynamical matrix is well
defined in I'". This is not the case in polar materials, where the dynamical matrix has a nonanalytic contribution around I" [52,88]:

D,I:IO?S/;; (q) =

\/WEOQO G;ézqz

me &o Qo

;/ K(x(Qy + Gy)(‘]é + Gs )ZS.K’/S eiG'(TK—TK/)

ZZZ ymG GSZM’/S ey

@+G) ex-(q+G)

(122)

" G#0 y,8

For the dynamical matrix, the treatment of the nonanalytic
contribution is implemented in PhonoPy [52,53]. For the
derivative of the dynamical matrix, it would have to be im-

plemented from scratch. The nonanalytic contribution to the
9D NAC (q)

' B

derivative of the dynamical matrix o can be obtained
from Eq. (122) by taking a derivative with respect to the
electric field €. This requires knowledge of the following two
tensors:

0Zp xa 1 9E Qoo 0
pwa _ 1 — 20%0 IXpy (123)
&, € 0 0ERIE, e Oy
deyy’ 1 PE
ap 2)
=———"—=2 . 124
aE, g0 0E,0E50E,  Naby (124)
Respectively, 3 8er and X(Z)V are the Raman susceptibility

tensor and the nKonlmear optical susceptibility of the mate-
rial [107]. In Appendix D, it is shown that both of these tensors
are zero in materials with an inversion center that takes every
atom to an equivalent position. Therefore, in the specific case

of LiF and KTaO3, M is analyticin I', so that Eq. (121)
can be used without any further corrections.

B. First-principles setup

All the first-principles calculations in this article have been
performed using the VASP [22-24]. Calculations in VASP
were performed using the Perdew-Burke-Ernzerhof functional
for solids [108] with a plane-wave basis cutoff of 800 eV.
The default projector augmented wave pseudopotentials were
used for all calculations: The valence electron configurations
and energy cutoffs of these pseudopotentials can be found
in Table I. Unit-cell calculations for LiF and KTaOz were
performed using a 12 x 12 x 12 I'-centered k grid and an
8 x 8 x 8 Monkhorst-Pack k grid, respectively. The energy
convergence tolerance was set to a strict value of 10710 eV,

TABLE I. Valence electron configurations and plane-wave en-
ergy cutoffs of the pseudopotentials used for the first principles
calculations in this article.

Element Valence configuration Energy cutoff
Li 15> 252 499.034 eV
F 252 2p° 400 eV

K 3s% 3p° 4s! 259.264 eV
Ta 5p° 5d* 6s! 223.667 eV
0] 252 2p* 400 eV

(

in order to accurately evaluate the finite difference derivative
with respect to £. The calculations with a finite electric field
were performed at £ = 0.01 ¥ for LiF and at £ = 0.005 ¥ for
KTaOs;. These calculations were performed in VASP v6.5.0,
since earlier versions do not include the effect of the electric
field in the Hellman-Feynman forces.

The PhonoPy package [52,53] was used to generate the
required supercells and displacements for VASP calculations,
and for the postprocessing step of generating the dynamical

matrices W from the Hellman-Feynman forces output
by VASP. Calculations are performed on different supercell
sizes, from2 x 2 x 2t06 x 6 x 6 for LiF and from?2 x 2 x 2
to 4 x 4 x 4 for KTaOs, to ensure that the results for 7 (w)
are converged with respect to the size of the supercell. For
supercell calculations, the k grid was appropriately scaled to
maintain a constant scaling density. Phonon frequencies are
reported as cycle frequencies in THz; one should multiply by
27 to obtain the radial frequency in 102 2,

KTaO; contains a heavy tantalum atom with significant
spin-orbit coupling. The spin-orbit coupling splits off one
of the three degenerate electron bands at the conduction
band minimum [109], leaving only a twofold degeneracy.
Therefore, we include spin-orbit coupling in the unit cell
calculations for the electron bands, from which we calcu-
late the effective band mass m* via equation Eq. (117) with
ngeg = 2. However, we do not include spin-orbit coupling in
the supercell calculations, since the inclusion of spin-orbit
coupling does not significantly change the phonon frequencies
in KTaO3 [110]. Instead, we perform calculations on larger
supercell sizes, which is necessary for an accurate prediction
of T (w) as we shall show in Sec. IV D.

Note that PhonoPy automatically performs a symmetry
analysis in order to reduce the number of required calcula-
tions, but this symmetry analysis is performed using only the
input structure; it is unaware that the electric field breaks all
symmetries along the z direction. To include this effect in
the symmetry analysis, all calculations were performed with
one of the atoms moved by a very small amount § = 10~ in
the z direction. For example, the FCC lattice of the rock salt
structure remains unchanged:

a a
a; = Oe, + 7& + 5 (125)
a a
a, = Eex + Oe, + zez, (126)
a a
a3 = e+ e+ Oe, 127
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TABLE II. Comparison of harmonic material parameters with
experimental values [111-119], for LiF (left) and KTaOj5 (right). For
LiF, we also compare with the first-principles calculations in Ref. [8].
a is the lattice parameter of the conventional unit cell, m*/m, is the
electron band mass expressed in units of the electron mass, wy g is
the LO phonon frequency at I' (LiF has one LO phonon branch at
I', KTaO; has three), €(0) and e, are the static and high-frequency
dielectric constants, and « is the Frohlich coupling constant.

LiF Experiments Sio et al. [8] This article
a 402A[111] 4.058 A 4.004 A
m* [me 0.88 0.88
Lo 19.60 THz [112] 18.62 THz 19.25 THz
£(0) 9.036 [113] 10.62 9.051
. 1.92 [114] 2.04 2.086
o 4.92 4.52
KTaO3 Experiments This article
a 3.989 A [115] 3.99 A
m* /mey 0.2-0.6 [116,117] 0.40
Lol 5.59 THz [118] 5.14 THz
wLon 12.52 THz [118] 11.93 THz
wLo3 24,90 THz [118] 23.80 THz
&0 4.592 [119] 5.514
but the atomic positions are given by:

71 = Oe, + Oe, + Oe,, (128)

a a 1

Ty = 5 X —+ Eey —+ 5 —+ b)) ae;. (129)

Table II shows several material parameters of LiF and
KTaO3; which are relevant for the Frohlich one-electron-
one-phonon interaction, calculated with the first-principles
setup described in this section. The values of these material
parameters are sufficiently close to the experimental val-
ues [111-114] and to the values calculated in Ref. [8].

C. The one-electron-two-phonon strengths |Y,, l,2,:,,(q)|2

Sections IV A and IV B describe the first-principles setup

. D,y o
which allows us to calculate wg,., €,,(q), and ”:T“(q) at ar-

bitrary q points. This allows us to straightforwardly calculate
Yy, v,..(q) with Eq. (62). This quantity will roughly indicate the
strength of the one-electron-two-phonon interaction, where
the two phonons belong to branches vy, v, and have momenta
q ~ —qandqy ~q.

In order to plot ¥,,,,, -(q), we should choose an appropriate
high-symmetry path through the Brillouin zone. The phonon
frequencies wq,,, follow all the cubic symmetries, so they may
be plotted on a high-symmetry path through the irreducible
Brillouin zone. For example, in LiF, we may take the path
suggested in Ref. [120]:

r-X-w—-K-Ir-L-U-W-L—-K|U-X,
(130)
which is shown in Fig. 4(a). However, it is important to real-
ize that Y),,, -(q) does not follow the same symmetry as the
phonon frequencies wyq,,: The electric field derivative breaks
the symmetry along the z direction. Therefore, it makes more

FIG. 4. The face-centered cubic and simple cubic Brillouin zones
and two possible high-symmetry paths. [(a) and (b)] The standard
paths from Ref. [120], appropriate for a cubic cell. [(c) and (d)] More
appropriate paths for the system with an applied electric field £ =
Ee,, based on the paths for tetragonal systems from Ref. [120].

sense to use a high-symmetry path that is appropriate for a
tetragonal unit cell rather than for a cubic unit cell. We choose
the path shown in Fig. 4(c):

r-x-w—-kKk-r-xXx-U—-L-W-W,

- XX — W (131)
This path is the suggested path for a tetragonal body-centered
cell [120], after transforming the coordinates to a tetragonal
face-centered cell and then setting the dimensions of the unit
cell equal to each other. In this path, we have introduced
the labels Xi, U;, Wi, K, and W, for points that would be
equivalent to the X, U, W, and K points in a cubic cell but
represent distinct points when the z symmetry is broken. This
means that the phonon frequencies are equal in, e.g., X and
X1, butY,,,, -(q) in those two points may be different.

We find a similar path for KTaOj3 in an analogous way: We
start from the suggested path for the simple tetragonal lattice
from Ref. [120] and then set the dimensions of the unit cell
equal to each other and introduce new names for the labels
based on those of the simple cubic lattice. This yields the
following path:

r-X-M-Ir-Xx,—M,—R-Xi|1X —M|M —R.
(132)
The new labels are X; and M;, which represent points that
have the same phonon frequencies as X and M but not neces-
sarily the same value of V,,,, .(q).
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FIG. 5. Relative strength of the one-electron-two-phonon interaction |Y,,,, .(q)|* in LiF along the path shown in Fig. 4(b), calculated on a
6 x 6 x 6 supercell. The area of each circle is proportional to |Y,, l,zyz(q)|2, where v is the branch the circle is on and v, is a fixed branch which
is highlighted in red. The largest circle in this plot corresponds to |¥,,,, .(q)|> = 7.79 x 10~7 A2,

Figure 5 shows the plot of |Y,,,,.(q)|> for LiF along a
high-symmetry path shown in Fig. 4(b). There seem to be
some pairs of branches that have much more interaction than
other pairs of branches. For example, on the I' — X line, the
transverse optical (TO) branches have significantly more in-
teraction with the transverse acoustic (TA) branches than with
the longitudinal bands. There also seems to be more interac-
tion between the two highest-energy bands around the L point;

these are predominantly LO and longitudinal acoustic (LA)
bands, although as we will discuss in Sec. IV E, these labels
are no longer exact. Finally, note that there is no one-electron-
two-phonon interaction when v; = v,. This is visible in Fig. 5
as the fact that there are no circles on the red branches. This
is due to the fact that LiF possesses an inversion center that
takes all atoms to an equivalent position, which is proven in
Appendix D. Figure 5 shows all the separate contributions to
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FIG. 6. Plot of the sum of contributions to |Y,, .(q)|*, as defined in equation Eq. (133). The one-electron-two-phonon interaction has
contributions from all over the Brillouin zone. Branches with very small circles do not participate in the one-electron-two-phonon interaction
at all. The largest circles correspond to a value of 3_, |¥,,..(q)|> = 1.53 x 1076 A2 in (a) and a value of 3", [V, -(q)|> = 1.11 x 10~* A2

in (b).

the one-electron-two-phonon strengths but requires a number
of subplots equal to the number of phonon branches. This
makes it impractical to make similar figures for materials with
more atoms in the unit cell, such as KTaO3; which would
require 15 subfigures. To summarize the key info in a single
plot, we overlap all the subplots in Fig. 5 and add up the areas
of the overlapping circles. This corresponds to plotting the
following quantity on top of the phonon branches wq ,:

D W@l

v’ degenerate V"
with v

(133)

Figure 6 shows a plot of this quantity for both LiF and KTaOs.
Whenever a branch in this figure has no circles on it, or the
circles are very small, it does not participate in the long-range
one-electron-two-phonon interaction with any other branch.
The most notable occurrences are all the branches on the I' —
X line or the longitudinal branches on the I' — X| line.

The most striking feature of Fig. 6 is that the one-electron-
two-phonon interaction gets contributions from everywhere in
the Brillouin zone. In fact, one can see that the contribution
from I itself is exactly zero for both LiF and KTaOs. This is
in stark contrast with the one-electron-one-phonon long-range
interaction, whose contributions from around I' dominate the
other contributions. This is related to how the long-range
approximation q; + ¢z ~ 0 is no longer equivalent to the con-
tinuum approximation q;, qo ~ 0, as discussed at the end of
Sec. II. The reason that there is no contribution from I' is again
the inversion center that takes all atoms to an equivalent posi-
tion, which is present in both LiF and KTaO3. In Appendix D,
we present a simple symmetry argument which shows that
9Puas® _ ¢ if such an inversion center is present, which

5F if suc p ,
immediately implies that |Y,,,, .(q)|* is zero for all phonon
branches.

D. The one-electron-two-phonon spectral function

The one-electron-two-phonon spectral function 7 (w) at
zero temperature can be calculated from Y,,,,.(q) using

Egs. (84) and (86). The expression in Eq. (84) features an inte-
gral over q where the integrand is a delta function, similarly to
the phonon density of states. We compute this integral numer-
ically using the smearing method, where the delta function is
replaced by a Gaussian peak with a finite width o:

e’ 1 2
T(w)~ / Yoy (@)
2hieg20 VIZ;Z Qipz 1BZ| @)

1 _ (w—oq,v) —0g,v) 2 d3

e 202 q.

134
2no (134)

The integral over q is then computed on a fine grid us-
ing the composite trapezoid method. o should be chosen as
small as possible but large enough such that the variation of
q,y, + Wq,, on the fine q grid is less than o. The results
in this section are reported for o = 0.1 THz, which require
a 128 x 128 x 128 fine q grid for convergence. Once T (w)
has been calculated, the moments 7, can also be calculated
through:

+o0

Ty = T(w)o"dw. (135)

0

Table III shows the moments 7_ 1 and 7_ 3 which are required
in Egs. (109) and (110) for the polaron energy and effective
mass. It also shows the moment 7_; because it is a naturally
dimensionless quantity and is therefore a useful summary of
the entire spectrum.

Figure 7 shows the calculated one-electron-two-phonon
spectrum 7 (). The most important remark is that 7 (w) and
its moments are on the order of 10~* in LiF and on the order
of 1073 in KTaOs. Since the one-electron-one-phonon interac-
tion is of order 1, as we shall see when calculating the polaron
ground-state energies, we can conclude that the long-range
one-electron-two-phonon interaction is essentially negligible
in both LiF and KTaOj3. This means that the resulting polaron
properties like Eq or my,, will not be particularly interesting,
since they will be essentially the same as the harmonic prop-
erties. Regardless, it is still interesting to focus on some of
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TABLE III. Moments of 7 (), calculated through equation Eq. (135) with the data from Fig. 7. All moments are evaluated with a 128 x
128 x 128 grid of interpolated q points and a smearing of o = 0.1 THz. The moments were multiplied with appropriate powers of the

frequencies in Table II in order to make them dimensionless.

LiF KTaO;
Supercell \/a%Ton% T NCTYE \/%037:% = VorosT 3
2x2x2 0.000097 0.000097 0.000097 0.001900 0.002372 0.003113
3x3x%x3 0.000108 0.000105 0.000104
4x4x4 0.000111 0.000108 0.000107 0.001903 0.002313 0.002945
S5x5x%x5 0.000111 0.000108 0.000106
6x6x6 0.000111 0.000108 0.000107

the more detailed aspects of T (w) and its calculation, which
provides valuable insights for further calculations.

The calculations were performed on different supercells.
For KTaOs, the phonon spectrum contains imaginary modes
on the 3 x 3 x 3 supercell, so we only have data for the
2 x 2 x 2 and 4 x 4 x 4 supercells. On the contrary, we have
much more data for LiF, which shows that 7 (w) converges
rapidly with respect to the size of the supercell. The results
are fully converged for a 6 x 6 x 6 supercell, but even for a
4 x 4 x 4 supercell, the results are sufficiently converged for
most practical applications at a fraction of the computational
cost. The 3 x 3 x 3 supercell is overall also very good but
fails to predict the precise height of the second peak. The spec-
tral function for the 2 x 2 x 2 supercell is not quantitatively
reliable, but it roughly matches the general two-peak structure.
In KTaOs, the result on the 2 x 2 x 2 supercell is already
quite reliable, although it misses the peak around 22 THz.
The moments 7, also converge rapidly, with a precision of
three significant digits on the 4 x 4 x 4 supercell and a correct
order-of-magnitude estimate on the 2 x 2 x 2 supercell.

In LiF, T (w) is nonzero in a broad region between
10 THz < w < 30 THz, with two peaks as the most promi-
nent features. The lower bound of 10 THz ~ wyo appears
because Fig. 5 shows that there is very little interaction when
vy and v, are both acoustic branches, so the interaction at the

a .
(0)25 s LiF
— 2x2x2
3x3Ix3
0.20 — 4x4x4
— 5Hx5x5H
— 6x6x6
0.151
3
~
0.10 9
0.05 4
0.00 T T T T T T T
0 5 10 15 20 25 30 35 40

Frequency (THz)

lowest frequency occurs when v; is acoustic and v is a TO
branch (or vice versa). The upper bound of 30 THz is lower
than the theoretical maximum 2wy = 2wro = 38.5 THz.
This is because LiF has no interaction when v; = vy, so we
must look at the highest two branches that still have any
interaction. This happens at the L point, where the sum of the
two highest phonon frequencies is 18.0 + 11.4 = 29.4 THz.
At frequencies higher than this, we must therefore have
T(w) = 0.

In KTaOs3, the most noticable interaction in Fig. 6(b) is on
the I' — X; — M, line, coming from the (mostly TA) lowest
mode with frequency ~2 THz and a (mostly TO) intermediate
mode with frequency ~10 THz. This accounts for a signifi-
cant contribution to the peak at ~12 THz which is visible in
Fig. 7. Other than this, the one-electron-two-phonon spectral
function in KTaO3; has many more peaks at higher frequen-
cies, which are hard to attribute to specific pairs of branches
due to the many phonon bands all providing contributions
from all over the Brillouin zone. 7 (w) becomes zero around
44 THz, again well before the theoretical maximum value of
2wmax = 55.1 THz. The reason is the same as in LiF: there is
no interaction when v; = v,, and the highest phonon branch
is well separated from the second highest one.

The moments 7_: and 7_s from Table III can be used in

Egs. (109) and (116) to calculate the polaron ground-state

(l;))xwfz KT305
— 2X2x2
61 4x4x4
" |
4 |
< ‘
=

A Y
2 J\/ \

NI /o 2| ENA

0 10 20 30 40 50 60
Frequency (THz)

FIG. 7. One-electron-two-phonon spectral function 7 (w) at zero temperature of (a) LiF and (b) KTaOs, calculated from first principles
using Eq. (134) with 0 = 0.1 THz and a 128 x 128 x 128 fine q grid. The spectral function converges rapidly with respect to the supercell
size. The actual value of 7 (w) is very small, indicating that long-range one-electron-two-phonon interaction is negligible in LiF and KTaO;.
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energy Eo and effective mass myp,. For the one-electron-
one-phonon interaction, we use Eqs. (112) and (113) instead
because o = 4.52 is too large to use lowest-order perturbation
theory, as also discussed in Sec. IIT A. This yields the follow-
ing values:

Ey = —0.392279 eV — 0.000050 eV = —0.392 eV,

m*

(136)

=1-0.669274 — 0.000101, <& myo = 2.662m,.

Mpol
(137)

In both cases, we have separately written the two terms in
Egs. (109) and (110) that come from the one-electron-one-
phonon and one-electron-two-phonon interactions. The one-
electron-two-phonon interaction contributes around 0.01%
of the total contribution, so the rounded results are un-
changed. For KTaO3, we find a similar conclusion for the
ground-state energy. In order to use equation Eq. (115)
for the one-electron-one-phonon contribution, we need val-
ues for the mode polarities |p,|>. We calculated these to
be |proil? = 0.00184 (a.m.u.)™!, [pLoa|? = 0.278 (a.m.u.) !,
and |pLos|? = 3.24 (a.m.u.)~! for the LO branches; all other
mode polarities are zero. With the other values from Table 11
and the value of 7_, from Table III, the KTaO; polaron

ground-state energy can be calculated as:
Ey = —0.119432 eV — 0.000092 eV = —0.119 eV. (138)

The relative contribution of the one-electron-two-phonon in-
teraction to the ground-state energy is almost an order of
magnitude larger in KTaOj3 than in LiF. However, this is still
not large enough to be relevant compared to the one-electron-
one-phonon contribution.

It seems that in LiF and KTaOs, at T = 0 K, the long-
range one-electron-two-phonon interaction is negligible with
respect to the one-electron-one-phonon interaction. This is a
material-specific property: In other materials the one-electron-
two-phonon interaction may be larger. The results presented
in this section serve as a proof of principle, showing that it is
indeed possible to calculate 7 (w) for real materials from first
principles.

E. Longitudinal/transverse and acoustic/optical distinction

In Fig. 5, one can see that around I', there is signifi-
cantly more interaction between the TA-TO branches than
between any other pair of branches. It would be useful to
track the separate contributions of the LA, LO, TA, and TO
branches to 7 (w), but outside I', the phonon branches no
longer uniquely fall into one of these four categories. There-
fore, a mathematical measure is required that tracks how
longitudinal /transverse and acoustic/optical a branch is. For
every branch (q, v), let us define real weights P") with 1 €
{LA, TA, LO, TO}, that tell us how longitudinal/transverse
and acoustic/optical that branch is at that point:

P = %" em<q>em<q>zv (csaﬂ Gadp):

Ko, k' B

(139)

PN = 3 el (@eep (@) ZV —Gudp. (140)
Kka,k'B i e
N
(TO) = Z e/{u( u(q)ekﬂ v(q)( Kk Z—>
ka,k'p wr e’
X (8ap — Gudp)s (141)

P(;FVO) = Z e:a,v(q)ek’ﬂ,v(Q)(sw’

Ko ,k'B

'\/meK’ ~A A~
T m )
o M

(142)

Because of the orthogonality of the phonon eigenvectors, we
immediately find that these weights are normalized:

> PR =1

A

(143)

Figure 8 shows the weights P{") superimposed on the phonon
spectrum wyq,, for LiF. Around I'" the characters TA, LA, TO,
LO uniquely describe each band, but outside of I" most bands
have a mix of at least two characters.

We can use the weights defined in Egs. (139)—(142) to de-
fine separate contributions of 7 (w) that each tell us how much
the longitudinal/transverse and the acoustic/optical branches
are contributing. Because the weights sum up to one, these
contributions can be defined as follows:

T() =Y TH" (o), (144)
Ao
T () = —© Z 1 / ¥ypus 2 (@)
' w) = ViV2,2
2heoS20 — Qupz JiBz 2\
x P(;A;}P(;*;;a(w — Wq — Ogr)d’q. (145)

Similarly, we may define the separate contributions to the
moments 7,:

+o0
T2 = / T (0)o"do. (146)
0

Because 7**2)(w) = T*>*)(w), this method distinguishes
a total of 10 different contributions. Figure 9 shows these 10
different contributions and how they add up to form the full
T (w) of Fig. 7. In LiF, there are two contributions that are
larger than the others, which also roughly explains why 7 ()
has two main peaks. The first peak is largely due to TA-TO
interactions, and the second peak is largely due to LA-LO
and TA-TO interactions. It seems that in LiF the one-electron-
two-phonon interaction is largest when one of the phonons
is optical and the other is acoustic. However, note that even
though the LA-LO and TA-TO contributions are the largest
ones, together they only provide less than half of the total
T (w), so all branches must be considered for a quantitative
prediction. In KTaO3, we may see that a significant contribu-
tion to the peak at 12 THz indeed comes from the interaction
of the TA branch with a TO branch, as noted in the previous
section. Overall, a large contribution seems to be coming from
branches with TO weight, but this is likely due to the fact that
8 of the 15 phonon branches in KTaO3 are TO branches.
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FIG. 8. (a) Transverse acoustic, (b) longitudinal acoustic, (c) transverse optical, and (d) longitudinal optical weights of the phonon bands
in LiF, calculated on a 6 x 6 x 6 supercell. For each frequency wy,,, a circle is drawn with an area proportional to Péﬁf as defined in Eqs. (139)-
(142). The phonon branches were plotted along the low-symmetry path of Fig. 4(b), to facilitate comparison with Fig. 5.
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FIG. 9. The different longitudinal/transverse and acoustic/optical contributions of the one-electron-two-phonon spectral function 7 (w), as

defined by Eq. (145): (a) in LiF on a 6 x 6 x 6 supercell and (b) in KTaO; on a4 x 4 x 4 supercell. The inset shows the relevant contributions
to the moment 7_ 1, as defined in Eq. (146). Calculations were performed with a 128 x 128 x 128 q grid and a smearing of o = 0.1 THz.
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FIG. 10. Temperature dependence of the one-electron-two-phonon spectral function 7 () at zero temperature of (a) LiF and (b) KTaO;,
calculated from first principles using Eq. (147) with o = 0.1 THz and a 128 x 128 x 128 fine q grid. The temperature dependence is larger in
KTaO; because the phonon branches that participate in the one-electron-two-phonon interaction have lower energy than in LiF.

F. Temperature dependence of the one-electron-two-phonon
spectral function

So far, we have only calculated the one-electron-two-
phonon spectral function at temperature zero, for the sake of
simplicity. We may also calculate it at finite temperatures by
applying the smearing method to Eq. (83):

e’ 1 1
T(w) = | o o=
25iep 2 U]Z\)z Qipz 1BZ| v | 2mo

- - 2
[1 4 np(wq.,) + ”B(wq,vz)]e_%

- g 2
+|nB(a)q,\}2) — nB(a)q,l)l)|eiw

(147)

Here ng(w) is simply the Bose-Einstein distribution function,
which introduces a dependence on the temperature 7':
1

exp (,{’Z—‘;) —1.
Evaluating Eq. (147) is computationally no more difficult
than evaluating Eq. (134), since ng(w) is analytically known.
Because ng(w) > 0 when w > 0, increasing the temperature
will always make 7T (w) larger and therefore increase the effect
of the one-electron-two-phonon interaction. In particular, we
expect the temperature effects to be most significant for low-
frequency phonon branches, since this means ng(wg,,) will be
larger in Eq. (147).

This is precisely what we see in Fig. 10, which shows the
one-electron-two-phonon spectral function 7 (w) for both LiF
and KTaOs. In LiF, most of the long-range one-electron-two-
phonon interaction originates from high-frequency phonon
branches, as we showed in Fig. 6. Therefore, the one-electron-
two-phonon spectral function does not even visibly change in
Fig. 10(a) when increasing the temperature to 50 K. At T =
300 K, which corresponds to w = % = 6.25 THz, enough of
the phonon branches are thermally activated to see a noticable
increase in the one-electron-two-phonon spectral function. As

(148)

np(w) =

dq.

argued in Sec. IV D, the peak at ~12 THz in KTaO; has a
significant contribution from the lowest phonon mode with
frequency @ ~ 2 THz. This mode is thermally activated at
much lower temperatures, which explains why the height of
this peak increases with temperature much faster. On the
contrary, the spectral function at higher frequencies is almost
unaffected by temperature because none of the phonon modes
are thermally activated in this region at 300 K.

A noticable additional feature of the one-electron-two-
phonon spectral functions in Fig. 10 is the appearance of a
peak at low frequencies, which is only present at finite temper-
atures. This peak is due to the second term in Eq. (147), which
gives a contribution to the one-electron-two-phonon spectral
function at the difference |wg,,, — wq,v,| of the two phonon
frequencies, rather than at the sum. This contribution natu-
rally shows up at lower frequencies. In KTaO3, we can once
again explain this with the contribution on the I' — X; — M,
line with two phonon branches of frequencies w ~ 2 THz
and w ~ 10 THz, which yields the finite-temperature peak at
o ~ 8 THz.

Table IV shows the moments of the one-electron-two-
phonon spectral function for LiF and KTaOs3, calculated from
the data in Fig. 10. It is clearly visible that the moments
increase faster as a function of temperature in KTaOj3 than in
LiF, due to the lower phonon frequencies. The low-frequency
finite-temperature peak of the one-electron-two-phonon spec-
tral function also causes a significant increase in the moments,
since they are all calculated with a negative power and there-
fore favor contributions at lower frequencies. This is most
clearly visible in LiF, where the moment 7_ 3 is more than
twice as large as the moment T_% at 300 K.

Note that although higher temperatures favor the one-
electron-two-phonon interaction compared to the one-
electron-one-phonon interaction, the former is still negligible
in LiF and KTaO; at room temperatures. The contribution
of the one-electron-two-phonon interaction to the polaron
ground-state energy was three to four orders of magnitude
lower than that of the one-electron-one-phonon interaction,
and the temperature effects increase the one-electron-two-
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TABLE IV. Moments of 7 (w), calculated through equation Eq. (135) with the data from Fig. 7. All moments are evaluated with a 128 x
128 x 128 grid of interpolated q points and a smearing of o = 0.1 THz. The moments were multiplied with appropriate powers of the

frequencies in Table II in order to make them dimensionless.

LiF KTaO;
Temperature \/a%To T ! T JoroT 3 \/% T ! T JorosT_ 3
0K 0.000111 0.000108 0.000107 0.001903 0.002313 0.002945
100 K 0.000121 0.000126 0.000145 0.002938 0.004128 0.006592
200 K 0.000169 0.000204 0.000311 0.005038 0.007656 0.013475
300 K 0.000231 0.000298 0.000498 0.007315 0.011383 0.020539

phonon contribution by less than an order of magnitude.
Regardless, it provides an important piece of information
when looking for materials with significant one-electron-two-
phonon interaction: In this case, it is beneficial to look at
materials with low phonon frequencies, since the temperature
effects will be much larger in those materials. Indeed, 7'_%
increases by an order of magnitude in KTaO3; when increas-
ing the temperature from 0 K to 300 K, due to the stronger
contributions from the low-frequency phonon modes.

V. CONCLUSIONS AND OUTLOOK

The central result of this article is the analytical derivation
of the long-range one-electron-two-phonon matrix element
g(,i,?ﬂ,gl)w(k, q1, q2) in Eq. (65), written in terms of quanti-
ties that are accessible via first-principles calculations. It
was shown that the key quantity that controls the strength

of the long-range one-electron-two-phonon matrix element

. D o . . .
is %”(q), the derivative of the dynamical matrix with

respect to an external electric field. This quantity is not im-
plemented in standard first-principles codes, so we computed
it using finite differences by calculating the dynamical ma-
trix under a small positive and negative electric field. In
principle, it should also be possible to calculate w%g"(q)
using density functional perturbation theory with the use of
the 2n + 1-theorem, similarly to the methods described in
Refs. [107,121].

For a large polaron treated up to lowest order in the
electron-phonon interactions, it was shown that the one-
electron-two-phonon interaction only enters the self-energy
through a 3 x 3 spectral function 7qg(w). This spectral func-
tion is a useful target quantity for first-principle calculations.
It is expected that 7,4(w) enters other electron-phonon quan-
tities that only depend on the Fan-Migdal-like diagram in
Fig. 3(d): Such quantities might include the superconducting
Eliashberg function o?F () [17] and the optical polaron con-
ductivity [20,122].

As a benchmark, we calculated the one-electron-two-
phonon spectral function 7 (w) for LiF and KTaO;. The
framework developed in Sec. IV for extracting the one-
electron-two-phonon strength is applicable to any material.
It can be used to determine the relative contributions from
different phonon branches and from different parts of the
Brillouin zone. This guides the construction of model Hamil-
tonians, where only a few phonon branches with dominant
contributions are included in the Hamiltonian. The results for

LiF show that 7 (w) has contributions from all over the Bril-
louin zone, which means that a simple model Hamiltonian that
gives quantitative predictions for LiF cannot be constructed.
It also means that it is not possible to make the continuum
approximation for an accurate description of the long-range
one-electron-two-phonon interaction.

The one-electron-two-phonon interaction in LiF and
KTaOj3 turns out to be small. Going forward, it will be more
interesting to calculate 7,4(w) for more anharmonic materi-
als, since they naturally have larger phononic displacements.
In such materials, it is common to describe the phonons with
an effective anharmonic dynamical matrix Df(ff}}() ﬁ(q), which
is calculated from the entire ionic landscape with a method
such as SSCHA [54]. Since the full electron-phonon interac-
tion Eq. (48) originally comes from the electric field derivative
of the entire ionic landscape through Eq. (22), one might
capture the higher-order electron-phonon effects within the

B 0D, . DT (@)
same approximations by replacing —%5— with —<%5f—
in the theory of this article, e.g., in Eq. (62).

Looking ahead, SrTiO3; is a material where the calcula-
tion of 7 (w) might be interesting. There is already a model
Hamiltonian for one-electron-two-phonon coupling to the soft
TO mode, which was first proposed in Refs. [71,72] using
arguments similar to the ones proposed in Sec. II. This Hamil-
tonian was used to study the superconductivity [73,74] and
resistivity [75] of SrTiOs. However, the Hamiltonian features
a phenomenological parameter g, which cannot be calculated
from first principles. Calculating 7 (w) for SrTiOs is challeng-
ing because of its strong phonon anharmonicity and electronic
correlations that require a beyond-DFT treatment [36], but it
would provide a fully ab initio description of the long-range
one-electron-two-phonon interaction without phenomenolog-
ical parameters.

Halide perovskites such as CsPbl; or MAPDI; [38] are
also promising, since they are expected to have much
stronger long-range than short-range coupling [40]. Addi-
tionally, they have relatively low phonon frequencies of less
than 5 THz [123,124]: As discussed in Sec. IV F, this will
make the one-electron-two-phonon spectral function much
larger at room temperature. It has already been shown that
the higher-order electron-phonon interactions are necessary
to find the correct temperature dependence for the band-gap
renormalization at ambient temperatures in these materi-
als [37]. A first-principles calculation of 7 (w) in CsPbl; or
MAPDI; might reproduce this result and explain it in more
detail.
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Equation (65) for the long-range one-electron-two-phonon
matrix element g%ﬁf)w (k, q1, q2) contains a 1/|q; + qa|
divergence, similarly to the 1/|q| divergence in the one-
electron-one-phonon matrix element. The analytic expression
of this divergence is used when interpolating the full one-
electron-one-phonon matrix element [13,31]. Therefore, once
it becomes computationally feasible to calculate the full one-

electron-two-phonon matrix element g1, (K, qi, q2) from

first principles, knowledge of Eq. (65) for g%o,,r:,g,)vz k,qi1,q2)

will also be necessary for robust interpolation.
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APPENDIX A: THE ELECTRIC ENTHALPY
AND ITS DERIVATIVES

The electric enthalpy is defined from the ground-state en-
ergy through Eq. (19), which we reproduce here for clarity:

E({u ()}, &) = Ex({uc (O}, D) — Q€ - Pex. (AD)

The main issue with defining derivatives of the electric
enthalpy in the context of this article, is that this definition is
not a Legendre transform. This is because £ represents only
the external electric field, whereas the canonically conjugate
variable %) := &t represents the total electric field inside
the material. In the context of this article, the polarization Pj,,
creates an internal electric field £;, in the material when the

ions are not in their equilibrium positions. This means that:
Eiot=Em +E. (A2)

Therefore, the definition for the electric enthalpy, as written in
Eq. (19), actually defines a function E ({u, (£)}, £, D) where
both arguments £ and D are still present. In many literature
definitions of the electric enthalpy [86,87], it is implicitly
assumed that £;,; = 0. In this case, one has %’ =&, and
the definition Eq. (19) for the electric enthalpy is indeed a
Legendre transform. Then, the electric enthalpy becomes a
pure function of £, with no further D dependence.

The problem of the dependence on both £ and D can be
circumvented by assuming a connection between the two.
Indeed, they both represent an external field, so intuitively
one might expect that they are related. This connection will be
Eq. (23): Let us motivate this connection here. In this article,

we assume an optically linear material, where the response of
the electric displacement field D to a homogeneous electric
field £, is defined by the dielectric function &(w):

D(w) = &oe(@) - Eio(@). (A3)

Suppose w lies in the frequency range where it is low enough
to not cause any transitions between the electronic levels but
fast enough so that the ions are too slow to follow the oscilla-
tion and are therefore almost stationary: u, (£) = 0. This limit
is usually denoted as &, and therefore ., can be formally
defined as:

D = gpex0 - Etors when u, (£) = 0. (A4)

When all ions are in their equilibrium positions, £;,; = 0 and
we have that £, = £. Therefore, we may also write:

D =¢pe - E. (AS)

This is Eq. (23) from the main part of the article.

The above connection between D and £ can be used to
eliminate the D dependence in the electric enthalpy from
Eq. (19). First, we note that Py in this expression is defined
as the polarization when all ions are in their equilibrium
positions. In this case, the only electric fields are D and &,
and the standard definition of the polarization density P may
be used to write:

Pow = D — 5. (A6)

Now, if Eq. (19) is combined with the definition Eq. (A6) of
Py and the expanded expression of the ground-state energy
Ey from Eq. (18), then the electric enthalpy can be written as:

E({u ()}, £;D) ~ Hks + Epn({uc(£)})

Qsc —1
D-e - Pion({uc()})

)
Qsc -1
+ 2ED.el D — Q& (D).
280
(A7)

However, the D dependence can be eliminated in favor of €
by using Eq. (23). This gives the following expression for the
electric enthalpy:

E({u,(0)}, &) ~ Hys + Eppn({uc (£)}) — Q€ - Pion({u, (£)})
Qscg()
2

If the £ dependence is defined like this, then the first-order
derivative with respect to the electric field can be read off
immediately:

E (6o —2I)-E. (AB)

1 0FE

Pion({uk(‘e)}) = - Q E .
sc E=0

(A9)

This is the definition Eq. (22) as presented in the main part
of the article. Note that even for optically nonlinear materials,
the above argument still holds: Any higher-order terms in £
that would need to be added to Eq. (23) would only give
contributions to Eq. (A8) of at least second order in €. These
contributions do not contribute to the above definition of P;,.
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We must also prove that e, as defined from Eq. (A4) is
equivalent to the definition in Eq. (17). This can be proven by
rederiving the relation between D and &, from the ground-
state energy Ey. According to Eq. (10), we have that:

(A10)

Now note that we assume an optically linear material, which
means that the ground-state energy can always be written in
the form of Eq. (18):
Ey(fuc(£)}, D) ~ Hks + Eppn({ue (£)}) — D - A - Pion (fu (£)})
+ iD-A-D, (A11)
where we have temporarily defined the shorthand matrix A:
82EQ
~ 3DoD e ()=D= 0
and Eyp({u,(€)}) and Pion({u, (€)}) are only functions of the
ionic displacements u, (£), as defined through Eq. (15) and

Eq. (16). If we use Eq. (A10) to calculate the total electric
field from Eq. (A11), then this gives:

(A12)

1
gtol = Q_

N9

A (D — Pig({uc (D)), (Al3)

<D= QscA71 . glot + Pion({uk(e)})'

If this expression is evaluated at u, (£) = 0, then the second
term is zero, and we can compare directly with Eq. (A4) of
€. to find that:
82EO Qsc -1
9 — e,
oDoD U (£)=D=0 N

(Al4)

(A15)

and this is exactly the definition as presented in Eq. (17).
Finally, Egs. (20) and (21) for Hxs and E,, are trivial, since

they are defined at £ = 0. In the case of no external electric

field, the ground-state energy Ey and electric enthalpy E are

J

2

gmnvl 1%}

The one-electron-two-phonon matrix element only enters
Eq. (B1) as gmr®(k, —q, q). However, by the above defi-
nition, one immediately has that g (k, —q, q) = 0. This
means the long-range interaction does not contribute to the
Debye-Waller self-energy, as mentioned in the main text. Note
that a similar argument can be used to show that ghon? (k, 0) =

0, which implies that Z® (k, ) = 0 is also true in the com-
monly used rigid-ion approximation for the Debye-Waller
self-energy (see, e.g., Egs. (195)—-(198) in Ref. [13]).

2. The other diagram

For the self-energy contribution in Eq. (B2), the argument
is less straightforward. The proof is divided into two big steps.
In the first step, we study how the expression changes if we
make the exchange of the labels 1 <> 2 and show that this

& (@i+q2)-Y,, (@) i(qi+qo) T
(long) k,q1,q) = {28090 (Q1+Q2)~€oo‘(q1+4h)<1//k+q1+qz'm € [¥k.n)

equal to each other, meaning that the definitions in Eqgs. (14)
and (15) carry over directly to the electric enthalpy.

APPENDIX B: NEGLIGIBLE DIAGRAMS

In the diagrammatic expansion for the self-energy in
Sec. Il A, we have neglected the following two contributions
to the self-energy, which respectively come from the diagrams
in Figs. 3(b) and 3(c):

d
Sk, o —z——/ ““ng(k —q.q)
q,v

x DY) (—q, ),

ood +ood
—2@% Z ZZ/ wl oo zinz
miy,mp Vi,V2 q1,92

x GO (k+q o+ o)
x GO

may

(BI)

E(C)(k,

(k + q2, @ + 02)D? (qu, —w))

ViV

DE‘(Z)?}Z ((I2, _a)Z)gmlnul (k’ q1 )

X gmmiv, (K + 1, —q1, q2)gp,m, (K, Q2)-
(B2)
In this Appendix, we show that these terms are either zero
or very small when we use the long-range expressions from
Egs. (64) and (65) for the matrix elements.

1. The Debye-Waller diagram

For the Debye-Waller self-energy £ (k, w), the argument
is simple. One only needs the one-electron-two-phonon ma-
trix element, which is given by Eq. (65). Because it is defined
inthe q; + q2 + G — 0limit, it is allowed to neglect all terms
in the sum which have G # 0. This gives the following ap-
proximate expression for the one-electron-two-phonon matrix
element:

ifq +q2 #0,

. (B3)
ifq; +q2 = 0.

(

essentially comes down to taking the complex conjugate of
all the matrix elements in this expression. In the second step,
we prove that each of the matrix elements is approximately
purely imaginary if we focus only on the long-range inter-
action. Combining those two properties will eventually yield
the property X, (k, w) ~ —Z,,(k, ), which is only possible
when X, (k, w) ~ 0.

The first step is to study the exchange of the labels 1 < 2.
If this substitution is performed in Eq. (B2), then the first two
lines remain completely unchanged. Therefore, one should
only check how the matrix elements change under this substi-
tution. The one-electron-one-phonon matrix elements change
as:

gmlnvl (k, ql )g;knznyz (k3 (IZ) <~ gmzn\)z (k, (I2 )gj;;lny] (k3 ql )1
(B4)
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which is the same as taking a complex conjugate. The one-
electron-two-phonon matrix element changes as:

—q2, qi )
(B3)

Equation (4) for the Hamiltonian immediately implies

the symmetry property Emnvyvy (k, q1, q2) = Zmnvyv, (k’ q2, q1 )
With this symmetry property, the right-hand side can be
rewritten as:

gmzmlvlvz(k + qr, —q1, (12) <> &mimyvyv, (k + q2,

gmzmlvlvz(k + qr, —q1, (12) <> &mymyvivy (k + q2, q1, _qZ)'
(B6)

Finally, we use that the one-electron-two-phonon matrix el-
ement must satisfy the following condition such that the
Hamiltonian in Eq. (4) is Hermitian:

g;knnulyz (k9 qlv q2) = gnmulvz (k + ql + q27 _q19 _q2)' (B7)
Then, the right-hand side of the substitution changes as:

—q1, q2).
(B8)

gmzmlvl vy (k + ql ) _ql ) CI2) <> g;qzmlule (k + ql )

Again, the exchange 1 <> 2 simply gives a complex conjugate.
Combining all of this, we find a second valid expression for
Y, (K, w) through the substitution 1 < 2:

292 +00 +o0
Buleo) =t Y [ o qI/ o [ ao [ don

mpnmy vy,

x GO (k+q1, 0+ w)GY, (k+ q2, @ + 02)Do(wg, v, —@

mymy

1) Do(@qs,vr —@2)

X (gmlnv, (k7 q1 )gmzm]v]vz (k + q, 41, Clz)gt,,z,,w (k’ Q2))* (B9)

This is the same expression as Eq. (B2), but where all the electron-phonon matrix elements have been complex conjugated. In
fact, Eq. (B2) and Eq. (B9) can be added together to introduce a real part into the expression:

+o00
Sk, @ a3 / d / da)/ dw,G? (k+qp, 0+
k, ) = hg(z )8 ZZ]BZ q . q2 1 G (Kt 1)

mymy vy, vz

x GO

X Re[gmlnvl (kv ql)gmzmlvlvz (k + qi1, —q1, q2)g>;12nu2 (k» (12)]

momy (k + q27 w+ a)Z)DO(wa,ul , —W] )Do(qu,v:}_a _0)2)

(B10)

This expression essentially says that this diagram for the self-energy must be real with respect to complex conjugation of only

the electron-phonon matrix elements.

The second step of the proof is to show that the relevant limits of the electron-phonon matrix elements are all purely imaginary.
The long-range approximation for the one-electron-one-phonon matrix elements in Fig. 3(c) implies that both phonon momenta
must separately be very small: q; & q, =~ 0. In that case, the relevant limit of the electron-phonon matrix elements are as follows:

. iez h v( )
M gy (K, q) = 1'b.d & i), (B11)
laj—0 €020\ 204, q - €6 -
e (q1 +q2) - Y (G2)
lim mnvivy k 5 = Al m nls B12
o m &, k,qr,q) = Yo (q1+q2)_€m_(q1+q2)(1/fk, [Vi,n) (B12)

where Y, ,,(q) is defined as the q — 0 limit of Y,, ,,(q),
which may still depend on the direction §. The Bloch states
can be chosen such that they are orthonormal: Therefore, the
electron matrix elements in Eqs. (B11) and (B12) are real.
Alternatively, a proof similar to the one in Appendix C can
be used to show that the sums over m,, m, that appear in
Eq. (B10) no longer contain the Bloch states. This means one
only needs to investigate whether p,(q) and Y,, ,,(q») are real
or imaginary. This can be done by investigating the dynamical
matrix Deq p(q; ) around I'. The following property of the
dynamical matrix follows immediately from its definition in
Eq. (26):

(B13)

D:a,x’ﬁ(q; &)= DK(x,K’ﬁ(_q; £).

This immediately implies that D, g(q; £) is real, since it is
defined in the |q| — 0 limit and the nonanalytic contribution
from Eq. (122) is real. This means that the usual dynami-

(

cal matrix Dy, 5(q), as well as its electric field derivative

D, 5(@) .
% are real and symmetric. Therefore, we can choose

the phonon eigenvectors to be real:

eka,v(@) = e:a,v((i) = eka.v(_(i)- (B14)

Equation (63) then immediately implies that the mode po-
larities p,(q) are real. The same argument can be made for

YVI,Vz ((I)

1 h
ZZ K'OtU]

qu Vi zwq V2 «'B

8DKO[,K/ﬁ(q)

€
Here everything is real except for the factor i in front. This
means Yy, ., (§) is purely imaginary in general. Combin-
ing this with Eqs. (B11) and (B12) shows that each of the

v1 v (q)

ee'pv (@)- (B15)
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one-electron-one-phonon and one-electron-two-phonon ma-
trix elements are purely imaginary, as mentioned earlier.

The proof can be completed as follows. Equation (B10)
features the real part of a product of three electron-phonon
matrix elements. Due to the long-range limit, the dominant
contribution to the integrals must come from the region with
q; & q; = 0. In this region, each of the electron-phonon ma-
trix elements is purely imaginary, so the real part of this
product will be zero. If one uses Eqgs. (64) and (65) instead
of Egs. (B11) and (B12) for the long-range electron-phonon
matrix elements in Eq. (B10), then this argument only holds
approximately. However, it still provides a reason to neglect
this diagram compared to the Fan-Migdal-like diagram in
Fig. 3(d), where the argument of this Appendix does not work
because the long-range approximation in that diagram implies
q; + q2 = Oinstead of q; =~ q» ~ 0.

J

q+G—0

APPENDIX C: SUM OVER BLOCH STATES

In this Appendix, it is shown that:

i — —i(q+G)r
Jim > 6 — ecram) Wil [Vicsam)
m

X (Virqml€ T Y ) = 8(6 — €xigqn)-  (CD)

The argument is quite short. First, because the Bloch states
are eigenstates of a Hermitian Hamiltonian with the corre-
sponding eigenvalues e ,,, the matrix elements in Eq. (CI)
are zero unless m and n represent states with the same energy.
Therefore, €x4q,» can be replaced with €, 4, under the sum
to obtain:

lim " 8(e — ecrqm) (Vieale O W gm) (Vicrqml€ T W)

= 8(e — €xrqn) Y (Winle O qm) (Vicrqml €O Y ). (C2)

m

Furthermore, the Bloch states are complete and normalized:

D Wirqm (Vicrgml = 1. (C3)

m

Then, one finds that:

q+G—0

where the final step used the fact that the Bloch states are
normalized.

APPENDIX D: EFFECT OF AN INVERSION CENTER
WITHR (k) = «

The components of the dynamical matrix D, p(q; ) are
not all independent of each other: They are linked to each
other by symmetry constraints. Suppose (R, 7) is an element
of the space group of the material, consisting of a rotation R
followed by a translation t. Then, this symmetry imposes the
following constraint on the dynamical matrix:

Dy (q, £) =R Dgoraer(R-q,R-E)-R. (D)

This expression is only valid in the c-type convention, which
we assume throughout this Appendix. Here the index R(x) is
the new index that the atom « is taken to after applying the
symmetry (R, ), up to a lattice translation £. Mathematically,
R(k) is defined as:

R-7+1=1p))+ £ (D2)

In LiF, the two atoms are distinguishable, so all symmetries
(R, 7) of the material must automatically satisfy R(x) = «;
otherwise, (R, ) would not be a symmetry of the material.

lim > 8(e — exrqum) (Vionle " O Y g ) (Vi €O W) = (e — exiqn)(Yrale T OTOTELTOT ) (C4)
m

= 8(¢ — €tcrqun) Vical Vicn) (C5)
= 8(¢ — €xcrqn): (C6)

(

This is not true in general: For example, in the cubic per-
ovskite structure ABX3, the three X ions may be scrambled by
some of the rotations. Regardless, some of the symmetry ele-
ments may still satisfy R(«) = «. For example, the inversion
center in the cubic perovskite structure still takes all atoms
to an equivalent site up to a lattice translation and therefore
satisfies R(x) = k.

In this Appendix, we study some properties of the dy-
namical matrix Dy g(q; €) for a material that possesses an
inversion center that satisfies R(x) = «. This includes both
LiF and KTaOs;, the two materials studied in this article. The
inversion center is represented by the space group operation
(—I,0), so according to Eq. (D1), a material with such an
inversion center necessarily satisfies:

DKa,K’ﬂ(qa 8) = DKa,K’ﬁ(_qv _5)

This property may now be used to prove several useful the-
orems about the material parameters that are present in this
article.

(D3)

1. Imaginary dynamical matrix derivative

i 9Dy v
Equation (D3) can be used to prove that Psaep @

is purely imaginary. From the definition Eq. (26), it
immediately follows that the dynamical matrix satisfies
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the following property:

Diawp(@, €) = Diy 5(—q, ). (D4)
Combining this with Eq. (D3) shows that:
Diawp(@, €) = Diy 5(q, =€), (D3)

in all materials with an inversion center that satisfies R(k) =
k. Evaluating this property at £ = 0 immediately yields that

the dynamical matrix is real. Taking the derivative with re-

. . 9Dyt .
spect to £ on both sides yields that %ﬁ(q) is purely

imaginary. It should be emphasized that these properties are
only true in the c-type convention.

Note that if we evaluate Eq. (D4) in q = 0, then it follows
the dynamical matrix must be real in the I" point, regardless
of the strength of the electric field. Together with the property
that the dynamical matrix derivative must be purely imagi-
nary, this implies that:

aDKa,K’ﬁ (0)
o0&

In other words, there is no one-electron-two-phonon interac-
tion in I', which can be seen in Figs. 5 and 6.

=0. (D6)

2. No one-electron-two-phonon interaction when w, ,, = @q,,,

In Fig. 5, it can be noticed that there is no one-electron-
two-phonon interaction in LiF when v; = v,. Here, it is shown
that this is true for any material with an inversion center that
satisfies R(k') = «. First, we need the following alternative ex-
pression for Y,,,,(q), which can be straightforwardly derived
by taking the £ derivative of Eq. (27) and inserting the result
into Eq. (62):

h h

2wq,v, 20q,v,

aeKC{ 1%] (q)
X Zem  ( 3E :|

This expression is written in terms of the electric field
derivatives of the phonon frequencies and eigenvectors. Equa-
tions (D3) and (D4) are properties for the dynamical matrix,
but they also hold for its eigenvalues, such that:

dw? "
vlw (q) |: 8(15 8”11’2 + (wczl,vz - wﬁ,v,)

D7)

000, £) = (=g, ~E) '
w,(q, £) = w,(—q, f,')} = wy(q, &) = w,(q, =E&).
(D8)

From the final property it is immediately clear that " e =0.
Therefore, for materials with an inversion center that satlsﬁes
R(k) = «, Eq. (D7) reduces to:

h h
(a)‘zl»vz - a)lzlﬁvl)

1
l)l (%3 (q) - Za)q ” 2(1)q vz

831(0{ vz ((1)
D9
x Zem W@ (D)

In this expression, the factor (@ ,, — @z, ) makes it clear
that Y,,,,(q) = 0 when v; = vp, or more generally for two
degenerate branches.

3. No nonanalytic contribution for the dynamical
matrix derivative

In Sec. IVA of the main text, it was shown that the
nonanalytic contribution to the derivative of the dynamical

NAC
. ( . .
matrix ”‘gg’“ il requires knowledge of the Raman susceptl-
bility tensor 3);‘” and the nonlinear optical susceptibility X

which were defined in Egs. (123) and (124). In general, if the
material has a space group symmetry (R, ), then these two
tensors satisfy the following symmetry constraints:

aXﬂy dxpy
RuaRgpR, , (D10)
8um ; o BTy 3MR( Ya!
2 (2)
X, =Y RaaRppRyy xS, (D11)
a/ﬂ/yl

Therefore, if the material has an inversion center Ry, =
—d4q that satisfies R(k) = «, then it imposes the following
conditions:

0 0
XBy — _ XBy , (D]2)
Uy Olyq
Xty = = Xipy (D13)
which is only possible if both tensors are zero. Therefore,
NAC
we find that ‘S—g’(q) =0 in such materials. This means

the Fourier interpolation for the derivative of the dynamical
matrix can be performed with Eq. (121), without subtracting
and adding a nonanalytic contribution.
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