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Beyond the Frohlich Hamiltonian: Path-integral treatment of large polarons in anharmonic solids
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The properties of an electron in a typical solid are modified by the interaction with the crystal ions, leading to
the formation of a quasiparticle: the polaron. Such polarons are often described using the Frohlich Hamiltonian,
which assumes the underlying lattice phonons to be harmonic. However, this approximation is invalid in
several interesting materials, including the recently discovered high-pressure hydrides which superconduct at
temperatures above 200 K. In this paper, we show that Frohlich theory can be extended to eliminate this problem.
We derive four additional terms in the Frohlich Hamiltonian to account for anharmonicity up to third order.
We calculate the energy and effective mass of the new polaron, using both perturbation theory and Feynman’s
path-integral formalism. It is shown that the anharmonic terms lead to significant additional trapping of the
electron. The derived Hamiltonian is well suited for analytical calculations, due to its simplicity and since the
number of model parameters is low. Since it is a direct extension of the Frohlich Hamiltonian, it can readily be
used to investigate the effect of anharmonicity on other polaron properties, such as the optical conductivity and

the formation of bipolarons.
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I. INTRODUCTION

The polaron concept was introduced by Landau [1] and
Pekar [2] to explain the dynamics of an electron interacting
with a crystal lattice. Classically, the electron-phonon interac-
tion can be explained by the electron displacing the ions out
of their equilibrium positions, creating a polarization field that
interacts with the electron. The entire system can be described
as a quasiparticle: the polaron [1]. It is one of the simplest
models describing an impurity interacting with a boson bath,
and thus finds applications in many other fields of physics.
Specific examples include spin polarons [3], magnetic po-
larons [4], exciton polarons [5], and the Bose [6—8] and Fermi
[9] polaron in ultracold gases.

Usually, the harmonic approximation is made when
discussing polarons. One can assume that the lattice poten-
tial around an ion’s equilibrium position is approximately
quadratic, so the restoring forces are linear. This results in
a bath of phonons that do not directly interact with each
other. This approximation is justified in most materials as the
phonon amplitude is usually small. If the electron wave func-
tion extends over many unit cells, the lattice can be viewed
as a continuous field, and the polaron is called “large.” The
Hamiltonian for large polarons in the harmonic approximation
is known as the Frohlich Hamiltonian; it is one of the simplest
nontrivial Hamiltonians of quantum field theory. Treating the
electron in first quantization and the phonons in second quan-
tization, it reads [10]
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Here, wy is the phonon dispersion and Vg is the electron-
phonon interaction strength: Both are functions of the phonon
momentum k. The specific form of these functions depends on
the system at hand and can significantly alter the underlying
physics of the problem [11,12]. The operators 13;( and by create
and annihilate a phonon with wave number k, respectively. A
defining characteristic of the Frohlich Hamiltonian is that ﬁph
is quadratic and I—L,ph is linear in the phonon operators.

In reality, the lattice potential is not harmonic, which
must be considered when looking at high-pressure hydrides
[13—15]. In the classical picture, since the mass of hydrogen
ions is small, the phonon amplitude will be too large for the
harmonic approximation to apply. Interest in high-pressure
hydrides has been strongly renewed since the discovery of
high-temperature superconductivity in sulfur hydride [16]
(T, = 203 K), lanthanum hydride [17] (7. = 260 K), and
carbonaceous sulfur hydride [18] (7. = 288 K) when these
materials are put under megabar pressures. Similarly, pure
hydrogen has been theoretically predicted to metallize and
superconduct at room temperature under the high pressure
[19-21]. Superconductivity in these materials appears to
be conventional and thus phonon mediated [16]. However,
the harmonic approximation is not applicable [13-15], so
additional “anharmonic” terms must be considered in the
electron-phonon Hamiltonian (1).

Most of the research on anharmonic polarons focuses on
“small” polarons [22-24], where the electron is localized
around a single lattice atom. The most recent, and to our
knowledge only, investigation of the anharmonic terms for
large polarons is due to Kussow [25]. In [25], the dominant
anharmonic term for the Frohlich Hamiltonian (1) is de-
rived, and the polaron energy is calculated using perturbation
theory in the weak coupling regime. However, the Hamilto-
nian is only useful for qualitative calculations due to several
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assumptions and errors in its derivation. In this paper, we redo
the derivation presented in [25], fixing these errors and includ-
ing the three-phonon terms. Additionally, we will calculate the
polaron energy using Feynman’s path-integral method [26],
allowing us to look at the intermediate coupling and strong
coupling regimes as well. The presented Hamiltonian can be
used to calculate polaron properties in high-pressure hydrides
[16—18], but also in anharmonic semiconductors such as boron
nitride [27] and aluminium nitride [28,29].

The structure of this paper is as follows. We derive addi-
tional anharmonic terms in the Frohlich Hamiltonian (1) in
Sec. II. In Secs. IIT and 1V, the ground-state energy and effec-
tive mass of a single large anharmonic polaron are calculated,
using perturbation theory in Sec. III and Feynman’s path-
integral method [26] in Sec. IV. We summarize our findings
in Sec. V.

II. THE ANHARMONIC POLARON HAMILTONIAN
A. Derivation

Here, we rederive the Hamiltonian based on the derivations
of Frohlich [10] and Kussow [25]. We assume the same model
system used in both of these derivations: an ionic, polarizable
lattice with two ions in the primitive unit cell. The masses of
the two ions are denoted with m; and m,. One or more elec-
trons with band mass m and charge —e are placed in this lattice
at positions re; ;. We assume that electron-phonon coupling is
dominated by the longitudinal optical (LO) phonons, so all
other phonon contributions are neglected. The displacements
of the ions from their equilibrium positions are denoted by r;
and r,, where the position of each ion is measured relative to
its respective equilibrium position. The kinetic energy per unit
volume due to these displacements is given by
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where V is the volume of the unit cell. We now switch to
center-of-mass coordinates. The movement of the center of
mass leads to acoustic phonons and can therefore be neglected
[25]. The kinetic energy density can then be written in terms
of only the relative displacement w,

E = EW , 3
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Since we consider large polarons, the lattice can be ap-
proximated by a polarizable continuum. Mathematically, this
means we can treat w = w(r) as a position-dependent vector
field.

Aside from the kinetic energy, the lattice also has an inter-
action energy U per unit volume. This internal energy contains
the interaction energy of the ions, but also a contribution due
to the electric displacement field D, which is solely due to the
electrons. The internal energy is a function of w and D [30],
and satisfies

dU = —¥ -dw + E - dD. (5)

Here, W is proportional to the force on the atoms and E is the
electric field. Both D = D(r, 7) and E = E(r, t) are position
and time dependent, just like the relative displacement w(r, #);
however, from now on, we will drop this explicit dependence
and simply write D, E, and w.

Since w = D = 0 corresponds to the equilibrium position
of the lattice, the function U can be expanded in powers of
w and D. The first nontrivial order is an expansion up to
second order, which is the harmonic expansion that will yield
the Frohlich Hamiltonian (1). In this paper, we consider the
internal energy up to third order. It can be written as

Uw. D)~ 3y, wiw; + v, wiD; + 57, DiD;

+ %Ag)l)wiijl + %Af}l[)w,ijl + %Al(jzl)wlD]D[

+ %AS}D;D Dy, (6)
where the indices i, j, [ can take the values in {x,y, z}. We
use the Einstein summation convention of implied summation
over repeated indices throughout the remainder of this article.
Contrary to Kussow [25], we expand the internal energy as a
function of D instead of E. The two methods are equivalent
since the expansion coefficients are related to each other. The
final term is proportional to D® and is responsible for the
nonlinear optical response of the material. It can be neglected
in most materials, but it will be carried here for completeness.

In this expression, second-order tensors yi(].") and third-

order tensors Al(';,z appear. These tensors can be interpreted as

material parameters: in fact, in Sec. IIC, we will show that
o @ (2) : :

Yij » Vij » and y;7" can be written in terms of measurable

quantities for a cubic crystal. In general, these parameters can

be calculated using ab initio methods by calculating the mixed

partial derivatives of the internal energy with respect to w and

D. The tensors yi(jo), y,.(jz), AY and Af j,i are totally symmetric,

ijk’
and the tensors Afjl ,i and Aff,z are symmetric in one pair of their
indices:

(1) _ ()

Aijk = Ajiks N
2) _ 2@

A = A 3

In the most general case, the tensor yi(jl) has no symmetry.

We now introduce N free electrons in the system. We
assume a parabolic energy dispersion with band mass m. Their
kinetic energy takes the standard form,

t pgl,i
Eg=)_ ©)

L~ dm
i=1

We note that this form is only valid for cubic crystals, but
the band mass m can readily be replaced with an effective
inverse mass tensor to account for anisotropy. Integrating the
energy densities (3) and (6) over the crystal volume V and
adding the electron kinetic energy (9), we obtain the classical
Hamiltonian of the system,

2m

N 2
- 1
H=> :pe“ + | 2w-wdr+ | Uw,D)dr.  (10)
i=1 v2 v

All that remains is to find expressions for the phonon field w
and the electric displacement field D.
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The longitudinal component of the electric displacement
field is only due to the electrons. Its transverse component
is zero [10], since E and the polarization field P are both
longitudinal: This follows from the quasistatic third Maxwell
equation and the fact that we consider longitudinal phonons,
respectively. Therefore, the electric displacement field has an
analytical expression [10],

N e 1
D(r) = ZEV<—|r—rel,,-|>' a1

i=1

For future calculations, it will be useful to write the displace-
ment field in Fourier space as follows:

_ _i_e n_k —ik-r
D(r) = v |k|,0ke ) (12)
k0
where
N
o=y el (13)

is the density operator of the electrons, and we also introduced
the symbol n¥ = % for the unit vector in the direction of k.

We will write their components as

k_ ki

= (14)

These unit vectors will feature often in our calculations and
results.

Up to a proportionality constant, the field w can be inter-
preted as a phonon coordinate. Its conjugate momentum is
simply % = W. We can quantize w and w using the ladder op-

erators by and B;, if we can identify the phonon frequencies.
Rather than derive an equation for the polarization density P
as is done in [10,25], we do this by looking at the Hamiltonian
(10) in the case of no electrons: D = 0. Furthermore, we only
look at the harmonic approximation, so we only use the first
line of Eq. (6). The Hamiltonian density then takes the form
of a harmonic oscillator,

H=1IW-W+ W -y, W, (15)

where the bold y,, indicates the matrix with components )/i(jo).
Since the matrix y, is symmetric, it can be diagonalized. Its
eigenvectors are the eigendirections of the phonons, and its
eigenvalues wlz are the squares of the phonon frequencies.
Therefore, if we write y, = 522, the matrix £ can be used
instead of the phonon frequency in the definition of the ladder
operators.

To find an expression for w and w in terms of the ladder
operators, we introduce an auxiliary field B(r) and its Fourier
transform Bk after Frohlich [10],

B(r) = %\/;szi[w(r) +iQ w(r)], (16)

B(r) = Z kb T, 17)

1
vV K20

The equations for B(r) and B*(r) can be inverted to obtain the
following explicit expressions for w and w:

N gk
wir) = —iyf @72 Y kb +boge T (18)

k20
: [ h o1 KR By ,—ik
w(r) = Wﬂz gn (bk —b_)e T, (19)

These expressions will be used to eliminate w in the Hamil-
tonian (10). Classically, Ek and 131; are the Fourier transforms
of the unknown auxiliary fields B(r) and B*(r). In order to
quantize the phonon field, we have to impose the canonical
commutation relations,

[w;(r), wi(r')] = ihd;8(r —1'). (20)

It can be shown [10] that these canonical commutation re-
lations hold if bk and bl‘( satisfy the bosonic commutation

relations. Therefore, we can interpret i;i and l;k as the creation
and annihilation operator of the phonon field, respectively. To
complete the quantization, we have to turn re; and pej; into
operators, which obey the usual commutation relations. We
now combine Eq. (6) for the interaction energy density, (10)
for the classical Hamiltonian, (12) for the electric displace-
ment field, and (18) and (19) for w and w in order to find the
quantum mechanical Hamiltonian. The volume integrals are
all of the form

f XT3y = Vg . (1)
14

Then, a straightforward calculation gives the following
Hamiltonian:

I LTI S
e RN

1 ~ N
C)n A (F)pt A
+ 3 E Vi ' OxP-x + E Vi (b + b_x)p—x
k20 k0

+ Y VG A+ b)Gb]_y + boag) B+ b_g)
k£q£0
+ > WOl + b)) + b
k#q£0
+ ) ViaGiq + boxra) Dby
k£q#0
+ D ViaP—kPr-ala: (22)
k#q#0
where the sums exclude the cases where k = 0, q = 0, and
k = q; this can also be taken into account by requiring that

VO(F) =0, Vk("k) = 0, and so on. The phonon frequency wy is
given by

ok =n*- Q- nk. (23)

184306-3



MATTHEW HOUTPUT AND JACQUES TEMPERE

PHYSICAL REVIEW B 103, 184306 (2021)

_1
Furthermore, we define A := Q= 7, ' and the following
interaction strengths, which have the dimensions of energy
and are analytical functions of k and q:

© 2k .y, nk
K VT’ (24)
he2nk . (A -y,) n*
V(F) — _—1’ 25
K Vay K| (25)
N
—1
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6v2 k| k — qllq]

The Hamiltonian given by (22) is a general Hamiltonian for
N large polarons interacting with a boson bath, including
interaction terms up to third order. The first line is the Frohlich
Hamiltonian (1), extended to include multiple electrons. We
note that the kinetic energy of the electrons can be replaced
by a more general energy band, for example one with an
anisotropic band mass. The other lines are the third-order
anharmonic correction terms to the Hamiltonian. All of the
terms can be visualized using Feynman diagrams, which is
done in Fig. 1.

For coupling to a single LO phonon mode in a crystal
with arbitrary symmetry, the interaction strengths appearing
in this Hamiltonian are given by Egs. (24)—(29). In order,
these correspond to the Coulomb interaction (24), the Froh-
lich interaction (25), and the anharmonic processes involving
anywhere from O to 3 electrons and phonons (26)—(29). As

expected, the Coulomb interaction strength goes as |k1|2 and

the Frohlich interaction goes as Ik\ ; however, the proportion-
ality constant can have an an%ular dependence if the crystal is
not cubic. The functions V are more complicated, but still

analytical. Expression (27) for the interaction strength V(I(;
does not agree with the result found by Kussow [25]: We will
discuss this difference in Sec. V.

The anharmonic interaction strengths V("q) are all purely
imaginary. This can be understood by requiring that the
Hamiltonian (22) be Hermitian, which leads to the conditions

v = v, (30)

v = vy 31)
Since the third-order terms are antisymmetric in k and q, the
imaginary unit is required for a Hermitian Hamiltonian.

The energy density was expanded up to third order, which
means the Hamiltonian (22) is, in principle, unstable if the
phonon displacements become too large. As long as the
phonons are approximately harmonic and the third-order
terms can be seen as correction terms, we do not expect this
situation to occur. Regardless, a stable Hamiltonian can be

l' q "r
k .* .
st
. SRREL SLELE
& > ~‘)\
ke kg —k k—q s
Frohlich 3-phonon

ke ki+k—q

1-electron, 2-phonon Coulomb

kein ken — k

ke 2 ke2+k—q

el,3 keis +q

2-electron, 1-phonon 3-electron

FIG. 1. A representation of the different interaction terms (22)
using Feynman diagrams. Solid lines represent electrons and dashed
lines represent phonons. In these diagrams, any phonon line may
have its arrow and momentum reversed to create a new diagram: e.g.,
for the Frohlich interaction, the electron can also absorb a phonon
with momentum —k. For a single polaron, only the first three inter-
actions must be considered. The three-electron interaction is linked
to the nonlinear optical response and can therefore be neglected in
most materials.

obtained by expanding the interaction energy density (6) up to
fourth or even higher order. Expressions (10), (12), and (18)
can then be used to obtain a Hamiltonian up to arbitrary order.

B. Symmetry constraints

Equation (6) was proposed for an arbitrary crystal.
However, the symmetry of the crystal enforces additional con-
straints onto the tensors " and A(j"l in this expression. Here,
we aim to find the simplest possible form of these tensors for
a crystal with cubic symmetry.

Consider a unit cell, centered at r, with a relative displace-
ment w and electric displacement field D. In the continuum
limit, w and D can be considered constant over the entire unit
cell. If a crystal symmetry transformation R is applied to both
w and D, the resulting unit cell is the same as if we had simply
applied R to the entire system. Therefore, it must hold that

UR-w,R-D)=U(w,D), (32)

for all crystal symmetries R. Note that only the rotational part
of R is relevant: Translations can be neglected since w and D
vary little over the size of one unit cell. Therefore, R can be
represented by a 3 x 3 matrix, and only the point group ¢ of
the crystal must be considered.

Combinln? Egs. (6) and (32), the following constraints on
the tensors Yij ) and A" i 1 are obtained:

VREeY 1y = RuRjpy ), (33)

A" = RiR R A

ijk abc® (34)
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In other words, the tensors must be invariant under all lattice
symmetry transformations. It can be immediately verified that
if yl.(j" > or Af;’l) is invariant under two different lattice transfor-
mations R; and R», it is also invariant under R; - R;.

We apply these equations to two important cases: the case
where the crystal has inversion symmetry and the case of
cubic point groups. The inversion operator can be repre-
sented with the matrix R;; = —§;;. Therefore, if the crystal
has inversion symmetry, Eq. (34) immediately gives Af;.') =0.
In this case, all of the third-order anharmonic terms in the
Hamiltonian (22) are identically zero, and the Hamiltonian
reduces to the Frohlich Hamiltonian. The scope of this article
is therefore limited to crystals without inversion symmetry; to
investigate anharmonicity in symmetric crystals, the internal
energy density (6) must be expanded to fourth order.

To investigate the case of cubic symmetry, we start with
the smallest cubic point group: the symmetry group of a
tetrahedron (denoted in Hermann-Mauguin notation as 23). It
is generated by two elements:

-1 0 O 0 0 1
Rr=|10 -1 0], RR=]|1 0 O0]. (35)
0 0 1 0O 1 O

Since the entire group can be generated by products of these
elements, it suffices to find tensors yi(jm and Al(.;.‘l) that are
invariant under these two elements. For a second-order tensor
¥ij» only the unit tensor is invariant under both R and R;,

v = vabij. (36)

and so we obtain the familiar result for cubic crystals. For a
third-order tensor, the calculation can be simplified by noting
that all our third-order tensors must be fully symmetric, since
this is implied by invariance under R, and either one of the
conditions (7) or (8). Again, only one tensor satisfies all of
the implied constraints, and that is the absolute value of the
Levi-Civita tensor (denoted throughout this article with &),

Al = Mgy, 37)
it £
Eijt = {O otherwise. (38)

This tensor is different from the one used in [25]: We post-
pone the comparison with [25] until Sec. V. The other four
cubic symmetry groups (m3, 432, 43m, and m3m) can all be
obtained from the group 23 by adding one or more generators.
Therefore, for all cubic crystals, the tensors yl-(j”) and Al(';l) are
of the form (36) and (37). All of these tensors can be described
with a single scalar parameter, which is of great practical
importance. This scalar parameter can be identically equal
to zero if the symmetry is too high: If the crystal symmetry
group is m3, 432, or m3m, it holds that A, = 0. Therefore,
for the remainder of this article, we will limit ourselves to
crystals whose point group is either 23 or 43m, in addition
to the assumptions made during the derivation in Sec. IT A.
The zinc-blende structure is an important example of a crystal
structure that satisfies all of these assumptions.

C. Link to measurable material parameters

In a cubic crystal, the parameters yy, 1, and y, can be
expressed in terms of three familiar material properties: the
longitudinal optical phonon frequency wy, the relative dielec-
tric constant &, and the square of the refractive index e.
To find this correspondence, we start from the total energy
density up to second order, assuming Eq. (33) for a cubic
crystal,

7—[:%v’v~v'v+%yow~w+y1w-D+%y2D-D. 39)
If no electrons are present, D = 0 and we immediately obtain
Yo = a;, (40)

as before. To find y; and y», we derive the dielectric function
for this system. The electric field can be derived from Eq. (5),
as well as an equation of motion for w,

IH
E=— = D, 41
o - + 72 41
. oH )
W= - = —wiw — yD. 42)
ow

We are now interested in the temporal Fourier transforms
D(w) and E(w). In Fourier space, the equations of motion
become

E(w) = y1W(0) + 12D(w), (43)
—0*W(w) = —wiW(w) — D). (44)

Here, W(w) can be eliminated from this equation, yielding a
linear relation between D and E. The proportionality constant
is the dielectric function, which can be written as

1 w? — a)g
ew)=—\| ———=
E0V2 wz _ wZ + pan

0 Y2

, (45)

where &g is the vacuum permittivity. This dielectric function
is of the polariton type, where wy indeed plays the role of the
longitudinal optical phonon frequency. From the limits ¢ =
£(0) and e, = £(+00), we obtain

1/ 1 1
vi=wo | —|\——=) (46)
&0 \ € &
1
V2 = : 47
E0€x0

Equations (40), (46), and (47) allow us to eliminate the pa-
rameters yp, ¥, and y, for cubic crystals, in favor of the
experimentally available parameters wy, €, and &q.

This procedure also allows us to write the phonon fre-
quency (23) and interaction strengths (24)—(29) in a simpler
form, where the strength of each interaction is characterized
by a single scalar parameter. For example, the Frohlich inter-
action strength can be written as

174 4
)

dro h
k|’

(F)
Vi = hx V. \2mwy
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where the dimensionless Frohlich coupling constant « is de-

fined as
1 &2 2mwqy [ 1 1
o= ———). 49)
2hwy 4 ey h g0 &

Both of these correspond to the well-known formulas for a
single Frohlich polaron [10]. Analogously, four new dimen-
sionless anharmonic coupling constants can be defined. If we
assume the third-order tensors are of the form (37), define the
dimensionless parameters Ty, 11, T, and T3 as follows:

T, — Geove) (L _ l)_z (h_m)ﬁxn, (50)

Fla)() €00 & 2(1)0

and introduce the typical polaron length scale,

f (629
a, =
P 2mawgy’

then the phonon frequency and interaction strengths for a
cubic crystal can be written in a convenient analytic form,

Wk = Wo, (52)
2
e 1
VO = ———, 53
k Veoeso K2 (53)
4 1
W = oy = (54)
Vo IK|
A 3
nwy a _
Vi = —l?\/—%To Eijmfns nf, (55)
2 k, k—q_q
v —i@ «/4naapTl lni n; n 56)
ka 2 Vv Yk—q|
3 k—q_q
Jiwg drraa, n¥n; n,
Vk(zc: = _l_—;pTz 51']'1]—, 57
' 2 v |kl|q]
33 k, k—q q
V3 = —i@(4”a)2a”T3 i T (g
e 6 V2 "kl Ik — qllq|

All of these interaction strengths consist of a prefactor that
fixes the units, a dimensionless scalar representing the rel-
ative strength of the interaction, and an analytic function of
k and/or q. Unlike the coupling constant «, the anharmonic
constants Ty, 71, T, and T3 cannot be readily written in terms
of measurable quantities; however, they can still be obtained
from first-principles calculations.

It must be noted that unlike the Coulomb and Fréhlich in-
teractions, the anharmonic interaction strengths are no longer
spherically symmetric. Indeed, they have an angular depen-
dence through the components of the unit vectors n¥, n?_q,
and n;‘. Despite this, the dependence on k and q is analytic,
making these interaction strengths well suited for further the-
oretical investigations.

For the remainder of this article, we will consider a single
polaron. In this case, the density operator becomes

D = e, (59)

The diagrams on the bottom row of Fig. 1 all require more
than one electron since the electron cannot interact with its
own field. Therefore, the three terms in the Hamiltonian cor-
responding to these diagrams drop out, and we obtain the
following simplified Hamiltonian for a single polaron:

ﬂ = Hfree"'HF +I‘7()+I:11, (60)
. P |
Hiree := ﬁ + ;hwk (bkbk + §>’ (61)
Ar ==Y V0L + boa)p-x. (62)
k0
Hy:= > VOO, +bo)bl_y + bowiq) Bl +b_y).
k£q£0
(63)
A=Y VUG +b)G, +b_g)tk—q.  (64)
k#q#£0

This Hamiltonian, along with the interaction strengths (54)—
(56), are the central result of this article. It is the lowest-order
generalization to the Frohlich Hamiltonian (1), making all
assumptions of its derivation except for the harmonic ap-
proximation. Omitting this approximation gives, to lowest
order, two additional interaction terms. The first term (63)
is a three-phonon interaction term due to the anharmonicity
of the phonons. The second term (64) is an “extended” inter-
action term, similar to the Frohlich interaction but involving
two phonons. Since the anharmonicity of the phonons can
be included in the phonon frequency through first-principles
calculations [13—15], the extended interaction term is the more
interesting of the two.

III. PERTURBATION THEORY

In this section, we calculate the polaron energy using
perturbation theory, up to first order in « and up to second
order in Ty and T;. The Hamiltonian (62)—(64) can be written
as a sum of four contributions (61)—(64). The first contribu-
tion has known eigenstates and energy eigenvalues, while the

(@) A ® T
i \ R
: N 3 N Jad A
k k—q k k k—q k
ag—d
¢—d NS
© g el @ g A4 >
! )f’ N K i \
N R N PN N N .
k k—q k k k—gq k

FIG. 2. Diagrammatic representation of the contributions to the
polaron self-energy, at zero temperature, and to first order in @ and
second order in 7y and 7;. (a) The sunset diagram gives the energy
of the Frohlich polaron. Diagrams (b)-(d) contain two anharmonic
interactions. Diagram (c) appears with an extra factor 2 since the
order of the interactions can be switched.
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other three terms are interaction terms and can be considered  pew vertex factors are introduced: 3+/2 V(O) for the three-
“small.”

The self-energy contributions are shown in Fig. 2. Full
lines represent the electron Green’s function Gy, and dashed
lines correspond to the phonon Green’s function Dy. Two

J

phonon vertex, and /2 V(l) for the vertex representing the
absorption/emission of two phonons. We obtain, for the self-
energies of the different diagrams,

i o0 dy 2
Tk, @) = 5 / o7 2 Vel Golk — g, 0 =)Dy (v), (65)
o -
2i% dvdyv’
Tk, ) = — v —v)Do(v — V)Dy(V'), 66
(k) = /m (h)zZ\q D o ® — )Do(v — v)Dy(v") (66)
1282 [T dvd
ok, ) = — o "ZZ Fy Oy Golk — g, @ — v)Do()Do(v — v)De(v), ©67)
P ) @m)
182 [+ dvdV' 2 2 ,
Tk, ) = - | @y S VEOPIVE] Gok — q. @ = v)Do(v)*Do(v — v)Dy(V). (68)
q.9

Adding all the contributions together and using the explicit forms of the interaction strengths (54)—(56), this self-energy can be
written rather compactly as follows:

P[0 dv e 1 6 q(%) T, 2 oo gy
Zk o) = /_oo > ; Ve[ Gok— g, 0= v){ Do)+ 5 Z oo [—0— woDy(v)] i f_oo 57 Dov=1)Do()
(69)
In the Appendix, we prove that
6V @ |2 472
Dol = (70)
o ha)o 15V0
where the dimensionless volume of the unit cell is defined by
- W
Vo=—. 71
a

p

The remaining integrals are straightforward and are overall very similar to the self-energy integral for the Frohlich problem.
Introducing the dimensionless variables k = a,k and & = w/wy, the final result for the self-energy becomes

=k, @) 16T T ] 1 ( k )
=—o|l+ T\ + — ) |z arctan | ———— 72
wo [ 45V()( 6) k \/1—(1)—1'6 ( )
2 275\ 1 k
—a——=|T1 — — ) zarctan | ——= (73)
15Vy 3 )k 2—w—1i§
gl L o) (74)
—a—= o
BSVk2+1 -1 —d—ib
Up to first order in «, the self-energy correction to the dispersion, £ = + o (k, I s ) leads to

(75)

. _ o
Ekk - 16T T; in(k 2 27\ 2arcsin (= 4o T? 1

( )%kz—a[l—}- O(T1+ 0)}—arcsin( ) 2 <T1 __0> ~(ﬁ) L 4o _
fla)o 45V0 6 k 15V0 3 k 45V0 m

This energy dispersion can be expanded up to second order in & to obtain the ground-state energy and effective mass of the
polaron,

2 40242 — 1 2 2
hE_Oz_ —£a|:T2+LTOTI+M i|+0( ) (76)
O] 15V 3
Mot o 1 af ., 44V2-1) 4(11f+1) 5
m _1+_+90ﬁ70[T Ty i }LO( " 7
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FIG. 3. (a) Ground-state energy and (b) effective mass of the polaron obtained through lowest-order perturbation theory, as a function of
the anharmonic parameters T, and T;. A typical value of V, = 0.1 was used: This corresponds to the dimensionless volume of the zinc-blende

unit cell [31-33].

The first terms in these expressions are the well-known results
for the ground-state energy and effective mass of the Frohlich
polaron. The remaining terms are the corrections due to the
anharmonic terms (63) and (64). The correction terms are
proportional to o and combinations of squares of the anhar-
monic parameters 7y and 7}, in accordance with the results

of [25]. We find a prefactor \70_1

the integral (70), in contrast to the prefactor \70_% found by
Kussow [25]. This is because in [25] a different form for Vk(qu)
is used, as will be discussed in Sec. V.

Figure 3 shows the ground-state energy and effective
mass of the polaron in the small coupling limit o < 1. It
is clear that the three-phonon interaction V(O) and the two-

from the renormalization of

phonon emission/absorption amplitude V( ) can both lower
the ground-state energy and increase the effectlve mass quite
significantly, even for relatively small values of Ty and T7.

IV. PATH-INTEGRAL TREATMENT

The results from the previous section are useful in the case
of weak coupling (o < 1). However, plenty of polar solids
have stronger electron-phonon coupling. For this case, the
ground-state energy of the polaron can be calculated using
any of several variational methods, including the Lee-Low-
Pines method [34], the Landau-Pekar method [2,35], and the
Feynman path-integral method [26]. The Lee-Low-Pines and
the Landau-Pekar methods both propose coherent phonon
states as their variational ground state, which is inadequate
for the description of the extended Hamiltonian (62)—(64).
Therefore, we will calculate the ground-state energy using the
path-integral method, which treats the phonons exactly and
is known to give good results for the harmonic problem at
all coupling strengths [36,37]. Since only path integrals that
are quadratic in the phonon coordinates can be calculated
exactly, we must limit ourselves to the case where Ty = 0 and
neglect the three-phonon terms; however, these can be treated
separately and included in a renormalized phonon frequency
[13-15].

A. Path integral over the phonons

The path-integral method has recently been applied to the
Bose polaron in ultracold gases [8] where an interaction term

similar to (64) is present; this derivation follows the same
general idea. This part of the derivation is valid for general
functions wy, Vk(F) and V(lﬂi In the path-integral formalism,
the partition sum Z at finite inverse temperature 8 can be
written as a quantum statistical path integral over the electron
and phonon coordinates,

Z = /Dr(r)/Dqk(r)

1 [
g {‘E / Ligk(@), i (1), (), r(r)]dr},
0
(78)

where the imaginary-time Lagrangian L can be found by writ-
ing Eqgs. (18) and (19) in terms of phonon coordinates gk and
gk instead of creation and annihilation operators, calculating
the energy density again, and making the substitution r —
—it. Introducing an arbitrary phonon mass my, and assuming

V% ~ 0, the Lagrangian is given by

Llgk(7), gx(7), r(7), ¥(7)]

m Mph /., . *
=S+ ZTP(‘M" + R qx)
k
ZmPhwk (F)
+ Re Z Tvk Pxqk
k
+ Re[zzmph\/ DR

p vlf}ﬁ,pk_qukq;:/]. (79)

kK’

This Lagrangian is quadratic in the phonon coordinates gk (7),
so its path integral can be evaluated exactly [8]. This is most
easily done by expanding the phonon and electron coordinates
in a Fourier-Matsubara series,

a (1) =) crne”, (80)

pR(T) =) fun™", 81)

where the bosonic Matsubara frequencies are given by w, =
z,fﬁ” Then, the coefficients ¢k, can be integrated over the
complex plane to perform the path integral. If we consider
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the pair {k,n} to be a single index, this integral will be expression. A straightforward calculation yields that if we
a multivariate Gaussian integral, which has a well-known define the “matrix” A and the “vector” B as

J

2m h/ Wk WK’
e ARy A— (82)

2m h ]
Bk,n = V l;i kV(F)fk ns (83)

then the path integral over the phonons can be written as follows:

Mph
Ak,n,k’,n’ = TP((U,% + wlz()(sk,k/(sn,n’ +

1 ["
/Dqk(r)em{—ﬁ/ Llgx (), gx(7), r(7), f(r)]dr} (84)
0
’”/ exp|: ﬂRe( Z Ck.n Ak n K Chr +ZBknckn>:|dck,n (85)
c kK ,n,n
~ ! ph/ (F)*
T P <2h2 ka: ,A/—wkwkrv fee o fea Vi ) (86)

The determinant in this expression can be rewritten in an exponential form, using det(A) = ™I To continue, the inverse and
logarithm of the matrix A must be calculated, which cannot be done in closed form. However, since A is the sum of a diagonal
matrix and an additional small term, we can use the series definitions for the inverse and the logarithm to continue. The prefactor
can be obtained by comparing to the known case [38] where px = Vk( ]k), = 0. Additionally, expressions (80) and (81) can be used
to convert our expressions back to imaginary time. All of these calculations are fairly straightforward and the final result can be
written in terms of an effective action functional for only the electron,

zZ= <1_[ m) /Dr(f)eXp {—— eff[r(f)]} (87)

(— ) A

hg 1
Serrlr(T)] = / er%lr—hZ( 1)"0,1[r(r)]—hZ Oulr(0)]. (88)
0

n=0

Similar to [8], the effective action is written is a series form, and the terms O,, and O, represent scattering processes. O,, and 0,
are both dimensionless functionals of r(7) of the nth order in V(lq), and are given explicitly by the following expressions:

12\ " " v Ery () My
Oulr(m] = 2 (5 > e | AT Vi Vi Y
k k

Lseees n+1

X P, (TP, -1, (72)  + + Pk =Ky (Tnt 1) Pk, (Ta12) G, (T1 — T2) - -+ G (Ta 1 — Tug2), (89)
~ 12" " "
R M M 6))
O,lr(0)] := 5 (h> > /O dr /0 AtV Vi Vil
Ki....k,
X Pk —k, (T1) Pky—k3 (T2) * + * Pk, —k, (Tw) Gk, (T — T1)GK, (T1 — 72) - - Gk, (Ty—1 — ), (90)
where we define the dimensionless phonon Green’s function as
2wy et cosh [a)k( —Itl)]
Gk(t) := — = (=hB < 1t < hp). 91)
K hB —~ w2+ w; sinh (2£2+) g g

Some remarks must be made about the expressions (87) and (88) for the partition sum and the effective action. First, the prefactor
in (87) is simply the partition sum of the free phonon field, which will contribute 7<% “3* to the ground-state energy for each phonon
mode. This divergent ground-state energy does not contain the coordinate r(7 ) and can therefore be dropped. A similar statement
can be made about O;[r(7)]. In [8], this term is dubbed the “vacuum polarization term” and is denoted by O, instead of O;.
From (90), one can see that it also does not depend on the electron coordinate,

O, [r(1)] = ﬁZVk(lk) th( ’3“’“) (92)

In our case, we have Vk(lk) = 0, so the term is zero anyway: This means that in expression (88), we can let the second sum start at
n=2.
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B. Variational principle for the free energy

So far, no approximations have been made other than
Vlff)(l) = 0: The phonons have been treated exactly and the
problem is reduced to the single path integral (87) over the
electron coordinate. This path integral is too complicated to
calculate analytically, even in the harmonic problem. How-
ever, the Jensen-Feynman variational inequality [26,38] can
be used to estimate the free energy F' of the problem. Given
any model system with action Sy[r(t)], it holds that F is
bounded by

1
F<F0+ﬁ<S_S()>, 93)

where Fj is the free energy of the model system, and the
sharp brackets denote an expectation value with respect to
this model system. It is common [8,26,39,40] to use a model
system where the electron is coupled to a fictitious “phonon”
mass M by a spring with spring constant MW ?: The mass M
and the frequency W are variational parameters. This model

J

D(t) = lt]| — —

Q? Q

() (1 ) e o 1)

system is quadratic in r(t), so it is possible to calculate the
required expectation values. The action of this model system
can be written in terms of only the electron coordinate by
tracing out the fictitious phonon coordinate Q(t), yielding
mW (Q? — W?)

8

/ﬁﬂ /”ﬂ cosh [W(%ﬂ —lt=11)]
x
o Jo sinh (@)

x [r(t) — r(z")|*dvdr, (94)

LB
So =/ gt(rfdt +
0

where Q :=W+/1 + —I,Z replaces M as the variational param-
eter.

All the expectation values relevant to this article can be
calculated from the memory function [8,39,40], which is
given by

h
(e ()ox(T)) = exp [—%#D(r - r/)} (95)

where the function D(7) is defined as

(96)

sinh (%)

From this expectation value, the free energy Fp and the expectation value (Sp) can be evaluated exactly. These quantities only
depend on the model system and not on the effective action (88), and have been calculated before [8,39—41]. Using these in the
Jensen-Feynman inequality (93), the variational upper bound for the polaron free energy can be written as

3 (wsinh (%22)\ 3 w2 hBQ 2 TR, 1 X (=D"
F < Eln <§M - Zm<1 - §>|:coth (T) - hﬁ—g] — Eg(—l) (0,) — EZ - 0,).  (97)

n=2

Finally, taking the zero-temperature limit (8 — +00), the following variational principle for the ground-state energy of the

polaron is obtained:

E(0) 3 (Q=W)?
- < -
h(,z)() 4a)0 Q

The problem is reduced to calculating the expectation values
(0,,) and (0, with respect to the model action using Eq. (95).
These expectation values will be functions of the variational
parameters W and 2. Once these expectation values are cal-
culated, (98) can be minimized with respect to W and Q2 to
obtain an estimate of the polaron ground-state energy.

C. Calculation of the expectation values

The calculation of the general expectation values (O,) and
(0,) is a hard problem for the interaction strengths given by
(54) and (56), mostly due to the high-dimensional integrals
that appear. In [8], a random phase approximation is made
that allows analytical resummation of expression (98) if the
interaction strength factorizes as V, ) ~ Vk(F)Vq(F ). Since this
is not the case for (56), we will insteaﬂ consider the case where
T, is small and calculate only the contributions to the ground-
state energy up to the order of T12.

First, we note that for the interaction strengths given
by (54)—(56), the odd order expectation values (Oy,+;) and

R~ 1 =X
B ﬂEToo fiwo B g(_l) (On) = ,sgrfoo fiwo B 2:2: n (O ©8)

(

(O241) are zero due to antisymmetry. This means only (Op),
(0,), and (O,) have to be calculated. (Op) is the contribution
from the Frohlich action and can be calculated straightfor-
wardly using (95). Similarly, (D,) can be calculated using (95)
and the result from the Appendix. The results are

hp
B a 7 G)
(00) = o /0 L, (99)
. 4 oT? [7 G(r)?

D(@)
wo

As before, the volume of the unit cell, Vj, appears to renor-
malize the divergent integral (70), so (O,) will be large in the
continuum limit. (O;) is also of the order of le and is quite
difficult to compute, but does not contain this factor V, and can
therefore be neglected. With these expectation values, Eq. (98)
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FIG. 4. (a) Ground-state energy, (b) radius, and (c) effective mass of the polaron from Feynman’s variational method with 7, = 0 and
Vo = 0.1. Dashed lines represent the perturbation theory result (76) and (77). Note that the effective mass is plotted on a logarithmic scale.
(a) and (c) also show the result obtained by the diagrammatic Monte Carlo method [37] for the harmonic problem (7; = 0). This shows the
remarkable accuracy of the Feynman variational method for the ground-state energy at all coupling strengths, but also reveals the inaccuracy

of the effective mass in the intermediate coupling regime.

for the variational upper bound becomes

N2
B 30w
hwy ™ 4 v

+o0 +l-—€ 20
/ 13 Vo do, (101)
VT Dot (1) ler

v

where w := wﬂ and v ;= wﬂ are the new dimensionless vari-

ational param(e):ters. The result immediately reduces to the
Feynman ground-state energy [26] if 7} = 0. It must be noted
that the variational inequality may no longer hold since several
terms which may be positive were neglected in (98).

The ground-state energy is obtained by numerically mini-
mizing Eq. (101): The result is shown in Fig. 4(a). In the weak
coupling limit ¢ < 1, the ground-state energy is minimized
by v = w [26]: Then (101) reduces to the perturbation theory
result (76) with Ty = 0, as can be seen in Fig. 4(a). Similar to
the perturbation theory result, the ground-state energy is sig-
nificantly lowered by the anharmonic interaction. This effect
is even more dramatic in the strong coupling regime o >> 1.

Once the variational parameters v and w are chosen in such
a way that they minimize the ground-state energy, they may be
used to calculated a range of other properties of the polaron.
One of these is the polaron radius, which may be defined in
several different ways. Here, we define it using the average
displacement of the relative coordinate in the model system

[39,40,42],

e = \/% reon ()

(102)

Another is the effective mass, which can be estimated
by replacing the memory function (95) by the follow-
ing expression, where u represents the velocity of the
electron [8,26,39,40]:

h
(o (T)pk (")) := exp [—%kzD(r —7)+ik-u(r — r/):|.

(103)

The calculations have to be redone with this form of the
memory function, up to the order of u?. Eventually, the
ground-state energy will gain an extra term of the form
%mefgﬂ, where the prefactor can be interpreted as the effective
mass of the polaron. The resulting expression is

Meft _ /W e 1_25%26_2”) do
TR [0+ (1- %)==
(104)

The polaron radius and the effective mass are shown in
Figs. 4(b) and 4(c). Just like the ground-state energy, the
effective mass is significantly increased by 7} in the strong
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coupling regime. As is known from Frohlich polaron the-
ory, the effective mass increases strongly in the intermediate
coupling regime. When the anharmonic introduction is in-
troduced, this strong increase in the effective mass shifts to
slightly lower values of «.

The introduction of the anharmonic electron-phonon cou-
pling decreases the polaron radius, as can be intuitively
expected. The polaron radius diverges in the weak cou-
pling limit since the polaron becomes free, and is therefore
completely delocalized. This is different from some other
definitions of the polaron radius, where it is interpreted as
the spatial extent of the induced charge density [34,43] and
therefore remains constant as ¢ — 0.

V. DISCUSSION AND CONCLUSIONS

The main result of this paper is the Hamiltonian (60)—(64)
for a single polaron in a cubic crystal with third-order anhar-
monicity. The derivation is presented in such a way that it
can be straightforwardly generalized to the case of multiple
polarons, general crystal symmetries, and higher-order anhar-
monic terms. If cubic symmetry is assumed, the harmonic
interaction strengths and the phonon frequency are isotropic
and reduce to the Frohlich form, as expected [10]. However,
it is not enough to make the anharmonic interaction strengths
(55)—(58) isotropic, and tensor notation or index notation is
still required despite the cubic symmetry.

Hamiltonians of the form (60)-(64), including the anhar-
monic interactions, can be found in other areas of physics.
A notable example is the Bose polaron Hamiltonian, describ-
ing impurities in ultracold Bose gases under the Bogoliubov
approximation [7,8]. The Hamiltonians only differ in their
different expressions of the interaction strengths Vk(F ), Vlff)‘l) s
and Vk(.lq).

To obtain the Hamiltonian (60)—(64), we have made several
drastic assumptions: the material must belong to either of the
point groups 23 or 43m, and the primitive unit cell must con-
tain only two atoms. Regardless, III-V semiconductors such
as BN, BP, AIN, and AIP all exist in the zinc-blende structure
and therefore satisfy all of the above assumptions. In addi-
tion, these semiconductors display significant anharmonicity
[27-29] since their ions are relatively light. In any of these
materials, anharmonic polarons corresponding to the Hamilto-
nian (60)—(64) may be experimentally observed, for example
by measuring the midinfrared optical conductivity. The Froh-
lich electron-phonon coupling (62) gives rise to an absorption
peak around w & wy [44—46]. Since the anharmonic electron-
phonon coupling (64) involves the simultaneous creation of
two phonons [see Fig. 2(b)], it will give rise to a sec-
ondary peak around w =~ 2w,. This secondary peak serves
as a fingerprint for anharmonicity of the form given by (63)
and (64).

The Hamiltonian (60)—(64) for a single polaron contains
two unknown dimensionless material parameters Ty and 7,
which characterize the relative strength of the two anharmonic
interactions. Although 7j can, in theory, be linked to the
Griineisen constant y; o of the longitudinal optical phonons,
we found no way to directly link 7 and 7; to experimentally
available material parameters. Therefore, even an order of

magnitude estimate of 7y and 77, and any quantitative com-
parison to experiments, is difficult. In addition to this, all
treatments of anharmonic polarons besides that of Kussow
[25] have focused on small polarons [22-24], so any compar-
ison with these results would have to be qualitative anyway.

We based our work on Kussow [25], who also derives a
Hamiltonian of the form (64). Our expression for the inter-
action strength (56) does not match the expression in [25],
for two reasons. First, [25] uses the following form for the
tensor Al(jl,g

1 ifi=j=1

0  otherwise, (105)

At(jll) = Al(Siﬂ, where (Sijl = {
instead of the correct form (37). Additionally, the final integral
in their derivation (Eq. (40) in [25]) is incorrectly calculated
using Green’s theorem. Despite this, the Hamiltonian in [25]
is still of the correct order of magnitude, so their results
should still be qualitatively correct. Indeed, in [25] it is also
concluded that the ground-state energy is lowered and the
effective mass is increased by the anharmonic interaction, and
that the transition to a small polaron occurs at lower values of
« if the anharmonic interaction is present. These qualitative
results are also seen for the small polaron if an asymmet-
ric on-site potential is used [22]. Interestingly, the effects of
anharmonicity seem to be reversed if a quartic potential is
used [23] instead of a cubic potential. It could be interesting
to see if similar results are found if the internal energy (6)
is expanded up to fourth order and a crystal with inversion
symmetry is considered.

The derived Hamiltonian (22) is well suited for the cal-
culation of further anharmonic large polaron properties since
the interaction strengths are analytical and depend on only
one dimensionless parameter each. In addition, it is a di-
rect generalization of the Frohlich Hamiltonian, meaning
most theoretical techniques for solving the Frohlich Hamil-
tonian can be used for this Hamiltonian as well (except,
perhaps, the Lee-Low-Pines and Landau-Pekar methods, as
discussed in Sec. IV). For example, the electron mobility/AC
conductivity /optical response can be calculated semianalyti-
cally using several different methods [45,47,48]. The optical
response is of great significance for high-pressure hydride
and metallic hydrogen experiments [16,17,20,21,49] and can
even be used to determine the superconducting transition [50].
Using this Hamiltonian, it is also possible to investigate bipo-
laron formation [51], which has been proposed as a possible
pairing mechanism for superconductivity. While bipolarons
can only occur at « > 6.8 in the harmonic approximation [51],
the increased electron-phonon interaction energy suggests a
wider stability regime in the anharmonic case. Further calcu-
lations may indicate whether bipolarons can occur for values
of «, Ty, and T} corresponding to a realistic material.
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APPENDIX: INTEGRAL OVER THE ANHARMONIC
INTERACTION STRENGTH

During the calculation of the polaron energy using both
perturbation theory and the path-integral formalism, we
encountered the following sum:

I=2

Unlike the other integrals in this article, the calculation of the
above integral is not quite straightforward and deserves some
further explanation.

The sum can be transformed into an integral using ), —
(271)* i d’k. Then, we can plug in expression (55) for V(l(f)lg to
obtain

v [’

fla)o

(A)

T24?
=07 f (Ejinlnt™9 q) 4’k (A2)

(2m)
where the indices i, j, [ are summed over the values {x, y, z}.
First, we note that the integration domain is very large and the
vector q is finite. This allows us to replace nlfq by nl]?,

Tya, k. k 3
= Y / (Ejinin’ n?) d’k.

Formally, this can be justified by substituting k — aK for
some large value a: This substitution makes q negligibly small
compared to aK, but otherwise leaves the integral invariant

9K — nX. More intuitively, the following argument can

(A3)

since n{
be used S1nce the integrand remains finite as |k| — +o0, the
integral will be dominated by the domain in which |k| > |q],
and in this domain the vector k — q and the vector k approxi-
mately have the same direction.

The volume element d°k can now be written in spherical
coordinates, and the radial and angular integrals can be split:

T2 3
7= (20 ;Sljzgl,bcn?ng/‘nk n:,‘nl;dSk (A4)
T2 3
= (2 )3 l]lgabcn[ (/ kzdk)
T 2
X |:/ / ninnghy sin(@)d6d¢:|, (AS)
o Jo

where n = n(0, @) is a unit vector in the direction defined by
the angles 6 and ¢. Its components are given by

n,(0, @) := sin(0) cos(p), (A6)
ny(6, @) := sin(f) sin(p), (A7)
n,(0, @) := cos(0). (A8)

The angular integral is a special case of the following integral
identity [52]:

b4 2
/ / nini, ...n;, sin(0)dode
o Jo

{e+1 8iySisiy - -+ 8ip_iyy (£ even)

0 (€ odd). (A9)

Then expression (AS) becomes
T02a3

5(2 )380] ab)gzjlgabcnl ”q<4ﬂ/k2dk>' (A]O)

The contractions over the indices i, j, a, and b can now be
performed, using the fact that 8(;;6u)E;jiEape = ‘3—‘816. Then the
integral becomes

4T02a3 5
=——" pa -nq/k dk, (A1)
1527)3
4To2 a3 2
= ar | K2dk |. (A12)
15 (2 )3

If we assume k € [0, +o00], the radial integral obviously di-
verges. However, physically, we only expect wave vectors in
the first Brillouin zone to be relevant. Since we work in the
continuum limit, the first Brillouin zone will be large, but not
infinite, and we can use the volume of the first Brillouin zone
as a Debye cutoff for the radial integral over k. The quantity
between square brackets should equal the volume of the first
Brillouin zone, which is equal to 22- ”) , where Vj is the volume
of the unit cell. Therefore, we ﬁnal]y ﬁnd

222 oy

where we defined Vy := Vo/a; as in Eq. (71). This is the result
we presented in the main text.

V(O)

h(l)()

4TO2

—, Al3
15V, (A1)
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