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The thorough treatment of electron-lattice interactions from first principles is one of the main goals in

condensed matter physics. While the commonly applied adiabatic Born-Oppenheimer approximation is sufficient
for describing many physical phenomena, it is limited in its ability to capture meaningful features originating
from nonadiabatic coupling effects. The exact factorization method, starting from the full Hamiltonian of
electrons and nuclei, provides a way to systematically account for nonadiabatic effects. This formalism was
recently developed into an ab initio density functional theory framework. Within this framework we develop
here a perturbative approach to the electronic states in solid state materials. We derive exact-factorization-based
perturbations of the Kohn-Sham states up to second order in the nuclear displacements. These nonadiabatic
features in the calculated energy and wave function corrections are expressed in terms of readily available density

functional perturbation theory components.

DOI: 10.1103/dmpv-zqdh

I. INTRODUCTION

Theoretical understanding of electron-phonon interactions
is central to the realization and optimization of numerous
physical phenomena, from the computation of fundamental
ground and excited state properties in materials to opto-
electronic phenomena and dynamical scattering processes
dominating energy conversion and transport in materi-
als [1-9]. Calculations of these interactions are typically
made within the adiabatic Born-Oppenheimer (BO) approx-
imation [10,11], in which it is assumed that the electrons
adapt immediately to the nuclear configuration. As a result
of this approximation, the wave function describing the sys-
tem can be expressed as a single product of an electronic
part and a nuclear part, where the electronic part depends
parametrically on the nuclear positions. For many physical
phenomena, this separation of the wave functions is extremely
successful. However, it does not capture nonadiabatic (NA)
effects [12-16].

Nonadiabatic effects are observed in the electronic de-
grees of freedom [16-19], e.g., in energy spectra, kinks
in photoemission, charge transfer and localization, polaron
formation [5-7,20,21], superconductivity [22,23], and lattice-
induced decoherence [24,25], as well as in the phononic
ones, for example, in frequency renormalization, Raman
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measurements, and x-ray spectra [12,26,27]. Accounting for
the electron-phonon interaction in materials in a rigorous way,
including nonadiabatic effects, is thus substantial for estab-
lishing a general theoretical framework. Yet, a full ab initio
treatment of these phenomena remains a challenging task.

The traditional and most direct way of treating electron-
phonon interactions starts from the BO approximation. An
ab initio treatment of electrons and phonons within the
BO approximation is achieved through density functional
perturbation theory (DFPT) [19,28,29], by calculating the
adiabatic response of the Kohn-Sham potential and BO po-
tential energy surface to small displacements in the nuclear
coordinates. It has been proposed [30] to extend DFPT by
accounting for the electronic response to time-dependent
nuclear displacements. A common starting point in many ap-
proaches to the calculation of electron-phonon interaction is
the Frohlich Hamiltonian, which comprises mean-field elec-
trons, BO phonons, and the lowest order electron-phonon
interaction. The key challenge is deducing a Frohlich type
Hamiltonian from the full ab initio Hamiltonian of electrons
and nuclei. Several attempts have been made to overcome
this difficulty [31,32]. A closed set of equations, called the
Hedin-Baym equations, for electronic and phononic Green’s
functions has been formulated by Guistino [19] starting
from the seminal works of Baym and Hedin [33,34]. These
equations have been further formulated by Stefanucci, van
Leeuwen, and Perfetto for out-of-equilibrium systems, in
terms of conserving diagrammatic expansions [9].

The work presented in this paper also starts from the full
ab initio Hamiltonian. It then employs the exact factoriza-
tion (EF) [35,36] of the many-electron many-nucleus wave
function, which renders the formalism technically similar to
the BO + DFPT treatment, but it remains formally exact, i.e.,
retains all nonadiabatic effects. This formalism was employed

Published by the American Physical Society
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to deduce a density functional framework for the complete
system of electrons and nuclei [37,38]. For the case of small
amplitude nuclear motion, this can be cast into a density
functional theory (DFT) for electrons and phonons as recently
derived [39]. In this approach the Kohn-Sham electrons are
“dressed” by nonadiabatic phonon-induced interactions that
appear through a nonadiabatic correction to the Kohn-Sham
potential. The self-consistent density obtained is the condi-
tional probability of finding an electron at position r given
that the collection of nuclei resides at a certain point in nuclear
configuration space. As a consequence, one can avoid trans-
formation to the body-fixed coordinate frame [31,40], which
is a big advantage in practical terms. In Ref. [39], the density
functional formalism was applied to a simple Frohlich model
system as a test. We present here a full ab initio derivation
of the EF-DFT equations for real materials by applying per-
turbation theory in the spirit of DFPT, including multiband
transitions and higher-order electron-phonon interactions. We
derive a theoretical framework within EF-DFT to account for
nonadiabatic effects arising from these interactions.

Our manuscript is organized as follows. We present the
general EF-DFT theory for extended systems in Sec. II. We
derive nonadiabatic DFPT-based corrections to the electronic
energy bands and wave functions in Sec. III and discuss their
implications in Sec. IV.

II. EXACT FACTORIZATION APPROACH TO
NONADIABATIC EFFECTS IN ELECTRON-LATTICE
INTERACTIONS

We begin with a general description of the full system via
the many-body (MB) Hamiltonian

H = T,(R) + Wu(R) + To(r) + Wee (1) + Wen (R, 1), (1)

consisting of the kinetic and Coulomb interactions in the
nuclear and electronic systems and the mutual interaction
between electrons and nuclei. The sets of nuclear and elec-
tronic coordinates are denoted by R and r, respectively. The
complete many-electron many-nucleus wave function satisfies
the time-independent Schrodinger equation (SE)

AWw(r,R) = E¥(r, R), )

where the eigenstates of the full Hamiltonian, the MB wave
functions, are denoted by W¥(r, R).!

Owing to the small ratio of electronic over nuclear mass,
one intuitively expects that the electrons quickly adjust to the
slow motion of the nuclear degrees of freedom. This intuitive
picture suggests the adiabatic approximation for the electron-
nucleus wave function

W (r, R) = ¢5°(r|R) xur(R). A3

Thus the MB wave function is approximated as a single
product of separate electronic and nuclear wave functions;
$B9 is the electronic wave function in the Born-Oppenheimer
[10] approximation and x,; (R) is the nuclear wave function.

I'While the full Hamiltonian % is translationally invariant, we
assume eigenstates with spontaneously broken translational symme-
try [41].

For each fixed nuclear configuration, the electronic BO wave
function satisfies

HP(r, R)¢ZO(r|R) = &, (R)Z°(r|R), “4)
with
HP(r,R) = W, (R) + To(r) + Wee(r) + W (R, 1) (5)

being the Hamiltonian governing the correlated motion of
electrons in the field of clamped nuclei. The nuclear wave
functions y.;(R) are the solutions of the nuclear SE

(T,(R) + £4(R)) xar(R) = Qus Xar (R), (6)

where the A index denotes the vibrational states associated
with each electronic eigenstate, «. The crucial simplification
achieved by the adiabatic approximation is that nuclear and
electronic degrees of freedom are treated in separate equa-
tions, Eqs. (4) and (6), where the solution of Eq. (4), namely
the electronic eigenvalue g, (R), is used as input to the nuclear
SE, Eq. (6). The nuclear kinetic energy reads

T,(R) = —pt - Z —v{, @)

where u = §; with m being the electron mass and M repre-
senting a nuclear reference mass (typically chosen to be the
proton mass) such that M, - M are the true nuclear masses.
Here and in the remainder of the article, all equations are
written in atomic units (¢2 = i=m = 1).

While in Eq. (3) the nuclear wave function is the solution
of Eq. (6), one may improve upon Eq. (3) by variationally
optimizing the nuclear part. This leads to

— iVg, + A[PE°](R) vo
[u > [ JR)) + e (R)+ 5[5 (R)
X For(R) = Quz Xar (R), ®)
where ¥ is the nuclear wave function that minimizes the total
energy.

In Eq. (8) the vector potential and geometric term are
defined in terms of the general expressions

Ac[@al(R) = (ho|=iVR, |¢a), C))

€0 1
€[, I(R) = Z T

— A9 l(R)?]
(10)

| VR, ¢a)

evaluated for ¢, = ¢5°. Note that &5 carries a prefactor of
the mass ratio.

Recently, the exact factorization (EF) approach was intro-
duced as a way to include nonadiabatic effects beyond the
BO approximation [35,36,42]. This is achieved by expressing
the MB wave function as a single product of electronic and
nuclear exact wave functions

Y(r,R) = ¢(r|R)x (R). (11)

Note that this formally exact representation of the full wave
function involves an electronic state which is different from
the BO electronic wave function but shares with it the nor-
malization condition f |¢(r|R)|?dr = 1. This differs from the
Born-Huang expansion [43], in which multiple BO surfaces
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are directly accounted for, and from the adiabatic approxi-
mation in which a single BO surface is considered. Within
the EF scheme, nonadiabatic effects are accounted for in a
SE equivalent to Eq. (8), where the vector potential, Eq. (9),
and the geometric term, Eq. (10), are functionals of the exact
electronic wave function (rather than the BO wave function).
The equations of motion of the two factors, ¢(r|R) and x (R),
can be deduced from the Rayleigh-Ritz variational principle
by minimizing the total energy functional

E = (V|H|¥)

1
= [ X @Y 5 i+ AR PR

+ / Ix R)F(5[PI(R) + e¥°[p](R)), (12)
with
ePO[PI(R) = / dr¢*(r|[R)H?’(r, R)p(r/R).  (13)

Using this variational principle, a density functional theory
has been formulated in terms of the electronic conditional
probability density, n(r|R) [37]. This leads to a Kohn-Sham-
like equation for the electronic degrees of freedom, while the
nuclear degrees of freedom are described by the N-body SE

1
[u >3 o Ve + A [P1(R))* + ™[p1(R)

+ sge"[¢](R)} x(R)=Ex(R) (14)

that follows directly from the EF.

Hereafter, the vector potential is neglected, as justified for
systems with vanishing nuclear current density in the ground
state. Expanding ¢%°(R) and £%°(R) to second order in the
nuclear displacements from their equilibrium positions allows
us to solve Eq. (14) in terms of harmonic phonon coordinates
U = {Uy.}, with q and X being the phonon momentum and
mode, respectively:

Py P,
[M P S(U):|X(U) =QxU). (15

2
qA

The electronic Kohn-Sham equation reads

)
[;’—m + (0, U) + e (1, U) + DT, U)] Ve (1)

= €uku Ynku (). (16)

Equation (15) accounts for the nuclear interactions, where the
first term is the nuclear kinetic energy, (U ) is the exact poten-
tial energy surface, and Q2 = E — ¢(Ry) is the total energy of
the phonons. Ry is the equilibrium position corresponding to
the bottom of the BO potential energy surface. The EF energy
surface ¢(U) is given by

e(U) = eBW) + e%°(U), (17)

where we emphasize that both eB9[¢] and £%°[¢] in Egs. (13)
and (10) are evaluated with the EF electronic wave function

and therefore contain all powers of u. In the present work,
we approximate each term by its lowest order with respect to
powers of u. This corresponds to treating the £2°[¢] term by
a standard BO-based DFT functional. For the £%¢° term, which
introduces the nonadiabatic “dressing” of the electron-phonon
interaction, we adopt a determinantal approximation for ¢.

Returning to Eq. (16), we observe that it has the same
form as the standard Kohn-Sham equation, where p?/2m is
the electronic kinetic energy, ., is the electron-lattice inter-
action potential, and ¥y, is the Hartree-exchange-correlation
(HXC) potential. Nonadiabaticity is introduced through an
additive potential, Dg,, derived from the functional deriva-
tive of the €% term in the total energy, Eq. (12). In the
original EF-DFT [37] framework g, like Dy, is a local
multiplicative potential. Since in the present work we make
the determinantal approximation for ¢, D, acts as a nonlocal
potential, in the spirit of the generalized Kohn-Sham (GKS)
approach [44], and is a functional of conditional single parti-
cle orbitals ¥,xy (r, R); n, k represent an electronic state with
band index n and quasimomentum k. Hereafter, the subscript
U on the energies and orbitals is suppressed. Making the
orbital-dependent energy functional stationary with respect
to variations of the GKS orbitals, subject to orthonormality
constraints imposed through a matrix of Lagrange multipliers,
gives the matrix elements of D, [39] as

(Ipm,k+q|ﬁgeo|wnk)

5e8° 1 ad
| T Y ktq P—
51/fnk> |xI? %:< aUqA

=2 |, (18)
5003/005)

Alternatively, the orbitals could be restricted to come from a
local potential so that minimizing the total energy with re-
spect to this local potential will lead to an optimized effective
potential (OEP)-like approach [36].

It is useful to quantify nonadiabatic effects in terms of
the powers of u. The potential energy surface, being treated
as a density functional, generates the GKS potential through
functional differentiation. We see in Eqgs. (17), (10), and (13)
that the potential energy surface contains a zeroth-order term
B9 that has no explicit ; dependence and a first-order term
€5 that has a prefactor of u. As a consequence, the GKS
potential in Eq. (16) inherits zeroth-order terms 9., and 0y,
and a first-order term given by dg,,. To account for the mutual
influence of electrons and phonons, in principle this set of
equations must be solved self-consistently. As a first step, in
the next section we adapt DFPT to the EF equations.

= < wm. k+q

III. NONADIABATIC PERTURBATIVE TREATMENT OF
ELECTRON-PHONON INTERACTIONS

In order to apply EF-DFT in realistic materials, we now
turn to the derivation of the additive potential ¥,. Here, we
present a perturbative approach, in which corrections to the
KS wave functions and the energy surface are introduced
within first- and second-order perturbation theory.

075102-3
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The single-particle Hamiltonian can be written as the sum
of a noninteracting part and an interaction term, H = 7:[§0) +
#'. The noninteracting Hamiltonian corresponds to the KS
Hamiltonian within BO

A2 A2
A = 24000 + 0@ = 2+ 00m. (19)
Here 99(r) = D,,(r, U)y—y is the electron-lattice Coulomb
interaction evaluated at Ry, vhxi (r) = Opye(r, U)y—q corre-
sponds to the standard HXC potential within BO, and 1/’,52)(1')

and 61(1(1)()(1') are, respectively, the KS eigenstates and eigenen-
ergies that solve the unperturbed KS equation.

We define the perturbation H' as
H =0+ Dgeo (20)

to second order in the phonon displacements, Ug,. Here,
9 =91 + 9 is the sum of the first- and second-order per-
turbatlon terms implemented in standard DFPT [19,28,29]
and g, = D) + vg()) is the nonadiabatic correction. In the
harmonic approximation, the nuclear wave functions are lo-
calized and have a zero-point amplitude of the order of u!/4.
Hence we can rationalize the orders of perturbation by rec-
ognizing that the characteristic nuclear displacement Uy, is
of order 11'/# [10]. The superscripts correspond to powers in
the displacements. Crucially, we have two separate sources
of u dependence: on the one hand, the & dependence of the
functional and, on the other hand, the v dependence arising
from the powers in the displacements U. The latter is already
present in standard DFPT.

We follow the first-order corrections previously derived in
Ref. [39] for a single band case and extend them for the many-
bands, many-mode case. Here, using the notations 1 = nj, kg
and 2 = ny, ky, DV is defined as

U
SR ED DU =S lh
X q

where k; = ky + q as required by momentum conservation.
Ly, is the amplitude of the zero-point motion, defined as

Ly, = /ﬁ, and g, »,,2(K1, q) is the first-order electron-

phonon coupling term representing interactions between two
electrons through a phonon. We define the first-order correc-
tion for dY;) using a Taylor expansion of the electronic wave
functions. Following Eq. (18), this leads to

. W(l)
(%(0) | véflff)l (O) Z g Ugy, WZ’
AUy,

A
= gn, ,A(klsQ)_q
; o Ly. ¢

ha)q;\
0 & g,
(22)

where 7wy, is the phonon energy, accounting for both phonon
emission and absorption channels. We note that these correc-
tions are off-diagonal in the wave function basis, since they
mix KS electron states upon phonon scattering. Since the
first-order energy correction is defined as a diagonal term, and
(D and 9}) are off-diagonal by definition, this energy term

vanishes, i.e., eflk) =0.

The first-order correction to the wave functions follows the
form

(w30 + g v

W(l)) Z EEO) —5 "/’(0)>
2#1 1 2
8ny ny, )»(klv Q) (]Cl)L 0) 2
— . 3
; ; ) _ (0) + g, L Wj ) @3)

Since we consider systems at zero temperature, only the
phonon emission case appears hereafter. These corrected wave
functions can then be used to evaluate the changes in the den-
sity due to interaction with phonons. The electronic density,
ny, is defined as ny (r) = >, fukv |¥nku |2, where foxp is the
Fermi-Dirac occupation function for zero temperature. Hence
the first-order density correction is

1) _ gn.ma (K1, q) Uy (()),.<
nOr)=2Re) Y 22 (r)
a 1,241 6% : €§ ) — fiwg;, Lq)\
x Y32(r). (24)

The general formula for the second-order energy correction
is given by

2
(2) Z | 1//(0)|v(1) + U;i())’lﬂl(o)ﬂ
@O

241
+ (1”0 + o] vi”). (25)

Here, the two-phonon-induced potentials 9 and f)gg appear.
While the second-order correction to the energy eigenvalue
e{z) only requires knowledge of the diagonal matrix elements
of these potentials, since we ultimately seek second-order cor-
rections to other observables such as the density, we proceed
to evaluate all of the matrix elements of 9{* and dQ). In
doing so, we need to take into account the gauge freedom
in the choice of the electronic states; that is, the determi-
nant of the occupied KS orbitals is invariant (up to a phase)
to a unitary transformation among the occupied orbitals.
Gonze (1995) [28] has found a convenient gauge choice,
called the “parallel-transport” gauge, for carrying out higher-
order perturbative calculations. Such a choice is specified
through orthonormality constraints [as depicted in Eqs. (A4)
and (A5)], which allow the calculations to be made with only
the knowledge of the block off-diagonal components of the
perturbations, i.e., the matrix elements between one occupied
and one unoccupied state. As a second step, the results can
be transformed back into the “diagonal gauge”—the familiar
gauge choice in which the Lagrange multiplier matrix is diag-
onal with energy eigenvalues €; on the diagonal—producing
corrections to the KS orbitals and eigenenergies which are
consistent with the first-order corrections above.

The matrix elements of the first-order perturbations
(D, 0{;) were addressed above. The matrix elements of
second order perturbations consist of the phonon-induced
deviations of the KS potential and the nonadiabatic effect
accounted for by D,. Starting from the diagonal elements of
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9 and 92), required for the evaluation of Eq. (25), we have

|Ugs |2
)= 28 DS

(26)

geo’

v = ol

where Vl(,zl) is the potential perturbation that accounts for
the two-phonon process originating from the Debye-Waller
(DW) interaction g(nzl)n].)\ ,(ki,q,q), which can be obtained
in adiabatic DFPT calculations [1,19,45-49]. The expression
for the f)g()) matrix element, which follows from Eq. (18)
in the parallel-transport gauge (derivation elaborated in Ap-
pendix A), amounts to

W = (vl vy
unZ:DCC Z gnz ni, A (K1, q)gnz n, r(ki, q)hwq}"
= O

AN - hwq;\r)( 50) - 5 )~ hqu)

( W%)
SM’ - 5 7

LqA’ LqA
unocc

B Z Z gnz,nl,)u(kl’ Q8,2 (K1, Qliwg
(()

) 0) 0) 0)
AN —& - hw(’l*')(el —& - hwa)
Usw U,
« _‘1)" 27
Lgy Lg,

where q = k, — kg and @ = —q.

When the quantity in Eq. (27) is multiplied by | x (Ugy.)I?
and averaged over the phonon amplitudes, the first line can-
cels out. Using the definition for the matrix elements in
Egs. (21), (22), (26), and (27) and transforming the second-
order eigenenergy correction to the diagonal gauge, as shown
in Appendix B, the energy correction results in

o ZZ[ |gmsm 2 (kt, O [Ugs|?
©) _ (0) 2
241 AN — hog. Ly

gnz,nl,)d (kl7 q)gnz,nl,)»(kl (l)flwqx

+
(€ — € — hwg) (¢ — € — hwg,)
( Uy qu>
(SA‘)“/ —_———
Lo Loy
_ NUg|?
+Zgnl o (K1 @ @) =5 (28)

2
Ly,

Note that conventlonally the electronic band structure is
evaluated for fixed nuclear positions (within the BO ap-
proximation); however, in the current framework it explicitly
depends on the displacement. In the context of EF any purely
electronic observable naturally comes out as a |x (Uq)\)l2 av-
erage. To make contact with the standard Fan-Migdal (FM)
and DW result, we average over Uy, using | )((Uq)\)l2 as a
weighting function. As before, the middle term of Eq. (28)
cancels out. The average energy renormalization is

_(2) |gnz n, (K, (l)|
=22 0w

241 2 €I

+ Zggi)nl;k.h(klﬁ q, (_])

(29)

The first term consists of the electron—one-phonon interaction
and the associated nonadiabatic corrections. This reproduces
the energy renormalization due to the well-known FM self-
energy [19,39,50], dressed with nonadiabatic interactions.
The second term consists of the electron-two-phonon interac-
tion. In Egs. (28) and (29) there are second-order terms with
nonadiabatic corrections entering through the dependence on
phonon frequencies, as well as additional dependence on
|Ugs. 2 /L(Zn. On the other hand, at this order there are no nona-
diabatic corrections to the last term of Eq. (29) originating
from the DW interaction. However, there will be corrections
to the off-diagonal DW terms, as we discuss next.

We continue to the evaluation of the off-diagonal elements
of 9® and 92 which are required for the second-order wave

EO’

function corrections. The expression for 9®) elements follows:
@) — [, O~ (2)] ., O)
Vad = (0 [0 [v”)

= Zgnz ny, AA/(kl’q’ q/

QN

@%7 (30)
Lgy. Loy

where ' = k, — k; — q, 1 € occupied states subspace, and
2 € unoccupied states subspace. The expression for the ()
off-diagonal matrix element in the parallel-transport gaug

allows for the construction of a differential equation for W. 2)
(derivation elaborated in Appendix A),

W = 1) = T 550

qXr
qA> 3D

With the evaluation of (W;O)h/f(z)) from the second-order
Sternheimer equation with the additional nonadiabatic po-
tential 92) and using the notation of V,7,W,7 for the
second-order matrix elements, the differential equation be-

comes

(2
— Bty ) ﬁququLqA<‘ﬁ§0)|
qr

1 a(vA +w)
Wy) =Y hwgUg, : :
Lieule g,

1 AT+ wW,?)
— Skk Z hiwgsLgy L. OO 3Uar -
qr 2 4
(32)

The derivation from here to the explicit form of the differential
equation is given in Appendix A, leading to

hw Ug Ug

() _ q’ a Yq'r

ankzqﬂlkl - Z 0) ©) <L L. (Skzk[SAA/
qr emk1 - enzkz 9% =g

< (82, vk q,q)+g0, (kg q)]

(2)
+ hwa U aw/nzkz Vl]k]
Z O _ O YT
qr mkg nyky q

2)

hag;. ka1 K
— Skoky Z q Loy Lo, noka,miky
0) 0) —9+™4 _ ’
qXr enlkl - 6nzkz aUq)‘aUq)‘
(33)
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where q' =k, —k; —q. The general solution of d%) can
include nonanalytical terms or polynomials that reﬂect non-
analytic behavior and meaningful physical constraints. Here
we introduce an analytical expression and reduce our solution
to a particular case. A particular solution to the differential

equation in terms of standard ab initio calculated quantities is

1
2) (2) (2)
Wk =D 2(8n2 mon &L q) +g), o (kL g, Q)
Qi

ha)q;\ + an)q/,,v
©)

Ky

- 8k1k28M’>~ 34

©0)
}’lel

(Gt
Ly Ly

€ — € — hwqx — ha)qw

Finally, we demonstrate the orbital changes in this level of
approximation. The second-order wave function correction in
the parallel-transport gauge reads

occ unocc ( 1) + Uééz)|¢§0))

) Z Z (€(0> e§°>)

3;&1 241

<¢(0)|( M+ véii)llﬁ(o)) ()
X (650) e(0)) lvs3”)

@)y
V)

unocc w(0)|v(2)+v;g())|w(o)>
o (0) (0))
3#1 €
unocc 0)|( (1)+A§B))|W(O))i

Z (0) _ 6}0))

2;&1

The correction to the single—particle KS states in the diagonal
gauge is evaluated as

[ws”)

[y ). (39)

oce oce

@) @) s |y 0) Q| 0)
i) = 1||+ZU 3|\+Zu ). (36)

following Gonze [28] and the derivation in Appendix C.
This shows that second-order wave function corrections ac-
count for modifications in the electronic KS states due to
the two-phonon interaction. It also marks a step toward a
self-consistent description of the solution, including mutual
NA phonon-induced interactions between multiple electronic
states.

IV. DISCUSSION

In the EF-DFPT method presented here we achieve explicit
expressions correcting the KS wave functions and band struc-
ture to second order in the displacement due to nonadiabatic
effects. The current method is rigorously derived from the
full Hamiltonian of electrons and nuclei, in contrast to the
commonly used model or Frohlich Hamiltonian starting point.
Thus in principle it accounts for all nonadiabatic effects.

There is further sensitivity in the choice of the perturbative
treatment applied to the Hamiltonian. Here we expand all
quantities of the GKS Hamiltonian and the nuclear Hamil-
tonian systematically in powers of the electron over nuclei
mass ratio. In principle, all orders of the mass ratio in the
EF potential can be accounted for. The EF-KS Hamiltonian

explicitly depends on the nuclear wave function through the
introduction of Dg,, which is a higher order term in the
mass ratio compared to the standard KS potential. The cor-
rected wave functions are conditional electronic states. For
localized nuclear wave functions, the characteristic zero-point
amplitude is of the order w!/4, which implies that the nu-
clear displacements should be assigned to the same order in
standard DFPT. This is a way for the mass dependence to
enter in DFPT because the BO potential energy surface and
the KS potential have no explicit dependence on the mass
ratio. Therefore, DFPT introduces some nonadiabatic effects,
whereas EF has systematically all orders of mass ratio.

We emphasize that the corrections to the electronic wave
functions derived above are in fact corrections to the con-
ditional quantities, i.e., the KS orbitals for a given nuclear
configuration. Consequently, the density evaluated from these
corrected wave functions is also the conditional one. An im-
portant feature of the presented approach is the ability to
quantify the nonadiabatic contribution in the corrections ex-
plicitly. This is reflected in the conditional wave functions and
density as well as in any observable evaluated as a function
of these quantities, such as the transition dipole moment in
optical absorption, the total energy, electron and spin polar-
ization, the dielectric screening function, and the electronic
self-energy, extending beyond their evaluation at the DFT
level, as well as in the update of the nuclear degrees of free-
dom.

It is possible to relate the band structure corrections to
self-energy corrections in Green’s function based methods
and associate the energy corrections derived here with a
nonadiabatic treatment of the Allen-Heine-Cardona (AHC)
theory [47]. The relation of the wave function corrections to
Green’s function based approaches is less straightforward. Al-
though both the KS wave functions and Green’s functions can
be used for the evaluation of the electronic density, it is cru-
cial to stress that in the current context the density evaluated
is the conditional one. Hence a potential mapping between
the different approaches requires introduction of nuclear con-
figuration dependence into the electronic Green’s function
or potentially casting the EF formalism into a many-body
Green’s function theory [51]. Such a mapping may benefit
from the computation of the corrections presented above.

We further note that, in the current derivation, temperature
effects are not taken into account. These can be added through
the electron Fermi-Dirac occupation function, f,x, and the
phonon Bose-Einstein occupation function, Ny, €.g., in the
density correction, Eq. (24) [52]. The theoretical framework
presented here is designed in principle for ground-state prop-
erties and the introduction of thermal excitation as reflected
in finite temperature should be addressed carefully. The ex-
tension of this approach to include thermal excitations and
fluctuations in the occupation in a time-dependent formalism
may provide an insight into nonadiabatic dynamical properties
in the system.

V. CONCLUSIONS

We have developed an ab initio EF-based framework for
the evaluation of the nonadiabatic signatures of electron-
lattice interaction in real materials. It allows for the explicit
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identification of these signatures in the electronic conditional
band structure, wave function, density, and properties derived
from them, framing them in terms of DFT/DFPT calculated
quantities. Thus these EF-based perturbative corrections can
be evaluated as a postprocessing step to standard DFT/DFPT
codes and their code implementation will be presented in a
follow-up work. Eventually, the perturbative corrections may
be used iteratively to address the self-consistent solution of
the nuclear and the electronic set of equations. Thus this
work takes a first step towards the full EF treatment of the
electron-lattice many-body problem in materials.
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APPENDIX A

Below we derive the vé matrix elements, using the no-
tations 1 = n;, kg and 2 = ny, k;. The expression for D, is
given in Eq. (18) with the orbital-dependent functional [39],

0 d
8g60_2M22< Wl 1ﬂ1>

oU,
where (1 — P,) = P. = > 3"“ |{3) (3] is the projector onto
the unoccupied subspace. By taking the functional derivative
of the &g, term in the total energy, the ., matrix element
given in Eq. (18) becomes
> @)

- P)

(AD)

<w2|f)geolw1>

Y3 \[ 03
Z Z <w ’ Uqs >< 3qu

i < 9 In|x|? Vi .
—qukz—a% <wz< P)aUqA> (if)
%y
ZZ<¢2 BU(;;aUqA> (iii)
<31/f2 0y > .
— (iv)
2M £\ U4 | 30
I3 Y
ZZ<% , >< ﬂ> (v). (A2

The second-order contribution to the matrix element of D,
is given by the sum of three terms. The first is the matrix

element of the second-order component of d(;) between the
unperturbed wave functions. The second and third are the
matrix elements of the first-order component @;}N), between an
unperturbed state and the first-order corrected state:

(Y2 |Dgeol Y1)
= (v [P [vr”) + (s [0 w1 ) + ("

ol 1)
(A3)

The perturbed KS states are subjected to orthonormaliza-
tion conditions,

i>1,
i=1,
(A4)

)+ o) = | ZR )

where i is the order of the perturbation and 1,2 are either both
occupied or both unoccupied states. The additional constraints
defining the parallel-transport gauge [28] are

(s i) = (w3 |ur”) = (AS)

1. Diagonal elements of 97

Using this gauge choice and expanding the terms in
Eq. (A2) for (1 |Dgeol1), up to second order in the displace-
ments Ug,, it is possible to show that terms (i) and (v), and
terms (ii), (iii), do not contribute at the second order. Thus this
choice of gauge allows a convenient representation of ﬁgg. To
show this explicitly, we first focus on (1) which can be written

as
d a
(z)———22< i ><w3 W > (A6)
Expanding the last factor we obtain
v o] v o|v1” 2
= —_— —_— ow).
<¢3 aqu> <3 aUg. | T\ 0, T @

In this term 1, 3 € occupied subspace. The derivative of the
unperturbed wave function with respect to the displacement is
zero; hence the first term vanishes. Due to the orthogonality of
the basis and the parallel-transport gauge, Egs. (A4) and (AS),
it follows that the second term vanishes as well and this factor
results in terms of O(U?). Therefore, since the first factor
(30 8'/'2 2| y3) s also OWU?), the (i) term is of order OU?).

Slmllarly, (v) is also of order O(U*) and therefore they do
not contribute at second order.

The diagonal elements in terms (ii) and (iii) consist of
(¥11(1 — Py) for 1 € occupied subspace. The projector, as
well as (1|, contain all orders of the perturbation. Therefore,
(ii) and (iii) vanish due to orthonormality.

The only contribution to the second-order diagonal ele-
ments comes from (iv). After expanding the wave functions
in (iv) and considering the gauge choice, the contributing
elements are constructed from the first-order perturbed wave
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function wl(l) [expressed in Eq. (23)]. Thus

1/,(1)
Wy,
_ Z WZOCC gf,z n, )\(kly q)gnz,nl,k(kl’ q)hqu
3 .
(€ — ¥ — o)

I/I(l)
W lgeolyrt)® = - Z<8UA
q

(A8)

Note that the degree of freedom of q is accounted for by the
sum over 2 = (noky), with ky = k; + q. From here we can
derive the diagonal matrix element W, = (y{”[02)|y/{”) as

= (" o vi”) = (o v”)
Z unX:W gn2 ni, A(klv q)gnz ny, A(k19 q)hqu
(7 =& — o)’
unocc

B Z Z 8nyony, A/(klv q)gnz,n|,x(kla Q)(Flwqw+ ha)qk)
(e o )@ o)

2 A 2
W = (Wil Dgeol )

A
Uz U,
« 2 Zah (A9)
Lgy Ly,
Since the factor
Gy .y 0 K1 W8y ny 5. (K1, Q) Uzv @ (A10)

(7 — e — o) (€ — " — hangs) Lav L
is symmetric with respect to interchanging qA with gA’ we
finally get the diagonal elements of ) as in Eq. (27).

geo

2. Off-diagonal elements of 2

To work out the off-diagonal terms of d() we turn back
to Eq. (A2) in its off-diagonal form and derive it to second
order. From the same considerations elaborated above terms
(i) and (v) do not contribute at this order. Term (iv), which
contributes to the diagonal part of d(), does not contribute to
the off-diagonal elements due to the gauge choice.

The remaining terms are (ii) and (iii). As before, these
terms consist of (y»|(1 — P,), where here 2 € unoccupied
subspace, in contrast to the diagonal case. Therefore, these
terms do not vanish. In the current case (Y, |(1 — P,) amounts
to the unperturbed wave function (1//2(0)|. The second-order

contribution of (ii) results in

2 2
_ 0 In|x| < ©
2M £ U,

0y
Uy,

_ U 00 97
XML U

0)],/.(2
_2:}‘16()(1)\(]@L (wz h[f )

T (Al1)

Similarly, the second-order contribution from (iii) follows

unocc 0) 2)
2MZZ ks Ky (ngt// >Uq)\. (A12)

These contributions add up to form the off-diagonal
(V2| Dgeolr1) @), We can deduce the matrix element of W2<1 ) fol-
lowing Eq. (A3) where (" 1d)191") = (y3" 10 1y(”) =
0 due to the block-off diagonality of the matrix elements in
the parallel-transport gauge. Therefore, we get a differential
equation, Eq. (31).

Here we adopt a verbose indexing notation, denoting the
orbitals explicitly by band and momenta, n;k;. To evaluate
the first and second derivatives in Eq. (31) we first evaluate

(wfg&z |wf“2{(1) from the nonadiabatic second-order Sternheimer

equation
P.(h® — )P,y ®)

= (2 + A2V~ RO+ DY) A1)

For nk € occupied subspace the consideration of the gauge
choice eliminates the second term on the right hand side of
the last equation. Projecting the equation on |1ﬁ,§?|)(z), we get

Vs, + Wi

©0) 2)\ _ ‘mkynk noka,nkq

< nzkz|wn1k1) - © _ 0 5 (A14)
6Vl]kl Ellzkz

with \/”(2]()2 ke Wn(?zlz ks defined above. Substitution of

Eq. (A14) 1n Eq (31) leads to the differential equation de-
termining w? 7k2 ik B4 (32).

In order to get an explicit form of this partial dlfferentlal
equation, one needs to work out the derivatives of ve 2k2 ks
The Vnik)z ik, term is given in Eq. (30). The derivative with
respect to the phonon displacements Uy, then follows

()

aVn ki, kg 2) U X 1
2K, — k ,q, A |
3qu ; |:gn2 ny,A A ( 2 q q )Lq’)\j Lq)L

1
L ¥ qu

N ] (A15)
where ' =k, — k| — q.

We follow with a second derivation with respect to Uy,
where Ug, = Uy; = U_gs.. This requires k, = k;. Hence

(212 . ) . .
Drdamba gy s k0.
dUq». kikz L g Lqx (g'lz o (K1, 4, Q)

+ gnz,n],)h,)t(kls (_13 (])) (A16)

In light of these derived expressions, Eqs. (A15) and (A16),
the differential equation in Eq. (32) leads to Eq. (33). The
solution to the differential equation (33) corresponds to the
sum of a multiple of the homogeneous solution and the par-
ticular one. We distinguish two cases: one where ki = k3,
leading to a second-order partial differential equation, and the
other where k; # k,, amounting to a first-order differential
equation. The particular solution for w® in Eq. (34)

noky,niky

contains both the k; = k; and k; # k, cases.

APPENDIX B

The transformation of the eigenenergies (Lagrange multi-
pliers) from the parallel-transport gauge [Egs. (A4) and (AS)]
to the diagonal gauge is done via a unitary transformation
matrix [28] and is shown below. The eigenvalues in the
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parallel-transport gauge for the first- and second-order correc-
tions are

einy = (W1 + a5 v (B1)
and
= I 20
+ (w00 + ol ) + (2”0l + o fv1”)

RPN BN +
(B2)

respectively.
The transformation from the parallel-transport gauge to the
diagonal gauge for the eigenvalues follows:

occ (l) 2

€)1.3.1
Z (0) (0) (B3)

3 & T4

2 _ 2
€1 = €11

and by substituting Eqs. (B1) and (B2) it becomes

occ |w§0)|v(”+v§l£|w(°))|2

(2) 1
€a1 = Z L0 _ . © (@)
241 1 2
O[a2) 1 a@)]..0)
+ (0 + o [vy”) ()

J

HUOO + ) ©
(w(o) A(l)‘i‘ A(l)|w1(1)) (d)
Ugeo
WV @

%(wf”|wf“)(e§°>+e§°>) . B

In order to get an analytical expression for efi }, we simplify

the terms. Using the definitions above for Eq (23) in the
parallel-transport gauge, the sum of terms (c)—(f') becomes

unocc O)|v(1) + U(l)’lﬂ(o)”
©+ (@) + () + (f) = Z R
21 € T &

(BS)

The second-order correction to the energies in the diag-
onal gauge follows the addition of all the terms, resulting
in Eq. (25). The first term in Eq. (25) consists of first-order
matrix elements that are given in Eqs. (21) and (22). The
second term in Eq. (25) consists of the diagonal elements of
the second-order matrix elements as in Eq. (26) and Eq. (27).
Hence the resulting term for the second-order correction to the
eigenenergies in the diagonal gauge becomes

Iqul

€a1 =

2) Z Z gm o, (K1, @) 8nyny 2 (K1, q) (€ (

241 AN

0 0 0 0
€ — € — hogy)(e]” - 5) hog) Lo Lo

o
Ussr Uy
) Uy U +Zg§f,)nl,u(k1,q q)

gﬂo i, (K1, @)gns 0. (K1, Q)Miwog;, U U
+ Z Z (3) - ](0) (0) 4 8)\)\/ — i—q)L
&~ hwflk’)(el — & - hwq/\) Lgyr Ly

2#1 AN

Yar Ugn

_ Z Z gnz Y ki, q)gnv ni, (K, q)ha)qx
o e — hog) Lav Lo

241 AN —& hwt‘lk’)( 50) -

(B6)

The sum of these leads to the more compact expression in Eq. (28).

APPENDIX C

Following the gauge transformation [28] the second-order correction to the orbitals in the diagonal gauge is given in Eq. (36).
The first term in Eq. (36) is the second-order correction to the wave function in the parallel-transport gauge, Eq. (35). The
following terms consist of the unitary transformation matrix, U4}3, to first and second order in the perturbation,

1=
ube=1" > (1)
1 _m, 1 75 3,
1 occ (l) _
Uz = 12#3 s | el @ ()0 = (C2)
- occ * *
B _m[( Uy € )"‘5|31_6 Ui ] 1#3.

These contain the first- and second-order Lagrange multipliers, as given in Eq. (B1) and Eq. (B2), respectively.
We continue by evaluating the second term in Eq. (36) and substitute Egs. (C1), (B1), and (23) in the parallel gauge:

occ occ (1)
(1)* (1) \31 (1)
Sl =3 | - | s -
3#1 3 3#£1

occ unocc w O)IU(I) + UL;())|¢/(O)) <w(0)|v(l) + ULCI)())|¢,(0))

Z Z (€0 =) : (€0 — ¢l

) v") (@3
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We then proceed to the third term in Eq. (36), which consists of the second-order transformation matrix, Eq (C2). The 3 = 1
term of the sum is

| & 5 oce <w(0)|v(1) + A(1)|w(0)>
2)% | (0)\ __ (1) ) 1 8eo (0)
ull |¢1 )— _EZWM |1/’ ) = 2 Z 0) ©) |1ﬂ1 > (C4)
4£1 4£1 €& T4
The off-diagonal term follows
occ occ u(l)* (1) )+€(2) (Uu(l)*
@)% (0)\ _ ( €134 131 — €a1 ©)
Zuw Ws ) - Z - €(0) _ 6(0) |1ﬂ3 ), (C5)
31 31 3 1
where, from Egs. (C1) and (B1), the first term in the numerator is
occ occ ((OIPNG! 1 ) 0) |~ (1 1 (]
S Ul =3 (0,100 + o v W3 [ + o) |y (©6)
€134 = (€ — ) ’
4 4 4 1
following Eq. (B2) the second term in the numerator is
1 unocc
2 0)|~2 A2 (0) )| ~(1 ~(1 (0)\/.1 (0)] ~(1 ~(1 ©0)
s = W3[0 + oo lul”) + 5 D0 (a0 + dgeal wa w85 + o |v”)
2
< ! + ! ) (C7
X
) (0) ) on )’
(65 —€¢)) (a6 &)
and the energy correction in the third term in the numerator E(Szli vanishes. Thus Eq. (C5) becomes
c O) a1 1 0)\/7,0) |~ (1 a1 ©0) c O~ 2 ©0)
UXLL:U(Z)*W(O) Ui:i w3 |00 + og [ N [0 + o) [y )W(O)) i (w3 [0 + D ¥ )|1ﬂ(0))
13 €@ — 0D — O, ORI
31 341 2 1 2 1 351 3 1
occ unocc O) [~(1) (1)],7,(0) O) | ~(1) (D) [47,©)
_ - Z Z w?’ |U + Ugeoth )<w2 |U + Ugeohbl ) ( 1 + 1 ) |w(0)> (C8)
(0) ) ) (0) (0) 0) :
3;&1 2 €& T (63 —& ) (61 -6 )

Substituting into Eq. (36) the terms in Egs. (35), (C3), (C4), and (C8) leads to

@) =-3 i Vi + W21 yoy 1 Z Vo' + Wz(ll)2 1y ) — f:mfc 2(11()04‘ Wy) (Vs +Wsy)) 1p0)

241 (E(O) (O)) 2;&1 50) (0)) 3;&1 2 ! 6§0))(6§0) - 650))
O Vz(11 : W3(11 ))(V3(21) + Ws(zl ) (0) - V2(11 : Wz(ll ))(V3(21) + W3(21)) ©
- Z Z (0) (0))(6(0) _ 6(0) + Z Z (0) (0))(6(0) _ 6(0)) il'l/3 )
3£ 2 €1 )\& 341 221 \&2 T € 3 1
_ 2 i unX:occ Vz(ll) + W) (V) + W) ( 1 " 1 ) W(O)> (C9)
LLT e @ @

with the definition (V)" + W,") = (y? 15D + el ). This corresponds to the second-order correction to the wave functions
in the diagonal gauge. By plugging in the matrix elements of 9, Egs. (21) and (30), and ,,,, Eqs. (22) and (34), one may get
the explicit expression for the second-order nonadiabatic wave function correction in terms of DFPT components.
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