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A computational method has been developed to compute the electron-phonon interactions using the projector
augmented wave method and finite displacements. Aluminium and diamond crystals are considered to test our
strategy. It is found that the potential derivatives are quickly convergent with respect to the supercell size.
Moreover the method is found to be efficient enough to densely sample the Brillouin zone and compute the
Eliashberg function and phonon lifetime without requiring the use to interpolations.
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I. INTRODUCTION

In material science, high throughput, and the subsequent
data mining and machine learning algorithms, have become
popular techniques to understand physical properties, or cor-
relation between physical properties, and to guide the discov-
ery of novel materials [1-4]. In many cases, the success of
theses approaches is inherited from the quality of the underly-
ing density functional theory (DFT) calculations, which pro-
vides most of the microscopic information needed to compute
measurable properties, and allows systematic applicability to
a variety of materials.

In bulk crystals, the electron-phonon interaction is the
basic mechanism that allows the electron and ion systems to
exchange energy. Therefore the strength of this interaction
may controls or affects the value of very different physical
properties such as the critical temperature of superconductors
[5,6], the electric and thermal conductivity of metals [7],
thermal melting under irradiation [8], or ferroelectric
instabilities [9].

If those properties are to be investigated using high
throughput calculations, an accurate, efficient, and automatic
method is necessary for the computation of the electron-
phonon interaction. Electron-phonon interactions can be accu-
rately computed using density functional perturbation theory
(DFPT) [10], or its extension to the GW method [11], but
the evaluation of most of the above mentioned quantities
require a very dense sampling of reciprocal space which
makes this approach computationally expensive. It has been
shown that it is possible to linearly interpolate the DFTP
results to a finer grid to obtain a convergent evaluation
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of several physical properties [12], but nowadays most of
the ab initio calculation of the electron-phonon interaction
are performed after a Wannier transformation of the Bloch
states followed by a back Fourier interpolation to reciprocal
space [13]. This approach has many advantages. At first it
is physically transparent, formally simple, and quite efficient.
However the Wannier transformation itself may be difficult
[14-16], leading to a computation which is not fully automatic
or computer controlled, and consequently making the high
throughput computing more difficult. Therefore an alternative
to the computation of the electron-phonon interaction based
on Wannier-Fourier interpolation may be useful in some cases.

In this paper, based on our previous works on phonon and
phonon-phonon interactions [17-20], we propose to compute
the electron-phonon interaction from the finite displacement
method and implemented our strategy when the projector aug-
mented wave (PAW) method is used to solve the independent
particle Schrodinger equation of DFT. Our approach require
no interpolation of the electron-phonon coupling function
since the evaluation of the matrix elements is performed in
real space using efficient grid techniques. Also, this strategy
requires no additional computer implementations when using
different exchange correlation potentials.

The paper is organized as follow. In Sec. II, for further
reference, the electron-phonon interaction is derived from the
reduced dynamics of the ions in the field of the electrons. In
particular, it is shown that the electrons influence the ions
dynamics through a vector potential much in the same way
an electromagnetic field influences the electrons motion. In
Sec. III, the electron-phonon interaction is expressed using
the quantities defining in the PAW method. In Sec. IV, we
provide the details of the numerical implementation. Finally,
in Sec. V, several quantities are computed for the diamond
and aluminium test cases to evidence the good accuracy
and efficiency of our method. The paper is concluded in
Sec. VL.

©2019 American Physical Society
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II. THE INTERACTION OF PHONONS WITH ELECTRONS
A. The nuclear Hamiltonian

The Schrodinger equation for the electronic and nuclear
degrees of freedom is written as

d
i W(r, R, 1) = HY(r, R 1), ey

where r and R denotes the set of electronic and atomic vector
positions, r = {r;,i =1,...,N,} and R = {R;;}. The index [
is used to label the NV primitive unit cells of the crystal and ©
the N, atoms in those unit cells. N, is the number of electrons.

The Hamiltonian can be split into the kinetic energy of the
nucleus plus an electronic part, which is independent of the
nuclear momentums,

H=T,+H,, (2)
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In the above equations, « label the Cartesian components, M,
and Z, are the atomic masses and atomic numbers, and e and
€¢ are the fundamental constants for the electronic charge and
vacuum permittivity.

The eigenstates and eigenenergies of the electronic Hamil-
tonian are parametrized by the nuclear positions,

H,®;(r;R) = E;(R)®;(r;R), (6)

and, according to Born and Huang [21], the total wave
function can be expanded with respect to those electronic
eigenstates,

W(r, R, 1) = Y (R, )P,(r;R). @)

The coefficients of this expansion, squared, gives the proba-
bility density at time ¢ for the nuclei to be in configuration R
and the electronic system in state i. Substituting Eq. (7) into
Eq. (1), multiplying with ®;(r; R)* and integrating over the
electronic degrees of freedom, one obtains an equation for the
xi(R, t). Defining the multicomponent phonon wave function,

xR ) =R, 1) 2R 1) - T, ®)

this equation can be written as

H,x(R, 1) ©))
= (Hpo + Hceo)x (R, 1), (10)

9
ii—x (R, 1) =
i a;X( )

where the matrix operators Hgo and Hcpo are defined by

[Hpolij = (T, + E;(R))d;;, (1)

> 9

0
[Hepolij = 2Z_W(q’i|m|¢j> c =+ (DT D),
It T T

Ry,
12)

where Hpg is the Born-Oppenheimer Hamiltonian and Hcgo
a correction. The splitting of the nuclear Hamiltonian H,
into an operator which is diagonal in the basis of electronic
eigenstates (Hpo) and a non diagonal part (Hcpo) is the con-
ventional way of writing the Schrddinger equation for x (R, 1).
Indeed, the neglect of Hcpo leads to the Born-Oppenheimer
approximation where the equations for the different electronic
states decouples [21].

However, a most illuminating form can also be obtained if
H, is expressed in term of the electronic matrix elements of
the nuclear momentum operators,

. 9
A = (P — ii——|D)). 13
It ( | l aerl j) ( )
Then, noticing that

9
— (D, N=—in
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lta
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T k
(14)

we obtain

+ A +V, (15)

where we have defined the matrices

0
[Pr.]ij = (Sij(_lhaRh)s (16)

[Arli; =AY |®;), (17)

.
= (@i — il
IR

It

[V]; = &;Ei(R). (18)

Clearly the matrix A;; is formally acting on the multicom-
ponents phonon wave function as the electromagnetic vector
potential is acting on an electronic wave function. This matrix
alone determine the coupling of the nuclear and electronic
degrees of freedom.

B. The phonon-electron Hamiltonian

In the previous section, we have evidenced that the matrix
of first-order derivatives determines the coupling between the
electronic and nuclear degrees of freedom. Therefore it can be
used to express the interaction of the phonons with electrons.

Phonons are defined in the harmonic approximation, when
in the Born-Oppenheinmer Hamiltonian, Eq. (11), the atomic
motion is simplified by expanding the potential energy around
a reference (equilibrium) configuration {R }, and truncating
this expansion to second order to obtain a functlon which is
quadratic in the ions positions. Phonons are then the single-
particle excitations of this approximate Hamiltonian. Since
different choices of phases for the phonon eigenvectors are
possible, we review this approximation in Appendix A. In
particular, it is shown that with our conventions the nuclear
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derivative operator can be written in terms of the phonon
creation and annihilation operators as

LD

The second-order term in Eq. (12) is a scalar which has no
matrix elements between states with a different number of
phonons. Therefore it will not be discussed in the following
since we will focus on phonon scattering. This leads us to
define the phonon-electron interaction as

1
Hpely = 3 3 Ave <_’h asz> <0

It

how e’q 1
q/ —at

—ih _qj).

19
aer 19)

It can be written as

(Hpelij = fZZ( iwq))ALL - ORY (aq; — a*,), (21)

qj It

where we have defined the atomic displacement in mode

qJj as
. h o
8qurj = —2M efrlJ e“l'Rl . (22)
\ tWqj

If a single-particle approximation is used, such that the
Kohn-Sham ansatz in density functional theory (DFT), the ®;
are Slater determinants. In a crystal, such Slater determinants
are defined by the list of occupation number over the first
Brillouin zone, {fx,}, where k and n are the electron wave
vectors and band indexes. Therefore we have

@i(r) = (rl{ fin}) (23)

1
= ﬁdet |91 (D) @hyny () -+ Prcymy, (O], (24)
where det(-) is the determinant of the single-particle Bloch
states ¢k, with energy €k, and the k;n; are the occupied states.

In this single-particle approximation, the derivative cou-
plings A;Jr can be expressed in term of the ¢y,. Indeed the
nuclear derivative acts as a one particle operator on a Slater
determinant,

det |@kyn, (D) Pkyny (T) - . . Piyony, ()]
IRy,
¢k, (ri)
gok]l‘ll (rl) li;lR—l/r (pk1n1 (rNg)
3‘/’ n (I'[)
Ne (pkgnz (rl) tee I:)ZR—ZIr (pkzn2 (rN,g)
i=1 .
Ik, ny, (i)
Ok, (1’1) TR Pk, (TN,)

(25)
therefore we obtain

=3 W e kal — i

kn k'n’

= Z Z an o Ak 27

kn k'n

3
o 26
IR, loww) (26

where y,” .. = (®il¢;" e |P;) is the one-particle transition
density matrix, and clfn and c¢y,, are the electron creation

and annihilation operators in the Bloch states ¢k, and @k, .
Clearly, the diagonal elements of the matrix Ak K are simply
Berry connections [22].

Using Eq. (27) in the above equation for H,,, we obtain

pe»
[Hpe]lj Z Z Z Z( l(,()qj )Ak %% (SR;“
\/_ n,K'n’ T
qj kn Kn
X Vlii,k’n/ (aqj —aly)) (28)

or, if the lattice periodicity is used,

[Hpe]lj _fZZZ<Z( la)(Ij)Aknkn ’ qu)

qj kn K

x Aq+K =Ky o (aq; —aty). 29)

where the function A(q) is 1 when q is a reciprocal lattice
vector, and 0 otherwise. To obtain the above equation, we
have used electronic wave functions normalized to 1 over
a primitive unit cell to compute Aﬁ;,k’n/ in Eq. (29); this
evidences the 1/+/N scaling of the Hamiltonian.

Finally the interaction Hamiltonian of phonons with elec-
trons is written as

Hpe = f Z Z ng(k” K'n', qj)(aqj — a’y)eg,cons

aj kn Kn
(30)

where the coupling function is defined by

g’ (kn,k'n, qj) = —iwg; Z (Ag;,k’ /

T

SRY)A(q +k —K).

€19}

From the point of view of electrons, the above equation
shows that the single-particle excitation of an electron from
a state ¢,y to @k, can only happen using a phonon of wave
vector q which allows conservation of the crystal momentum.
From the point of view of phonons, the above equation
shows that every phonon mode will be subject to a potential,
resulting from the electronic pair excitations, leading to the
creation and annihilation of phonons in that mode. This form
is therefore appropriate for many body perturbation theory in
the phonon system, and transport computations. For example,
it gives immediately the Boltzmann decay rate for phonons
(23]

1 2 1
—_— _2_ﬂ_ZZA(q+k/ k)(fkn fkn)

j kn k'n’
x |8 (kn, K'n', q))|*8(exn — €xw — iog;).  (32)

It should be noted that the coupling function we have
defined above is not exactly the one used to study the many
body electronic problem subject to a perturbation from the
lattice [24]. They are however closely related since

€kn — €k 7y .
¢ (kn, K'n', qj) = =—"g (kn.K'n', qj).  (33)
ha)q Jj
In particular, they become equal for processes conserving
energy.
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In the usual approach, based on Bloch [25] and Frohlich
[26] works, we look at the problem from the electrons point
of view. The lattice vibrations create a change in the potential
seen by electrons, which is then considered as a perturbation
which scatter the electrons between states of the unperturbed
system. g° is the probability amplitude for such a transition.
In the present approach the interaction of the phonons with
electrons is considered from the phonons point of view, as
a correction to the Born-Oppenheimer Hamiltonian, which
itself rely on the use of the adiabatic electronic wave func-
tions. In this approximation, the electronic energy, which
plays the role of potential energy for the ions, is computed
at the instantaneous positions of the ions. However the effect
on the ions of the change in the electronic wave functions in
the course of the motion is neglected. It is that correction,
Eq. (12), that we use to define the interaction of the phonon
with the electrons. Equation (33) shows that for energy con-
serving processes both point of views are equivalent because
the transition probabilities are the same. The reason for that
equivalence can be understood considering that the change in
the wave function, considered in the present approach, can be
related to the change in the potential used in the Bloch and
Frohlich approach, for example, using perturbation theory. For
higher-order processes, both approaches remains equivalent
as long as expectation values are consistently computed to
the same order [27,28]. We postpone this question to a future
study, and now focus on the computation of AY” ...

III. THE PROJECTOR AUGMENTED-WAVE METHOD
A. Formalism

In the next section, we will derive an explicit formula
for the computation of AY" |, = A, ., Within the projector
augmented-wave (PAW) formalism. Therefore, in this section,
we briefly review the main equations of the PAW method. For
a more comprehensive presentation of the method, the readers
should refer to the original references [29,30].

In a single-particle approach such that the DFT with the
Kohn-Sham ansatz, the eigenstates ®; are Slater determinants
built from Bloch wave functions obtained from a single-
particle Schrodinger equation,

2
heyn = ( - %Vz + U(I‘)><ﬂkn = €knPkn; (34)

where v(r) is a local potential.
When the PAW method is used to solve that equation, the
Bloch wave functions are written as

Pun(1) = Prn(0) + D _[P122.(0) = Gror. (O Prer|Pran). (35)
ItL

where
ei(kJrG)-r

~n = nG
Pran(r) ;ak( 75

= a(G)(rlk + G) (36)
G
is a pseudo-wave-function which is supposed to have a rapidly

convergent plane wave expansion. ¢;,;, and ¢;;; are atomic
and pseudoatomic orbitals, centered at positions R;;, and with

principal, orbital and azimuthal quantum numbers summa-
rized in the mixed index L = (n, [, m). For example,

¢l1:L(r) = ¢nlm(r; ZT) = ¢nlm(r - er)a (37)

¢nlm(r) = Rnl(r)Slm(f')- (38)

Sim(7) are real spherical harmonics at 7 = r/r. R, are radial
functions defined within the sphere S;; centered at R;; and
with radius s;;.

The functions p;,; appearing in Eq. (35) are known as
projectors. They are the dual functions of (]3hL in §;; which
go to zero at s;,. Therefore we have

(PreL|Pier) = dur, (39
and it is assumed that this set of functions is complete in S;;,
1= |G} Prrl- (40)

L

Substituting the above definitions into Eq. (35), one obtains

Pn(0) = Y @ (G)(r| Tk + G)
G

= an(G)xura(r) (41)

G

with

T =1+ lgrer) = IGrer) U Precl, (42)

ITL
xk+6(r) = (r| Tk + G). (43)

The previous equation can also be written as

lokn) = TPk, (44)

where the pseudo-wave-function @y, appears as the image of
the @y, through the transformation 7. The PAW method pro-
poses to compute the @, instead of the ¢y,. The equation that
is used to compute the @k, may be obtained by substituting
Eq. (44) into Eq. (34). One obtains

R Prn) = €xndlPxn) (45)

with
h=TThT, (46)
o=T"T. 47)

For practical ~calculations, the pseudo-Hamiltonian and over-
lap operator /& and 0 have been shown in ([29]) and ([30]) to
take the simple form

- R
h=—=V>4vu+Y > |pe)D () (Prr],  (48)

2m It LL
6=1+Y 3 1Per)Quu ) (Prer| (49)
It LL

with the PAW strength and overlap parameters given by
DLL’(Z.C) = (¢lrL|hr|¢l1L’) - <q;lrL|il1:|(§lrL’>a (50)

O (7)) = ($rer|bier) — (PrerlPrerr)- (51
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h, and h, are Hamiltonians and pseudo-Hamiltonian for
atom t.

The computational efficiency of the method depends on
the choices of the functions ¢;;z, @ and Pz since they
determine how soft will be the potentials in the pseudo-
Hamiltonian, and therefore how fast will be the convergence
of the plane wave expansion. In a typical calculation using
the VASP code [30-32], a cutoff corresponding to 7*|k +
G|?/2m = 520 eV was sufficient to obtain reliable electronic
structures and forces for most of the compounds in the Kyoto
Phonon database [4] and Materials Project library [1].

B. The electron-phonon interaction within the PAW formalism

We have shown in Sec. II that the interaction of the
electrons with the nuclear degrees of freedom is completely
determined by

9
A = (k| — iTh—— | o) 52
kn k'n <(pk | l 3R1: |(pk ) ( )

In particular, they allow to compute the coupling function
g’ (kn,K'n’, q).

As eigenfunctions of the Hamiltonians H, or h, the set
of functions ®; or ¢y, that we used to derive H, is always

J

In the PAW basis, the Schrodinger equation, Eq. (34), gives

complete for any value of the parameters R;;. However, in
actual calculations, the Hamiltonian is diagonalized using a
set of PAW basis functions, xk¢g, which is not complete, and
not even incomplete in the same manner for different values
of the parameters R;;. Several of those points were raised
by Savrasov in Refs. [33,34] and could be included as an
incomplete basis correction in his linear muffin-tin orbitals
(LMTO) calculations. Here we shall adapt the derivation to
the PAW method.

To make explicit the dependence on atomic positions, the
basis functions are written as

|xk+6:R) = T[R]k + G). (53)
The Bloch states are expanded as
Pk R) = Y @n(G3 R) x5 R) (54)
G

and we will need the matrix elements
Ok+G k+G6 = (Xk+G; Rlxk+c; R), (55)

hi g+ = O+ RIZR) xw+c; R). (56)

Those matrix elements obviously depend on the atomic posi-
tions, however the R dependence is omitted from the notation
for simplicity.

Y e (G R) = aoy(R) Y okiGireawn (G5 R), (57)
G’ G’
D k(G RY (i 6 146 )t (G R) = Sk oSyt (R). (58)
GG’

Taking the derivative with respect to R;;, the above equation becomes

dekn dakn(G; R)* ’
5 ’(Sn W—_— = — " h G AR G ;R
kol Onn o Z 4R, k+G.K+G i ( )
GG’
dh e, day, (G; R
£ Y (G Ry IR  (GR) + Y (65 R) s e L )
dsz der
GG’ GG’
day,(G;R)*
= €k Z Tltok+G,k’+G’ak’n’ (G';R)
GG’
dh 4G day,(G';R
Y (G Ry ERIE (GR) + et Y (G R 0 SR (s9)
deT dRII
GG, GG/
However,
. dak’n’(G,;R) .
Al ow = (G R)* o —in—E .(G:R)* :R| — i 63 R)aww (G R) (60
Ko %ak (G:R) 0k+G,k+G< h—R.. + ) akn(GiR) (xurc: R — i TR, e Rian (GR) - (60)
and
dhyic w46 d dh d
- = RlA|xw+g ;R + Rl— | xk+q; R) + :R|A|— xk+q; R). 61
4R, 4R, Xk+G Ixw+cs R) + (Xx+c |dRIT|Xk+G ) + (Xk+cs R |dRIr Xk+65 R) (61)
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Therefore combining Eqs. (59)—(61) gives

dexy, dh ,
Skt B o = (ekn—ek/ DA + ) (G R (s Rl 7~ w3 R (G5 R)

dR;: GG’
+ Y a(G; R)*< y
GG’

d
R KkHG3 R‘h — e | xw+6s R)akw (G';R)
It

+ Y a(GiR) (et Rl — e
GG’

—— XK ,;R ' G/;R . 62
R, XK+G >ak ( ) (62)

The PAW basis would be complete, the last two terms would vanish. In forces calculation they are the famous Pulay
corrections [35]. In particular, if kn = k’n’ we recover a formula which may be used in the computations of forces [36],

deg, dhy g x+6/ dOKk4G k+G’ ,
—_— = 2(G;R)* - — €kn . 2(G';R). 63
dR,. E ,ak ( ) ( 4R, €K dR,. akn( ) (63)

However, for kn = K'n’, the left-hand side of the above equation vanishes, and we obtain an equation for Akn w, - From their
definitions, the result can be expressed in term of the pseudooperators and pseudo-wave-functions. Using Egs. (46) and (53), we
obtain

.€kn — €K' T

g{;’t,k’n’ = _I%A{m,k’rﬂ (64)
dT dT+
- (G:R)*k+G T — ey ——TIK + Ga, (G;R 65
;}ak( ) (k + |de — T Jp— — e g TIK + Gaww (G R) (65)
dh dT Tt

=R WTT — €y ——T|Pww: R). 66
= (Px |der €K dR.. €k R, 2% ) (66)

The above equation is the central result of the section. However for a practical calculation one still need to express the derivative
of the operators i and 7 in term of known PAW quantities. The derivative of the pseudo-Hamiltonian is trivial. From Eq. (48),
one obtain

dh dv, dD ,(1 ')
= + YD 1) — = (pre|

dR;;  dRy; =
plrL>DLL’(lT)<plrL’| + |plrL>DLL’(lT)<dR Piz|- (67)
It
To compute the remaining terms, one should first notice that T+ is only nonzero in S;;. Then
i Zmz OUbrerl = (Brerl] ) o= D e — |Grer) N prer| (68)
der T T T dRr ~ T T T
= lps) (el o (l(blrL/)(plrL D- (69)
L
However, to obtain a more symmetric result, one might add to the previous equation
T | =0. 70
dR,, Z|¢, L) {Prec (70)
This gives
—D Mot Zo=(01e) Prevl) = Pres) e (1 Grer) (s (71)
dRZr L P\ QirL IrL )\PItL PizL)\Pr<L dR,, IrL )\PITL
= > Apren) R T Prerr| + |Prer) QiU T) ——— prers| (72)
LL dR;r
where matrix Qy; (I7) has been defined before at Eq. (51). The matrix Ry, (I7) is new. It is defined by
Ru (1) = (1|~ re1:) = (ot | o 73)
LT) = _— r) — _— ).
LL ITL der ITL ITL deT ITL
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While the matrix Qy;/(It) is Hermitian in the index L and L', R;;/(I7) is anti-Hermitian. Therefore, for the last two terms of

Eq. (66), we obtain
dT T+

T+ ow —o—T = (et — €ww) Y_ |Prer) R (1) (Prers| + €wow Y

der deT

LL

d
+ €xn Z |ﬁ]tL>QLL’(lT)<EplrL’
LL T

d
2 5 (1)) Prows
R, plrL>QLL( ) Prer |

LL

: (74)

Finally, collecting the results from Eqgs. (66), (67), and (74), we obtain the equation that is implemented numerically in the

next section,

! W)l (D).l (P),l (R),1
ok = Bk T Enten T Bk T Bk (75)
with
dv
N, /A
i kon = (‘Pka|E|<ﬂk'n',R), (76)
dDpp(I't")

g =3 > (@was Rlpros)

UI't' LL

pron | @k s R), 77
JR,. (Prvv Pk ) )

. _ d__ -
B = O (@i Rl =2 pres) (D1 (17) = e O IT) Prew [P R)

It

LL
_ - d _ |
+ (Pkns R|Pre) Dy (It) — €nQr (7)) mﬁlru Pk R, (78)
il = —(ekn — €ww) Y (Pn RIPrr) RLp (1) (Prer |fwew R). (79)

LL

Clearly, g, is Hermitian in the indices kn and k'n’, g ., = (gf(’,,,,,k”)*, as it should as a consequence of time
reversal symmetry. The coupling functions defined by Eqs. (31) and (33) are obtained from

fl(z) . .
g’ (kn, K'n', qj) = ———> " (g 1 - SRY)A(q + k' — k), (80)
€kn — €K'’ -
gk, k', qj) = (g RY)A(Q +K —K). 81)

T

IV. IMPLEMENTATION DETAILS

When one run a PAW calculation, the atomic functions
OieLs PieL, Pier, and Qpp/(It) are given as standard inputs,
while @k, (1), (Pirr|@Pkn; R), vi(r), and Dy (IT) are the stan-
dard outputs. To determine g{fmk/n, the derivatives of those
quantities with respect to atomic displacements need to be
computed. Our strategy is to perform those derivatives an-
alytically whenever possible, and otherwise from a finite
difference approximation obtained by displacing atoms from
their equilibrium positions. It is also the strategy that we use
to compute phonon spectrums [17] or to compute the anhar-
monic force constants [18,20] needed to obtain the lattice
thermal conductivity [19,20]. In those calculations, a rigorous
use of the crystal symmetry is needed to obtain a sufficient
accuracy. It will be our philosophy here too. Therefore the
atomic displacements used for the finite difference approxi-
mations will be exactly those used to obtained the harmonic
force constants. This will also ensure the compatibility of the
present approach with most of the available phonon codes.
In particular, this means the data needed for computing the
electron-phonon interactions will be obtained at no more cost
than a simple phonon calculation.

A. Derivatives of the local potential

Our goal in this section is to compute

sty = [ e G e )
! dR[T
using the same set of atomic displacements that is used to
obtain the phonon spectrum in the finite displacement method
[17]. In that method one considers a supercell which is the
N; x N, x N3 repetition of a conventional unit cell spanned
by the vectors A, Ay, As. Those lattice vectors are related to
the primitive cell lattice vectors a;, a,, a3 through an integer
matrix M, [A, Ay, A3] = [a;, ap, a3]M.

In the finite displacement method, the harmonic force
constants are computed between each atoms in the supercell
using a finite number of displacements d;. ;. The first index
[t label a few atoms in the conventional unit cell, which
are called independent because all others can be recovered
from them using space group operations. The second index j
number the displacements performed for atom /7. The number
is chosen such that application of the set of site symmetry
operations of atom /7, {S;;}, on d;; ; generates three linearly
independent displacements. For such displacements, —d,. ; is

174304-7



L. CHAPUT, ATSUSHI TOGO, AND ISAO TANAKA

PHYSICAL REVIEW B 100, 174304 (2019)

then added to list, if not already presents, in order to compte
the numerical derivatives using a central difference scheme.

Here we want to compte dv;(r)/dR;; using the same d;; ;.
To do that we can use the transformation law of the potential
derivative under the space group operations. Indeed, if {S|t} is
a space group operation, then

dv(r) _ (du({S[t)~'r)
de/r/ B der

, (83)

where R, is the image of R;; through that space group
operation,

Ryw = {SIt}R;r = SRz +t. (84)

If, however, we consider the site symmetry operations around
atom /7, then the transformation law becomes

dv(r)
Srdr‘ e =dy
( 1 l,]) deT It,j

] dvl(sﬁl(r —Ri:) +Ryp)
dR;;
~ 8u(S;;'(r — Ri.) + Ry die ;). (85)

In the second line, we defined Sv; to be the selfconsistent
change of the local potential, in the supercell, when the atom
It is displaced by d; ;. Therefore dv; can be obtained from
standard DFT calculations. Collecting such quantity for the
set of displacements d;; ; and for the set of site symmetry
operations S;;, Eq. (85) gives a linear system of equations for
the unknowns dv;(r)/dR,;, at each point r. This system is
overdetermined, therefore it is solved using the pseudoinverse
method in the same way that we obtain harmonic and anhar-
monic force constants. For further details see, for example,
Eq. (A12) in Ref. [18].

From the output of a supercell calculation, the local poten-
tial v;(r) is known at points r on a grid X; which is uniform
and parallel to the vectors NjA, N,A;, and N3Az. However
we want to compute gl((‘;)kl;/ for wave vectors belonging to
the first Brillouin zone, and not within the reciprocal cell
of the supercell to avoid complicated unfolding procedures.
Therefore the wave functions @g,(r) need to be obtained
from a calculation in the primitive cell. Consequently they are
known for points r on a grid x; which is parallel to the vectors
aj, a, as. The grids where the potential and wave functions
are known are therefore, in general, different. This prevents
from an accurate calculation of the integral in Eq. (82) using
a simple accumulation method.

To avoid this grid mismatch problem, and therefore de-
crease the numerical noise, we first compute the Fourier
components of the supercell potential using the usual fast
Fourier transform (FFT) algorithm [37]. Those components
are then used to compute the values of the potential at the
points x; where the wave function are known. To obtain those
values we used the newly develop nonuniform fast Fourier
transform (NFFT) algorithm [38] which allows to compute
the value of the potential at arbitrary points from its Fourier
components, but still preserving the N log N scalling of the
regular FFT. After this transformation, potential and wave
functions are known at the same points, which allows an easy
computation of the integral in Eq. (82).

B. Derivatives of the PAW strength

As for the local potential, we compute the derivative of
the PAW strength using the finite displacement method in the
supercell. To apply the method, we need the transformation
law of dDyrp/(I't")/dR;, under the space group operations.
The strength of the PAW potentials is defined by Eq. (50).
Therefore, when atom /7 is displaced by d;, ;, the strength is

Dy (U't'sdir ) = (o lhe[diz jllprer)

— (Groclheldic jlgror),  (86)
where h.[d;; ;] and fzf[dlw] are the self-consistent Hamilto-
nians obtained in the displaced configuration.

f&t first one can assume that the change of the orbitals ¢y,
or ¢;.; under a space group operation {S|t}, which bring atom

It to LT, is implemented using a linear operator Ugyy such
that

l
Usio|@um(T) = Y 1¢um(LT)) A}y, (87)

M=-1

where the matrix A}, is unitary with respect to the indices M
and m. Since the Hamiltonian transforms according to

+
hyp = U{Slt}hl’r’U{sma (88)
using d.7,; = Sd;;, j, we obtain
Dnlm,n’l’m’(l/f/; dlr,j)

l 4

= > > ASDuswrnw LT dir )Ny, (89)
M=—IM=-I

In matrix form, this is written as
D(L/T/;dLT,j) = AD('1/; d,w')AJ’. (90)

In the limit of small displacements, Taylor expanding this
equation gives

aD(L'T") aD(l't")
Sdj; i - —— =Ald;; ;- —— |AT. 91
It,j aRLT It,j 3er ( )
The right-hand side of the above equation,
D't
8, D(I'T) = A(d,, i ﬂ) AT 92)
] ’ 8le

~ ADI'tdy ) — DA'THAT,  (93)

can be computed from the output of the PAW calculations.
Therefore collecting those results for the set of displacements
d;;,; and site symmetry operations of atom /7, we obtain an
overdetermined set of equations for dD(L'T’)/0R;r which
is solved using the pseudoinverse method as in the previous
section.

From a practical point of view, to implement this method,
the matrix A needs to be known. Its expression is derived in
Appendix C.

C. Derivatives of projectors

The projectors (p;;1|@kn; R) which are needed to compute
€. are standard outputs of the PAW calculations. They
can be obtained from the expansion of the exponentials in
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Eq. (36) into Bessel functions and spherical harmonics using
the Rayleigh formula. Thanks to our definition of real spher-
ical harmonics, this expansion remains the same for complex
and real spherical harmonics. Therefore we have

(PreL|Prns R) = ) agn(G)e! S+ R
G

ei(k+G)'r
< [ @rnsnih—— o8
VQ

with the integral computed as explained above. P, (r) is the
radial function defining the projector.

The projector derivatives needed to compute gl((‘;?if;, can

be written in a similar way. A term by term derivative of the

above equation gives

d .
~ ~ _ . i(k+G)-R;;
<—dRh PreL @kn,R> = ; i(k 4 G)ag,(G)e '
; ei(k+G)'r
< f RS e 09

which can be computed using the same procedure than the
projectors themselves.

D. Derivatives of (pseudo)orbitals

In this section, we want to compute the matrix R, (IT)
defined at Eq. (73). This involves the calculation of the scalar
product

d
dRIr

<¢ml ¢m2>=— / d’r @ 1o OV Gy, (1), (96)

for orbitals and pseudo-orbitals. The angular part of the scalar
product can be computed analytically, while the radial part
requires to take the derivative and integrate the radial func-
tions R, (r) on a logarithmic grid in the atomic sphere around
each atom. Those calculations are straightforward but lengthy,
therefore they have been summarized in the Appendices D
and B.

V. RESULTS

In the previous sections, we obtained the formulas to com-
pute the electron-phonon coupling function using the PAW
method. In this section we apply our implementation using the
VASP code to some simple systems, aluminium and diamond,
to test the accuracy and convergence of the method. For the
conventional cells, the lattice parameters we obtain are respec-
tively as; = 4.04 A and ac = 3.57 A, and the electronic and
phonon band structures for both those systems are shown in
Figs. 1 and 4. Both systems are computed using the Perdew-
Burke-Ernzerhof (PBE) exchange correlation functional [39],
with an energy cutoff of 600 eV. The phonon states are
computed using the finite displacement method using different
supercell sizes. As shown on the figures below, 2 x 2 x 2,
3 x 3 x 3,and 4 x 4 x 4 multiples of the conventional cubic
cells are considered. The corresponding reciprocal cells are
sampled with respectively 6 x 6 x 6,4 x 4 x 4,and 3 x 3 x
3 uniformly distributed grid points.

\/ N
N~
N
5
(03 .
Aluminum
r X W K r L U X

10

8l /]
¥
= 6}
= I
3)
c
g
o 4f
o)
P -
(e

2,

Aluminum @x4x4
OF X W K T L U X

FIG. 1. Electron (top) and phonon (bottom) band structures for
aluminium. The Fermi level is shown using a red dashed line.
The results shown for phonons are obtained using the 4 x 4 x 4
supercell. The bands in green correspond to the states involved in
the calculation of the electron-phonon coupling function shown in
Fig. 2.

A. Aluminium

To plot the coupling function g¢(kn, K'n’, qj), we may fix
the initial electronic states g/, , the phonon band index j, the
band of the final electronic state n, and discuss the probability
amplitude for an electron in state ¢x,,, when scattered by
a phonon in mode qj, to end up in state ¢g, with k =
k' 4+ q + G. However, the electron and phonon states may be
degenerate. In this case, the quantity that we consider is

1 YD g tn K, q )P, 97)

En8j8n no

lgl* =

where the sums run over the degenerate bands, and g, g,» and
g; are the number of those bands for electrons and phonons,
respectively.

The result of such calculation is shown in Fig. 2 for
aluminium, for the three supercell sizes we consider, and for
selected electron and phonon states which are easily extracted
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0.5
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g
0
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FIG. 2. Electron-phonon coupling functions g° for aluminium.
The electron and phonon bands and wave vectors are selected as
described in the text. The graphs shows the different contributions to
the total coupling functions. The notations are defined in Egs. (76)—
(79). The difterent gray intensities correspond to different supercell
sizes.

from the numerical data. For the initial state, we consider the
first unoccupied states at the zone center. Its energy (ex,y ~
20 eV) is triply degenerates, and the eigenstates belongs to
the irreducible representation I',s. We take the final state to
be the lowest energy state in our energy windows, except
along the WK direction where we merge with the ¥; band
of the 'K direction. For the phonon state, we select the
highest frequency state, except along the WK direction where
we merge with the (l/ﬁ, l/ﬁ, 0) eigenstate of the 'K
direction. They are represented with green lines in Fig. 1.

Figure 2 shows the result of our calculations for the dif-
ferent supercell sizes that we have considered. The results
are almost superimposed. This proves that the perturbation
created in the potential is localized enough for the electron-
phonon coupling to be computed using the finite displacement
method. Figure 2 shows also the contributions of g and g*
to the total coupling function g, as defined by Eqgs. (75)—(79).
g'? and g® are negligibly small and therefore are not shown.
May be surprisingly, |g| is significantly less than the sum
of |g")| and |g®”|, denoting an out of phase behavior. The
electron-phonon coupling seems to be zero along the I'-X-W
path. This can be explained as follow. Considering a nearest-
neighbor interactions model, for the branch that we consider,
the phonon eigenvectors are along the axes of the cube in
the T'X and XW directions. In particular, e'l13 =1 0 0.
Therefore

e ’or . ~ dV ~
8 (kl’l, K'n s (U) & <(pkn|E|€0k’n’>v

o {Prnl (1S11) (Sool + 1S00) (S11D1@sn)

where in the second line, we represent the derivative of the
potential as an electric-dipole operator in the x direction. The
initial states belongs to the F;S representation, and therefore
transforms like xy, yz, and zx, which are orthogonal to Soy and
S11 and therefore gives a vanishing electron-phonon coupling.

. — 2X2%2
Aluminum 3x3x3
08l —4x4x4 |
0.6 8
w
O
()
04} .
0.2r v b
0 L L L
0 2 4 6 8 10
]
Alum; ——DOS
uminuim —— k=16x16x16, T=300K
08l k=20x20x20, T=300K |
: —— k=30x30x30, T=300K
- — k=30x30x30, T=1K
0.6 .
[a\}
3
0.4+ 8
\
02+ R i
0 e L I I
0 2 4 6 8 10
Frequency (THz)

FIG. 3. (Top) Phonon density of states per degree of freedom
for different supercell sizes. (Bottom) Eliashberg function at 1 and
300 K, for several sampling of the Brillouin zone. The 2 x 2 x 2
supercell is used for the calculation. The Eliashberg function at 1 K
is shown using dashed line, and the values at 300 K with continuous
lines.

The final state belongs to the A; representation along I'X
and to Z; along XW, whose basis functions transform like x.
Therefore a zero coupling can only result from a choice of
initial state, as in the present case.

In Fig. 3 (down), we consider the isotropic Eliashberg
function [40,41],

l 1 )/qj
- Y 5w — wgi),
AN N %: 0q; (@ = @q;)

o’F (w) =
where N(u) is the electronic density of states, per spin and
per atom, at the chemical potential , and yq; = 1/214;, the
phonon linewidth. Our definition may be slightly different
from previous implementations [12], since we allow N(w)
and 74; to depend on temperature. The tetrahedron method is
used to perform the Brillouin zone integration in the previous
equation, and in Eq. (32) as well to get the phonon lifetime.
We used the 2 x 2 x 2 supercell to perform the calculation.
We observe that the Eliashberg function is converged for a
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FIG. 4. Electron (top) and phonon (bottom) bands structure for
diamond. The Fermi level is shown using a red dashed line. The re-
sults shown for phonons are obtained using the 4 x 4 x 4 supercell.

30 x 30 x 30 sampling of the Brillouin zone, and take values
which are very close for 1 K and 300 K. From Fig. 3 (top), we
notice that the phonon spectrum itself is difficult to converges
with respect to the supercell size. Indeed, for small supercell
size, the Van Hove singularities seem to be poorly described
[42].

Using the Eliashberg function, one can compute the aver-
age coupling strength A,

+00 d
A=2 / 99 V2 F(w), (98)
0 w

which allow to obtain an estimate for the critical temperature
T. of BCS superconductors using the modified McMillan
formula [43,44], or, in a first approximation, to estimate to
electron lifetime 7, due to phonon scattering, around the Fermi
energy [45]. We obtain 0.37 at 300 K, which is in good
agreement with Ref. [12] (0.37), and 0.40 at 1 K, which is
lower than 0.44, the value reported in Ref. [34]. In both the
previous references the local density approximation (LDA)
is used for the exchange correlation potential. If we use the
LDA to compute the electron-phonon interaction within our

0.5
Diamond 2x2x2
+—— Diamond 3x3x3 o
0.4 —Diamond 4x4x4
\ 2N _
0.3
= \\\ % W /\
Q/ A/ —]
o) N
0.2t \ //
/\ g(P)
0.1 \
— -
P 9"
OF X W K B T L U X

FIG. 5. Electron-phonon coupling functions g for diamond. The
graphs shows the different contributions to the total coupling func-
tions. The notations are defined in Eqs. (76)—(79). The different
colours correspond to different supercell sizes.

implementation, we obtain 0.45 at 1 K, and 0.36 at 300 K, in
good agreement with the published results.

B. Diamond

For diamond, we chose the initial electronic state to be
the state at the top of the valance band at the zone center.
This state is degenerated three times, and belongs to the F§5
representation. The phonon path is shown in Fig. 4, and the
band index correspond to the green line in this figure. We have
chosen the highest optical band, except in the 'K direction
where we have chosen the X; band. The final electronic states
are taken at the top of the valence band, except in the I'X
direction where we have considered the A5 band which is two
times degenerated.

|g| is plotted in Fig. 5, and takes values around 0.3 eV along
the path we have chosen, in good agreement with Ref. [13].
The results seem to be well converged with respect to su-
percell size in most directions. Nevertheless the convergence
appears to be more difficult in the 'K and I'L directions.

In the T'L direction, the eigenvectors of the longitudinal
optical mode (LO) that we are considering can be written as
[46]

QUL0 _ 1l q (99)

: V24

1
eI = 5 X (i¢Lo(q)>g,

(100)
In Fig. 6 (top), we have plotted the phase angle ¢; o(q) and the
phonon frequency wo(q) along the I'L direction for different
supercell sizes. The phase angle we obtain is, of course, the
same for the different sizes. However the frequency is poorly
converged. In Fig. 6 (bottom), the derivative of the potential,
in the [111] direction, with respect to the position of the
second carbon atom, is plotted for the different supercell sizes.
It appears to be well converged already for the 2 x 2 x 2
supercell. Therefore the more difficult convergence of |g| in
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FIG. 6. Frequency and phase angle of the longitudinal optical
mode of diamond along the I'L direction computed using 2 x 2 x 2,
3x3x3, and 4 x 4 x 4 supercells. The derivative of the local
potential with respect to atom at [1/4 1/4 1/4] is also shown for
the three supercell sizes.

the 'K and I' L directions can be attributed to the phonon band
structure itself, and understood as a limitation of supercell
approach.

In Fig. 5, |g| is decomposed into the different contributions
coming from the PAW method. g» and g® are small, but not
negligible however. Moreover, |g| is almost the sum of 1gv],
1g®], |g], and |g®|, which means that those components
are roughly in phase, unlike the aluminium case.

In Figs. 7 and 8, we consider p-doped diamond in the rigid
band approximation, at 300 K, and compute several quantities
as functions of the chemical potential. The 2 x 2 x 2 super-
cell is used for those computations, and a 40 x 40 x 40 mesh
is used to sample the Brillouin zone. We consider chemical
potentials in the range from €f to €z — 1.5 eV; this correspond
to a doping up to 0.2 holes per primitive unit cell.

In Fig. 7 (bottom), we observe that between €7 and €p —
1.5 eV the average electron-phonon coupling increase from
0 to 0.4 as the doping is increased. Our results follow the
behavior of the computations reported in Ref. [47], and our
values for A are in reasonable agreement with those of the
above mentioned reference, which uses the LDA. We per-
formed the computations with both the GGA and the LDA

0.2+

17.9

N()

Number of electron per cell

0.4
: —-—GGA

0351 PRy ~oLDA |

0.25 1
0.15 1

0.1r 1

0.05 - b

-1.5 -1 -0.5 6
u(eV)

FIG. 7. (Top) Density of states and number of doping electrons
as functions of the chemical potential. (Bottom) Average electron-
phonon coupling as a function of the chemical potential at 300 K.
Chemical potential is measured with respect to the valence-band
maximum. For those computations, we used the 2 x 2 x 2 supercell
and a 40 x 40 x 40 sampling of the Brillouin zone.

for the exchange correlation potential; they give very similar
results.

The Eliashberg function and the reciprocal phonon lifetime
are plotted in Figs. 8 and 9 for several chemical potentials,
from light to heavy doping. As we move closer to the top
of the valence band, the Eliashberg function localises around
the optical mode of the phonon spectrum as a result of
decreased values for 1/74; over the rest of the spectrum.
From Egq. (32), in the limit of low temperatures, together with
the delta functions which take care of the conservation of
energy and momentum, this is a consequence of the factor
(O(er — €xw) — O(€r — €x,)) Which insures that the states
k'n’ and kn must be occupied and unoccupied, respectively.
When €f is at the top of the valence band, due to the large
electronic band gap of diamond, E;°* = 4.1 eV, no phonon
have enough energy fiwq; < fiwy = 0.16 €V to find an empty
state. However, when €f is close but below the top of the
valence band (ey), electrons may be scattered to empty states

by phonons with wave vectors g < 2\/ Qm/I)(ey — €r) +
2mc/h if we are considering acoustic phonons with group
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FIG. 8. Eliashberg function a as functions of the phonon fre-
quency for different chemical potentials, from 0.1 to 1.5 eV, every
0.1 eV, below the valence-band maximum. The curves are shifted
upward by 0.25 from the previous one for clarity.

velocity ¢, org < v/ (2m/ 1i?)iwy if we are considering optical
phonons. For small enough doping, the number of available
phonons is therefore larger in the optical bands than in the
acoustics bands, as observed in Fig. 8.

VI. CONCLUSIONS

In this work, we have developed a formalism based on the
PAW method to compute electron-phonon interactions from
finite displacements.

Our approach has been implemented as a computer code,
and has been used to computed several quantities. It is found
that the electron-phonon interactions g decompose into four

10°
1001
N 10°+
I
=
£
= qo10
10715 ¢
1020 SOk, (O i BN N
0 5 10 15 20 25 30 35 40
w (THz)
FIG. 9. Phonon lifetime as a function of the phonon frequency
for two different values of the chemical potentials. The u = —0.1 eV
value is shown with black circles and the © = —1.5 eV value using

light gray circles.

contributions inherited from the PAW transformation. The first
g involves the derivative of the local part of the potential,
and the second g'¥) the derivative of the projector functions.
They are the two main contributions to g in the examples
we have tested. The remaining two contributions g and
g® involve the derivative of the strength of the non local
part of the potential, and the derivative of the local orbitals.
They are small in the examples we have considered. While
the computation of g is simple and fast in reciprocal space,
the computation of g’ is performed in real space and re-
quires subtile grid techniques to be efficient and accurate. The
use of different exchange correlation functionals is therefore
straightforward, as shown in the results section. It is found that
the derivatives of the local and non local potentials are quickly
convergent with respect to the supercell size. This guaranties
the applicability of our approach if the finite displacement
method can be used to obtain the phonon spectrum. Moreover,
for the examples we have considered, we have shown that
our strategy allows computing the Eliashberg function and
the phonon lifetime without the need for an interpolation
method, or a Wannier transformation, to perform the Brillouin
zone integration. If this is confirmed for more complicated
systems this will be an advantage to perform high-throughput
calculations. However more testing is required, and this will
be the purpose of future works.

APPENDIX A: PHONONS

When in Eq. (11) the potential energy is expanded to sec-
ond order in the atomic displacements around the equilibrium

positions Rw the Hamiltonian becomes

92
[Hgolii ~ Z—

2M. OR}
02E;
+ - SRjzq————— 3Ry (Al
; [; l aR?‘wzaR?’t’a : ( )
—Zhw» a*a‘+l (A2)
= L "%\ 4% T 5 )
qj
where we have used the notation dR;;o = Rjzo — le In the

last line, the phonon Hamiltonian has been rewritten using the
annihilation and creation operators for a phonon with wave
vector q and band index j. They are defined by

g it U
V 2h %:
i 1 ad
M. SR, —_— —ih s A3
) < POt Wq; VM < l 8le)) (A3

w, 1ql
=5 S

i 1 0
X [ VMOR1zq — — —ih . (A4
( o wq;j /M- < l ale)) A
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where w? . and e, are the eigenvalues and eigenvectors of the dynamical matrix

qj
o1 O 1
D eyl = E ’q'l d . A5
rave () It ¢ \/E 8R8rozaR?’t’a VM .

For further reference we recall that the creation and annihilation operators fulfill the canonical commutation relations

+ 91— S
[aqj, aq,j,] = Sq,q/éjjr, [aqj, aqu/] = [Clqj, Clq/jr] = O, (A6)
which gives the eigenvalues and eigenstates of [Hpol;i,

1
E{nqj} = Z ha)qj (I’lqj + E), (A7)

qj

(aF o)
ling}) = [ [ —F=10). (A8)
ai V!
{ng;} is the list of phonon occupation number ng; =0, 1,2, ... over the first Brillouin zone, and |0) is the product of 3NN

ground states of one dimensional linear harmonic oscillators.
Strictly speaking all of the above phonon properties depends on the particular electronic states i that we consider. For example

we should write a)f1 ; instead of agq;. This is however not consider in the present paper.

APPENDIX B: SPHERICAL HARMONICS AND LEGENDRE FUNCTIONS
The complex spherical harmonics we use are defined by
Yin(0, ) = (=1)"NinPin(cos )™, 120, —I<m<l,

2+ 1 (1 —m)!

Nm: s
! (I 4+ m)!

dm
Pin(x) = (1 - x2>m/2d—sz<x>, [>0,m>0,

Pi(x) = 2,l,dl<2 .

P, are the Legendre functions, and P, the associated Legendre functions. The associated Legendre functions with negative
values of / and/or m are obtained from

i = ImD!
I+ Im])!
Poin(6) = Pr_i().

Using these equations, the real spherical harmonics defined by Eq. (C4) can be written as

P (x) = (— Py (),

V2cos(lmlg) if m>0

Sl,m(f) = ]vllm\Pl\ml(COS 0)yx 1 if m=0 (B1)
V2sin(mlg) if m<0
= Nyt Primi (€08 8) X ¢ (). (B2)

The associated Legendre functions are shown to fulfill a few useful formulas. One has the recurrence relations [48],

vi-— x2 sz = [sz+1(X) —(+m) —m+ 1Py (x)],

1 l
ﬁplm(x) = 2_[Pl+1m+1 + (U —m+ DU —m~+2)P1m-1(x)],
V1= x2P(x) = 27 + ] [Pt 1 () = P_g g1 (0],
V1= x2P,,(x) = _[(l +m— DU+ mP_y 1 (x) — (@ —m+ 1) —m~+2)Py 1 (¥)],
[+m [—m+1
Py = Pr1m ———Pim s
XPim(x) TR (x) + Tt ()

174304-14



FINITE-DISPLACEMENT COMPUTATION OF THE ... PHYSICAL REVIEW B 100, 174304 (2019)

and the multiplication formula,

I+
(I —my —m)!(ly +m)'(l + my)!
By (X)Plomy () = (=1 @l +1)
" o 1=\Z,Z42\ \/(l +my +m)!l(ly —m)(l — my)!
L L 1 L I l
) (O 0 0) <m1 my; —mp — m2>le‘+m2 (x) (B3)
L+
= Z glllml,lzrnzplm1+mz ()C) (B4)

I=|h—=bh|

where the Wigner 3-j symbols appearing in this equation can be computed from [49]

l l l ZlL—m
(2 ) = B 1) = BN = 4 BN ) (B5)

o (l +m)!U — m)!(l + m) !l — ma)! (3 + m3)!(l3 — m3)!
h+bh+bh+1)
(=)
x Z .
— Kkl + b= L= —m — (b +my — N3 — b4 my + k)5 — L —my + k)

(B6)

The coefficients g}, , . in Eq. (B4) are slightly modified versions of the Gaunt coefficients [48].
Finally, the integrals of associated Legendre functions are known for [ > m > 0 [50],

2 if l=m=0
2m [/ d+m)! :
! T [T=m)2Ia+m)2I A+ 1) if [ and m areeven
Alm == X dXP[m(x) - m (+D)\(I+m)! i d d4d .
- 2T a1/ 212 [ —m) 21+ m) 2T, ! and  /m are o
0 otherwise

The other values can be deduced from the definition of P, for negative values of / or m.
Using this last result with the multiplication formula, we can compute the integrals of product of associated Legendre
functions. For example,

1
1
1121,:;12 :/ dxpllml (-x)Plzmz(x)
-1
L+l
= Z glllml,lzmzAlmH—mzv (B7)

I=|l—bh|

for any integral value of [;, I, m, and m.

APPENDIX C: ROTATION OF PAW STRENGTH

We know that the complex spherical harmonics Y;,,(7), under a rotation R parametrized by the Euler angles «, 8, and y,
transforms according to

1
RYj(#) = Yin(R™'#) = D Yip (F)Dy (e, . ¥), (1
m=—I
where Dfn,m (e, B, y) is the Wigner matrix [49],
Dl (e B.y) = e (Im'|e™ L/ Im)e =™ (C2)

For an improper rotation S, which can appear in the set of space group operations, we simply write S = Ri, where i is the
inversion. This gives

!
SYim(F) =Y Yiw (M Dy (t, B, ¥) (C3)

m'=—1

with D!, (e, B,y) = (=1)'D., (a, B, ¥).
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The real spherical harmonics that we use can be related to the complex spherical harmonics as

where

This gives

Slm(;.)

1

m'm l/«/i

0

and A! is unitary because C! and D' are.

APPENDIX D: DERIVATIVES OF (PSEUDO)ORBITALS: DERIVATION

Z Yim: (F)Cpy

m'=—l

if m=m=0

(=1y"/N2 if m=m' and m >0
1/V2

if m=—-m

if m=m and m<0

(—=1y"/i2 if m=-m

otherwise

AZ — C[+DZC1,

and m>0

and m<0

(C4)

(C5)

(C6)

In this section, we want to compute the matrix Ry, ({t) which is defined at Eq. (73). To obtain the final formula we will need

several properties of the associated Legendre functions P,,,(x) which have been summarized in Appendix B.

To obtain R, (I/7), we need to compute

<¢IIL1

d *
E¢IIL2> = —/d3r¢n11,ml )V ym, (1).

Using spherical coordinates, the gradient of an orbital can be written as

V¢nlm(r) =

dRy(r)

dr

S;m(F) sin 0 cos ¢ R
Sim(®)sinf sing | + n(r)
Sim(T) cos 6

VR (r)Sim(®) + Ry (r)VS;, (£)

r

S (£)
5o~ cos 6 cosg —

3Sim
St ® cos sm<p +

(D1)

The angular derivatives can be computed using Eq. (B2) and the recurrence relations in Appendix B. Using x = cosf, —1 <

x < 1, we obtain

de

ISim(®) _

a0

1
2

= Nijm| Pijm (X)C;, (@),

=N Cn (@) Prm+1(x) — (L + [mD( — [m]| + 1Py -1 (x)].

To perform the integration in Eq. (D1), it is useful to rewrite this equation as a matrix product splitting the coordinates r, ¢,

and x.
dR,(r)
V@uim(r) =Npjm| dl
R, (V)
+ Nijm l
(7
+ N 1( )

Cm COS @
0
0

Cn COS @
0
0

), sing
0
0

Cp SIN @

0
Cm SIN @
0

0
c), cos
0

)

0

V1 = x2Pyjp (x)
Vv 1- XZP”m|(X)

xpl\m\(x)

— 3 [Py () — (LA 1mDA = Im] A+ Dx P -1 (¥)]
_%[xpllmHl(x) - (l + |m|)(l - |m| + 1)xPl|m\—l(x)]

HNVT = X2Pyp1(x) = (L + [m))(I = |m] + DV/T = 2Py -1 ()]

—ﬁﬂw(x)

7= Pimi ()
0
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Using again the recurrence relations for associated Legendre function in Appendix B, this can be simplified to

Nijm; dRy(r) Ny Ru(r) nl()

Vnm - oA e
Puin(®) = S " ar 200+ 1)

1
T () A Py (x) — T (0)B 1) Prjmy (X) — N == 2T (@) C g Py (),

where we have defined

T&((p) = diag(c,, cos @, ¢, Sin @, cp),

/ /

m(go) = d1ag<|c— sin ¢, S cos ¢, 0) if m# 0, and T olp) =0,

I Im|
0 0 -1 0 0 1
Ay =10 0 -1 0 0 1],
O I+m O O I—im+1 O
—({ + m)U —|m|+ D)+ |m| — 1) 0 [+ |m|+1
By = | =+ ImDU — Im| + 1)+ |m[ = 1) 0 [+ |m|+1
0 —Q14+2)I + |m)) 0
—( + |m))(I — |m| + 1) — |m| + 2) 0 [ — |m|
=+ Im){A — |m| + D) — |m| + 2) 0 I —1ml |,
0 2[(1 — |m| + 1) 0

00 0 (—|m+DI—=Im+2 0 1
Cim=10 0 0 —(U—-Im+D(—-|m+2) 0 -1},
0 0 0 0 0 0

P (X) = [P—1im=1(X)s Pr—1pm) )y Pr—timg+1()s Prgtjm)—1 () Pregtjm (), Prgtjmp1 OT

This gives
Ny, 1N my| Ny, 1N my |
/d3r¢:111m1 (r)v¢”212”12 (r)= 1211—_'_212 nily, nzloT%ImZAlz\mz\Pll\ml\ bimy| — 21(2;—4_21)2 mly, nzlzTSqszlaIm?lPhlmll Limy|
1
- ENII\ml\]vlz|m2|Rr111Zl,nzlzT:nlmZC12|mz|Pll|m1|~lz\mz| (D2)
with the radial integrals defined as
0 dR,,1, (1)
Ryt = / drriRy,, (r)—c;; , (D3)
0
1 o 2 Vlzlz (V)
Rnll] I’l212 - drr Rnl 1( ) (D4)
0

The other matrices in Eq. (D2) are integrals of the quantities defined above.
The elements of matrix Py, || 1,1m,| are integral of a product of two associated Legendre functions,

1
Py, bims| = /ldxl’lmmm(x)Pzz\mﬂ(x)

— [7lilmil lijmi] Iylmy| lijmy] Iilmy| li|mi| t
= []12—1|m2|—1’ Ly it I St imar1 Tottima) =10 Lot 12+1\m2\+1]

Therefore they can be computed using Gaunt coefficients, as explained in Appendix B at Eq. (B7).
The integrals over the azimuthal angle are

Tom = /0 g Cm, (@) T, ()

T if mymy > Oand |m; —my| =1

{ﬁn if(m; =0my, = 1)or(m = 1my =0)

= diag| (—msg(im +my) if mymy < Oand|m +my| =1 ,
{ﬁn if(m; =0my, = —1)or(m; = —1my =0)

2 if my) = nmyp
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2
Trlnlmz = / d(p Cm] (gﬂ)T}nz (‘P)
0

{n sg(my)sg(m; — my)
o

if mymp > 0and|m1 —m2| =1

if(m =0my = 1)

= diag| (7 sg(m;) if mmy < Oand|m; +my| =1
2 if(m =0m, =—1)
0
Collecting the above results, we obtain for Ry, 1, (I7)
N i N o <
Ry, (t) = - ﬁ( i, = Rty nots) Tovsns Ats s Py s

Niimi Niyima| (1 51 0

+ 21(2112 +21)2 (Rn]ll,nzlz _Rnlll,nzlz)Tm]szlzlmz\Pll|m1\-,12|m2|
1 1 51 1

+ ENll|ml|le\m2\(Rnlll,nzlz = Ryt na) Ty Citomsl Pty i) (D5)

where RS’} ,, are the radial integrals computed with the pseudo-orbiltals.
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