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First-principles calculation of atomic force in the LSDA + U formalism

Se Young Park and Hyoung Joon Choi*
Department of Physics and IPAP, Yonsei University, Seoul 120-749, Korea
(Received 2 February 2009; revised manuscript received 15 August 2009; published 15 October 2009)

We derive a formula for the atomic force within the LSDA+ U formalism by differentiating analytically the
LSDA+U total-energy functional with respect to atomic positions. The rotationally invariant form of the
LSDA+U functional and the fully localized limit for the double-counting term are considered. The electronic
wave functions are expanded with either plane waves or pseudoatomic orbitals (PAOs). In the PAO-basis case,
the Pulay correction is also considered and included. Our formula for the atomic force is numerically tested
with antiferromagnetic bulk NiO and reproduces successfully the forces obtained from numerical derivative of
the total-energy values with respect to atomic displacements. As an application, we study atomic vibrations in
NiO and MnO, and obtain transverse-optic phonon frequencies which are consistent with previous theoretical
results. Our force formula will make it very efficient to perform large-scale calculations of atomic and
phononic structures of strongly correlated materials using the LSDA + U method.
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I. INTRODUCTION

The density-functional theory (DFT) (Refs. 1 and 2) with
the local spin-density approximation (LSDA) has been suc-
cessful in describing electronic structures in various metals
and semiconductors. However, in materials such as
transition-metal oxides and rare-earth compounds which are
insulating in spite of partially filled d (or f) shells, the DFT-
LSDA method has poor accuracy since it underestimates the
effect of the strong on-site Coulomb repulsion between d (or
f) electrons. For example, the LSDA calculations of
transition-metal compounds such as NiO and MnO predict
much smaller values, than experiments, for the antiferromag-
netic spin moments and the energy splittings between com-
pletely filled lower Hubbard bands and completely empty
upper Hubbard bands.> To improve the accuracy of the
LSDA method, the LSDA+U scheme* has been developed
by adding to the LSDA total-energy functional a correction
term arising from Coulomb interaction between localized d
(or f) orbitals. The corrected LSDA+ U functional produces
much better estimates of the antiferromagnetic spin moments
and the band gaps between upper and lower Hubbard bands
in materials such as late-3d-transition-metal monoxides,* so
the LSDA+U scheme is widely used in the magnetic- and
electronic-structure calculations of transition-metal oxides.

Calculation of the atomic force plays a crucial role in
predicting stable atomic structures of materials and it can be
performed very efficiently if a relevant atomic-force formula
is available. In plane-wave-basis LSDA methods, by using
Hellmann-Feynman theorem,>® the force formula can be de-
rived analytically by partial differentiations of the total-
energy functional with respect to atomic positions with no
need to consider any change in the ground-state electron den-
sity. On the other hand, when the electronic wave functions
are expanded with localized orbitals at atomic positions, the
Pulay correction’ should be taken into account in the atomic-
force formula because the density variations due to the
orbital-position changes are not considered when the total-
energy functional is minimized for the ground-state electron
density. While atomic-force formula in LSDA methods is
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well developed and published for both plane-wave and
localized-orbital expansions of the wave functions,®® deriva-
tion of the atomic-force formula within the LSDA+U
scheme has been reported very rarely, and the published
LSDA+U force formula!® is only for the spherically aver-
aged form* of the LSDA+U total-energy functional.

In this paper, we report on the derivation of the atomic-
force formula from the LSDA+U total-energy functional
with pseudoatomic orbital (PAO) and plane-wave bases for
the wave functions. We consider the rotationally invariant
form of the functional, which is not biased by specific choice
of the z axis.!! In the case of using a PAO basis set, the Pulay
correction for the atomic force is considered and included.
We implement the LSDA+U energy functional and our
LSDA+U atomic-force formula into the SIESTA (Ref. 12)
code and study atomic, electronic, and phononic structures of
antiferromagnetic bulk NiO and MnO, as examples. The ob-
tained band structures, band gaps, magnetic moments, and
lattice constants agree well with previous LSDA+ U calcula-
tions. As a test of our atomic-force formula, we compare the
results of our force formula with the results from numerical
derivative of the total-energy values with respect to atomic
displacements, and find that they agree well with each other,
confirming the validity of our atomic-force formula in the
LSDA+U method. Using our atomic-force formula we in-
vestigate the optical phonon frequencies of NiO and MnO
and analyze the results by comparing them with phonon fre-
quencies calculated by LSDA force formula. Our atomic-
force formula derived in our present work will be very useful
in the optimization of atomic structures, in the investigation
of vibrational structures, and even in molecular dynamic
simulations of strongly correlated materials using the
LSDA + U method.

This paper is organized as follows. In Sec. II, we briefly
review the rotationally invariant form of the LSDA+ U total-
energy functional and present basic steps for the derivation
of the force formula. In Sec. III, the LSDA+ U force formula
in PAO-basis methods is derived along with the Pulay cor-
rection. Section IV is the derivation of force formula in the
plane-wave-basis method. In Sec. V, we present numerical
tests of the LSDA + U atomic-force formula in the PAO-basis
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method. Frozen-phonon calculations of transverse optical
modes in NiO and MnO using our method are presented in
Sec. VI, followed by summary in Sec. VIIL.

II. DERIVATION OF ATOMIC-FORCE FORMULA
IN THE LSDA +U SCHEME

In this section, we briefly review the rotationally invariant
form of the LSDA+ U energy functional and derive a general
form of the atomic-force formula in LSDA+ U scheme. The
general form of the force formula will be used in the follow-
ing two sections to derive specific forms of the force formula
in the PAO-basis method and in the plane-wave-basis
method, respectively.

This section consists of three subsections. In Sec. II A, the
LSDA+U total-energy functional is introduced. In Sec. II B,
the variation in the LSDA+ U total-energy functional due to
arbitrary variation in the Kohn-Sham wave functions is de-
rived. In Sec. II C, a general form of the LSDA+U force
formula is derived from the implicit and explicit depen-
dences of the total-energy functional on the atomic positions.

A. LSDA +U energy functional

In Sec. IT A, we will present briefly the LSDA+U total-
energy functional to be used in deriving the LSDA+ U force
formula in the following subsections. Among various forms
of the LSDA+U total-energy functional, we will consider in
the present work the rotationally invariant form for the on-
site. Coulomb-energy term and the fully localized limit for
the double-counting term. This LSDA+ U total-energy func-
tional will become the start point in deriving the force for-
mula in the following subsections.

In the LSDA+ U formalism, the total-energy functional is
the sum of the LSDA energy functional E-SPA and a correc-
tion term EY which originates from the on-site Coulomb in-
teraction among d (or f) electrons. Thus, the total-energy
functional per unit cell in the LSDA+U scheme is given by

ESPMUn(r) {7} = EXPAn(r) {7} + EY[n(r).{7}],
(1)
where n(r) is the ground-state electron density at position r

and {7} are the positions of atoms. The LSDA energy func-
tional E™SPA per unit cell is defined as'?
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where ) and V are the unit-cell volume and the sample vol-
ume, respectively, ¢, is the Kohn-Sham eigenfunction of
the nth band of wavevector k in the first Brillouin zone and

spin o, n'M(r) is the density of spin-up (spin-down) elec-
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trons, E,. is the LSDA exchange-correlation energy per unit
cell, V,,,(r,r’) is the electron-ion interaction potential, which
is generally nonlocal in pseudopotential methods, and E is
the Coulomb repulsion energy between ions per unit cell.
Asterisks represent complex conjugate. The integral over the
sample volume V represents an integral over a real space
which is N times as large as the unit-cell volume (), where N
is the number of k vectors in the first Brillouin zone. The
factor f is the Fermi-Dirac distribution function divided by
N, which is

1 1

N (hmlkgT 4 |

fx= (3)

where €/ is the Kohn-Sham eigenvalue defined below, w is
the chemical potential, and T is the temperature. In Eq. (2),
the Kohn-Sham eigenfunction is normalized as

f g mP=1 @
Q

and the explicit dependences of V,,(r,r’) and E” on the
atomic positions {7} are omitted for simplicity. In the LSDA
scheme, the electron density is defined as

n’(r) = 2 R0 Y (r) (5)
nk

for each spin, and

n(r) = >, nr) (6)

for both spins.

In this work, we employ the rotationally invariant form
for the on-site Coulomb interaction among d (or f) electrons
and take the fully localized limit'? for the double-counting
term. Then, the correction term EV is

1 -
BV =2 S [ Ve’ g

mm' “m"'m"
2o

+ ((m,m"|Vyom' ,m") = (m,m"|V o |m" ,m" )n? n?, ]
1 |
-2 EUWA(”A— 1)+EEJ>\’1>\(”>\— 1), (7)
A \o

where m denotes the projector ¢,, for the density matrix
n’ ., covering all z components of the angular momenta of d
(or f) orbitals of transition-metal atoms in the unit cell. The
parameters U, and J, represent the Coulomb interaction
among d (or f) electrons in the Ath atom in the unit cell. The
matrix elements (m,m"|V,,|m’,m") are zero if all the projec-
tors ¢,,, ¢,,, ¢,», and ¢,,m are not associated with a same
atom. The density matrix n;m, and its reduced forms, ny and
ny, for the Ath atom are given by

”Zlm' = E Tl Do s R D o' sR| W) Om ', (82)
nk

ny = 2 Ty Oz A\, (8b)

m
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ny=>n?, (8¢)

where |¢,, ,g) represents the projector ¢,, located at 7"
+R in the unit cell at R, 7" is the position of the Ath atom in
the unit cell at R=0, and the bracket (f|g) of two functions
f(r) and g(r) is defined as

m9=ff#®%®- 9)
\%4

With this definition of the bracket, the normalization condi-
tion of Eq. (4) becomes (% | /5.)=N. The projectors ¢,, are
short ranged so that projectors associated with different at-
oms do not overlap with each other, making the density ma-
trix ”;m/ nonzero only when the two projectors ¢,, and ¢,/

are at the same atom (i.e., 7"=7""), and satisfying the sum
rule.'” The density matrix n_ , is independent of R because
the Kohn-Sham wave functions satisfy the Bloch theorem. In
Eq. (7), the matrix elements of the Coulomb interaction are
defined conceptually and parameterized as

<m,mll|vee|ml’m///>

=JJd3rd3r' ¢m(r)*¢m”(r,)*¢m’(r)¢171”’(r,)

r—r’|

= E ak(m’m,sm”amm)Fk’ (10)
k

where the integer k is in the range 0 =k =2/. The coefficients
ay(m,m' ,m",m") have the angular-momentum dependence
of the projectors and are given by

4ar

k
= a1 > (Im|Y | Im" X Im" Y, [Im™).

q=—k

ak(m’ ml 5m”7m//,)

(11)

Here, the basis |/m) is the complex spherical harmonics, and
the coefficient, a;, can be expressed using the Wigner 3—;
symbols as follows:

k
ak(m,m',m”’m’") = 2 (2l+ 1)2(_ 1)m+4+m”

q=—k
(1 k l>2<1 k z)
X
000/ \-m g m
Ik 1
X n n ' (12)
-m —q m

The coefficients F* are radial integrals of the Coulomb inter-
action. In the case of d electrons ([=2), we need only three
coefficients F°, F2, and F* in Eq. (10) since the others be-
come zero by symmetry. If one takes unscreened Coulomb
interaction, or a specific dielectric constant, one may evalu-
ate F*s by integrating the Coulomb interaction radially. How-
ever, instead of evaluating the integration, F*s are regarded
as parameters in our work, as in previous LSDA+ U studies.
In the case of d orbitals, the coefficients F¥s are related with
the commonly used parameters U and J as U=F°, J=(F?
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+F*)/14, and F*/F?>~0.625."" In Eq. (7), the parameters for
the Ath atom are denoted by U, and J,. The last line in Eq.
(7) is the double-counting term which is the mean-field ap-
proximation of the orbital-dependent Coulomb interaction.
An explicit derivation of the double-counting term is pre-
sented in Appendix A.

In summary, we presented in Sec. Il A the LSDA+U
total-energy functional [Egs. (1), (2), and (7)] based on the
rotationally invariant form of the on-site Coulomb interac-
tion and the fully localized limit of the double-counting term.
This energy functional will be the starting point in deriving
the LSDA+U atomic-force formula in the following sub-
sections .

B. Variation in the LSDA + U functional
due to density variation

We will consider in Sec. II B the variation in the LSDA
+ U total-energy functional arising from arbitrary variation in
the Kohn-Sham wave functions and introduce the Kohn-
Sham Hamiltonian and equation. The variation in the total-
energy functional in the LSDA scheme is derived in
literatures>'* and the effective potential for rotationally in-
variant EV energy functional is presented in Lichtenstein et
al."' The variation in LSDA+U energy functional and the
Kohn-Sham Hamiltonian presented in Sec. II B will be used
in Sec. I C and the following sections.

In the LSDA method, the ground-state electron density
and the total energy are obtainable by minimizing the total-
energy functional with respect to the electron-density varia-
tion which is associated with the variation in the Kohn-Sham
wave functions as

on’(r) = 2 SO () () + 2 I (0) 8 (1),
nk nk

(13a)

on(r) =D, n(r). (13b)

In the LSDA + U method, for the EV term the variation in the
density matrix is also needed and it is related to the variation
in the Kohn-Sham wave functions as follows:

% = 2[RI U B ek Bt o | W3
nk

+ (Yl B s R Dot ' oI OY s S g,
(14a)

ond =D, oS, S o, (14b)

ony = >, onf. (14c)

Then, the variation in the LSDA+U total-energy functional
with respect to the variation in the Kohn-Sham wave func-
tions can be written as
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(15)

where 8y is an arbitrary variation in the Kohn-Sham wave
function ¢, the factor 1/N is introduced because the
bracket notation is defined as an integral over the sample
which is N times larger than the unit cell, and the Kohn-

Sham Hamiltonian A is defined as

I:Iazl:IESDA"' E |¢m,a’"+R>VZmr<¢m’,1"’/+R|' (16)

Rmm'

In Eq. (16), the Hlgp, is the Kohn-Sham Hamiltonian in
LSDA scheme which is defined as

~ K2
Hgpa(r) i (r) = {— %Vz + Vy(r) + Vgc(l‘)} Yp(r)
+ J dr' V() g (r'), (17)
v

where we used the Hartree potential

r/
Vy(r) = e? f d%’L), (18)
14 1’|
and the exchange-correlation potential
OE,.
Vi) = ——. 19
= o (19)

The term V";m, comes from the variation in the EV energy
functional

SEV= D V7 on”

mm' >

(20)

leading to a form

VO = S |V, m ",
mHmH!

+ E (<m’mn|Vee|mr’mm>

m"'m"
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The term V? . is zero if m and m’ are associated with dif-
ferent atoms. By minimizing E-SPA*V with the constraint that
(Y0 | Y2 =N, one can obtain the ground-state electron den-
sity and the total energy. The constrained minimization con-

dition corresponds to
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1
SEMSPAY ﬁz Foxend (Sl i + (Yl 8yt =0,

nko
(22)

where we have introduced €, as Lagrange multipliers and
the condition reduces straightforwardly to the Kohn-Sham
equation

I:IG| ‘/f;lrk> = E;(zrk| (v[/t({k>' (23)

In the expression of the Kohn-Sham equation, we can see
that the only change in the LSDA+ U method is the orbital-
dependent interaction potential V;m, occurring in the Kohn-
Sham Hamiltonian.

To summarize, we introduced in Sec. II B the Kohn-Sham
Hamiltonian in the LSDA+U method and expressed the
variation in the LSDA+U total-energy functional with re-
spect to arbitrary variation in the Kohn-Sham wave functions
[Eq. (15)]. In Sec. I C, we will consider the change in the
LSDA+U total energy due to atomic displacements which
includes contributions from both the variation in the total-
energy functional [Eq. (15)] from the variation in the wave
functions and the explicit dependence of the total-energy
functional on the atomic positions.

C. Atomic-force formula in the LSDA + U method

We will derive in Sec. II C a general form of the LSDA
+ U total-energy functional, considering both the explicit de-
pendence of the functional on atomic positions and the im-
plicit dependence of the functional on the change in the self-
consistent Kohn-Sham wave functions induced by atomic
displacements. The obtained general form will be used as the
start point for the atomic-force formula in the PAO-basis and
plane-wave-basis methods in Secs. III and IV, respectively.

In the DFT method, the atomic force can be obtained by
differentiating the total-energy functional with respect to
atomic positions 7, which can be written as

FLSDA+U _ _ d ESPA*UL(p) {73], (24)

dr

where the differentiation includes, in general, both explicit
and implicit dependences of the total-energy functional on
atomic positions 7. The explicit {7} dependence in the total-
energy functional is due to the external potential V,,,, ion-ion
interaction energy E“, and atomic projectors in EV energy
functional. The implicit {7} dependence is due to the self-
consistent change 6y, of the Kohn-Sham wave functions
caused by atomic displacements and can be described by Eq.
(15). Thus, the variation in the total energy per unit cell by
the displacement of atomic positions is

1 . .
SELSPA+U _ X}E AL A 0 + (OO 5950
nko

D Ll Vel i) + OE™

nko

1
+—
N
+ 2 Vfr;m’&/l:;m” (25)

mm’o’
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where &y, is the self-consistent change in the Kohn-Sham
wave function caused by atomic displacements as mentioned
above and SE' represents the change in ion-ion interaction
energy due to atomic displacements. The variation in the
density matrix, én, ,, in Eq. (25) is not due to &y, but due
to the translation of projectors associated with the atom at 7

-~ 2 f:lk[< '#;:rk| 5¢m 1’”+R><¢m’ 7" +R| l//nk>

nk

+ <‘//:1Tk| ¢m,r’”+R>< 5¢m',f’",+R| ¢Zk>] 51-'”,1’", 5 (26)

which is different from 5n;m, of Eq. (14). Then, the atomic
force exerted on the atom at 7 in the LSDA+ U formalism is

U'

szk ”“|Hff| Yo+ <¢nk|H“|

nko‘

(7'
mm
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27)

where the derivative of the density matrix in the last term is
given by

(9 (o8

Do, o
_Eka|:<¢nk| a R><¢m’ 7’"+R|¢nk>67m7

d’ ,.m +R
4 Ul B 3 B | B
(28)
and the derivative dy, /dr is the solution of
o oAU dH"  de;
(HU_ nk)|_k> == ( k)'wnk> (29)
dr dr

Since the derivative of the Hamiltonian, dH°/d 7, depends on
the derivative of the electron density, dn’(r)/ds, and
dn’(r)/d7 depends on dy;,/d7, Eq. (29) is a complicated
self-consistent equation for dy,/d7, requiring substantial
computing time and resource. Thus, in order to find a useful
atomic-force formula, it is essential to avoid calculating
dy,\/d=, as shown in the following sections. In the LSDA
+U formalism, the U term may contribute to the atomic
force via H® and V:;m,, which we elaborate in the following
sections with PAO-basis and plane-wave basis for the elec-
tronic wave functions.

We derived in Sec. II C a general form of the LSDA+U
atomic-force formula [Egs. (27) and (28)], which will be
used in the following sections to derive atomic-force formula
in the PAO-basis and plane-wave-basis methods. The self-
consistent derivative of the Kohn-Sham wave functions with
respect to atomic positions will not appear in the atomic-
force formula derived in the following sections.
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II1. LSDA + U ATOMIC-FORCE FORMULA
IN PAO-BASIS METHODS

We consider in this section a representation of the atomic-
force formula in the case that the wave functions are ex-
panded with localized orbitals attached to atoms such as
PAOs. First, in Sec. III A, we will expand the Kohn-Sham
wave functions with PAOs and express the Kohn-Sham
equation using a PAO-basis set. Then, in Sec. III B, we will
derive PAO-basis representation of atomic-force formula in
the LSDA+ U scheme.

A. The density matrix and Kohn-Sham equation
in a PAO-basis set

In Sec. III A, we express the Kohn-Sham wave functions
and equation using a PAO-basis set. These will be used
in Sec. III B for the atomic-force formula in PAO-basis
methods.

The Kohn-Sham wave function is represented in a PAO-
basis set as

Y1) =2 Co e "R (r-7-R), (30
uR

where n is the band index, k is the wave vector in the first
Brillouin zone, and 7#+R is the position of the uth orbital
¢,, in the unit cell at R. With ket symbols, we represent the
wave function as

| libnk> 2 an,u. e (T”+R)| ¢,LL,T/J“+R> (3 1 )

and the norm of the wave function is

V)= S GGl =
uvRR'
X (b rusr| Do rarr) - (32)

By translating the orbitals by —R, we obtain

ik-(R'-R) ik-(7'—7*
<¢gk|¢gk>= E ::Tiﬂ k€ ( ek (7=
uvRR’

X <¢,U.,T"’|¢V,T”+R'—R> (33)

and after denoting R’ —R as R” and relabeling R” as R, we
have

<¢nk|¢nk> NE an/,l, ltlrku lk.Reik.(TV_T#)Sp.v(R)

uvR

= NE CoeConesS (k). (34)

where N is the number of lattice vectors or equivalently the
number of unit cells in the sample. The overlap matrices
S,.,(R) and S (k) in Eq. (34) are defined as

S,uV(R) = <¢,u,,7/‘| ¢V,TV+R>
= f d3r¢#(r -™)*¢,(r—7-R), (35a)
Vv
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k) = X M7 Ry (R),
R

(35b)

where R are lattice vectors. Since the basis functions ¢,,(r)
are short ranged, the integration over the sample is effec-
tively equivalent to integration over infinite volume, and
S,(R) is zero if |7”—7*+R] is greater than the sum of the
spatial extents of the two basis functions. Thus, the summa-
tion over R in the definition of S,,(k) includes only a finite
number of R for nonzero S, (R) Since (Y | ¥)=N, the
normalization condition becomes

nv

Now, we consider PAO-basis representation of the density
matrix of Eq. (8a). The projection of Kohn-Sham wave func-
tion to a projector ¢,,, becomes

ik~ +R)<¢m’,7’”,|¢v,7”+R>

<¢m’,1‘mll¢z-k> = 2 Cgkve
vR

= E C;{k ke (R+TV)Sm V(R)
vR
- 2 anv il Sm’v(k) (37)

and its complex conjugate is
<w;(1rk|¢m,7'"> = E C:;ue_ik-(R-FTH)SMm(_ R)
uR

= 2 Core ™S k), (38)

where we have used S,,(R)*=S,,(-R). Then, the density
matrix n;m, can be expressed as

(TV—T"’)eik(R/—R)

(o £
M = 2 fﬂk Z-kp, gkv

knRR' uv
S (= R)S 01 (R") S

= E nk Z;;LCI({kVS'}Lm(k)SI7l’V(k)aﬂ'm,ﬂ'm,' (39)

knuv

Here, we have used e* (™" =7")=1 for 7#"=7"". As shown in
Eq. (39), in the PAO-basis method, the density matrix n. , is

a product of the two overlap matrices and the coefficients
1(1rk,u, Zkv'
Starting from Eq. (23), the Kohn-Sham equation using a

PAO-basis set is expressed as

(Bl HONW5D = €5 D W0 (40)

With the wave function expanded with the PAO basis, the
left-hand side of Eq. (40) becomes

PHYSICAL REVIEW B 80, 155122 (2009)

(Bl HOW5) = 2 Ce™
= 2 Cr({kve
R

(7+R) <¢,u T/”'|H( |¢V TV+R>
ik-(f"+R)H(r (R)
nv
=2 e*"H (K)CY,- (41)

where we used the following definitions which are consistent
with Egs. (35a) and (35b):

H}(R) = (b sl By o)

= f d’re,(r - ™ H¢p(r— 7 —R), (42a)
v

HY(k) = 2 e* =R (R). (42b)
R

By using Eq. (37), the right-hand side of Eq. (40) can be
expressed as

(@l = 2 ™ ™S, (K)C,. (43)

Therefore, the Kohn-Sham equation in PAO-basis methods
becomes

2 HZ.I/(k) nky = nkE Suv(k) nkv* (44)

This is a generalized eigenvalue problem in which eigenvec-
tors correspond to the coefficients of the wave functions ex-
panded with pseudoatomic orbitals.

We expressed in Sec. III A the Kohn-Sham wave func-
tions [Eq. (31)] and the Kohn-Sham equation [Eq. (44)] us-
ing a PAO-basis set. These expressions will be used in Sec.
II B for the atomic-force formula in PAO-basis methods.

B. LSDA +U atomic-force formula in PAO-basis
methods

Considering the Pulay correction, we will derive in Sec.
I B atomic-force formula in PAO-basis methods where
wave functions are expanded with PAOs located at atomic
positions.

In PAO-basis methods, the Kohn-Sham wave functions
which are obtained self-consistently from the Kohn-Sham
equation minimize the total-energy functional for arbitrary
variations in the wave functions as long as they can be ex-
panded with given basis orbitals. Thus, if the Kohn-Sham
wave functions are varied with no change in the basis orbit-
als, there is no first-order change in the total energy. How-
ever, if the wave functions are changed with some changes in
the basis orbitals, there exists first-order change in the total
energy, since the changes in the basis orbitals are not consid-
ered in the minimization of the total-energy functional.

In order to calculate atomic forces, one needs to know the
variation in the total-energy functional caused by atomic dis-
placements. When an atom is shifted from its original posi-
tion in a PAO-basis method, the shift makes some basis-
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function changes as well as changes in the Kohn-Sham
equation. We first consider the change in the Kohn-Sham
wave function induced by atomic displacements. Since both
coefficients and pseudoatomic orbitals may change, in gen-
eral, by using Eq. (31), we can express the variation in the
Kohn-Sham wave function as follows:

|5l7[,nk> 2 elk R[(S(elk ~ nk,u)|¢,u,1'l"+R>

"N 0b, )] (45)

There is no change in the exponential term since the change
in an atom position does not have any effect on either the
lattice vector R or the crystal momentum vector k. In Eq.
(45), the variation in the basis orbital, 8¢, ,«.g. can be cal-
culated easily but the variation in the coefficients, 5anM,
requires self-consistent calculations. Thus, it is very impor-
tant to modify the expression of the total-energy variation
[Eq. (25)] to a form which does not have 5C¢ k. €Xplicitly, as
follows. When Eq. (25) is expressed using pseudoatomlc or-
bitals, the first term in the square bracket becomes

<5‘l/nk|HU| lzbnk> ER e ik R[ 5( ik T#anﬂ)<¢M,TM+R|I:IU| l//,(:—k>
yn

+e ik TMan;K 5¢M,T"+R|I:IU| Vi

=N¢ kE 5(6_11( ~ nkM)elk THS,U,V(k) nkv

ik-(7'=74R") o
+N E e c
uvR’ e

X Cl(:kv< 5¢,u,1""|1:1{r| ¢V,1'V+R'>’ (46)

where we have used the Kohn-Sham equation in the PAO
method
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(bl B0 = ¥R, ul H 5%

= eik'Resz e””“S JK)C, (47)

nkv

and the expansion of the wave functions
(8, mar H [ = € (S, -l HO |97
=eik-R2 Cak eik~(r”+R’)
R’
X( 0 il Hol by i ). (48)

Similarly, we can express the second term in the square
bracket as follows:

(UlH 1805 = N 2 ™7 Cr 8™ ™ €y )8 ()
o

+N E eik-(TV—Tﬂ'+R,)CZ';:Iu
uvR’
nkv<¢,u T/“|H0.| 5¢v 7V+R’> (49)
We rewrite the normalization condition as

E(a’“‘ ) (€7 Cr ) TS (k) =1 (50)

and consider its variation under atomic displacements. Since
the normalization condition is invariant under atomic dis-
placements, we obtain a relation

E eikﬂ#é(e—lk T#C;:;M)Cgkysy,y(k)

uv

+ E Coee ™7 8™ CY S, (K)

- _ E ik (7" ’T'U')C
v

Se™™=ms (k). (51)

nku nkV

By exploiting this relation in order to convert the variation in
the expansion coefficients, Coy  and Cj,, to that in the over-
lap matrix S,,(k), we have

n nkv?

<5¢r({k|1:[(f| wgk> + <l//:1rk|f{(r| 5¢;fk> == NZ lep, r({kveik.(rv_fﬂ) égké(eik(ru_fy)s#v(k))
nv

ok i
+N E nku nkV
uvR

=N Cou,Con™ " Db, ulH” = €| 6, 1v,) + (5, ulH -

mvR

Here, we have used

TR Bl H| 06by i) + (5t H| by )]

6rl{k| d,mr)]. (52)

ﬂeik.(#_TV)S,uv(k)] = E qeik.RSMv(R)] = 2 eik‘R(<5¢/¢,1’l”|¢v,f”+R> + <¢/L,T/”| 5¢v,7"+R>) . (53)
R R

Thus, the change in the total energy per unit cell due to the atomic displacements is
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LSDA+U _ o oo ik -7 ik-R
OE - E fﬂk nku nkv€ ( )6

nkouvR

X [<¢p,,r“|1:10_ Er(:-k| 5¢V,TV+R> + <5¢,u,7/~‘|1:10

- nk| ¢v TV+R>] + = E f0k< lr//nk| 5Vext| l/fnk>

nkU

+ E Vn(ram’én;m

mm'a

.+ OE". (54)

Evaluation of this expression requires the self-consistent
Kohn-Sham wave functions without atomic displacements

FI}:SDA+U

nkouvR

ext (?E”
E fgk< ¢nk| |¢nk> 077_)\

nk(r

nkmm' o

¢m 1"’

+<¢nk|¢m 1"'”>< |(/lnk>5‘)m T}‘:|

- 6nk| P

£ V_ k- -~
E ka r(:-k,u, ;fkv otz 1"u’)elkR|:<(b,u,,d'ﬁ’-|li(
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and change in basis orbitals due to atomic displacements but
it does not require any self-consistent change in the wave-
function coefficients. The first term in Eq. (54) is called Pu-
lay correction which comes from the incompleteness of the
PAO basis.

In order to obtain the atomic force exerted on the Ath
atom in the unit cell, we suppose that an atom located at 7*
experiences an infinitesimal position change

7 — 7+ 67 (55)

By using Eq. (54), a force exerted on the Ath atom in PAO-
basis methods, FkSDAJ’U, becomes

a¢v,TV+R ¢/.L TH
o > AT < I |HU - E;{k' ¢V,'TV+R> 57”,7}‘

D,
E jﬂk mm’|:<¢-nk| - ><¢m’ n |¢nk>5q-mq->\

since the variation in ¢, with respect to the atomic displacement o7 is given by

op,(r—7-R)=

51'/", I

(56)
d¢,(r— 7 -R)
_T (57)

By using H{gp, defined in Eq. (17), the force formula in Eq. (56) can be expressed as

¢VT+R 0747 A
LSDA U o
A== X G Ciae™ ™™ lkn[<¢leLsnA el Y8+ (| Hspa = € b o) Bon
nkouvR
E” % e (Ve T R_R'
Efgk<¢nk| exr|'/fnk> 1_% - 2 ﬁk‘/r;m’ gk’u Zkyelk (7 —r“)ezk (R-R")
nko’

nkuvmm' oRR'

J
X ﬁ[( d),u, T+R' | ¢m,1’">< ¢m 4 ,7’”, | d’v, 7'V+R>] .

Here we have also used an expression

¢/L 7*+R’

1_>\|:< ¢,u T#+R’ | ¢m 7’”><¢m’ " |¢V 7V+R>] <

+ <¢,u. T*+R’ | ¢m 1""><

¢m1‘m

(58)

Iy,
|¢m 7’”><¢m’ 7n |¢V TV+R>5T“ At <¢M 7/‘+R’| T,,:.m><¢m’ 7n |¢V 7"+R> 81"” ™
¢V 7"+R
|¢I/ 1"’+R> 51"" At <¢/.L T/‘+R’|¢m 7"’><¢m’ " | >5TV

(59)
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In Eq. (58), the first three terms correspond to the atomic
force in the LSDA formalism and the last term is the addi-
tional term arising from the on-site Coulomb interaction.
Thus, one can implement our LSDA + U force formula easily
by adding the last term to an available computer code for
LSDA force formula. However, one should note that, al-
though the first three terms in the LSDA+U force formula
are the same as the LSDA force formula, their actual values
are usually different due to the difference in the Kohn-Sham
wave functions obtained self-consistently in each method.
We define the last term of F°°**Y in Eq. (58) as FY

2 fv' ik-(7"-7") tk(R R’ )VU Co’* ce

U_
F)\ - mm’ ~ nku~ nkv

nkuvRR mm' o
1%
X §[<¢ﬂ,TH+R’|¢m,7’"><¢m’,1"”,|¢v,f”+R>]' (60)
We note that the expression of Ff\] is simplified by adding
Pulay contribution and that Fij is proportional to the deriva-
tive of the products of two overlap matrices with respect to
atomic positions.

We derived in this section the LSDA+ U force formula
[Eq. (58)] in the PAO method. The obtained formula can be
regarded as the sum of the LSDA force formula and an ad-
ditional term given by Eq. (60). Thus, our LSDA+U force

formula can be easily implemented if a proper LSDA code is
available.

IV. LSDA + U ATOMIC-FORCE FORMULA
IN PLANE-WAVE-BASIS METHODS

We will derive in this section an atomic-force formula
using the plane-wave-basis method. Since plane waves are
independent of atomic displacements, there is no Pulay cor-
rection term. We will first express the density matrix with the
plane-wave-basis set and then derive LSDA + U atomic-force
formula.

In plane-wave-basis methods, the Kohn-Sham wave func-
tion is given in the Bloch form

1
g r)=—— C
aule) \Q%

+Gei(k+G)-r’ (61)

where () is the unit-cell volume and G is a reciprocal-lattice
vector. We represent the Kohn-Sham wave function with ket
symbols as
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| lﬁnk> 2

Cr gk +G), (62)

where |k+G) represents %e (k+G)r Using the plane-wave

basis, we express the density matrix of Eq. (8a) as

e 2 fgk< ¢nk|¢m 1""+R><¢m’ 7" +R| lﬂ k> 51'" 7'

2 fgk n, k+G' n,k+G

nkGG'

X<k + G,|¢111,1""+R><¢m’,1""’+R|k + G> 51"",7”‘/ .
(63)

The change in the Kohn-Sham wave function due to atomic
displacements can be written as

|6y = E 8CT ek +G), (64)

where |k+G) is not affected by atomic displacements. This
change in the Kohn-Sham wave function does not contribute
to the change in the total energy in the first order because the
total energy is the value of the energy functional when it is
minimized with respect to all possible variations in the wave
functions. Thus the variation in the total energy is expressed
as

5ELSDA+U

1 ,
= X,E f:,yk< wnk| 5Vexr|¢:17k> + OL"

nko

+ >V

’
mm o

(65)

n(T
mm'?

where the variation in density matrix 5nmm, is due to the
translation of projectors and it is given by Eq. (26).
Now, we suppose that the position of an atom located at
7 is changed such that
7 — P+ o7 (66)

Then, the atomic force exerted on the Ath atom in the plane-
wave-basis method is

e ﬁE”
FLSDA+U _ E fgk<¢nk| X |¢/,nk) — 7 - Z € n, k+Gr n,k+G
nku’ nkmm' GG’ o
Iy m 1 o'
mm' <k+G | = ><¢m’ n |k+G>5frmT>‘+<k+G |¢m 7’">< " |k+G>57.rn"7)\
V.. JE J ,
Eﬁk<¢nk| |l//nk> T}\ — E fgk nk+G’ n,k+GVZm’0,'T>\[<k+G |¢m,1"71
N ko nkmm' GG’ o
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where we exploit the fact that plane-wave basis is invariant
under any atomic displacement. Here, the atomic force FY
contributed by V7 , is

U_ o AOF o
F)\ == E f:lkcn’k-}.Gl n,k+GVfr-Lm’
nkmm' GG’ o

0
X§[<k+G'|¢m,m><¢m',ﬂ’|k+G>]- (68)

This is similar to FY in PAO-basis method [Eq. (60)] but FY
in Eq. (60) includes contribution from displacements of basis
functions.

Our derived LSDA+U atomic-force formula in the PAO
and plane-wave methods does not require any information on
the self-consistent change in the wave functions resulting
from atomic displacements. In both of the two methods, the
normalization condition of the Kohn-Sham wave function is
useful to avoid any occurrence of the self-consistent varia-
tion of the wave functions in the force formula. This is re-
lated, in literatures, to the Pulay correction in the PAO
method and the Hellmann-Feynman theorem in the plane-
wave method, respectively.

V. TEST OF THE ATOMIC-FORCE FORMULA

We test our LSDA + U implementation to the SIESTA (Ref.
12) code and our LSDA+ U force formula. In Sec. V A, we
perform LSDA+ U calculations for NiO and MnO to obtain
lattice structures, magnetic moments, and band gaps in the
antiferromagnetic phase and we compare our result with pre-
vious calculations as well as experimental measurements. In
Sec. VB, we test out atomic-force formula by comparing
results of our force formula with the numerical derivatives of
the total-energy values.

A. Atomic and electronic structures of NiO and MnO

In our present work, we implemented to the SIESTA pack-
age the PAO-based LSDA+ U method described in previous
sections, and applied it to atomic and electronic structures in
NiO and MnO, which will be presented in Sec. V A. We also
implemented our LSDA+U force formula to the SIESTA
package and its results will be presented in Sec. V B.

NiO and MnO are insulators in which magnetic moments
are ordered antiferromagnetically at low temperatures below
Néel temperatures [525K for NiO and 116 K for MnO (Ref.
15)], as shown in Fig. 1. The magnetic moments are in par-
allel within each (111) plane while they are in antiparallel
between adjacent planes. It is known that this antiferromag-
netic spin ordering distorts the original cubic structure of
NiO and MnO slightly to a lower-symmetric rhombohedral
structure. The known spin ordering and the rhombohedral
unit cell are shown in Fig. 1.

Atomic, magnetic, and electronic structures of NiO and
MnO are studied by our implementation of the LSDA+U
method. Calculations are done with 8§ X8X8 k points
in the full Brillouin zone and with cut-off energy of 1500 Ry
for real-space grid. Troullier-Martins norm conserving
pseudopotentials'® are used. For both Ni and Mn atoms,
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FIG. 1. (Color online) The atomic and magnetic structure of
NiO and MnO. (a) Cubic rock-salt structure of NiO and MnO above
the Néel temperature (Ty). Large dots [both dark and light blue
(gray)] represent metal atoms and small [orange (gray)] dots are O
atoms. Below Ty, magnetic moments of metal atoms are aligned
ferromagnetically within each (111) plane and antiferromagnetically
along the [111] direction. Together with the magnetic ordering, the
lattice structure is contracted along the [111] direction, transforming
to a lower-symmetric rhombohedral structure. The dark and light
blue colors (grays) of the large dots represent up spin and down
spin, respectively, and the three arrows are lattice vectors of the
rhombohedral unit cell with two metal atoms and two O atoms. The
angle 6 represents rhombohedral distortion angle. (b) A ferromag-
netic (111) plane of metal atoms and a Cartesian coordinate system.
The x and y axes are the first and second nearest-neighbor direc-
tions within the plane, respectively, and the z axis is the out-of-
plane direction.

semicore pseudopotentials are generated with 35 and 3p elec-
trons as valence electrons as well. With the semicore states,
the large cut-off energy is used in order to suppress the error
which could occur in the real-space integration. In the SIESTA
code, the large cut-off energy does not increase computation
time substantially, since increased real-space grid is used
only for calculating the Kohn-Sham effective potential. Elec-
tronic wave functions are expanded with localized pseudo-
atomic orbitals (double-zeta polarization-basis set). For the
LSDA+U energy functional, the values of U and J param-
eters are assigned as 8.0 eV and 0.95 eV for NiO, and 6.9 eV
and 0.86 eV for MnO, respectively.*

Table I shows obtained lattice structures by minimizing
the LSDA+U total-energy functional with respect to lattice
vectors. Starting from the experimental structure, we calcu-
late the total energy for each set of lattice vectors whose
magnitudes are varied by 1% of their initial values. While
the lattice vectors are varied, atomic positions are kept in
symmetric positions since all the Ni, Mn, or O atoms are
equivalent within each kind. Using a least-square fit, we ob-
tain lattice vectors for the lowest total energy, which are very
close to the experimental data. It is worth noting that in the
structure of minimal LSDA+ U total energy, the LSDA stress
formula produces significant residual pressure which is about
—6 kBar for NiO and -7 kBar for MnO. If the stress for-
mula of the LSDA method were valid in LSDA+ U scheme,
there would be almost no pressure left in the structure of the
minimum total energy. This indicates that the stress formu-
lation needs to be developed in LSDA+ U scheme.

In Table I, we also present band gaps and magnetic mo-
ments calculated by the LSDA+U method and the LSDA
method, and compare our results with the experimental data.
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TABLE 1. Calculated and experimental lattice constants a (A), rhombohedral distortion angles 6 (°), spin
magnetic moments M (up), and band gaps E, (eV) of NiO and MnO.

NiO MnO
a 0 M E, a 0 M E,
Calc.(LSDA) 415 915 1.31 0.83 437 920 4.49 0.87
Cale. (LSDA+U) ~ 4.19  90.1 1.73 2.7 442 910 4.74 1.44
EXpt. 417° 90.075% 164177, 40430 44458 90.62"  4.589-4.79° 3.9
1.90¢

4Reference 17.
PReference 18.
‘Reference 19.
dReference 20.
“Reference 21.

We find that for both NiO and MnO, our calculated lattice
constants, magnetic moments, and band-gap values in the
LSDA+U scheme are closer to the experimental data than
results from the LSDA scheme. Especially the band-gap val-
ues by LSDA+U calculations are substantially enhanced
compared with LSDA results. Even though the band gap is
underestimated, our LSDA + U calculations predict insulating
ground states whereas the LSDA calculations predict small-
gap semiconducting ground states. The underestimation of
the band gaps even in the LSDA+ U method is understand-
able in the sense that calculational results based on DFT
describe ground-state properties accurately but not the
excited-state properties of materials such as the band gap.
For antiferromagnetic spin moments, values obtained by our
LSDA+ U implementation are within the experimental range.

In the structure of minimum total energy, band structures
of NiO and MnO are obtained along the high-symmetry lines
of the thombohedral structure, as shown in Fig. 2. Our cal-
culated band structures are similar to other calculational
results.’®?” This also implies that the LSDA+U method is
successfully implemented in our present work.

B. Test of the atomic-force formula

We test our atomic-force formula by comparing the force
values and the total-energy values. From the density-
functional methods, the atomic force exerted on an atom
should be equal to the derivative of the total-energy func-

fReference 22.
gReference 23.
hReference 24.
iReference 25.

tional with respect to the displacement of the atom. With
antiferromagnetic NiO, we calculate the atomic force and the
total energy in the LSDA+U method with either Ni or O
atom displaced by —0.2 A to 0.2 A along x, y, or z direc-
tion. As plotted in Fig. 3, the obtained total-energy values are
well fit to quadratic curves and the force values are fit to
almost linear curves with respect to the displacement of Ni
or O atom. When the values from our force formula and
numerical derivatives of the total-energy curves are com-
pared quantitatively, as shown in Fig. 3, they agree well with
each other, confirming the validity of our force formula. We
also compare second derivatives of total-energy curves and
first derivatives of atomic forces, and find, as shown in Table
II, that they agree with each other, within 2% difference,
supporting strongly the validity of our implementation.

VI. FROZEN-PHONON CALCULATION OF NiO AND MnO

As an application, we apply our LSDA+ U force formula
to calculate the zone-center transverse-optic (TO) phonon
frequencies in NiO and MnO. By the frozen-phonon method,
TO phonon energies are calculated for the [111] mode and
the in-plane mode which are illustrated in Fig. 4. In addition,
phonon frequencies are calculated by LSDA+U and LSDA
methods in the same structure to see how the presence of the
EY term in the energy functional affects phonon frequencies.
The calculational results are presented in Table III including
results from plane-wave LSDA+ U method and those from
experiments.

(a) 6

FIG. 2. LSDA+U band structures of (a) NiO and (b) MnO along high-symmetry lines. (c) The first Brillouin zone of the rhombohedral

structure.
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FIG. 3. LSDA+U total energies and forces vs atomic displace-
ments in NiO. (a) Increase in EXSPA*U per thombohedral unit cell
when one Ni atom in the thombohedral unit cell is displaced in the
x, y, or z direction, and (b) the LSDA+U force exerted on the
displaced Ni atom. (c) Increase in EXSPA*U per rhombohedral unit
cell when an O atom is displaced instead of Ni, and (d) the
LSDA+U force exerted on the displaced O atom. In (a) and (c),
points are values of EFSPA*U and curves are least-square fit to the
points. In (b) and (d), points are atomic forces obtained from our
LSDA+U force formula, while curves are the derivatives of the
total-energy curves in (a) and (c), respectively. The x, y, and z
directions are the same as those shown in Fig. 1(b).

Table III shows that our results agree with plane-wave-
based LSDA+U results with differences less than 6% and
also are in good agreement with experimental results except
for the in-plane phonon frequencies of NiO. In experimental
results, the phonon frequency of the in-plane mode in NiO is
lower than the frequencies of the [111] mode whereas our
calculation predicts that the in-plane mode is higher in fre-
quency than the [111] mode. This discrepancy is also dis-
cussed by Luo et al.?® and needs further investigation.

We also study the effect of EV term in the energy func-
tional on phonon frequencies by comparing the results of
LSDA+U calculations with those of LSDA calculations. As
shown in Table III, we obtain that introduction of the EV
term substantially increases phonon frequencies of both the
[111] and the in-plane modes, decreasing their splitting. As
shown in Table III, the FY term is found to contribute only
about 0.5% and 1% to the phonon frequencies of NiO and
MnO, respectively, implying that the difference in the atomic
forces in the LSDA + U method and the LSDA method is not
mainly due to the presence of the FV term in the force for-

TABLE II. Calculated second derivatives of the total energy and
first derivatives of atomic forces (in eV/A2) in NiO.

Ni atoms O atoms
. . i oF; i JF;
Direction -5 [ELSDA+U ® “ [ELSDA+U x
-9.550 -9.597 -8.399 -8.487
-9.528 -9.532 -8.393 -8.463
z -16.134 -16.076 -12.598 —12.553
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FIG. 4. (Color online) (a) [111] phonon mode for NiO and
MnO. (b) In-plane phonon mode for NiO and MnO. Arrows repre-
sent atomic displacements in each phonon mode.

mula but due to the difference in the self-consistent electron
densities in the two methods. Since the EY term in the
LSDA+U energy functional corrects the exchange-
correlation energy, the small contributions of FU to the
atomic forces in NiO and MnO are consistent with the fact
that the exchange-correlation energy has no contribution to
the atomic force in the exact DFT. A detailed discussion on
this is presented in Appendix B. Although it turns out that the
FU term has small contribution in NiO and MnO, we do not
know yet whether the term would also be small in other
materials in general.

VII. SUMMARY

We have presented the derivation of atomic-force formula
in the LSDA + U method, considering the rotationally invari-
ant form of EY energy functional, the fully localized limit of
the double-counting term, and either PAOs or plane waves
for the basis of the wave functions. In the case of PAO-basis
methods, Pulay correction is considered and included to the
atomic-force formula. As a test of our force formula, we
compared the atomic forces from our force formula with the
numerical derivatives of the curves fit to the total-energy
values and they agree well with each other, supporting the
validity of our implementation. As an application, we calcu-
late TO phonon frequencies of NiO and MnO and they are
consistent with the results from plane-wave-basis LSDA
+ U method as well as those from experiments. It turns out
that, in NiO and MnO, the difference in forces in the LSDA
and the LSDA+U methods originates mainly from the dif-
ference in the self-consistent electron densities in the two
methods and that the additional term appearing in our
LSDA+ U atomic-force formula produces small contribution.
It seems reasonable since it is only the exchange-correlation
energy functional that is different in the LSDA and the
LSDA + U methods but more extensive study is required on
this issue. Although we derived the atomic-force formula for
a specific form of the LSDA + U energy functional, our deri-
vation procedure of the force formula can easily be general-
ized to different forms of the LSDA+U method. Our
LSDA+U atomic-force formula requires almost negligible
computational resources in calculating forces in the LSDA
+U method so it will be very useful in optimizing atomic
structure and investigating the vibrational structures of
strongly correlated materials using the LSDA+ U method.
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TABLE III. Calculated and experimental values for the zone-center TO phonon energies (in meV) for

MnO and NiO.
This work
TO modes LSDA+U LSDA+U w/o FU LSDA LSDA+U*  ExptP
NiO [111] 51.6 51.3 38.5 50.4 ~50
In plane 53.4 53.1 46.2 522 ~45
MnO [111] 37.9 37.5 33.7 37.3 36.4
In plane 35.3 34.7 12.6 33.5 33.3

“Reference 28; Calculated by plane-wave method.
PReference 29.
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APPENDIX A: DERIVATION OF THE DOUBLE
COUNTING TERM IN EV

The EY energy functional deals with the on-site Coulomb
interaction between d (or f) orbitals. Since the interaction is
also considered in the E,. in the LSDA total-energy func-
tional, we should subtract the contribution of the interaction
considered in E,. from EY. Alternatively, we can subtract
E’, which is mean-field evaluation of EY, from EY energy
functional. Two methods are often used to calculate double-
counting term. One is fully localized limit (FLL) and the
other is around mean field.>3° We consider FLL, in the
present work. In the FLL method, it is assumed that the
density matrix is diagonal and can be written as
(A1)

o o
nmm’ = 5mm’nmm‘

This is valid in the sense that one can always diagonalize the
density matrix. Thus, we can write the E as

1 Y
Edc = E E [<m’m"| Vee|m, ’mm>5mm’<nglm> 5m”m”’<nm"m">
{m}o

+ ((m,mn|veg|m/,mm> _ <m,mrr|vge|mm’mr>)
X 5mm’ m//mm<nzmn;,,m,,>], (AZ)

where the bracket on the density matrix denotes the averaged
value. For the first term, we have separately taken the aver-
age of each of the two density matrices because the spin
components are different. Since each orbital can be occupied
with the same probability in the mean-field approximation,
(ny, is given by

gy = (A3)

For the last term in Eq. (A2), we cannot separately calculate
each density matrix because the two density matrices have
the same spin. In this case, we have

o

n
. O-H n) = 5mm” + 1 - 5mmrr
<nmmnm m > 21 +1 ( )

n? n’-1

2l1+1 21

(A4)

In the case of m=m", the product of two identical density
matrices is just equal to one of them since each orbital is
occupied by either zero or one electron of the given spin. The
second term corresponds to the case of m # m". Since the two
orbitals are different, the probability of finding the two orbit-
als occupied simultaneously is given by

2]—1Cn"—2_ n? n’-1
o1Cpo 20+1 21

(AS)

Substituting Egs. (A3) and (A4) into Eq. (A2), the double-
counting term E“ is

1 o -0

n n
Edc=_ , "y , ’
2 E,[<mm| el o

omm

+ {<m?m’|vee|m’m’> - <m’m’|Vee|m”m>}

n’ n’ n?-1
X 5mm’ + (1 — 5mm’) s
20+ 1 20+1 21

(A6)

where the terms with §,,,,, become zero by the minus sign of
the matrix elements in the second line. By Eq. (10) and the
definitions of U and J, we can further simplify E% as

1 n? .
E%=— 20+ 1)U
2%{( +1) 20+ 120+ 1
n® T_1
204 DU -1+ DU =212+ 1)J
+{(21+1) (21+1) (+)}21+1 2]
1
= EE [Un®(n”+n7=1)=Jn’(n"-1)]
U J
= En(n -1)- EE n’(n’-1), (A7)

which is the double-counting term used in Eq. (7).
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APPENDIX B: DISCUSSION ON THE EXACT DFT
AND THE SIZE OF FV

Suppose that the exact density-functional theory is avail-
able. Then we can write the total-energy functional as

E*“[n]=Egln]+ Exln] + E[n{7}]+ E [n]+ Eif{7}],
(BI)

where Ey is the kinetic energy, Ey represents the Hartree
energy, E,,, is the electron-ion interaction energy, E,. is the
exact exchange-correlation energy, and E;; represents the ion-
ion interaction energy. In the exact density-functional theory,
the exact E,.. is a functional of the electron density only, and
it does not depend explicitly on positions of atoms.

In the density-functional theory, the force on an atom cor-
responds to the rate of the first-order change in the ground-
state energy when the atom is moved. Since the ground-state

PHYSICAL REVIEW B 80, 155122 (2009)

energy is the value of the total-energy functional when it is
minimized with respect to all possible variations in the elec-
tron density, a change in the ground-state energy due to a
variation in the electron density caused by a change in
atomic positions is always of the second order, making no
contribution to the force.>®® In the exact total-energy func-
tional, only V,,, and E;; have explicit dependences on atomic
positions so that only these terms can contribute to the force.

If the EV term in the LSDA+ U method, including the
double-counting term, could correct the LSDA exchange-
correlation energy E)I(‘CSDA in the sense that E)I(‘CSDA+EU be
equal to the exact E,, the EV term would have no contribu-
tion to the atomic force because neither E-SP* nor the exact
E. contributes to the force. Thus our result that the calcu-
lated FY is relatively small in NiO and MnO may imply that
the EV term in the LSDA + U method is a good correction of
the exchange-correlation energy in NiO and MnO.

*h.j.choi @yonsei.ac.kr

I'P. Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964).

2W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965).

3V. L Anisimov, F. Aryasetiawan, and A. I. Lichtenstein, J. Phys.
Condens. Matter 9, 767 (1997).

4V. 1. Anisimov, J. Zaanen, and O. K. Andersen, Phys. Rev. B 44,
943 (1991) and references therein.

SH. Hellmann, Einfiihrung in die Quanten Theorie (Deuticke,
Leipzig, 1937), p. 285.

SR. P. Feynman, Phys. Rev. 56, 340 (1939).

7P. Pulay, Mol. Phys. 17, 197 (1969).

8J. Thm, A. Zunger, and M. L. Cohen, J. Phys. C 12, 4409 (1979).

9J. M. Soler, E. Artacho, J. D. Gale, A. Garcia, J. Junquera,
P. Ordején, and D. Sdnchez-Portal, J. Phys.: Condens. Matter
14, 2745 (2002).

10M. J. Han, T. Ozaki, and J. Yu, Phys. Rev. B 73, 045110 (2006).

WA, 1. Liechtenstein, V. I. Anisimov, and J. Zaanen, Phys. Rev. B
52, R5467 (1995).

12D. Sanchez-Portal, P. Ordején, E. Artacho, and J. M. Soler, Int. J.
Quantum Chem. 65, 453 (1997).

I3 A. G. Petukhov, I. I. Mazin, L. Chioncel, and A. L. Lichtenstein,
Phys. Rev. B 67, 153106 (2003).

14R. M. Martin, Electronic Structure (Cambridge University Press,
Cambridge, 2004).

I5C. Kittel, Introduction to Solid State Physics (Willey, New York,
1996).

IN. Troullier and J. L. Martins, Phys. Rev. B 43, 1993 (1991).

I7L. C. Bartel and B. Morosin, Phys. Rev. B 3, 1039 (1971).

8H. A. Alperin, J. Phys. Soc. Jpn. 17, 12 (1962).

19B. E. Fender, A. J. Jacobson, and F. A. Wedgwood, J. Chem.
Phys. 48, 990 (1968).

20A. K. Cheetham and D. A. O. Hope, Phys. Rev. B 27, 6964
(1983).

21G. A. Sawatzky and J. W. Allen, Phys. Rev. Lett. 53, 2339
(1984).

228. Hufner, J. Osterwalder, T. Riesterer, and F. Hulliger, Solid
State Commun. 52, 793 (1984).

BR. W. G. Wyckoff, Crystal Structures (Interscience, New York,
1964).

24H. Shaked, J. Faber, and R. L. Hitterman, Phys. Rev. B 38,
11901 (1988).

23], van Elp, R. H. Potze, H. Eskes, R. Berger, and G. A. Sa-
watzky, Phys. Rev. B 44, 1530 (1991).

260. Bengone, M. Alouani, P. Blochl, and J. Hugel, Phys. Rev. B
62, 16392 (2000).

27C. Franchini, V. Bayer, R. Podloucky, J. Paier, and G. Kresse,
Phys. Rev. B 72, 045132 (2005).

23W. Luo, P. Zhang, and M. L. Cohen, Solid State Commun. 142,
504 (2007).

2E. M. L. Chung, D. M. Paul, G. Balakrishnan, M. R. Lees,
A. Ivanov, and M. Yethiraj, Phys. Rev. B 68, 140406(R) (2003).

30M. T. Czyzyk and G. A. Sawatzky, Phys. Rev. B 49, 14211
(1994).

155122-14



