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Effective single-particle potentials for MnO in light of interatomic magnetic interactions:
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It is shown that the fundamental gauge-symmetry constraints superimposed on the admissible form of the
exchange-correlation energy functional lead to the generalized local force theorem for small nonuniform
rotations of the spin magnetic moments near equilibrium. The theorem suggests that the magnetic interactions
responsible for the low-energy spin-wave excitations near the ground state can be expressed in terms of the
effective single-particle potential designed for the ground-state spin-magnetization density. The theorem allows
us to obtain an empirical effective potential for MnO by fitting the experimental low-temperature spin-wave
dispersion curve. The theorem is further applied to investigate abilities of several different first-principles
techniques: local-~spin!-density approximation, LDA plus ‘‘HubbardU ’’ (LDA 1U) and optimized effective
potential~OEP!. None of these approaches treats the magnetic interactions in MnO properly. Limitations of the
one-electron band picture underlying the failure are elucidated in each case. As one of the perspective tech-
niques to deal with the electronic structure of narrow-band materials, we propose to combine the LDA1U
form of the single-particle equations with the variational principles of the OEP approach. Several possible
approximations along this line are discussed.@S0163-1829~98!04047-8#
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I. INTRODUCTION

Close interplay among magnetic, structural, and trans
properties discovered in various perovskite manganese
ides has recently revived an enormous interest in these
tems. In some sense, the new wave of intense research a
ity was facilitated by the fact that many physical mechanis
responsible for these phenomena were known already
many years. However, it is also true that the research
been facing many fundamental problems that are still
from their final solution. Undoubtedly, one such lon
standing problem is the description of the narrow-ba
transition-metal compounds on the level of first-princip
band-structure calculations. Despite numerous such stu
based on rather different standpoints~see, e.g., Refs. 1 and
and references therein!, which of the theoretical band pic
tures lies behind the unique physical properties of mang
ites is still an open and disputed question.

Although there are several conceptual differences
tween perovskite and rocksalt materials,2 we consider that it
would be very instructive to address ourselves once mor
the classical problem of the electronic structure of the ‘‘si
plest manganese oxide’’—the monoxide MnO. Certain
MnO is one of the most well studied compounds, both
perimentally and theoretically. Surprisingly, however, af
decades of activity, the electronic structure of MnO is s
the subject of various controversies, especially in the field
first-principles electronic structure theories. Depending
the approximation employed for treating the exchange
correlation effects, the characteristic electronic properties
PRB 580163-1829/98/58~23!/15496~12!/$15.00
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MnO can be quite different.~i! A small-band-gap (;1 eV!
material, the insulating nature of which is directly related
the existence of the particular type-II long-range antifer
magnetic spin ordering, and the energy gap itself may
ascribed to the ‘‘Mott-Hubbard’’ type in the sense that bo
the top of the valence band and the bottom of the conduc
band are of predominantly Mn(3d) character. This is essen
tially the picture provided by the local-~spin!-density ap-
proximation @L~S!DA# to the density-functional theory
~DFT!.3,4 ~ii ! An insulator in the ‘‘charge-transfer’’ regime
where the energy band gap of 3.5–4.0 eV is open betw
O(2p) and Mn(3d) states, if the on-site Coulomb correla
tions at the Mn(3d) states are included explicitly in th
framework of the self-interaction-corrected~SIC! LSDA
~Ref. 5! or LDA plus ‘‘HubbardU ’’ (LDA 1U Ref. 6! ap-
proaches.~iii ! A moderate-band-gap (;3.5–4.0 eV! insula-
tor in the intermediate ‘‘Mott-Hubbard’’/‘‘charge-transfer’
regime @the highest occupied states are of mix
Mn(3d)-O(2p) character# if the problem is treated within
the so-called optimized effective potential~OEP! approach7,8

or with a modelGW method.9 ~iv! A wide-band-gap (;13
eV! insulator within theab initio unrestricted Hartree-Fock
approach.10

The electronic structure of MnO has been intensively
vestigated by photoemission spectroscopy.11,12 The results
strongly advocate the intermediate Mott-Hubbard/char
transfer character of the energy gap, as well as the existe
of the large (;10 eV! splitting between the occupied an
unoccupied Mn(3d) states. It is known, however, that th
15 496 ©1998 The American Physical Society



le-
e
o
a
e

e
is

3

e
ut
er
re
s
is
e
be
in

o

p

id
t

t
he

t

ted
on

n,
ned

-
for

ne
tate
rec-

ic
ci-
ro-
the

-

ore
ho-
ion
ram-

au-

eral
rly,
ce

e
o-
dis-
cle
self

-

the
the
k
t for
for
in

cle
e
ve.
d

is
of
-
ag-
rk

n

2

of

PRB 58 15 497EFFECTIVE SINGLE-PARTICLE POTENTIALS FOR . . .
photoemission spectroscopy deals mainly with theexcited-
stateproperties and there is no guarantee that the~generally
fictitious! single-particle energies obtained inground-state
DFT calculations should coincide with the true sing
particle excitations.13 In this sense one might think that th
LSDA, although being inappropriate for treating the electr
excitations, does work reasonably well for the ground-st
properties of MnO.14 Indeed, MnO takes a special plac
among the transition-metal oxides since the Mn21 ion has
the half-filled 3d5 shell, and the spin subbands are eith
completely full or completely empty. Thus, the situation
less critical than that in FeO and CoO~and even NiO!, where
besides the intra-atomic spin splitting, the polarization ofd
orbitals within the same spin plays an important role.3,15 The
local magnetic momentm, being basically of Mn(3d) char-
acter, calculated by integrating the spin-magnetization d
sity in the atomic Mn sphere in the LSDA is typically abo
4.5mB .4 The value seems to be pretty close to the exp
mental local magnetic moment reported in the literatu
4.58mB ,16 or even 4.79mB .17 Therefore, one might gues
that only a small correction to the LSDA description
needed in the case of MnO~at least, for the ground-stat
properties!. However, such a simple-minded intuition can
very misleading. In Fig. 1, we show results of the constra
LSDA calculations ofDex[Dex(Dnd ,md) performed in the
type-II antiferromagnetic state~AF2!, where we fix the num-
ber of Mn(3d) electrons in the atomic sphere18 as nd55
1Dnd and evaluate the intra-atomic exchange splittingDex
between majority- and minority-spin Mn(3d) states that
should be applied in order to obtain the magnetic momentmd
on the same Mn(3d) states. One can clearly distinguish tw
regions in this diagram:~i! ‘‘modest md , ’’ which corre-
sponds to the unsaturated magnetization produced by
tially occupied majority- and minority-spin Mn(3d) states in
the metallic regime. The exchange splitting shows the rig
split Stoner-like behaviorDex.Imd with the nearly constan
parameterI;1 eV. Taking into account the Stoner-like form
as well as the magnitude of the parameterI, one can expec
that this part of the diagram is within the accessibility of t
LSDA description, because the latter is generically close
the concept of metallic Stoner magnetism.19 ~ii ! md is close
to its saturation valuemd.52Dnd in the insulating regime,
which corresponds to an asymptotic growth ofDex. In this

FIG. 1. Results of constraint-LSDA calculations for the AF
state: the intra-atomic exchange splittingDex between the majority-
and minority-spin Mn(3d) states as the function of the number
Mn(3d) electronsnd551Dnd and the magnetic momentmd on the
Mn(3d) states.
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region, the majority-~minority-! spin Mn(3d) states are
nearly filled~empty! and the change ofmd with Dex is caused
by the change in the character of the wave-functions rela
with the hybridization, rather than the direct inter-populati
of the majority- and minority-spin Mn(3d) states. ‘‘Unfor-
tunately,’’ the experimental data fall into the second regio
and in order to increase the local magnetic moment obtai
in the LSDA by several tenths of the Bohr magneton~in fact,
less than 7% of the LSDA value!, the corresponding param
eter of the effective single-particle potential responsible
the spin polarization~a generalized StonerI ) should be in-
creased more sensitively by a factor of 2–3. Thus, o
should realize that even a small correction to a ground-s
property can be conjugated with the need of a large cor
tion for parameters of the LSDA potential.

In this work we will attempt to determine the electron
structure of MnO by using the experimental spin-wave ex
tations data.20 The characteristic energy scale of these p
cesses is considerably smaller than those employed in
photoemission measurements@e.g., the typical incident neu
tron energies are only 30–50 meV~Ref. 20! to be compared
with the characteristic photon energieshn;46–55 eV in the
ultraviolet photoemission measurements for MnO#.11 In this
sense, the low-temperature spin-wave dispersion is a m
direct probe of the ground state of MnO rather than the p
toemission spectroscopy. The fact that a small deviat
from the ground state can be expressed through the pa
eters of the ground state has been emphasized by many
thors in rather different contexts~see, e.g., Refs. 19 and 21!.
The case of spin rotational degrees of freedom has sev
unique aspects that will be discussed in Sec. II. Particula
we will show how the requirements of the gauge invarian
in the DFT ~Ref. 22! result in the generalized local forc
theorem for infinitesimal rotations of the spin magnetic m
ments, which connects the low-temperature spin-wave
persion with the parameters of the effective single-parti
potential designed for the ground state. The statement it
is not new and is widely used inab initio calculations of
magnetic interactions,4,23 and in the analysis of the finite
temperature spin dynamics in real crystals.24 We will look at
the problem from a different angle and show that, in fact,
theorem is one of the most general results in the DFT,
applicability of which is not limited only by the framewor
of the LSDA. Thus, the theorem can be applied as the tes
already existing DFT schemes, as well as the guideline
possible methodological developments. So, we will show
Sec. III how the parameters of the effective single-parti
potential for MnO can be found empirically by fitting th
experimental low-temperature spin-wave dispersion cur
In fact, the information provided by the experiment is limite
to giving only two inter-atomic exchange integrals.20 How-
ever, we will see that this rather restricted information
sufficient to ‘‘restore’’ the one-electron band structure
MnO. In Sec. IV we turn to abilities of existing first
principles techniques to deal with the same problem of m
netic interactions in MnO. Finally, a summary of the wo
and perspectives will be outlined in Sec. V.

II. ROTATION OF THE SPIN-MAGNETIZATION
DENSITY IN THE SPIN-DENSITY-FUNCTIONAL THEORY

Following the Kohn-Sham~KS! formulation of the
density-functional theory25 let us present the energy of a
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interactingN-electron system asE5T01R, where

T0@$c i%#5(
i 51

N E drc i
†~r !~2¹2!c i~r ! ~1!

is the kinetic energy~in Rydberg units! of a noninteracting
system described by a Slater determinant of the one-elec
orbitals $c i%, and R stands for remaining electron-nucle
Eext@r# and electron-electron interactions. The last one
normally partitioned into the Hartree energyEH@r#, which is
a functional of the charge densityr(r ) only, and the
exchange-correlation energyEXC@r,$A%#, which is an ex-
plicit functional of r(r ) and a certain number of other ord
parameters$A% characterizing the ground state of the man
electron system. It is assumed that the dependence on
maining order parameters entersEXC implicitly throughr(r )
and$A%. Corrections to the noninteracting kinetic energy a
also included inEXC . The KS orbitalsc i are the solutions of
the fictitious single-particle problem:

@2¹21 v̂eff~r !#c i~r !5« ic i~r !, ~2!

whose order parameters$r,A% and the total energy are re
quested to be identical to those of the real interacti
electron system in the ground state. We will further spec
the problem and assume that the set of order parameter$A%
is represented by three Cartesian components of the s
magnetization densitym(r ). Therefore, the effective poten
tial v̂eff(r ) is the 232 matrix in the spin space, andc i(r ) is
the two-component spinor function. Then, the charger(r )
and the spin-magnetizationm(r ) densities can be expresse
as

r~r !5(
i 51

N

c i
†~r !c i~r ! ~3!

and

m~r !5(
i 51

N

c i
†~r !ŝc i~r !, ~4!

respectively, whereŝ is the vector of Pauli matricesŝ
5(ŝx ,ŝy ,ŝz). Equations~1!–~4! in combination with the
extremum property of the total energy in the ground st
d/dc i

†(r )$E2( i« i(*drc i
†(r )c i(r )21)%50 lead to the fol-

lowing expression for the effective KS potentialv̂eff(r ):

v̂eff~r !5v~r !1̂1b~r !•ŝ, ~5!

where1̂ is the 232 unity matrix,

v~r !5
d

dr~r !
$Eext@r#1EH@r#1EXC@r,m#% ~6!

is the scalar part ofv̂eff(r ), and

b~r !5
d

dm~r !
EXC@r,m# ~7!

is the internal spin magnetic field. Equations~2!–~7! should
be solved self-consistently. Using Eqs.~1,2,5-7!, the kinetic
energy can be written as
on
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e

T0@$c i%#5(
i 51

N

« i2E dr$v~r !r~r !1b~r !•m~r !%. ~8!

Then, the total energy is given by

E@r,m#5(
i 51

N

« i1Edc@r,m#, ~9!

with Edc@r,m# denoting the double-counting term:

Edc@r,m#5Eext@r#1EH@r#1EXC@r,m#2E dr$v~r !r~r !

1b~r !•m~r !%. ~10!

These are the basic equations of the KS spin DFT. O
goal is to find the total-energy change caused by small
viations of the spin-magnetization directionse8(r )
5m8(r )/um8(r )u from the ones in the ground stateeGS(r )
5mGS(r )/umGS(r )u. The transformation at each coordina
point r is given by the standard three-dimensional rotat
matrix specified by a small anglew(r ): eGS(r )→e8(r )
5R̂@dw(r )#eGS(r ). The energy of the excited configuratio
e8(r ) is given by the constrained functional

Edw@r,m#5E@r,m#2E dr h ~r !•$e8~r !

2R̂@dw~r !#eGS~r !%, ~11!

where only the directions of the spin magnetization at eacr
point are fixed alongR̂@dw(r )#eGS(r ) by an external field
h(r ), whereasr(r ) and the absolute magnitude ofm(r ) are
allowed to relax so to minimizeEdw . Let r8(r )5rGS(r )
1dr(r ) and m8(r )5R̂@dw(r )#$mGS(r )1dm(r )eGS(r )% be
the charge and the spin-magnetization densities that m
mize Edw , and,rGS(r ) andmGS(r ) refer to the ground state
where dw50. The transformation ofm(r ) consists of the
longitudinal change ofmGS(r ) by dm(r ): m̃(r )5mGS(r )
1dm(r )eGS(r ), and the subsequent rotation ofm̃(r ) by the
angledw: m8(r )5R̂@dw(r )#m̃(r ). If $c̃ i(r )% are the KS or-
bitals that yieldr8(r ) andm̃(r ) by the use of Eqs.~3,4!, the
rotationm8(r )5R̂@dw(r )#m̃(r ) is formally equivalent to the
unitary transformation of$c̃ i(r )%:

c̃ i~r !→c i8~r !5ÛS@dw~r !#c̃ i~r !, ~12!

where ÛS@dw(r )#5exp@idw(r )•s/2# is the 232 rotation
matrix in the spin space. The fundamental theorem by V
nale and Rasolt22 states in this context: the unitary transfo
mations of the KS orbitals~12! with a coordinate-dependen
phase factor does not change the exchange-correlation
ergy functional EXC ~the so-called gauge-symmetry co
straint on the admissible form ofEXC). Thus, we have
EXC@r8,m8#5EXC@r8,m̃#, which further leads to the fol-
lowing property for the internal spin magnetic field:
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b8~r !5
d

dm8~r !
EXC@r8,m8#5R̂@dw~r !#

3S d

dm̃~r !
EXC@r8,m̃# D 5R̂@dw~r !#b̃~r !,

and thereforeb8(r )•m8(r )5b̃(r )•m̃(r ). The transformation
~12! does not affectr8(r ) and therefore the scalar part of th
KS potential. Then, using Eqs.~9,11! and expanding
Edc@r8,m8#2Edc@rGS,mGS# explicitly up to the first order of
dr(r ) and dm(r ), it is rather straightforward to show tha
the total-energy changedEdw5Edw@r8,m8#2E@rGS,mGS#
is given by

dEdw5dS (
i 51

N

« i D 2E dr$dv~r !rGS~r !1db̃~r !•mGS~r !%

1O@~dr!2,~dm!2#, ~13!

where the first term is the change of the KS single-part
energies,dv(r )5v8(r )2vGS(r ) and db̃(r )5b̃(r )2bGS(r ),
with (vGS,bGS) and (v8,b̃) corresponding to (rGS,mGS) and
(r8,m̃), respectively.

An explicit expression for the first term in Eq.~13! is

dS (
i 51

N

« i D 5(
i 51

N

« i~r8,v8,m8,b8!

2(
i 51

N

« i~rGS,vGS,mGS,bGS!. ~14!

Noting that

r85rGS1dr,

v85vGS1dv,

m85R̂@dw#mGS1dmR̂@dw#eGS,

b85R̂@dw#bGS1R̂@dw#db̃,

and expanding the first term of Eq.~14!, we obtain in the first
order ofdr anddm

(
i 51

N

« i~r8,v8,m8,b8!

5(
i 51

N

« i~rGS,vGS,R̂@dw#mGS,R̂@dw#bGS!

1E dr$dv~r !rGS~r !1R̂@dw~r !#

3db̃~r !•R̂@dw~r !#mGS~r !%. ~15!

As R̂@dw#db̃•R̂@dw#mGS5db̃•mGS, the second term of Eq
~15! cancels with the second term of Eq.~13!. Therefore, we
arrive at the well-known local force theorem for small no
uniform rotations of the spin magnetization as expressed
e

y

dEdw5d* S (
i 51

N

« i D 1O@~dr!2,~dm!2#, ~16!

with

d* S (
i 51

N

« i D 5(
i 51

N

« i~rGS,vGS,R̂@dw#mGS,R̂@dw#bGS!

2(
i 51

N

« i~rGS,vGS,mGS,bGS!. ~17!

Thus, in order to calculate the total-energy changedEdw , we
only have to calculate the KS single-particle energies of
excited configuratione8(r ) for the potential given by
(vGS,R̂@dw(r )#bGS).

The result is well know in the LSDA,23 where it is in a
rather direct consequence of the peculiar functional dep
dence of the exchange-correlation energy:

EXC@r,m#5E drr~r !«XC@r~r !,um~r !u#.

As we have seen, however, the conclusion is more gen
and is one of the fundamental properties in DFT. In pr
ciple, the gauge-symmetry constraint on the form of t
exchange-correlation energy functional22 leads in this con-
text to a simple but nevertheless very important conclusi
the errorO@(dr)2,(dm)2# is determined by thescalar lon-
gitudinal change of the spin magnetization. The central qu
tion, however, is howdr anddm depend ondw. From the
equilibrium condition in the ground state we have in the fi
order of dw: d (1)Edw50, and thereforedEdw5O@(dw)2#.
Then, the total-energy changedEdw can be described entirel
by the change of the KS single-particle energies@first term in
Eq. ~16!# only if d (1)r5d (1)m50. The latter requirement is
equivalent to the collinearity condition@mGS(r )3f(r )#50
between the spin magnetizationmGS(r ) and the forcef(r )
acting on this magnetization in the ground state. Indeed,
total change ofm(r ) in the first order ofdw is given by
d (1)m(r )5d (1)m(r )eGS(r )1@dw(r )3mGS(r )#, where the
first term is the longitudinal change and the second term
the transversal change caused by the rotation. Then, the e
librium condition in the ground stated (1)Edw50 leads to

E dr H dE@r,m#

dr~r !
d~1!r~r !1

dE@r,m#

dm~r !
•eGS~r !d~1!m~r !

2FdE@r,m#

dm~r !
3mGS~r !G•dw~r !J 50. ~18!

Since by the definitionf(r )52dE@r,m#/dm(r ), the condi-
tion d (1)r5d (1)m50 is equivalent to the natural require
ment of the lack of the rotational forces acting on the s
magnetization in the ground state@mGS(r )3f(r )#50.

III. EMPIRICAL EFFECTIVE POTENTIAL FOR
MANGANESE OXIDE

The practical consequence of the analysis presented in
previous section is that the ground-state spin-magnetiza
density and the low-energy excitations caused by rotation
the spin magnetic moments near the ground state can
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expressed in terms of the same effective single-particle
tential. We will exploit this fact and attempt to obtain su
potential and therefore to restore the one-electron band
ture of MnO empirically on the basis of available experime
tal spin-wave dispersion data.20 First, we shall specify the
form of the effective potential. Our ‘‘guess’’ is the follow
ing. ~i! LDA is sufficient for the nonmagnetic part of th
potential.~ii ! The magnetic part of the effective potential
given by its site-diagonal matrix elements in an appropri
atomiclike basis. In fact, such a view on the one-elect
band structure of the transition-metal oxides was sugge
by Brandow15 and later on employed in LDA1U approach.6

MnO is certainly the simplest example among the transiti
metal oxides due to unimportance of the orbital polarizat
effects.26 In practice, we use the nearly orthogonal AS
LMTO ~where ASA is atomic-sphere apprximatio!
method18,27 and assume that the magnetic potential affe
only the site-diagonal block of Mn(3d) states in the LMTO
Hamiltonian. Then, the magnetic part of our empirical effe
tive potential is represented by only two parametersD↑,↓ :
the shift of the LMTO band-center27,28 for the majority-spin
and minority-spin Mn(3d) statesC↑,↓5C3d1D↑,↓ .

The shift of the diagonal matrix elements onD↑,↓ is
equivalent to the following correction to the LDA potentia
Dv↑,↓(r ,r 8)5(mm8xnlm(r )@D↑,↓dmm8#xnlm8

* (r 8), where

xnlm(r )5Rnl(r )Ylm( r̂ ) is the 3d basis orbital@Rnl(r ) being
the radial part,Ylm( r̂ ) being the angular part#. Thus, the
selectivity of the LDA1U type correction, in the sense th
it acts only on the states with a particular combination of
principal ~n! and angular~l! quantum numbers at each site
the periodic lattice, is equivalent to the nonlocality of t
effective potential on the intra-atomic scale, which appe
through the nonlocality of the projectorsxnlm(r )xnlm8

* (r 8).
However, such an effective potential of LDA1U type re-
mains to be site diagonal, unlike the non-local potential
the full-length Hartree-Fock approach. This is also differe
from the conventional KS spin DFT discussed in the prec
ing section, because the present formulation implies6 that
instead of the KS variables (r,m), the total energy should b
treated as the functional of the charge densityr(r ), the local
Mn(3d) populationnd and the local magnetic momentmd on
the Mn(3d) states:E@r,nd ,md#. Importantly, however, if
the class of possible spin rotations is restricted to the o
which preserve the collinear alignment within each atom
sphere~i.e., we use the classical picture where there is o
one spin vector associated with each magnetic site in
lattice, and these vectors are allowed to rotate relative
each other!, the arguments of the preceding section can
repeated and the potential parametersD↑,↓ designed for the
set of the ground-state variables (r,nd ,md) should be able to
reproduce the small spin-wave excitations near the gro
state and vice versa.

The experimental spin-wave dispersion of MnO measu
at 4.2 K by inelastic neutron scattering20 can be described in
terms of the following Heisenberg spin Hamiltonian:

H52
1

2(j ,k Jkej•ej 1k , ~19!

where only two non-negligible interactions between Mn
oms are the nearest-neighbor~nn! exchangeJ1 and the next-
o-
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nearest-neighbor~nnn! exchangeJ2 . ej is the direction of the
spin magnetic moment at the sitej. Strictly speaking, the
monoxide MnO reveals a small trigonal distortion below t
Néel temperature caused by the exchange striction eff
and resulting in somewhat different exchange constantsJ1

6

for the nn interactions with parallel and antiparall
spins.20,29However, we will consider the ideal rocksalt stru
ture where all nn distances are equal and assume that a
exchange interactions can be described by only one par
eter J1 . Importantly, the nature of the nn and nnn intera
tions in the rocksalt MnO is different.J2 is the typical 180°
superexchange interaction which depends on the intra-ato
exchange splittingDex5C↓2C↑ and the relative position o
Mn(3d) and O(2p) states~the so-called charge-transfer e
ergy Dct5C↓2C2p),4,30 whereas both the 90° supere
change and the directdd interactions contribute to the n
exchange integralJ1 . Thus, one can expect that the shift
the Mn(3d) states byD↑,↓ will have a different effect onJ1
andJ2 .31 As we shall see below, this leads to an unambig
ous choice forD↑,↓ in the case of MnO.32

In our numerical procedure we start with the nonmagne
LDA band structure and shift the Mn(3d) states byD↑,↓
interchangingD↑ and D↓ in two different magnetic sublat
tices of the AF2 ordered structure. Then, the total-ene
change associated with the small rotations of the spin m
netic moments@Eq. ~16!# can be exactly mapped onto th
Heisenberg model@Eq. ~19!# with the parameters given by23

Jk5
Dex

2

2p
ImE

2`

«F
d«TrL$G0k

↑ ~«!Gk0
↓ ~«!%, ~20!

whereG0k
↑,↓ is the intersite block of LMTO Green’s function

and TrL denotes the trace over the orbital indices.
expected,31 the splitting Dex controls mainly the absolute
magnitude of bothJ1 andJ2 , whereas the spin-independe
shift (D↑1D↓)/2 strongly affects the ratioJ2 /J1 . Thus,
there is a direct correspondence between two paramete
the effective potential (D↑ ,D↓) and two interatomic ex-
change integrals (J1 ,J2). The experimental valuesJ1
524.8 andJ2525.6 meV~Table I! suggestD↑523.8 and
D↓56.8 eV.

In order to demonstrate that the empirical effective pot
tial does account well for the magnetic interatomic intera
tions problem and the interactions different fromJ1 and J2
are indeed negligible in the obtained one-electron picture
MnO, we directly calculate the spin-wave spectrum by us
the spin-spiral idea in the band-structure calculations.34 The
main advantage of this approach is that it allows us to av
the real-space summations and to obtain directly the Fou
images of the pairwise exchange interactions.35 Then, the
spin-wave energies of an antiferromagnet can be expre
through the Fourier images of the intra-sublatticeJ11(q)
and intersublatticeJ12(q) interactions as36

v~q!5
2

m
@~J11~q!2H0!22J12

2 ~q!#1/2, ~21!

whereH05J11(0)2J12(0). Theresults of these calcula
tions with the above-mentioned parametersD↑,↓ are summa-
rized in Fig. 2. The calculated spin-wave energies do fit w
with the experimental curve, suggesting that the underly



a

o
ee
rte
-
n

be-
-

rees
ion

in
del
nly

ra-

with

ed
ts

is

the
in-
s
his
in-
ic-
ve
pa-
e

,
ll

ting
nd
es
etic
m-

for

er-

lue
is-
ter

pro-
aly-
ap-

al
nd

ion
ticle
pa-

-

es
fi-

ai

b

h
R
gh

ll.

PRB 58 15 501EFFECTIVE SINGLE-PARTICLE POTENTIALS FOR . . .
one-electron band picture of MnO may indeed be very re
istic. Note, that by adjustingJ1 andJ2 to their experimental
values we did not treat the magnetic momentm as an inde-
pendent fitting parameter. Nevertheless, the moment
tained inside the atomic Mn sphere is in fairly good agr
ment with the experimental local magnetic moments repo
in the literature~Table I!. Comparison of the obtained den
sity of states with the combined x-ray photoemission a
bremsstrahlung-isochromat spectroscopy data12 is also rather
remarkable in three respects: the mixed Mn(eg↑)-O(2p)

TABLE I. Magnetic moment inside the atomic Mn spherem and
the interatomic exchange integralsJk calculated in various magneti
cally ordered states~F, AF1, and AF2! by using the empirical ef-
fective potential as well as the different first-principles techniqu
LSDA, LDA1U, and OEP. Note that in accordane with the de
nition of Eq.~19!, the experimental parametersJ1 andJ2 have been
multiplied by S25(5/2)2.

m (mB) J1 ~meV! J2 ~meV!

Empirical ~F! 4.89 24.9 26.0
Empirical ~AF1! 4.89 24.7 25.9
Empirical ~AF2! 4.84 24.8 25.6
LSDA-x a ~AF2! 4.66 28.8 215.5
LSDA-xc b ~AF2! 4.50 213.2 223.5
LDA1U ~AF2! 4.68 25.0 213.2
OEP-xc ~AF2! 4.85 25.7 211.0
OEP-xcd ~AF2! 4.80 28.9 212.0
Expt. 4.79,e 4.58f 24.8,g 25.4 h 25.6,g 25.9 h

aLSDA exchange potential only.
bLSDA exchange-correlation potential by Vosko, Wilk, and Nus
~Ref. 33!.

cLMTO exact exchange potential by Kotani and Akai~Ref. 7!.
dLMTO exact exchange plus static RPA correlation potential
Kotani ~Ref. 8!.

eFenderet al. ~Ref. 17!.
fCheethamet al. ~Ref. 16!.
gInelastic neutron scattering by Kohgiet al. ~Ref. 20!.
hAnalysis of thermodynamic data by Lines and Jones~Ref. 29!.

FIG. 2. Electronic structure of MnO: total and partial Mn(3d)
densities of states oft2g andeg symmetry and energy bands, whic
gives the experimental low-temperature spin-wave dispersion.
sults of the fitting of the spin-wave dispersion are shown in the ri
inset: calculated energies~squares! and experimental curve~solid
line!. Left inset shows the first Brillouin zone of the AF2 unit ce
l-

b-
-
d

d

character of the top valence band; the energy splitting
tween occupied and empty Mn(3d) states; the relative posi
tion of the occupied O(2p), Mn(t2g↑), and Mn(eg↑) states.
In all these features, the calculated density of states ag
well with the picture suggested by the photoemiss
spectroscopy.37

Another important feature of the magnetic interactions
MnO is that the simple two-parameter Heisenberg mo
~19! appears to be more universal in the sense that not o
the low-temperature magnon spectrum20 but also the behav-
ior of various thermodynamic quantities in a wide tempe
ture range below and above the Ne´el temperature29 can be
successfully described by the same Heisenberg model
practically the same parametersJ1 andJ2 . It means that the
Heisenberg exchange interactions, being originally deriv
only for infinitesimal rotations of the spin magnetic momen
near an equilibrium~AF2! state @Eq. ~20!#, should depend
only weakly on the type of spin ordering realized in th
equilibrium state. The latter appears to be possible ifDex
~and Dct) are the largest parameters in the problem and
series of perturbation theory with respect to the hopping
tegrals rapidly converge.36 Then, the magnetic interaction
will be entirely represented only by the leading terms in t
series31 and the simplest Heisenberg form of the sp
Hamiltonian@Eq. ~19!# becomes exact. The one-electron p
ture of MnO obtained by fitting the experimental spin-wa
dispersion satisfies these requirements. First, we fix the
rameters of the KS potentialD↑,↓ and evaluate the exchang
integralsJ1 and J2 for three different magnetic equilibrium
states: ferromagnetic,F; antiferromagnetic of the first type
AF1; and antiferromagnetic of the second type, AF2. A
three magnetically ordered states were found to be insula
~the energy band gap is 4.9, 5.5, and 6.9 eV for F, AF1, a
AF2, respectively! and the exchange integrals themselv
only weakly depend on the type of the long-range magn
ordering~Table I!. Then, on the basis of the obtained para
etersDex510.6 eV,Dct510.7 eV, andJ2525.6 meV, the
effectivepd hopping can be evaluated using the formula
the superexchange interaction as31 tpd51.36 eV, being al-
most one order of magnitude smaller thanDex andDct .

Finally, tpd can be also expressed in terms of the Slat
Koster transfer integrals as4 tpd

4 5(pds)412(pdp)4. Since
(pdp).20.45(pds), one can find that (pds).1.33 eV,
which is again in a remarkable agreement with the va
(pds).1.3 eV suggested by the analysis of the photoem
sion spectra in terms of the configuration-interaction clus
model.12

IV. FIRST-PRINCIPLES TECHNIQUES

Being based on the one-electron picture adjusted to re
duce the experimental magnetic data, let us turn to the an
sis of various first-principles approaches that have been
plied hitherto to MnO. In Fig. 3 we show the theoretic
spin-wave dispersion curves calculated within different ba
structure schemes~LSDA, OEP, LDA1U) on the basis of
the local force theorem by using Eq.~21! and the spin-spiral
technique35 in order to obtainJ11(q)2H0 and J12(q).
Following the arguments of Sec. II, the spin-wave dispers
can be considered as a probe of the effective single-par
potentials that were used in these calculations. Obtained
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rametersJ1 and J2 are listed in Table I. One can see, th
none of the considered approaches treats the interato
magnetic interactions properly.

A. LSDA

LSDA provides quite a reasonable description for the
lence band of MnO. The discrepancies that are directly

FIG. 3. Theoretical spin-wave dispersion calculated by us
several first-principles electronic structure techniques in compar
with the experiment. Symbols show the calculated spin-wave e
gies; the solid line is the result of interpolation with the paramet
listed in Table I. The notations are the same as in Table I.

FIG. 4. Total and partial Mn(3d) densities of states oft2g and
eg symmetry in LSDA, OEP, and LDA1U. The notations are the
same as in Table I.
ic

-
-

lated with the band-gap problem are more evident: the in
atomic exchange splitting and the charge-transfer energy
seriously underestimated~Fig. 4!. The nonlocal corrections
in the form of the generalized gradient approximatio
~GGA! improve the situation only partially.38 This has sev-
eral negative consequences on the interatomic magnetic
teractions:~i! Both uJ1u and uJ2u are significantly overesti-
mated ~previous calculations by Oguchi, Terakura, a
Williams4 and Table I!; ~ii ! Dex and Dct are no longer the
largest parameters in the problem: the band gap can
closed by a finite rotation of the spin magnetic mome
away from the AF2 ground state.3,4 Then, the exchange in
tegrals themselves strongly depend on the type of the m
netically ordered state in which they are calculated~for ex-
ample, the estimations based on the finite rotations in
medium of randomly oriented magnetic moments yields4 J2
5212.7 meV, being quite different from the valueJ25
223.5 meV listed in Table I and corresponding to the infin
tesimal rotations near the AF2 state!; ~iii ! the problem, which
is typically less realized. Both LSDA and GGA overestima
the magnitude of the trigonal contraction along the@111#
direction of the cube.39 The contraction is known to be
caused by the exchange striction effects in the AF2 state.29 If
the distorted cube corner angles arep/26b, the equilibrium
distortionb is proportional to@]J1 /]r #/C44, wherer is the
nn Mn-Mn distance in the rocksalt structure andC44 is the
shear elastic constant.29 At the equilibrium volume, GGA
yields39 b.2.231022, which is two times larger than the
experimental value20,29b.1.131022. Thus, the same facto
2 can be viewed as the error of GGA~LSDA! for the deriva-
tive ]J1 /]r , provided thatC44 is correct.

It is well known that the electron correlation can redu
Dex substantially.19 The use of the LSDA exchange potenti
alone without the correlation counterpart does increases
band gap~Fig. 4! and brings the inter-atomic exchange int
grals in a better agreement with the experimental data~Table
I!. However, the improvement is only partial, indicating th
the limitations of the LSDA description for MnO start a
ready on the level of approximations made for the excha
energy functional, and correlations added afterwards only
gravate the problem.

B. OEP

OEP is the potentially promising approach. The idea
this method40 is to find numerically the local KS potentia
that minimizes the total-energy functional based on the ex
Fock expression for the exchange energy and an approxim
form for the correlation energy~e.g., in the random-phas
approximation, RPA!. The latter can be beyond the homog
neous electron gas limit.8 In the present work we used th
self-consistent LMTO potentials obtained by Kotani.7,8

When the static correlation in the inhomogeneous RPA fo
is taken into account, both the occupied density of states
the intra-atomic exchange splitting~Fig. 4! are in accord
with the expectations based on the analysis of the experim
tal spin-wave dispersion~Fig. 2!. The puzzling aspect of the
OEP-LMTO approach developed by Kotani is that it see
to exaggerate the radial dependence of the intra-atomic
change splitting, resulting in rather discouraging inter-atom
magnetic interactions~Table I!. The result can be understoo
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as follows. The canonical OEP-LMTO bandwidth27 Wl for
Mn(3d↑), Mn(3d↓), and O(2p) states is 2.6, 6.6, and 14.
eV, respectively~to be compared with 3.3, 4.6, and 13.8 e
obtained within LSDA!. Therefore, thepd hybridization, be-
ing proportional to27 tpd↑,↓}(WpWd↑,↓)

1/2, differs signifi-
cantly for the majority-spin and minority-spinpd channels.
One of the consequences of this difference is clearly see
Fig. 4: despite larger energy separation from the cente
O(2p) band, the unoccupied part of the Mn(3d) states is
significantly wider than the occupied one. The fact that
pd hoppings strongly depend on the spin indices also pla
negative role in the problem of superexchange interactio
starting from the ground-state antiferromagnetic alignme
the downward energy shift of the O(2p) states due to the
interaction with the unoccupied Mn(3d) states in the Mn-
O-Mn bond4 is given in the first order oftpd↑,↓ /Dct by
dC2p52$(tpd↓

2 1tpd↑
2 )1(tpd↓

2 2tpd↑
2 )usin(q/2)u%/Dct , where

q is the angle between magnetic moments of two Mn ato
in the Mn-O-Mn bond. Sincetpd↓.tpd↑ , udC2pu is maximal
in the antiferromagnetic ground-state corresponding toq5
6p. This will additionally stabilize the ground-state AF
order and overestimate the inter-atomic exchange coup
even without the RPA correlation~Table I!. The problem
exists already on the level of LSDA, which also result in tw
different parameters for the canonical Mn(3d↑) and
Mn(3d↓) bandwidths, although the difference is consid
ably smaller than in the case of OEP approach. The reaso
such unphysical behavior is not entirely clear. We would l
to mention three possibilities.~i! Shape approximation supe
imposed on the OEP in the LMTO approach. Especially,
internal spin magnetic fields@Eq. ~7!# are totally suppresse
within oxygen atomic spheres when the AF2 ordering
treated in the framework of the LMTO method.~ii ! The uni-
form rotations of the spin magnetization within atom
spheres may not correspond to the lowest-energy spin-w
excitations. A more advanced treatment of the spin wa
should allow the possibility of a noncollinear distribution
the spin-magnetization density on the intra-atomic scale
the excited state. The theories in this context have been
veloped very recently in the series of publications.41 These
two scenarios, however, seem to contradict the widesp
concept of the localized magnetism in MnO.~iii ! As was
shown by Vignale and Rasolt,22 the gauge-invariant form o
the KS equations with respect to the spin rotations, on wh
the local force theorem is based, can be preserved on
both the spin-magnetization densitym(r ) and the fictitious
spin-current densities

ja~r !52 i(
i 51

N

$c i
†~r !ŝa@¹c i~r !#2@¹c i

†~r !#ŝac i~r !%,

where ŝa is one of the Pauli matrices (a5x, y or z), are
treated as the basic variables in the framework of curre
DFT formalism. The spin-current densities themselves h
no physical meaning and therefore should be determined
other real physical observablesja(r )5 ja@r(r ),m(r )#. Then,
the problem can be formally reformulated as a spin DFT42

where the magnetic part of the KS potential is given by
chain derivation:
in
of
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b~r !5
dEXC

dm~r !
U
ja

1(
a

E dr 8
dEXC

d ja~r 8!
U
m

d ja~r 8!

dm~r !
.

However, there is no guarantee that the second part of
expression can be described by a simple multiplicative
tential, as it is implied in the OEP theory.

At the present stage we do not know whether there i
connection between the local KS current-DFT formulati
and our empirical procedure discussed in Sec. III which i
plies a nonlocality of the effective single-particle potent
within atomic Mn spheres. Presumably, such nonlocality
an alternative standpoint, which, however, allows us to
solve rather easily the main drawback of the OEP pict
related with the very different strength of thepd hybridiza-
tion in different spin channels. To conclude this part w
would like to note that our empirical electronic band stru
ture of MnO~Fig. 2! agrees reasonably well with the mod
GW calculations by Massiddaet al.9, which are based on a
nonlocal energy-independent expression for the electron s
energy.

C. LDA 1U

LDA1U, being based on ideas learned from the perio
Anderson model with the orbital degeneracy, is another
tentially promising approach for the transition met
oxides.6,15 In this picture, the intra-atomic exchange splittin
of the Mn(3d) states is given byDex5Imd , where for the
half-band-filling the Stoner parameterI is related with the
on-site Coulomb repulsionU and the Hund’s first rule cou
pling JH as I 5(U14JH)/5.43 With the parameters obtaine
from the fit to the magnon spectrum we would expecI
5Dex/md510.6/4.84.2.2 eV, which is more than two time
larger than the LSDA value 4.0/4.50.0.9 eV. Typically, the
Hund’s first rule coupling for 3d compounds is JH
.0.7–0.8 eV and only weakly depends on the environm
of 3d ions in solids~e.g., Ref. 6, and references therein!.
Then, the on-site Coulomb repulsionU can be evaluated
from I asU.8 eV, being in fairly good agreement with th
results of the constraint-LSDA calculations (U56.9 eV, re-
ported in Ref. 6!.

Results of the LDA1U calculations with the above
mentioned parameters are shown in Fig. 4 and in Tabl
Obvious drawback of this picture is the underestimate of
charge-transfer energyDct . Formally, the situation can be
improved by introducing a more sophisticated approximat
for the so-called double-counting energy (Edc

U ) in LDA
1U. This term is aimed to subtract the part of the LD
energy, which has the same origin as the energy of ad
on-site Hartree-Fock interactions.6 At present, there are two
anzatzsfor Edc

U : the original one, whereEdc
U is chosen as the

on-site Hartree-Fock energy with averaged single-part
populations;6 and an alternative, whereEdc

U is interpolated
between the on-site Hartree-Fock energies taken at the p
of integer single-particle populations. Merits of the latter a
proach have been discussed in Ref. 44. However, MnO
sents an exceptional case, because for the half-band-fi
these two schemes yield the same correction to the L
potential:D↑,↓56Imd/2 @the symmetric spin splitting of the
Mn(3d) states#. Thus, both LDA1U schemes do not handl
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the situation properly. The problem cannot be solved
treating the HubbardU as an adjustable parameter in t
present formulation of the LDA1U approach: the procedur
fails to reproduce two exchange integralsJ1 andJ2 simulta-
neously. Phenomenologically, it is clear that the correc
LDA1U potential for MnO should include an additional u
ward shift ofall Mn(3d) states relative to the O(2p) band,
although it is not clear now whether there is a simple p
scription for such correction. We will return to this proble
in Sec. V. The same problem is anticipated for LaMnO3,
where the straightforward application of LDA1U even
worsens the LSDA picture and leads to the incorrect m
netic ground state ~ferromagnetic, instead ofA-type
antiferromagnetic—see discussions by Solovyev, Hama
and Terakura and Sawadaet al. in Ref. 1!.

The standard SIC-LSDA technique affects only the oc
pied Mn(3d) states and results in even smaller char
transfer energy parameterDct than in LDA1U.5 Thus, the
overall picture for the magnetic interactions is expected to
even worse. The situation may be improved if we apply
self-interaction correction not only to Mn(3d) orbitals, but
also to O(2p) orbitals, although the procedure has no rigo
ous justification~see arguments of Arai and Fujiwara in Re
5!.

D. Ab initio Hartree-Fock approach

The ab initio Hartree-Fock~HF! approach does not tak
into account the electron correlation, and underestimate
interatomic exchange coupling as well as the exchange s
tion in MnO.10 The discrepancies are commonly attributed
the band gap, which is severely overestimated in theab initio
HF calculations. This is true only partially, because the
terpretation of the HF band structure requires some cau
related with the fact that theab initio HF is essentially non-
local approach.

In order to illustrate the characteristic features of the fu
length HF approach let us focus on interactions between
minority-spin Mn(3d) states and the O(2p) states in one of
the Mn-O bonds by taking the simple tight-binding pictur
where we disregard for a while the orbital degeneracy of
atomic 3d and 2p levels and model them by fictitiouss
states. Then, the Fock exchange energy associated with
Mn-O bond is given byEx

pd52Vndpnpd , whereV is the
inter-site Mn-O Coulomb interactionV5^pdu1/r 12upd&. In
these notations, the 3d orbital is centered at the Mn site an
2p orbital is centered at the O site. We assume that
weight of the atomic O(2p) states at the Mn site~and vice
versa! is small and all other integrals relevant to the Mn
exchange interaction (^ddu1/r 12upd&, ^ppu1/r 12upd&, and
^pdu1/r 12udp&) are negligible.npd5ndp are the site-off-
diagonal elements of the single-particle density matrix:npd

5^Guĉp
†ĉduG&, where ĉp

†( ĉd) creates an electron~hole! in
the atomic 2p(3d) state anduG& is the ground-state wav
function of the many-electron system that in the HF a
proach is given by a single Slater determinant of sing
particle orbitals$c i%. Then, in the regular HF approach, th
nonlocalpd-exchange potential is given by

1

c i
S ]Ex

pd

]npd

dnpd

dc i
†

1
]Ex

pd

]ndp

dndp

dc i
† D 52Vnpd~ ĉp

†ĉd1 ĉd
†ĉp!.
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Since corresponding kinetic term of the tight-binding Ham

tonian is2tpd( ĉp
†ĉd1 ĉd

†ĉp), wheretpd.0, the nonlocalpd
exchange enters the site-off-diagonal part of this Ham
tonian as the renormalization of the kinetic hopping para

eters t̃ pd5tpd@11(V/tpd)npd#, and determines the strengt
of the effective Mn-O hybridization. For the occupied bon

ing states it holdsnpd.0, and thereforet̃ pd.tpd . The site-
diagonal elements of the Hamiltonian are determined by
unrenormalized on-site Coulomb interactions. This results
the characteristic wide-band-gap picture for MnO in theab
initio HF approach.10

Nevertheless, the same problem can be reformulate
terms of site-diagonal~‘‘local’’ ! variables. This fact follows
from the idempotency property of the whole density mat

n̂25n̂ ~note, thatn̂ is the projector onto the occupied state!,
which leads to the series of constraints likend

21zndpnpd

.nd , wherez is the number of Mn-O bonds in which th

atomic 3d orbital participates, andnd5^Guĉd
†ĉduG& is the

site-diagonal element of the density matrix~local popula-
tion!. The conditionnd

21zndpnpd.nd becomes exact if the
density-matrix is sufficiently short range in the real spa
and the site-off diagonal elements exceptnpd for the nearest
Mn-O neighbors are vanishing. Thus,npd and nd are not
independent variational parameters. Thepd-exchange en-
ergy per one Mn-O bond can be expressed asEx

pd

.2 V/z (nd2nd
2), whose derivative with respect tond re-

sults in the site-diagonal potential shift of the minority-sp
Mn(3d) states by2(V/z)(122nd).2(V/z), whereas the
site-off-diagonal part of the new Hamiltonian is given by t
standard kinetic hopping parameterstpd . Thus, the effect of
the intersitepd-exchange interaction in this picture is simila
to a renormalization of the on-site Coulomb interaction, a
therefore ‘‘cures’’ the band-gap problem. If the conditio
nd

21zndpnpd.nd were exact, the transformation between t
site-off-diagonal and the site-diagonal representations for
exchange energy in the considered model would be also
act. Thus, both pictures would yield the same ground-s
properties, although the single-particle spectra underly
these two approaches may differ significantly.

These tendencies are clearly seen in realistic calculat
of the one-electron band structure of MnO obtained in theab
initio HF ~Ref. 10! and the OEP~Ref. 7! approaches. Both
techniques are based on the minimization of the HF to
energy. Theab initio HF method treats the nonlocality of th
exchange interaction directly, whereas the basic idea of
OEP approach is to work with a fictitious local KS potentia
which can be obtained numerically.40 As expected, the intra-
atomic exchange splittingDex, as well as the band gap ar
considerably reduced in the OEP approach@e.g.,Dex is about
27 eV in HF,10 and only 13 eV in OEP~Ref. 7!#. The com-
parison stresses the importance of the intersite Mn-O C
lomb interactions~V! and raises several important question
~i! whether the effect of the intersite Coulomb interactio
can be entirely described as a renormalization of parame
of the on-site Hartree-Fock interactions, as frequently
sumed in the model tight binding or LDA1U calculations
for the transition-metal oxides;~ii ! whether the same renor
malization is justified on the level of model HF calculation
and when the electron correlations are taken into acco
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starting from the model HF solution. These issues should
seriously reconsidered in the future.

V. SUMMARY AND PERSPECTIVES

We have shown that the requirement of gauge invaria
in the density-functional theory automatically leads to t
generalized local force theorem for spin rotational degree
freedom. The theorem suggests that the magnetic interato
exchange interactions relevant to the low-energy spin-w
excitations near the ground state can be expressed in term
the effective single-particle potential, which yields the co
rect ground-state spin-magnetization density. Thus, the th
rem poses a severe test for the modern first-principles e
tronic structure techniques designed to deal with the grou
state properties of narrow-band materials.

The problem has been analyzed in detail for MnO. On
one hand, the result of our work is rather discouraging:
spin-wave dispersion calculated by using LSDA, LDA1U,
and OEP methods on the basis of the local force theore
far from the experimental one. Although both LDA1U and
OEP methods improve the LSDA description for MnO, t
improvement is only partial. On the other hand, results of
work strongly suggest that at least one effective sing
particle potential which is compatible with the observ
magnetic inter-atomic interactions in MnO does exist a
can be found phenomenologically by fitting the experimen
low-temperature magnon spectrum.

The phenomenological view on this problem appears
be even more universal in two respects:~i! the obtained one-
electron band structure of MnO is also in fairly good agre
ment with the photoemission spectra;~ii ! the empirical effec-
tive potential, which was initially constructed in the limit o
infinitesimal rotations of the spin magnetic moments near
AF2 ground state, is also applicable to the finite angle ro
tions. The interatomic exchange integrals only weakly
pend on the type of the magnetically ordered state, be
consistent with the observed thermodynamic properties
MnO in a wide temperature range, and in a drastic cont
with the picture provided by LSDA. Such a universal beha
ior is related with the fact that two characteristic paramet
of the one-electron Hamiltonian, i.e., the intra-atomic e
change splittingDex and the charge-transfer energyDct , are
substantially larger than the interatomic hopping elemen

A challenge for the future research is to obtain the sa
picture on the level ofab initio electronic structure calcula
tions. The perspectives in this direction seem to be ra
promising. The central question is the form of the effect
single-particle potential. In this respect, the physical id
proposed by Brandow15 to construct the one-electron Hami
tonian for the transition-metal oxides as the nonmagn
LDA part plus a site-diagonal correction for the 3d electrons
in the model Hartree-Fock form is very fruitful and certain
puts the LDA1U form of the single-particle equations i
perspective. One should also note that LDA1U is a very
convenient physical approach to deal with the orbital po
ization and orbital magnetism in the band-structu
calculations.45 The basic problem of the LDA1U method, as
it is currently formulated, is the lack of the well justifie
prescription of how to choose the parameters of the L
1U potential. In addition to this, the method designed
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deal with the ground-state properties should be based
variational principles which minimize thetrue total energy.
Unfortunately, this is not the case for the currently us
LDA1U functionals,6,44 in which the total-energy is given
by anad hocconstraint-LSDA expression. These merits a
demerits of the LDA1U description for the narrow-band
transition-metal compounds are reversed in the O
approach7,8,40. The OEP technique is based on a rigoro
expression for the total energy functional, which is acco
panied by a rather cumbersome procedure of how to c
struct the KS potential, the form of which is, however, r
stricted to the local multiplicative one. Any extension of th
approach to go beyond the conventional spin-dens
functional formulation and to take into account, for instan
the orbital polarization effects on the level of one-electr
band-structure calculations is already hardly feasible. Th
as the next step in this direction, it would be highly desira
to combine the LDA1U form of the single-particle equa
tions with the ideas of the OEP approach and to treat
parameters of the LDA1U potential as variational degree
of freedom that minimize the true total-energy function
Several levels of approximations can be then introduced
the nonlocal spin-dependent part of the LDA1U potential:

Dvs~r ,r 8!5 (
mm8

xnlm~r !Dvmm8
s xnlm8

* ~r 8!, ~22!

with s denoting a particular spin state~the extension to the
spin-off diagonal case associated with the spin-orbit inter
tion or the noncollinear arrangement of the spin magne
moments is straightforward!.

~i! The standard LDA1U formulation, where the matrix
elementsDvmm8

s are given by the model Hartree-Fock e
pression for the Coulomb and exchange interactions betw
the 3d electrons at the same site:

Dvmm8
s

5 (
m9m-

H K mm9U 1

r 12
Um8m-L ~nm9m-

s
1nm9m-

2s
!

2 K mm9U 1

r 12
Um-m8L nm9m-

s J 2Dvctdmm8 ,

~23!

where nm9m-
s are the site-diagonal elements of the sing

particle density matrix in the basis of atomiclike 3d orbitals
$xnlm(r )%. Dvct has the same purpose as the charge-tran
energy parameter in the model Hamiltonians11,12,30and con-
trols the position of the 3d-band center relative to the othe
states. All Coulomb matrix elements^mm9u1/r 12um8m-& are
expressed in terms of the Clebsch-Gordon coefficients
( l 11) effective Slater integrals$Fa%, a50,2, . . . ,2l ~e.g.,
Ref. 46!. Therefore, the method comes to the variational
termination of only (l 12) potential parameters: (l 11) ef-
fective Slater integrals$Fa% plus the 3d-band center shift
Dvct , provided that the elements of the density matrix in E
~23! nm9m-

s [nm9m-
s

@Fa,Dvct# are obtained in the process o
self-consistent solution of the LDA1U equations for each
set of parameters$Fa,Dvct%. Thus, the numerical solution o
the problem in the spirit of the OEP method seems to
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feasible and would require only small modification of t
OEP-LMTO algorithm developed by Kotani.7,8

~ii ! All (2 l 11)2 parameters characterizing the Hermiti
matrix iDvmm8

s i are treated as independent variational
grees of freedom in the OEP-type approach. This techn
is expected to be more advanced than the previous one
cause it allows the deviation of the LDA1U potential from
the traditional atomic Hartree-Fock form. The deviation c
be viewed as a different renormalization of the effective
site Coulomb interactions for the 3d states of different sym
metry caused by correlation effects47 or a more complex
structure of the interatomic exchange interactions, wh
does not necessarily lead to the simplest renormalization
nario considered in Sec. IV D for the nondegenerates orbit-
als. We expect that this strategy is essentially importan
account for the different nature oft2g and eg 3d states in
perovskite transition-metal oxides, as was originally s
gested by Solovyevet al. in Ref. 1. If there is one-by-on
correspondence between the potential matrixiDvmm8

s i and
the on-site (3d) part of the density matrixiDnmm8

s i , the
scheme should be equivalent to a generalized DFT appr
in which r(r ) andiDnmm8

s i participate as the basic variabl
of the total-energy functionalE@r,nmm8

s
#.

~iii ! Typically, there is some flexibility in the choice o
the atomiclike orbitals$xnlm(r )% in LDA1U, because the
second boundary condition at the atomic sphere is not rig
fixed for the atomic wave functions in solids. Thus, the sh
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of the basis orbitals themselves can be treated as an
variational degree of freedom. Such a variational proced
would resolve one of the ambiguities of the LDA1U ap-
proach related to the choice of the appropriate atomic or
als $xnlm(r )%.
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