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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: localspin-density approximation, LDA plus “Hubbard” (LDA +U) 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 theULDA
form of the single-particle equations with the variational principles of the OEP approach. Several possible
approximations along this line are discussg®D163-18208)04047-9

I. INTRODUCTION MnO can be quite differen{i) A small-band-gap €1 eV)
material, the insulating nature of which is directly related to
Close interplay among magnetic, structural, and transpotthe existence of the particular type-ll long-range antiferro-
properties discovered in various perovskite manganese oxnagnetic spin ordering, and the energy gap itself may be
ides has recently revived an enormous interest in these syascribed to the “Mott-Hubbard” type in the sense that both
tems. In some sense, the new wave of intense research actiyre top of the valence band and the bottom of the conduction
ity was facilitated by the fact that many physical mechanismgand are of predominantly Mn¢3 character. This is essen-
responsible for these phenomena were known already fqfa|ly the picture provided by the locaspin-density ap-
many years. However, it is also true that the research hgs ,yimation [L(S)DA] to the density-functional theory
been facing many fundamental problems that are still far(DFT)_sA (i) An insulator in the “charge-transfer” regime
from their final solution. Undoubtedly, one such long- where the energy band gap of 3.5-4.0 eV is open betw,een

standing problem is the description of the narrow-bando(zp) and Mn(3) states, if the on-site Coulomb correla-
transition-metal compounds on the level of first-principles,. ’

band-structure calculations. Despite numerous such studi(%':?ns at the Mn(8) staFes are included explicitly in the

based on rather different standpoifige, e.g., Refs. 1 and 2 ramework of the sslf-lnteracthp-correcte((SIC) LSDA

and references therdinwhich of the theoretical band pic- (R€f- 9 or LDA plus “Hubbard U™ (LDA +U Ref. § ap-

tures lies behind the unique physical properties of mangarRroaches(iii) A moderate-band-gap~3.5-4.0 eV insula-

ites is still an open and disputed question. tor in the intermediate “Mott-Hubbard"/*charge-transfer”
Although there are several conceptual differences bet€gime [the highest occupied states are of mixed

tween perovskite and rocksalt materialse consider that it Mn(3d)-O(2p) characte} if the problem is treated within

would be very instructive to address ourselves once more tthe so-called optimized effective potenti@EP approach®

the classical problem of the electronic structure of the “sim-or with a modelGW method? (iv) A wide-band-gap {13

plest manganese oxide’—the monoxide MnO. Certainly,eV) insulator within theab initio unrestricted Hartree-Fock

MnO is one of the most well studied compounds, both ex-approach’

perimentally and theoretically. Surprisingly, however, after The electronic structure of MnO has been intensively in-

decades of activity, the electronic structure of MnO is stillvestigated by photoemission spectroscOpif. The results

the subject of various controversies, especially in the field oftrongly advocate the intermediate Mott-Hubbard/charge-

first-principles electronic structure theories. Depending orransfer character of the energy gap, as well as the existence

the approximation employed for treating the exchange andf the large ¢-10 eV) splitting between the occupied and

correlation effects, the characteristic electronic properties ofinoccupied Mn(8) states. It is known, however, that the
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region, the majority-(minority-) spin Mn(3d) states are
nearly filled(empty and the change qi4 with A, is caused
by the change in the character of the wave-functions related
with the hybridization, rather than the direct inter-population
of the majority- and minority-spin Mn(@®) states. “Unfor-
tunately,” the experimental data fall into the second region,
and in order to increase the local magnetic moment obtained
in the LSDA by several tenths of the Bohr magnetonfact,
less than 7% of the LSDA valjyiethe corresponding param-
> eter of the effective single-particle potential responsible for
06 04 03 the spin polarizatiorta generalized Stond) should be in-
An, 1, (1) creased more sensitively by a factor of 2—3. Thus, one
should realize that even a small correction to a ground-state
FIG. 1. Results of constraint-LSDA calculations for the AF2 property can be conjugated with the need of a large correc-
state: the intra-atomic exchange splittifg, between the majority-  tion for parameters of the LSDA potential.
and minority-spin Mn(8) states as the function of the number of In this work we will attempt to determine the electronic
Mn(3d) electronsy=5+ Angy and the magnetic momept; onthe  structure of MnO by using the experimental spin-wave exci-
Mn(3d) states. tations dat#® The characteristic energy scale of these pro-
cesses is considerably smaller than those employed in the
photoemission spectroscopy deals mainly with éxeited-  photoemission measuremeffiesg., the typical incident neu-
stateproperties and there is no guarantee that(gemerally  tron energies are only 30-50 méRef. 20 to be compared
fictitious) single-particle energies obtained ground-state  with the characteristic photon energtes~46—-55 eV in the
DFT calculations should coincide with the true single-ultraviolet photoemission measurements for MA®In this
particle excitations? In this sense one might think that the sense, the low-temperature spin-wave dispersion is a more
LSDA, although being inappropriate for treating the electrondirect probe of the ground state of MnO rather than the pho-
excitations, does work reasonably well for the ground-statéoemission spectroscopy. The fact that a small deviation
properties of MnG* Indeed, MnO takes a special place from the ground state can be expressed through the param-
among the transition-metal oxides since the?Mrion has  eters of the ground state has been emphasized by many au-
the half-filled 3° shell, and the spin subbands are eitherthors in rather different contextsee, e.g., Refs. 19 and )21
completely full or completely empty. Thus, the situation is The case of spin rotational degrees of freedom has several
less critical than that in FeO and Cdénd even NiQ), where  Unique aspects that will be discussed in Sec. Il. Particularly,
besides the intra-atomic spin splitting, the polarization ¢f 3 We will show how the requirements of the gauge invariance
orbitals within the same spin plays an important rot&The  in the DFT (Ref. 22 result in the generalized local force
local magnetic moment, being basically of Mn(&@) char- ~ theorem fo_r infinitesimal rotations of the spin magnetic mo-
acter, calculated by integrating the spin-magnetization denments, which connects the low-temperature spin-wave dis-
sity in the atomic Mn sphere in the LSDA is typically about Persion with the parameters of the effective single-particle
4.5u5.* The value seems to be pretty close to the experipotentlal de&gngd fo'r the grounq state. The statement itself
mental local magnetic moment reported in the literatureiS not new and is widely used iab initio calculations of
4.58ug,*® or even 4.795.'7 Therefore, one might guess Magnetic interactions;” and in the analysis of the finite-
that only a small correction to the LSDA description is temperature spin dynamics in real crystéise will look at
needed in the case of MnQat least, for the ground-state the problem from a different angle and show that, in fact, the
properties. However, such a simple-minded intuition can betheorem is one of the most general results in the DFT, the
very misleading. In Fig. 1, we show results of the constraint-2Pplicability of which is not limited only by the framework
LSDA calculations 0fA o=Ag(ANg,ug) performed in the ©Of the LSDA. Thus, the theorem can be applied as the test for
type-Il antiferromagnetic staté\F2), where we fix the num- already existing DFT schemes, as well as the guideline for
ber of Mn(3d) electrons in the atomic sphéfeas n,=5  Possible methodological developments. So, we will show in
+Any and evaluate the intra-atomic exchange splittng ~ S€c- Il how the parameters of the effective single-particle
between majority- and minority-spin Mn@ states that Potential for MnO can be found empirically by fitting the
should be applied in order to obtain the magnetic moment  €XPerimental low-temperature spin-wave dispersion curve.
on the same Mn(8) states. One can clearly distinguish two In fa.ct., the mformat_lon prowdgd by the experiment is limited
regions in this diagram(i) “modest uq.” which corre- 0 giving only two inter-atomic exchange mte_gré‘?sHoyv— _
sponds to the unsaturated magnetization produced by pa?_ve_r,_we W|II“see thr';}t this rather restricted information is
tially occupied majority- and minority-spin Mn¢§ states in sufficient to “restore” the one—elegtron band 'stlructu.re of
the metallic regime. The exchange splitting shows the rigigMnO: In Sec. IV we turn to abilities of existing first-
split Stoner-like behaviod o= uq With the nearly constant Principles techniques to deal with the same problem of mag-
parametei ~1 eV. Taking into account the Stoner-like form . mteractl.ons In MnO. Fllnally,. a summary of the work
as well as the magnitude of the paramédtesne can expect 2nd perspectives will be outlined in Sec. V.
that this part of the diagram is within the accessibility of the
LSDA description, because the latter is generically close t
the concept of metallic Stoner magneti$irii) w4 is close
to its saturation valugy=5— Any in the insulating regime, Following the Kohn-Sham(KS) formulation of the
which corresponds to an asymptotic growth/of,. In this  density-functional theof let us present the energy of an
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II. ROTATION OF THE SPIN-MAGNETIZATION
DENSITY IN THE SPIN-DENSITY-FUNCTIONAL THEORY
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interactingN-electron system aB=Ty+ R, where

N
To[{wi}]=i§lsi—f dr{v(r)p(r)+b(r)-m(r)}. (8)

N
Tol{yi}1=> J drgf (N (= V) ¢i(r) (1)
=1 Then, the total energy is given by
is the kinetic energyin Rydberg units of a noninteracting
system described by a Slater determinant of the one-electron N
orbitals {¢;}, and R stands for remaining electron-nuclear E[p,m]=2, &+Eqdp.m], 9)
Eod p] and electron-electron interactions. The last one is =1
normally partitioned into the Hartree enerBy[ p], which is ) i .
a functional of the charge density(r) only, and the With Eq«dp,m] denoting the double-counting term:
exchange-correlation enerdyyc[ p,{A}], which is an ex-
plicit functional of p(r) and a certain number of other order
parameter$A} characterizing the ground state of the many- EddP:MI=Eedp]+Edlp]+ EXC[p'm]_f driv(r)p(r)
electron system. It is assumed that the dependence on re-
maining order parameters enté& g implicitly through p(r) +b(r)-m(r)}. (10)
and{A}. Corrections to the noninteracting kinetic energy are
also included irExc . The KS orbitalsy; are the solutions of These are the basic equations of the KS spin DFT. Our

the fictitious single-particle problem: goal is to find the total-energy change caused by small de-
A viations of the spin-magnetization direction®’(r)
[— V24N ] (r)=gii(r), (2 =m'(r)/|m’(r)| from the ones in the ground stagg(r)

whose order paramete{,A} and the total energy are re- :mGS(r.)llmGS(r”' The transformation a.t each coordmgte
) . ; ~__pointr is given by the standard three-dimensional rotation
guested to be identical to those of the real mteractlng—matrix specified by a small anglexr): dr)—e (1)
electron system in the ground state. We will further specify " P y gieetr): . € i i
the problem and assume that the set of order paramigters — RLO¢(1)]Jesg(r). The energy of the excited configuration
is represented by three Cartesian components of the spif-() is given by the constrained functional
magnetization densityn(r). Therefore, the effective poten-
tial vo(r) is the 2x2 matrix in the spin space, ang(r) is
the two-component spinor function. Then, the chapge)

and the spin-magnetization(r) densities can be expressed A
as —R[&¢(r)]esdr)}, (11)

E&p[P.m]:E[p,m]—f dr h(r)-{e'(r)

N . where only the directions of the spin magnetization at gach
p(f)=i§1 i (1) (1) 3) point are fixed alongR[ d¢(r)]ess(r) by an external field
h(r), whereas(r) and the absolute magnitude wof(r) are
and allowed to relax so to minimiz& 5, . Let p'(r)=pegr)
N +38p(r) and m’(r)=R[ dp(r)[{mggr) + m(r)eggr)} be
m(r)=>, ¢l (N oyi(r), (4)  the charge and the spin-magnetization densities that mini-
i=1 mize E5,, and,pgs(r) andmgg(r) refer to the ground state
. tively. wheres is the vector of Pauli matrices where é¢=0. The transformation of(r) consists of the
especivey. erer 1S the vector of Fad atricesr longitudinal change ofmgg(r) by om(r): m(r)=mgg(r)

=(0x.0y,07). Equations(1)~(4) in combination with the o~
extremum property of the total energy in the ground state” om(r)ess(r), and the subsequent rotationmr) by the

818yt (N{E—;e;(Jdryl(r) yi(r)— 1)} =0 lead to the fol- anglede: m'(r)= R[ de(r)Im(r). If {ii(r)} are the KS or-

lowing expression for the effective KS potentigly(r): bitals that yieldp'(r) andm(r) by the use of Eqs3,4), the
. A A rotationm’ (r) =R[ é¢(r)Im(r) is formally equivalent to the
Ver(r)=v(r)1+b(r)- o, (5)  unitary transformation of g;(r)}:

wherel is the 2x 2 unity matrix, B A B
5 gi(r)— o (r)=Ud dp(r)Ji(r), (12
v(r) 5P(f){Eex{p]+EH[p]+EXC[p’m]} © where U4 8¢(r)]=exdide(r)- o/2] is the 2x2 rotation
matrix in the spin space. The fundamental theorem by Vig-
nale and Rasdif states in this context: the unitary transfor-
S mations of the KS orbital§12) with a coordinate-dependent
b(r)= ———Exc[p.m] 7) phase factor does not change the exchange-correlation en-
ém(r) ergy functional Ex: (the so-called gauge-symmetry con-
is the internal spin magnetic field. Equatiof®—(7) should ~ Straint on the admissible form dExc). Thus, we have

be solved self-consistently. Using Ed4,2,5-7, the kinetic Exclp’.m'1=Exc[p’,m], which further leads to the fol-
energy can be written as lowing property for the internal spin magnetic field:

is the scalar part of4x(r), and
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b'(r)= Exclp’.m']=R[&¢(r)]

om'(r)

om(r)

and thereford’ (r)-m’(r)=Db(r)-m(r). The transformation

) ~ N ~
X(~—Exc[P',m]) =R[op(r)]b(r),

(12) does not affecp’(r) and therefore the scalar part of the

KS potential. Then, using Eqgs(9,11) and expanding
Eqdp'.m']1—Eyqd pas,Mes] explicitly up to the first order of
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SE 5,= & +O[(6p)2,(5m)?], (16)

N
2, &
i=1

with
N

N
5*(; t‘Bi):iZ1 Si(PGs'UGs,r?[‘s@]mesﬁ[ﬁ@]bes)

N

_izl gi(pes,VGs:Mgs,bes)- (17

p(r) and ém(r), it is rather straightforward to show that Thus, in order to calculate the total-energy chadfg, , we

the total-energy changéE;,=Es[p',m']—E[pgs,Mgsl
is given by

SEs,=0

N
21 8i>_f dr{sv(r)peg(r)+ 8b(r)- meg(r)}

+0[(8p)?,(8m)?], (13)

where the first term is the change of the KS single-particle

energies,dv(r)=v’(r)—vggr) and sb(r)=b(r)—bgr),
with (vgs,bgg and @’,b) corresponding togdgs,Mge and
(p',m), respectively.

An explicit expression for the first term in EQL3) is

N

N
5( ;1 si) =E gi(p',v’',m',b")

i=1

N
_21 &i(pes,Vas:Mas:basg)- (14
Noting that
p'=pcst op,

v' =vggt v,

m’ =R[ 8p]mes+ SmR dpless,

b’ =R[ 8¢]bsst R[ 8¢]5b,

and expanding the first term of E{.4), we obtain in the first
order of 5p and ém

N
21 gi(p',v',m',b")

N
:241 8i(PGSaUGsﬁ[5<P]mGs:§[ op]bgy)
+f dr{Sv(r)pes(r)+ R de(r)]

X 8B(r) - R[ ¢(r)Imag(r)}.

As R[ 6¢]5b- R[ 6p]mgs= 6b- mgs, the second term of Eq.
(15) cancels with the second term of Ed3). Therefore, we

(19

only have to calculate the KS single-particle energies of the
excited configuratione’(r) for the potential given by
(ves,RLop(r)]bey) .

The result is well know in the LSDAS where it is in a
rather direct consequence of the peculiar functional depen-
dence of the exchange-correlation energy:

Exc[P,m]zf drp(r)exclp(r),/m(r)|].

As we have seen, however, the conclusion is more general
and is one of the fundamental properties in DFT. In prin-
ciple, the gauge-symmetry constraint on the form of the
exchange-correlation energy functioffaleads in this con-
text to a simple but nevertheless very important conclusion:
the errorO[(8p)2,(6m)?] is determined by thecalar lon-
gitudinal change of the spin magnetization. The central ques-
tion, however, is howsp and ém depend onép. From the
equilibrium condition in the ground state we have in the first
order of 8¢: §&ME;,=0, and thereforeSE 5,= O[ (6¢)?].
Then, the total-energy chang& 5, can be described entirely
by the change of the KS single-particle enerdfast term in

Eq. (16)] only if §Mp=6Mm=0. The latter requirement is
equivalent to the collinearity conditiopmgg(r) Xf(r)]=0
between the spin magnetizationg(r) and the forcef(r)
acting on this magnetization in the ground state. Indeed, the
total change ofm(r) in the first order ofS¢ is given by
SBm(r)=6®m(r)esgr) +[ de(r) X mggr)], where the
first term is the longitudinal change and the second term is
the transversal change caused by the rotation. Then, the equi-
librium condition in the ground staté”E ;,=0 leads to

SE[ p, OE[p,
Jdr[%ﬁl)p(rwr%ees(r)émm(r)
oE[p,
—{—5&’)(rr;']xm65(r) .5¢(r)]=o. (19)

Since by the definitiorfi(r) = — E[ p,m]/ém(r), the condi-
tion 6p=6Mm=0 is equivalent to the natural require-
ment of the lack of the rotational forces acting on the spin
magnetization in the ground stdtagg(r) X f(r)]=0.

Ill. EMPIRICAL EFFECTIVE POTENTIAL FOR
MANGANESE OXIDE

The practical consequence of the analysis presented in the
previous section is that the ground-state spin-magnetization

arrive at the well-known local force theorem for small non- density and the low-energy excitations caused by rotations of
uniform rotations of the spin magnetization as expressed bghe spin magnetic moments near the ground state can be
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expressed in terms of the same effective single-particle posearest-neighbdnnn) exchangel, . g; is the direction of the
tential. We will exploit this fact and attempt to obtain such spin magnetic moment at the site Strictly speaking, the
potential and therefore to restore the one-electron band piGronoxide MnO reveals a small trigonal distortion below the
ture of MnO emplrlcall_y on the br_=15|s of available experimen-Nge| temperature caused by the exchange striction effects
tal spin-wave dispersion daﬁ%.Flrst,“vve shall specify the  anqg resulting in somewhat different exchange constajits
form of the effective potential. Our “guess” is the follow- ¢ the nn interactions with parallel and antiparallel
ing. (i) LDA is sufficient for the nonmagnetic part of the g.ins20290vever, we will consider the ideal rocksalt struc-
potential.(ii) The magnetic part of the effective potential is y,re \yhere all nn distances are equal and assume that all nn
given by its site-diagonal matrix elements in an appropriat,y -hange interactions can be described by only one param-
atomiclike basis. In fact, s_u_ch a view on the one-electrorbter\]ll Importantly, the nature of the nn and nnn interac-
band structLére of the transﬂmn-metql oxides was suggesteﬁionS in the rocksalt MnO is differend, is the typical 180°

by Brandow” and later on employed in LDAU approactf superexchange interaction which depends on the intra-atomic

MnO is certainly the simplest example among the trans't'on'exchange splittingh = C, — C, and the relative position of

metal oxides due to unimportance of the orbital polarizationMn(3d) and O(2) states(the so-called charge-transfer en-
effects?® In practice, we use the nearly orthogonal ASA- ergy Aq—C,—Cy,),*® whereas both the 90° superex-
(o p/

LMTO 8(2"7Vhere ASA s atomic—spher_e apprx_imat)on change and the diread interactions contribute to the nn
melthtc;]d Y _tar(qu assu:nl;el th;t ]fh,\i magrtnattlc poiﬁmﬁl\ﬁff;c'&exchange integral, . Thus, one can expect that the shift of
only the site-diagonal block of | n@ states in € the Mn(3d) states byA, | will have a different effect o,
Hamiltonian. Then, the magnetic part of our empirical effec—andJ 31 A< we shall see below. this leads to an unambigu-
tive potential is represented by ogzlay two parametars; : oS czh'oice forh. . in the case o;‘ Mnd2

. _ . . _ . T'l .
the shift of the LMTO band-cent€f**for the majority-spin In our numerical procedure we start with the nonmagnetic

and minority-spin Mn(8l) statesC, | =Czyq+ A, ;. .

The i of the diagonl maii lemeris s LA DAY, STUCIE and S e M stes by
eqL#i\l/alen’t fo the Tollowing correction*to the’ LDA potential: tices of the AFTZ orde#ed structure. Then, the total-energy
Avi(rr ):Emm’)(glm(r)[Am‘("mm']Xmm'(r ), where  change associated with the small rotations of the spin mag-
Xnim(r) =Rni(r)Yim(r) is the 3 basis orbita R, (r) being  netic momentdEq. (16)] can be exactly mapped onto the
the radial part,Y,,(f) being the angular part Thus, the Heisenberg moddEq. (19)] with the parameters given By
selectivity of the LDA+U type correction, in the sense that A2
it acts only on the states with a particular combination of the _ Sex eF 7 ]
principal (n) and angulafl) quantum numbers at each site of de= ZwlmJ:x,dSTrL{G K(&)Ciol2)}, (20)
the periodic lattice, is equivalent to the nonlocality of the
effective potential on the intra-atomic scale, which appearhereGg; is the intersite block of LMTO Green'’s function
through the nonlocality of the projectosg,m(r) x* (r')- and Ty (ilenotes the trace over the orbital indices. As
However, such an effective potential of LBAU type re- expec_ted‘, the splitting Ao, controls mamly_th_e absolute
mains to be site diagonal, unlike the non-local potential inMagnitude of botl; andJ,, whereas the spin-independent
the full-length Hartree-Fock approach. This is also differentSNift (A;+4)/2 strongly affects the ratidl;/J;. Thus,
from the conventional KS spin DFT discussed in the preced{N€re is a direct correspondence between two parameters of
ing section, because the present formulation impliamt e effective potential 4;,A4,) and two interatomic ex-
instead of the KS variables(m), the total energy should be €hange integrals Jg,J;). The experimental values),
treated as the functional of the charge dengity), the local = — 4.8 andJ;=—5.6 meV(Table ) suggest;=—3.8 and

Mn(3d) populationny and the local magnetic momeat, on Aj=68eV. L .
the Mn(3d) states:E[p,ng,ug]. Importantly, however, if In order to demonstrate that the empirical effective poten-

the class of possible spin rotations is restricted to the onedi@! does account well for the magnetic interatomic interac-

which preserve the collinear alignment within each atomicions problem and the interactions different framand J
sphereli.e., we use the classical picture where there is only2™® indeed negligible in the obtained one-electron picture for

one spin vector associated with each magnetic site in th¥nO, we directly calculate the spin-wave spectrum by using
lattice, and these vectors are allowed to rotate relative tg'€ SPin-spiral idea in the band-structure calculatifribhe
each other the arguments of the preceding section can bdnain advantage of thls.approach is that. it a_llows us to aVO.Id
repeated and the potential parametérs, designed for the fthe real-space sur.nm.atlons and to qbtam d!rectly the Fourier
set of the ground-state variablgs, fi4, uq) should be able to  IMmages of the pairwise exchange interactighghen, the
reproduce the small spin-wave excitations near the groungPin-wave energies of an antiferromagnet can be expressed
state and vice versa. through the Fourier images of the intra-sublattite, (q)

The experimental spin-wave dispersion of MnO measure@"d intersublatticd., _(q) interactions a8
at 4.2 K by inelastic neutron scatterfigan be described in 5
terms of the following Heisenberg spin Hamiltonian: w(g)= ;[(J++(Q)— Ho)2—-J2 (q)]¥2 (22)

1
H=— 52 Ik € k> (19  whereHy=J,,(0)—J,_(0). Theresults of these calcula-
bk tions with the above-mentioned parametars, are summa-
where only two non-negligible interactions between Mn at-rized in Fig. 2. The calculated spin-wave energies do fit well
oms are the nearest-neighkion) exchangel; and the next-  with the experimental curve, suggesting that the underlying
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TABLE I. Magnetic moment inside the atomic Mn spheg@nd  character of the top valence band; the energy splitting be-
the interatomic exchange integrdiscalculated in various magneti- tween occupied and empty Mnd3} states; the relative posi-
cally ordered state§, AF1, and AF2 by using the empirical ef- tion of the occupied O(f), Mn(ty,;), and Mn(g;) states.
fective potential as well as the different first-principles techniquesip || these features, the calculated density of states agrees

L_S_DA, LDA+U, and OEP_. Note that in accordane with the defi- \ya|| with the picture suggested by the photoemission
nition of Eq.(19), the experimental parametelsandJ, have been Spectroscopfﬂ

multiplied by S*= (5/2)" Another important feature of the magnetic interactions in
MnO is that the simple two-parameter Heisenberg model
~ (ne) J1 (meV) Jz (meV) (19) appears to be mcl?re univcfrsal in the sense thatgnot only
Empirical (F) 4.89 —4.9 -6.0 the low-temperature magnon spectfirout also the behav-
Empirical (AF1) 4.89 —4.7 -59 ior of various thermodynamic qugntities in a wide tempera-
Empirical (AF2) 4.84 —48 -56 ture range below and above the élléemperaturé® can be
LSDA-x @ (AF2) 4.66 -88 —155 succgssfully described by the same Heisenberg model with
LSDA-xc ° (AF2) 450 132 _235 practically the same parametersandJ,. It means that the
LDA+U (AF2) 4.68 _50 132 Hells;:‘nb'e:cg 'tethar}getl?teractlfotﬂs, being ongTaIIy denv;ad
€ _ _ only for infinitesimal rotations of the spin magnetic moments
85?;;’?:?2) j:gg _Z:; _i;:g near an equilibriumAF2) state[_Eq. (20)_], shoulq depend_
Expt. 479°458 —489-54" —56,9_59h only weakly on the type of spin ordering realized in this

equilibrium state. The latter appears to be possibla df
34_SDA exchange potential only. (and Ay are the largest parameters in the problem and the

b SDA exchange-correlation potential by Vosko, Wilk, and Nusair S€ries of perturbation theory with respect to the hopping in-

(Ref. 33. tegrals rapidly converg%f’. Then, the magnetic interactions
°LMTO exact exchange potential by Kotani and AKRief. 7. will be entirely represented only by the leading terms in this
ILMTO exact exchange plus static RPA correlation potential byseries’ and the simplest Heisenberg form of the spin-
Kotani (Ref. 8. Hamiltonian[Eq. (19)] becomes exact. The one-electron pic-
®Fenderet al. (Ref. 17. ture of MnO obtained by fitting the experimental spin-wave
fCheethanet al. (Ref. 186. dispersion satisfies these requirements. First, we fix the pa-
Ynelastic neutron scattering by Kohe al. (Ref. 20. rameters of the KS potentidl, | and evaluate the exchange
PAnalysis of thermodynamic data by Lines and JotRef. 29. integralsJ, andJ, for three different magnetic equilibrium

states: ferromagnetid;; antiferromagnetic of the first type,
one-electron band picture of MnO may indeed be very real”"F1; and antiferromagnetic of the second type, AF2. All
istic. Note, that by adjusting; andJ, to their experimental three magnetically ordgred states were found to be insulating
values we did not treat the magnetic momgnas an inde- (the energy band gap is 4.9, 5.5, and 6.9 eV for F, AF1, and

pendent fitting parameter. Nevertheless, the moment olﬁ‘Fz’ respectively and the exchange integrals themselves

tained inside the atomic Mn sphere is in fairly good agree—Only weakly depend on the type of the long-range magnetic

ment with the experimental local magnetic moments reporte&rderrgqaglg D. ThAen_, 08 the baSis(f]f t_he obéained pf;l]ram-
in the literature(Table ). Comparison of the obtained den- eters_ ex=10. ey, o= 10.7 eV, an 2_._5' meV, the
sity of states with the combined x-ray photoemission anoeffecnvepd hopping can be .evaluated using the fo.rmula for
bremsstrahlung-isochromat spectroscopy dasaalso rather 1€ Superexchange interaction™ag,q=1.36 eV, being al-

remarkable in three respects: the mixed kipj-O(2p) ~ MOSt one order of magnitude smaller thag, andA;.
Finally, t,4 can be also expressed in terms of the Slater-

Koster transfer integrals &$3,=(pdo)*+2(pdm)*®. Since

r z K A UBK_ |
/ = (pdm)=—0.45(pdo), one can find thatfdo)=1.33 eV,
— % which is again in a remarkable agreement with the value
o # e (pdo)=1.3 eV suggested by the analysis of the photoemis-
s le sion spectra in terms of the configuration-interaction cluster
ch 5 model*?
+a 2
Tz B I A &
TS e 2
L — L | [ []a" IV. FIRST-PRINCIPLES TECHNIQUES
~T1* Being based on the one-electron picture adjusted to repro-
7§vv e duce the experimental magnetic data, let us turn to the analy-
Bl N . . . o
L % sis of various first-principles approaches that have been ap-
8 6 4 2 0 plied hitherto to MnO. In Fig. 3 we show the theoretical
DOS (states/eV spin formuta unit) spin-wave dispersion curves calculated within different band

FIG. 2. Electronic structure of MnO: total and partial Mg~ Structure schemed SDA, OEP, LDA+U) on the basis of
densities of states df, ande, symmetry and energy bands, which the local f{(a)r_ce theorem by using E@1) and the spin-spiral
gives the experimental low-temperature spin-wave dispersion. R&€chniqué® in order to obtainJ. . (q)—H, and J. _(q).
sults of the fitting of the spin-wave dispersion are shown in the right~ollowing the arguments of Sec. Il, the spin-wave dispersion

inset: calculated energigsquares and experimental curvésolid ~ can be considered as a probe of the effective single-particle
line). Left inset shows the first Brillouin zone of the AF2 unit cell. potentials that were used in these calculations. Obtained pa-
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— Expt. lated with the band-gap problem are more evident: the intra-
SF ;tggiﬁc . atomic exchange splitting and the charge-transfer energy are
A OEP-x seriously underestimate@dFrig. 4). The nonlocal corrections
;ggi-xlc] | in the form of the generalized gradient approximations
+

(GGA) improve the situation only partial§? This has sev-
eral negative consequences on the interatomic magnetic in-
teractions:(i) Both |J;| and|J,| are significantly overesti-
mated (previous calculations by Oguchi, Terakura, and
Williams* and Table J; (i) Ae and A, are no longer the
largest parameters in the problem: the band gap can be
closed by a finite rotation of the spin magnetic moments
away from the AF2 ground staté. Then, the exchange in-

FIG. 3. Theoretical spin-wave dispersion calculated by usingiegrals themselves strongly depend on the type of the mag-
several first-principles electronic structure techniques in comparisoféetically ordered state in which they are calculatEd ex-
with the experiment. Symbols show the calculated spin-wave eneample, the estimations based on the finite rotations in the
gies; the solid line is the result of interpolation with the parametersmedium of randomly oriented magnetic moments yieliis
listed in Table I. The notations are the same as in Table . =-—12.7 meV, being quite different from the valuig=

—23.5 meV listed in Table | and corresponding to the infini-
rameters]; andJ, are listed in Table I. One can see, that tesimal rotations near the AF2 statii ) the problem, which
none of the considered approaches treats the interatomis typically less realized. Both LSDA and GGA overestimate
magnetic interactions properly. the magnitude of the trigonal contraction along {Hel 1]
direction of the cub&® The contraction is known to be
caused by the exchange striction effects in the AF2 $tdfe.
the distorted cube corner angles a2+ 3, the equilibrium

LSDA provides quite a reasonable description for the vagistortion 3 is proportional td 3J,/dr]/Ca4, Wherer is the
lence band of MnO. The discrepancies that are directly renn Mn-Mn distance in the rocksalt structure a@g, is the

shear elastic constaftt.At the equilibrium volume, GGA
—— yields®*® g=2.2x 102, which is two times larger than the
1 experimental valu@?° B=1.1x 10 2. Thus, the same factor
2 can be viewed as the error of GGRSDA) for the deriva-
tive 9J,/dr, provided thatC,, is correct.

It is well known that the electron correlation can reduce
A4 substantially*® The use of the LSDA exchange potential
alone without the correlation counterpart does increases the
band gap(Fig. 4) and brings the inter-atomic exchange inte-
grals in a better agreement with the experimental (Badle
I). However, the improvement is only partial, indicating that
the limitations of the LSDA description for MnO start al-
ready on the level of approximations made for the exchange
energy functional, and correlations added afterwards only ag-
gravate the problem.

a(g) (meV)

A. LSDA

LSDA-xc

B. OEP

OEP is the potentially promising approach. The idea of
this method? is to find numerically the local KS potential
that minimizes the total-energy functional based on the exact
Fock expression for the exchange energy and an approximate
form for the correlation energye.g., in the random-phase
approximation, RPA The latter can be beyond the homoge-
neous electron gas linfitin the present work we used the
self-consistent LMTO potentials obtained by Kotafi.
When the static correlation in the inhomogeneous RPA form
is taken into account, both the occupied density of states and
the intra-atomic exchange splittingrig. 4 are in accord
with the expectations based on the analysis of the experimen-
tal spin-wave dispersiofFig. 2). The puzzling aspect of the
OEP-LMTO approach developed by Kotani is that it seems

FIG. 4. Total and partial Mn(@) densities of states dh, and ~ to exaggerate the radial dependence of the intra-atomic ex-
e, symmetry in LSDA, OEP, and LDAU. The notations are the change splitting, resulting in rather discouraging inter-atomic
same as in Table I. magnetic interaction€Table |). The result can be understood

Density of States (states/eV spin formula unit)
.0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 10

12
Energy (eV)
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as follows. The canonical OEP-LMTO bandwiéttw, for SExc SExe | 8.1
Mn(3d;), Mn(3d,), and O(3) states is 2.6, 6.6, and 14.3 b(r)=5 +2 J’ dr'— ; 5“ .
eV, respectively(to be compared with 3.3, 4.6, and 13.8 eV, m(r) |} “a Sja(r") Im 6M(T)

obtained within LSDA. Therefore, thepd hybridization, be-
ing proportional t&’ tpdT,loc(WdeT’l)l/Z’ differs signifi-  However, there is no guarantee that the second part of this
cantly for the majority-spin and minority-spind channels. expression can be described by a simple multiplicative po-
One of the consequences of this difference is clearly seen iigntial, as it is implied in the OEP theory.

Fig. 4: despite larger energy separation from the center of At the present stage we do not know whether there is a
O(2p) band, the unoccupied part of the M3 states is connection between the local KS current-DFT formulation
significantly wider than the occupied one. The fact that theand our empirical procedure discussed in Sec. Il which im-
pd hoppings strongly depend on the spin indices also plays Rlies a nonlocality of the effective single-particle potential
negative role in the problem of superexchange interactiongvithin atomic Mn spheres. Presumably, such nonlocality is
starting from the ground-state antiferromagnetic alignment@n alternative standpoint, which, however, allows us to re-
the downward energy shift of the Og} states due to the solve rather easily the main drawback of the OEP picture
interaction with the unoccupied Mn@3 states in the Mn- related with the very different strength of tipel hybridiza-
O-Mn bond is given in the first order oftya;, /Ag by tion in different spin channels. To conclude this part we
6Cop= —{(tgdfrtgm)+(tf)dl—tFZ,dT)|sin(ﬂ/2)|}/Act, where ~ Would like to note that our empirical electronic band struc-
9 is the angle between magnetic moments of two Mn atoméure of MnO (Fig. 2) agrees reasonably well with the model
in the Mn-O-Mn bond. Sinc&,q, >t , |6C,,| is maximal GW calculations by Massiddat al”, which are based on a

in the antiferromagnetic ground-state correspondingtte ~ Nonlocal energy-independent expression for the electron self-
+ . This will additionally stabilize the ground-state AF2 €Nergy.

order and overestimate the inter-atomic exchange coupling

even without the RPA correlatiofiTable ). The problem C.LDA+U

exists already on the level of LSDA, which also result in two
different parameters for the canonical M3 and
Mn(3d,) bandwidths, although the difference is consider-
ably smaller than in the case of OEP approach. The reason

LDA + U, being based on ideas learned from the periodic
Anderson model with the orbital degeneracy, is another po-
aqntially promising approach for the transition metal

such unphysical behavior is not entirely clear. We would "keo;(i(?]es?'l‘r’ Ir:;;his pictur_e, the intra-ato_mic exchange splitting
to mention three possibilities) Shape approximation super- of the Mn(_ _) states Is given bﬁex_l!“d’ where f_or the
imposed on the OEP in the LMTO approach. Especially, théqalf-_band-flllmg the Stoner parametens relat_ed with the
internal spin magnetic field€q. (7)] are totally suppressed on-site Coulomb repuIsthJsanq the Hund's first rule cou-
within oxygen atomic spheres when the AF2 ordering ispl'ng Jy asl=(U+4Jy)/5. With the parameters obtained

treated in the framework of the LMTO metha@. The uni- from the fit to the magnon spgctrgm we would expect
form rotations of the spin magnetization within atomic = 2ex/#a=10.6/4.84=2.2 eV, which is more than two times
spheres may not correspond to the lowest-energy spin-waJ@"d9er than the LSDA value 4.0/4.5®.9 eV. Typically, the
excitations. A more advanced treatment of the spin wavesiund's first rule coupling for @ compounds isJy
should allow the possibility of a noncollinear distribution of =0-7-0.8 €V and only weakly depends on the environment
the spin-magnetization density on the intra-atomic scale if 3d ions in solids(e.g., Ref. 6, and references thejein
the excited state. The theories in this context have been dénen, the on-site. Coulomb repulsids can be evaluated
veloped very recently in the series of publicatidhghese from I'asU=8 eV, being in fairly good agreement with the
two scenarios, however, seem to contradict the widespred@sults of the constraint-LSDA calculations €6.9 eV, re-
concept of the localized magnetism in Mn@ii) As was Ported in Ref. 6. _ _

shown by Vignale and Rasdl the gauge-invariant form of ~ Results of the LDA-U calculations with the above-
the KS equations with respect to the spin rotations, on whictineéntioned parameters are shown in Fig. 4 and in Table I.
the local force theorem is based, can be preserved only Pbvious drawback of this picture is the underestimate of the

both the spin-magnetization density(r) and the fictitious ~charge-transfer energ,. Formally, the situation can be
spin-current densities improved by introducing a more sophisticated approximation

for the so-called double-counting energEé’Q in LDA
+U. This term is aimed to subtract the part of the LDA
) . N P £ energy, which has the same origin as the energy of added
Ja(r)= —lizl {4 (Do [V (D]=[Vg (ND]oahi(r)}, on-site Hartree-Fock interactiofigAt present, there are two
anzatzor E5.: the original one, wher&g, is chosen as the
on-site Hartree-Fock energy with averaged single-particle
where o, is one of the Pauli matricest=x, y or z), are  populations and an alternative, whergy, is interpolated
treated as the basic variables in the framework of currentbetween the on-site Hartree-Fock energies taken at the points
DFT formalism. The spin-current densities themselves havef integer single-particle populations. Merits of the latter ap-
no physical meaning and therefore should be determined bgroach have been discussed in Ref. 44. However, MnO pre-
other real physical observablggr)=j [p(r),m(r)]. Then, sents an exceptional case, because for the half-band-filling
the problem can be formally reformulated as a spin BT, these two schemes vyield the same correction to the LDA
where the magnetic part of the KS potential is given by thepotential:A; | =+ 1 u4/2 [the symmetric spin splitting of the
chain derivation: Mn(3d) stateg. Thus, both LDA+U schemes do not handle
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the situation properly. The problem cannot be solved bySince corresponding kinetic term of the tight-binding Hamil-
treating the Hubbard) as an adjustable parameter in the (gnian is—tpd(égEdJréng), wheret,;>0, the nonlocabd

present formulation of the LDA U approach: the procedure eychange enters the site-off-diagonal part of this Hamil-
fails to reproduce two exchange integrdisandJ, simulta-  (gnjian as the renormalization of the kinetic hopping param-
neously. Phenomenologically, it is clear that the corrected, -~ .
LDA + U potential for MnO should include an additional up- eterSth:tPF’[1+(V/tpd)np,d]_' and determines the.strength
ward shift ofall Mn(3d) states relative to the Of band, of the effective Mn-O hybridization. Fcir the occupied bond-
although it is not clear now whether there is a simple preing states it holds,q>0, and therefore ,4>t,4. The site-
scription for such correction. We will return to this problem diagonal elements of the Hamiltonian are determined by the
in Sec. V. The same problem is anticipated for LaMnO unrenormalized on-site Coulomb interactions. This results in
where the straightforward application of LDAJ even the characteristic wide-band-gap picture for MnO in #ie
worsens the LSDA picture and leads to the incorrect maginitio HF approacH?®

netic ground state (ferromagnetic, instead ofA-type Nevertheless, the same problem can be reformulated in
antiferromagnetic—see discussions by Solovyev, Hamadaerms of site-diagonaf‘local” ) variables. This fact follows
and Terakura and Sawae#al. in Ref. 1). from the idempotency property of the whole density matrix

. The standard SIC-LSDA technlque affects only the occuf2_ (note, thath is the projector onto the occupied states
pied Mn(3d) states and results'ln even sr5r1aller Charge'which leads to the series of constraints Iih§+znd Npg
transfer energy parametér,; than in LDA+U.> Thus, the . i PP
overall picture for the magnetic interactions is expected to be Nd: wherez is the number of Mn-O boqdf in which the
even worse. The situation may be improved if we apply thedtomic 3l orbital participates, aney=(G|c/cd|G) is the
self-interaction correction not only to Mn( orbitals, but  Site-diagonal element of the density mat(bocal popula-
also to O(2) orbitals, although the procedure has no rigor-tion). The conditionn3+zng,n,s=ny becomes exact if the
ous justification(see arguments of Arai and Fujiwara in Ref. density-matrix is sufficiently short range in the real space
5). and the site-off diagonal elements excapg for the nearest

Mn-O neighbors are vanishing. Thus,q and ny are not
D. Ab initio Hartree-Fock approach independent variational parameters. Thd-exchange en-

The ab initio Hartree-Fock HF) approach does not take €@y Per one Mn-O bond can be expressed
into account the electron correlation, and underestimate th& — V/z(ng—ng), whose derivative with respect 1 re-
interatomic exchange coupling as well as the exchange stri@ults in the site-diagonal potential shift of the minority-spin
tion in MnOX° The discrepancies are commonly attributed toMn(3d) states by—(V/z)(1—2ng)=—(V/z), whereas the
the band gap, which is severely overestimated irethénitio  Site-off-diagonal part of the new Hamiltonian is given by the
HF calculations. This is true only partially, because the in-standard kinetic hopping parametegg. Thus, the effect of
terpretation of the HF band structure requires some cautiole intersitepd-exchange interaction in this picture is similar
related with the fact that thab initio HF is essentially non- o a renormalization of the on-site Coulomb interaction, and
local approach. therefore “cures” the band-gap problem. If the condition

In order to illustrate the characteristic features of the full-nj+zngyNpe=ngy Were exact, the transformation between the
length HF approach let us focus on interactions between theite-off-diagonal and the site-diagonal representations for the
minority-spin Mn(3d) states and the O states in one of exchange energy in the considered model would be also ex-
the Mn-O bonds by taking the simple tight-binding picture, act. Thus, both pictures would yield the same ground-state
where we disregard for a while the orbital degeneracy of theproperties, although the single-particle spectra underlying
atomic 3 and 2 levels and model them by fictitious  these two approaches may differ significantly.
states. Then, the Fock exchange energy associated with the These tendencies are clearly seen in realistic calculations
Mn-O bond is given byEgd: —Vngpnpe, WhereV is the 'oflt_he one-electron band structure of MnO obtained inahe
inter-site Mn-O Coulomb interactioN =(pd|1/rJ|pd). In  initio HF (Ref. 10 and the OERRef. 7) approaches. Both
these notations, thedBorbital is centered at the Mn site and techniques are based on the minimization of the HF total
2p orbital is centered at the O site. We assume that th&nergy. Theab initio HF method treats the nonlocality of the
weight of the atomic O(R) states at the Mn sitéand vice €Xchange interaction dlrect_ly, wher_gas the basic idea of the
versa is small and all other integrals relevant to the Mn-O OEP approach is to work with a fictitious local KS potential,
exchange interaction (dd|1/r ;,/pd), (pp|1/ripd), and Whlch can be obtalne_d_numerlcaﬂglAs expected, the intra-
(pd|1/r1Jdp)) are negligible.n,q=ng, are the site-off- atomic exchange spllt.tmgex, as well as the ban.d gap are
diagonal elements of the single-particle density mamiy; ~ considerably reduced in the OEP approfelg., A is about
=<G|f:;§6d|G>, whereég(f:d) creates an electrofhole) in 27 eV in HF;" and only 13 eV in OERRef. 7)]. The com-

) . arison stresses the importance of the intersite Mn-O Cou-
the atomic (3d) state andG) is the ground-state wave P . : . . L
function of the many-electron system that in the HF ap_lomb interactiongV) and raises several important questions:

o . . . (i) whether the effect of the intersite Coulomb interactions
proach is given by a single Slater determinant of single-

i 2 . can be entirely described as a renormalization of parameters
ﬁi:,t;gfafgggi{hﬁétheor:’e:ﬂi;ﬁ‘?srgﬁ’,i'ﬁrbCF approach, the of the on-site Hartree-Fock interactions, as frequently as-

sumed in the model tight binding or LDAU calculations

1 [ 9EPY 5 9EPY 5 for the transition-metal oxidegiji) whether the same renor-
x_ Mpd | T=x ONdp) _ ISP lization is justified on the level of model HF calculati

— F o T =—=VNy4(CpCytCqyCp). malization is justified on the evel of mode calcu ations,

i\ INpg oY dp 0, and when the electron correlations are taken into account
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starting from the model HF solution. These issues should bdeal with the ground-state properties should be based on
seriously reconsidered in the future. variational principles which minimize thiue total energy.
Unfortunately, this is not the case for the currently used
LDA+U functionals®** in which the total-energy is given

by anad hocconstraint-LSDA expression. These merits and

We have shown that the requirement of gauge invariancgeémerits of the LDA-U description for the narrow-band
in the density-functional theory automatically leads to thelransition-metal compounds are reversed in the OEP
generalized local force theorem for spin rotational degrees cﬁpproac_ﬁ ™. The OEP technique is based on a rigorous
freedom. The theorem suggests that the magnetic interatomfXPression for the total energy functional, which is accom-
exchange interactions relevant to the low-energy spin-wav@anied by a rather cumbersome procedure of how to con-
excitations near the ground state can be expressed in terms gfuct the KS potential, the form of which is, however, re-
the effective single-particle potential, which yields the cor-Stricted to the local multiplicative one. Any extension of this
rect ground-state spin-magnetization density. Thus, the the@PProach to go beyond the conventional spin-density-
rem poses a severe test for the modern first-principles eledunctional formulation and to take into account, for instance,

tronic structure techniques designed to deal with the groundh€ orbital polarization effects on the level of one-electron

state properties of narrow-band materials. band-structure calculations is already hardly feasible. Thus,
The problem has been analyzed in detail for MnO. On the®S the next step in this direction, it would be highly desirable

one hand, the result of our work is rather discouraging: thd® combine the LDA-U form of the single-particle equa-

spin-wave dispersion calculated by using LSDA, LBA, tions with the ideas of the OEP approach and to treat the

and OEP methods on the basis of the local force theorem Rarameters of the LDAU potential as variational degrees

far from the experimental one. Although both LBAJ and of freedom that minimize the true total-energy functional.

OEP methods improve the LSDA description for MnO, the Several levels of approximations can be then introduced for

improvement is only partial. On the other hand, results of outhe nonlocal spin-dependent part of the LBA) potential:

work strongly suggest that at least one effective single-

particle potential which is compatible with the observed o - * ,

magnetic inter-atomic interactions in MnO does exist and Av?(r,r’)= 2, Xt AU iy Xoyge (7, (22)

can be found phenomenologically by fitting the experimental mm

low-temperature magnon spectrum. with o denoting a particular spin stafthe extension to the
The phenomenological view on this problem appears tqin_off diagonal case associated with the spin-orbit interac-

be even more universal in two respedigthe obtained one-  ijon or the noncollinear arrangement of the spin magnetic

electron band structure of MnO is also in fairly good agree-,oments is straightforwayd

ment with the photoemission spectfa) the empirical effec- (i) The standard LDA U formulation, where the matrix

tive potential, which was initially constructed in the limit of oo yentsp o are given by the model Hartree-Fock ex-
infinitesimal rotations of the spin magnetic moments near the . mm . .
AF2 ground state, is also applicable to the finite angle rotgPression for the Coulomb and exchange interactions between

tions. The interatomic exchange integrals only weakly de-the A electrons at the same site:

pend on the type of the magnetically ordered state, being
consistent with the observed thermodynamic properties of Ap? = E [<mn~{’
MnO in a wide temperature range, and in a drastic contrast mmny
with the picture provided by LSDA. Such a universal behav-
ior is related with the fact that two characteristic parameters
of the one-electron Hamiltonian, i.e., the intra-atomic ex-
change splittingA ., and the charge-transfer enerdy;, are
substantially larger than the interatomic hopping elements.
A challenge for the future research is to obtain the same -
picture on the level ofb initio electronic structure calcula- wheren

V. SUMMARY AND PERSPECTIVES

m// m/” m/l m/”
M2

m’m”'>(n" +n_y )

m’m

BV

—<mrﬁ’

Wm, > n:;,,m,,,] - Avct5mm' ,
(23

e are the site-diagonal elements of the single-

tions. The perspectives in this direction seem to be rathdparticle density matrix in the basis of atomiclike ®rbitals
promising. The central question is the form of the effective{Xnim(r)}. Ave has the same purpose as the charge-transfer
single-particle potential. In this respect, the physical ide€nergy parameter in the model Hamiltonigr'$**and con-
proposed by Brandot® to construct the one-electron Hamil- trols the position of the 8-band center relative to the other
tonian for the transition-metal oxides as the nonmagnetiétates. All Coulomb matrix elementenn’|1/r ,,/m'm™) are
LDA part plus a Site_diagonal Correction for thd alectrons expressed in terms of the CIebSCh'Gordon Coefﬁcients and
in the model Hartree-Fock form is very fruitful and certainly (I +1) effective Slater integralgF“}, «=0,2,....2 (e.g.,
puts the LDA+U form of the single-particle equations in Ref. 46. Therefore, the method comes to the variational de-
perspective. One should also note that LDM is a very termination of only (+2) potential parametersit 1) ef-
convenient physical approach to deal with the orbital polarfective Slater integral§F“} plus the 3i-band center shift
ization and orbital magnetism in the band-structureAvc, provided that the elements of the density matrix in Eq.
calculationg’® The basic problem of the LDAU method, as  (23) n_» =Ny F* Av] are obtained in the process of

it is currently formulated, is the lack of the well justified self-consistent solution of the LDAU equations for each
prescription of how to choose the parameters of the LDAset of parametersF“,Av}. Thus, the numerical solution of
+U potential. In addition to this, the method designed tothe problem in the spirit of the OEP method seems to be
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feasible and would require only small modification of the of the basis orbitals themselves can be treated as another
OEP-LMTO algorithm developed by Kotahf variational degree of freedom. Such a variational procedure

(i) All (214 1)? parameters characterizing the Hermitian would resolve one of the ambiguities of the LBAJ ap-
matrix [|Av || are treated as independent variational de-proach related to the choice of the appropriate atomic orbit-
grees of freedom in the OEP-type approach. This techniqua!s {xnim(r)}-
is expected to be more advanced than the previous one, be-
cause it allows the deviation of the LDAU potential from ACKNOWLEDGMENTS
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metry caused by correlation effeﬁg)r a more Comp|ex transition-metal oxides. We particularly thank T. Kotani for
structure of the interatomic exchange interactions, whicHPerforming OEP-LMTO calculations with the atomic radii
does not necessarily lead to the simplest renormalization scéisted in Ref. 18 and providing the self-consistent potentials
nario considered in Sec. IV D for the nondegenesatebit-  Of these calculations, including unpublished data for the in-
als. We expect that this strategy is essentially important t@ompggnegus RPA correlation  functional prior the
account for the different nature ¢f, ande, 3d states in publication” We thank O. N. Mryasov for useful discussions
perovskite transition-metal oxides, as was originally sug-2nd the suggestion to use the spiral-LMTO idea in theoretical
gested by Solovyeet al. in Ref. 1. If there is one-by-one qalculations c_Jf s_pin waves. We also wish to thank_F. Aryase-
correspondence between the potential maftix?, | and juawan for pointing out the |mp0rtanc§ (_)f nonlocality aspects

. . . P in the LDA+U formulation. The basic idea of Sec. Ill was
the on-site (8) part of the density matrifAn, ||, the . o . o
. . inspired by valuable communication with A. J. Millis around

§cheme should be eqauwalent to a generalized I_DFT gpproa imilar problems in LaMn@ (Ref. 48. We are grateful to F.
in which p(r) and[Ang, .|| participate as the basic variables aryasetiawan, T. Kotani, and A. I. Liechtenstein for useful
of the total-energy functiond[p,n; 1. comments made on the contents of this manuscript. The

(iif) Typically, there is some flexibility in the choice of present work was partly supported by the New Energy and
the atomiclike orbitalg x,,m(r)} in LDA+U, because the Industrial Technology Development OrganizatiGdEDO)
second boundary condition at the atomic sphere is not rigidlynd also by a Grant-in-Aid for Scientific Research from the
fixed for the atomic wave functions in solids. Thus, the shapeMinistry of Education, Science and Culture of Japan.

*Electronic address: igor@jrcat.or.jp I3F. Aryasetiawan and O. Gunnarsson, Rep. Prog. PBys237
IN. Hamada, H. Sawada, and K. TerakuraSjpectroscopy of Mott (1998.
Insulators and Correlated Metalgdited by A. Fujimori and Y.  *The idea of obtaining the correct ground-state properties of the

Tokura(Springer-Verlag, Berlin, 1995p. 95; W. E. Pickett and transition-metal oxides on the level of DFT calculations without
D. J. Singh, Phys. Rev. B3, 1146 (1996; I. Solovyev, N. proper insulating Mott-Hubbard/charge-transfer behavior was
Hamada, and K. Terakurdid. 53, 7158(1996; H. Sawada, Y. advocated by M. R. Norman in the series of publications: Phys.
Morikawa, K. Terakura, and N. Hamad#id. 56, 12 154 Rev. Lett.64, 1162 (1990; 64, 2466E) (1990; Phys. Rev. B
(1999; F. Freyria Fava, Ph. D’Arco, R. Orlando, and R. Dovesi, 44, 1364(1991).
J. Phys.: Condens. Mattér 489 (1997). 158, Brandow, Adv. Phys26, 651 (1977).

°D. D. Sarma, N. Shanthi, S. R. Barman, N. Hamada, H. Sawada6A_ K. Cheetham and D. A. O. Hope, Phys. Rev.2B, 6964
and K. Terakura, Phys. Rev. Le@5, 1126(1995. (1984.

3K. Terakura, T. Oguchi, A. R. Williams, and J."Kler, Phys. 17B. E. F. Fender, A. J. Jacobson, and F. A. Wegwood, J. Chem.
Rev. B30, 4734(1984). Phys.48, 990 (1968.

4T. Oguchi, K. Terakura, and A. R. Williams, Phys. Rev.2B,  '®We used (8,4sp) and (Zp) ASA-LMTO valence basigRefs.
6443(1983. 27 and 28 in combination with the atomic sphere radii of 2.913

SA. Svane and O. Gunnarsson, Phys. Rev. L&5}.1148(1990; and 2.2 a.u. for Mn and O, respectively. For several applications
Z. Szotek, W. M. Temmerman, and H. Winter, Phys. Revi7B two empty sphere€E) with the (1s2p) basis have been added at
4029(1993; M. Arai and T. Fujiwarajbid. 51, 1477(1995. the interstitial sites together with the following choice for the

5V. I. Anisimov, J. Zaanen, and O. K. Andersen, Phys. Re¥4B atomic radii: 2.6(Mn), 2.0(0), and 1.698(E) a.u. Correspond-
943 (199)). ing changes in the calculated spin-wave dispersion were within

’T. Kotani and H. Akai, Phys. Rev. B4, 16 502(1996. 5%.

8T. Kotani, J. Phys.: Condens. Matt, 9241 (1998. 190. Gunnarsson, J. Phys.& 587 (1976.

9S. Massidda, A. Continenza, M. Posternak, and A. Balderesch?’M. Kohgi, Y. Ishikawa, and Y. Endoh, Solid State Commaaq,
Phys. Rev. Lett74, 2323(1995. 391 (1972; G. Pepy, J. Phys. Chem. Solid@§, 433(1974.

OMm. D. Towler, N. L. Allan, N. M. Harrison, V. R. Saunders, W. 2!S. H. Vosko and J. P. Perdew, Can. J. P& 1385(1975; J. F.
C. Mackrodt, and E. ApraPhys. Rev. B50, 5041(1994). Janak, Phys. Rev. B6, 255 (1977; H. Wendel and R. M.

La, Fujimori, N. Kimizuka, T. Akahane, T. Chiba, S. Kimura, F. Martin, ibid. 19, 5251(1979; W. M. C. Foulkes and R. Haydoc,
Minami, K. Siratori, M. Taniguchi, S. Ogawa, and S. Suga, ibid. 39, 12 520(1989.
Phys. Rev. B42, 7580(1990. 22G. Vignale and M. Rasolt, Phys. Rev. Lef9, 2360 (1987;
123, van Elp, R. H. Potze, H. Eskes, R. Berger, and G. A. Sawatzky, Phys. Rev. B37, 10 685(1988; M. Rasolt and G. Vignale,
Phys. Rev. B44, 1530(199). Phys. Rev. Lett65, 1498(1990.



PRB 58

EFFECTIVE SINGLE-PARTICLE POTENTIALS FQ ...

15 507

23A. I. Liechtenstein, M. I. Katsnelson, V. P. Antropov, and V. A. **The essence of this approach is to introduce the spin spiral in

Gubanov, J. Magn. Magn. Mate7, 65 (1987.

24y. P. Antropov, M. I. Katsnelson, B. N. Harmon, M. van Schilf-
gaarde, and D. Kusnezov, Phys. Re\68 1019(1996; M. Uhl
and J. Kibler, Phys. Rev. Letf77, 334(1996; R. F. Sabiryanov
and S. S. Jaswabid. 79, 155(1997; N. M. Rosengaard and B.
Johansson, Phys. Rev. &5, 14 975(1997); S. V. Halilov, H.
Eschrig, A. Y. Perlov, and P. M. Oppeneer, Phys. Re\6&
293(1998.

25As recent reviews on the Kohn-Sham density functional theory:

R. O. Jones and O. Gunnarsson, Rev. Mod. Pi®js. 689
(1989; A. D. Becke, inModern Electronic Structure Theory,
Part Il, edited by D. R. Yarkony¥World Scientific, Singapore,
1995, p. 1022.

*The 3d configuration of the MA" ion is t3;,€5, . In addition to
the half-band filling, the crystal-field splitting between the 3
states ot,y andey symmetry is smeared by nonvanishig-e,

hybridization existing in the rocksalt structure between nearest

Mn sites along the cube-face diagoh?l.

270. Gunnarsson, O. Jepsen, and O. K. Andersen, Phys. R2¥,. B
7144(1983.

280, K. Andersen, Phys. Rev. B, 3060(1979; H. L. Skriver, The
LMTO Method(Springer, Berlin, 1984

29M. E. Lines and E. D. Jones, Phys. R&89, A1313(1965.

303, Zaanen and G. A. Sawatzky, Can. J. Pl§.1262(1987.

3Note that, in the simplest perturbation theory with respect to the

effectivepd anddd hoppings, the energy of the superexchange

which the directions of the spin magnetic moments in two mag-
netic sublatticek=(+,—) of an antiferromagnet vary over the
lattice points {R;} as eg=(sin¥cosgR;,sinYsingR;,
kcosd,), with the indexj running over both sublatticgss (+,

—), and to map the total energies obtained in the spiral LMTO
calculations(Ref. 39 for each vectorg onto the Heisenberg
model E(q)=E.,(q)+2E, _(q)+E__(q), where E,.

= — (1/2)}{ Iy (g) sin isin Iy +kk s (0)cosdcosy, ). Then, it

is rather straightforward to show thaf,, (q)—J,.(0)
+3, (0)=—E(q)/99%|y.~0 and I, (a)=—E(q)/
(09499 )|9,=0-

36p_ W. Anderson, irSolid State Physicedited by F. Zeitz and D.

Turnbull (Academic, New York, 1963 Vol. 14, p. 99.

3"Note, however, that the band gap is larger than the 3.6—-3.8 eV

suggested by the photoconductivity measurements by R. N. Isk-
endorov, I. A. Drabkin, L. T. Emel'yanova, and Ya. M. Ksend-
zov, Fiz. Tverd. TeldLeningrad 10, 2573(1968 [ Sov. Phys.
Solid Statel0, 2031(1969]. We believe that the reason is in the
incorrect position of the unoccupied free-electron-like parabolic
band around thé& point in the ASA.

38|t is known that for the transition metal oxides GGA corrects

substantially the LSDA equilibrium volume and bulk moduli
(even with a certain tendency to overcorjedtut only slightly
retouches the band-gap probléf Dufek, P. Plaha, V. Sliwko,
and K. Schwarz, Phys. Rev. 49, 10 170(1994; R. E. Cohen,
I. I. Mazin, and D. G. Isaak, Scien@¥5, 654 (1997].

interaction is—tpy(L/Ae,+ 1/A)/AZ% (Ref. 30, whereas the en-  39Z. Fang, K. Terakura, H. Sawada, T. Miyazaki, and I. Solovyev,

ergy of the direct antiferromagnetic exchange-ify/ A o (Ref.
36).

32The good aspect of MnO is the existence of two magnetic inter-

Phys. Rev. Lett81, 1027(1998; Z. Fang, I. V. Solovyev, H.
Sawada, and K. Terakura, Phys. Re\i®be published Decem-
ber 15 1998

actionsJ; andJ,, which are of the same order of magnitude %°J. D. Talman and W. F. Shadwick, Phys. Revi4 36(1976; T.

and, at the same time, of the different physical origin. Unfortu-

Grabo and E. K. U. Gross, Int. J. Quantum Chéd).95 (1997).

nately, such a behavior is not a general feature for many anti¢*L. Nordstram and D. J. Singh, Phys. Rev. LeT5, 4420(1996);

ferromagnetic Ni- and Cu-based perovkites {Ca0,, KNiF;,
K,NiF,, etc), which also attracted considerable attention during
recent yearge.g., R. L. Martin and F. lllas, Phys. Rev. L€T®,
1539 (1997%]. The interatomic magnetic interactions in such

compounds are quite often restricted only by the nearest-

Q. Niu and L. Kleinman,ibid. 80, 2205 (1998; T. Oda, A.
Pasquarello, and R. Cahid. 80, 3622(1998.

42The problem of rigorous connection between spin- and current-

density functional theories was discussed by K. Capelle and E.
K. U. Gross, Phys. Rev. Let?8, 1872(1997.

neighbor 180° superexchange and, therefore, the one-to-one cd¥We use the following definition fot) and J, in terms of the
respondence between the electronic structure and the interatomic Slater integrals =F° andJ,,= (F?+ F*)/14.
magnetic interactions is violated: a variety of combinations of%*|. V. Solovyev, P. H. Dederichs, and V. I. Anisimov, Phys. Rev.

the parameters Ag,,A) can yield the same superexchange

B 50, 16 861(1999.

(Ref. 31. Thus, these are less interesting examples for the pur?®|. V. Solovyev, A. I. Liechtenstein, and K. Terakura, Phys. Rev.
poses of our work. Another interesting example where one Lett. 80, 5758(1998.
might try to find a unambiguous connection between the elec#®A. I. Liechtenstein, V. I. Anisimov, and J. Zaanen, Phys. Rev. B

tronic structure and the interatomic magnetic interactions is

52, R5467(1995.

Cr,0; [E. J. Samuelsen, M. T. Hutchings, and G. Shirane,*”For example, it is know that the particle-particle scattering under-

Physica(Amsterdam 48, 13 (1970)].

333. H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys8, 1200
(1980.

34L. M. Sandratskii, Phys. Status Solidi B36, 167 (1986; O. N.
Mryasov, A. |. Liechtenstein, L. M. Sandratskii, and V. A.
Gubanov, J. Phys.: Condens. Mat8r7683(1991).

lying the Kanamori'st-matrix approach[J. Kanamori, Prog.
Theor. Phys.30, 275 (1963] can break the spin and orbital
symmetry of unrenormalized Hartree-Fock interactions
{(mnT'|L/rolm’m™) [M. M. Steiner and J. W. Wilkingunpub-
lished].

8. J. Millis, Phys. Rev. B55, 6405(1997.



