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Calculation of exchange integrals and electronic structure for manganese ferrite
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The electrical and magnetic properties of manganese ferrite (MDyfFeare calculated with the density-
functional theory(DFT) method for both normal and inverse spinel structures. The exchange functional is
chosen to be a mixture of Becke exchange and Fock exchange with variable \gjgfthe exchange
integralsl,g (the exchange integral between the nearest-neighlamdB site9 andJgg (the exchange integral
between nearest-neighbBrsiteg are calculated by substituting the total energies of different magnetic ground
states into the Heisenberg model. The calculated valug,gfis in agreement with the experimental values
measured by neutron diffraction and NMR. Also, the paramdief€oulomb repulsion energyA (charge-
transfer energy andEg (band gapare extracted from the density of stat®0S) and plotted versus. Our
calculated band gap shows that MpBg is a complex insulator, in contrast to previous local spin-density
approximation and generalized gradient approximation calculations, which showed it to be half metallic.
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[. INTRODUCTION ergy(A), which may not be available in the framework of the
Hubbard model self-consistently.

Manganese ferrite is a well-known microwave ferrite ma- Band calculations have been rather successful in quanti-
terial with a spinel crystallographic structutepace group tatively estimating the electronic structure of nonmagnetic
Fd3m), in which &~ form tetragonal and octagonal local materials, if the electron-electron interaction was properly
symmetries that are referred to a8 and B sites, approximated by a single-electron Hamiltonian. However, in
respectively A normal spinel structure, per primary cell, practical calculations for transition-metal oxides, the results
consists of twoA sites occupied by two M and fourB  are rarely in agreement with experiments due to the single-
sites each occupied by four ¥e On the other hand, an electron approximation, and sensitive to forms of exchange
inverse spinel structure, per primary cell, consists of #o and correlation functionals. For example, Hartree-EdcR
sites occupied by two Pé and fourB sites occupied by both (HF) calculations usually yield an antiferromagnetic ex-
two M2 and two Fé* ions. Experiments have shown that change integral weaker than the experimental value, and give
manganese ferrite bulk material existed in a mixture of nor+ise to a larger band gap. For nickel monoxid&O), HF
mal and inverse spinel structures and that the range of inyielded aJ, (exchange integral between next-nearest neigh-
verse spinel structure varied around 20%, depending on thigors of 49 K.*° compared to 221 K given by magnon dis-
details of material preparatidmlthough this ferrite material persion measuremert,a band gap of about 14 é¥,com-
has had a niche in microwave technology for a long titfie, pared to about 4.0 eV as measured by an optical reflectance
the basic mechanisms behind the ferrimagnetic and insulaspectrunt? or photoemission spectroscopfPES and
ing ground states have only been understood in the frame dfremsstrahlung isochromat spectroscdpyS).®3% On the
the Hubbard modet.” The superexchange interactiéh’®  other hand, local spin-density approximafidr’ (LSDA)
betweenrA andB sites as implied in the Hubbard model gives usually gives rise to a band gap smaller than experimental
rise to an antiferromagnetid¢,g, which is much stronger values. When the LSDA is applied to NiO, the band
than antiferromagnetidgg andJa due to the local symme- gap is about 0.9 e¥¥~*°much smaller than the experimental
tries of A andB sites and the crystal structure. Consequentlyyalue. Several corrections to the LSDA, such as the self-
it yielded a ferrimagnetic ground stat@s observed in interaction correction (SIC),**? generalized gradient
neutron-diffraction experimenfsAt the same time, the on- approximatiofi>~*® (GGA), and LSDA+U (Ref. 49 were
site Coulomb repulsion in the Hubbard model splits the halfintended to improve the band gap. However, in
filled d bands of F&" and Mrf* into full and empty sub- LSDA+U,*™2 U is an ad hoc parameter. The SIC and
bands with opposite spins, and thus, gives rise to a band gapGA are not sufficient to open the energy gap as large as the
at the Fermi level, referred to as a Mott insuldfor® The  experimental value. For NiO, the band gap is 2.54 by SIC
insulating property of this material has been confirmed by(Refs. 53 and 5S¢and 1.2 eV by GGA®
activation energy experimenmt&Also, since Mn and Fe be- Moreover, the shortcoming in which most of the above
long to later 3l transition metals, MnE®, may be classi- calculations failed to predict the correct band-gap and ex-
fied as a charge-transfer insuldfortin which thed-dtrans-  change integrals for laterdBtransition metal oxides can be
fers between magnetic ions are via the intervening ligandraced to the inaccurate predictions of predictihgndt. HF
through p-d hybridization?>~% Regardless of whether overestimate$) and LSDA underestimated. For NiO, HF
MnFe,O, is a Mott or charge-transfer insulator, a reliableyields U~27.9eV (Ref. 30 and LSDA Vyields
quantitative calculation of exchange integrals and energy~2 eV,*®-*°compared to 7-9 eV measured from PES and
gaps requires an accurate estimation of the transfer integra@lS experiment$®*® HF underestimates and LSDA over-

(t), on-site Coulomb repulsiofJ), and charge-transfer en- estimates. For NiO, since the contribution tbis substan-
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tially the covalence effect betweenNiand G~ and the proximation, the correlation part is given by
covalence effect of,y orbits is negligiblet is proportional  _LSDA PW
to the crystal-field split cf) approximately. HF yields Ec=Ec™ +0.81AEc", 2

Ace~0.012 hartree~0.33 eV?° and LSDA yields Ace  whereELSPA and AEPW are LSDA correlation and Perdew-

~1.3eV/? . compared to 8500 Cf“ll“1 eV for  \wang GGA(PWGGA) correction, respectiveff*> The ex-
[NI(HZO)G] (Ref 56 or 7250cm-=~0.9eV for Change part is given by

KNiF;.%" Since HF underestimatesand overestimates,
according to the Hubbard model it underestimates the super- Ex=(1—w)(Ex>"A+0.9AES) + wES™!, ®)
exchange interaction and overestimates the band gap. On th
other hgnd, since LSDA overestimateand underesgtirr?ates w%ere EXe B, andA_E x are exact exchang_e, LSDA
U, according to the Hubbard model it overestimates super€Xchange, and Becke gradient correctlbffirespectively. In
exchange interaction and underestimates band gap. Becke’s original parametrization, 0.81, 0.9, ane-0.2 are

In fact, in a solid,U can be obtained by renormalizing the determined from the least-squares fitting of atomization en-

on-site Coulomb repulsion of the bare ions, in a nonin- ergies, ionization potentials, and proton affiliatésn this
teracting system, which is given by 0 paper, we are allowingv to vary between 0 and 1 to fit the

experimental value alg andJgg. In the calculationE§* @
Up is replaced by the Fock exchangEE() according to the ar-
U=1707G (1) gument that the exact exchange, the exchange of the nonin-
b teracting Kohn-Sham reference system, is approximately
where G is the Green function that takes the electron-equal to the Fock exchang&> We choose local Gaussian
electron interaction into accouhin HF, since the electron- basis sets for Mi", F€*, and G~. The basis set of Mt
electron correlation is neglected, is equal toU,, which is ~ (86-411d41G was optimized for MnO (Ref. 30 and
equivalent toG—o. When the electron-electron correlation KMnF3. The basis set of Pé (86-411d41G was optimized
is increasingG is finite but decreasing in value. For transi- for F&,0;.% The basis set of & (8-411G was optimized
tion metals, Kanamori estimated ~W, where W is the for a wide range of oxide materials including MnO and NiO.
bandwidth of thed band, which is much smaller thah,.” In  The calculations were implemented by ttreysTAL98 codé&*
LSDA, the overemphasized electron-electron correlatiorwvith experimental geometfyy, where the lattice constarat
yields G~W, which is much smaller thabl,, and, conse- =8.511 A and the position of © is u=0.3846, in a self-
quently, yieldsU~W.*° Also, A can be interpreted as the consistent spin-dependent scheme, in which the net spin in a
different p-d hybridization strength for thee;, and ty, _primary cell is locked at t.he theorgtical value of a simple
orbits}” Thus, any underestimation or overestimation of hy-ionic model. For example, if we designate the system to have
bridization may yield an incorrechcr. From the result of an assumed ferromagnetic structure, the net spin in a primary
Acr, it is obvious that the hybridization is underestimated incell will be locked at 30. In the calculation, we found that the
HF but overestimated in LSDA. This is consistent with theconvergence depends on the magnetic structure assigned to
underbinding problem of HRRefs. 30 and 5Bor the the lattice andw. For example, for the assumed ferromag-
overbinding problem of LSDAR®° which is also due to the netic structure, any value of yielded convergence. For the
underestimation in HF or overestimation in LSDA for the €xperimental ferrimagnetic structure, a valuevofsmaller
electron-electron correlation. Thus, the failures of the abovéhan 40% caused divergence. The divergence was the result
calculations in later 8 transition-metal oxides are inherited Of the conflict between the highly localized basis desti-
by the exchange-correlation functional chosen to approximized by HF and LSDA terms in the Hamiltonian that favor -
mate the electron-electron interaction. From the results of théelocalized states. To improve the convergence and avoid
band gap, SIC and GGA are more accurate than both LSDAMe-consuming optimization for eveny, we expanded the
and HF in approximating the electron-electron correlation3d part of the F&" basis set up to 130% in the radial direc-
but still insufficient for transition-metal oxides. However, a tion. This adjustment of basis set improves the valuégf
mixture of Fock exchange and LSDA may be the propertoward the experimental value.
approximation in insulating transition metal oxides, since it
is based on the linear interpolation of the adiabatic relation Ill. CALCULATED RESULTS
of Kohn-Sham density-functional thedt¥®? In this paper,
our calculation is based on the mixture of Fock exchange and
Becke exchange for MnE®,. We calculatedJ g, Jgg, One of our main focuses in this calculation was to be able
Eg, U, andA as a function ofy. We find that],g andJgg  to explain numerically the observed valueslgf andJgg in
agree with the experimental values, and that Milzeis an ~ MnFe,0,. We were only concerned withg andJgg, since
insulator. there was no experimental data by, with which to com-
pare. To determind,g andJgg, We calculated the ground-
Il. APPROACH state energies of three different magnetic structures denoted
as FM, FI-1, and FI-3. FM is the assumed ferromagnetic
We choose a modified version of Becke’s parametrizatiorstructure, in which all the spins in th& and B sites in a
of the exchange-correlation approximation, which is examprimary cell are parallel to each other. FI-1 is the observed
ined for a wide range of atoms and molecliédn this ap-  ferrimagnetic structure in experiments, in which the spins

A. Magnetic properties
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15 ; The above results are explained in terms of the competi-

f : ‘ ’ tion between direct exchange and superexchange interactions
between spins & andB sites. As discussed in the introduc-
tion, HF underestimates and overestimatesl and conse-

; quently underestimates the superexchange contribution to
0 o ; ] Jag- Since the distance between ansite and its nearest-
u » | v neighborB site is 3.5 A and the bonding angle 8f0-B is
5 ; 5 ] 122.0°, the direct exchange contribution to the exchange in-
; tegral is negligible. Thus, we obtain an antiferromagnetic
10 / = P~y (norma) [ Jag even using only the Fock exchange, although the value
/,/‘ i O+ Jpg (normal) of Jag is about 20% of the experimental value. On the other
15 " 8= Jun (verse) hand, since the distance between the nearest-neighbioes
2 : , is 3 A and the bonding angle @&-O-B is 94.5°, the direct
o3 04 05 06 o7 08 08 10 11 exchange exceeds the superexchange contribution underesti-
mated by HF. Thus, a pure Fock exchange leads to a quali-
tatively incorrect ferromagnetidgg. This conclusion is ap-
FIG. 1. Jag andJgg of normal and inverse structures using the plicable to manganese monoxid@®linO) also. In MnO, J,
basis set optimized by HF. (the exchange integrals between the next-nearest-neighbor
Mn?* jons with a 180° Mn-O-Mn bondgiven by HF is
within A and B sublattices are aligned parallel, but are —1.4 K, compared to the experimental value-o4.8 K. On
aligned antiparallel between them. FI-3 is an assumed ferrithe other handJ,; (the exchange integrals between nearest-
magnetic structure, in which the spins within thesublattice  neighbor Mi#* ions with a 90° Mn-O-Mn bondgiven by
are aligned parallel and spins within tt sublattice are HF is —0.19 K3%° compared to the experimental value of
aligned antiparallel. Structure FI-2, where the spins within—4.2 K./t However, whenw decreases, the underestima-
the A sublattice are aligned antiparallel, is not consideredtion of superexchange is compensated by the LSDA contri-
sinceJa, is not of interest here. Assuming the spin arrange-bution contained in the Becke exchange, since pure LSDA
ment is collinear and substituting each magnetic structur@sually overestimates and underestimated and, conse-
into the Heisenberg model, we obtain quently, overestimates the superexchange contribution to the
exchange integrals. Therefore, in the casd gf, since the
direct exchange is negligible, the antiferromagnédiig be-
Jns=ggzz (Er-i—Erm), comes more and more negative or antiferromagnetic when
decreases. However, in the caseJgf, the contributions
from both direct exchange and superexchange increase and

O+ Jgg (inverse)

w

Jonz 1 Eo .— (Ep-1+Epw) 4) tend to cancel each other whendecreases. As a resulizg
BB 3252 | ~FI-3 2 ' is always positive for both normal and inverse spinel struc-
tures.

where S=3 is assumed according to the ionic model. The Jgg for an inverse spinel structure is usually about 35%—

calculated]pg andJgg are plotted as a function af in Fig.  40% smaller than that of the normal spinel structure at the
1 for a normal spinel structure using optimized basis setssame value ofw. It is noted that the 8 wave functions of
The calculatedl,g is negative (antiferromagnetic for all Fe** and Mr?™ are almost the same except that thevgave
values ofw, and becomes stronger whandecreases. In the functions of Mrf* are more extensive in the radial direction.
case of pure Fock exchanga{100%), Jag=—4.7 K is  The improvement oflgg for the inverse spinel structure
obtained. The calculation will diverge W is smaller than could be due to the expansion ofl 3vave functions of mag-
40% for FI-1 and FI-3 structures. Aw=40%, Jag= netic ions atB sites. Thus, we expect that expanding thie 3
—15.3K is obtained, which is reasonable if compared towave function of F&" in a radial direction will improvelgg
Jag=—22.7 K obtained from nuclear magnetic reson&hce toward the experimentally observed antiferromagnetic value.
and Jag=—19.1K as measured from magnon We have expanded thed3wave function of F&" in the
dispersiorf.’®® However, our calculatedlzg was always radial direction by a nonlinear regression fitting of scaled
positive (~10 K), representing a ferromagnetigg, which  original wave functions. In detail, we define the expanddd 3
is not in agreement with the experimental value-&.0 K*® ;. ave functionR(r) as

In fact, whenw decreases from 100% gy first increases

slightly and reaches a maximum at 50% and then decreases

slightly. For inverse spinel structure, where we assumed all R(r)=\3¥R(\r), (5)
Mn?" are onB sites (100% inversg we obtainedJ,g=

—4.4K atw=100% andJag=—14.5K atw=50% (Fig.

1). Whenw was chosen to be smaller than 50%, the selfWhere\ denotes the scaling factor afR{r) is the original
consistent iteration is divergent. As in the normal spinelwave function. BothR(r) andR(r) are defined by a linear
structure, wherw decreased, the antiferromagnelics be-  combination of four Gaussian-type orbit with four exponen-
comes stronger, bulzg was always positivé~7 K). tial and four contraction parameters. We found that expand-
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FIG. 2. Jag andJgg Of normal and inverse structures using the 49 ‘ : 2
basis set in which the @wave function of F&" is expanded to o o9
130% in the radial direction. g 0O
7 ) o i
O ;
ing the 3 wave function of F&" improved the calculated g )
value of Jgg for both normal and inverse spinel structures. — *' '/"/
For the normal spinel structure, using=1/1.3, we obtain ;s /
Jag= —18.3 andlgg= — 4.4 K atw=30%, which are quan- 45 - - :
titatively in agreement with experimental valugsg. 2). For / :
the inverse spinel structure, using=1/1.3 we obtainJ,g s y :
=—21.4 K atw=40%, which is also qualitatively in agree- ' / i —— Fe*
ment with experimental valud§ig. 2). We also note that the ¢ O Mn
expanding 8 wave function improved the convergence of 44 ; . :
the calculation. For example, with= 1/1.3 the calculation is 03 04 05 06 07 08 05 10 A1
convergent atv=0.30 for the normal spinel structure. () w
FIG. 3. Depolarized Mulliken populatiom(,+ng) and the ab-
B. Electronic structure solute value of the polarized Mulliken populatitm,—n| of Fet*
and Mrf*.

So far we have shown that our calculation can lead to
values ofJ g andJgg in agreement with experiments. With-
out changing any parameters, we want to show that our caktheory, both polarized and depolarized Mulliken populations
culation can also lead to values Bf;, U, andA consistent  of d orbits of magnetic ions split te; andt,, orbits. If we
with experiments. plot the polarization ratéhe ratio of the polarized Mulliken

First, we consider the Mulliken population of a FI-1 mag- population to the depolarized onef d orbits of Mr?* and
netic structure calculated using optimized basis sets. Sincgee** versusw (Fig. 4), we find that in F&" toq Orbits are
the calculation was spin dependent, it is necessary to denofgsg polarized thae, and that in MR* e, orbits are less
the Mulliken population of spin-up and -down electrons aspo|arized than the,, submanifold, which represents the dif-
n, andng, respectively. The polarized—n Z and dep+o— ferent local symmetries of M and Fé™. In the normal
larized (n,+ng) Mulliken populations of MA™ and Fé spinel structure, F& and Mrf* ions are located at octahe-
versusw (Fig. 3 show that, whenw decreases, the diver- dral and tetrahedral sites, respectively. At an octahedral site,

gence between our calculation and the ionic model increase : :
This divergence is due to the hybridization between dhe ﬁ12eieg orbits (dsz2_2 andd,e_2) ex.tend directly toward the
O°" at the vertexes and thgy orbits (d,, d,,, andd,,)

orbits of the magnetic ions and the orbits of th& Qons. extend toward the edges. Thus, theorbits hybridize more

For example, the calculated polarized Mulliken populationsh v with th bits of & th bi d |
for either Mre* or Fé* given by our calculation are smaller €aVIy with the orbits of O thant, orbits and, as a result,
the ey orbits are less polarized thdg, orbits. On the other

than 5(the value predicted by the ionic mogeand decrease

when w decreases. Fow=40%, the polarized Mulliken hand, at a tetrahedral site, tieg orbits extend toward the
population(net spin of Fe* is 4.45 and—4.75 for Mr¢*,  edge and the,, orbits toward the & (not directly. Thus,
but forw=100%), the net spin of B& is 4.72 and—4.87 for  the hybridization between thg, orbits and orbits of & is
Mn?*. The calculated depolarized Mulliken populations of stronger than that between tieg orbits and the orbits of
Mn?* and F&" are larger than 2&ncluding the core elec- O?”. As a result, the,, orbits are less polarized than thg
trons, the value predicted by the ionic model, and increaserbits. If we compare ad orbit and its 3l counterpart, we
when w decreases. Moreover, as predicted by crystal-fieldind that a 4l orbit is always less polarized than itsl 8oun-
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FIG. 4. Polarization ratio|n,—ng|/(n,+ng) of FE* and
Mn?*,

terpart. This is the result of the fact that thel #rbit is
always more extensive than itd3ounterpart and conse-
quently hybridized more heavily with the orbits ofQ

If we compare ad orbit of Mn?" and its counterpart of
Fe**, we find that ad orbit of Mn?" is always more polar-
ized that its counterpart of B&. One reason is that although
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expect that, whenv decreases, the covalent effect between
the magnetic ions and?0 will increase and as a result the
polarization rates of thel orbits will decrease. However,
differentd orbits exhibit different sensitivity tov. In Fig. 4,

we find that 31 g4 is more sensitive thandBt,g in Fe*, and
that 3d t,, is more sensitive thand e, in Mn*. This is
more evidence thatd ey is more heavily hybridized with

ad orbit of M?" is more extensive than its counterpart of the orbits of G~ than 3 thg IN Fe", and that & tpg is

Fe* and the length of the Mn-O bond~1.98 A) is little
shorter than that of the Fe-O bofng2.01 A), the difference
of the p-d transfer integral () between thee, andt,, or-
bits for Mr?" should be weaker than that forFedue to the
tetrahedral local symmetry of Mn, in which there is no
orbit of Mn?* extending directly toward the © ion. The
other reason is that since the configuratiaifL) for the
[MnO,]®" complex has a higher energynore unstable
than that for thg FeQ;]°~ complex, Mif* has a higherA

more heavily hybridized with the orbits of?0 than 3 g in
Mn?" due to the local symmetry of th& (tetrahedralandB
(octahedral sites.

Also, we have considered the density of stdi®89) pro-
jected on sites and thetorbits of magnetic ions for the FI-1
magnetic structure at=40% calculated using an optimized
basis set(Fig. 5. Compared to the DOS given by LSDA
(Ref. 72 or GGA,”® the DOS given by our calculation is
quite different. First, the DOS given by LSDA or GGA im-

than Fé*. If we focus on the dependence of polarizationplied that MnFgO, is half metallic, where the spin-down
rate onw, we find that whenw decreases the polarization Mn®* and the spin-down Pé d bands overlapped each
rates of all thed orbits of magnetic ions decrease. The Forkother and crossed over the Fermi level. However, in our cal-
term underestimates the hybridization. On the other hand, theulation, the DOS shows that Mnf&@, is a typical insulator
LSDA term in the Becke exchange overestimates thevith a band gap between the spin-down ¥nand spin-
electron-electron correlation and consequently overestimateown Fé* d bands. Second, the DOS given by LSDA or

the hybridization. Sincev is the linear interpolation coeffi-

GGA implied that MnFgQ, is a typical Mott insulator for

cient to balance the Fock and the Becke exchanges, we cdioth FE€™ and Mrf™, in which the ligandp band is located
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at a lower energy than thetbands of transition-metal ions in 14
the valence band. However, in our calculation, th&Fand
O?~ system is a typical charge-transfer insulator and the — 124~ -
Mn?* and G~ system is an interim state between the Mott
insulator and charge-transfer insulator. The DOS projected 10
on the G~ site shows that there is a wideompared to the
d bands of magnetic iongD?~ band extending from-0.42
to —0.22 hartreg(the top of the valence bapdor spin-up
electrons and from-0.45 to —0.16 hartregthe top of the 64 .
valence bandfor spin-down electrons. If we plot the DOS
projected on F&" and G~ sites together, we find that in the 41
region around the Fermi levél-0.6 to 0.4 hartreea d band |
(eg Ortyg) of Fe** splits into three sub-bands, which sepa- 2 i | . -
rate from each other. In these sub-bands, two of them are ~ ®* 04 05 06 07 08 09 10 A
characteristic of a narrow bandwidthbout 0.05 hartreebut w
have opposite spin directions, which correspond to the local- FIG. 6. E¢ extracted from the DOS.
ized spin-up and -dowd states of F&". It should be noted
that the spin-up localized band of Fé" is located at a Es andU on w (Figs. 6 and ¥, which reveals the opposite
lower energy than the © band at the top of the valence natures of HF and LSDAor GGA) in approximating the
band, which is characteristic of a typical charge-transfer ing|ectron-electron correlation. In the configuration interaction
sulator, such as Ni®**Also, one of the sub-bands overlaps (Cl) calculation,U is the energy difference between two con-
with the &~ band at the top of the valence band as a resulfigurationsd® andd?, corresponding to an extra localizeld
of the hybridization between thé orbits of Fé" and the electron andd hole, respectively, if we neglect the direct
orbits of @~. However, if we plot the DOS projected on exchange (J) that is usually in order of 10° eV for
Mn?* and G~ sites together, the spin-down localizéthr-  transition-metal oxides. Thus, if we interpret the valence
row) sub-band is located at the top of valence band and ovebands as the states of a probing hole and the conduction
laps with the @~ band, which is an interim state between bands as the states of a probing electtdrmould be directly
the Mott insulator and the charge-transfer insulator. mapped to the energy difference between the localided

In fact, the above differences between the DOS given byands in the valence and conduction bands. Further, to re-
LSDA or GGA and that given by our calculation may be move the band effect introduced by translational symmetry
simplified to three important parameters of transition-metabf the crystal, we calculated the average of a localizednd
oxidesEg, U, andA. In Fig. 5a), we show schematically using its DOS as the weight. As shown in Figlrdecreases
andA for F€¥*. Itis clear that we have extractedavalue  whenw decreases. For example et 40%, U of the Mr?*
from thet,, bands. There also existsla value associated e, band is about 0.46 hartreel 1.7 eV and that of the Mt
with ey bands. The same applies for the extractioddfom  t,4 band is about 0.41 hartreel1.2 eV. Atw=100%, U of
Fig. 5a). There also corresponds a settbAndA values for  the Mr?™ ey band is about 0.82 hartre€22.3 eV and that of
the Mr™ ion. Eg is simply the separation between the va-the Mr¢* t,q band is about 0.80 hartre21.8 eV. It should
lence and conduction bands at the Fermi level. First, wée noted that, under Hartree-Fock approximatidnshould
considerEg and U, which are closely related in Mng®,. be equal tdJ,,. In fact, Towleret al. evaluatedJ for MnO at
Intuitively, an overestimated electron-electron correlation inthe experimental lattice parameter using the radial partcf a
LSDA or GGA implies easier transfer ofd3electrons from
one magnetic ion to another, which means a higher conduc. 12
tivity at finite temperature or a narrower band gap, which
also means a lower potential barrier or a smallerin the
DOS given by LSDA or GGA, ifU’s of F€* and Mrf*
were increased, the spin-down Kinand spin-down F& d

E;(eV)

i
i
]
i
}

bands would be separated and, consequently, an insulatin o8 {- ;

result would be yielded. Unfortunately, since LSDA or GGA £ ‘
overestimates the electron-electron correlatidnin LSDA S

or GGA was insufficient to separate the spin-down?¥Mn 81 o
and spin-down F& d bands and consequently to open a _;_F;f:

band gap. On the other hand, the underestimated electror o4 A e Mie |
electron correlation yields the opposite result as predicted by ~ o M ,;
LSDA or GGA. In HF calculations)) is much larger than the
experimental value, and thugg is much larger than the
experimental value. Since the functional chosen in our cal-
culation is a mixture of Fock and Becke exchanges with a
variable weightw, it is possible to study the dependence of FIG. 7. U of Fé* and Mrf™ extracted from the DOS.

02 ; ; ; .
03 0.4 05 06 0.7 0.8 09 1.0 11

w
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1.0 ~ ; 5 TABLE |. Comparison between theory and experiment.
; -7

091 ro Jag (K) Jgs (K)

058 Normal Inverse Normal Inverse

07 ; This -15.3 -14.8 11.3 7.2
= o ' calculation -18.3 -21.4 —4.4 -12.¢
< ¢ o) o A Experiment —22.7¢ —19.1 -3.0

06 % Sy — : xperimen T . .

¢ . f:/‘ - HF -4.7 —4.4 10.2 6.6
054 -  J » '//l . —o—Fee | LSDA
07 0 Fen,
ool o . et | GGA —464
LS MR
° ; e aJsing optimized basis sets and evaluatetvat40%.
0.3 ' T bUsing optimized basis sets and evaluatesvat50%.
0.3 04 a5 06 0.7 0.8 0.9 1.0 1.1

fUsing the basis sets with expanded ®ave functions and evalu-
ated atw=30%.
FIG. 8. A of F&* and Mrt+ extracted from the DOS. dUsing the basis sets with expanded ®ave functions and evalu-
ated atw=40%

wave function of MA* optimized for bulk MnO by pure -Reference 66.

Hartree-Fock calculation, and obtaindd=0.861 hartree Reference 68.

~23eV3 When w decreases, more and more electron-"Reference 73.

electron correlation is taken into account and as a regult

decreases. Since the basis sets used in our calculation are IV. CONCLUSION

optimized for pure Hartree-Fock calculations, the calcula- |, Taple I we summarize and compare the valued gf
tions will diverge whenw is smaller than 40% for the FI-1 543 calculated by us with the experimental values. The

magnetic structure. calculated] 55 andJgg are closer to the experimental values

_ Second, we conlside_J(ij andﬁ, VIVhiCh cIassAify the insula(;— than either HF or GGA for MnE®©,, by using the basis sets
ing transition-metal oxides. Analogous th A is extracte ith expanded @ wave functions of F& ions at w

from the DOS as the energy difference between the Iocalizeg 30%. The calculated DOS shows that MaBg is an in-
d bands in conduction bands and theands submerged into sulator, which is qualitatively in agreement with experi-

the G~ bands, and is plotted in Fig. 8. Since both Mrand ments. Also the calculated DOS shows that thé*Fand

h . .
feg Uafe mt?]gnetllc In MB':Z@‘H AWE hdave 3 ;:omp!{ﬁx |ﬁ$la- O?" system is a typical charge-transfer insulator and that the
or. U’sing the values oty an educed Trom the Mn?* and G~ system is an interim between a Mott insula-

bands, we may classify Mnk®, as an interim insulator - »nq charge-transfer insulator, both of which are indirectly

sinceU~Aé.+However, using the values bf andA deduced g, rteq by experiments. The dependencies ahd A on
from the Fe™ bands, we may classify Mnk®, as a charge- , are extracted from the calculations, and show qualitative

transfer insulator sinc&)>A. The CI analyses of photo- c,mpainility with the dependence dfg on w. In conclu-

emission data suggest that MnO s an interim between thg;on "oy calculated results yield a set of magnetic and elec-
Mott insulator and charge-transfer insuldfor®and that he- " tronic properties, which are consistent with experimental ob-
matite (a-Fe,0;) is a typical charge-transfer insulafdr®  <oryations. The fact that the calculations are able to be

which indirectly supports the above result. However, if weganerqily applicable to various experiments lends some cred-
focus on the band gap, which is between the spin-down ful bility to our calculation.
d band of Mrf* and the spin-down empty band of Fé™,

the substantial contribution to the conduction of intrinsic
MnFe, O, is the process ACKNOWLEDGMENTS
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