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First-principles investigations of the orbital magnetic moments in CrO 5

Horng-Tay Jeng®
Physics Division, National Center for Theoretical Sciences, Hsinchu 30043, Taiwan

G. Y. Guo
Department of Physics, National Taiwan University, Taipei 10617, Taiwan

(Received 14 December 2001; accepted for publication 24 April 2002

The electronic and magnetic properties of the ferromagnetic half-metgl Ita@ been studied by
using the full-potential linear muffin-tin orbital method within the local-spin-density approximation
(LSDA) and the LSDA-U approach. The orbital magnetic moments are investigated by including
the spin-orbit coupling in both schemes. Compared with the orbital contributions to magnetization
in other transition metal oxides, the orbital magnetic moment of the Cr atom is quenched, while the
O atoms exhibit a relatively significant orbital moment in GrO'he LSDA gives the orbital
moments of—0.037ug/Cr and—0.0011ug/O. They are too small as compared with the moments
of —0.05ug/Cr and—0.003xg/O obtained from x-ray magnetic circular dichroism measurements.
By taking the on-site Coulomb energyinto account, both the spin and orbital magnetic moments
of Cr and O are dramatically enhanced. For a HubHlardf 3 eV, the LSDAt+U gives orbital
moments of—0.051ug/Cr and —0.0025.5/O, in good agreement with the experimental orbital
moments. Both the spin and orbital moments are found to increase more or less linearly with
increasingJ. Similar trends have also been found in CoO and NiO. 2@2 American Institute of
Physics. [DOI: 10.1063/1.1486260

I. INTRODUCTION spin, whereas in the minority spin, the Fermi energy falls in
an exchange split gap between the occupied oxygehahd
Transition metal oxides have been found to exhibit di-and the unoccupied chromiunddand. Since the states in-
verse physical properties such as strong Coulomb correlasolving the conduction and magnetic properties are highly
tions, strong spin and orbital fluctuations, mass renormalizaspin-polarized near the Fermi energy, it is interesting to in-
tion effects, incoherence of charge dynamics, and phasgestigate the orbital contributions of individual atoms to the
transitions: They were investigated extensively in the pastmagnetic moment of CrQ
decade because of the interesting fundamental physics as CrO, crystallizes in the tetragonal rutile structure with
well as the important technological applications. The localtwo formula units per unit cellFig. 1). The Cr atoms form a
spin-density approximatioiL,SDA) has been successfully body-centered tetragonal lattice. Each Cr atom is surrounded
used in electronic structure calculations for many materialspy a distorted oxygen octahedron with the octahedron at the
However, for the 8 transition metal oxides, thed3electrons  pody’s center and at the corner position differing by a 90°
are in the relatively localized Wannier states rather than inrotation about the c-axis. In the local coordinate system for
the itinerant Bloch states. Hence the on-sité @ectron—  every octahedron, in which theaxis is pointed to the apical
electron Coulomb interaction is fairly strong such that theoxygen and thex andy axes are directed to the basal plane
LSDA band calculations are often not adequate for thesg.e., the crystal110) plane oxygens, the octahedral ligand
strongly correlated systems. In many cases, the LSDA givefield splits the Cr-8 manifold into three lower lyingty,
moments and gaps which are too small, or even gives no gagates ¢,,, d,,, andd,,) and twoe, states @2_,2, and
for the Mott insulators. By taking the on-site Coulomb in- d,,._2) of higher energy. This ligand field splitting results
teraction energyJ into account, the LSDA'U method suc-  from the hybridization between the @y states and two of
cessfully improves the LSDA results for many transition the three O-p orbitals. The formation of the lower lying
metal oxides. bonding states results in the wide dand, whereas the,
CrQ; is a ferromagnetic half-metal with a magnetic mo- pand energy is raised by the antibonding. The distortion of
ment of ug per formula unit(fu).* It has been widely used the octahedron further splits the, states into localized,,
in magnetic recording tapes. In recent years, it has attractestate and extended ,. ,, states. The extendat), ., states
substantial interest because of its half-metallic property an@ybridize with one of the three OgRorbitals forming thed-
its applications in spintronics. In half-metal GrOone spin  p 7 bond. The lower lying occupied bonding statg, . ,
channel is metallic and the other is insulating, resulting in amnd the localized,, state thus form the maind3peak below
unusual transport property of 100% spin polarization. Thahe Fermi level, whereas the antibonding statg_,, is
Fermi level lies in the partially filled @ band of the majority  pushed upwards and leaves a pseudogap at the Fermi level in
the majority spin. The exchange splitting between the major-

aAuthor to whom correspondence should be addressed; electronic mailty and the minqrity spin Cr-8 band§ is a consequence of
jeng@phys.nthu.edu.tw the ferromagnetic phase of CsOThis exchange splitting
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FIG. 1. Rutile structure of Cr@Q Big light balls denote Cr atoms and small -9
dark balls denote O atoms.
FIG. 3. Band structure of CrOfrom the LSDA. The Fermi level is at the
) o ) ) zero energy.
shifts the minority spin @ band above the Fermi level and

yields a gap at the Fermi level, resulting in a half-metallic
band structuréFigs. 2, 3, and arises mainly from the spin—orbit interaction in the localized
The orbital magnetic moments are usually suppressed iBd orbital where the atomic field is deformed in a relatively
the 3d transition metals because of the crystal field in SO|idSs|ight manner by the crystal field. The strong Coulomb cor-
Some 3 transition metal oxides exhibit large unquenchedrelations further localize the B orbitals and suppress the
orbital magnetic moments. The unquenched orbital momenigand field on the metal atoms. These materials are thus
expected to possess larger unquenched orbital moments. It
has been found in neutron-diffraction experiment for CoO,
and in magnetic x-ray scattering experiment for Niehat
1 the unquenched orbital magnetic moments are rather large.
Although the calculated orbital moments from the LSDA are
1 usually too small compared with experimental results, the
0= s =7 on-site Coulomb energy in the LSDA+U calculations sig-
; nificantly enhances the orbital moments in both Ca@d
NiO,2 and gives large orbital moments in agreement with

3 T T T

spin up

2 ] experimental moments.
-3 Several experimental techniques, such as neutron scatter-
3

' ing, magnetic x-ray scattering, and magnetic circular dichro-
ism in x-ray absorptionXMCD), have been proved to be
useful in studying orbital magnetic moments of materials. By
using sum rules, XMCD provides a powerful experimental
method to deduce element-specific orbital and spin magnetic
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FIG. 2. Spin and orbital decomposed DOS of ¢iftdm the LSDA(a) and *rx &z r Mm A Z

from the LSDA+U with J=0.87 eV andU=3 eV (b) andU=6 eV (c).
The dotted, dashed, and solid lines are @r-8-2p, and total DOS, respec- FIG. 4. Band structure of CrOfrom the LSDA+U with U=3 eV andJ
tively. The Fermi level is at the zero energy. =0.87 eV. The Fermi level is at the zero energy.
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moments. Recently, XMCD experiments for Gr@ere per-  group Djﬁ: P4,/mnm No. 136 of CrO, were used in the

formed using the elliptically polarized undulator beamline of ca|culations. The two chromium atoms are located at the
the Synchrotron Radiation Research Center in Taiv@he positions (0,0,0), and (1/2,1/2,1/2), and the four oxygen at-
XMCD measurements reveal that the @-2nd the Cr-8l oms are at §,u,0), (1-u,1-u,0), (1/2+u,1/2—u,1/2),
electrons are strongly hybridized. The orbital magnetic moand (1/2-u,1/2+u,1/2). The radii of the muffin-tin spheres
ment of Cr in CrQ is quenched, while the oxygen atoms ysed for Cr and O were 239 and 1.%,, respectively. For
exhibit a significant orbital contribution to its magnetization, the valence bands, a triple-LMTO basis set expanded in
as compared with other transition metal oxides. The orbitagphericad harmonics up to angular momentus® was used
magnetic moments of Cr and O are found to£8.05 and  for the charge densities and potentials inside the nonoverlap-
—0.003ug/atom, respectively. The results also show that ping muffin-tin spheres. While in the interstitial region, 7558
the Spin moment of O is antiferromagnetically COUpled t0p|ane waves with energies up to 111 Ry were emp|0yed in
that of Cr, whereas the orbital moment is ferromagneticallythe calculations. For th@®01] direction of magnetization, the
coupled to that of Cr. number ofk points used in the self-consistent calculations
The electronic band structure of Cs(as been calcu- \as 126 over the irreducible wedge of the tetragonal Bril-
lated SE|f'C0nSiStent|y within the framework of the LSDA by louin zone. For the{loo:l magnetization’ 250 k points were
several authors. Schwafzfirst predicted a half-metallic ysed for the self-consistent calculations of lower symmetry.
band structure with a spin moment of.g/fu for CrO,. He  For simplicity, the spin and orbital magnetic moments will
used the augmented spherical way¥eSW) method. From  ajways be referred tH001] direction of magnetization in the
the ionic viewpoint, Zg/fu is a natural consequence of rest of this paper unless stated otherwise. To explore the
Hund's rule for the Cf* (3d?) ion. The results of both the effects of the on-site Coulomb energy on the electronic
band theory and the ionic model agree with the experimentadtryctures and the magnetic moments, diffetéritom 2 eV
moment! Using a plan-wave pseudopotential method, Lewisyp to 9 eV were used in the rotationally invariant LSBA

et al™* investigated the energy bands and transport propefcajculationd’ with the exchange interaction parametér
ties. They put Cr@ into the category of “bad metals,” in  =0.87 e\*? unchanged.

common with the highF. superconductors, the high-me-
tallic phase of VQ, and the ferromagnet SrRyOIn the
past decade, the LSDAU scheme was developed and ap- lll. RESULTS AND DISCUSSION

plled to various transition metal OXidéfompared with the Figure 2 shows the spin_ and 0rbita|_decomposed density
conventional LSDA, the LSDAU gives rather good results of stateDOS) of ferromagnetic Cr@from the LSDA[Fig.

for these strongly correlated systems. Taking the on-site Col(g)], and from the LSDA-U [Figs. 2b) and Zc)] with
lomb energyU into account(LSDA+U), Korotin etal'?  exchange interaction parameter 0.87 eV and on-site Cou-
explained the conductivity in spite of the large Coulomb in-jomb energiesu=3 eV andU=6 eV, respectively. The
teractions, and concluded that Gr@ a negative charge | SDA results [Fig. 2@)] agree well with earlier
transfer gap material which leads to self-doping. The mairga|culations'*'%**For the majority spin, the Fermi level lies
Cr-3d peak above the Fermi level from the LSBAJ band  near a local minimum of the Crd3t,, band with the DOS at
structure calculations agrees quite well with recent photothe Fermi leveN(E;)=0.62 states/eV/fu. This value is close
emission spectroscopy and specific heat measurertientsio 0.69 states/eV/fu from the pseudopotential calculatfons
The LSDA+U model for CrQ as a half-metallic ferromag- and smaller than 0.95 states/eV/fu from the FLAPW
net with a large exchange-splitting energy, is further supcalculationst® For the minority spin, the Fermi level falls in
ported by the polarization-dependent x-ray absorption speg gap of 1.34 eV, in good agreement with reported
troscopy and x-ray magnetic circular dichroism results!'1%5 The exchange splitting between the majority
measurement$.On the other hand, Maziet al*° performed  and the minority spin main peaks of Crd3,, bands is
all-electron band-structure calculations of the transport an¢ound to be 2.3 eV. A similar splitting of 2.5 eV has been
optical properties of Cr@by using the full-potential linear-  found in the FLAPW calculations, while smaller splittings
ized augmented plan-wave meth@BLAPW) within the  of about 1.8 eV was obtained by the A$%and the pseudo-
LSDA and also the generalized gradient approximationyotential method! Nevertheless, all these exchange split-
(GGA). They concluded that strong electron-magnon scattertings obtained from different methods based on the LSDA
ing instead of strong correlation is responsible for the renorgre too small compared with the measured large splitting of

malization of the electron bands. about 5 eV between the main peaks in the occupied and the
empty Cr-31 DOS from photoemission spectroscopy
experiments?

Il. COMPUTATIONAL DETAILS 12

Korotin et al.*< interpreted the large deviation between
In this work, the all-electron full-potential linear muffin- the LSDA and the experimental splittings as an indication of
tin orbital (FP-LMTO) method® including the spin—orbit in-  strong Coulomb correlations. They performed the LSBIA
teraction was used to perform self-consistent band structurealculations with an on-sité-d Coulomb energyJ=3 eV
calculations within both the LSDA and LSDAUY” and an exchange interaction parameler0.87 eV. They
schemes. The Vosko—Wilk—NusHirexchange-correlation used the LMTO method with the atomic-sphere approxima-
potential and the experimental lattice parameters4.419  tion (LMTO-ASA). Although the Hubbard repulsiod used
A, c=2.912, A andu=0.303° of the rutile structurdspace for CrO, is not large compared with the band width, the
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TABLE I. Majority spin DOS at the Fermi enerdy(E;) (state/eV/fy and minority spin band gaf@V) of CrO,
from LSDA (U=0 eV) and LSDA+U (U=2, 3, 4, 6, and 9 e\J=0.87 eV.

U(eV) 0 2 3 4 6 9
N(E;) 1 0.62 0.35 0.30 0.27 0.21 0.01
GapeV) ! 1.34 1.63 1.90 2.13 2.49 3.04

position of the unoccupied minority spin Cd3band is they are shifted further away from the Fermi level for larger
pushed up, thus resulting in an exchange splitting of about). Besides the shifts of the occupied Qi3 and Cr-3,,, 54
4.5 eV, a value being compatible with experimental splittingbands towards lower energy, the unoccupied Gy;3,,
of about 5 e\*® Figure 2b) shows our FP-LMTO results band is shifted to higher energy with increasiigHence the
with U=3 eV andJ=0.87 eV taken into account. Interest- pseudogap in the majority spin DOS at the Fermi level be-
ingly, below the Fermi level, the FP-LMTO density of statescomes more significant. As shown in Fig. 2, there is a ten-
agree quite well with the LMTO-ASA resulté,in spite of  dency to open a gap at the Fermi level for larger valued.of
the atomic-sphere approximation used in Ref. 12. As showiThe majority spin DOS at the Fermi enerbi(E;) and the
in Fig. 2b), the main occupied Cr &t,, peak, which is  minority spin band gap between the occupied @kzand and
attributed to the strongly localized,, state, is located at the unoccupied Cr@band for different are listed in Table
1.21 eV below the Fermi level. The majority spin DOS at thel. For U=9 eV, a gap in the majority spin is almost open
Fermi level is suppressed to 0.30 states/eV/fu. The uppewith N(E;)=0.01 states/eV/fu only, which would make
edge of the minority spin occupied @2band is 0.73 eV  CrO, a Mott-Hubbard insulator. For higher values Wdf the
below the Fermi level. Above the Fermi level, there are someinoccupied majority spieyg band and the minority spity
discrepancies between the LMTO-ASA and the FP-LMTOandey bands are further shifted towards higher energy, lead-
results, especially in they bands. However the deviations in ing to larger band gaps and exchange splittings.
thet,, bands are not very significant. The lower edge and the  Figures 3 and 4 show, respectively, the FP-LMTO band
main peak of the minority spin unoccupieg, band from the  structures(BS) of CrO, from the LSDA and from the
FP-LMTO calculations witHJ =3 eV andJ=0.87 eV|[Fig. LSDA+U with U=3 eV andJ=0.87 eV. They agree well
2(b)] are 1.17 and 3.01 eV above the Fermi level, respecwith the reported resulfs:1%'%12The strongly localized Cr-
tively. The resultant gap in the minority spin and the ex-3d,, states from the LSDAU are shown in the almost dis-
change splitting between the majority and the minority spinpersionless majority spin band at about 1.2 eV below the
t,y bands are thus 1.90 and 4.22 eV, respectively, beingermi energy(Fig. 4). Itis found that CrQ is a near itinerant
slightly smaller than 2.3 and 4.5 eV from the LMTO-ASA material in which the Coulomb correlations are not very
calculations'? respectively. strong as compared with those in other transition metal ox-
It can be seen from Fig. 2 that the on-site Coulombides. Note that the GGA has also been used to calculate the
energyU dramatically affects the DOS of CkEOAs U in- DOS and BS in this work. The GGA gives an accurate lattice
creases, the occupied majority spin @;Zr-3d,,, and Cr-  constant ola=4.395 A, which is only 0.5% smaller than the
3dy,:,x bands are shifted downwards, while the occupiedexperimental lattice constant @f=4.419 A. However the
minority spin O-2 band is shifted upwards. A direct conse- half-metallic DOS, BS, and gap from the GGA are similar to
guence of these shifts is an increase in the spin moment witthose from the LSDA calculations. The GGA spin moments
respect to increasing. The main occupied Cre8, peak at  of both Cr and O are slightly larger, whereas the GGA orbital
0.53 eV below the Fermi energy given from the LSDA is moment of O is similar to the LSDA moment of O, and the
shifted to 1.21 eV below the Fermi level witi=3 eV, moment of Cr from the GGA is slightly smaller than that
which agrees well with the photoemission spectroscopyrom the LSDA. These results indicate that the on-site Cou-
measuremen Since the main occupied Ce3, peak be- lomb correlations ) rather than the gradient corrections to
low the Fermi energy are sensitive to the magnitudéJof the exchange-correlation potential, are more important for

TABLE II. Calculated spin and orbital magnetic momenss(atom and the ratid_/S (%) of Cr and O in CrQ
from the LSDA U=J=0 eV) and from the LSDA-U. The on-site Coulomb energdy is in units of eV and
the exchange parameté+ 0.87 eV.

Cr (0]
U spin Orbital L/S spin Orbital L/S
(eV) (ms) (up) (%) (ms) (ms) (%)
0 1.89 —0.037 -2.0 —0.042 —0.0011 2.6
2 1.94 —0.046 —-24 —0.058 —0.0019 3.2
3 1.99 —0.051 -2.6 -0.079 —0.0025 3.2
4 2.03 —0.056 -238 —0.094 —0.0030 3.2
6 2.08 —0.067 -32 -0.111 —0.0040 3.6
9 212 —0.083 -39 -0.124 —0.0047 3.8
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TABLE lIl. Calculated spin and orbital magnetic momenjsg(aton) and the ratia./S (%) of Cr and O for
[001] and[100] magnetization in Cr@from LSDA (U=J=0 eV) and LSDA+U (U=3 eV,J=0.87 eV.

Cr (0]
U spin Orbital L/S spin Orbital L/S
(eV) (ms) (18) (%) (ms) (mp) (%)
0 [o01] 1.89 —0.037 -2.0 —0.042 —0.0011 2.6
0 [100] 1.89 —0.034 —-1.8 —0.042 —0.0000 0.0
3 [001] 1.99 —0.051 —-2.6 —0.079 —0.0025 3.2
3 [100] 1.99 —0.050 -25 -0.079 —0.0004 0.5

the improved band dispersions of the chromium dioxide. magnetic moment of 2g/fu remains unchanged. Note that
The calculated spin and orbital magnetic moments andhcreasingU reduces the total charges in the Cr muffin-tin
the orbital to spin moment ratib/S of Cr and O for[001]  spheres and increases the total charges in the O muffin-tin
magnetization are summarized in Table Il. The LSDA ( spheres, thus increasing the ionicity of both the Cr and O
=0 eV) gives spin moments of 1.89 and0.042 ug/atom  atoms. Since largdd suppresses the octahedral ligand fields
for Cr and O, respectively. The spin moment of the Cr atomsn the Cr atoms by strongly localizing thel 2lectrons, the
is antiparallel to that of the O atoms. The orbital moment ofgrhital moments of the Cr and O are thus raised further by
Cr is also antiparallel to the spin moment of Cr, being con-increasingU (see Table Ii. Similar trends have been found
sistent with Hund’s rules for @ shells less than half full. In i, cod” and NiO8 Nevertheless, the orbital magnetic mo-
contrast, the orbital moment of the O atoms is parallel to thgnent of Cr is found to be quenched in GrGin contrast to

O spin moment because the @-2hell is more than half ¢ |arge orbital magnetic moments found in Cadd NiO®
filled. Hence the orbital moment of O is parallel to that of Cr, In this work, different values of from 0.3 up to 1.5 eV were
and the resultant magnetic moments of Cr and O are antifery (- <aq folU=2, 3, and 4 eV cases. It is found that the

rLoSrrE)z;gnetlfalllyt_couple?hln Cri)t A.s udsuallglpallppened |r; thefspin moments of Cr and O are suppressed by larger values of
calcuiations, fhe obtained orbiial moments o J, whereas the orbital moments are not sensitivé. to

—0.037 and-0.001ug/atom for. Crand O, respect!vely, &€ " Table Il shows the spin and orbital moment and itH&
both too small as compared with the corresponding experi-

mental moment$ Note that the magnitude @f/S of oxygen ratio of 'Cr ?”d O in Cr@ for [001] and[100) directions_ of
is larger than that of Cr, indicating the relatively significantm""gnetlz"’ltlon from the LSDA and from the L. SBAJ with

orbital moment of oxygen in Cras compared with thatin @~ 5 €V andJ=0.87 eV. The most visible feature is the
other transition metal oxides. large anisotropy of the orbital moments of O. In 0]

Also shown in Table 11 are the spin and orbital magneticmagnetization, the orbital moment of O is destroyed from the
moments from the LSDAU calculations. The spin mo- LSDA calculations, while it is strongly suppressed in the
ments of both Cr and O are enhanced because the on-sk®DA+U approach. Meanwhile, both the LSDA and the
Coulomb energyJ further localizes the @ orbital. For the ~LSDA+U give slightly smaller orbital moments for Cr. On
literature values otJ=3 eV andJ=0.87 e\*? considered, the other hand, the anisotropy in the spin moments of Cr and
the spin moments of Cr and O are raised by an amount o are negligibly small from both the LSDA and the LSBA
0.10 and 0.03%g/atom, respectively. Meanwhile, the orbital U calculations. The anisotropy in the orbital magnetic mo-
moments of Cr and O increases dramatically up-t6.051  ments indicates that thgd01] direction of magnetization,
and—0.002%g/atom, respectively. The obtained orbital mo- Which provides larger orbital moments of Cr and O, would
ments from the LSDAU are in good agreement with the be the easy axis of CrO The smaller anisotropy of the
experimental  orbital moments of —0.05 and orbital moment of Cr from the LSDAU calculations also
—0.003ug/atom, respectively.For largerU considered, both implies that the LSDA-U, rather than the LSDA, would
spin moments of Cr and O increase more or less linearly witlgive a smaller magnetocrystalline anisotropy energy for
respective tdJ, while the half-metallic property with a total CrO,.

TABLE IV. Calculated spin and orbital magnetic momengsg(atom and the ratioL/S (%) of Cr and O in
CrO, with respect to lattice expansion from LSDA.

Cr (0]

spin Orbital L/S spin Orbital L/S
VIVo (me) (ms) (%) (ms) (ms) (%)
0.90 1.80 —0.033 -1.8 —0.010 —0.0009 9.0
0.95 1.85 —0.035 -1.9 —0.025 —0.0010 4.0
1.00 1.89 —0.037 -2.0 —0.042 —0.0011 2.6
1.05 1.94 —0.038 -2.0 —0.059 —0.0012 2.0
1.10 1.99 —0.040 -2.0 —0.078 —0.0013 1.7
1.15 2.04 —0.041 -2.0 —0.099 —0.0015 15
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TABLE V. Distances(D) between the transition metal atoms and octahe- expectation value&') and<|—2> of O 2p and transition metal
drally coordinated oxygen atonteearest neighboysn transition metal ox- atom 3 orbitals from the atomic self-interaction corrected
ides (in atomi it3. . .

ides in atomic unit3 LSDA (SIC-LSDA) calculations® The details of the compu-

NiO CoO FeO Fe,0, Cro, tational method are described in Ref. 21. Note that the SIC-
Ni-O Co-0 Fe-O Fe(B)-O Cr-0 LSDA schem& for the atomic systems, which eliminates the
D(ay) 3.947 4.025 4.095 3891 3579  Spurious electron self-interactions in the LSDA, is akin to the

LSDA+U approach for the solid systems, which includes
the on-site Coulomb interactions in the localizddand f
orbitals. Without the electron self-interactions, the SIC-

The LSDA spin and orbital magnetic moments and theLSDA provides a more localized charge density distribution
ratioL/S of Cr and O as a function of volume from V3 to  for an atomic system as compared with that from the LSDA.
1.15V, for CrO, are listed in Table IVV, is the experimen-  The s-rich atomic configurations for @ transition metal at-
tal volume. Both the spin and orbital moments of Cr and Ooms, namely 4°3d", were used in the atomic SIC-LSDA
increase monotonically with increasing volume. This couldcalculations, and the spin alignments were arranged in accor-
be attributed to the reduction of the crystal fields and thedance with the Hund’s rules. As shown in Table Vi) of
hybridizations between CreBand O-2 bands caused by 3d orbital is larger for the atoms with a smaller atomic num-
lattice expansion. Interestingly, the increasing rate are quitber. The Cr-8 orbital is thus located at a relatively outer
different for the spin and orbital moments of Cr and O. Asregion with the expectation value of being 21%-44%
shown in Table IV, the magnitude &f/S for Cr increases larger than that of 8 orbitals in the other transition metal
very slowly with increasingv/V,, whereas that for O de- atoms. Further(r?) of Cr-3d orbital is strongly enhanced,
creases significantly. This suppressiornLé6 of O is due to  indicating a much more diffusivedBorbital. Thus, in addi-
the faster growth with increasing volume of the O spin mo-tion to the much smaller distances between the Cr and O
ment compared with the O orbital moment, demonstrating atoms in CrQ (Table V) which would cause a stronger tran-
relatively stronger dependence of spin moment of O on latsition metal-oxygen hybridization, the octahedral ligand
tice volume. Note that the spin and orbital moments are botlield on Cr in CrQ is also much stronger than that on the
zero in bee Cr, which reveals that thel &lectrons are much other transition metal atoms in the other oxides. The orbital
more localized in Cr@than in Cr metal. However, for all the magnetic moment of Cr in CrQs therefore quenched by the
lattice volumes considered, the volumes are not smalstrong Cr-31 and O-2 hybridization and strong ligand crys-
enough to quench all the moments, and are not large enougél field.
to give large orbital moments as that in Coénd in NiO®

The unit cell of CrQ is relatively compact in the sense |v. CONCLUSIONS
that the distance between the nearest Cr—O neighbors is short
and the size of the CreBorbital is large, as compared with
those in other transition metal oxides such as NiO, CoO
FeO, and Fg0,. For all the above-mentioned materials, the
transition metal atoms, including the octahedadite Fe in

Fe;O,, are surrounded by oxygen octahedra except the te . ) NS
rahedralA-site Fe in FgO,. The nearest-neighbor distances Fermi energy is enhanced and the exchange splitting is raised

between the transition metal atoms and the oxygen atoms {f 4-22 €V which is compatible with about 4.5 eV from the

H 2
NiO, CoO, FeO, F50, (B-site), and CrQ are listed in Table L-MTO-ASA 3ca|pu|at|on§ and about 5 eV from the
V. They are quite similar in these oxides, except in €rO experiments? It is found that the on-site Coulomb interac-

where the distance is 8%13% shorter than that in the other tion U dramatically enhanced the spin and orbital moments.

compounds. This indicates a much stronger hybridization beE0r'Y =3 €V andJ=0.87 eV, the calculated orbital moments

tween the Cr-8 and O-2 orbitals in CrQ, thus revealing ©f Cr and O are-0.051 and-0.002%g/atom, respectively,
the reason why the orbital magnetic moments of the transiln 900d agreement with the experimental moments of
tion metal atoms are much more strongly quenched in,Cro ~ 0-0%s/atom for Cr and—0.003g/atom for O from
than in other oxides. This notion is further strengthened by*MCD measurements.

comparison of the charge density distributions of tliked3-

bitals in these transition metal atoms. Table VI shows theACKNOWLEDGMENTS
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In conclusion, we have performed self-consistent FP-
LMTO calculations for ferromagnetic half-metal CyO
within both the LSDA and the LSDAU schemes. The on-

site Coulomb energy strongly affects the DOS and BS. For
=3 eVandJ=0.87 eV, the gap in the minority spin at the

TABLE VI. Expectation values of andr? of O 2p and transition metal
atom 3 orbitals from the atomic SIC-LSDA calculatiofi;® atomic units.
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