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Periodic unrestricted Hartree-Fock study of corundumlike Ti,O5; and V,04
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The ground-state electronic and magnetic properties of rhombohedf and \,O; have been investi-
gated byab initio all-electron periodic Hartree-Fock calculations. Both unrestricted open-shell and restricted
closed-shell methods have been employed, with basis sets of atomic orbitals represented by contracted
Gaussian-type functions. Theg, degeneracy ofl electrons is removed by the rhombohedral field, giving rise
to orbital ordering betweea, 4 ande] levels. The self-consistent-field variational solutions are spin-polarized
insulating states with singleag¢y) and double €g) electron occupations for J®; and V,Os, respectively.
Conducting or semiconducting states, with different relative energies ptind ej bands, have also been
obtained by changing the/a ratio of the hexagonal unit cell. The charge transfer iffdevels is discussed
and compared to the @D; and FgO; behavior.[S0163-182627)06319-4

[. INTRODUCTION each of the two methods, from different starting points, may
model usefully the deviations from one-electron theory. In
The recent progress in making available very efficientparticular, the larger the contribution of exchange to total
computational tools for calculating the electronic and mag-electron correlation, the more convenient the UHF approach.
netic properties of solids has led one to reconsider som®ne should keep in mind, however, that energy gaps are
classical series of isostructural transition-metal oxides. lroverestimated and underestimated by UHF and DFT results,
particular, the periodic unrestricted Hartree-F@ckiF) ap-  respectively.
proach has been used to study a number of rocksalt-like Following our previous work on iron and chromium ses-
oxides and two of those with corundum structure,©gand  quioxides, we have undertaken a study of the two early terms
Cr,0; (Refs. 2 and B A very successful achievement is the in the series of corundumlike first-row transition-metal ox-
correct prediction of the least-energy antiferromagnetiddes, TpO; and V,O3. The first aim of this investigation is

structures of Fg; (R3) and CyO3 (R3c), among the sub- assessing the type of results given by the UHF method for

groups of theR3c corundum symmetry.Some rocksalt and SYStems much more difficult tp deal with, in principle, be-
rutile-type oxide$® have also been examined by methodsc@use the early-row atoms Ti and V have very diffube
based on density-functional theof®FT), in its LAPW (lin- orbltal_s with a tende_ncy to delocallz_ed bonding and metallic
earized augmented plane wayes SDA (local spin density behavior. Second, it seems attractive to compare the elec-
approximatioi version. tronic and chemical bonding properties throughout the whole
Understanding the electronic behavior of such compound§rst-row series of corundumlike oxides. Topics such as the
has been a long-standing problem, because of the effects @mount of charge transfer from the ideat Cto Me®* ion
exchanggspin-only correlationand Coulomb-only electron and of the associated spin polarization need to be character-
correlation, which cause a simple one-electron picture ofzed as a function of the number dfelectrons of the tran-
these solids to fail. Many advances, however, have been olsition metal, taking also into account the structural peculiari-
tained in recent years, particularly by the work of Zaanerties of the corundum arrangement. Further, important related
and Sawatzky;’ who have pointed out how the presence ofand long-debated questions concern the passage from
the insulating gap in these systems is related to a delicateharge-transfer to Mott-Hubbard insulating properties mov-
balance among the Hubbalkdl and charge transfek ener-  ing backwards along the rof? and the characterization of
gies, and the widthss andW of the metald and oxygernp ~ Spin states and magnetic properties of these compounds.
bands, respectively. BothU (energy of the di”d]f‘ A pe.cullar feature .o_f titanium and vanadium sesqwox_ldes
—>di”’ld?“ process and A (processd’—d! 'L, whereL ~ are their phase transitions related to change of electronic be-

is a hole in the aniorp band originate from exchange and havior. Their room-temperature Crystal structure Rgc
correlation effects, and are thus responsible for the break§pace group, with a short Me-Nénteratomic vector parallel
down of the independent electron model of Bloch bandto ¢ (hexagonal setting and a longer one Me-Menearly
theory. The UHF method, as is well known, takes into ac-parallel to the(001) basal plane. The Me atomit states are
count the spin-only electron correlatiGexchange effegiex-  Split by the trigonal crystal field into aa,4 orbital and two
actly, while it neglects the spin-independent correlation. Orpairs of doubly degeneratf andey orbitals(Fig. 1). Here-
the other hand, both correlation effects are accounted for, butfter, we shall often refer to the breaking tgf, degeneracy
at an approximate level, by the DFT-LSDA approach. Thusby the rhombohedral fiel@with the ensuing occupation pat-
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tationally too demanding, and all calculations have been per-
€y { g — {:} formed for the corundumlike arrangement only. Indeed, the

insulating phase of YO, is stabilized in the rhombohedral

structure at room temperature by 3Crdoping?* Results

c f = [4] from photoemission spectroscopy measurentéfitsvould
T a =/ [4] indicate theej and a4 states on top of the valence band.
Further, recent data on optical conductitfty® and corre-
ag { g - E} sponding theoretical analyésvould prove that the insulat-

ing gap of the low-temperature phase is really due to the

HubbardU energy. Similarly to TjOs, a central role in con-
p(O) otp = (18l trolling the electronic properties is played by tbéa ratio,
which is strongly related, in its turn, to metal-metal inter-
atomic distance®’ The metallic phase is characterized by a
farger c/a value, with yet shorter Me-Medistances with
respect to the insulating one: indeed, tha ratio of V,03 at
room temperature is outstandingly large by comparison to all
other MeO; corundumlike oxides. A DFT-LDA
simulatiorf® found a plain conducting state with no indica-
. _ e tions for the opening of an energy gap, so that the metal-to-
tern of a;q andey levels as “orbital ordering.™ Thea;g  nsulator transition was ascribed to a possible disordered or
orbital is parallel to thee direction, and thus has the correct defect-type state.
symmetry to form a covalent Me-Mebond; theey ones Previous quantum-mechanical calculations on these com-
have directions close to the Me-Keontacts, while thej  pounds include a semiempirical tight-binding sttfignd an-
orbitals are directed along the Me-O octahedral bonds. Thether simplified linear combination of atomic orbitals
Ti,O5 structure evolves in the 300-868-K temperature(LCAO) treatment of O3 only, limited tod valence atomic
range® without symmetry changes, but with a sharp increaserbitals?’? The only modern, state-of-the art band structure
of the c/a ratio between 390 and 450 K. Above that tem-studies are the two previously quoted DFT-LAPW
perature a broad transformatigabout 200 K widg from calculations-82°
insulating to conducting behavior begins. This phenomenon
was accounted for by the standard Goodenough’s mbtfel
of band-crossing transition: on top of the valence band are
the a,4 states occupied by one electron per Ti atom, and All calculations were performed with th€RYSTAL92
separated by a small gaj@t room temperatujefrom the  code?® based onab initio periodic Hartree-Fock methods
eg, a’l‘g (antibonding, andeg bands present with increasing with localized atomiclike basis function$LCAO). The
energy in the conduction band; with raising temperature, theupplementary option for unrestricted treatment of the spin-
gap betweera;y ande states is filledband crossingand ~ dependent part of the wave function in open-shell systems
metallic conductivity sets in. However, the exact nature ofvas used in order to obtain spin-polarized eigenfunctions
the transition is still controversial. Even the very structure ofof the Fock Hamiltonian, taking into account that the elec-
the valence band, which was traditionally interpreted as thaifonic_configurations of isolated ¥i and \#* ions are
of a typical Mott-Hubbard insulator on the basis of photo-15°2s*2p®3s?3p°3d® and 1s*2s°2p°3s°3p°3d?, respec-
emission spectroscopic data* has been recently ques- tively. The radial factors of atomic orbitals are expressed as
tioned by new experimenitsand suggested to be intermedi- linear combinations of Gaussian-type functions of the
ate between Mott-Hubbard and charge transfer. Further, nelectron-nucleus distance. The all-electron basis sets used are
conclusive indications are found in the literature about thevery similar to those employed for the previous,@y and
magnetic behavior of F0; at low temperature, which is F&O; calculations, with the O and M@ or V) atoms rep-
claimed to be antiferromagne{ﬂ;or nonmagneti](;7 by dif- resented by 18 and 27 atomic orbitals, respectively. The
ferent authors on the basis of conflicting neutron diffractionGaussian basis set is of type 8-4¥1(@Ref. 31 for oxygen,
experiments; yet diamagnetism seems to be more widely a@nd is reported in detail in a paper arAl,O; (Ref. 32,
cepted. This point is very important, because the spin statexcept for the 4p and 3 exponents, which were optimized
inferred from magnetic properties affects also the electroni¢o 0.214(0.213 and 0.35(0.35 by minimizing the total
band structure: for instance, Goodenough’s model is implicenergy of the TjO; (V,05) crystal. The transition-metal at-
ity consistent with diamagnetism, but not with spin- oms are represented by 8-6-411G contractions with two
polarized states. Theoretical results by a very recent DFTd-type (41G) shells. At first the Gaussian parameters were
LDA study® confirm the band sequence of the above modelpptimized by minimizing the energy of the isolated Tand
but are unable to account for the energy gap in the roomV3* ions. Then the exponents of the outermosp@nd 4d
temperature phase. shells were refined by searching for the minimum total en-

V,05 is known to have metallic conductivity at room tem- ergy of the TiO; and \,O; crystals at the experimental

perature, and to undergo a phase transition at 150 K to structural configuration. The optimized parameters are re-
monoclinic antiferromagnetic insulating phadSé°However,  ported in Table I, and interpolate very well between those of
the monoclinic structuréa slight distortion of the rombohe- the series of first-row transition-metal atoms determined in
dral ong is not considered in this work because it is compu-previous studies.

FIG. 1. Sketch of the electron energy level sequence for th
isolated Mé&" ion in the trigonally distorted octahedral ligand field
of the corundum structure. Possible exchatgg spin splittings
are included. The numbers of electrons which can be hdgted
Me,O; unit) are indicated in square brackets.

Il. COMPUTATION
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TABLE |. Exponents (bohr?) and contraction coefficients of thgndividually normalizedl Gaussian
functions adopted for titanium and vanadium in the present stydyz] stands foryx 10*2.

Shell Ti \Y

type Exponents Coefficients Exponents Coefficients
S p,d S pd

1s  1.977+5] 2.69Q —4] 2,227 +5] 2.59Q —4]

2.94Q +4] 2,119 —3] 3.30Q +4] 2.05Q — 3]

6.55Q + 3] 1.140 - 2] 7.287+3] 1.126 - 2]

1.791+3] 4.858 — 2] 1.963 + 3] 4.90Q —-2]

5.614 +2] 1.589 —1] 6.078 +2] 1.621—-1]

1.978 + 2] 3.557—1] 2,124 +2] 3.623 —1]

7572 +1] 4.233-1] 8.097 +1] 4.217-1]

2,997 +1] 1.481—-1] 3.203 +1] 1.397 -1]

2sp  6.043+2] —4.880-3] 8590 -3] 6.48§+2] —5.20Q—3] 8.60Q — 3]
1.447+2] —5.970-2] 6.170-2] 1.55+2] —6.270—2] 6.170 — 2]
4737+1] -1.33§-1] 2317-1] 5.104+1] -1.333-1] 2.286 — 1]
1.795 +1] 2.37G—1] 4746-1] 1.946+1] 2.497—1] 4.581—1]
7.401+0] 6.719—1] 4704-1] 8.116+0] 6.786 — 1] 4371 -1]
2.936+0] 2.529 —1] 1.484—-1] 3.279+0] 2.529—1] 1.484 —1]

3sp  2.643+1] 4.48Q-3] —2.790-2] 3.05§+1] 5.820-3] —2.650 —2]
9.097+0] -4615-1] -8270—2] 1.045+1] -4.197-1] -8.370—2]
4.229+0] —8.787—1] 2.305-1] 4.959+0] —8.673—1] 2.210 - 1]
1.967 +0] 1.007 +0] 1.063+0] 2.26Q+0] 9.393-1] 1.044 +0]

4sp  9.465—1] 1.0 +0] 1.0 +0] 1.04q +0] 1.0 +0] 1.0 +0]
5sp  4.117-1] 1.0 +0] 1.0 +0] 4.346—1] 1.0 +0] 1.0 +0]
3d  2.329+1] 3.079-2] 2.34+1] 3.967 2]
6.313 +0] 1.587-1] 6.31§+0] 1.950 —1]
2.117+0] 3.883-1] 2.099+0] 4320 -1]
7.47§—1] 4839-1] 7.331-1] 4.684—1]
4d  2.667-1] 1.0 +0] 2.696 —1] 1.0 +0]

The level of numerical approximation in evaluating the space grougR3c, giving rise to three alternative spin se-
Coulomb and exchange series appearing in the seliquences along the threefold axisi—+— (AF1),
consistent fieldSCH equations for periodic systems is con- + _ _ 4 (AF2), and++—— (AF3), respectively’
trolled by five tolerance®’ These are related to estimates of In order to accelerate the slow convergence of SCF cycles
overlap or penetration for integrals of Gaussian functions on, spin-polarized insulating states, the level shifter

dn‘fe_rent _?ﬁntersl, which déefl.ne cr:]utoff limits forlselne.s SUM-techniqué®** was often employed: this enhances the energy
mation. The vaues used in the present calculations argigerence hetween highest occupied and lowest empty states

— 6 — 6 — 6 — 7 13 H
10", 107 107, 10, an_d_ 10, whlch_correspond © in the first cycles. Another feature used in the computations
severe computational conditions. The reciprocal space was

sampled according to a regular sublattice defined by 3> rl;as?]d n?[n sp|tf';:ngl,: bykar?l ?rrigltrar% eneg%)i/h thf d'aﬁo?aé
points in the irreducible Brillouin zone, and convergence jipcomponents ot the Foc a correspo g o selecte

the self-consistent-field cycles was controlled by a thresholdtomic orbitals at the starting cycle of the SCF procedure: in

AE=10"5 hartree per primitive unit cell. this way, one may try to force the SCF convergence to the

Calculations were carried out both with ferromagneticPSolute energy minimum, overcoming local minima or
(FM) and antiferromagnetiAF) spin arrangements, within pseu_dosolutlons. By the Iatte_r name we s_haII denote hereaf_ter
the UHF computational scheme. In the former case the norolutions of the SCF equations for which convergence is
magnetic space grouRae is preservedall four Me atoms in ~ &tt@ineéd, but the energy is not minimum.
the unit cell are symmetry related with alignedelectron Restricted Hartree-FockRHF) and restricted open-shell
sping; the number ofn,-ny electrons in the unit cell was Hartree-FockROHF) calculations were also attempted, in
kept fixed to four(Ti,Os) or eight (V,0,) in the first SCF order to simulate a fully diamagnetic crystéranishing
cycles, and it did not change significantly when this condi-Na-Ng in each electron shelland a spin-polarized crystal
tion was relaxedcf. the Mulliken population data reported Whose wave function is an eigenfunction of the spin moment
below). In the AF configurations, two of the four Me atoms operatorS? (in addition t0S;), respectively. The contribu-
have a positiven,,-ng spin density, and two have a negative tion of electron correlation to the total energy, neglected in
one with equal absolute value, so as to produce a net vaniskhe Hartree-Fock approximation, was evaluated in some
ing n,-ng density in the unit cell. The symmetry is reduced cases by ara posteriori scheme based on correlation-only
to one of the three subgroupR3c, R3, and R32 of density-functional formula®’
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TABLE II. Total energies per formula unihartreg for the ferromagneti¢FM), antiferromagneti¢AF),
and diamagneti¢€RHF) phases of TiO; and \,0;, computed for the experimental crystal structufes
=2.639 and 2.828, respectiveland for deformed unit cells. The values denoted by “a” correspond to
conducting or semiconducting SCF solutions, the other ones to insulating states.

Ti, 05 V203
cla 2.500 2.639 2.900 2.574 2.828
E (FM) —1921.9346(1) —1921.9305(l) —2110.7910 —2110.8015
—1921.7315(1I} —1921.7566( 11}
E (AF) —1921.9412  —1921.9325 —2110.6725 -2110.8018
—2110.5538
E (RHP) —1921.8064 —1921.7947  —1921.7585 —2110.6137 —2110.6080
—2110.2708
AE (AF-FM) —0.0066 —0.0020 0.1185 —0.0003
AE (RHF-FM) 0.1399 0.1720 0.1773 0.1935
—0.0749(11) —0.0019(11) 0.5310

ll. RESULTS AND DISCUSSION
A. Ti 05

The experimental crystal structure at room temperature
was used in all calculations aimed at characterizing the ele
tronic and magnetic properties. As reported in Table Il,

spin arrangement, consistent with previous results fo
Fe,05 and CpOs. In particular, the AF2 and AF1 spin se-
guences have very similar stabilities-1921.9412 and
—1921.9410 hartree, respectivglyvhile the third arrange-
ment (AF3) is much less stable. On the other hand, the en

ergy value corresponding to the RHF solution is substantiall;gm

higher than those of all UHF states, as expected in this typ
of calculation®® while convergence was not attained in at-
tempts to obtain ROHF solutions. Thus it is hard to asses
guantitatively the relative stability of antiferromagnetic and
diamagnetic states of X3 by the present methods.

The total density of electronic staté®OS) and its pro-
jection onto the O contribution are shown in Fig. 2 for the
FM structure(the AF result is quite similar Figure 3 shows
the Ti projected DOS’s for the FM, AF, and RHF spin con-
figurations. In the FM and AF cases, the triply degenerat¢
(tag)“ levels of Ti appear clearly to split into am{;)“ and
two degenerateg()” states, because of trigonal symmetry
[the same occurs fortig)ﬁ levelg. This symmetry classifi-
cation refers to thd” point (K=0) only. Thea,q band is
narrower and higher in the AF than in the FM case. By the
absence of antibondingafg)“ states in the conduction band,
a nonbonding character is inferred for the,{)“ peak. Its
position just below the Fermi level at higher energy than the
p(O) band indicates the electronic behavior of a Mott-
Hubbard insulator, and agrees with experimental results ¢
photoemission spectroscopy:> However, the a;; and
p(O) bands are in conta¢Figs. 3 and 4 unlike the LAPW
results'® showing a wide gap in between; this is consistent
with the recent suggestibhthat the electronic character of

C

separated by a small gap from the antibondieg*(j“ ones.
A small bonding €3)“ and (eg)ﬁ contribution is superposed
to the largep(O) band just below thea;y)“ peak, corre-
sponding to about 0.7 electron equally contributedabgnd
B spins(Table Ill). This 0.7 makes up thex+ 8 electron

dransfer from the oxide ion ® to Ti**, similarly to what i
lower energy was obtained for the AF with respect to the FM S xce | P, simrarly to what IS

observed for GiO; (Ref. 3. It is interesting to remark that
bne electron per Ti atom is fully spin polarizéd state,
corresponding to the ideal i electronic configuration,
while the excess 0.7 electron transferred from oxygen is not
polarized.

In the nonmagnetic insulating RHF case the energy gap is
aller than for the spin-polarized solutions, and it is brack-

Bted by amy4(a+ B) bonding and ara’l‘g(a+,8) antibond-

<

50 1
E (eV)

Ti,O5 could be intermediate between the Mott-Hubbard ana

charge-transfer insulators. The content of thg peak is

FIG. 2. Density of electronic state®OS) of ferromagnetic

about onex electron per Ti atom, as shown by the Mulliken Ti,0, at c/a=2.639 (experimental value Total density and pro-

population analysigTable Il and IV). At the bottom of the
conduction band the nonbondingy)“ states are observed,

jection onto O states are shown above and below, respectively. The

Fermi level is assumed at the energy zero.



16 126 M. CATTI, G. SANDRONE, AND R. DOVESI 55

(keeping the unit-cell volume constanbn the electronic
properties of the ferromagnetic UHF wave function, taking
also into account that the transition to the conducting state
occurs experimentally along with an increasecdé with
respect to the room-temperature rat.64. At first the
small value 2.50 was considered, obtaining full convergence
for the conducting solutiofill). Its DOS is shown in Fig. 4,
and the corresponding Mulliken population data appear in
Table IV. The @,4)“ band is now split into two peaks, cor-
responding to bonding and antibonding Ti-Ti metal states,
the lower of which belongs to the valence band and is occu-
pied by about half electron per Ti atom, while the other one
is located in the conduction band and is empty. The half
electron left goes into theef)* levels just below the Fermi
energy. Metallic conductivity is triggered by promotion of
electrons from ¢;)“ to neighboring ¢5*)* and (@y,)“ an-
tibonding states abovEr. It should be noticed that a sig-
A nificant bond overlap population is observed for the shortest
o . R r Ti-Ti’ bond (Table 1V), but that of the longer Ti-Ti bond
100 -50 0.0 5.0 100 150 200 lying in the basal plane is much smaller. This shows that in
E(eV) this pseudosolution an effective overlap af;§)“ orbitals
alongc is achieved, so as to promote Ti‘Tinetal bonding.
o ) ) That state is expected to be stabilized at o\, because a
FIG. 3. Projection onto Ti states of the DOS of;@s (C/a  ghoric edge favors the Ti-Timetal bonding. However, its
=2.639) for the insulating ferromagnetic, antiferromagnetic, andhigh energy(Table Il) indicates that it is again a pseudoso-
nonmagnetic(restricted Hartree-Fogkspin configurations. In the lution of the SCF equations. We tried to force convergence
FM and AF cases, full and dashed lines denatand 8 spins, - : . . . . .
L . of the insulating solution by using the option mentioned in
respectively; in the RHF case;+ 8 spins are always meariput Sec. II. but without Success
the scale factor is 0)5Thick and thin lines correspond 4 and A't C,/a>2 90. the SCF o (.:Ies converaed t third t f
e, States, respectively. O T y ged fo a third type o
solution (lll), with energy comparable to that of phase Il
(Table Il). This solution is nearly metalli¢actually, semi-

ing peak, while the] peaks are located at higher energies in ducti ith I d d
the conduction band. It should also be remarked that each’"2ucting with-a very smail energy damnd corresponds

electron state has double occupaneyHB) with respect to to f‘[) Inversion of the relative energies of they)* and

those(either a or B) appearing in the FM and AF cases.  (6g)" bands with respect to solution I, as can be seen from
During the SCF iterative procedure for solving the uHF the DOS of Fig. 4, achieving a configuration resembhng that

equations in the FM case, at first a conducting pseudosolf V20s (cf. below). The lower half of the ¢7) band is

tion (Il) appears; it then gradually evolves into the muchoccupied by about one electron per Ti atéiable IIl). A

more stable insulating solutiofl) (Table 1). To interpret tendency to metal bonding in the basal plane, unlike the case

this result, we studied the effect of changing te ratio of phase ll, is indicated by the significant Ti“Tibond over-
lap population, and is clearly related to the steodell edge.

However, this is actually a pseudosolution as for case IlI: by
using the computational option referred to above, and forcing
the energy of theilg(dg) orbital of Ti to be very low at the

I first SCF cycle, the “regular” solution | was obtained with a
much lower energyTable Il). We point out that posteriori
corrections for the neglect of correlation effects do not
change significantly the relative values of total energies re-
ported in Table II.

FM

AF

RHF

bl

FM (11)*
c/a=2.500

FM (I11)* , The results here obtained differ substantially from both
b the classical Goodenough’s motfeand the recent LAPW
¢/a=2.900 calculatiort® of Ti,O,, which is consistent with that model

except for being unable to reproduce the band gap opening in
the insulating state. In both cadé&the DOS shows a bond-
Aad . ; ' ing a;4 and an antibondinga’l‘g band with theeg one in
-150 -100 -850 00 50 100 150  petween, resembling somehow our RHF solution except for
E(eV) the lower location of the_ band; accordingly, no mention is
made of spin polarization or distinction betweenand B
FIG. 4. Projection onto Ti states of the DOS of conductitiy ~ €lectron states. On the other hand, our stable WFW or
or semiconductinglll) pseudosolutions of ferromagnetic,Dy at ~ AFM) insulating solution(l) implies no @,4)*/(ajy)“ split-
differentc/a values. Symbols as in Fig. 3. ting, but a single nonbondinga(y)“ band, due evidently to
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TABLE lll. Mulliken population data of electron charge distribution for,@ and \,O; (this study, and for CO;3 (Ref. 3 and
Fe,03; (Ref. 2. Results concerir and 8 spins related to metédMe) atomic orbital shells and Me-O bond overlap for the antiferromagnetic

(AF) configuration, andv+ 8 and a— B overall metal and oxygen populations for the ferromagn@iid) case.

Ti,O3 V,0, Cr,03 F&0;
AF 1o B o B o B o B
Me
ayg 0.984 0.042 0.053 0.043 0.995 0.030 0.099 0.028
ey 0.083 0.075 1.969 0.073 1.985 0.055 1.992 0.044
Total t,4 1.066 0.116 2.021 0.115 2.980 0.085 2.991 0.072
ey 0.280 0.254 0.346 0.270 0.324 0.227 2.020 0.213
Total d 1.346 0.370 2.367 0.385 3.303 0.311 5.011 0.285
Grand total 10.379 9.392 11.415 9.414 12.345 9.330 14.062 9.320
Net charge +2.229 +2.171 +2.325 +2.618
Me-O' 0.014 0.018 0.012 0.021 0.010 0.016 —0.014 0.019
Me-O’ 0.002 0.008 0.008 0.014 0.007 0.012 —0.005 0.012
FM a+p a—p atp a—pf a+ B a—pfB a+pB a—pB
Me 19.769 1.003 20.829 2.012 21.677 3.023 23.383 4.745
o 9.487 —0.002 9.447 —0.008 9.549 —0.015 9.745 0.170

insufficient Ti-Ti" electron overlap. That splitting is present their energies. The doubly degenerag)(* band is filled by
in the conducting pseudosolution Il, with a partial overlap ofone electron per Ti atom, giving rise to metallic behavior.
Such a model is, however, quantitatively unsatisfactory be-

(aly)* and (eg)“ bands.

The gradual transition to a conducting state, accompaniegi@use the relative energies of solutions | and Ill at large
c/a are not correct, and because the antiferromagnetic con-

by an increase of/a, should be ascribed to the{y)* and
(eg)* bands merging into a single orjband crossingac- A
cording to Goodenough's model. Hartree-Fock results afelevant features apparent in the FM case.

very largec/a, showing the appearance of the pseudosolu-

figuration, though more stable, does not reveal any of the

The structural variables of the corundum atomic arrange-

tion 11I, would indicate the final state of the process, characment in the case of 30, [a and ¢ hexagonal cell edges,
x(0) andz(Ti) atomic fractional coordinatésvere also op-

terized by full inversion of thed,4)“ and (g)“ positions on

the energy scale with the Fermi level in the middle of thetimized by searching for the least-energy configuration. In

(eg)® band. We can thus summarize this qualitative UH

model of TpO; as follows: (i) at the room-temperature/a

states. No Ti-Ti antibonding levels appear in the conduction
band.(ii) The transition to a conducting state is due to the
increase ofc/a, which implies a destabilization ofagg)*
with respect to the&])“ band, and ends up by exchanging temperature rhombohedral structtire(c/a=2.828) with

B. V,053

prable V all results are reported, showing that the positive
error for the unit-cell volume is slightly larger than that ob-

value, the insulating state shows an occupied, fully spin—_tainGd for C50; (+5.2%); thec/a ratio, on the other hand,

polarized nonbondinga4)“ band at the top of the valence is reproduced with a good approximation.

The ground-state total energy was computed for the room-

TABLE IV. Mulliken population data of electron charge distribution for three ferromagnetic UHF-SCF
solutions for TjOs: stable insulating configuratiofi), conducting pseudosolutiagffl), and semiconducting

pseudosolutiorlll).

Ti,05 (1) Ti,05 (II) Ti,05 (III)

FM 1o B a B 12 B
Ti

g 0.995 0.034 0.531 0.036 0.062 0.039

eg 0.079 0.074 0.546 0.079 1.036 0.070
Total t,g 1.074 0.108 1.077 0.115 1.097 0.109

ey 0.281 0.253 0.299 0.253 0.301 0.251
Total d 1.354 0.360 1.376 0.368 1.398 0.360
Ti-O' 0.013 0.018 0.016 0.019 0.017 0.018
Ti-O" 0.002 0.008 0.009 0.010 0.011 0.010
Ti-Ti' —0.002 —0.001 0.039 —0.001 —0.003 0.000
Ti-Ti" 0.008 0.001 0.014 0.000
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TABLE V. Calculated(least-energyand experimental equilibrium valué¢see the text for referencesf
hexagonal unit-cell edges, volume per formula unit, atomic fractional coordinates, Me-O distances for co-
rundumlike TpO5 and VL,O3. Percentage errors are indicated. Energies of the optimized structures are re-

ported too.
Ti,04 V20,

Calc. Expt. Calc. Expt.
ag 5.293(+2.6%) 5.157 5.138{ 3.8%) 4.949 A
Co 13.859(+1.8%) 13.610 13.947(0.4%) 13.998 A
Co/ag 2.618(—0.8%) 2.639 2.715¢ 4.0%) 2.828
Vo 336.2(+7.3%) 3135 318.9¢ 7.4%) 2969 R
x (O) 0.30075 0.3133 0.3006 0.3122
z (Me) 0.35400 0.34485 0.3534 0.3463
Me-O' 2.050(+ 1.2%) 2.025 2.007{ 2.0%) 1.969 A
Me-O’ 2.147(+ 3.8%) 2.068 2.113¢ 3.1%) 2.051 A
Enmin —1921.9495 —2110.8175
(hartree

three different spin configurations, similarly to,Dy: dia- aiq ones, but in this case the Fermi level falls in the middle
magnetic closed-shelRHF), ferromagnetiUHF-FM), and  of the eg band, which can host four electrons per V atom
antiferromagnetidUHF-AF) open-shell(Table Il). A slight  because of double occupancy{ ) of each state. Thus
preference for antiferromagnetism versus ferromagnetism igearly metallic(semiconducting with a very small energy
shown by the calculations, in accordance with results for algap behavior ensues.
other corundumlike sesquioxides. In particular, for this com- Taking into account the results obtained for,dj, the
pound the AF3 R32) spin configuration is predicted to be effect of distorting thee/a ratio on the electronic structure of
slightly more stable than the AFR@c) one, while the AF2 V,0; was studied by considering ttda=2.574 value. A
structure is less stable than the ferromagnetic one. Theompression of the edge of the hexagonal cell is expected
AE (AF-FM) energy is—0.0003, —0.0001, and+0.0006 to lower the energy of th@,q4 levels, thus decreasing the
hartrees for the three cases, respectively. The closed-shatfisulating gap and favoring metal conductivity. Actually in
solution is insulating just as the two spin-polarized ones, andhe first SCF cycles of the FM state a metallic solution ap-
it shows a positive energy difference with both of them,pears, where theef))* and (a,4)“ bands touch at the Fermi
which is larger than thd E (RHF-FM) value observed for energy; however, soon the energy drops by about 0.2 har-
Ti,Os. This might indicate that diamagnetism is very unfa-
vorable for \LOs. Further, in the present case a closed-shel'
pseudosolution is obtained as well, denoted as RIdRd |
characterized by an even higher energy. :
The total DOS of the insulating FM solution is shown in |
Fig. 5, while the projections onto vanadium states for all :
three cases FM, AF, and RHF appear in Fig. 6. The FM an( :
AF valence bands are built up by a superpositiorp(®) !
and (ey)“(V) states in the same energy range, whlg, :
i
|
|
|
|
|
[
[
|

ey, and (eg)ﬁ vanadium states are observed in the lower par
of the conduction band. An appreciable density eff)(* and
(eg)ﬁ states is also present, however, within the valence
band, corresponding to V-O covalent bonding. The Mulliken
population analysigTable Ill) shows that the €5)“ states
are occupied by about two electrons per V atom, while mos
of the charge transfer from?0 to V** concerns €7)*"#
levels, just as for O3 and CgO5. On the other hand, a very
different band occupation scheme appears for the RHF sta

shown in Fig. 6. This resembles strikingly that of the FM and B A F— A,f’“"/"‘
AF insulating solutions of B0 (Fig. 3), with thea, 4 levels -10.0 5.0 0.0 5.0 10.0 15.0 20.0
on top of the valence band below the empfystates. Such E(eV)

a scheme is made possible by tag levels hosting twar

+ B electrons per V atom in the closed-shell configuration, FiG. 5. Density of electronic state®0S) of ferromagnetic
instead of a Slngleéelth_era_or /3_) one as In the open-shell v,0, atc/a=2.828(experimental value Total density and projec-
cases. The reverse situation is shown in the DOS of th@on onto O states are shown above and below, respectively. The
RHF* pseudosolutiorfFig. 7), with the ey states below the Fermi level is assumed at the energy zero.
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FIG. 6. Projection onto V states of the DOS oG4 (c/a
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(a14)* bands at the Fermi level, in a similar way to the other
calculation on TjO; (Ref. 18. Thus, the insulating phases of
both compounds cannot be reproduced by the state-of-the-art
DFT-LDA method, while UHF results not only give stable
insulating states, but also account somehow for the conduct-
ing phases by means of higher-energy pseudosolutions. This
different behavior might suggest that spin-only correlation
effects play a major role in the breaking of the one-electron
approximation for these compounds.

A structural optimization was carried out forL®5;, simi-
larly to Ti,O3. The resultgTable V) show a larger overesti-
mate of thea cell edge, while the edge is reproduced more
accurately; thus the negative error for tb¥@ ratio is much
larger than in the BO; case. This confirms the peculiar large
value ofc/a for V,05 in the series of corundumlike oxides.

C. Comparison with Cr,05; and F&,04

The Mulliken electron populations of chromium and iron
sesquioxides obtained in previous stuéieare reported in
Table Il for comparison with those of the present com-
pounds. TjO;, V,0; and CpO;, have similar behavior,
with 0.7—0.8e| charge transfers frordO?~ to Me**, while
only 0.4e| are transferred in the case of 3. Most of

=2.828) for the insulating ferromagnetic, antiferromagnetic andthese electronéover 90% and 77% in the two cases, respec-

non-magnetigrestricted Hartree-Fogkspin configurations. In the
FM and AF cases, full and dashed lines denat@and 8 spins,
respectively; in the RHF case,+ 8 spins are always meafgcale
factor 0.9. Thick and thin lines correspond @,y and g4 states,

respectively.

tively) go into thed shell, and the rest into the outsp
orbitals of Me". A further, important difference between
the first three oxides and k@, concerns they/ 8 spin ratio
of electrons transferred to the methishell: all these elec-
trons haveB spin in the case of ferric oxide, because dl|
levels are filled for the ideal P& ion, while they are ap-

trees per formula unit and the usual insulating solution isproximately divided into equal amounts afand 8 spins for
stabilized. The effect is even larger for the antiferromagneti¢che group of other oxides. All of the, and most ofg, trans-
case, which converges straightforwardly to a conductinderred electrons go into theg levels; this is related to the

state AP with the (a;4)“ band below €5)“, and the Fermi
energy in the middle of theef)* band(Fig. 7). However,

covalent interaction withp(O) states, leading to Me-@
bond formation and bringing a fraction oéf)“ and (eg)ﬁ

that is actually a pseudostate, and convergence to the staldeates below the Fermi energy.

insulating solution can be forced by the usual procedafe
Table Il). The previous DFT-LAPW study of 305 (Ref. 25
invariably gave a metallic state with overlappingf{* and

AF* c/a=2574

_.M&%{W/]’\

RHF * c/a=2.828 :
{
!
!
:
I
-150 -10.0 =5.0 0.0 5.0 10.0

E (eV)

15.0

The type of spin polarization of transferred electrons
(nearly vanishing for Ti, V, and Cr oxides, fulB for
Fe,0;) has remarkable consequences on the overall net spin
momentn,—n; per metal atom. That is significantly lower
than the ideal number af electrons for Fé4.745 versus b
but is very close for Ti(1.003, V (2.012, and Cr(3.023,
with even a slight excess increasing from Ti to Cr. In the
ferromagnetic case, the deviation from the ideal value on the
cation is compensated by an opposite deviation on the oxide
ion, so as to produce very smaitype anion spin polariza-
tions in TLO3, V,03, and CpOs, and a larger-type one in
Fe,O5 (Table Ill). In the AF case, of course, these anion spin
polarizations have signs matching those of the spin moments
of neighboring cations. A clear picture of this phenomenon
appears from spin density maps such as those of Figs. 8 and
9, and the similar ones appearing in Refs. 2 and 3. Figures 8
and 9 also show clearly the space distributions ofatheand
eg orbitals, respectively, which are occupied by one or two
d electrons in the case of JO; or V,0; in their spin-
polarized insulating states.

It is also interesting to consider the Me-O bond overlap

FIG. 7. Projection onto V states of the DOS of conducting orpopulations appearing in Table Ill. For Ti, V, and Cr, posi-

semiconducting pseudosolutions ob¥ at differentc/a values.

Symbols as in Fig. 3.

tive values are observed far and B electrons, indicating a
bonding interaction for both spin statésightly larger forg
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FIG. 8. Difference spin densitispin up minus spin dowmmaps FIG. 9. Difference spin densitispin up minus spin dowrmaps
on the(010 hexagonal plane for antiferromagnetic,@i. Isoden-  on the (010 hexagonal plane for antiferromagnetig®4. Isoden-
sity curves are separated by 0e28 ~3. Continuous, dashed-dotted, sity curves are separated by 0e28 ~2. Continuous, dashed-dotted,
and dashed lines indicate positive, zero, and negative values, rend dashed lines indicate positive, zero, and negative values, re-
spectively. spectively.

ing for the insulating phases. The UHF pseudosolutions ob-
tained can be qualitatively related to the metal-insulator
rtawase transitions observed in both oxides. In particular, the
c/a ratio of unit-cell edges is proved to control closely the
relative positions ot,y bands and thus the kind of orbital
ordering. In the TiO; case, at largec/a ratios E(eg)
<E(ayq) is obtained, so that the metallic state is accounted
for by a single electron occupying a doubly degenerate band.
IV. CONCLUSIONS Further, a considerable electron transfer from oxygen to
The most stable SCF solutions of periodic Hartree-FockMeta lons (0'7_0@) IS calcu!ated, °°””'b““”9 to chen_"n-
equations for TiO; and V405 correspond to spin-polarized cgl pondlng by partial occupation eg_ bands. This effect is
insulating states with orbital ordering within the splij, similar to that observed for @D, but is much larger than in
levels: E(a;g)< or >E(eg) for Ti,0O3 or V,0; respec- the case of F;.
tively. However, solutions with higher energy are also ob-
tained, particularly at deformed unit-cell geometries, show-
ing conducting or semiconducting behavior and different The work was supported by the Human Capital and Mo-
types of orbital ordering with respect to the previous onesbility Programme of the European Union under Contract No.
This contrasts with DFT-LDA calculatiof$?°on both com- CHRX-CT93-0155, and by the Ministero Universita
pounds, which always give metallic states without accountRicerca Scientifica e Tecnologica, Roma.

sping. This corresponds to the+ B8 0?~ to Me*" charge
transfer discussed above. In the case of Fe, on the other hal
the overlap population is positive f@ spin but negative for
the @ one, according to an antibonding repulsionaoélec-
trons. The latter is due to the fudl* shell of FEé* exerting an
exchange repulsion towardselectrons in the Fe-O region.
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