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We have performed spin- and orbital-unrestricted Hartree-Fock calculations on a realistic perovskite-type
lattice model using electronic-structure parameters deduced from photoemission spectroscopy. For high-spin
d* LaMnO;, alternating (3x2—r2)/(3y?—r?) orbital ordering is stabilized by Jahn-Teller distortion whereas
for low-spin d7 RNiO; (R is a rare earth), such a stabilization is suppressed by t;¢-€, mixing caused by
off-diagonal Coulomb terms. We have also studied the effect of GdFeOs-type lattice distortion on the magnetic

structures and the band gaps of RNiO; and RTiO;.

3d transition-metal oxides, in particular perovskite-type
oxides, exhibit a variety of magnetic and electrical proper-
ties. For example, the physical properties of RTiO3 (R is a
rare earth), which belong to the Mott-Hubbard regime of the
Zaanen-Sawatzky-Allen (ZSA) diagram,1 have been studied
as functions of the size of the R ion, i.e., as functions of the
GdFeO;-type lattice distortion, in which the TiOg octahedra
forming the perovskite lattice are rotated as shown in Fig.
1(a).? The metallic phase of the doped Mott-Hubbard insula-
tor La; _,Sr, TiO; behaves as a typical Fermi liquid.? On the
other hand, metal-insulator transitions in the charge-transfer
regime of the ZSA diagram have been investigated in
RNiO; with various R ions.*> The ferromagnetic (FM) metal
La;_,Sr,MnO; can be regarded as a hole-doped antiferro-
magnetic (AFM) insulator LaMnO; and has attracted revived
interest.®

In order to study the basic electronic structure of the 3d
transition-metal oxides, their photoemission spectra have
been analyzed using the cluster model or Anderson-impurity
model,’”” where electron correlation related to a single
transition-metal ion is exactly treated but the translational
symmetry of the crystal lattice is ignored. In order to funda-
mentally understand their electronic properties, especially
the effect of lattice distortion as well as that of spin and
orbital ordering on their metal-insulator transitions, it is im-
portant to explicitly consider the translational symmetry.

Since it is impossible to obtain the exact solutions of lattice
models in the presence of strong electron-electron interac-
tion, one has to employ certain approximations. The Hartree-
Fock (HF) approximation is one of the most straightforward
and well-defined approximations: In the case of integer band
filling, it correctly gives the d bands which are split into
upper and lower Hubbard bands for strong electron-electron
interaction. Previously, orbital polarizations in degenerate
Hubbard models have been studied by using the unrestricted
HF approximation,® which has been generally discussed by
Brandow.’ Recently, models of the CuO, plane have been
studied using the same approximation.'®!!

In this paper, we report on the results of spin- an orbital-
unrestricted HF calculations on a realistic perovskite-type
lattice model using parameters deduced from the cluster-
model analyses of photoemission spectra. The aim of the
present study is twofold. First, we attempt to explain the
various physical properties of 3d transition-metal oxides
within the HF approximation. Second, we explore the limi-
tation of the HF approximation and the necessity to consider
electron correlation effects to understand their electronic
properties.

We have employed the multiband d-p model (Anderson-
lattice model) where we have included the full degeneracies
of the transition-metal 3d orbitals and the oxygen 2p orbitals
as well as on-site Coulomb and exchange interaction:
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FIG. 1. (a) GdFeOs-type distortion of the perovskite-type lattice
(left) and the Jahn-Teller distortion of LaMnO; (right). (b) Typical
spin- and orbital-ordered structures for the perovskites. Arrows in-
dicate the spin polarization. Open and shaded circles represent dif-
ferent orbitals.

where dk,,ema—(l/\/_)E e* RagT pmo and Pch,za are Bloch
electrons consisting of the transition-metal 3d and oxygen
2p orbitals, respectively. @ and k label the unit cell and the
wave vector in the first Brillouin zone. 8 and m run on the
transition-metal atoms in the unit cell and the 3d orbitals on
the transition-metal atom, respectively. / denotes the 2p or-
bitals in the unit cell. V{¥, and V4., are nearest-neighbor
p-p and p-d transfer integrals given in terms of Slater-Koster
parameters (ppo), (ppm), (pdo), and (pd).*?  J——
represents crystal-field and spin-orbit interactions. The intra-
atomic d-d interaction is expressed in terms of Kanamori
parameters u, u’, j, and j'.'3 In order to retain the rotational
invariance of the d-d interaction term in real space, the
off-diagonal j and j’' terms should be included and the
parameters should satisfy the relations u'=wu—2j and
j'=j.>131* The mean-field Hamiltonian has ten order
parameters of the form (n Bma) (d}, pmo%a pmo) as coeffi-
cients for the diagonal dk, gma9k pmo terms and 45 order pa-
rameters of the form (b* Bmm! 00 )= (dl, pmo%a,pm o) for the
off-diagonal dk pmoQk gm0’ (M#*m') terms per transition-
metal ion, which are to be determined self-consistently.

The charge-transfer energy A for d"—d"* 1L is given by
eg-— g, +nU, where U(=u—20/9j) is the multiplet average
of the d-d Coulomb interaction. Kanamori parameters are
related to Racah parameters A, B, and C through u=A +4B
+3C and j=5/2B+C. Values for A, U, and (pdo) have
been obtained by the systematic cluster-model analyses of
photoemission  spectra for various transition-metal
oxides."”!* A increases as the atomic number of the transi-
tion metal decreases and is estimated to be ~1 eV for
PrNiO; (Ref. 15) and ~4 eV for LaMnO;. 416 By extrapo-
lation, we estimate A~7 eV for LaTiO;3, which is similar to

TABLE I. Parameters deduced from photoemission spectroscopy
(in eV).

A U j (pdo)
RNiO; 1.0 7.0 0.88 —-1.8
RMnO; 4.0 5.5 0.76 —-1.8
RTiO; 7.0 4.0 0.64 —-1.8
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FIG. 2. Energy difference between the A -type AFM solution and
the FM solution for the high-spin d* perovskite LaMnO; and the
band gaps for the two solutions as functions of the degree of the
Jahn-Teller distortion represented by the ratio (pdo),/(pdo),;.

that obtained for Ti,0;.!” U is estimated to be ~6—8 eV for
late transition-metal oxides™'*~® and ~3-5 eV for early
transition-metal oxides.'” We have thus used the A, U , and
(pdo) values listed in Table I. The ratio (pdo)/(pd) is
fixed at ~—2.16,'>!% and (ppo) and (ppmr) at —0.60 and
0.15 eV, respectively.’® B and C are fixed to free ion values
or 80% of the atomic Hartree-Fock values.!’

We iterated the self-consistency cycles of the HF calcula-
tion until all the order parameters converged to less than
2x10™* by sampling 512 k points in the first Brillouin zone
of the GdFeO; structure, whose unit cell contains four unit
formulas. Here, the GdFeO; structure is obtained from the
cubic perovskite structure by rotating the M Q4 octahedra (M
is the transition metal) around the a axis. The GdFeO;-type
distortion reduces the M-O-M bond angle from 180°,
thereby reducing the indirect overlap between neighboring d
orbitals and hence the bandwidth. Basic magnetic structures
for the perovskite-type oxides, namely, FM, A-type AFM,
C-type AFM, and G-type AFM structure, are shown in Fig.
1(b) The figure also shows possible orbital ordering accom-
panying the magnetic ordering.

In high-spin d* and low-spin d’ systems, where one of the
e, orbitals is occupied, there is an interesting interplay be-
tween spin and orbital ordering and Jahn-Teller distortion.
The Mn®*(d*) perovskite-type oxide LaMnO, is an insula-
tor and shows A-type antiferromagnetism. Within the a-b
plane, the e, orbitals are polarized into alternating 3x*—r?
and 3y2—r? orbitals accompanied by the Jahn-Teller distor-
tion shown in Fig. 1(a).® Without the Jahn-Teller distortion,
both the FM and A-type AFM solutions are accompanied by
the (3x2—7r?)/(3y?—r?) orbital polarization with consider-
able mixture of 3z?— r?; the total energy of the FM solution
is lower because FM spin coupling is thus favored both
within the a-b plane and between the a-b planes due to the
orbital polarization. With the Jahn-Teller distortion, the or-
bital polarization becomes purely (3x2—r?)/(3y?>—r?) and
the A-type AFM solution is strongly stabilized as shown in
Fig. 2. Here, the magnitude of the Jahn-Teller distortion is
represented by the ratio (pdo),/(pdo),, where (pdo), and
(pd o), are transfer integrals for the shorter and longer Mn-O
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bonds, respectively. This implies that, if one can somehow
suppress the Jahn-Teller distortion, the system would turn
from A-type AFM to FM. Indeed, the Jahn-Teller distortion
is suppressed in La; _,Sr,MnO; by hole doping and the sys-
tem becomes FM.® Figure 2 also shows that the band gap
of the FM solution is smaller than that of the A-type
AFM solution. This indicates that the metallization of
La;_,Sr,MnO;j is favored by the changes in the spin and the
orbital polarization induced by hole doping.

Ni3* (low-spin d”) perovskite-type oxides, PrNiO; and
NdNiO;, show unusual magnetic structures, where each Ni
ion is ferromagnetically coupled to three nearest neighbors
and antiferromagnetically coupled to the other three.® In or-
der to explain this magnetic structure, it has been proposed
that the e, orbitals are polarized into 3z>~r? and x*—y? for
the ferromagnetically coupled Ni pairs and are polarized into
the same orbitals for the antiferromagnetically coupled Ni
pairs.’> Because the magnetic unit cell of PrNiO; is four
times larger than that of the GdFeO;-type structure, we could
only study the simplified spin- and orbital-ordered structure
shown in Fig. 1(b). The actual magnetic structure of
PrNiO; can be viewed as a mixture of these four magnetic
structures and hence calculations on these structures will
give insight into the actual spin and orbital ordering. Here,
we note that for A=1 eV the high-spin AFM insulating state
is the lowest and the low-spin FM metallic state is the second
lowest, incompatible with experiment. This would be due to
the lack of ‘“Heitler-London-type” (T]-]T)-type electron
correlation between a 3d electron and an oxygen 2p hole
with antiparallel spins in the HF ground state. Indeed, in the
cluster calculation, where electron correlation within the
NiOg cluster is fully taken into account, the low-spin 2E
state is lower than the high-spin *T; state for the same pa-
rameter set.'> For larger A>~2 eV, the low-spin states exist
as insulating metastable states in the HF band calculations.
In order to study the changes in the magnitudes of the band
gap for the various magnetic structures, therefore, we present
below the results for A=2.4 eV rather than A=1 eV.

In the low-spin d’ systems, the 7,, orbitals mix with the
e, orbitals though the off-diagonal Coulomb j' term. There-
fore, Jahn-Teller distortion does not stabilize the A-type
AFM solution significantly unlike the d* high-spin system.
We denote the e, orbitals which are mixed with #,, orbitals
as 3z>—r? and x?>—y?. The FM and C-type AFM solutions,
which have FM coupling along the ¢ axis, favor the
(322=r?)/(x®>—y?) orbital polarization, while the A-type
AFM solution has (3x%—r2)/(3y?—r?) orbital polarization.
The total energies for the various solutions are plotted in Fig.
3 as functions of the Ni-O-Ni bond angle. The FM solution
and the A-type AFM solution are very close in energy, sug-
gesting that the complicated magnetic structure, where both
the FM coupling and AFM coupling coexist and the FM
coupling within the a-b plane and that between the a-b
planes are competing, may be realized in these compounds.
In Fig. 3, the band gaps for these solutions are also plotted as
functions of the Ni-O-Ni bond angle. As the bond angle de-
creases from 160° to 150°, the band gaps increases by
~0.1 eV for any spin- and orbital-ordered structures. This
explains the experimental observation that the metal-
insulator transition temperature increases in going from
PrNiO; (£ Ni-O-Ni~157°) to NdNiO;3 (£ Ni-O-Ni~156°).>
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FIG. 3. Total energies and the band gaps for various spin- and
orbital-ordered states for the low-spin d’ perovskites RNiO; as
functions of the Ni-O-Ni bond angle.

Finally, we have investigated the d' system RTiOj;,
whose GdFeOjs-type distortion influences the relative stabil-
ity of the AFM and FM states. LaTiO;, where the
GdFeO;-type distortion is rather small, is an AFM insulator
with a small band gap of ~0.1 eV.>*° In more distorted
YTiO3 and GdTiO3, Ti-Ti spin coupling is found to be FM
and the band gaps become as large as ~1 eV.>% According
to the HF calculations, the GdFeO;-type distortion removes
the threefold degeneracy of the ¢,, band, and without spin-
orbit interaction the FM where the yz and zx orbitals are
alternatingly occupied is found to be the lowest. However, if
we include spin-orbit interaction, the spin and orbital cannot
be polarized independently. The combination of the spin-
orbit interaction and the GdFeOs-type distortion favors the
occupancy of the (zx+iyx)T or (zx—iyx)| spin orbital.
Then the G-type AFM solution where these two spin orbitals
are alternatingly occupied or the FM solution where one of
them is occupied is realized. The total energies of the FM
and the G-type AFM solutions are compared in Fig. 4, where
one can see that the FM solution becomes stable relative to
the G-type AFM one as the distortion increases. This ex-
plains why the weakly distorted LaTiO; is AFM and the
strongly distorted YTiO3 is FM.

The GdFeOs-type distortion also makes some e, charac-
ter hybridized into the #,, band. Since the e, character leads
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FIG. 4. Total energies of the FM and AFM solutions for the
d! perovskites RTiO; as functions of the Ti-O-Ti bond angle.
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to an increase in the bandwidth, the distortion does not nec-
essarily reduce the bandwidth as expected from a simple
model where only the ¢, orbitals are considered.” Indeed,
the calculated band gap 2-3 eV for RTiO; is hardly changed
by the distortion both in the AFM and FM solutions in dis-
agreement with the experimental results.” Uncertainties in
the parameter values for the early transition-metal oxides ex-
ist but are not large enough to explain this disagreement.
This may indicate the limitation of the HF approximation:
The breakdown of Koopmans’ theorem due to strong orbital
relaxation and/or strong electron correlation (i.e., fluctuations
around the HF ground state) will reduce the band gaps. Such
a reduction would be stronger for the weakly distorted
LaTiO; than for the strongly distorted YTiO; since the ef-
fective Coulomb interaction would be stronger for purer ¢,
states, which are less strongly hybridized with oxygen 2p
states, than for the ?,,-e, mixed states. One can also con-
clude the reduction of the band gaps due to electron correla-
tion would be stronger in Mott-Hubbard insulators, where
the states near the Fermi level are dominated by the 3d char-
acter, than that in charge-transfer insulators, where the states
near the Fermi level are strong mixtures of the 3d and oxy-
gen 2p states.
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In conclusion, the spin- and orbital-unrestricted HF calcu-
lations have revealed various types of spin and orbital order-
ing in the distorted perovskite-type 3d transition-metal ox-
ides, thus explaining many experimental results. Some
disagreement with experiment, on the other hand, shows the
limitation of the HF approximation and the importance of
electron correlation: In the Mott-Hubbard regime, the band
gaps are overestimated because of the neglect of fluctuations
around the HF ground state. In the charge-transfer regime
with small A, the stability of the low-spin state is underesti-
mated due to the lack of “Heitler-London-type” correlation.
The unrestricted HF results thus provide us with well-defined
mean-field states into which electron correlation effects are
to be incorporated, enabling us to gain more insight into
electron correlation in the 3d transition-metal oxides.
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