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The electronic structure of PrNiO; has been studied by photoemission and x-ray-absorption spectros-
copy. By analyzing the spectra using configuration-interaction calculations on a NiOg cluster model, it
has been found that the charge-transfer energy A is ~1 eV and the Ni 3d and O 2p orbitals are strongly
hybridized in the ground state. From the cluster-model calculation, the magnetic moment of Ni 3d is es-
timated to be ~0.9up, which is close to the ionic value of Ni3* and in good agreement with that ob-
tained from neutron-diffraction experiments. Using the electronic-structure parameters deduced from
the cluster-model analysis, we have performed unrestricted Hartree-Fock calculations on a Ni 3d-0 2p
perovskite-type lattice model in order to study the effect of GdFeOs-type distortion on the orbital polar-

ization and band gap.

I. INTRODUCTION

Perovskite-type 3d transition-metal oxides, which ex-
hibit various physical properties, are very fascinating sys-
tems. One of them, RNiO; (R =rare earth), shows a
metal-insulator transition as a function of the size of the
rare-earth ion or of the Ni-O-Ni bond angle.! While the
least distorted LaNiOj;, which has the rhombohedral
structure, is a paramagnetic (PM) metal,? more distorted
RNiOj; with a smaller R ion than La has the orthorhom-
bic GdFeO;-type structure (Fig. 1) and becomes an anti-
ferromagnetic (AFM) insulator.! Some orthorhombic
RNiO; with an R ion of intermediate size show a metal-
insulator transition as a function of temperature. The
transition temperature increases as the R ion becomes
smaller.! In addition to the metallic versus insulating
behavior, the magnetic structures of AFM PrNiO; and
NdNiO; were found to be very complicated and to indi-
cate the existence of orbital ordering.> In order to reveal
the origin of the electrical and magnetic properties of
RNiO;, it is very important to investigate its electronic
structure.

The electronic structures of the 3d transition-metal
compounds have been interpreted in the framework of
the Zaanen-Sawatzky-Allen (ZSA) scheme,* where the
transition-metal compounds are classified into two re-
gimes, namely, the Mott-Hubbard regime and the
charge-transfer regime. In the Mott-Hubbard regime,
the 3d-3d Coulomb repulsion energy U is smaller than
the ligand-to-metal charge-transfer energy A and the

0163-1829/95/52(19)/13865(9)/%06.00 52

magnitude of the band gap is given by ~U. In the
charge-transfer regime, where A < U, the magnitude of
the gap is determined by A. Recently, it has been pointed
out that the electronic structures of high-valence oxides
such as Cu®t, Ni**, and Fe*' oxides are characterized
by a small or even negative charge-transfer energy and
the magnitude of the band gap is determined by the
transition-metal 3d —oxygen 2p hybridization and hence
is strongly affected by the geometrical arrangement of the
transition-metal and oxygen ions.’ In these compounds,
therefore, a small lattice distortion may cause a metal-
insulator transition.

RNiO, is a candidate for this kind of compound and
some studies have been done trying to understand its
electronic structure. From neutron-diffraction measure-
ments on PrNiO; and NdNiO;, Garcia-Mufios,
Rodriguez-Carvajal, and Lacorre have shown that the or-
dered magnetic moment at the Ni site is ~0.9u 5, which
is close to the purely ionic value lup of Ni** and has
been taken as evidence for the ionic character of RNiO;.>
Medarde et al. have performed x-ray-absorption spec-
troscopy (XAS) of RNiO; and have also concluded that
the ground state has mainly d’ character.® Very recent-
ly, Barman, Chainani, and Sarma have reported the pho-
toemission spectroscopy study of LaNiO; and NdNiO;.
They claimed that the difference between the metallic
LaNiO; and the insulating NdNiO; is driven by the
difference in the transition-metal 3d-to—oxygen 2p
transfer integrals within the NiQOg cluster.” In this paper,
we have investigated the electronic structure of PrNiO;
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using photoemission and XAS measurements and subse-
quent cluster-model calculations. It has been found that
the d’ and d8L configurations are strongly mixed in the
ground state and that this does not contradict a magnetic
moment close to the ionic value. Unrstricted Hartree-
Fock (HF) calculations have also been performed on a Ni
3d-O 2p perovskite-type lattice model using the
electronic-structure parameters deduced from the
cluster-model analysis in order to investigate the relation-
ship between the GdFeO;-type lattice distortion and the
metal-insulator transition of RNiO;. It has been shown
that the GdFeO;-type distortion increases the magnitude
of the band gap of RNiO;.

The organization of this paper is as follows. Experi-
mental details are presented in Sec. II. The methods of
the cluster-model and unrestricted Hartree-Fock calcula-
tions are described in Sec. III. In Sec. IV, photoemission
spectra and XAS spectra are displayed and are analyzed
by the calculations.

II. EXPERIMENTS

Polycrystalline samples of PrNiO,; were prepared by
solid-state reaction under high oxygen pressure. The
starting material was prepared by dissolving PrsO,; and
NiO in concentrated nitric acid. The excess nitric acid
was removed by heating it to 200 °C in air. The remaining
intimately mixed nitrates were decomposed to black
powders at 800°C in an O, atmosphere. After grinding,
the powders were sealed in a platinum capsule with
KCIlO; and prssurized under 5 GPa using a cubic anvil
high-pressure apparatus. Heat treatment under pressure
was carried out at 1300°C for 1 h.?

Photoelectrons were collected with a Physical Elec-
tronics double-pass cylindrical-mirror analyzer for both
x-ray photoemission spectroscopy (XPS) and ultraviolet
photoemission spectroscopy (UPS). A Mg Ka x-ray
source (hv=1253.6 e¢V) was used for the XPS measure-
ments. The XPS spectra were corrected for the Mg
Ka; 4 ghost. The energy resolution including both the x-
ray source and the analyzer was ~1.0 eV. UPS spectra
including Ni 3p-3d resonant photoemission spectra were
measured at beamline BL-2 of Synchrotron Radiation La-
bortory, Institute for Solid State Physics, University of
Tokyo. The energy resolution was 0.3-0.5 eV for the
photon energy ranging from 40 to 100 eV. All the photo-
emission measurements were made at liquid-nitrogen
temperature. In order to obtain fresh surfaces, the sam-
ples were scraped with a diamond file under an ultrahigh
vacuum (UHV) of low 107!° Torr until the O 1s core-
level spectra became a single peak. The XAS spectra have
been measured at beamline BL-2B of Photon Factory,
Laboratory for High Energy Physics. The measurement
has been done at room temperature in the total-electron-
yield mode. Since the XAS measurement is also sensitive
to surface contamination, the samples were scraped un-
der an UHV of low 107° Torr. The energy resolution was
~0.2 eV at 530 eV. The photon energy was calibrated
using the O s edge of TiO, at 530.7 eV,’ and the Cu
2p; ,, edge of Cu metal at 932.5 V. 1°
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III. METHOD OF MODEL CALCULATIONS

A. Cluster-model calculations

We have analyzed the photoemissin and x-ray-
absorption spectra using configuration-interaction (CI)
calculations on an octahedral NiOg cluster model (with
0,, symmetry).'""!2 The wave functions for the cluster are
spanned by basis functions of the ionic configuration d”
and the charge-transferred configurations d"*™L™,
where L denotes an oxygen 2p hole. The wave function
of the ground state or the N-electron system is given by

¥, =aold") +a,|dL ) +a,ld°L?) . (1

The oxygen 2p-to-Ni 3d charge-transfer energy is
defined by A=E(d3L)—E(d") and the 3d-3d Coulomb
interaction energy by U=E(d®)+E(d®—2E(d),
where E (d"L™) is the center of gravity of the d”L ™ mul-
tiplets or the average of all the terms in the multiplets in-
cluding the degeneracies. The final states of 3d photo-
emission or the (IV — 1)-electron states are expressed by

W, =by|d®) +b,|d"L)+b,|d"L?) . )

The energy differences E(d’L)—E(d®) and
E(d3L?)—E(d’L) are A—U and A, respectively. Corre-
sponding 3d photoemission intensities are given by
laghy+a,b,+a,b,|* in the sudden approximation. In
the same way, the wave functions of the (N + 1)-electron
states are written as

W, =cold®)+c,|d°L) +c,|d"L?) . 3)

These can be regarded as the final states of O 1s XAS if
we neglect interaction between an O 1s core hole and Ni
3d electrons. Their intensities are proportional to
la,co+aye |

The final states of Ni 2p core-level photoemission are
given by

W, =dolcd”) +d,|cd®L ) +d,|cd’L?) +d;|cd °L?) ,
(4)

where ¢ denotes a Ni 2p core hole. When the Coulomb in-
teraction between a Ni 2p hole and a Ni 3d hole is
denotes by Q, the energy differences E (cd®L)—E(cd”)
and E(c¢d’L?)—E(cd®L) are A—Q and A—Q+U, re-
spectively. The 2p core-level photoemission intensities are
given by |agd,+a,d, +a,d,|% For Ni 2p XAS, the final
states are expressed by

W, =eglcd®) +e lcd’L ) +e,lcd°L?) , (5)

whose intensities are
lageq+a e, +a,e,|%

In the cluster-model calculations for the valence-band
spectra, we have three adjustable parameters which are to
be determined to reproduce the experimental results: A,
U, and the transfer integrals between the Ni 3d and O 2p
orbitals. The transfer integrals are expressed in terms of
Slater-Koster parameters (pdo) and (pdw).!> The ratio
(pdo)/(pdw) is fixed to be ~—2.2,'15 and only (pdo)
is taken as an adjustable parameter. The multiplet split-

proportional to
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ting of d" configurations is taken into account through
Racah parameters, B and C, which have been fixed to the
free-ion values.!®!'”  The multiplet-averaged 3d-3d
Coulomb interaction U and charge-transfer energy A for
d" are given by 4 —14/9B+7/9C and eg—sp+nU, re-
spectively, where €} and €, are the bare energy levels of
the 3d and 2p orbitals. For the Ni 2p core-level spectra,
the Coulomb interaction between the Ni 2p hole and the
Ni 3d hole Q is added to the above three adjustable pa-
rameters. From previous cluster-model analyses, it has
been empirically found that the ratio U/Q should be
0.7-0.9.121819 I the present calculation, the ratio U/Q
is assumed to be 0.8. When we tentatively varied the ratio
within the above range, agreement with experimental re-
sults were not improved significantly. The multiplet cou-
pling between the Ni 2p core hold and the Ni 3d holes is
included through Slater integrals F2, G!, and G*, which
are also fixed to the free-ion values. !7?°

We have included the crystal-field splitting 10Dg which '

arises from the nonorthogonality between the atomic ox-
ygen 2p and transition-metal 3d orbitals.'®2! The over-
lap integrals can be deduced from the linear-
combination-of-atomic-orbitals (LCAQ) fitting of the
band-structure calculations by Mattheiss.!> We have as-
sumed the ratio of the overlap integrals S, and S, to the
transfer integrals (pdo) and (pd) to be ~—0.06 eV~ L.
The 10Dgq from the nonorthogonality is given by
—2V,S,—V,2S:), where V,=—V3(pdo),
S,=—V3S_, V,,=2(pdw), and S,,=2S,.

In general, it is hard to reproduce both the valence-
band and core-level photoemission spectra using the same
parameter set in the cluster-model calculations because
the final states have different numbers of 3d electrons and
core holes. In this work, configuration dependence of the
transfer integral has been taken into account to make it
possible to reproduce the valence-band and Ni 2p core-
level XPS spectra with the same parameter set. Follow-
ing Gunnarsson and Jepsen, 22 we have assumed that the
transfer integrals between d” ~ I ™ and d"L™ ! are 80%
of those between d”L™ and d” T1L™ *! and that those be-
tween ¢d"L™ and ¢d” VIL™ T1 are 70% of those between
d"L™ and dn+1Lm+1.21

B. Unrestricted Hartree-Fock calculations

In order to study the effect of translational symmetry,
we have performed unrestricted HF calculations on the
perovskite-type Ni 3d —O 2p lattice.?®> The unrestricted
HF approximation is a powerful tool to study spin- and
orbital-ordered insulating states in the lattice model.
Cyrot and Lyon-Caen have made HF calculations on a
doubly degenerate Hubbard model and found that the
ferromagnetic (FM) state with orbital ordering is
favored.?* Recently, HF calculations have been made for
the CuO, plane, where there is no degeneracy in the 3d
obital, to study the metal-insulator boundary in the ZSA
diagram.? This study has shown that the HF approxi-
mation is useful to investigate metal-insulator transitions.

In our model, the intra-atomic 3d-3d Coulomb interac-
tion is taken into account in terms of Kanamori parame-
ters u, u', j, and j’, for which the relationships
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FIG. 1. Simplified structure of the GdFeOj;-type lattice. The

Ni-O-Ni bond angle decreases from 180° as the distortion in-
creases.

u'=u —2j and j'=j are assumed.? These Kanamori pa-
rameters can be related to Racah prameters through
u =4 +4B +3Cand j =3B +C. The multiplet-averaged
3d-3d Coulomb interaction U and charge-transfer energy
A for the d" configuration are given by u —2;j and
ed—e , T nU, respectively.

Our criterion for the self-consistency of the HF calcu-
lation is that all the differences of the order parameters in
the subsequent iteration steps are less than 1X1073. We
have taken 512 k points in the first Brillouin zone for the
GdFeO, structure, whose unit cell has four Ni sites, and
64 k points for the actual magnetic structure of PrNiO;,
whose unit cell contains 16 Ni sites. In the present calcu-
lations, the GdFeO;-type distortion of PrNiO; is imitated
by rotating the NiO4 octahedra of the cubic perovskite
structure around the a axis of the GdFeO; structure (see
Fig. 1).

IV. RESULTS AND DISCUSSION

A. Core-level XPS

In Fig. 2, we have plotted the XPS spectrum of the O
Is core level which overlaps with the Pr MNN Auger
spectrum. The O 1s peak at 528.3 eV is almost a single
peak, which shows the cleanness of the surface. The
broad structure at ~531 eV may be derived from surface
contamination superposed on the Pr MNN emission.
The amount of contamination is small enough for us to

T T T T T
PrNiO; O1ls
by
Pr MNN s
= s
2 — e
D el
= | :
~
[0 P
A1 " 1 1

53 532 530 528 526
Binding Energy (eV)

FIG. 2. O 1s XPS spectrum of PrNiO;. The spectrum has
been corrected for the Mg K a; , satellites.
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analyze the following spectra and to extract information
on the electronic structure of PrNiO;.

As shown in Fig. 3, the Ni 2p core-level XPS spectrum
has satellite structures, which have been generally ob-
served in late transition-metal oxides. We have analyzed
the Ni 2p core-level spectrum using the CI cluster model
with and without multiplet effects. The Ni 2p spectra cal-
culated without the multiplet effect are compared with
the experimental results in the upper panel of Fig. 3.
Here, we have broadened the line spectra by a Lorentzi-
an, the full width at half maximum (FWHM) of which is
proportional to the energy separation from the main
peak.!® In calculating the Ni 2p core-level spectrum, Q is
assumed to be ~ U /0.8 as before.!® With U and Q being
fixed at 7 and 9 eV, respectively, the best fit has been ob-
tained for A=1x1 eV and (pdo)=—1.51+0.2 eV. The
final states are decomposed into cd’, cd®L, cd’L?, and
cd'®L3 components in the lower panel of Fig. 3. The
main peaks and the satellite structures have cd °L? and
cd®L character, respectively. The amount of d 1073 in the
main peak is not negligible since A is smaller than Q-U in
the present calculation.

We have also performed cluster-model calculations for
the Ni 2p spectrum by fully taking the intra-atomic mul-
tiplet coupling into account. When all the configurations
up to d 1073 are included, the number of bases becomes
very large (6820). Since numerical diagonalization of
such a large matrix is impossible, we have employed the
Lanczos method.?’ However, the size of the calculation
is still so huge that we could not do iterative calculations
to find the best-fit parameter set. Here, we have done the
calculation using the same parameter set as that obtained
without the multiplet effect. Since the satellite structures
are broadened by the multiplet splittings, there is no need
to apply the extra broadening for the satellite part al-
though the inclusion of a weak Lorentzian broadening
somewhat improves agreement between experiment and
calculation. The calculated result using A=1 eV, U=7
eV, and (pdo)=—1.5 eV is compard with the experi-
mental result in Fig. 4. The Slater integrals between the
Ni 2p and 3d orbitals are F?=6.68, G!=5.07, and
G3=2.88 eV. The multiplet-averaged 2p-3d Coulomb in-
teraction Q(=F°—1G'—23G?)is ~9.0 eV. The Racah
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FIG. 3. Ni 2p XPS spectrum of PrNiO; compared with the
cluster-model calculation without multiplet coupling (upper
panel). The line spectra are decomposed into the d’, d®L, d°L?,
and d'°L3 components (lower panel).

T. MIZOKAWA et al. 52

PrNiO,

Ni 2p XPS

Intensity

i 1 1 1 1
880 870 860 850 840

Binding Energy (eV)

L
900 890

FIG. 4. Ni 2p XPS spectrum of PrNiO; compared with the
cluster-model calculation with multiplet coupling (upper panel).
The line spectra are decomposed into the d’, d®L, d°L?, and
d'°L3 components (lower panel).

parameters B and C are fixed at 0.142 and 0.527 eV,
which are 80% of the atomic HF values.!*?° Although
the values of B and C are slightly different from those ob-
tained from atomic spectroscopy data,!” the differences
do not affect the present conclusion. The crystal field
from the nonorthogonality is ~0.57 eV for the ground
state. The Pr 3d core-level photoemission spectrum is
very similar to that of Pr,0,,2® which indicates that the
valence of the Pr ion is exactly 3+. This confirms that
the formal valence of Niis 3+.

B. Valence band

The valence-band photoemission spectra taken at vari-
ous photon energies from 40 to 1253.6 eV are shown in
Fig. 5. Since the relative photoionization cross section of
O 2p to Ni 3d and Pr 4f increases as the photon energy
decreases, the structure at 5 eV is dominated by the O 2p
character and the structure at 1.5 eV is mainly derived
from the Ni 2p and Pr 4f states. In order to extract the
Pr 4f contribution from the valence-band spectra, we

{

-

hv = 1253.6 eV
hv =100 eV

r

)
=
] hv =80 eV
]
-
=
hv = 67 eV \
hv = 64 eV \
hv =40 eV \
1 1 1 1
15 10 5 0

Binding Energy (eV)

FIG. 5. Valence-band XPS and UPS spectra of PrNiO; taken
at hv=40, 64, 67, 80, 100, and 1253.6 eV.
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FIG. 6. Pr 4d-4f resonant-photoemission spectra of PrNiO,
taken with on-resonance (hv=124 eV, dots) and off-resonance
(hv=120 eV, open circles) photon energies and their difference
spectrum (dots).

have measured the Pr 4d-4f resonant-photoemissin spec-
tra (Fig. 6). By subtracting the off-resonant spectra
(hv=120 eV) from the on-resonant (hv=124 eV), we ob-
tain the Pr 4f-derived spectrum as shown in Fig. 6.
Here, we have assumed that the intensity distribution of
the on-resonant Pr 4f —derived spectrum is not changed
from that of the off-resonant spectrum. Ni 3p-3d
resonant-photoemission spectra have also been measured.
The photon energy dependence of the monochromater
has been corrected using the photon absorption of Au
taken in the total-electron-yield mode. As shown in Fig.
7, the broad satellite structure ranging from 7 to 15 eV is
enhanced by the 3p-3d resonance and can be assigned to a
so-called charge-transfer satellite. The intensity of the
main-band region ranging from O to 5 eV is reduced from
64 to 67 eV because of the reduction of the photoioniza-
tion cross section of O 2p. The weak structure at ~9.5
eV, which appears in the spectra taken at low photon
enegies (hv=40, 64, and 67 eV), would be from surface
contamination.

In analyzing the valence-band XPS spectrum of
PrNiO;, we have performed a CI calculation on an octa-
hedral NiOg’~ cluster model including multiplet cou-

pling.!! After subtracting the background due to secon-
LA AL A A B L A B R A
PrNiO;
= hv = 67 eV 3
2 3
= :
hy = 64 eV diff. :
$
B T I R S R | 1
15 10 5 0

Binding Energy (eV)

FIG. 7. Ni 3p-3d resonant photoemission spectra of PrNiO,
taken with on-resonance (hv=67 eV, dots) and off-resonance
(hv=64 eV, open circles) photon energies and their difference
spectrum (dots).
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dary electrons, the existence of the broad satellite struc-
ture from 8 to 14 eV becomes clear. We have determined
the values of A, U, and (pdo) in order to reproduce the
shape of the spectra including the satellite structure. The
result of the CI calculation is compared with the experi-
mental data in Fig. 8. We have added the contribution
from the O 2p band centered at ~5 eV, assuming a
Gaussian form, and the Pr 4f band obtained from the Pr
4d-4f resonant photoemission taking into account the
relative cross section of these atomic orbitals.2®3° The
best-fit parameters are A=1.0+£1.0 eV, U =7.0%1.0 eV,
and (pdo)=—1.51+0.2 eV, which are consistent with
those obtained from the Ni 2p core-level spectrum.

For the present parameter set, the symmetry of the
ground state is found to be *E,, namely, the Ni ion is in
the low-spin state. The boundary between the high-spin
(*T),) and low-spin (®E,) states is A~2.0 eV with the
other parameters fixed to the obtained values. The
ground state has 34% d’, 56% d®L, and 10% d°L? char-
acter and is strongly covalent. The calculated local mag-
netic moment in the low-spin state is 0.91up, which is
close to the purely ionic value and is in good agreement
with the neutron-diffraction measurement.> The reason
why the magnetic moment is close to the ionic value of
the low-spin Ni**, 1up, in spite of the strongly covalent
ground state is as follows. Let us consider charge
transfer to the ionic low-spin configuration ¢,, T3t2g l3eg 1.
The charge transfer of an electron whose spin is parallel
to the Ni 3d local spin is more favored by the intra-
atomic exchange interaction than that of an electron
whose spin is antiparallel to the Ni spin. On the other
hand, for an electron with antiparallel spin, two e, orbit-
als are available for charge transfer while, for an electron
with parallel spin, only one e, orbital is available. Since

LI S S S B S S e e T
(@ PrNiO; valence band
Py
v
=
Y
£
- ~
. lAlg
PR Ea B 1 PRI S S RN S N R A SN BT S S A 'Y Pt
30 25 20 15 10 5 0 5
Binding Energy (eV)
T T LA L AL B BB B
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= e
172} 7
g B o ._._,uII dL
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PEEPREE NP S S U USRS S SN U VAT ST S S S S S T Y P
30 25 20 15 10 5 0 -5

Binding Energy (eV)

FIG. 8. (a) Cluster-model calculation for valence-band pho-
toemission spectrum compared with the experimental result. (b)
The line spectra are decomposed into the d’, d®L, and d°L?
components.
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cancel each other, namely, the amount of the charge
transfer for the parallel spin is almost equal to that for
the antiparallel spin, the net local spin of Ni remains
close to the purely ionic one. Actually, 26% of the
ground state is of tng3t2gl3egT2L T type and 30% is of
1y 13ty L3¢, Te  LL | type.

In the final state of valence-band photoemission, d’L
character is dominant in the main band at 1.5 eV, and the
satellite region has mainly d® and d3L? character. The
d® character in the satellite region causes enhancement of
the satellite intensity in the Ni 3p-3d resonant photoemis-
sion spectrum. The symmetry of the first ionization state
is '4,,, which has 5% d%, 53% d’L, and 42% d°L*
character. The first affinity state with 3A2g symmetry is
found to be dominated by d*® character (84% d*® and 16%
d°L). Here, let us consider the characters of the excita-
tions from the ground state to the first ionization and
affinity states. The d and p weights of the excitation from
the ground state to the first ionization state are given by
the differences between the net numbers of d and p holes
in the ground state and those in the first ionization state,
respectively. Those of the excitation from the ground
state to the first affinity state are also given in the same
way. In our cluster-model analysis, the net numbers of
the d and p holes are 2.24 and 0.76 in the ground state,
2.63 and 1.37 in the first ionization state, and 1.84 and
0.16 in the first affinity state, respectively. Therefore the
excitation from the ground state to the first ionization
state has 39% d and 61% p character and that from the
ground state to the first affinity state has 409% d and 60%
p character. Therefore the band gap of ~2.3 eV obtained
by the cluster-model calculation is far from being of p-d
or charge-transfer type, but has strongly hybridized “pd-
pd” character.

C. X-ray absorption spectra

The O 1s XAS spectrum reflects the O 2p weight hybri-
dized into the unoccupied states of the transition-metal
and rare-earth ions.3! The O 1s spectrum of PrNiO, is
shown in Fig. 9, and is in good agreement with that mea-
sured by Medarde ez al.® The sharp peak at 529 eV is
derived from the Ni 3d state and the structures ranging
from 530 to 545 eV are due to the Pr 4f and 5d and Ni 4s
and 4p states. If we neglect the effect of the O 1s core-

T T
0 2p/Ni3d

]
3

Pr 4f, 5d + Ni ds, 4p

Intensity

Az PrNiO,
) O 1s XAS
T35 S0 535 540 545550
Photon Energy (eV)

FIG. 9. O 1s XAS spectrum of PrNiO; compared with the
cluster-model calculation. The parameters are A=1.0 eV,
U=7.0eV,and (pdo)=—1.5 eV.
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FIG. 10. Ni 2p XAS spectrum of PrNiO; compared with the
cluster-model calculation. The parameters are A=1.0 eV,
U=7.0 eV, (pdo)=—15 eV, and F°=9.5 eV.
Q=F'—LG'-3G*~9.0eV.

hole potential on the unoccupied states, the final state of
the O 1s XAS can be regarded as the (N +1)-electron
state, which is equivalent to the final state of inverse pho-
toemission. We have calcualted the O 1s XAS spectrum
using the cluster model with the above parameter set and
have compared it with the experimental result in Fig. 9.
Here, we have shifted the calculated O 1s XAS spectrum
by 1.4 eV towards lower photon energy from the photon
energy equal to the O 1s binding energy in XPS. Accord-
ing to the calculation, the dominant peak is due to the
first affinity level 3Azg and the high-energy tail is derived
from 'E, and ' 4, states.

In Fig. 10, we have compared the Ni 2p XAS spectrum
with the full-multiplet cluster-model calculation, which
has been obtained by broadening the line spectrum with a
Gaussian and a Lorentzian. The FWHM of the Gaussian
is ~0.6 eV, which is determined by the energy resolu-
tion, and that of the Lorentzian is ~0.5 eV, which is de-
rived from the natural width.3? The parameters used in
this calculation are exactly the same as those for the Ni
2p XPS spectra. It has been shown that the double-peak
structure of the 2p;,, main peak is due to multiplet split-
ting. Weak and broad satellite structures, which are lo-
cated on the high-energy side separated by ~5 eV from
the main peak, are reproduced to some extent. In order
to improve agreement with the experimental results, an
extra broadening of the calculated result is necessary.
The extra broadening of transition-metal 2p XAS has also
been observed in mixed-valence compounds such as
Li,_,Ni, O, (Ref. 33) and La,_Sr,FeOs,* and has been
attributed to the coexistence of several components with
different symmetries (in the single-cluster picture) in the
ground state. Since PrNiO; is located at the metal-
insulator boundary, it may undergo this type of extra
broadening.

D. Unrestricted Hartree-Fock calculations

From the above cluster-model calculations, it has been
found that PrNiO; has a small positive A~1 eV and that
the d” and d3L configurations are strongly hybridized in
the ground state. In transition-metal oxides with very
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small positive or negative A, the magnitude of the band
gap is strongly affected by the geometrical arrangement
of transition-metal and oxygen ions. Actually, RNiO,
shows a metal-to-insulator transition as a function of the
size of the R ion, which controls the magnitude of the
GdFeO;-type latice distortion. In order to investigate the
relationship between the GdFeO;-type distortion and the
metal-to-insulator transition in RNiO;, we have made
unrestricted HF calculations on a perovskite-type lattice
model.

The magnetic structure of PrNiO; has been found to be
very complicated and to give a large unit cell containing
16 unit formulas. Each Ni spin is ferromagnetically cou-
pled to three nearest-neighbor Ni spins and antiferromag-
netically coupled to the other three.’® In order to explain
this unusual magnetic ordering, it has been proposed that
the e, electrons of the low-spin Ni3* (tng3t2g l3egT) are
polarized into the 3z2—r2 and x2—y? orbitals for the fer-
romagnetically coupled Ni pair and are polarized into
one of these orbitals for the antiferromagnetically cou-
pled Ni pair.® Since the magnetic structure can be
viewed as a mixture of FM and G-, 4-, and C-type AFM
magnetic arrangments, these four simplified magnetic
structures have been studied in Ref. 22, where it has been
reported that the high-spin state with G-type AFM or-
dering has the lowest energy and the low-spin metallic
state with FM ordering has the second lowest energy for
the realistic parameter set A=1.0 eV, U =7.0, eV, and
(pdo)=—1.8 eV. The third lowest solution is the low-
spin insulating solution with the A-type AFM arrang-
ment accompanied by a “3x2—r?”/“3y2—r?’-type orbit-
al ordering. The reason why the low-spin state is not so
stabilized as the high-spin state in the HF approximation
may be as follows. A single Slater determinant within the
HF approximation can be a good description of the
high-spin state but it fails to describe the low-spin state.
In particular, for small A, a Heitler-London-type wave
function 1/V2(Jlu;L 04|+ |L,uvp]) has a large
weight in the ground state, where u and p represent holes
in the 3z2—r? and x2—y? orbitals, respectively, and L,
and L, denote holes in the molecular orbitals with
3z2—r? and x2—y? symmetries constructed from O 2p
orbitals, respectively. Therefore the inclusion of this
kind of correlation effect will stabilize the low-spin state
relative to the high-spin state. In this work, we have
done HF calculations for the 16-molecule unit cell with
the actual spin arrangement, in which the e, electrons are
polarized into “3z2—r?” and “x2—y?” obitals. The solu-
tion has an energy higher by ~50 meV per unit formula
than the A-type AFM solution. Further investigations
would be required to understand why the complicated
magnetic structure is realized in the low-spin PrNiO;.

It is interesting to investigate how far the HF calcula-
tion can describe the photoemission spectra or the
single-particle excitation spectra. In Fig. 11, the density
of states (DOS) for the A-type AFM solution, which is
the most stable low-spin and insulating solution for the
present parameter set, has been displayed. The shaded
area shows the 3d-derived partial DOS. The 2p and 3d or-
bitals are strongly hybridized in the states just below and
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FIG. 11. Total DOS and the Ni 3d partial DOS (shaded re-
gion) for the A-type AFM state. The DOS obtained by multiply-
ing the O 2p and Ni 3d partial DOS’s by their photoionization
cross sections is compared with the experimental result in the
inset.

above the band gap, in good agreement with the cluster-
model analysis. This indicates that the HF calculation
correctly describes the character of the band gap. In the
inset of Fig. 11, we have compared the experimental re-
sult with the DOS where the 2p and 3d partial DOS’s
have been multiplied by their photoionization cross sec-
tions.?®3% According to the cluster-model analysis, the
peak at 1.5 eV of the experimental result is mainly from
the ¢,, state where the Ni 3d and O 2p characters are
strongly hybridized. In the HF calculation, the #,, band
is located at 2.5 eV and is shifted toward high binding en-
ergy by ~1 eV from the experimental result. The HF cal-
culation also fails to reproduce the satellite structure.

In Fig. 12, we have plotted the magnitude of the band
gap as a function of the Ni-O-Ni bond angle. The band
gap increases as the GdFeOj;-type distortion becomes
large for the A-type AFM solutions through the decrease
in the intercluster Ni-O-Ni transfer integrals. This ex-
plains the observation that the increase of the GdFeO;-
type lattice distortion make RNiO, insulating.! Barman,
Chainani, and Sarma, on the other hand, attributed the
origin of the metallic behavior of LaNiO; versus the in-
sulating behavior of NdNiO; to the difference in the mag-
nitude of the O 2p —to—Ni 3d transfer integral:” Metallic
LaNiO, has larger transfer integrals than insulating
NdNiO;. They also claimed that pressure causes an in-
crease of the transfer integral and causes NdNiO; to be-

1.0 T T T
—_ N 4
S 08
2
o, 0.6 B
S
Z 0.4} y
A=1.0
2 02} ev
0_0 1 1 1
180 170 160 150

Ni-O-Ni Bond Angle (degree)

FIG. 12. Calculated magnitude of the band gap as a function
of the GdFeO;-type lattice distortion.
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come metallic. A neutron-diffraction study under pres-
sure will be able to determine whether the intracluster
change or intercluster change is responsible for the
metal-insulator transition.

V. CONCLUDING REMARKS

By analyzing the photoemission spectra of PrNiO; us-
ing the cluster model, A is estimated to be ~1 eV. In the
ground state, the d’ configuration is strongly hybridized
with the d®L configuration. However, the local magnetic
moment is calculated to be 0.9up, which is close to the
ionic value and is in good agreement with the neutron-
diffraction measurement.> A HF calculation using the
parameters from the cluster-model analyses has shown
that the GdFeO;-type lattice distortion enlarges the mag-
nitude of the band gap. The lattice distortion strongly
affects the band gap of PrNiO;, which has a small A and
a covalent ground state.

In the present work, we have studied the electronic
structure of PrNiO; by two theoretical approaches: a lo-
cal cluster calculation and a HF band-structure calcula-
tion. The comparison of the two extremes gives us a clue
to understand how strongly correlation effect, especially
the Heitler-London type effect, affect the metallic versus
insulating behavior of PrNiO;. On one hand, as shown in
the previous section, HF calculations can give us a crude
but useful picture of the metal-to-insulator boundary.
The opening of band gaps for small, positive A has been
discussed by Sarma3’® in terms of the strong covalency in
the ground state and these compounds have been called
“covalent insulators.” Following it, Nimkar, Sarma, and
Krishnamurthy studied the metal-insulator boundary for
the CuO, plane using the unrestricted HF approxima-
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tion.? The HF result, which does not include the

Heitler-London-type correlation effect, matches the view
of the “covalent” insulator. On the other hand, the local
cluster approach, where the intracluster Heitler-London-
type correlations are exactly taken into account, can
reproduce the various spectra, suggesting that electron
correlation within the local cluster is important. Key
questions are how strong the Heitler-London-type corre-
lation is in the vicinity of the metal-insulator boundary
and how far the picture of the local cluster model can
survive in the real lattice. Since the HF calculation can-
not reproduce the satellite structure of the valence-band
photoemission spectra, it is necessary to see how the HF
ground state is affected by the correlation effect when one
attempts to reproduce the photoemission spectra.
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