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The electric conductivity of monazite-type LaCrO4 and zircon-type Nd,_,Ca,CrO,4 (x=0-0.2) were
characterized by measurements of dc electric conductivity and the Seebeck coefficient in the 300-600 K range.
The LaCrO,4 and NdCrO,4 were found to be n-type semiconductors, while commonly known monazite- or
zircon-type oxides are insulators. In mixed valence compounds of CrY and Cr'', Nd,_,Ca,CrO, (x=0.1, 0.2),
hole hopping conduction arising from the mixed valency was also observed. The Nd,_,Ca,CrO,4 (x=0.1, 0.2)
compounds obeyed Curie-Weiss behavior above the Neel temperature, and the observed magnetic moments for
the Cr" ions were in good agreement with the theoretical values. Experimental results and the calculated spin
densities by the UHF method indicated that most of the unpaired electrons from Cr"¥ were localized on Cr
atoms. The ab initio MO calculations for CrO,>~ clusters in NdCrO, revealed that the SOMO is the degenerate
dn* state and that the LUMO is the po* state (O 2p origin): the SOMO forms the degenerate states at the top
of the valence band and the LUMO forms a wide conduction band. For NdCrO,4 and LaCrO, the electronic
conduction mechanism as semiconductors was explained by the band model. For Nd,_,Ca,CrO,4 (x=0.1, 0.2)
electronic conduction was described by the band model combined with hopping conduction of holes in
degenerate dn* states. It is concluded that the electronic conductivity of these compounds is caused by an
intermixing of the ligand-to-metal charge-transfer (LM CT) state into the ionic configuration.

Introduction

Oxides containing unusual high valence metal ions, such as
Cu™ Ni'™ Fe!V, Co' and others, have been studied because
of their singular electric or magnetic properties.'”” One of the
reasons for these interesting properties is the mixing of the
ligand-to-metal charge-transfer (LMCT) states, such as d"*'L
(L=ligand hole), into the ionic d" configuration in the ground
state.® This mixing arises as the energy of the metal 3d states is
close to or slightly lower than that of the oxygen 2p states, and
as a result the ligand-to-metal charge-transfer energy, 4, is very
small.® With increasing formal valence or atomic number in the
first transition series, 4 systematically decreases and occasion-
ally becomes negative (negative A-type compounds). The
unusual high valence state oxides like NaCuO, and LaNiO;
belong to this category.>®

Rare earth chromates, LnCrO,4 (Ln=rare earth), contain
unusual high valence state Cr" ions of the d' configuration. Of
these, LaCrO, has a monazite-type structure (monoclinic,
P2,/n) but for Ln=Nd-Lu, the LnCrO4 compounds have a
zircon-type structure (tetragonal, I4,/amd).°*> A number of
magnetic studies of LnCrQOy4 other than of LaCrO,4 have been
carried out from the point that the Cr" and Ln'™ magnetic ions
could interact with each other,'*~'® but the electric conductivity
of LnCrO,4 compounds has not been studied in detail. Recently,
it has been reported that Li;CrOy is a semiconductor, despite
the zinc blende-related structure which does not have a chain
structure between the metal and oxygen atoms and so would
generally be assumed to be an insulator.'” It may be speculated
that the high valence state of chromium contributes to the
electronic properties of LisCrQOy, but no detailed mechanism of
conduction has been established.

The authors have reported that both LnCrO,4 (Ln=La, Nd)
and Cr'-Cr"! mixed valence compounds, Nd;_,Ca,CrO4
(x=0.02-0.20), can be synthesized as a single phase by
pyrolysis of a precursor prepared from mixed solutions of
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Ln™ Ca' and Cr¥'.>'® The structure including the atomic
positions and the valence state of chromium in these
compounds was characterized by X-ray Rietveld refinement,
Raman spectroscopy, X-ray photoelectron spectroscopy, and
other methods.”'® The present work measured the electric
conductivity of LaCrO4 and Nd,_,Ca,CrO4 (x=0-0.2), the
Seebeck coefficient, and the magnetic susceptibility, and the
mechanism of electronic conduction is discussed with ab initio
MO calculations and structural analysis.

Experimental

Preparation methods, structure, and atomic positions in
LaCrO4 and Nd;_,Ca,CrO4 (x=0-0.2) are described else-
where.”!%!® The purity of the samples was determined by
titration and XRD measurements.

The electric conductivity was measured in a dry oxygen
atmosphere by the dc two-probe method using a disk-shaped
sample, ca. 12 mm diameter and 4 mm thick, prepared by the
CIP method at 100 MPa and sintered at 803 K in O, for 72 h.
The density of the disks was about 70% of the theoretical
density for all compounds because they cannot be sintered at
temperatures above 900 K where they decompose: single
crystals were not available. There were no differences in the
properties of the samples prepared in different runs. Next, both
sides of the disks were coated with gold by physical vapor
deposition and fine gold wires were connected to the disks with
gold paste. The sample was set in an alumina boat and placed
on a Pt/Pt-13Rh thermocouple in an electric furnace for the
conductivity measurements. Ten data sets with different
applied currents at each temperature during heating and
cooling cycles were recorded.

The measurements of the Seebeck voltage were carried out
with a rod-shaped sample, ca. 2 mm diameter and 20-30 mm
long, prepared by the method described above. Gold foil was
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attached to both sides of the disks and Pt/Pt-13Rh thermo-
couples were put around the both ends. The sample was placed
vertically in the lower part of a vertical furnace where the
temperature gradient was less than 10 Kcm™!. To achieve
constant contact temperatures, the samples were maintained at
the measurement temperature for more than one hour before
the measurements of the Seebeck voltage were taken.

The temperature dependence of the magnetic susceptibility
was measured at 1000 G by a Quantum Design SQUID
magnetometer. Samples were placed in a poly(chlorotrifluoro-
ethylene) container and the signal from the empty container
was subtracted from the experimental data.

Ab initio molecular orbital calculations were carried out to
calculate the energy diagram of a CrO4°~ cluster by the
unrestricted Hartree—Fock method!®?° on the basis sets of the
6-311+ G* level for both atoms in CrO4>~.%° The calculations
for the dimer and trimer of the CrO4>~ unit were performed on
the basis sets of the STO/3G* level for both atoms. The spin
density on each atom was calculated by the MP2 method on the
basis set of 6-311+G* for both atoms. All calculations were
performed using the GAUSSIANYS program.'® The calcula-
tions used the experimentally determined atomic coordinate
data.®!8

Results and discussion
Electric properties

A synthesized sample was a single phase, and the average
composition and standard deviations are shown in Table 1. All
compounds are a type of mono-oxochromate salt: the Cr¥0,>~
tetrahedra in LaCrO,4 have C; symmetry of four different Cr—O
bond lengths; the tetrahedra in NdCrO,4 have D,4 symmetry
with four Cr—O bonds of the same length.’ Structural models
are shown in Fig. 1. The mixed valence Nd,;_,Ca,CrO,
(x=0.02-0.2) compounds have a structure similar to
NdCrO,4 and with different lattice parameters.'® These mixed
valence compounds form two types of tetrahedra, Cr¥0,>~ and
Cr¥'0427, which are distributed randomly in the zircon-type
structure.'®

The electric conductivity, g, of LaCrO4 and Nd;_,Ca,CrOy4
(x=0-0.2) showed that these oxides have semiconductor
characteristics in the 300-600 K range, as shown in Fig. 2(a).
The current-voltage relationships were ohmic throughout and
no boundary effects were observed in any measurements. The
values in Fig. 2(a) are apparent values due to the low density of
the samples, but they allow an evaluation of the electric
conductivity of the compounds. Plots of the electric con-
ductivity of LaCrO4 and NdCrO, against the reciprocal of the
temperature conform to an Arrhenius-type equation, and the
conductivity is in the order of 107°-10"¢Scem™! at ambient
temperature, as listed in Table 2, and this is similar to the
conductivity of Si.>! The activation energies obtained from
Fig. 2(a) are about 18kJmol ' for LaCrO, and about
20kImol™! for NdCrO4. The electric conductivity of
Nd;_,Ca,CrO4 (x=0.1, 0.2) is at least 20 times larger and
the activation energy is smaller than with NdCrO,. Fig. 2(b)
shows time-variations of ¢ at 473 K under flowing dry O, for
LaCrO4 and Nd;_,Ca,CrO4 (x=0-0.2). The variations in ¢
are very small, indicating that the electric conductivity cannot

Table 1 Chemical composition of LaCrO4 and Nd;_,Ca,CrO4 (x=0—
0.2)

Ideal Experimental

LaCrOy

NdCrO, (x=0)
Ndo_gCaQ]CI‘O4 (X =0. 1)
Ndo_gCﬁo(zCl‘O4 (X = 02)

Lag.997¢1 )Cfl 10003.99(1
Ndo.9941)Cr1.0003.99(2)
Nd0.893(1 )Cao,094(2)cr| .0003.98(1)
Nd0.792(2)C30.208(2)CT1 .0003.99(1)

Fig. 1 Perspective projection of (a) monazite-type LaCrO, and (b)
zircon-type NdCrO4 in a 2x2x2 unit cell. Gray spheres show
lanthanide ions and tetrahedra are CrO,>~ units.

be attributed to protons or other ionic species and that the
carriers in these compounds are electrons or holes.

The plots of the Seebeck coefficient, S, against the reciprocal
of the temperature are shown in Fig. 3. The Seebeck
coefficients for all compounds are larger than those observed
for metallic materials and are within the range of commonly
known semiconductors, a few tens to hundreds of pV K ' In
the measured temperature range, LaCrO4 and NdCrO,4 have
negative Seebeck coefficients, indicating that the main carriers
are electrons. The values of S for these two oxides become less
negative with increasing temperature. The temperature depen-
dence of Nd;_,Ca,CrOy4 (x=0.1, 0.2) is small and opposite of
LaCrO4 and NdCrO,, though the values are negative in the
300-600 K range.

At relatively high temperatures, the temperature dependence
of the carrier mobility is known to be much smaller than that of
the number of carriers, and carrier mobility can be disregarded
in semiconductors.?! The large temperature dependence of S
for LaCrO,4 and NdCrO, suggests that the number of mobile
electrons increases with increasing temperature. When mobility
is approximated as constant in a finite temperature range, the
Seebeck coefficient of an n-type semiconductor, S, is expressed

by
 (E—E¢ 1
So=— (BB L) n

where e is the electric charge on a electron, E. is the potential at
the bottom of the conduction band and Ef. is the Fermi energy
in an n-type semiconductor,?? and r is a kinetic term which is
assumed to be independent of temperature.”> The Seebeck
coefficients of LaCrO, and NdCrO, are proportional to the
reciprocal of the temperature (Fig.3) in agreement with
eqn. (1). This indicates that electrons transport through a
band in both compounds. West ez al. have suggested that d'
electrons in Li;CrO4 move by hopping directly between Cr
sites, but no Seebeck voltage or other related properties were
reported.'”” When an unpaired electron on Cr¥ migrates to
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Fig. 2 (a) Arrhenius plots of the electric conductivity at 300-600 K,
and (b) time dependence of electric conductivity at 473 K for LaCrOy4
(O), NdCrO4 (D), Nd0.9Ca0.1Cr04 ( V) and Nd0,8Ca0A2CrO4 (.) in dry

0,.

neighboring localized Cr 3d orbitals by hopping in the two
oxides here, the Seebeck coefficient, Sp,p, is expressed by

Shop = Fin (L) )

e Nioc — e

where n, and N, are the concentration of electrons and sites
contributing to hopping transport with k& the Boltzmann
constant, all terms being independent of temperature at
relatively high temperatures.>® Therefore, if the hopping
mechanism is controlling the conductivity, Si., should be a
small constant value in a specific temperature range.?® This is
inconsistent with the observed Seebeck coefficients for LaCrO,
and NdCrO, in Fig. 3. The results up to 600 K suggest that the
electric conductivity of LaCrO4 and NdCrO, is due to a band-
like transport of electrons, and not hopping between localized
states. Accordingly, LaCrO4 and NdCrO4 may be categorized
as intrinsic n-type semiconductors. It must be noted here that

Table 2 Electric conductivity at 300 K, o300, and activation energy, E,,
for LaCrO4 and Nd;_,Ca,CrO4 (x=0-0.2)

G300/S cm ! E,/kJ mol™!
LaCrO, 1.7x1073 18
NdCrO, (x=0) 24x107° 20
Ndg.oCagCrOy4 (x=0.1) 34x107° 15
Nd, sCag »CrO, (x=0.2) 6.9x107° 15
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Fig. 3 Seebeck coefficients of LaCrO4 (O), NdCrO4 (), NdgoCay ;-
CrO,4 (V) and NdygCa(,CrO, (@) as a function of the reciprocal
temperature (300-600 K).

normally monazite-type and zircon-type oxides such as LnXO,
(Ln=La"™Lu™, ere., X=VV, PV, AsY, etc.) are insulators
below 900 K>+

The conductivities of LaCrO,4 and NdCrO, can be expressed
by

E,
o=ep,N.exp ( — ﬁ) 3

where g, is the mobility of electrons, NV, is the total number of
donor electrons, and E, is the conductivity gap which is
observed as the activation energy for LaCrO4 and NdCrOy4 in
Fig. 2(a).??

In Nd,_,Ca,CrO4 (x=0.1 and 0.2), it is possible that the
Cr¥—Cr"! mixed valence states supply the charge exchange
between the two valence states as hole hopping. The
conductivity based on the hopping transport is given by

a:A[ne][ane]T_yzexp(f5—}) 4)
where A is a constant related to the probability of hopping and
E, is the activation energy of the hopping.?* Arrhenius plots of
¢ for Nd,_,Ca,CrO4 (x=0.1, 0.2) are shown in Fig. 2(a).
These show good linear relationships between loge and 7!
because of the small difference between logeT and logo in the
narrow range of T ! and are consistent with eqn. (4). The
activation energy is about 15 kJ mol~! for both. The Seebeck
coefficients of Nd,_,Ca,CrO4 (x=0.1 and 0.2) in Fig. 3,
however, do not agree with eqn. (2). The Seebeck coefficients
are negative at 300-600 K and become more negative with
increasing temperature (Fig. 3), though the dependence is less
significant. Consequently, it may be postulated that Nd,_,Ca,-
CrO4 (x=0.1 and 0.2) are mixed conductors with both hole
hopping and band-like transport of electrons. The net Seebeck
coefficient, Sy, for such a mixed conduction system is given by

R g
Sa= T2 TS )
where the superscripts + and — indicate terms arising from
holes and electrons, respectively.22 In Nd;_,Ca,CrO4 (x=0.1,
0.2), the conduction of hole is by hopping, so that S~ >»S™*.
Then, eqn. (5) may be rewritten as eqn. (6).%'
g~ S~
St (©)
The terms ¢, ¢ and S~ are expressed by eqn. (7), (8) and (9)
as

E,
G =00 €Xp < - k_;-v) (0e0 =enyt,) @)



ot =opoT ! exp<f %) (010 = A[ne][N —ne)) (®)

—E ) si=n O

1
ST =— (SCOT +Scl> (SCO

_050(560% +Sel) exp(— 1\E_7g'>

Geo exp(— kE—;) +on T~ exp(— £2)

O¢() Eang
r——Seo+SaT —_—
GhO( 0 1 Oel )exp( kT )

Stol =

Substituting eqn. (7)—(9) into eqn. (6), Sy is expressed by
eqn. (10).

The 09, Sep and S.; terms correspond to the values for
undoped NdCrOy: o is estimated from the y-intercept of the
Arrhenius plots of the conductivity; S.o from the slope of the
approximated line of the Seebeck coefficient; and S, from the
y-intercept of this line. The gy, term can be estimated from the
y-intercept of the Arrhenius plots of ¢7 for Nd;_,Ca,CrO,.
Using these values of o9, Seo, Sei and E, for NdCrO,, andoyg
and E, for Nd;_,Ca,CrQOy,, the S, value can be calculated as a
function of temperature. The result for Nd;_,.Ca,CrO,
(x=0.1) is shown as the broken line in Fig. 3. It does not
coincide with the observed values but represents the change of
Seebeck coefficient against temperature well.

The mixed valence Nd;_,Ca,CrO4 (x=0.1 and 0.2)
compounds are considered to be unique mixed conductors.
The above results for LaCrO4 and Nd;_,Ca,CrO4 (x=0-0.2)
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Fig. 4 (a) Temperature dependence of reciprocal molar susceptibility,
%!, and (b) molar susceptibility, i, of LaCrO,.

Table 3 Magnetic parameters of LaCrO4 and Nd;_,Ca,CrOy4 (x=0—

0.2)

,utot()/HB luCrQ/.uB 0/K
LaCrO, 1.73 1.73 5.35
NdCrO4 (x=0) 4.06 1.71 —48.6
Ndg 9Cag CrOy4 (x=0.1) 3.91 1.63 —36.6
Ndo ¢Cag,CrO, (x=0.2) 371 1.55 —42.1

indicate that Cr 3d states are degenerate and a relatively wide
empty band extends above the degenerate states. The detailed
conduction mechanism will be discussed below.

Magnetic properies

The temperature dependence of the reciprocal molar suscept-
ibility, !, for LaCrO, is shown in Fig. 4(a). In a very wide
range from 20 to 300 K, LaCrO,4 obeys the Curie-Weiss law,
consistent with the localized spin characteristics. The observed
magnetic moment was uc,’ = 1.73 up (ug is a Bohr magneton)
and the Curie temperature 0=15.35 K. The observed magnetic
moment is in good agreement with the theoretical magnetic
moment for Cr¥ ions, ey =1.72 pp, indicating that the
unpaired electrons remain localized on the Cr sublattices up to
300 K and probably also at higher temperatures. Below 20 K,
the net molar susceptibility showed a maximum at 4.9 K, as
shown in Fig. 4(b), indicating a typical antiferromagnetic
transition.’” These results indicate that antiferromagnetic
ordering takes place due to interaction among Cr" sublattices
below the Néel temperature, 25 K. The magnetic parameters
are summarized in Table 3.

The z "' vs. T plots obtained here for Nd, _ Ca,CrO, (x=0-

—Illllllll'lllllrlll'lrITlllll}

200 4= @

[y
L
(=]

7~ /emu~1 mol

8

~‘ll|llllllllﬁlfl|
II‘IlIlll"

50 100 150 200 250 300

go_llllrllllllllllll

80 ® —

y~/emu~! mol

Fig. 5 Temperature dependence of reciprocal molar susceptibility, 7!,
of NdCrOy4 (O), Ndg9Cag1CrO4 (+) and NdygCap,CrOy4 (V) in the
ranges (a) 2-300 K and (b) 2-90 K.
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Fig. 6 Plots of the magnetic moment on Cr atoms in Nd,_,Ca,CrO,
(x=0-0.2) as a function of calcium content, x. (®) and (—) show the
observed moment, uc,° and the theoretical one, uc,', respectively.

0.2) are shown in Figs. 5(a) and (b), where the results of
NdCrO, are consistent with the previous reports.'>!* Above
50 K, NdCrOy also obeys the Curie-Weiss law, with a Curie
temperature of = —48.6 K. The negative Curie temperature
and the downward deviation from the Curie-Weiss law below
50 K are due to antiferromagnetic interaction in the Cr"
sublattices. No apparent maximum due to the antiferromag-
netic transition is observed in NdCrO, because there is no
ordering in the Nd™ sublattices.?® After correcting for the
contribution of Nd™ jons with the ung' (3.68 up, reported by

(@ ¢

Fig. 7 Periodic short O-O arrays on (a) the 200 or 040 planes in
NdCrO,4, and along (bl) the diagonals between the —a- and c-
directions, and (b2) b-axis in LaCrO,. The broken lines indicate the
short O-O distances. Here, the size of all atoms was relatively reduced
down to 50%.
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Van Vleck?®) obtained from the observed total magnetic
moment, o, the uc® of 1.71 ug agrees well with the uc,' in
LaCrO,4. The magnetic behavior of Nd;_,Ca,CrO4 (x=0.1,
0.2) resembles NdCrQOy; both obey the Curie-Weiss law above
the Néel temperature, and show an antiferromagnetic transi-
tion below the Néel temperature. The uc,® value is calculated
by eqn. (11) and plotted as a function of Ca content (analytical
values in Table 1), x, in Fig. 6.

() = (o) — (ind )

(k)= \/ (o?)* —(1—x) (3.68)*

The uc° decreases with increasing x, and lies on the
1.72(1—x)"? line in Fig. 6. These results indicate that the
unpaired electrons are localized on the Cr atoms in all four
compounds, and that Cr 3d states are degenerate.

(11)

The mechanism of electronic conduction

As described above, LaCrO4 and NdCrO,4 behave as n-type
semiconductors, while most monazite- and zircon-type oxides
are insulators.”*2° The electronic conduction of LaCrOy4 and
NdCrO,4 can be explained by electrons being excited from
degenerate states into the conduction band, through which
electrons transport. Since both compounds have an unpaired
electron of Cr" in a d' configuration and the degeneration of
the d states is indicated by the magnetic behavior, this unpaired
electron must migrate. This model requires a wide empty band
above the Fermi level. The contribution of the Ln 4f states to
such a band can be neglected like with perovskite-type
LnMO;,*® because the 4f states degenerate strongly and
cannot form a wide band. The La sites in LaCrO, are strongly
ionic, as reported for other monazite-type compounds like
LaPO,, LaVO, and others,?®3!"32 and the Cr 3d orbitals also
cannot be expected to form a wide band in LnCrQOy. One reason
why monazite- and zircon-type oxides are intrinsically
insulators is that there is no linkage like the —O-Metal-O—
link in the structure that could form a wide d band (Fig. 1). In
LaCrO4 and Nd;_,Ca,CrO4 (x=0-0.2), the Cr 3d states are
degenerate, as indicated by the results that holes in these states

1.0 — Cl DZJ Td
= 4, (drer, dox)
08 = — o—
LUMO
7 06— —-ee——-e- 2a, (po*)
0.4 4
SOMO
— 2e(dn¥

=== 3t, It; (non bonding)

Hartree-Fock energy (arb. units

02 T T === le(pm, 21, (pm), 2¢(dn)
= 2t, (po)

0.0 - 2a : (po)

0.2 —

-0.4 —

0.6 — ——— Ia’, Itz (os)

Fig. 8 Energy diagram of a MO for Ty, D»q and C; symmetric CrO4>~
clusters, calculated by the HF/6-311G* method.



(a) spin density

(b) SOMO

(<) LUMO

overlap

Fig. 9 Calculated spin densities on each atom (a), shape of the SOMO (b), and the LUMO (c) for the (CrO4> "), (n=2, 3) along the 200 or 040 planes
in NdCrO,. In (b) and (c), the solid and broken lines indicate the signs of wave function as + and —, respectively.

transport by the hopping mechanism in Nd;_,Ca,CrO4
(x=0.1, 0.2) and as all compounds display Curie-Weiss
magnetism, as shown in Figs. 2-5. Accordingly, a detailed
explanation of why a conduction band forms must be
attempted to explain the semiconductivity in LnCrOy.

It is possible that a conduction band is formed by the
contribution of the O 2p states. Generally, O 2p states do not
form an empty conduction band, as the O 2p states are filled up
in the ionic O*~ configuration. Considering the chemical and
structural features of LnCrOy,4, however, it is possible that an
unpaired electron transports from one CrO,’~ unit to a
neighboring one through the O 2p orbital. Atanasov used the
CI and CASSCF methods with the Ty symmetric CrO,>~-4H™*

cluster to calculate that the ratio of the ionic d' configuration
was only 45% in the ground state, and that the ligand-to-metal
charge-transfer (LMCT) states, mainly d°L and d°L? (L is a
ligand hole) configurations, were intermixed in the ionic d'
configuration.®*3* This presents the possibility that the
unoccupied O 2p states are created by LMCT states being
intermixed in the ground state of LnCrOy,. As shown in Fig. 7,
periodic short O-O’ arrays (the prime indicates the oxygen
atom of the neighboring CrO,>~ unit) are found in both the 200
and 040 planes [Fig. 7(a)] of NdCrOy, and along the diagonals
connecting between the a- and c-directions [Fig. 7(b1)], and the
b-axis [Fig. 7(b2)] of LaCrO,4. The distances of these O-O’
arrays in Figs. 7(a), (bl) and (b2) are only 0.274, 0.271 and
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0.292 nm, respectively,” and comparable to the 0.270 nm of a
close-packed O-O distance (C.N. 2).>> Therefore, it may be
assumed that the conduction band of the antibonding O 2p
states is created by intermixing of LMCT states and interaction
between oxygen atoms of the neighboring CrO,*~ units. The
conduction band of NaCuO, containing the high valence state
of Cu™ originates in the O 2p, where Cu'"" causes the mixing of
LMCT states such as d’°L or d'°L? into the ionic d®
configuration in the ground state.’ To justify this model, it is
necessary to ensure that the HOMO (highest occupied
molecular orbital) is of Cr 3d origin and that the LUMO
(lowest unoccupied molecular orbital) is of O 2p origin in the
ground state of a CrO,*” unit, and that HOMO localized on
one unit and LUMO on the other overlap each other along
short O-O arrays, as in Fig. 7.

The energy diagrams of molecular orbitals for CrO,>~
clusters are shown in Fig. 8. The electronic configuration of a
MO of a T4 symmeric cluster is described as shown in Fig. § by
a population analysis using SCF density and referring to ref. 36
as follows:

(lap)* (1) (2a)* (2t)" (1e)° (3t 1t1)"* (2¢) (2¢)' (2a,) (4t,)

Here, la; and 1t, (os), 2a;, 2t, and le (po or po*, po+ pn and
po respectively), 3t, and t; (non-bonding p) all originate from
oxygen; and 2e (dn or drn*) and 4t, (do*) mainly from
chromium. It must be noted that the SOMO (singly occupied
molecular orbital) is composed of Cr dn* states (2e), while the
LUMO is identified as a 2a; symmetric pc* state of oxygen at
the ground state. When the symmetry changes from 74 to Doy
and Cj, which are isomorphous with NdCrO,4 and LaCrO,,
respectively, the energy levels of the MOs were slightly changed
but the electronic configurations did not change. These results
indicate that some electrons on O 2p transfer onto Cr 3d, that
the LMCT states are intermixed in the ground state. The
energy diagrams in Fig. 8 are consistent with the report by
Atanasov.**

The shapes of the spin density map, SOMO (n* states) and
LUMO (o* states), were calculated at the HF/STO-3G level for
dimer and trimer models. The calculations were carried out
without Nd** ions, using XRD data’ for the atomic positions.
The spin density on Cr atoms was +1.17 and on O atoms
—0.04, indicating that unpaired electrons are mostly localized
on the d orbital of Cr (SOMO) as shown in Fig. 9(a). Fig. 9(b)
shows the equivalent isosurfaces of SOMOs in a dimer and in a
trimer of the CrO437 unit. In both clusters, the SOMO is
created by the out-of-phase interaction between clusters: the
orbitals of the CrO,*” unit in the clusters are completely
separated by a node as shown in Fig. 9(b). The LUMO is
widely delocalized above the clusters as shown in Fig. 9(c).
These results strongly indicate that an unpaired electron in the

dn* or o band

electron transport

e —>»
degenerate

electron excitation
/ dm states

—— —o— —— —o—

[ ooimgozhnd |

Fig. 10 Qualitative band model of LaCrO,4 and Nd;_,Ca,CrOy4 (x=0—
0.2).

po# band | C.B.
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Fig. 11 Arrow 1, pathway for band-like electronic transport in
Nd,_.Ca,CrO4 (x=0-0.2), and arrow 2 for hole hopping in
Nd,;-,Ca,CrO4 (x=0.1 and 0.2).

SOMO does not contribute to the electronic conductivity,
whereas that in the LUMO is easily transferred to the
conduction band composed of the LUMO and two low-lying
excited states.

The structure of LaCrO, is very distorted and the
calculations for a dimer and a trimer of CrO4>~ units along
the planes in Figs. 7(b1) and (b2) do not converge. The pc* and
drn* states in LaCrO,4, however, would be situated as in
NdCrQ,, as seen in the experimental results in Figs. 2 and 3,
and the chemical features do not show an apparent difference
between the two.

Based on the experimental and calculated results, the band
scheme for LaCrO,4 and NdCrQy, is shown idealized in Fig. 10.
The top of the valence band mainly consists of Cr dr* states,
and the bottom of the conduction band of O pc* states. The
band in Fig. 10 leads to a mechanism of semiconductivity
where the unpaired electrons on the Cr dn* states excite into
the conduction band of the pc* states and transport through
that band. Fig. 9 and 10 show that in electronic conduction of
Nd;-Ca,CrO4 (x=0.1, 0.2) hopping conduction of holes can
occur between the degenerate dn* states together with band-
like transport of electrons with a mechanism like that in
NdCrOy4. The band model in Fig. 10 is not quantitative, but
appears to be the most likely from the electronic and magnetic
behaviors of all four compounds in the present work.

With the calculated shape of the SOMOs and LUMOs in
Fig. 9 the conduction pathway in NdCrO4 becomes much
clearer and it spreads over the 200 and 040 planes. An unpaired
electron on a Cr atom in the SOMO migrates onto an O atom,
and it transfers to the O atom in the neighboring CrO,>~ unit
through the LUMO, as shown by arrow 1 in Fig. 11. This
model accommodates the structural features of NdCrO,4 and
LaCrO4. The pathway with hole hopping in Nd;_,Ca,CrO,
(x=0.1, 0.2) is described by arrow 2 in Fig. 11.

Conclusions

Monazite-type LaCrO4 and zircon-type NdCrO,4 behave as
semiconductors with activation energies of ca. 18 and
20 kJ mol ™!, respectively. Seebeck coefficients suggested that
the main carriers in both compounds are electrons, which
transport through the conduction band, and that both are n-
type semiconductors. Mixed valence compounds, Nd;_,Ca,.
CrO4 (x=0.1, 0.2), also behave as semiconductors, but two
types of conduction—a band-like transport of electrons and a
hopping of holes due to the mixed valences of the chromium—
were found to occur together. The reciprocal of the magnetic



susceptibility of all the compounds obeyed Curie-Weiss law
but the compounds had Néel temperatures below which
transition to antiferromagnetic ordering took place. This
suggests that unpaired electrons from Cr" ions remain localized
on Cr atoms. The energy diagrams of the MO for CrO,°~
clusters calculated by the HF/6-311G* method revealed that
the LMCT states can intermix into the ionic d' configuration,
because the LUMO can be assigned to the pc* state (O 2p
origin) and the HOMO to the dn*. The structures of LaCrO,
and NdCrO,4 would make the pc* states advantageous in the
creation of the conduction band because of the short distances
between oxygen atoms in the neighboring CrO,>~ units, which
array periodically in particular planes or along specific
directions in both compounds. The orbital shapes of the
SOMO and LUMO and the spin densities were calculated for
dimer and trimer models of the CrO,>~ unit on the 200 plane of
NdCrO,4. Most of the spin is localized on the Cr atoms in each
model. The LUMO spreads throughout both the dimer and the
trimer of the CrO,>~ unit, while SOMOs have nodes and the
orbitals of CrO4>~ unit in the clusters are completely separated
by these nodes. These results indicate that the pc™* states can
form a wide conduction band and that the dn* states are
degenerate at the top of the valence band. Therefore, the
mechanism of electronic conduction in NdCrQO, is that the
unpaired electrons on the degenerate dn* states are excited into
the pc* band and transport through it, and the mechanism for
LaCrO, will be the same. Electrons move from one CrO4>~
unit to another through the overlapping pc* states along the
200 plane. Mixed valence compounds, Nd;_,Ca,CrO4 (x=0.1
and 0.2), show a mixed conduction mechanism where holes on
chromium, introduced by the mixed valence, hop between the
degenerate dm* states acting together with the band-like
transport of electrons. The LMCT states play an important
role in creating the unoccupied O 2p states which enable
electron conduction.
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