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Assuming that structural distortions are involved in a large
class of metal—insulator transitions as well as in the stabilization
of the local electronic configuration of a given cation leads the
authors to look for a chemical system appropriate for investigat-
ing the interplay between both effects. The chosen cobaltite,
TISr,CoOs, undergoes a first order phase transition near room
temperature involving steep changes and a hysteresis loop in the
temperature dependencies of the magnetic susceptibility and of
the electrical resistivity. The low temperature o-phase is an
antiferromagnetic semiconductor and the high temperature #-
phase is a metal with dominant ferromagnetic interactions. Elec-
tronic structure was calculated using the extended Hiickel tight-
binding method. The metallic character of the z-phase can be
explained by the delocalization of some of the d-electrons of
Co**-ions in a 6%_,. band and the strong ferromagnetic interac-
tions can be ascribed to an indirect coupling of the localized
moments via itinerant electrons. The electronic configuration of
cobalt ions can be regarded as intermediate between high-spin
and intermediate-spin states in the z-phase. In the low temper-
ature phase it disproportionates into a purely high-spin state and
a purely intermediate-spin state for Co** ions located in two
different sites, the features of which respectively accommodate

each electronic configuration. © 1999 Academic Press

1. INTRODUCTION

Electronic states in solids can be described either in terms
of localized orbitals (e.g., atomic orbitals) or in terms of
extended states (e.g., Bloch functions). Generally the first
type of description is appropriate for the interpretation of
electronic properties of insulators such as magnetic proper-
ties. The second one is more pertinent for explaining elec-
tronic transport involving band-type conduction like in
metals or semiconductors and hence for describing a num-
ber of metal-insulator (MI) transitions. In this paper we

!To whom correspondence should be addressed.
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mainly deal with MI transitions monitored by a temper-
ature change. Among them can be found MI transitions
where a metallic-type state is associated with the occurrence
of a ferromagnetic long range ordering like in the well-
known manganites exhibiting giant magnetoresistance. In
this case the metallic-type state is observed at low temper-
ature as carrier scattering by the local spins (due to
t2, electrons of Mn ions) is reduced by the long range
ordering, whereas in the other cases it occurs above the
transition temperature (Ty), the system being insulating at
0 K.

Most of the temperature dependent MI transitions in-
volve a rather distorted phase at low temperatures and
a more symmetric one above Ty, Actually the distorted
phase is stable at 0 K as it corresponds to the lowest energy
of the electronic system. In other words the gain in elec-
tronic energy overcomes the loss of elastic energy required
to distort the crystal structure. The insulating character of
the low temperature (LT) phase results from the splitting of
the conduction band by the translational symmetry, the
specimen of such transitions being the well-known Peierls
transition.

On the other hand, the local electronic configuration and
spin state depend on the strength of the crystal field and on
the site distortion. The purpose of the present paper is to
discuss on the basis of recent experimental data and ex-
tended Hiickel tight-binding (EHTB) calculations the inter-
play between the local electronic configuration involving
mainly atomic orbitals and the occurrence of a metalic state
involving collective electronic levels.

2. CHOOSING THE CHEMICAL SYSTEM

In some respects, our aim is to investigate how a change
in the local electronic configuration, via atomic displace-
ments, could lead to a MI transition. For that purpose we
have looked for a cation that can exhibit various electronic
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FIG. 1. Possible electronic configurations of Co** ions.

configurations and for which a strong electron-phonon
coupling is expected. Cobalt III seemed a promising choice
as, for instance, when it is surrounded by six oxygen atoms,
it may exhibit three different spin states depending on the
site symmetry (1).

The Co>" ions has six electrons in the 3d shell. In the free
ion the five 3d orbitals are degenerate. According to Hund’s
rule the ground state of the free ion has a S = 2 spin value
corresponding to the high spin (HS) configuration (Fig. 1). If
the six oxygen atoms are located at the corner of a regular
octahedron (O, symmetry) the d orbitals oriented toward
the ligands are less stable and provided that the stabilization
energy arising from the crystal field parameter, Dq, remains
smaller than the variation of the exchange energy, the elec-
tronic configuration is t3,e; and the HS state is preserved.
For large enough values of Dq, a tS,e) configuration can
become the ground state and a low spin (LS) (S = 0) state is
observed.

When the octahedron is elongated, e.g., along the z-axis,
an intermediate spin (IS) (S = 1) configuration can be stabil-
ized (Fig. 1).

In order to induce such an axial distortion we chose
a simple layer structure, that of the 1201 thallium cuprate,
TISr,CuOs. This structure contains perovskite-type
(Sr,CuO,)~ slabs linked by Tl atoms located in (T1O)* layers
(Fig. 2). The large anisotropy of the structure favors a strong
elongation of the oxygen octahedra surrounding the 3d-
transition element. Such a feature can hardly occur in a real
perovskite compound where the site distortion, if any, is
small and rather dynamic as, for instance, in LaCoQO3 where
the fluctuations of the Co-O distances do not seem to lead
to a well-established long range ordering (2). In the 1201
structure, the occurrence of two long axial Co-O distances
is enhanced by the existence of strongly covalent axial TI-O
bonds.
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Another reason for the choice of this structure is a
possible contribution to the understanding of high T,
superconductors owing to the structural analogy and the
expectation of strong electron—phonon interactions with
Co’".

3. SAMPLE PREPARATION AND CHARACTERIZATION

Preparation and chemical analysis of TISr,CoOs5 were
described elsewhere (3). The investigated sample is slightly
thallium deficient, which results in an average oxidation
state of cobalt higher than 3, actually of about 3.05.

TISr,Co0O5 undergoes a first-order phase transition near
room temperature characterized by steep changes in the
temperature dependence of the magnetic susceptibility and
of the electrical resistivity and by a hysteresis loop (4)
(Fig. 3).

The high temperature (HT) form (or ¢-phase) has a tetrag-
onal unit cell that can be described with a P4/mmm space
group already reported for the cuprate analogues. As ex-
pected, Co®** ions occupy elongated octahedra with four
equatorial short distances and two axial long distances
(Fig. 4).

The LT form was first described with a unit cell similar to
that of the t-phase, but with a significantly larger cell vol-
ume. An electron diffraction study showed that the actual
unit cell is rather orthorhombic with lattice parameters
related to that of the tetragonal cell by the following equa-
tion (5):

(ao bo Co) = (at bt cl) -
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FIG. 2. Structure of the 1201 thallium cuprate TISr,CuOs.
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Reflection conditions showed that the Bravais lattice is
centered, two space groups being possible (Cmcem and
Cmc2,). A Rietveld refinement of high resolution X-ray
synchrotron data using the most symmetrical space group
(Cmcem) leads to two different sites for the Co atoms (5).
A drawing of the Co-O layers is given in Fig. 5. Site I
—occupied by one third of the cobalt atoms—is an elon-
gated octahedron characterized by four very short equato-
rial Co-O distances of 1.79 A. Site II no longer has a Dy,
point symmetry, one of the Co-O distances becoming very
long (2.47 A) and thus leading rather to a 5-fold coordina-
tion (Fig. 4). The average Co-O distance is much shorter for
site I (1.91 A) than for site IT (2.04 A) the latter being very
close to that in that t-phase (2.03 A).

4. BAND STRUCTURE CALCULATIONS

Band structure calculations were performed with the
EHTB method (6-8). As the EHTB method uses the com-
plete structural and chemical data (i.e., atomic orbitals and
their overlap) it is well suited for the study of the interplay
between electronic and crystal structures, in relation with
chemical bonding features (9-12). It gives a quantitative
information about quantities governed by the topology of
interactions: hybridizations, band shape, Fermi surface, etc.
However, it is not of the self-consistent field type and, for the
study of energetic quantities such as band widths, band
gaps, and crystal field parameter, it should be used only in
a comparative strategy. This is the case in the present paper
where the density of states (DOS) curves showing the contri-
butions of the different d orbitals of the cobalt atoms were
computed for the HT and LT phases of TISr,CoOs and
compared.

The full crystal structures of TISr,CoOs5 at high and low
temperatures were used for the computation. A 550 k-points
grid was used to represent the irreducible wedge of the
tetragonal Brillouin zone for the t-phase. For the LT

FIG. 3. Temperature dependencies of the magnetic susceptibility (a)
and of the electrical resistivity (b) of TISr,CoOs. Hysteresis effect around
room temperature (c).
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FIG.5. Drawing of a CoO, layer in the o-phase. Site I is shown in gray.

structure, a 504 k-points grid was used for half a primitive
unit cell of the reciprocal lattice. Extended Hiickel para-
meters are given in Table 1. Calculations were performed on
a CRAY-T3E computer, with a code adapted from the
EHMACC program (No. 571 from the Quantum Chemistry
Exchange Program).

In the t-phase Co** ions occupy a single type of site of
D, symmetry. Projected DOS for cobalt 3d-orbitals are
given in Fig. 6a. Bands originating from thallium 6s orbitals
are found above — 9 eV and those originating from oxygen
2p orbitals lie between — 14 and — 17 eV. As a result of the
strong elongation of the CoOg4 octahedra the d,- band drops
and overlaps the d,,, d,,,, ones. On the contrary the anti-
bonding o _ . band is lifted at a much higher energy as it
involves the strongest overlaps between Co:3d and O:2p
orbitals arising from the four short equatorial Co-O distan-
ces. Despite its narrowness it corresponds to itinerant elec-
tronic states with large effective mass. Such a result can be
ascribed to the interactions of 3d orbitals of the metal with
the 2s orbitals of oxygen that lead to a smaller dispersion,
whereas the overlap increases, as already discussed by two
of us (11).

TABLE 1
Extended Hiickel Parameters: Energies and ¢ Exponents
of Slater-Type Atomic Orbitals

Element Orbital H;; (eV) Giley)
Tl 6s — 11.60 2.30
6p —5.80 1.60
Sr Ss —6.62 1.214
5p —3.92 1.214
Co 3d —13.18 5.55 (0.5679)
2.10 (0.6059)
4s —9.21 2.00
4p —5.29 2.000
O 2s —32.30 2.275
2p — 14.80 2.275

Note. Coefficients of double-{ expansions are given in brackets.
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FIG. 6. Contributions of the 3d orbitals to the DOS for the ¢-phase (on
the left-hand side) and for the o-phase (on the right-hand side where the
thin line corresponds to site I and the bold line to site 1I).

In the LT phase two different surroundings are available
for Co** ions (Fig. 4) and each of them leads to a band
diagram reflecting the site environment as illustrated in Fig.
6b. The o _,. band corresponding to site I is strongly
shifted upwards by the very short Co-O equatorial distan-
ces. The splitting of most of the bands associated with site I1
accounts for the existence of two different apical distances.
The bands are narrower for sites I that are isolated than for
sites II that form zigzag chains.

The results of this EHTB calculation are further discussed
and used for interpreting the physical properties of the
investigated material in the following.

5. DISCUSSION
5.1. Magnetic Behavior

The magnetic susceptibility of the metallic t-phase follows
a Curie-Weiss law y = C/(T — 0) characterized by a molar
Curie constant C = 1.7 and a Weiss constant 6§ = 4200
K (Fig. 3). The latter denotes strong ferromagnetic interac-
tions in the CoO, planes. We already have ascribed them to
an indirect coupling of the local atomic spins via itinerant
electrons. Whether the interaction is better described by the
RKKY mechanism (13) or by the double-exchange mecha-
nism introduced by Zener (14) for interpreting the ferromag-
netic interaction in mixed valent manganites (parent
compounds of the CMR materials) is out of the scope of the
present paper. Nevertheless it should be emphasized that
the double-exchange mechanism can be viewed as the
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narrow-band limit (15) or as the low carrier-density limit
(16) of the RKKY interaction.

In order to account for the experimental C-value of 1.7,
Coutanceau et al. (4) assumed in a preliminary interpreta-
tion that all the Co** ions in the t-phase were in a high spin
state, that the electrons located in a broad unsplit
o%_,» band were itinerant, and that only the atomic local
spin (S = 3/2) contributed to the temperature-dependent
paramagnetism. In this model a spin-only value of C of
1.875 is expected (the 5% of cobalt (IV) atoms just leading
to a lowering of the Fermi level in the ¢}%_ . band), which is
not very far from the experimental data. However, we now
think that it is more correct considering that the Hund’s rule
coupling favors the polarization of the carrier spins in the
o _y» band and therefore that the itinerant electrons con-
tribute to the Curie constant. Now the only way to account
for the observed C-value is considering that each Co ion
contribute for less than one electron, say x electron (with
x < 1), to the conduction band, which implies that there are
more than one electron with minority spin function in the
localized d,,, d,, orbitals. This assumption may also be
sketched as follows. If we call o the majority spin function
and f the minority spin function the average electronic
configuration of cobalt ions can be written as

(dxza dyz)ozz (dxz: dyz)l% o (dxy)olc (dzz); (O-:(szyz );

A rigorous calculation of the theoretical value of the
Curie constant of such a system, which by comparison with
the experimental value would allow a determination of x, is
not straightforward. However, as according to our EHTB
calculations the % _ - is rather narrow and as the itinerant-
electron spins remain in some way coupled with the localiz-
ed-electron spins we will assume that, in a first simple
approach, a spin-only value of the Curie constant can be
computed if we regard the system as a mixture of x atoms in
a HS spin state with (1 — x) atoms in an IS state. A similar
procedure for the evaluation of the effective moment has
been previously used for the metallic phase of LaCoO3 (2).
Finally, this leads to x = 0.35 (or 0.38 if we take into ac-
count the small deviation from stoichiometry of our sample,
but the difference is not significant with respect to the
crudeness of the approximations).

The magnetic behavior of the LT o-phase is complex.
A kink at 150 K is due to the onset of a long-range spin
ordering that has been evidenced by a Mossbauer study of
a 3"Fe-doped sample (17). The susceptibility below 150
K decreases with decreasing temperature in a way more or
less similar to that expected for an antiferromagnet.

The behavior above 150 K is more difficult to interpret. It
was not possible to have a direct experimental determina-
tion of the spin states of Co®*-ions by EPR. However most
of the Co atoms must have an atomic spin differing from
zero in order to account for the large magnetic susceptibility
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of the material and for the high magnetic-ordering temper-
ature.

Let us first consider Co atoms in site I and compare their
status with that of Co atoms in the t-phase. We note that the
average Co-O distance is very close in both phases sugges-
ting a crystal field parameter on the same order of magni-
tude. For site II equatorial Co-O distances are larger than
in the t-phase. This suggests that for site II the ¢} _,. band
should drop to a lower energy, which is confirmed by the
EHTB calculation (Fig. 6). As the gj:_,. band is partly
occupied in the metallic phase we may conclude that Co®™*
ions in site II of the insulating phase are in a HS state.

Which is the electronic configuration in site I? With four
very short equatorial Co-O distances the ¢_,. band is
strongly shifted upward (Fig. 6) and therefore is very unlike-
ly occupied. Thus in site I the electronic configuration could
be either LS or IS, but we speculate that at 150 K the
proportion of IS ions is already large in sites I for the
following reason. Figure 5 shows that sites II form zigzag
chains along the a-axis and the Co-O-Co superexchange
interactions (with angles near 180°) involving half occupied
d.>_,» orbitals should be antiferromagnetic (18). If sites
I were occupied only by LS cations interchain coupling
would be small even within the CoO, planes. We think that
under such conditions one could hardly account for a 3D
long-range ordering setting on at a Néel temperature as
high as 150 K and therefore that a significant part of the
sites I is occupied by IS ions.

We may further speculate about the magnetic ordering at
low temperature. Site I-site II interactions involve an empty
and a half-filled orbital d,-_,. that, according to the well
known Goodenough-Kanamori rules, should be ferromag-
netic. Thus we may see the long range ordering in the CoO,
planes as antiferromagnetic double chains coupled fer-
romagnetically by site I Co atoms or alternatively ferromag-
netic triple chains coupled antiferromagnetically. CoO,
planes should be coupled antiferromagnetically to each
other as the superexchange (via a O-TI-O bonding) should
mainly involve half-filled d,- orbitals for all the cation types.

As the temperature increases above 150 K one would
have expected a decrease of the magnetic susceptibility
following a Curie-Weiss law. On the contrary it does not,
but it even tends to increase for temperatures above 240 K.
Such a behavior can mainly come from the formation of
increasing amounts of the HT phase which—even in small
quantities—can significantly contribute to the magnetic
susceptibility as it carries strong ferromagnetic interactions.

5.2. Electric Properties and the MI Transition

The metallic character of the HT t-phase is ascribed to
a delocalization of the electrons in the ¢} _ - band of Co**
ions. Using the temperature dependence of the Seebeck

coeflicient it is possible to show that this metallic behavior is
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FIG.7. Temperature dependence of the Seebeck coefficient of TISr,CoO5
showing a change of sign at the MI transition.

not due to the thallium deficiency and its resulting hole
formation as, for instance, in a degenerate semiconductor.
Actually, the Seebeck coeflicient is positive at low temper-
ature, which reveals that carriers in the insulating phase are
holes that we identify with Co*™ ions in agreement with the
above description (Fig. 7). However near room temperature
it changes sign showing that the HT form is a n-type metal
and holes are no longer the predominant charge carriers.
This result well agrees with our discussion of the magnetic
properties that led to about 0.35 electron per atom in the
o band. It may also be pointed out that assuming all the
cations are in a purely HS state encounters the following
difficulty. A half-filled ¢* band should split into two Hub-
bard bands and the system should be a Mott-Hubbard (or
a charge transfer) insulator that could become a p-type
degenerate semiconductor upon doping and the Seebeck
coeflicient should be positive. On the contrary in our model
only one sixth of the ¢* band is occupied and we predict
a metallic HT-phase even for an ideally stoichiometric
sample.

Then we depict the metallic phase as illustrated in Fig. 8.
Roughly, about two third of the Co cations are in an IS state
and one third in an HS state or, in order to account for the
metallic character, we could regard the latter as IS Co*™
plus one d-electron in the ¢* conduction band. This electron
may be the one that couples ferromagnetically the local
moments, but, if so, it is not obvious that the interaction
would be strong enough for giving rise to a Weiss constant
as large as 200 K. Actually we may easily imagine that the
ferromagnetic coupling is reinforced by the hopping of the
fourth electron occupying the (d,,, d,) orbitals onto a neigh-
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boring pseudo-HS cation. We emphasize that from a crys-
tallographic point of view there is a single site for Co atoms
in agreement with X-ray data, the fluctuations of the elec-
tronic states being dynamic in the same sense as, for in-
stance, one speaks of dynamic Jahn-Teller effect if one
considers intraatomic electron transfer or one speaks of
polaron hopping if one considers interatomic charge transfer.

Upon decreasing temperature some vibration modes sof-
ten and as usually expected a static distortion takes place
provided that it favors an electronic state of lower energy.
We have already given above a detailed description of the
LT phase. Comparing the two phases we may summarize
the characteristics of the MI transition:

— it is a first order transition with a structural change,

— the density of the HT phase is larger than that of the
LT phase. According to our picture this effect (that accounts
for a strong electron-phonon coupling) mainly results from
a decrease of the electron number in the ¢* antibonding
levels and from an electronic delocalization, both contribu-
ting to decrease the cation—anion distance.

— it is associated with a change of the sign of the mag-
netic interactions as the LT phase is an antiferromagnetic
insulator whereas the HT phase is a metal with dominant
ferromagnetic interactions,

— the sign of the Seebeck voltage changes, denoting
a transition from a p-type semiconductor to a n-type metal.

6. CONCLUSIONS

In the HT phase the electronic configuration of Co** ions
can be regarded as intermediate between high-spin and
intermediate-spin states. In the LT phase it disproportion-
ates into a high-spin state for Co** ions in site Il and an
intermediated-spin state for Co® " ions in site I. In some way
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FIG. 8. Picturing the electron delocalization and the spin states in the
metallic phase. Note the role that electrons in d,,, d,, orbitals could play for
enhancing the ferromagnetic coupling.



INTERPLAY BETWEEN LOCAL AND ITINERANT ELECTRONS

the MI transition can be viewed as the analog of a Peierls
transition in the sense that the stabilization of the electronic
system is at the expense of the structural distortion. How-
ever here the situation is more complex as not only band
states but also local electronic states play a major part in the
process.

As a conclusion we would like to emphasize the relevance
of the present compound and investigation to recent and
important challenges for materials chemistry such as high
T, superconductors and CMR materials where most of the
effects discussed here are present. So far as technological
applications are concerned the first order MI transition
occurring at room temperature could be of interest in the
field of sensors or information storage.
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