JOURNAL OF SOLID STATE CHEMISTRY 116, 224-23] (1995)

LaCoO; Revisited

M. A. Senaris-Rodriguez and J. B. Goodenough!

Center for Materials Science and Engineering, ETC 9.102., University of Texas at Austin, Austin, Texas 78712-1063

Received June 30, 1994; accepted August 12, 1994

Homogeneous samples of LaCoQ, were prepared from coprecipi-
tated precursors; they reveal that single-phase samples are re-
stricted to a narrow range of the [La)/[Co] ratio of about 1.0. A
first-order phase change near 1200 K only appears where Co,0,
is present as an impurity phase. Evolution with temperature from
all low-spin Co(lIl} at T = 0 K to 50% high-spin Co®* and 50%
intermediate-spin Co(I1I) above 650 K is monitored with magnetic
susceptibility, resistance, and thermopower measurements. Evi-
dence is found for a dynamic ordering of high-spin Co** and low-
spin Co(lll) in the intermediate-temperature interval 110 K <
T < 350 K. The lifetime of a Co’* ion decreases with increasing
temperature to a 7 < 107? sec for T > 200 K. The intermediate-
temperature phase is semiconductive with an E, = 0.14 eV for
excitations of hole-electron pairs. The holes are mobile; the elec-
trons are trapped as Co®* on high-spin sites until they recombine
with a mobile hole. The metallic high-temperature phase for T >
650 K is nucleated and grows with increasing temperature in the
interval 350 K < 7 < 650 K. ™ 1995 Acndemic Prex, ine,

INFTRODUCTION

Early work on LaCoQ, established the existence of a
transition from low-spin Co(III) to mostly high-spin Co**
with increasing temperature over the interval 0 K <
T < 650 K (1-7). However, at that time samples were
prepared by high-temperature ceramic techniques, which
made it difficult to control sample homogeneity and oxy-
gen stoichiometry. Consequently a subtle interpretation
of the evolution with temperature of the magnetic, struc-
tural, and transport properties that was proposed (6) has
since been debated by several groups (8-20) on the basis
of data that have varied somewhat from laboratory to lab-
oratory.

Four principal issues have been in contention:

(i) Are the localized spins evident at temperatures T <
15 K intrinsic to LaCoQ, or are they due to impurities
and/or bulk defects? If they are intrinsic, are they confined
to the surface of the LaCoO, particles?

(ii) Is there a temperature domain within which the
high-spin Co** and low-sin Co(I1) configurations become
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ordered, short-range, or long-range, on alternate Co ions
of the structure; and if so, what is this temperature in-
terval?

(iif} Does disproportionation of trivalent cobalt into di-
valent and tetravalent cobalt occur, and if so, to what
extent and in what temperature interval?

(iv) Is the observation of a first-order phase transition
near 1200 K, first reported for an apparently single-phase
sample of LaCoO,, due to a Co,0, impurity phase?

We report in this paper the magnetic and transport
properties of single-phase LaCoO, prepared from a copre-
cipitated precursor to ensure homogeneity; the samples
were analyzed thermogravimetrically and chemically to
ensure a stoichiometric 0Xygen content over the entire
temperature range 0 K < T < 1173 K.

Our data distinguish the following temperature do-
mains;

(i) 0 K < T < 35 K: The bulk cobalt are essentially
all low-spin Co(lIl), but localized spins associated with
surface cobalt order so as to give a weak ferromagnetism
a1 5 K.

(ii) 35 K < T < 110 K: The concentration of thermally -
excited high-spin Co’* configurations increases smoothly
with temperature, but the coordination of each high-spin
Co** ion by low-spin Co(lIlI) near neighbors resticts the
ratio of high-spin to total bulk cobalt to [Co**]/[Co] < 0.5.

(i) 110 K < T < 350 K: A mixture of approximately
50% high-spin and 50% low-spin cobalt forms an ordered
semiconductive phase that inhibits the further creation of
high-spin Co’* ions in this temperature interval; supple-
mentary data from the literature aré interpreted to indicate
that the ordering is short range with configuration fluctua-
tions at a high-spin Co®* ion having a lifetime that de-
creases with increasing temperature from 7 > 1078 sec at
T<200Ktor <10 %secat T> 200 K.

(iv) 350 K < T < 650 K: A metallic phase coexists with
the dynamically ordered semiconductive phase, and a
smooth change in physical properties occurs on crossing
the percolation threshold for the metallic phase near
450 K.

(v) T = 650 K: A homogeneous metallic phase contains,
at 650 K, high-spin cobalt alternating with intermediate-
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spin cobalt ions in an ordered array; the metallic conduc-
tion is attributed to a transition from fluctuating, localized
Co-3d configurations in the semiconductive phase to itin-
erant o* states in the metallic phase.

In addition, supplementary data from the literature indi-
cate that the two distinguishable cobalt arrays persist to
at least 800 K. Finally, the first-order phase change re-
ported to occur near 1200 K is due to a Co,;0, impurity
phase that segregates where a ratio [La)/[Co] < 1 exists,
which implies that segregation can occur in cobalt-rich
regions in inhomogeneous samples having an overall stoi-
chiometric ratio [La)/[Co] = 1.

EXPERIMENTAL

La and Co species were coprecipitated with a carefully
controlled [Lal/[Co] ratio that was varied from 0.9 to 1.1.
The starting materials were La,0; and Co{NO,), - 6H,0.

The cobalt nitrate was first dissolved in water, and the
cobalt content in the solution was determined gravimetri-
cally with anthranilic acid as the precipitating agent.
Known volumes of this cobalt solution were then mixed
with the appropriate volumes of a lanthanum nitrate solu-
tion obtained by dissolving weighed amounts of dry La,O,
in nitric acid. Coprecipitation at pH 11 was achieved by
adding aqueous solutions of KOH and K,CO; as precipi-
tating agents. The precipitate was carefully washed, dried,
and then decomposed at 7350°C. The decomposition pre-
cursor powder was pressed into peliets thal were heated
at 1000°C for 72 hr to obtain stoichiometric LaCoO, as
well as both La-rich and Co-rich products.

The product materials were examined by X-ray powder
diffraction and electron diffraction. lodometric titrations
were carried out to determine the oxygen content in the
sample with {La]/[Co] = 1. The thermal stability of all
the materials was checked by differential thermal analysis
(DTA) and thermogravimetric analysis (TGA), with a Per-
Kin~Elmer thermal analysis system.

Magnetic susceptibilities of sintered pellets were ob-
tained in a field H = 10 kOe from 4.2 to 380 K and H =
5 kQe from 380 to 750 K with a Quantum Design MPMS
SQUID magnetometer.

Four-probe ¢lectrical resistance of pressed pellets was
measured in the range 4.2 K = T = 823 K in a homemade
device equipped with a Lakeshore temperature controller.

Seebeck coefficients of pressed pellets were measured
in the temperature interval 4.2 K = T = 8§23 K in a home-
made device described elsewhere (21).

RESULTS

Variation of the {Lal/[Co] ratio from 0.9 to 1.1 was
monitored by room temperature X-ray powder diffraction
and thermal analysis. X-ray diffraction revealed second
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FIG. 1. DTA results of {a) single-phase LaCo0O, and (b) a cobalt-

rich sampie containing Co,0, as a second phase,

phases with only a small deviation from 1.0 of the [La}/
[Co] ratio. The cobalt-rich products contained cobalt ox-
ides, which were mainly Co;0, ; the lanthanum-rich prod-
ucts contained lanthanum hydroxycarbonate.

The DTA data, see Fig. |, showed an endothermic peak
at 1190 K only in those samples containing Co;0, as a
second phase, which confirms the conclusion of Thornton
et al. (9) that the first-order transition originally reported
(6) for nominal LaCoQ, was due to the presence of a
Co,0, impurity and is nol an intrinsic property of
143(30()3.

The TGA data showed a small weight loss in the temper-
ature interval 493 K << T << 573 K. The subtle exothermic
features appearing in the DTA curves of Fig. 1 in the
same temperature range were present in all samples stud-
ied; these features and the weight loss are assumed to
signal loss of bound water and/or CO, from the surface. A
reconstruction of the surface above 573 K would stabilize
tetrahedral-site, or fivefold coordinated high-spin cobalt;
Richter et al. (14) have presented direct evidence for high-
spin cobalt in the surface layer of LaCo0,. A surface
Co?" ion in a tetrahedral or fivefold coordination would
be susceptible to attack by O, molecules, and the resulting
active surface oxygen would give a high activity for CO
oxidation on LaCoO; as reported by Voorhoeve et al. (22).

lodometric titrations carried out in the stngle-phase
LaCoO, material confirmed that the sample has the right
oxygen stoichiometry.

Electron diffraction micrographs obtained along differ-
ent zone axes of this single-phase sample showed only the
reflections expected for a rhombohedral (R3¢} perovskite
with ¢ = 5.378 A and o = 60.8° in agreement with a
neutron-diffraction refinement (10).

Figure 2 shows the temperature dependence of the mo-
lar magnetic susceptibility x,, below 400 K for stoichio-
metric, cobalt-rich, and lanthanum-rich LaCo00Q,; the in-
fluence of quenching from 1000°C and of repeated
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FIG. 2. Temperature dependence of the molar magnetic susceptibil-
ity of samples with “‘nominal” composition LaCo,_,0; (0.1 = x =
0.1) measured at # = 10 kOe in the temperature interval 42 K < T <
380 K. '

regrinding and refiring of stoichiometric LaCo(, is also
shown. There is no bulk long-range magnetic order (I,
10). The maximum in y, versus temperature near 110 K
reflects a conversion of the remaining high-spin Co** ions
in bulk LaCoQ, to diamagnetic low-spin Co(llI) ions on
cooling below 110 K. The sharp minimum in x,, versus
temperature at T =~ 35 K reflects the retention of some
high-spin cobalt ions to lowest temperatures; these give
a weak ferromagnetic signal at 5 K that appears to be
associated with the surface layer. The deepest minimum
in x,, at T = 35 K is found in as-prepared samples with
and without the presence of lanthanum hydroxycarbonate
as a second phase. The introduction of the spinel phase
Co,0,, which contains high-spin Co®* in tetrahedral sites,
adds to the magnetic susceptibility at all temperatures
measured (up to 750 K) and raises the minimum value of
Xm at T = 35 K. The lowest susceptibility at all tempera-
tures is found for the sample having a little lanthanum
hydroxycarbonate present as a detectable second phase,
which indicates that the concentration of localized spins
that are intrinsic to single-phase LaCoQ, is a minimum
at the La-rich boundary of the phase field. This deduction
is consistent with the hypothesis that the localized mag-
netic moments are associated with surface cobalt, perhaps
present as Co?t ions in a reconstructed cobalt-rich surface
region. If this hypothesis is correct, then we might expect
to see the volume of this surface region increased upon
regrinding the as-prepared sample. Indeed, Fig. 2 shows
that regrinding a single-phase LaCoQ, sample increases
Xm below 100 K; below 35 K the increase is cven greater
than in the cobalt-rich sample with Co,0, as a detected
second phase. We conclude that localized cobalt magnetic

SENARIS-RODRIGUEZ AND GOODENOUGH

moments in single-phase LaCo(, are intrinsic to a recon-
structed surface of the LaCoO; particles. In further sup-
port of this conclusion, we note that measurement of
the susceptibility on heating to 750 K is not completely
reversible on cooling; a reconstruction of the surface
above 400 K on loss of bound surface water and/or CO,
results in a change in the x,, versus T curve that is consis-
tent with creation of surface Co®* ions.

The plot of inverse susceptibility (x,") versus tempera-
ture shown in Fig. 3 is similar to that already reported in
the literature. In this plot the minimum in x,, at 7 = 35
K appears as a sharp maximum, and the maximum in x,,
at T = 110 K appears as a minimum. What is of particular
interest in this plot is the existence of two temperature
domains in which y_! increases nearly linearly with tem-
perature in a typical Curie-Weiss behavior; these two
temperature regions are separated by a domain in which
Xa' versus T exhibits a plateau, The plateau indicates a
temperature interval where there is a conversion from
one ‘‘stable” spin configuration at the cobalt ions to an-
other, but there appears to be nothing significant about
the plateau character in the interval 450 K < T < 650 K;
in fact, the shape of the curve in the transition region
depends only on how abruptly the Curie and Weiss con-
stants are changing through the transitional interval.
YCo0,, for example, exhibits a transition between two
Curie—Weiss temperature domains where the x.' versus
T curve exhibits a negative slope (23).

We may deduce something about the character of the
two relatively stable spin-state configurations on either
side of the plateau from the apparent Curie constant C
and Weiss constant # obtained from the two Curie-Weiss
temperature domains. By fitting the straight-ling segments
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FIG. 3. lInverse molar magnetic susceptibitity versos T plot of single-

phase LaCoO, in the temperature range 4.2 < T < 750 K (H = 10 kOe).
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FIG. 4. Temperature dependence of the Seebeck coefficient of sin-
gle-phase LaCo0, (4.2 K < T < 823 K). The step at room temperature
is due to a change in measurement apparatus.

in those two temperature domains, we obtain for pure
LaCoO, a pg = VBC pp = 3.4 ppand a6 = — 185 K
for 150 K< T<350Kanda p 4= 4.1 up with # = —504
Kfor T> 650 K. A p.y = 4.9 uy is predicted for an all-
high-spin phase if the orbital contribution to the moment
is neglected; a ps = 4.0 pp for 50:50% high-spin and
intermediate-spin (£e') states, and a .5 = 3.5 pp for 50%
high-spin and 50% low-spin states. The slope of x5! versus
T curve in the interval 150 K < T < 350 K is clearly
consistent with a 50% Co** and 50% Co(II]) configuration
while that for T > 650 K is consistent with a 50% high-
spin and 50% intermediate-spin configuration on trivalent
cobalt ions. A 509 high-spin and 50% lower-spin configu-
rations on alternate cobalt ions of the simple-cubic cobalt-
ion array would be stabilized by a cooperative displace-
ment of the oxide ions away from the high-spin cobalt
and toward the lower-spin cobalt (2). Moreover coupling
between Co®* ions across diamagnetic Co(11I) would give
a smaller Weiss constant 8 = CW, where W is the Weiss
molecular-field coefficient, than the stronger coupling
with intermediate-spin near neighbors.

The Seebeck coefficient, Fig. 4, increases from a = 0
at T = 4.2 K to a very large positive value at T = 75 K;
it has a 1/T dependence in the range 75 K < T < 310 K,
but it remains high (a > 550 nV/K) throughout this inter-
val. This observation indicates that only holes are mobile
in the intermediate, semiconductive phase. In the interval
350 K < T < 600 K « decreases more strongly with
increasing temperature through the transition to the high-
temperature, metallic phase at T > 650 K where a is small
and still positive up to the highest temperature measured
(823 K).
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For the intermediate-temperature phase, we assume
that the a ~ 1/7T dependence represents a phase having
afixed activation energy E, 3 kT for the creation of mobile
holes and trapped electrons. If the mobile holes are small
polarons, an

g K (LmPY L Ee
[44 &y eln( » ) 2eT [l]

allows calculation of the energy gap E,. This energy gap
1s to be distinguished from the energy A required to trans-
form a low-spin Co(III) into the high-spin state. To obtain
the motional enthalpy of the small-polaron holes with mo-
bility

_eDy

)u'p - ﬁ_ CXp ('—AGm/kT)a [2]

we use the conductivity expression
a = pew, ~ T~ exp (—E,/kT), {31

with E, = AH,, + (E,/2) and AG,, = AH,, — TAS,,. For
small polarons, the mobile hole density is p = p, exp
(—E,/24T) with p, independent of temperature, and

In (T/R) = const — (E,/kT), [4]

where R is the measured resistance. From Egs. [1] and
[4] and Fig. 5a, we obtain E, = 0.14 and 0.10 eV and
AH_ = 0.08 and 0.05 eV for the intermediate-temperature
ranges 110 K < T < 240 K and 260 K < T < 310 K,
respectively, Between 400 and 650 K, the resistance R
decreases in a smooth transition toward a metallic temper-
ature dependence, see Fig. 5(b).

DISCUSSION

Goodenough (2} pointed out in an early paper that the
cubic perovskite structure can support the stabilization
of a phase in which alternate trivalent cobalt ions have
high-spin and low-spin configurations; it would be stabi-
lized by a cooperative displacement of the oxygen ions
toward the low-spin Co(lLl) and away from the high spin
Co*" ions. This ordering could be either long-range and
static or short-range and dynamic. Raccah and
Goodenough (6) interpreted the data above room tempera-
ture in terms of an intermediate-temperature stabilization
of such an ordered state. Bhide er al. (8) subsequently
found direct evidence from Mossbauer data for the two
states of cobalt, but with a ratio [Co™¥]/[Co] versus tem-
perature exhibiting a sharp maximum at 200 K. Although
the actual concentrations of Co** versus Co(I11) obtained
from this analysis do not appear to be quantitative, a
maximum in the Co’* concentration at 200 K is clearly
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FIG. 5. Plots of In (T/R) versus T~' corresponding to the singie-
phase LaCoO; material: (a) Low temperature interval: 80 K = T = 300
K. (b) High temperature interval: 300 K = 7 = 823 X,

at variance with the susceptibility data. The apparent de-
crease in [Co**] with T > 200 K was attributed to the
transfer of an e, electron from the Co’* to a neighboring
Co(IlI); but the subsequent creation of low-spin Co(II)
and intermediate-spin Co(iv) in the concentration required
by the Mdossbauer data is not compatible with the trans-
port data of Figs. 4 and 5. An alternative explanation for
the apparent decrease in [Co’*] with increasing T > 200
K observed by Mossbauer spectroscopy is an increase
with temperature in the fluctuation rate of a dynamic or-
dering between Co** and Co(1ID), the lifetimes of the Co**
ions decreasing from 7 > 107% sec below 200 K to 7 <
107® sec above 200 K.

Independent evidence for a stable [Co’*]/[Co] ratio per-
sisting over the range 110 K < 7 < 350 K comes from the
neutron-scattering data of Asai et al. {12), which clearly
established the presence of a temperature-induced mag-
netic moment on the cobalt that increases smoothly, but
sharply with temperature between 35 and 100 K before
saturating from 110 K to room temperature. Since a stabi-
lization of 509 high-spin and 50% low-spin cobalt is physi-
cally understandable and since the susceptibility data are
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compatible with a 50% Co**: 50% Co(l1l) configuration,
we conclude that this ratio of spin states is stabilized by
a dynamic ordering of the high-spin and low-spin states.
Moreover, the transport data show that LaCo0, is a semi-
conductor with a large, positive Seebeck coefficient in
this temperature interval. An ordering, dynamic or static,
of 50% Co’* and 50% Co(11I) spin states allows interpreta-
tion of the transport data as is iltustrated by the energy
diagrams of Fig. 6.

Figure 6a represents the low-spin phase at T = 0 K. In
this phase, the covalent component of the Co—O bonding
is strong engugh to transform the o-bonding orhitals of ¢
parentage into an empty, antibonding o * band; strong
hybridization of the cobalt orbitals of ¢, parentage with
the O-2p orbitals also creates antibonding 7 * band states
at the top of the valence band. This phase is a diamag-
netic insulator.

Figure 6b illustrates the intermediate-temperature
phase where the ordering of Co(IlI) and Co®* spin states
is postulated to occur. The Co** : 34® configurations are
assumed to be localized whereas the Co(lll) ions are de-
scribed by coupled {CoO,)®~ molecular-cluster orbitals in
which the highest occupied orbitals are the = * molecular-
cluster states. Intraatomic exchange lifts the spin degener-
acy of the Co’* ion configuration, stabilizing majority-
spin (a-spin) states relative to the minority-spin (8-spin)
states. Removai of the spin degeneracy by the intra-
atomic-exchange stabilization makes the sum of the one-
electron energies for the high-spin state nearly the same
as that for the low-spin state, which is why crossover
from the low-spin to the high-spin state occurs at modest
temperatures. In the high-spin Co* : £ 1} €2 localized con-
figuration, the occupied ¢} state is separated from the
empty tfg state by an on-site electron—electron coulomb
energy U/,. Excitation of an electron across the energy
gap E, from the 7 * molecular-cluster states to an acceptor
tp state at a Co’ ion creates a trapped electron at a
localized Co** : 34" configuration and a mobile hole in the
covalent 7 * bands of the Co(III)—O array. Since only the
holes are mobile, the Seebeck coefficient « is positive;
the excited electrons remain trapped until they recombine
with a mobtile hole. Since the 7 * bands are narrow, the
holes form small polarons, so o has a large magnitude as
described by Eq. [1].

Extended X-ray absorption fine structure (EXAFS)
measurements (18) detected only a single Co—O distance
of 1.92 A at room temperature and at 400 K, but in the
interval 523 K = T = 800 K two distances were resolved,
1.66 and 2.20A. Failure to detect two distinguishable
Co-0 distances in the range 295 K = T = 460 K is consis-
tent with our interpretation of the Mdssbauner data; the
dynamic fluctuations of the ordered state are too rapid
for EXAFS toresolve the two Co-0 distances associated,
respectively, with Co** and Co(IlI} ions. Since the two
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FIG. 6. Schematic representation of the evolution of the electronic
structure of LaCoQO; with temperature. (a) Low-spin phase at T = 0 K.
(b} Intermediate-temperature ordered phase present in the interval 110
K < T < 350 K consisting of 50% Co(III): 50% Co®* (frozen picture).
Coy: low-spin Co(III) ions, Coy: high-spin Co** ions. (c) Metallic phase
present at T > 650 K consisting of 50% Coliii) : 50% Co®*. Coy: intermedi-
ate-spin Cofiii) ions, Coy: high-spin Co*" ions. (d) Transiticn from the
low-spin to the 50% Co(I1I) : 50% Co** phase ocurring in the temperature
interval 0 K < T < 110 K.

spin states would be differentiated by a cooperative
breathing-mode displacement of the oxygen ions, fluctua-
tions between the two spin states at optical-mode vibra-
tional frequencies can be anticipated. In fact, a vibronic
resonance between the two equilibrium Co-0Q distances
associated with the two spin states might be responsible
for stabilizing the intermediate-temperature phase above
200 K. On the other hand, the observation (18) of two
distinguishable Co-0 distances above 523 K with a 50%
occupation at T = 650 K signals that two distinguishable
cobalt-ion arrays are present in the metallic phase at least
to 800 K. This observation signals an ordering of 50%
high-spin Co** and a 50% lower-spin state; the magnetic-
susceptibility data indicate that the lower-spin state is an
intermediate-spin Co(iii) ion. As is illustrated in Fig. 6c,
it is the conversion of low-spin Co(Ill) to intermediate-
spin Cof(iii) that makes possible a transition from the semi-
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conductive phase to a metallic phase. The metallic phase
is not stabilized by a vibronic coupling between the two
equilibrium Co-O distances, one longer and the other
shorter, so the cooperative oxide-ion displacements be-
come quasistatic and just observable at 650 K by a diffrac-
tion experiment (10) as a lowering of the symmetry from
R3c to R3 (6).

In Fig. 6¢, the two distinguishable cobalt ions corre-
spond to the intermediate-spin Co,(iii) and the high-spin
Coj;" ions. The Fermi energy Ep lies between the local-
ized-electron filled Coy: 75 and empty Coy; : 5 manifolds;
these manifolds are split by an on-site coulomb energy
U, from, respectively, an empty Coy: t% and a filled Coy;:
t}, energy level. The itinerant-electron o} and o} bands
are split in two by the translational symmetry, and Ej lies
in the middle of the upper o band. The density of o *
holes would be associated with the more covalently
bonded Co, ions. The partially filled o * band is responsi-
ble for the p-type conductivity above 650 K. _

The transition from the low-spin phase of Fig. 6a to
the intermediate-temperature phase of Figure 6b would
progress via an increase in the density of high-spin states
at the expense of the density of low-spin states as indi-
cated in Fig. 6d. The only constraint on the transformation
is that every high-spin Co®* be coordinated by low-spin
Co(III) as a result of a cooperative displacement of oxide
ions away from the Co’* ions toward the neighboring
Co(II) ions. It is this constraint that ultimately stabilizes
the 50% ordered phase over a finite temperature range.
Excitation of electrons from the o * band to the localized
t% state becomes more probable as the density of empty
t} states at high-spin Co’* increases, but the activation
energy E,/2 can be expected to remain essentially con-
stant over the interval 110 K < T < 350 K. The change
in E, observed near 250 K coincides with the rapid de-
crease in Co** Méssbauer signal; it suggests an important
change in the electron-lattice interaction.

The transition from the semiconductive to the metallic
phase would occur via a two-phase mixture in which do-
mains of the metallic phase are nucleated and grow with
increasing temperature at the expense of the semiconduc-
tive phase. Such an evolution can account for the smooth
transition from semiconductive to metallic properties that
is observed.

Finally, we comment on the evidence for a spin-state
transition from electron spectroscopy. The first point to
note is the lack of any evidence for valence states other
than trivalent cobalt. This finding is in agreement with
the present discussion; in the semiconductor phase, the
thermal excitation of electron-hole pairs gives only small
concentrations of divalent and tetravalent cobalt. Earlier
speculations about electron-transfer reactions creating
substantial concentrations of polar states on the cobalt-
ion array appear to be ruled out. Veal and Lam (13) found
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evidence in the X-ray photoclectron spectra for high-spin
Co** at room temperature with an apparent increase in
population at 573 K. The presence of multiplets corre-
sponding to the high-spin state was observed (15) in the
He II spectra of LaCoQ; already at 77 K. Masuda et al.
(17) found evidence in their electron-emission spectrum,
obtained from thermal collisions of He* ions with La-
CoQ,, for the presence of both high-spin and low-spin
cobalt at room temperature. In contrast to those reports,
Abbate er al. (19) found no evidence for high-spin cobalt
below 420 K in their X-ray absorption data; however,

their analysis has been criticized for being based on a

purely ionic model (20). Instead, Barman and Sarma (20)
have used a configuration—interaction model to interpret
the valence-band and Co-2p photoemission spectra of La
Co0, obtained at 150, 300, and 573 K; these authors ob-
tained a 30% Co** : 70% Co(Ill) population at 100 K that
changed little to 420 K; it appeared to increase to 50%
high-spin: 50% lower-spin state at 573 K. In view of the
apparent uncertainties in the development of a quantita-
tive interpretation of the electron-spectroscopy data, we
conclude that these data are consistent with the model
we have proposed here.

CONCLUSIONS

A model is proposed that appears to resolve the out-
standing questions concerning the character of the transi-
tion with increasing temperature from low-spin Co(III) to
high-spin Co** in LaCo0,. The following issues are ad-
dressed:

(1) Sample preparations from coprecipitated precursors
have permitted the synthesis of homogeneous products.
In air, oxygen stoichiometry is retained up to 1173 K.
These preparations reveal that single-phase LaCoOQ is
restricted to a narrow range of [La)/[Co] about 1.0. Excess
La results in the appearance of diamagnetic lanthanum
hydroxycarbonate as a second phase; excess cobalt re-
sults is the appearance of magnetic cobalt oxides. In
agreement with Thornton et al. (9), the first-order phase
change near 1210 K reported for LaCoO, samples pre-
pared by conventional ceramic techniques is due to a
Co,0, impurity phase resulting from chemical inhomoge-
neity. )

(1) The bulk Co(III) are all low-spin at lowest tempera-
tures. However, retention of some localized spins at sur-
face cobalt ions, probably tetrahedral-site Co?* ions, is
responsible for a deep minimum in ¥, versus temperature
at T = 35 K in single-phase LaCo0Q,; this minimum be-
comes more shallow with the introduction of magnetic
impurities and/or defects.

(iii) In the temperature interval 0 K < T < 100 K, more
and more high-spin Co’* ions are created; each of these
Co’* is coordinated by six low-spin Co(III) near neigh-
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bors. The larger volume of Co®* ions is accommodated
by a cooperative motion of the coordinating oxygen ions
away from the high-spin cations toward the near-neighbor
low-spin Co(III). The limiting number of Co** ions that
can be accommodated with this constraint is an ordered
50% high-spin and 50% low-spin phase.

(iv) In the range 110 K < T < 350 K, the ordered phase
is stabilized as a distinguishable intermediate-temperature
phase. However, the order between Co(III) and Co®* ions
is not static but dynamic, and it may couple strongly with
the lattice vibration modes at T = 250 K. )

(v) Throughout the interval 110 K < T < 350 K, excita-
tion of electrons from a narrow valence band to localized
t5 states at high-spin sites introduces mobile small-polaron
holes and trapped electrons at stationary Co?* ions; this
semiconductive temperature interval is characterized by

_ alarge, positive Seebeck coefficient that decreases as 1/T.

(vi) There is no evidence of larger concentrations of
Cofiv) and Co(II) ions at higher temperatures created by
charge transfer of an e, electron from a Co'* ionto a
Co(1ll) ion; rather a metallic phase containing 50% high-
spin Co** and 50% intermediate-spin Coliii) ions is stabi-
lized at higher temperatures.

(vii}) In the range 350 K < T < 650 K, a smooth semicon-
ductor to metal transition occurs as the metallic phase is
nucleated within the dynamically ordered phase and
grows with increasing temperature; the percolation limit
for the metallic phase is reached near 450 K.

(viii) The metallic phase stable above 650 K is character-
ized by two Co-0 separations to at least 800 K; nearly
equal population of the two bond lengths at 650 K signals
a quasistatic ordering of high-spin Co** and intermediate-
spin Cof(iii} on the two cobalt subarrays of the metallic

- phase.
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