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The diamagnetic to paramagnetic spin state transition in LaCoO3 (LCO) that occurs in the temperature range
30-120 K is generally attributed to the small energy gap between the Co>* t), and e, states. Evidence for this
thermally activated transition has been 1nterpreted as leading to either the 1ntermed1ate spin state, 125 é(S 1),
or, alternatively, to the high-spin state, t2g g(S 2) of the Co* ion, with the issue proving highly controversial.
In an effort to obtain a consistent description of the temperature dependence of the magnetic and thermal
properties of this system, we have made measurements of both the magnetization in applied fields of up to 33
T and the specific heat at 0 and 9 T on a single crystal of LCO. In addition, EPR measurements were made on
the same sample using high-field EPR spectrometers. The spin-Hamiltonian parameters are consistent with the
previous pulsed-field EPR work and support the atomic-like energy level description of the Co ion. The
low-lying first-excited state is part of the 5T2g (°D) set and is a triplet state with effective spin S.p=1. The
magnetization results are analyzed using a mean-field model allowing for antiferromagnetic correlations be-

tween the spins. The model is used to estimate the spin contribution to the specific heat.

DOLI: 10.1103/PhysRevB.79.214421

I. INTRODUCTION

The Co ion in LaCoO; (LCO) exists in a diamagnetic low
spin (LS) §=0 state at low temperatures (7<<20 K) and in
higher spin states for 7>80 K. The nature of the spin state
transition that occurs in the range from 30 to 120 K has been
the subject of considerable interest and debate.!"!> The hy-
bridized electron orbitals that are of importance in determin-
ing the magnetic properties of the octahedrally coordinated
3d® Co ion are the t,, and e, orbitals. The small activation
energy of 15 meV between 1,, and e, states in LCO is attrib-
uted to competition between the intraionic Hund’s rule cou-
pling and the crystal-field splitting. The configuration of the
Co** ion involves six electrons and at low temperatures the
LS configuration is tggeg while at higher temperatures elec-
trons are excited into the e, levels. It has been suggested that
the thermally induced spin state found above 80 K is either
the intermediate spin (IS) state, S=1 (t2 e ), or, alternatively,
the high-spin (HS) state S=2 (t )

In terms of a single-ion type descrlption the formation of
an effective S=1 state can be understood using a Hamil-
tonian that allows for crystal-field (CF) splitting, spin-orbit
coupling, and a small zero-field splitting. This form is sup-
ported by the electron paramagnetic resonance (EPR) results
of Noguchi et al.'® and the theoretical treatment of Ropka
and Radwanski.!” The d-d Coulomb interaction results in a
D term (25-fold degenerate) which under the effect of the
octahedral CF splits into a 15- fold degenerate cubic subterm

ng and a 10-fold degenerate E subterm at hlgher energy.
The spin-orbit interaction further splits the ng manifold
into a triplet, a quintet and a septet with the triplet as the
lowest of these levels. If we represent the effective angular
momentum by S, then the small trigonal distortion from cu-
bic to rhombohedral symmetry in LCO splits the S=1 triplet
into a singlet and a doublet separated by D, the zero-field

PACS number(s): 75.20.Ck, 75.30.Cr, 76.30.—v

term, which becomes the ground state as a result of CF
interactions.'” A representation of the ground state, the low-
lying triplet, and quintet states in zero magnetic field are
shown in Fig. 1(a). Figure 1(b) shows the ground state and
the triplet state (S=1) as a function of applied field. It is
interesting to note the possibility that triplet-singlet level
crossing may be induced by an applied field of ~70 to 80 T
dependant on crystal orientation.

Using parameters derived from the EPR results, a theoret-
ical fit to the measured magnetic-susceptibility data has been
found to give the correct form but with values that are a
factor three too large.'® An improved fit is obtained using g
=2.1% It is possible that changes in the electronic configura-
tion may occur as the population of the e, states is increased,
due to the enhanced hybridization effects with the O 2p or-
bitals leading to a change in g. In this connection it is inter-
esting to note that recent high-temperature EPR spectra ob-
tained at X-band for a series of polycrystalline Sr-doped
cobaltites La;_Sr,CoO; (LSCO) (x=0.1, 0.2, and 0.3), in
which the double exchange and local Jahn-Teller distortions
lead to changes in the electronic ground state of the Co ions,
give g~2.!8 The difference in g values for the undoped and
hole-doped crystals has been attributed to the changes in the
electronic configuration that lead to the stabilization of an
S=1 ground state in even lightly doped (x> 1%) LSCO, with
concomitant changes from atomic-like states to band states
but this is not firmly established.'”

The present work on a single-crystal sample of LCO com-
bines several experimental measurements with a mean-field
model in an effort to obtain a consistent description of the
spin state transition at temperatures below 200 K. Our stud-
ies include continuous-wave (cw) EPR measurements in the
frequency range 240-406 GHz at temperatures 4-70 K,
magnetization measurements up to 200 K in high magnetic
fields and specific-heat measurements in zero field and in 9
T. The EPR measurements in sweepable fields up to 12 T

splitting. Furthermore, in this description the low- complement the previous pulsed-field work'® and address,
temperature LS state is the 'A, state of the Co™* free-ion 'I inter alia, the question of a possible decrease in g factor with
1098-0121/2009/79(21)/214421(7) 214421-1 ©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.79.214421

HOCH et al.

700
Degeneracy Moment (a)
0

2 1.8
2 3.1

T LaCoO3

600 +—

500

400

300

E (K)

200

-+ 1 0
100

T
>

0

500

I b
wo  Balong [001] (b)
g,73.25

300 +

200 +

E (K)

100 —+

B(T)

FIG. 1. (a) Co** ion states for LCO (based on Ref. 17) showing
the 'A, singlet ground subterm, the low-lying triplet arising from
the > T4 subterm of the 3D term, and some of the higher states, in
zero applied field with energies in K. The degeneracies and mag-
netic moments (in units up) of the various states are indicated. (b)
Expanded view of low-lying Co®* ion states for LCO, showing the
14, singlet ground subterm and the low-lying triplet from the ° Ty,
subterm, as a function of applied field B along the pseudocubic
[001] direction. The gap A and the zero-field splitting D of the
mg=0 and the mg= * 1 states are discussed in the text. Gap closing
is predicted to occur in very high fields. This set of states forms the
basis for the model used in analyzing the present experimental
results.

temperature. Our other experiments have attempted to detect
magnetic field-induced effects, such as departures from lin-
ear behavior of the magnetization at fields up to 33 T or
changes in the specific heat versus temperature curve. We
find that a model based on the EPR results and which explic-
itly incorporates antiferromagnetic (AFM) spin correlations,
satisfactorily accounts for the measured magnetic suscepti-
bility over the temperature range from 4 to 200 K. The model
has been used to estimate the magnetic contribution to the
specific heat as a function of temperature.

II. EXPERIMENTAL DETAILS

The single-crystal sample of LCO used in the measure-
ments was grown in a floating zone furnace at Argonne Na-
tional Laboratory and is roughly disk shaped with flat upper
and lower surfaces. The pseudocubic [001] trigonal direction
(or the [111] direction in the undistorted cubic system)
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makes an angle of 16° with the normal to the planar surfaces.
The EPR spectra provided evidence of twinning in the crys-
tal and this was allowed for in our analysis. Spectra were
recorded in the temperature range 20-70 K using either a
quasioptical spectrometer, equipped with a goniometer for
sample rotation, operating at 240 GHz with a field-swept
superconducting magnet (0-12 T) and magnetic field
modulation®® or a variable frequency-transmission
spectrometer,”! with a 17 T sweepable superconducting mag-
net, at frequencies up to 406 GHz. For the sample rotation
measurements a small piece was cut from the sample and
mounted on a goniometer device. Above 70 K the linewidths
increase significantly preventing measurements at higher
temperatures.

Magnetization measurements were made using a vibrating
sample magnetometer in the temperature range 1.8-250 K
and in applied fields up to 33 T using the high-field facilities
at the National High Magnetic Field Laboratory. Specific-
heat measurements were made at O and 9 T in the tempera-
ture range 1.8-200 K using a Quantum Design Physical
Property Measurement System (PPMS).

III. RESULTS AND DISCUSSION

Over the temperature range 20-70 K the EPR spectra for
the LCO crystal, at all frequencies, correspond to a spin trip-
let with g values typical of the Co®* ion. Besides the two
allowed Am,= * 1 transitions, the first-order forbidden tran-
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FIG. 2. (Color online) (a) Frequency dependence of Am,==*1
EPR transitions for the single crystal of LCO at 30 K for the mag-
netic field applied at 16° to the trigonal or pseudocubic [001] axis.
Fitted solid lines are based on Eq. (1) with the slopes giving the g
value for this orientation while the intercepts are related to the
zero-field splitting D. The values obtained are consistent with those
given below. (b) Angular dependence of EPR field values for Am;
==+ 1 transitions at 240 GHz and 40 K. Solid lines are fits to Eq. (1)
with  parameters g;=3.25+0.01, g,=3.83%0.01 and D
=4.5+0.3 cm™!. The dotted lines are simulations of Am,==*1
transitions using spin-Hamiltonian parameters of g;=3.35, g,
=3.55, and D=4.9 cm™' taken from Ref. 16. See text for further
details.
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FIG. 3. (Color online) (a) EPR linewidths (f.w.h.h) as a function

of temperature for the Am,==*1, =2 transitions obtained at 240

GHz for the applied field perpendicular to the pseudocubic [001]

trigonal axis. The linewidths increase with rising 7" corresponding to

a decrease in the spin-spin relaxation time 7. (b) Temperature de-

pendence of 1/T,, calculated from the f.w.h.h of [0)—|1) spectra

[black squares in Fig. 3(a)]. Solid line is the Arrhenius fit [1/7,

=A exp(—6/kyT)] with the parameters A=0.7+0.1 ps™' and &
=82*6 K. See text for details.

sition Am,=*2 is also observed. Narrow spectral compo-
nents at g ~ 2 that persist to 4 K, are attributed to defects and
paramagnetic impurities. Figure 2(a) shows a plot of micro-
wave frequency as a function of magnetic field for the Am;
= =* 1 transitions in LCO. The data shown are collected on
the transmission spectrometer at 30 K for the field applied
16° to the trigonal axis, i.e., with the sample lower surface
perpendicular to the external field H. Figure 2(b) depicts the
angular dependence of resonance positions (H,) of Amy
=1 transitions at 40 K and 240 GHz, where 0° corre-
sponds to the applied field parallel to the trigonal axis and
90° corresponds to the applied field perpendicular to the
trigonal axis. H,., was obtained by fitting the Am,= = 1 spec-
tral lines at each orientation using Lorentzian functions.

The rotation patterns shown in Fig. 2(b) were analyzed
using the spin Hamiltonian??

H=ppS-g-H+D[S?—S(S+1)/3], (1)

where up is the Bohr magneton, S the spin operator, g the g
tensor, and D the zero-field splitting which allows for a small
distortion of the unit cell from cubic symmetry. Hyperfine
interactions are undetectably small and are omitted in the
spin Hamiltonian. The angular dependence can be repro-
duced very well [see solid lines in Fig. 2(b)] taking S=1 with
g-value components g,=3.25*=0.01, g, =3.83£0.01, and
zero-field splitting |[D|=4.50%+0.3 cm™!. The frequency de-
pendence of the data can also be simulated well [solid line in
Fig. 2(a)] with these spin-Hamiltonian parameters. The ob-
served g and D values are in fair agreement with the results
of Noguchi et al.'® but with larger g anisotropy (Ag~0.6)
than they found (Ag ~0.2). The dotted lines in Fig. 2(b) give
the rotation pattern based on the parameters from Ref. 16.
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FIG. 4. (Color online) (a) Magnetization curves for the LCO
single crystal as a function of temperature in applied fields 10, 20,
and 33 T. Measurements were made using a vibrating sample mag-
netometer. The maximum magnetization at 90 K in 33 T corre-
sponds to 0.227 up/Co. (b) Magnetic susceptibility as a function of
temperature obtained from the plots in Fig. 3(a).

The temperature dependence of the EPR spectral line-
widths was investigated for a number of fixed crystal orien-
tations at 240 GHz. The three triplet state transitions (Am
=1, =2) appear only for 7>25 K and cannot be detected
above 70 K. No evidence for a change in g value with T is
found in our temperature dependence studies. The relative
intensities of Amy=*1 lines indicate that D>0, in agree-
ment with Noguchi et al.'® The linewidths increase signifi-
cantly with temperature and the 7 dependence of the full-
width at half-height (FWHH) of the Amz=*1,=*2
transitions for H perpendicular to the trigonal direction is
plotted in Fig. 3(a). Due to the close proximity of the |-1)
—|0) transition to g~ 2 impurity spectral features, the line-
width of this component could not be determined reliably at
certain temperatures.

As mentioned above, the spectral lines are Lorentzian in
shape and the increase in linewidth with 7 provides evidence
for a decrease in the spin-spin relaxation time 7, linked to
lifetime effects. It is likely that a decrease in the spin-lattice
relaxation time 7 occurs in this temperature range through
phonon-induced processes and that these processes effec-
tively determine 7, assuming 7,=T;. Using the relation T,
~1/Aw, where Aw is the half-width at half-height in fre-
quency units, 7, values are obtained and are shown plotted
as 1/T, vs 1/T in Fig. 3(b). The fitted straight line in Fig.
3(b) corresponds to the energy gap & in the Arrhenius expres-
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FIG. 5. (Color online) Inverse magnetic susceptibility for LCO
versus 7. For T7>130 K the experimental data obey the Curie-
Weiss law, shown as the fitted line, with fcw=~-250 K. Antiferro-
magnetic correlations are incorporated in the model that is used in
discussing the magnetization and specific-heat results.

sion 1/T,=A exp(=6/T) with A=0.7=0.1 ps”' and &
=82=*6 K. dis about an order of magnitude larger than the
Zeeman splitting of the triplet states for uoH~35 T but a
factor 2 to 3 times smaller than previous estimates of the
singlet-triplet separation A shown in Fig. 1. The temperature
range covered in Fig. 3(b) is limited by the weakness of the
signals below 30 K and the very large linewidths above 60
K. If we assume 1/7,~1/T, for the S=1 triplet levels with
phonon-induced transitions, both within the triplet set and
between the singlet ground state and the triplet states, re-
sponsible for relaxation, then the observed value for 6 corre-
sponds to some average of the two energy gaps. It is also
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FIG. 6. (Color online) Spin magnetization {u)/gug versus T for
LCO showing 10 T experimental values from Fig. 4 together with
mean-field model predictions based on Eq. (3) in the text. The pa-
rameters used in the fit are A=150 K, D=7 K and 2/=-55 K.
The inset shows a comparison of experimental values with the
model assuming no AFM correlations (2J=0).
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possible that AFM correlations, that become increasingly im-
portant as T is raised as discussed below, play some role in
determining 1/7,. The limited range of temperature that is
accessible to EPR prevents detailed examination of these
possible mechanisms.

The magnetization M as a function of temperature is pre-
sented in Fig. 4(a) for the three fields used (10, 20, and 33 T)
while Fig. 4(b) shows the magnetic susceptibility y derived
from these results. The maximum M value at 90 K in 33 T
corresponds to 0.227 up/Co with up the Bohr magneton.
No departure from linear dependence of the magnetization
on the applied field is found over the range of fields used
except at the lowest temperatures where paramagnetic impu-
rities give rise to the Curie tail that is observed. The y versus
T plot is consistent with previous work.>® A plot of 1/y
versus 7 is shown as Fig. 5 and reveals Curie-Weiss-type
behavior above 130 K with strong departures from this be-
havior at lower T where the spin state transition becomes
important. The temperature intercept at —250 K obtained by
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FIG. 7. (Color online) (a) Measured values of the molar specific
heat Ceyp, for LCO at 0 T and 9 T as a function of temperature. The
PPMS data plots (not shown) for the two applied fields used are
indistinguishable. The lower curve designated Cgpj, shows the cal-
culated spin contribution to the specific heat due to the Co®* ion
spin state transition obtained using Eq. (4) with A=150 K from the
magnetization data. (The spin contribution is predicted to be insen-
sitive to fields in the range 0 to 9 T consistent with experiment.) The
estimated lattice contribution to the specific heat is obtained by
subtracting the calculated magnetic contribution Cgy;, from Ceypye
(b) Estimated lattice contribution to the specific heat (Ceyp-Cipin)
taken from Fig. 7(a) together with the calculated acoustic mode
contribution using the Debye model with ,=300 K and the acous-
tic plus three optic phonon modes contribution using the Einstein
model for the optic modes with =255, 453, and 778 K. Further
details are given in the text.
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extrapolating the Curie-Weiss curve points to the importance
of AFM correlations in this undoped system consistent with
previous findings in both susceptibility,>® and neutron-
scattering experiments.?® The inelastic neutron-scattering re-
sults provide evidence for both ferromagnetic (FM) and
AFM dynamical short-range correlations between Co ions in
the slightly split (0.6 meV) triplet states. The correlations are
temperature dependent and, it is suggested, are linked to or-
bital order correlations analogous to the A-type AFM order-
ing in LaMnO5.23 However, instead of static ordering, as
found in the manganites, dynamic ordering occurs with cor-
relations in all directions. Glassy behavior in hole-doped
La,_,Sr,CoO; (x<0.18) has been linked to AFM interactions
between Co®* ions (designated intermediate spin with S=1)
in a hole-poor matrix containing FM clusters of double-
exchange coupled Co** and Co** ions.?* The nature of the
interaction between Co ions in LCO is not well established.
The analysis of the present magnetization results suggests
that it is the AFM correlations in LCO that play a role in
determining this property at the temperatures of interest. Fig-
ure 6 shows experimental values of the mean spin magneti-
zation {u)/gup from the 10 T data plotted versus 7. A the-
oretical curve based on a mean-field model involving AFM
correlations, as described below, provides a good fit to the
experimental results. Specific heat C data obtained for the
single-crystal sample of LCO in 0 and 9 T is plotted as a
function of T in Fig. 7(a). As can be seen an applied field of
9 T produces no measurable change in C.

IV. THEORETICAL MODEL IN MEAN-FIELD
APPROXIMATION

Figure 1(b) shows the low lying set of energy levels for
Co** in LCO based on the previous EPR findings,'® theoret-
ical calculations,'” and supported by the present EPR results.
These levels are important in calculating thermodynamic

) _

2 sinh[guppoH/kgT + 2Jz{ ) kT
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quantities at temperatures up to 200 K as a function of ap-
plied magnetic field. As mentioned in the introduction, the
electronic levels of interest for the Co** ion are those in the
first excited S=1 triplet state, arising from the ° Ty, (°D) term
in the |LSL,S,) space, and the ground state 'A; (‘1) situated at
an energy A below the triplet state.!” The trigonal distortion
produces a small zero-field splitting D. Other states arising
from the 15-fold degenerate ° T, subterm, some of which
are shown in Fig. 1(a), are at sufficiently high energies
(>350 K) above the triplet state to make only a small con-
tribution to the partition function at temperatures below 200
K.

Using the energy states shown in Fig. 1(b) and initially
ignoring interactions between Co* ions, the partition func-
tion for the magnetic system of N localized spins in applied
field H is given by Z=[1+e Prye PADrersroH)
+e PA+D-gupuo N where B=1/kzT with kz Boltzmann’s
constant. The magnetization M=N{u) in terms of the mean
magnetic moment per spin {u), is obtained by differentiation
of In Z in the usual way. Taking BguguoH <1, which is
valid for the temperatures and magnetic fields of interest,
gives, to a fair approximation, the magnetic susceptibility as

_ 2NsGPupme
- kBT[Z +€A/T+ e(A+D)/T] .

X (2)

AFM interactions have previously been introduced in model
calculations for the magnetic susceptibility® and we adopt a
similar approach. Assuming that only nearest-neighbor inter-
actions need to be considered and using the mean-field ap-
proximation introduces a new energy contribution for the
field split triplet states given by &.,.,=2J{w)zm, where J is
the exchange coupling, z the coordination number, and m;
=0, =1 is the spin quantum number. Introduction of the

AFM correlation energy leads to the following expression for
the magnetization per spin M/Ngup:

gup  expl(A+ D)/T]+exp(DIT) + 2 cosh[gupmoH/kpT + 202w kgT]’

Equation (3) is solved for (w)/gup self-consistently using a
graphical method.

We note that alternative approaches have been used to fit
the susceptibility behavior. Raedelli and Cheong? base their
qualitative treatment on a three-state (LS, IS, and HS) model
which they link to their high-resolution neutron-diffraction
findings on bond length changes with temperature. Kydomen
et al.""'3 have fitted the susceptibility and specific heat data
for LCO using a phenomenological molecular-field model
that allows for an entropy of mixing of Co ions in different
spin states. Various possible arrangements of the LS and HS
ions are proposed. The present model with explicit allowance
for AFM couplings involves few assumptions. In particular
no constraints are placed on the spin configurations and spin

A3)

dynamics. Further work is needed to determine whether
changes in properties of LCO, including the susceptibility, at
temperatures above 200 K can be explained using the present
approach with inclusion of the higher energy levels.

V. COMPARISON WITH EXPERIMENT

The plotted points in Fig. 6 show the experimental
(u)y/gup versus T results derived from the magnetization
measurements. We find that Eq. (3) with J=0 plus the g
value and A from EPR, predicts {u)/gup values that are
much too large and do not match the data. This can be seen
in the inset in Fig. 6. Allowance for AFM interactions be-
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tween Co ions in the triplet state permits the fit to the experi-
mental (u)/gup values shown in Fig. 6 with the theoretical
curve based on the solution of Eq. (3) using g=3.4, z=6, and
the following values for the other fitting parameters: A
=150 K, D=7 K, and 2J=-55 K. Agreement between the
model and experiment is generally very good except at low T
where paramagnetic impurities produce an upturn in the
magnetization and at temperatures well above the maximum
where the experimental values decrease more rapidly than
the model predicts. We emphasize that the simple singlet-
triplet model ignores the higher states shown in Fig. 1(a) and
the predictions are expected to be unreliable for 7>200 K.
The good fit to the magnetization data obtained for 7
<200 K provides strong support for the AFM model. Fur-
thermore, the value obtained for A is in fair agreement with
the rough estimate based on the EPR signal intensity versus
T plot'® and the g value is consistent with the previous EPR
results.'® The curve in Fig. 6 is insensitive to changes in the
small value of D but depends sensitively on J and A in a two
parameter fit if g is kept fixed. The value for D is close to the
value obtained in neutron-scattering experiments.?’

Using the model based on the energy states depicted in
Fig. 1(b), with the parameters derived from the {u)/gug ver-
sus T fit procedure described above, the spin contribution to
the molar specific heat C can be estimated. From the parti-
tion function we obtain, to a good approximation, the spin
contribution to C for H=0 as

AV (1+6e747)
Cspin =3R| — AT -A/Ty "
(6 + AT 4974

T

A similar expression applies for magnetic fields that are not
too large (<10 T). The Zeeman and AFM terms can be ne-
glected at the temperatures of interest (<100 K), where
the spin contribution to the specific heat is significant, as a
consequence of the comparatively large gap between the
nonmagnetic ground state and the excited triplet states. Ex-
panding exponential factors that involve the Zeeman and
AFM interactions it can be shown that, these contributions
may be neglected.

Together with the measured C values the calculated tem-
perature dependence of the spin contribution to the specific
heat, based on Eq. (4), is shown in Fig. 7(a) using A
=150 K. The measured 0 and 9 T results coincide within
experimental uncertainty consistent with the model predic-
tions. Figure 7(a) shows what is called the corrected specific
heat (Ceyp-Cypin)> Obtained by subtracting the theoretical spin
contribution from the measured values. It is possible, by in-
troducing a number of parameters, to fit the corrected
specific-heat curve using a Debye-Einstein model that allows
for acoustic and optic modes as presented in Fig. 7(b). The
plotted Debye contribution corresponds to a chosen Debye
temperature 6,=300 K. While there is uncertainty in 6, and
a somewhat higher value may apply, the large departure of
the Debye model predictions from the measured specific heat

(4)
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for 7> 50 K points to the importance of optic modes. Using
available infrared spectroscopy results for LaCoO5 (Ref. 26)
three optic modes have been included using the Einstein ap-
proximation with 6,=255, 453, and 778 K. Together with
the Debye contribution the resulting curve gives a reasonable
fit to the spin corrected specific heat below 200 K. For the
present discussion we are interested in the low-temperature
specific heat and the relatively small and field insensitive
spin component of the specific heat as predicted by the
model is consistent with the observations. Only at much
higher magnetic fields where the singlet-triplet gap closing
condition is approached, or reached, will the spin contribu-
tion to the specific heat become significant.

VI. CONCLUSION

Taken together, EPR, magnetization, and specific heat
measurements support a model for the thermally activated
Co** spin state transition in LCO from a low spin singlet
state to a triplet excited state corresponding to an effective
spin Scp=1 in the manifold of high spin S=2 states. Spin-
orbit coupling, crystal-field effects, and the small trigonal
distortion of the lattice are important in determining the EPR
spectra, and the associated spin-Hamiltonian parameters for
this system, at temperatures in the range 20-70 K. Extreme
broadening of the EPR spectral lines above 70 K, attributed
to spin state lifetime effects, prevented measurements at
higher temperatures. In fitting the magnetization data using a
model based on the low-lying Co** spin states it is found
necessary to allow for AFM couplings between spins in the
excited triplet state. Evidence for the importance of AFM
effects is provided by the measured magnetic susceptibility
above 130 K where Curie-Weiss behavior is found. The pa-
rameters obtained from the mean-field model fit to the spin
magnetization data have been used to estimate the spin con-
tribution to the specific heat as a function of applied field.
Both the measurements and the model calculations show that
the spin contribution to the specific heat is of minor impor-
tance for applied fields up to 9 T. The results show that the
major contribution to spin-dependent physical properties in
the present work is due to the thermally induced population
of the low-lying triplet state. While the model is not expected
to provide a good description of the LCO properties at tem-
peratures well above 200 K, where higher levels in the spin
multiplet become increasingly important, it satisfactorily ex-
plains the present single-crystal observations in the tempera-
ture range 4-200 K.
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