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Evidence for the excited triplet of Co3¿ in LaCoO3
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The state excited from the ground singlet of Co31 in LaCoO3 was investigated by submillimeter-wave
electron spin resonance~ESR! measurements. Clear ESR signals with zero-field splitting were observed above
20 K for the first time. The activation energy is estimated to beD'140 K, from the temperature dependence
of the signal intensity and the resonance-width. The frequency and angular dependence of the signals were
successfully analyzed by an effective spin-Hamiltonian with uniaxial anisotropy. The parameters obtained are
gi53.35, g'53.55, andD514.90 cm21 for the effective spinS51. The results reveal that the first excited
state is a triplet with a zero-field splitting of Co31 in LaCoO3.
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I. INTRODUCTION

LaCoO3 has attracted much attention in recent deca
because of its anomalous successive changes of spin-s
and unique magnetic behavior due to a highly covalent e
tronic state.1–20 The ground state of LaCoO3, at 4.2 K, is a
nonmagnetic insulator due to the low-spin~LS! state oft2g

6

configuration with spinS50.1 The first change of spin stat
is observed at around 100 K, where the susceptibility sho
a broad peak, which implies a paramagnetic state above
K. The second change of spin state is evidenced by a pla
in the susceptibility at around 500 K, above which the Cu
constant becomes large, showing the appearance of an
magnetic spin state.2,3 This anomalous change in spin state
associated with a semiconductor–metal transition.4–7 The
spin state above 500 K is now commonly recognized a
high-spin~HS! state oft2g

4 eg
2 configuration withS52, shown

by various experimental studies such as resistivi4

photoemission,5 thermal expansion,6 and specific heat.7 The
cause of the anomaly around 100 K, on the other hand,
mains an issue and has been the subject of a debate. I
following, we call the state between 100 K and 500 K, t
‘‘intermediate spin’’~IS! state.

Theoretical models for the IS state have been propo
such as an IS state oft2g

5 eg
1 configuration withS51,8,9 a

LS1HS ordered state on an enlarged double cell,10 and
others.11 Recently, Radwanski and Ropka have pointed
that the trigonal crystal-field~CF! and the spin–orbit~SO!
coupling are important in forming the nonmagnetic grou
state caused by the splitting of the HS state.12 In this model,
the lowest level of the fictitious spinS851 is split into a
nonmagnetic singlet ground state and a magnetic exc
doublet state with a gap of 125 K.

A potentially useful experimental approach to understa
ing the IS state is to investigate the excited states of LaCo3.
Electron spin resonance~ESR! measurement is a powerfu
tool for observing a spin-state of a ground state or a s
excited from a ground singlet. However, there have to d
been no ESR measurements on the Co31 ion since the spin-
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relaxation rate of the paramagnetic Co31 ion is generally too
fast to allow the signal to be observed. Howev
submillimeter-wave ESR measurements under a pulsed m
netic field have the advantages of wide field-sweep and h
frequency measuring, which makes it possible to observ
broad signal due to a short relaxation time. In the pres
work, we have made submillimeter-wave ESR measurem
of Co31 in a LaCoO3 single crystal at temperatures below 7
K in order to identify the energy levels excited from th
ground singlet. We believe these are the first measurem
of the ESR signals of Co31.13

II. EXPERIMENT

High-quality single crystals of LaCoO3 were grown by a
floating zone method from a sintered polycrystalline rod
an infrared imaging furnace. They were confirmed to be
single phase of a rhombohedrally distorted structure by x-
powder diffraction. The hexagonal lattice parameters oa
55.428 Å andc513.065 Å were in accord with previousl
published data.6,14,15A sample of a single crystal domain wa
cut into a half-disk shape of 2 mm diam and 1 mm thickne
and used in the ESR measurements.

The submillimeter-wave ESR measurements were p
formed using a pulsed magnet up to 30 T in a tempera
range from 4.2 to 70 K.21 Radiation in the range from 135 t
1400 GHz was supplied by an optically pumped far-infrar
laser and backward-traveling-wave tube. Measurements w
done by a simple transmission method with a Faraday c
figuration where the propagation vector of the incident rad
tion is aligned parallel to the external field. The sample w
mounted in the light pipe at the center of magnet, toget
with a DPPH (a-diphenyl-b-picryl-hydrazyl! whose signals
were simultaneously monitored as a standard.

III. RESULTS

The ESR absorption spectra of LaCoO3 for various fre-
quencies were obtained at several temperatures betwee
and 70 K for the field direction along the@001#, ‘‘cubic,’’ and
©2002 The American Physical Society04-1
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@11̄0# axes, where ‘‘cubic’’ corresponds to the pseudo-cu
axis as illustrated in Fig. 1. Typical examples obtained at 5
GHz for @001# and at 429 GHz for the ‘‘cubic’’ axis are
shown in Figs. 2~a! and 2~b!, respectively. For the@001#
direction, two large absorptions appear at 8.2 and 14.
above 20 K, denoted byf 1 and f 2, respectively. With in-
creasing temperature, they grow in intensity and resona
width, and subsequently become a broad single absorptio
70 K. Sharp signals at 16.3 and 18.4 T observed at 4.
decrease in intensity abruptly with increasing temperatu
suggesting paramagnetic impurities such as Co21 due to
oxygen deficiency or crystal imperfection. For this reas
we do not consider the signals at low temperatures. A sh
signal at 18.8 T comes from the DPPH marker. For the ‘‘c
bic’’ direction, a large absorption denoted byf 1 , f 2 and a
small absorption denoted byf 0 are observed above 20 K a
8.7 and 4.0 T, respectively.

The temperature dependence of the integrated intensI

FIG. 1. Crystal structure, local coordinates around Co31, and
notation of the angleu between the field direction and@001# axis in
the ~110! plane of LaCoO3.

FIG. 2. ESR spectra of LaCoO3 at various temperatures betwee
4.2 and 70 K~a! with a frequency of 525 GHz forB parallel to
@001#, and ~b! with a frequency of 429 GHz forB parallel to the
‘‘cubic’’ axis. The sharp signals labeled DP are from DPPH.
09440
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of the absorption was examined to check that it follows
activation formulaI 5I 0exp(2D/T), whereD is the energy
gap between the excited and the ground states. The loga
mic plot of I to 1/T is shown in Fig. 3~a!. The data follow the
activation formula below 40 K at all frequencies. Above 5
K, the intensity shows a saturated tendency, which sugg
that the spin-lattice relaxation time becomes long due
large energy absorption. Since it is known thatdB is propor-
tional to the square root of the spin concentration due to
dipolar broadening,22 the resonance-widthdB was also
checked against the activation formula (dB/B0)2}exp
(2D/T), whereB0 is the resonance field. The data follow th
activation formula above 30 K at all frequencies as shown
Fig. 3~b!. The energy gap is estimated to beD'140 K from
both plots.

In order to estimate theg-value of LaCoO3, the frequency
dependence of the resonance-fields was plotted a
frequency-field diagram forB parallel to@001#, @11̄0# and the
‘‘cubic’’ axis. As shown in Fig. 2, the resonance-fields a
almost independent of temperature in the range between
and 50 K. A frequency-field diagram forB parallel to@001#
at 50 K is shown in Fig. 4. With increasing frequency, t
resonance-fields off 1 and f 2 linearly increase, seperated b
6 T, which suggests that the signals come from the trip
state with a zero-field splitting~ZFS!. The linear dependenc
of the resonance-field suggests that the@001# axis is the prin-
cipal axis of the trigonal CF originating in the ZFS. Th

FIG. 3. Temperature dependence of~a! the absorption intensity
and ~b! the resonance-width as logarithmically plotted against 1T
at several frequencies forB parallel to the ‘‘cubic’’ axis. The solid
line corresponds to the activation energyD5140 K.

FIG. 4. Frequency-field diagram for@001# of LaCoO3 at 50 K.
The solid lines represent calculated curves.
4-2
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g-value along the@001# axis and the ZFS energyD are
roughly estimated to begi53.4 andD54.9 cm21, from the
slope and the intercept of the resonance-field line. In pre
ous data reported by our group, six ESR signals were
served due to the multidomain sample.13 It is easy to form
multidomains in LaCoO3 because there are four equivale
directions allowing distortion from a cubic to a rhomboh
dral structure. In this study, however, only two signals we
observed, which suggests the sample used in the mea
ments has a single domain. Frequency-field diagrams foB
parallel to the ‘‘cubic’’ axis andB parallel to@11̄0# were also
obtained and are shown in Figs. 5~a! and 5~b!, respectively.

ESR spectra for 429 GHz at 30 K were measured
several field directions in the~110! plane of LaCoO3, as
shown in Fig. 6, whereu is defined as the angle from th
@001# axis. f 1 and f 2 were assigned by the relative sign
intensity. Another small signalf 0 appears in low field regions
and shows little angular dependence. The angular de
dence of the resonance fields off 0 , f 1, andf 2 is summarized

FIG. 5. Frequency-field diagram of LaCoO3 ~a! for the ‘‘cubic’’
axis in the temperature range 30–50 K and~b! for @11̄0# at 30 K.
The solid lines represent calculated curves.

FIG. 6. ESR spectra of LaCoO3 with a frequency of 429 GHz a
30 K for various field directions from the@001# axis.
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in Fig. 7. The resonance fields off 1 and f 2 show an approxi-
mately sin 2u dependence with a crossing at 55°. Thef 0
signal, which comes from the transition with the selecti
rule DM52, can be observed as a weakly allowed tran
tion, whose intensity is smaller by a factor o
(D/gmBH0)2.23

Before discussing the relation between the ESR res
and the spin-state of Co31, we present a tentative analysis
the data summarized in Figs. 4, 5, 7 by a simple effect
spin-Hamiltonian with a uniaxial CF splitting,

H5mBSg̃H01D$Sz
22S~S11!/3%, ~3.1!

where S and Sz are spin matrices of the effective spinS
51. Thez direction is defined as the@001# trigonal axis.H0

is an applied magnetic field, andmB is the Bohr magneton.g̃
is a g-tensor assumed to be uniaxial anisotropic whose p
cipal values are given by (g' ,g' ,gi), whereg' ,gi , andD
are the fitting parameters. This is quite a natural formula a
explains the results sufficiently.

The energy eigenvalue of the Hamiltonian,W is easily
calculated and obtained by solving the following equation

w32~ 1
3 1hi

21h'
2 !w1

2

27
2

1

3
~2hi

22h'
2 !50, ~3.2!

where

w5W/D, ~3.3!

hi5gimBH0 cosu/D, ~3.4!

h'5g'mBH0 sinu/D. ~3.5!

From these calculations, a best fit was obtained with
values for the parametersgi53.3560.05,g'53.5560.05,
and D54.9060.02 cm21, as drawn by the solid curves i
Figs. 4, 5, 7, although the sign ofD is indefinite in the
calculations.

The sign ofD is determined from the relative intensitie
of the f 1 and f 2 signals. The schematic relations between
energy levels and the ESR spectra for the principal axis
shown in Fig. 8. IfD.0 then the signal intensity for a hig
resonance-field is larger than that for a low field because

FIG. 7. Angular dependence of the resonance fields for 429 G
at 30 K. The solid lines represent calculated curves.
4-3



.
t

h

f

te
ig
ur
o

av
t
e
S

bl
re
di

,
a

nge
sug-
in-
due
ent
t the
ge.
a-

-

ree

he
ag-
oO

R

is
a-

the

rted

lly

e

en-
of

lute
ata.
sis

tly
e of

m-
ver

pe

NOGUCHI, KAWAMATA, OKUDA, NOJIRI, AND MOTOKAWA PHYSICAL REVIEW B 66, 094404 ~2002!
spins populate the low energy levels to a greater degree
shown in Fig. 2, the intensity off 2 is always larger than tha
of f 1 for B parallel to @001#. Therefore, the sign ofD is
determined to bepositivein this case. This is consistent wit
the spectra for the other directions as shown in Fig. 6.

IV. DISCUSSIONS

The results are summarized by an energy level scheme
LaCoO3 shown in Fig. 9 forB parallel to@001#. We discuss
the results in detail in the following.

A. Ground state

As shown in Fig. 2, the main signals due to the exci
state are observed without overlapping of the impurity s
nals. This is an advantage over other statistical meas
ments such as susceptibility. Thus, the ground singlet is c
firmed by the fact that the signalsf 0 , f 1, and f 2 are never
observed at 4.2 K. Recently, Radwanski and Ropka h
proposed that the singlet is caused by the trigonal CF and
SO coupling in the frame of the HS state as mention
above.12 In this case, only one ESR signal without ZF
should be observed as a transition in the magnetic dou
which is incompatible with the experimental facts. The
fore, the ground singlet originates from the LS state, as
cussed by several researchers.1,3–10,13,16–20

B. Excited triplet

In the preliminary ESR measurements up to 120 K
broad absorption at 70 K gradually broadens and eventu

FIG. 8. Schematic relation between energy level and ESR s
tra for principal axis in the case of~a! D.0 and~b! D,0.

FIG. 9. Energy level scheme of LaCoO3 for B parallel to@001#.
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vanishes with increasing temperature while no drastic cha
is observed in the temperature range. This broadening
gests that the spin relaxation time becomes short with
creasing temperature through the spin-lattice interaction
to a phonon and possibly an electron hopping in the pres
compounds. That there is no drastic change suggests tha
magnetic anomaly at 100 K is a rather gradual chan
Therefore, the excited triplet is significant to explain the n
ture of the anomaly at 100 K and the IS state.

At first, we note that theg-value obtained is almost coin
cident with that of Fe21 in MgO, which is well known
through ESR studies to be a typical example of ad6 electron
system with a HS state in an octahedral CF.24 In that case,
the 15-fold degenerate orbital triplet is separated into th
levels with the fictitious spinsS851, 2, and 3 by the SO
interaction and the state ofS851 is the lowest. Theg-value
is deduced, mainly from the effective Lande´ factor and the
orbital-reduction due to covalency, to beg531 1

2 k, where
k50.8–0.9 is the orbital-reduction parameter.24,25 Thus, the
g-value of the excited triplet of Co31 in LaCoO3 does not
conflict with the state ofS851 of the HS point-charge
model, although the covalency due to ad–s hybridization is
significant in the compound. The small anisotropy in t
g-value is consistent with the experimental results of m
netic torque and susceptibility measurements on a LaC3
single crystal done by our group.26

Next we discuss theD value, which is mainly connected
to the trigonal CF. Itoet al. used a trigonal CF parameterd,
which is the same asD, of valued52120 cm21 to repro-
duce the characteristic features of susceptibility and NM
measurements.16 The valueD514.90 cm21 obtained from
the ESR measurements is much smaller thand and has the
opposite sign. The small value implies that the trigonal CF
strongly reduced by the orbital reduction effect of the cov
lency due tod–s hybridization as a factor ofk2. The posi-
tive sign is natural in this case under the trigonal CF in
point charge model.

A numerical comparison withD values for other perov-
skite oxides may be useful. For example, it has been repo
that D50.0490 and20.0555 cm21 for Fe31 and Cr31 in
LaAlO3, respectively, which crystallize in a rhombohedra
distorted perovskite structure.27 The D value in LaCoO3 is
much larger than those in LaAlO3. Some factors such as th
characteristic of the excited state, a possible IS(t2g

5 eg
1)

state,8,9,19 and heavily mixedd6 andd7L states17 may cause
this difference.

By using the energy level scheme, the temperature dep
dence of the susceptibility was calculated. The position
the peak at 90 K was well reproduced although the abso
value is about three times larger than the experimental d
This conflict has been previously pointed out in the analy
of NMR and susceptibility measurements.16 Thus, the tem-
perature dependence of the susceptibility is not sufficien
explained by the energy level scheme. This remains on
the problems in understanding the IS state.

C. Activation energy

The activation energy estimated from analyzing the te
perature dependence of the susceptibility is distributed o

c-
4-4
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the range 150–310 K.4,16–18Recently, Kobayashiet al. have
reported an energy gap of 180 K from the temperature
pendence of the nuclear-spin relaxation measurements b
T;35 K.20 Our result is roughly consistent with these da
As shown in Fig. 9, the lowest level of the excited tripl
crosses over the ground singlet at 65.3 T, which is almos
accordance with the metamagnetic transition field of 67
reported by Katoriet al.28 Therefore, a good estimation i
D'140 K.

V. CONCLUDING REMARKS

An energy level scheme of the ground singlet and
excited triplet was experimentally determined from the E
measurements of Co31 in LaCoO3. The characteristic pa
rameters of the excited triplet were found to begi
53.35, g'53.55, andD514.90 cm21 for the effective
i

s

.

e

09440
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spin S51. The activation energy was estimated to beD
'140 K. Theg-value does not conflict with the state ofS8
51 of the HS point-charge model. The results of this stu
should contribute to the building of a realistic microscop
model of the IS state.
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