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High field magnetization and high-frequency electron spin resonance measurements on the perovskite Co
oxide Sr1−xYxCoO3−� �x=0.22 and 0.25� have been performed in magnetic fields up to 53 T. We have observed
the spin-state transition, induced by the external magnetic fields, for the sample with x=0.25. A distinctive
feature of this field-induced spin-state transition is that it is assisted by an internal field, originating from
ferromagnetic exchange interaction between Co3+ ions.
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Perovskite Co oxides have attracted much attention be-
cause of their peculiar behavior. One of the key aspects to
bring rich natures to the perovskite Co oxides is a character-
istic electronic property of the Co3+ ion, in which different
spin states lie close in energy. This property makes the com-
pounds susceptible to external perturbations, and often
causes spin-state transitions. For instance, thermal activation
of the Co3+ ions from the nonmagnetic low-spin �LS, S=0�
state, which is stable under the ligand field potential, to the
entropy-favored high-spin �HS, S=2� or intermediate-spin
�IS, S=1� state is responsible for unusual temperature depen-
dence of magnetic and transport properties in LaCoO3.1,2

Sr1−xYxCoO3−� ���0.3� is a ferromagnet with the highest
Curie temperature TC�335 K among the perovskite Co
oxides.3 In Sr1−xYxCoO3−�, an alternate stack of the CoO6
octahedral layer and the CoO4.25 tetrahedral one forms a
brownmilleritelike layered structure.4–6 This compound
shows two successive structural phase transitions from the
tetragonal to the high-temperature monoclinic phase, then to
the low-temperature monoclinic one with decreasing
temperature.4 The spontaneous ferromagnetic moment ap-
pears at the lower-temperature phase transition, which is of
first order.4 A notable feature of the ferromagnetism in
Sr1−xYxCoO3−� is that it strongly depends on the chemical
composition of the sample.3,7 In fact, large spontaneous mag-
netization appears in the sample for only a narrow composi-
tional range 0.2�x�0.25. Furthermore, the sample without
oxygen vacancy shows much lower TC compared to the
samples with ��0.3. It was reported that Sr1−xYxCoO3−�

���0.3� with 0.2�x�0.25 is insulating in the low-
temperature monoclinic phase, and Co ions in these samples
are essentially trivalent in the 3d6 electron configuration.
Figure 1 displays temperature �T� dependence of the magne-
tization �M�, observed in the samples with x=0.22 and 0.25,
showing that a small compositional difference considerably
affects the low-temperature magnetic behavior. Below TC,
the magnetization of the sample with x=0.22 shows a maxi-
mum around T�170 K and then takes an almost constant
value with decreasing temperature. On the other hand, that of
the sample with x=0.25 shows a large decrease below Tm
�260 K. As will be discussed later, we attribute this de-
crease in the magnetization to the spin-state transition of the

Co3+ ions; a large portion of the Co3+ ions in the sample with
x=0.25 turns into the nonmagnetic LS state with decreasing
temperature as well as LaCoO3.

In this study, we have performed high-frequency electron
spin resonance �ESR� and high-field magnetization measure-
ments on Sr1−xYxCoO3−� with x=0.22 and 0.25. We show
that the spin-state transition can be induced by external mag-
netic fields for Sr1−xYxCoO3−� with x=0.25. The magnetiza-
tion of this sample recovers in the magnetic fields, owing to
the field-induced transition to the HS state. Detailed knowl-
edge of the spin-state transition has been provided from in-
tensive studies for the transition-metal complex with organic
ligands, called the spin crossover complex, so far.8 This phe-
nomenon is usually accompanied by variations in spin or
vibrational entropy, magnetic moment, and lattice volume,
and can, therefore, be induced not only by change in tem-
perature but also by applying magnetic fields or pressure.8–10

However, there is an important difference between the spin
crossover complex and perovskite Co oxides. While the
former is a weakly coupled assembly of molecular units,
which consist of the magnetic ion and organic ligands, Co3+

ions in the latter are embedded in closely connected Co-O
networks. This causes not only an elastic interaction—which
is believed to mediate between the magnetic ions, leading to
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FIG. 1. Temperature dependence of the magnetization in
Sr1−xYxCoO3−� with x=0.22 and 0.25, observed in the magnetic
field of 0.1 T.
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the cooperative transition in the spin crossover complex—
but also significant electron-electron interactions for the per-
ovskite Co oxides. Actually, our analysis in this study shows
a large contribution of the exchange interaction between the
Co3+ ions in the HS state for the field-induced spin-state
transition. It turned out that the transition is accompanied by
ordering of the magnetic moments. We suggest that the
subtle balance between the ligand field potential and the fer-
romagnetic interaction between Co3+ ions determines the
magnetic properties of Sr1−xYxCoO3−� at temperature below
TC.

The high-frequency ESR measurements on powder
samples of Sr1−xYxCoO3−� ��=0.3� with x=0.22 and 0.25
were conducted at 4.2 K. The ESR spectra at the frequency
from 584.8 to 847.0 GHz were measured by utilizing a far-
infrared laser and a pulse magnet. The spectrum at 449.7
GHz was measured by utilizing a vector network analyzer
and a superconducting magnet. The magnetization curves
were measured by means of a standard pick-up coil method
in pulsed magnetic fields up to 53 T. The temperature depen-
dence of the magnetization in static fields was measured with
a magnetic property measurement system �MPMS� super-
conducting interference device magnetometer �Quantum De-
sign�. The method for synthesizing the powder samples of
Sr1−xYxCoO3−� is mentioned in Refs. 3 and 4. Laboratory
x-ray analyses showed that the samples are in a single phase.

Before discussion about the field-induced spin-state tran-
sition, we describe the results of the high-frequency ESR
measurements. The various spin-state degree of freedom in
the Co3+ ion often causes uncertainties of the spin states for
the perovskite Co oxides. In the case of LaCoO3, the precise
spin state as a function of temperature is still controversial.
Difficulties for determining the precise spin state in LaCoO3
partly come from the fact that thermal activation from the
nonmagnetic state is needed for detecting the magnetic spin
state in this compound. In contrast to LaCoO3, the finite
magnetization survives down to lowest temperature in
Sr1−xYxCoO3−�. This fact makes it possible to study the mag-
netic spin state of Sr1−xYxCoO3−� in its ground state. To ex-
amine the spin state, which brings the low-temperature mag-
netization of Sr1−xYxCoO3−�, we measured the ESR. As
depicted in the inset of Fig. 2, ESR spectra with a broad peak
are observed in the samples with both x=0.22 and 0.25 at 4.2
K. For powder samples, the resonance absorption lines for
the field applied along the magnetic principal axis appear as
peaks in the spectra because the magnon density of state
along the principal axis is large. Thus, we plot the frequency-
field relation of the observed peaks in Fig. 2. The obtained
results can be fitted by a classical ferromagnetic resonance
mode, which is expressed as � /�=H+2HA.11 Here, � and
HA are a gyromagnetic ratio and an anisotropy field, respec-
tively. From the fitting, g=3.6 and HA=3.72 T are evaluated
for both samples. The g value is similar to those obtained for
LaCoO3 in the intermediate temperature region by the ESR
and neutron scattering measurements.12,13 It has been known
that low-temperature magnetic properties of the 3d6 ion in
the HS state can be described by a fictitious spin s=1 with
the effective g value largely different from that of a free
electron ge=2.0023.14 This is because the orbital degeneracy
of the 3d6 ion is not lifted by the cubic ligand field, and the

triplet state with a pseudo-total-momentum J̃=1 becomes the
lowest in energy due to the level splitting by spin-orbit cou-
pling. Actually, a recent crystal field calculation showed that
the g values and a single ion anisotropy constant D of
LaCoO3 can be explained by the lowest triplet, which is
extracted from the HS state.15 Assuming s=1 and HA
=3.72 T, the single ion anisotropy constant is evaluated to
be D=−6.25 cm−1 from an equation D=−g�BHA / �2s−1�.16

The absolute value of the evaluated D is also comparable
with that of LaCoO3. Therefore, we conclude that the Co3+

ion in the HS state gives the finite magnetization of
Sr1−xYxCoO3−� at low temperature.

Figure 3 shows the magnetization curves of the samples
with x=0.22 and 0.25 observed at 4.2 K. As reported by the
previous study,3 a large hysteresis around zero magnetic field
is observed in both samples. However, the magnetization
curves of the samples with x=0.22 and 0.25 show consider-
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FIG. 2. Frequency-field relation of the ESR resonance points in
Sr1−xYxCoO3−� with x=0.22 and 0.25, observed at 4.2 K. A solid
line shows theoretical ferromagnetic resonance mode. The inset
shows ESR spectra observed at 4.2 K.
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FIG. 3. Magnetization curves of Sr1−xYxCoO3−� with x=0.22
and 0.25, observed at 4.2 K.
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able differences. As the sample with x=0.22 has a larger
spontaneous ferromagnetic moment, magnetization of this
sample steeply grows in the beginning of the magnetization
process, and then shows a gradual and nonlinear increase
with increasing field. On the other hand, that of the sample
with x=0.25 increases almost linearly above the hysteresis
region, and shows an anomaly at Hc�38 T. Above Hc, the
magnetization increases with a larger slope. Figures 4�a� and
4�b� show temperature dependence of the magnetization and
the field derivative of the magnetization �dM /dH� curves,
respectively, observed in the x=0.25 sample. In the dM /dH
curves, a broad peak is seen at Hc. As the temperature is
increased, the spontaneous magnetization around the zero
field increases, whereas the peak of the dM /dH shifts toward
lower field. The peak broadens with increasing the tempera-
ture and then disappears above Tm=260 K, at which the
M-T curve shows the maximum. In Fig. 5, temperature de-
pendence of the Hc is plotted together with the peak tempera-
ture Tm of the M-T curve. We interpret that the anomaly at
Hc is due to the field-induced spin-state transition. It is con-

sidered that at low temperature, the sample with x=0.25 is in
a phase-separated state with the HS and LS domains, and the
HS domain, which occupies a smaller portion of the sample,
gives the small but finite spontaneous magnetization. Then,
the external fields convert Co3+ ions in the LS domain to the
HS state, giving rise to the anomaly at Hc. The temperature
dependence of Hc is analyzed by assuming a system similar
to that explained the field-induced spin-state transition in the
spin crossover complex �MnIII�taa��.10 A free energy fLS of
the nonmagnetic LS state for a Co3+ ion is settled to be fLS
=0. We assume that a free energy fHS of the HS state is
expressed as follows:

fHS = � − kBT log� sinh�3g�B�H + Hi�/2kBT�
sinh�g�B�H + Hi�/2kBT� � . �1�

The first term � is the difference of the internal energy be-
tween the HS and LS states, which is assumed to be positive.
The second term represents the Zeeman energy of the ficti-
tious spin s=1 with g=3.6. An important point of this analy-
sis is an introduction of an internal field Hi in the Zeeman
term, for taking the ferromagnetic exchange interaction be-
tween Co3+ ion into account. The spin-state transition occurs
when fHS= fLS=0 is satisfied. As shown in Fig. 5, the tem-
perature dependence of Hc is reproduced by the theoretical
curve, calculated with the parameters �=575 K and Hi
=200 T. The magnetic anisotropy can be neglected in the
analysis because it is small enough compared with � and Hi.
In fact, the calculation without the internal field cannot ex-
plain the experimental result; rapid decrease in Hc upon
warming is suggested by the calculation whereas the ob-
served Hc is almost constant up to 150 K as shown in Fig. 5.
The decrease in Hc upon warming is due to the fact that the
HS state is stabilized by a thermal effect. This is because the
HS state has a larger entropy compared to the nonmagnetic
LS state, owing to the spin degree of freedom. But, the in-
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FIG. 4. �a� Temperature dependence of the magnetization curves
of Sr1−xYxCoO3−� with x=0.25. Each magnetization curve shifts up
by 0.05�B with increasing temperature from 4.2 K. �b� Temperature
dependence of the derivative of the magnetization �dM /dH� curve
of Sr1−xYxCoO3−� with x=0.25 in the field-ascending process.
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FIG. 5. �a� Temperature dependence of the Hc, observed in
Sr1−xYxCoO3−� with x=0.25. Closed circles show the Hc. Open
circles show the peak temperature Tm of the M −T curves, measured
at H=0.1, 3, and 7 T. Solid curve shows a theoretical curve, calcu-
lated with the parameter, g=3.6, �=575 K, and Hi=200 T.
Dashed curve is that with the parameter, g=3.6, �=91 K, and no
internal field.
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ternal field lifts the spin degeneracy and, thus, reduces the
entropy in the HS state. Consequently, it suppresses the ther-
mal effect, resulting in the almost constant Hc below 150 K.
In the temperature region above 150 K, the magnetization
curves show a large hysteresis around Hc. We consider that
the relaxation time for the entropy variation is the origin of
the observed hysteresis. As we suggested above, the field-
induced transition above 150 K is accompanied by a large
entropy variation. To provide such an entropy variation, a
heat exchange is required. The magnetization measurements
in this study are conducted in pulsed magnetic fields with
rather short duration of about 7 msec. When the magnetic
field is varied rapidly enough, like in this experiment, com-
pared with the time for the heat exchange, the hysteresis
appears in the magnetization process.

The finite internal field, suggested from the above analy-
sis, implies that ferromagnetic clusters, in which Co3+ ions in
the HS state are strongly coupled each other by the exchange
interaction, are induced by the external fields. This situation
is quite different from the case of the usual spin crossover
complex, for which the paramagnetic HS state is induced by
the fields.10 For LaCoO3, an anomaly in the magnetization
curve, which was interpreted to be a metamagnetic transi-
tion, was reported.17 However, an analysis for this behavior
has not been done yet. It should be mentioned that within the
framework of our analysis, a jump of the magnetization, ac-
companied with the spin-state transition of first order, is ex-
pected at Hc. The observed magnetization in Sr1−xYxCoO3−�,
however, shows a gradual increase. We consider that this
behavior is due to a distribution of the transition field. In the
doped compounds such as Sr1−xYxCoO3−�, inhomogeneities
inevitably exist in the sample, and therefore, the values of Hi

and �, which are determined by a local structure of the
sample, likely distribute in certain extents. This causes the
distribution of the transition field, giving rise to the gradual
increase in the magnetization around Hc. Further theoretical
studies are desired for this issue.

Finally, we discuss the difference of the magnetic behav-
ior between the samples with x=0.22 and 0.25. We suggest
an important role of a competition between the ferromag-
netic exchange interaction and the ligand field potential.
Since the ferromagnetic interaction between the Co3+ ions
stabilizes the HS state, it competes with the ligand field po-
tential, which favors the LS state. The competition is consid-
ered to be affected by a substitution of Sr2+ with Y3+ ion.
The substitution reduces the lattice volume of Sr1−xYxCoO3−�

because of a smaller ionic radius of Y3+ compared with that
of Sr2+.3 Hence, it likely causes an enhancement of the
ligand field potential. Thus, the stronger ligand field potential
is expected for the sample with x=0.25. We consider that the
ferromagnetic interaction overcomes the ligand field poten-
tial and, thus, maintains the large spontaneous magnetization
down to low temperature for the sample with x=0.22,
whereas the large portion of the Co3+ ions turns into the
nonmagnetic LS state upon cooling because of the domi-
nance of the ligand field potential in the sample with x
=0.25.
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