
crystals

Article

Impurity-Induced Spin-State Crossover
in La0.8Sr0.2Co1−xAlxO3

Ichiro Terasaki * , Masamichi Ikuta, Takafumi D. Yamamoto and Hiroki Taniguchi

Department of Physics, Nagoya University, Nagoya 464-8602, Japan;
ikuta.masamichi@b.mbox.nagoya-u.ac.jp (M.I.); tdyamamoto@nagoya-u.jp (T.D.Y.);
hiroki_taniguchi@cc.nagoya-u.ac.jp (H.T.)
* Correspondence: terra@nagoya-u.jp; Tel./Fax: +81-52-789-5255

Received: 26 September 2018; Accepted: 29 October 2018; Published: 31 October 2018
����������
�������

Abstract: We have prepared a set of polycrystalline samples of La0.8Sr0.2Co1−xAlxO3 (0 ≤ x ≤ 0.2),
and have measured the magnetization as functions of temperature and magnetic field. We find that
the average spin number per Co ion (SCo) evaluated from the room-temperature susceptibility is
around 1.2–1.3 and independent of x. However, we further find that SCo evaluated from the saturation
magnetization at 2 K is around 0.3–0.7, and decreases dramatically with x. This naturally indicates
that a significant fraction of the Co3+ ions experience a spin-state crossover from the intermediate-
to low-spin state with decreasing temperature in the Al-substituted samples. This spin-state crossover
also explains the resistivity and the thermopower consistently. In particular, we find that the
thermopower is anomalously enhanced by the Al substitution, which can be consistently explained
in terms of an extended Heikes formula.

Keywords: cobalt oxide; spin polaron; impurity effect; spin-state crossover

1. Introduction

The spin state is one of the most fundamental concepts in transition-metal oxides/complexes [1].
The d electrons in a transition-metal ion feel the Coulomb repulsion from the neighboring oxygen
anions. In a transition-metal ion surrounded with octahedrally-coordinated oxygen anions, the
five-fold degenerate d orbitals in a vacuum are split into the triply degenerate t2g orbitals and the
doubly degenerate eg orbitals. An energy gap from t2g to eg levels is called “ligand field splitting”,
and competes with the Hund coupling [2]. For a larger ligand field splitting, the d electrons occupy
the t2g levels first to minimize the total spin number S. On the other hand, for a larger Hund coupling,
S is maximized to satisfy Hund’s rule. The former state is called the low-spin state, and the latter the
high-spin state.

While the two spin states can be seen from d4 to d7 electron systems, Co3+ is of particular
importance in the sense that the low-spin state (e0

gt6
2g, S = 0) and the high-spin state (e2

gt4
2g, S = 2) are

almost degenerate in energy, in which various external conditions such as temperature, pressure, and
magnetic field can induce the spin-state transition/crossover [3]. LaCoO3 [4–7] and Sr3YCo4O10.5 [8–11]
are prime examples.

In addition to the high- and low-spin states, the intermediate-spin state (e1
gt5

2g, S = 1)
has been theoretically proposed in the Co3+ oxides, [12] and has been controversial for long time.
Nakao et al. [13] have observed the characteristic resonant X-ray diffraction in a single-crystal sample
of Sr3YCo4O10.5 at low temperatures, indicating an eg-like elongated electron density distribution
around the Co3+ ion. This naturally suggests that the Co3+ ions are in the intermediate-spin state.
In the case of LaCoO3, however, no critical experiments have been done thus far, and it is still under
debate whether or not the intermediate-spin state exists [14–20]. Recently, the intermediate-spin state
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has been regarded as a kind of excitonic insulator from the low-spin state, [21–23] and its excited
properties have been reinvestigated [24].

In contrast to the undoped LaCoO3, researchers in the community seem to reach a consensus that
the Co3+ ions exist as the intermediate-spin state in the doped LaCoO3, and are responsible for the
ferromagnetic metal state (FMM) in the heavily-doped samples [25–29]. Figure 1 shows an electronic
phase diagram of La1−xSrxCoO3 simplified from the original one [30]. Note that the FMM phase shows
cluster glass behavior, however, we do not further explore the glass nature of this phase in this paper.
For x � 0.05, the system is insulating, and the magnetic Co3+ ions experience the spin-state crossover
denoted by the reverse triangles, showing the nonmagnetic ground state. According to this figure, the
spin-state crossover is quickly suppressed with increasing Co4+ content x. This has been explained
in terms of spin polaron, [31] which is a spin cluster consisting of one Co4+ ion in the low-spin state
surrounded by several Co3+ ions in the intermediate-spin state [32].

Figure 1. Phase diagram of La1−xSrxCoO3 simplified from the original one in Reference [30].
Depending on Sr content x and temperature, the system takes the paramagnetic insulator (PI), the spin
glass insulator (SGI), the paramagnetic metal (PMM), or ferromagnetic metal (FMM) state. FMM is
often indistinguishable from cluster glass state. The reverse triangles show the spin-state crossover
temperature TSST. The other marks correspond to magnetic transition temperatures.

In this paper, we report on the effects of Al substitution for Co on the magnetic and transport
properties of doped LaCoO3. Impurity has been a powerful test for the essential properties of novel
materials. Bardeen-Cooper-Schrieffer-type superconductors are robust against nonmagnetic impurities
which is demonstrated in the Anderson theorem, but are very susceptible against magnetic impurity as
explained by the Abrikosov-Gor’kov theory [33]. For unconventional superconductors, nonmagnetic
impurity has revealed various anomalous properties in the high-temperature superconducting copper
oxides, [34] and possible orbital-fluctuation-driven superconductivity in the Fe-based superconductors
[35]. How the impurity effects deviate from simple dilution effects and/or percolation theories in
various magnetic materials has been discussed. The Haldane chain compound exhibits anomalous
S = 1/2 excitation on the Ni2+ chain against Cu2+ impurity doping, [36] and a transition from the
dimered to uniform antiferromagnetic order is observed in Mg-doped CuGeO3 [37]. In the case of
LaCoO3, Kyomen et al. [38] conducted a pioneering study focused on this, and they have found
that the Rh substitution enhances the paramagnetism, while the Al and Ga substitution increases the
spin-state crossover temperature to stabilize the low-spin state. Following their work, we studied the
Co-site substitution effects in the doped and undoped LaCoO3. In particuar, Asai et al. [39] found
a weak ferromagnetism in LaCo1−xRhxO3, below around 15 K for 0.1 ≤ x ≤ 0.4, which can be regarded
as a ferromagnetism emerging from nonmagnetic end phases. As a natural extension, we conducted an
extensive study of the Al-substitution effect in the doped LaCoO3, where the carrier concentration is
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set to 0.2 per Co because metallic conduction is reported in this carrier concentration. Here we propose
that spin-state crossover takes place in the doped LaCoO3, and the substitution of Al for Co excellently
highlights this crossover.

2. Experimental

Polycrystalline samples of La0.8Sr0.2Co1−xAlxO3 (x = 0, 0.05, 0.10, and 0.15) were prepared by
a standard solid-state reaction. Stoichiometric amounts of La2O3, SrCO3, Co3O4, and Al2O3 powders
were mixed and calcined at 1273 K for 24 h in air. The calcined powder was ground and pressed into
pellets, and sintered at 1473 K for 48 h in air.

The X-ray diffraction pattern was taken with a laboratory X-ray diffractometer (RINT-2200,
Rigaku) in θ-2θ scan mode with Cu Kα as an X-ray source. The temperature dependence of
the magnetization was measured with an SQUID susceptometer (MPMS, Quantum Design) in
a field-cooling process in 0.1 T from 4 to 300 K. The magnetization–field curve was measured with
the SQUID susceptometer from −7 to 7 T. The resistivity was measured with a four-probe technique
with a homemade measurement station from 4 to 300 K in a liquid He cryostat. The thermopower
was measured with a steady state and two-probe technique from 4 to 300 K in a liquid He cryostat.
The sample bridged two separated copper heat baths, and the resistance heater made temperature
differences between the two heat baths, which was monitored through a copper-constantan differential
thermocouple. The contribution of the voltage leads were carefully subtracted.

3. Results

Figure 2 shows X-ray diffraction patterns of the prepared samples measured at room temperature.
All the peaks are indexed as rhombohedral (R3̄c), and no impurity phases are seen. The lattice
parameter a slightly decreased with increasing Al content x (a = 5.440, 5.434, 5.429, and 5.421 Å for
x = 0, 0.05, 0.10, and 0.15, respectively), and this indicates that the Al ion substituted well for Co in the
whole set of the samples.
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Figure 2. X-ray diffraction patterns of polycrystalline samples of La0.8Sr0.2Co1−xAlxO3. The black
curve plotted at the lowest position indicates the simulated diffraction patterns.

Figure 3a shows the temperature dependence of the magnetization in an external field of 0.1 T
in the field-cooling process. All the samples showed a gradual increase in the magnetization below
a certain temperature, indicating weak-ferromagnetic or cluster glass-like behavior. The data for x = 0
are consistent with preceding studies, [25–27] and the Al substitution systematically suppressed the
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low temperature magnetization and the transition temperature. As the Al ion is chemically stable as
trivalent, it substitutes for Co3+. Thus, the present results suggest that Co3+ ions play a vital role in
the FMM phase of the doped LaCoO3, although FMM is driven by the doped holes (i.e., the Co4+ ions).
For x > 0, a broad maximum is seen in the magnetization as indicated by the arrows. The physical
meaning of this maximum will be discussed later.
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Figure 3. (a) Magnetization of polycrystalline samples of La0.8Sr0.2Co1−xAlxO3 in an external field
of 0.1 T in the field-cooling process. The arrows indicate a broad peak in the magnetization curve.
(b) Inverse magnetization of the same data of (a). The black circles, blue triangles, green reverse
triangles, and yellow squares represent x = 0, 0.05, 0.10 and 0.15, respectively. The dotted lines are
guides to the eye for estimation of the transition temperature.

To see the transition temperature Tc and the susceptibility at high temperatures clearly,
Figure 3b shows the inverse magnetization for the same data. Although the transition is broadened
with increasing x, Tc decreases from 190 K for x = 0 down to 100 K for x = 0.15, as was estimated
from the intersection points between the dotted lines and the temperature axis. This suppression is
severer by a factor of three than the prediction from a simple dilution effect (Tc(x)/Tc(0) ∼ 1 − 3x).
This means that the Al substitution dramatically alters the ferromagnetic order. In contrast, the inverse
magnetization above 250 K shows that the temperature slope is nearly the same for all the samples,
and can be explained with a simple Curie–Weiss law in which the slope corresponds to the density
of the magnetic moment. This indicates that the Al substitution left the whole number of magnetic
moment almost unchanged. On one hand, this seems reasonable because Al3+ is nonmagnetic, but on
the other hand it is in contradiction with the strong suppression of the ferromagnetic order.

Figure 4a shows the magnetization hysteresis plotted as a function of external field for all the
samples at 2 K. We show only the positive magnetization part just for clarity. All the curves tend to
saturate at high magnetic fields, which is a hallmark of ferromagnetism. The saturation magnetization
is around 1.3 µB/f.u. for x = 0, while that for x = 0.05 it is around 1.0 µB/f.u. This indicates that 5%
substituted Al decreases the saturation moment of 0.3 µB/f.u., i.e., one Al ion decreases a substantial
value 6 µB. For further substitution, the decrease in saturation magnetization is somewhat tempered,
but still one Al ion suppresses roughly 4 µB. Another notable feature is that the Al substitution
makes the ferromagnetism harder; it increases the coercive field drastically. Owing to this hardening,
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the magnetization in 0.1 T shown in Figure 3a was measured as being smaller values than expected
which underestimate the saturation magnetization.
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Figure 4. (a) Magnetization–field curve of polycrystalline samples of La0.8Sr0.2Co1−xAlxO3 at 2 K.
The positive magnetization part is shown for clarity. (b) The magnetization–field curves for x = 0.10 at
various temperatures.

Figure 4b shows how the magnetic hysteresis evolves with temperature for x = 0.10. At 2 K,
the magnetic hysteresis shows a clear loop with the coercive field of 1.5 T as was already
mentioned above. With increasing temperature, the coercive field rapidly decreases above 40 K,
and the magnetization does not show appreciable temperature dependence up to 70 K.

Let us evaluate the average spin number per Co ion quantitatively. We fit the magnetization
above 250 K using the Curie–Weiss formula given by

M
H

=
C

T − Tc
. (1)

The parameter C is the Curie constant which is further written by

C =
Nµ2

eff
3kB

=
Ng2µ2

BS(S + 1)
3kB

, (2)

where µeff is the effective magnetic moment, N the density of the effective moment, and S the effective
spin number. Figure 5 shows the thus evaluated µeff plotted as a function of the Al content x.
Clearly µeff is almost independent of x (slightly decreases with x), which is consistent with the
fact that the temperature slope of the inverse magnetization is almost independent of x as was already
discussed in Figure 3b. In contrast, the saturation magnetization below Tc rapidly decreases with
x. We regard the magnetization at 7 T at 2 K (M7T) as the saturation magnetization, and plot in the
same figure.
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Figure 5. (a) Magnetization at 7 T (M7T) evaluated from the magnetization–field curve at 2 K
and the effective magnetic moment µeff evaluated from the Curie–Weiss fitting from 250 to 300 K.
(b) The average spin number per Co (SCo) evaluated from M7T and µeff.

We evaluate the average spin number per Co (SCo) from µeff and M7T. In Figure 5b we plot the
two kinds of SCo, where we assume the g-factor to be 2. From µeff, SCo is around 1.2–1.3 and almost
independent of x. This suggests that most of the Co3+ ions are in the intermediate state (S = 1). On the
other hand, from M7T, SCo is much smaller than unity and decreases with x. By combining these
two, we are led to the conclusion that SCo decreases with decreasing temperature, and such tendency
becomes more remarkable upon the Al substitution. This naturally indicates that some portion of the
Co ions show a crossover to the low-spin state at low temperatures.

We think that the spin-state crossover is the origin for the broad maximum observed in the
magnetization for x > 0 in Figure 3a, which looks similar to the drop of the magnetization in
Sr3YCo4O10.5 around 200 K [8,40]. Since the two SCo values do not coincide for x = 0, we propose that
a small fraction of the Co3+ ions may experience spin-state crossover even for x = 0. This conclusion
is consistent with the magnetic-resonance experiment by Smith et al. [41], from which they propose
that the spin-state transition survives around 100 K up to 15% doped LaCoO3. In La1−xSrxCoO3,
Rodoriguez and Goodenough [26] have reported SCo above Tc is almost independent of Sr content,
while SCo below Tc is much smaller and depends on Sr content. Kriener et al. [29] have found that the
saturation magnetization is smaller in La1−xCaxCoO3 than in La1−xSrxCoO3 for the same x, which
cannot be explained by a simple combination of the low-spin state Co4+ and the intermediate-spin
state Co3+. Prakash et al. [42] have also reported that the magnetization curves in La1−xCaxCoO3 are
quantitatively different from those in La1−xSrxCoO3 in the form of nano-particles.

4. Discussion

4.1. Effects on Transport Properties

Let us discuss the effects of the Al substitution on the charge transport. Figure 6a shows
the resistivity of the prepared samples plotted as a function of temperature. The resistivity for x
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= 0 shows a low value of 1 mΩcm at room temperature, and weakly depends on temperatures
above 100 K. With decreasing temperatures below 100 K, it turns into nonmetallic conduction,
which has been regarded as the strong localization of carriers. This nonmetallic behavior happens
when the double-exchange hopping between Co3+ and Co4+ ions is gradually suppressed below
the magnetic transition temperature. The Al substitution increases the resistivity systematically
at all temperatures, and makes the low-temperature upturn remarkable. We should note that the
Al ions are expected to replace Co3+ ions in the system, thereby leaving the carrier concentration
(the Co4+ concentration) intact. This is supported by the fact that the room-temperature resistivity
remains in the order of mΩcm. Accordingly, we attribute the nonmetallic behavior to the reduced
mobility arising from the localization of the spin polaron.
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Figure 6. (a) Resistivity and (b) Thermopower of La0.8Sr0.2Co1−xAlxO3.

Figure 6b shows the thermopower of the same set of the samples plotted as a function of
temperature. The thermopower for x = 0 shows a small value of 20 µV/K at room temperature,
and shows weak temperature dependence above the Curie temperature Tc of 190 K. Then it shows
a broad kink at Tc, and shows a temperature-linear dependence which is expected in the thermopower
of degenerate semiconductors [43]. Since the diffusion term does not include scattering time directly,
the T-linear thermopower is not in contradiction to the nonmetallic resistivity upturn as a result of
the localization.

Most notably, the Al substitution systematically enhances the thermopower at all the temperatures.
The increment in the thermopower reaches 60 µV/K at 100 K from x = 0 to 0.15, which is quite
substantial. The T-linear thermopower at low temperatures indicates that their electronic states are
essentially metallic without an energy gap in the density of states, being consistent with the picture
of localized spin polaron. The samples for x = 0.05, 0.10, and 0.15 show a broad peak, and the peak
temperature decreases with x. The peak temperature seems to decrease with x similarly to Tc, but the
relationship between the two temperatures is yet to be explored. We should note once again that
the Al ions are supposed to replace Co3+ rather than Co4+. Within a simple semiconductor physics,
the thermopower depends mainly on the carrier concentration, not on the mobility. Thus, it is expected
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to be related to the Co4+ concentration, but not to the Co3+ concentration. Thus, the thermopower
enhancement induced by the Al substitution is highly nontrivial.

The thermopower of the cobalt oxides has been discussed in terms of an extended Heikes formula
proposed by Koshibae et al. [44]. The theoretical expression is given by

S =
kB
e

ln
gA

gB

p
1 − p

, (3)

where p is the concentration of the A ions, and gi (i = A and B) is the internal electronic degeneracy due
to the spin and orbital degrees of freedom. In the present case, p equals 0.2 (the Co4+ concentration) for
all the samples. Consequently, ln gCo4+/gCo3+ should determine the magnitude of the thermopower.
We experimentally showed that the Co3+ ions in the low-spin state can give a large value of
ln gCo4+/gCo3+ [45–47].

In this respect, we can associate the thermopower enhancement at low temperatures with the
spin-state crossover induced by Al substitution. Although the spin-state crossover is suggested at
low temperatues from the magnetic measurements, the thermopower already increases at room
temperature. We do not yet understand this clearly. One possibility is that the substituted Al
ions bring additional entropy into the system, and give additional thermopower in the Heikes
formula (gA for Al ion and gB for Co ion in Equation (3)). Another possibility is that the formation
of the spin polaron gradually starts from room temperature, and is suppressed by the Al substitution.
Consequently, the Co4+ ion is not fully surrounded with the intermediate-spin state Co3+ at
room temperature.

4.2. Comparison with Other Impurities

In this subsection, we review the Co-site substitution effects on LaCoO3 and the related cobalt
oxides. After the pioneering work of Kyomen et al. [38], we have studied the Co-site substitution
effects in the doped and undoped LaCoO3. Asai et al. [39] found that the Rh substitution
induces weak ferromagnetism in LaCo1−xRhxO3 and further found that the Ga substitution in the
weak-ferromagnetic LaCo0.8Rh0.2O3 severely suppresses the effective moment in the Co site [48].
These two works suggest that the Rh substitution stabilizes the Co3+ ion in the high-spin state,
while the Ga substitution does the Co3+ ion in the low-spin state [49]. Knizek et al. [50] have
reported from GGA+U electronic structure calculations that the Rh impurity can stabilize the high-spin
state of the neighboring Co3+ ion. This tendency was further verified from optical reflectivity [51]
and from X-ray absorption [52]. From the Curie–Weiss analysis, one substituted Rh ion leaves
the value of SCo unchanged up to 50% substitution, while one substituted Ga ion reduces SCo
by 4.6 µB. Tomiyasu et al. [53] have recently shown that the doped magnetic impurity, such as
Cr3+, Fe3+, Mn4+, or Ni2+, is surrounded by magnetic Co ions in LaCoO3.

In the case of the doped LaCoO3, Shibasaki et al. [54] found that the Rh substitution in
La0.8Sr0.2Co1−xRhxO3 does not change SCo above Tc while one Rh substitution effectively decreases
SCo by 9 µB below Tc. Since their findings are qualitatively the same as those in the present work, we
can also explain the big drop in SCo from room temperature down to 5 K in La0.8Sr0.2Co1−xRhxO3 in
terms of spin-state crossover. As mentioned in the previous section, one Al substitution decreases SCo
by 6 µB in La0.8Sr0.2Co1−xAlxO3. It is not clear at present whether or not the difference between 9 µB
for Rh and 6 µB for Al is intrinsic. One possibility is that the Rh ion destroy the spin polaron more
seriously than the Al ion. While the 10% Rh substituted sample is nearly paramagnetic [54], the 10%
Al substituted sample still shows ferromagnetic behavior.

4.3. An Origin of Impurity-Induced Spin-State Crossover

Let us discuss a possible mechanism of spin-state crossover induced by impurities. As already
mentioned, the spin polaron is formed in the lightly-doped LaCoO3. Podlesnyak et al. [31]
have shown that the doped hole exists in the low-spin state Co4+ ion and is surrounded by six
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octahedrally-coordinated Co3+ ions in the intermediate spin state. The intermediate-spin state Co3+

is believed to be induced by Co4+ in order that the doped hole can gain kinetic energy through the
double exchange interaction. This spin polaron acts as a super-spin of S = 13/2 via the double exchange
interaction within the cluster. From the earlier magnetic measurement, Yamaguchi et al. [32] have
found that the magnetization–field curve can be fitted with a large spin number of S = 10–16, which is
consistent with the spin-polaron picture. The above experiments consistently show that the unit of
magnetic moment extends to several unit cells.

Thus, it is naturally expected that the doped Al replaces one of the Co3+ ions in the spin
polaron, and suppresses the double exchange. In the strong coupling limit, a single Al ion can
block the spin-polaron formation, and practically act as plural nonmagnetic ions. As already shown,
the transition temperature is rapidly reduced with x roughly expressed by Tc(x)/Tc(0) ∼ 1 − 3x.
The factor of three may come from the picture that one Al ion effectively makes around three Co ions
be in the low-spin state at low temperatures. This is consistent with the fact that one Al ion suppress
6 µB in the saturation magnetization.

Since SCo is independent of x above Tc, the spin polaron is likely formed around Tc below
which the effect of Al becomes remarkable. This is also suggested by the resistivity; the nonmetallic
conduction becomes more remarkable below Tc. Since the spin polaron is strongly pinned or destroyed
by the Al ion, it cannot act as a charge carrier in this system, where the isolated Co4+ ion is strongly
localized in the sea of the low-spin state Co3+. At room temperature where the spin polaron is not yet
formed, the resistivity is weakly dependent on x.

4.4. Coercive Field Induced by Al Substitution

As was already mentioned in the previous section, the weak ferromagnetism becomes harder
with increasing Al concentration as shown in Figure 4. The coercive field µ0Hc is unusually high,
and reaches near 2 T at 2 K for x = 0.15. This is difficult to understand from a conventional
theory of ferromagnets, [55] in which the anisotropy energy and the pinning force determine µ0Hc.
Accordingly, µ0Hc increases roughly with Tc in conventional hard ferromagnets. In the present case,
however, µ0Hc increases and Tc decreases with x. In particular, the coercive energy of µ0HcgµBSCo is of
2 K/f.u. for x = 0.15, which is comparable with the ferromagnetic energy of BH/f.u. at 6 T. In the first
place, polycrystalline samples are expected to show smaller coercive field than single crystal [56].

Such giant coercive fields have been overlooked thus far, possibly because they are regarded
as coming from extrinsic origins such as pinning centers, dislocations, and particle size [57].
Actually nano-size ferromagnetic particles of ε-Fe2O3 exhibit a giant coercive field of 2 T, [58] and
three-atom-width nanowires of Co metal show µ0Hc = 1.2 T [59].

Aside from nano-magnetics, huge coercive fields have been reported in various oxide materials.
For example, µ0Hc equals 5.9 T at 4.2 K for Co2(OH)2(C8H4O4) [60], 9 T at 4.2 K for LuFe2O4 [61],
12 T at 2 K for the hexagonal Sr5Ru5−xO15 [62], and 2 T at 100 K for BaIrO3 [63]. Although the origin
of these huge µ0Hc is different from material to material, a strong spin-orbit interaction and Ising-like
anisotropy seem to play vital roles.

We have discussed a possible spin-state crossover induced by Al substitution. In this
context, we can associate the giant µ0Hc with magnetic-field induced spin-state crossover. As was
discussed above, the substituted Al ion pins the spin polaron, and lets the neighboring Co3+ ion be in
the low-spin state. Since this pinning competes with the intra-polaron double exchange, we expect
that the energy difference between the low- and intermediate-spin states is within the order of kBT.
In such a situation, an external field helps the intermediate-spin state to grow through the Zeeman
effect, and the number of the intermediate spins gradually increases with increasing field. This is
a kind of metamagnetic transition in the sense that the total spin number changes with external
field, and accompanies a magnetic field hysteresis because the spin-state crossover causes a large
magnetostriction [64]. The spin-state transition is induced by external field in LaCoO3 and the related
oxides, but the critical field is around 60 T for LaCoO3 [65,66] and 53 T for Sr3YCo4O10.5 [40]. It is not
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surprising that they are much higher than those in the present case, because the spin-state crossover in
the pure cobalt oxides is caused by a cooperative interaction among the Co3+ ions, while the spin-state
energy and cooperative interaction are reduced near the Al impurity.

5. Summary

In summary, we prepared a set of polycrystalline samples of La0.8Sr0.2Co1−xAlxO3 (0 ≤ x ≤ 0.15),
and measured the X-ray diffraction, magnetization, resistivity, and thermopower. We obtained the
average spin number per Co ion (SCo) in two ways, and found that SCo is around 1.2–1.3 at room
temperature, and rapidly reduces to 0.3–0.7 at 2 K. The reduction of SCo becomes more remarkable
as x becomes larger. We have ascribed this to a spin-state crossover and proposed that the Al
substitution enhances this crossover by pinning the spin polaron. The spin-state crossover also
semi-quantitatively explains the enhanced thermopower and the anomalously large coercive field
induced by the substituted Al ion.
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