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We report a magnetostriction study of a perovskite LaCoO3 above 100 T using our state-of-the-art strain
gauge to investigate an interplay between electron correlation and spin crossover. There has been a
controversy regarding whether two novel phases in LaCoO3 at high magnetic fields result from
crystallizations or Bose-Einstein condensation during spin crossover as manifestations of localization
and delocalization in spin states, respectively. We show that both phases are crystallizations rather than
condensations, and the two crystallizations are different, based on the observations that the two phases
exhibit as magnetostriction plateaux with distinct heights. The crystallizations of spin states have emerged
manifesting the localizations and interactions in spin crossover with large and cooperative lattice changes.
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In condensed matters, novel phases often manifest
themselves at boundary regions between different compet-
ing phases. Transition metal oxide is one of the most
abundant field where such emergent quantum states as
unconventional superconductivity, charge-orbital order,
spin density wave and magnetic orders emerge, leading
further to the functional phenomena such as multifferoic
transitions, colossal magnetoresistance, and metal-insulator
transition, representatively observed in cuprates and man-
ganites [1,2]. The rich variety of the above mentioned
phenomena is a consequence of the competing nature of the
wave-particle duality of electrons due to electron correla-
tion, with the coupled multiple degrees of freedom such as
charge, orbital, spin, and lattices [3].
Among transition metal oxides, cobaltites are charac-

terized by the occurrence of a spin crossover between high-
spin (HS) and low-spin (LS) states due to the balance of
Hund’s coupling and crystal field splitting, which serves as
a new degree of freedom in the correlated electron systems
[4]. Our prime interest is to investigate the emergence of
novel phases in cobaltites at the proximity to a spin
crossover. It deepens the understanding of cobaltites, and
is more generally essential to the correlated electron
physics with multiorbitals such as iron-based unconven-
tional superconductivity, and Kondo physics in heavy
fermion systems and excitonic condensation [5]. Besides
the electronic states are associated to vast phenomena in
cobalt-based materials such as metal-organic magnets [6],

superconductivity [7], large thermoelectric phenomena [8],
and Lithium ion batteries [9].
A perovskite cobaltite LaCoO3 is the most prominent

compound suitable for hunting emergent phases at prox-
imity to a spin crossover because the spin crossover is
controllable by hole doping [10], temperature [11], tensile
strain [12–14], and magnetic fields [15,16]. The tempera-
ture evolution has stimulated many controversies among
researches. The change from the low-lying nonmagnetic LS
insulator (t62g, S ¼ 0) state to a paramagnetic insulator state
at 100 K and then to a paramagnetic metal phase above
500 K [10,11], has been causing an intriguing debate
over the possible occupation of the HS (t42ge

2
g, S ¼ 2) state

[17–23] or the intermediate spin (IS, t52ge
1
g, S ¼ 1) state

[24–28] [Figs. 1(a) and 1(b)].
Among them, the magnetic field effect on LaCoO3 is the

most controversial over the origin of the two emergent
phases observed at very high magnetic fields above 100 T,
being consistent with the large spin gap energy of ∼100 K
[Fig. 1(c)]. Below 30 K, a first order transition at 60 T is
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FIG. 1. (a) Lattice model of a pseudo cubic LaCoO3.
(b) Electron and spin configurations in LS, IS, and HS states.
(c) A schematic diagram of a magnetic field induced spin
crossover. EC and SSC stands for excitonic condensation and
spin-state crystallization, respectively.
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observed [15,16,29] with only a small increment of
magnetization, ≈1=4 of the saturation magnetization.
Above 30 K, the transition at 60 T disappears and another
transition appears beyond 100 T [30]. The high-field phases
below and above 30 K are termed as α and β phases,
respectively. As origins of α and β phases, excitonic
condensations described as ajLSi þ bjISi, and HS-LS
spin-state crystallizations are proposed theoretically
[31,32]. The wave-particle duality of HS or IS states is
crucial to induce such nontrivial phases at the spin cross-
over [5]. However, further experimental verification
remains elusive. One needs to observe the spin-state
fractions as a function of magnetic fields for the exper-
imental verification. In analogy with the case of the dimer-
spin systems, where Bose-Einstein condensation and a
crystal of magnons exhibit a magnetization slope and a
plateau, respectively [33], in the correlated spin-crossover
system, an excitonic condensation and a spin-state crys-
tallization will exhibit a slope and a plateau of spin-state
fractions, respectively, as is also theoretically suggested in
the literatures [31,32].
Magnetovolume effect is one of the most direct probe of

spin-state fractions, owing to the firm couplings between
spin states and the ionic volume. HS and IS, have larger
volume than LS because of the increasing occupations of

the extended eg orbitals [see Fig. 1(c)]. We recently devised
a state of the art high-speed strain gauge [34] to use it well
beyond 100 T, generated for a few μs duration with
destructive pulse magnets. Now, we can verify spin-state
crystallizations and excitonic condensations in LaCoO3

well above 100 T via the magneto-lattice couplings.
In this Letter, we report magnetostriction measurements

of LaCoO3 up to well above 100 T using the new high-
speed magnetostriction gauge [34]. In both α and β phases,
ΔL=L show plateaux, where ΔL=L is ≈1.4 times larger in
β phase than that in α phase. The observations indicate that
a spin-state crystallization is preferred over an excitonic
condensation in each of the α and β phases. Origins of α
and β phases are discussed, considering IS and HS duality,
magnetism, and a recent calculation of the spin-state
crystals [35].
High magnetic fields up to 200 T are generated using a

single turn coil megagauss generator at the Institute for
Solid State Physics, University of Tokyo, Japan [36], which
is a destructive pulse magnet with a duration of 7 μs.
Magnetostriction measurements are performed by means of
a high-speed strain gauge of 100 MHz, where an optical
fiber with a fiber Bragg grating is directly glued onto rod-
shaped polycrystalline and single crystalline samples of
≈2 mm in length and ≈1 mm in diameter [34]. All the
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FIG. 2. Magnetostriction curves of polycrystalline LaCoO3 up to 160 T measured by means of the fiber Bragg grating based high-
speed 100 MHz strain gauge [34] at various temperatures from 9 to 292 K. (a) ΔL=L as a function of magnetic fields. Blue curves and
dotted red curves are data from up and down sweep of magnetic fields, respectively. (b) dðΔL=LÞ=dB as a function of magnetic fields.
Green and dotted brown curves are data from up and down sweep of magnetic fields, respectively. The green and brown vertical arrows
point to the peaks of dðΔL=LÞ=dB data, which represent the critical fields for the spin-state transitions to α and β phases. (c) ΔL=L
curves and the external magnetic fields (gray curves) shown as a function of time. Red and blue curves of ΔL=L correspond to the
temperature ranges where the spin-state transition to α and β phases take place, respectively. Green curves of ΔL=L correspond to the
temperature range where no transition is observed.
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magnetostriction data in the present Letter are measured in
the longitudinal direction, ΔLkB [37].
Figures 2(a)–2(c) show the measured magnetostriction

curves of polycrystalline LaCoO3 at various temperatures,
where the sample and the strain gauge remained intact after
each pulse. ΔL=L data in Fig. 2(a) exhibit sudden increases
of ΔL=L at high fields with large hystereses between the
up-sweep (blue curves) and down-sweep (red dashed
curves) data, indicating the first order spin-state transitions,
being in good agreement with previous magnetization
[15,16], magnetostriction studies [16,29] below 100 T,
and a magnetization study beyond 100 T [30]. The
transition fields are identified using the vertical arrows
in Fig. 2(b) pointing to the peaks of dðΔL=LÞ=dB data,
which are summarized on the B-T plane in Fig. 3, which
shows a good agreement with the previous magnetization
study beyond 100 T [30]. Two striking features in Fig. 3 are
that the phase boundaries shift to higher magnetic fields
with increasing initial temperatures and that the phase
boundary with the up-sweep data shows a discrete jump at
the temperature of ≈30 K. These indicate that β and α
phases are distinct ordered phases, as is speculated in
Ref. [30]. In addition, the upper boundary of the β phase is
found to be ≈120 K.
ΔL=L is demonstrated to serve as a more direct probe of

spin crossover than magnetization [Fig. 4(a)]. ΔL=L at
50 T show, a significant response in the temperature range
from 25 to 100 K and vanishes with increasing temperature
at above 100 K, which is consistent with a previous
magnetostriction study up to 35 T [41]. In contrast,
magnetization is well susceptible even at room temperature
[41]. These indicate that, at room temperature, the

paramagnetic spin moments of the HS or IS are aligned
to the external magnetic fields, while the spin-state frac-
tions do not change [42]. On the other hand, at low
temperatures, both the spin crossover and the spin moment
alignment are taking place. Based on above observations,
we regard the change of ΔL=L as the change of spin state
fractions, as a crude approximation, hereafter in the Letter.
In Fig. 2(c), we identify three temperature ranges as

T < 30; 30 < T < 130, and T > 130 K, where the ΔL=L
curves are colored in red, blue, and green, respectively. The
former two ranges exhibit phase transitions to plateaux,
while the last range shows no transition. The temperature
range T < 30 K is characterized with the gapped behavior,
while the gapless behavior is observed in 30 < T < 130
and T > 130 K. A striking observation is summarized in
Fig. 4(b), where the heights of the plateaux in T < 30 and
30 < T < 130 K are plotted. It is clear that the plateaux
heights are sharply increased by a factor of ∼1.4 in 30 <
T < 130 K as compared to those in T < 30 K. This asserts
that α and β phases are distinct phases separated by a first
order transition line as indicated in Fig. 3 by the horizontal
dashed line. The height of the plateaux in β phase decreases
at elevated temperatures, which cloud be a result of the
increasing preoccupation of IS or HS with increasing
temperature at zero fields.

FIG. 3. Obtained spin-state transition fields of LaCoO3 plotted
on a B-T plane. The triangles pointing up and down indicate the
data in up sweep and down sweep, respectively. The triangles
filled with white and pale blue color are data from polycrystalline
[Fig. 2(b)] and single crystalline samples [38], respectively. Black
filled circles are the previously obtained transition fields reported
in Ref. [30] shown for comparison. The inset shows a possible
modification to the temperature reading of the obtained phase
diagram, which is in demand considering the adiabatic condition
of the sample during the μs pulsed magnetic field. See the main
text for the details.
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FIG. 4. (a) ΔL=L of LaCoO3 at 50 T (present study) as a
function of temperature with ΔL=L at 22 T (imported from
Ref. [41]) and magnetization (imported from Ref. [15]) shown for
comparison. (b) ΔL=L of LaCoO3 in α and β phases deduced in
Fig. 2(c) as a function of temperature. (c) Magnetization of
LaCoO3 in α and β phases imported from Ref. [30].
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Note that single crystalline samples show qualitatively
similar results up to 190 T and with sharpe transitions as
shown in the Supplemental Material [38] and in Fig. 5(b),
whose transition points are also plotted in Fig. 3. However,
the polycrystalline data are more advantageous because
they are much less fragile against the rapid lattice changes
in the transitions. Note also that the oscillatory features that
overlap the plateaux in T < 30 and 30 < T < 130 K as
shown in Fig. 2(a) cloud result from a shockwave propa-
gating inside the sample as discussed in Sec. II of the
Supplemental Material [38].
First, we discuss that spin-state crystallizations are

favored over excitonic condensations in α and β phases
based on the present observation that α and β phase show
ΔL=L plateaux rather than a slope as shown in Figs. 2(a)
and 2(c). With excitonic condensations, spin-states can
evolve in a gapless manner with magnetic fields with
ajISi þ bjLSi where a=b can smoothly evolve with mag-
netic fields [31,32]. On the other hand, in spin-state
crystallizations, the energies are gapfull as a function of
spin-state fractions, resulting in the spin-state plateaux
[31,32]. This indicates that, macroscopically, the localiza-
tion dominates over the coherent delocalization of the spin-
states in α and β phases [43].
Second, we discuss the distinct natures of the spin-state

crystallizations in α and β phases. For this, we point out the
distinct behavior of ΔL=L and magnetization in α and β
phases. In contrast to ΔL=L showing a jump at the α-β
phase boundary in Fig. 4(b), magnetization is smoothly
connected as shown in Fig. 4(c), which is indicative of
distinct spin-spin interactions in α and β phases. As
representatively shown in Figs. 5(a) and 5(b), in β phase,
a linear magnetization [30] and a constant ΔL=L are
observed with increasing magnetic fields. The behavior
infers that, in the spin-state crystal of β phase, spin
moments are forced to align gradually to the field direction
owing to the antiferromagnetic coupling of spins. This idea
of antiferromagnetism is also consistent with the increasing
magnetization with increasing temperature as shown in
Fig. 4(c), where, an opposite behavior would be expected
with a paramagnetism or a ferromagnetism. On the other
hand, in α phase, a constant magnetization [15,16,30] and a

constant ΔL=L are observed with increasing magnetic
fields [16,29] as shown in Figs. 5(a) and 5(b), and also
with increasing temperature as shown in Fig. 4(c). In the
spin-state crystal of α phase, it is inferred that magnetiza-
tion is saturated with a paramagnetic or a ferromagnetic
coupling of spins.
Based on the above arguments and the recent claims on

HS-IS duality [35,45], we tentatively propose the structures
of the spin-state crystals for α and β phases, which are
schematically drawn in Figs. 6(a)–6(c). In β phase, a
HS-LS spin-state crystal with a 2 × 2 × 2 superlattice in
a body-centered cubic lattice (SSC-β) is anticipated as

(a) (b)

FIG. 5. (a) Magnetization process of LaCoO3 up to 130 T at 4.2
and 70 K. (b) ΔL=L of the single crystalline samples of LaCoO3

up to 160 T at 9 and 73 K, for the comparison of their behavior in
α and β phases.

(a)

(b)

(c)

FIG. 6. Schematic drawings of (a) HS-LS spin-state crystal
forming a bcc-type 2 × 2 × 2 superlattice (SSC-β) and (b) spin-
state crystal of a seven-site IS cluster forming a cubic-type
2 × 2 × 2 superlattice (SSC-α). (c) The HS-IS duality. In an
seven-site cluster, two IS ions are delocalized.
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shown in Fig. 6(a). In α phase, a spin-state crystal of a
seven-site IS cluster with the same superlattice in a cubic
lattice (SSC-α) is anticipated as shown in Fig. 6(b). The two
spin-state crystals are connected by the HS-IS duality,
where the seven-site IS cluster and a HS are dual, whose
process is schematically illustrated Fig. 6(c) in a tight
binding view [45]. Actually, in a recent calculation [35],
spin-state crystals corresponding to SSC-β and SSC-α are
shown to become most stable when the lattice is expanded
from the LS phase by 2% and 0.5%, respectively [46]. This
is qualitatively in good agreement with the present obser-
vation that ΔL=L is 1.4 times larger in β phase than that in
α phase. Besides, the spin-state crystals in the calculation
[35] corresponding to SSC-β and SSC-α are shown to have
antiferromagnetic and ferromagnetic spin couplings,
respectively. This is also in good agreement with our
anticipation for the magnetic interactions in α and β phase
[47]. Further, the observed value of the magnetization in α
phase ∼0.5μB=Co is in good agreement with the saturation
of the model SSC-α, 0.5μB=Co with g ¼ 2.0. The larger
magnetization observed in β phase is also consistent with
the model SSC-β. The proposed models may be identified
in the future using an x-ray diffraction technique at 100 T
proposed in Ref. [48]. We note that the α phase under high
magnetic fields may resemble the appearance of ferro-
magnetic phases in epitaxial thin films of LaCoO3, in the
sense that insulating and ferromagnetic spin-state crystals
emerge in expanded lattices [49]. Various long-range orders
are induced by the tensile strains [12–14], indicating the
presence of various high-field phases at the 1000 T range.
Finally, we discuss the temperature change of the

samples in the present experiment. The sample is in the
adiabatic condition because the short pulse duration of μs
does not allow any heat dissipation. Preliminarily, the
sample temperature is measured with an adiabatic condition
under millisecond-pulsed magnetic fields up to 65 T [50].
The result suggests that the temperature changes are non-
negligible below 30 K due to the reversible magnetocaloric
effect and nonreversible heating at the first order transition,
which are of the order of�5 andþ15 K, respectively. They
are negligible above 30 K owing to the sufficiently large
heat capacity [51]. This indicates that the overall features of
our B-T diagram are unchanged but that marginal mod-
ifications are possible at below 30 K, that cloud be verified
with a hypothetical use of a static 100 T environment (see
the inset of Fig. 3 for a possible modification to the phase
diagram).
In conclusion, we have reported magnetostriction mea-

surements of LaCoO3 well above 100 T using a new
magnetostriction gauge [34]. α and β phases beyond 100 T
are found to exhibit ΔL=L plateaux, which is larger in β
phase by a factor of 1.4 than that of the low temperature α
phase, indicating that α and β originate in two crystal-
lizations of spin states rather than a excitonic condensa-
tions. Two models for α and β phases are tentatively

proposed based on the observed spin crossover and
magnetism, considering the duality of HS and IS states.
The field induced spin crossover in LaCoO3 is reshaped by
electron correlations leading to the crystallizations of the
localized and interacting spin-states in the expanded lattice,
thereby suppressing the itineracy of IS and the appearance
of excitonic condensations. Considering that the spin state
is far from fully polarized even at 190 T, further emergence
of exotic orders at even higher fields of up to ∼1000 T are
expected with the interplay between the spin state degree of
freedom, electron correlations, and the further expanded
lattices.
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