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We investigated the correlation between crystal structures and spin states of cobalt perovskites La;_,Pr,CoO;
(x = 0.30, 0.34) by x-ray powder diffraction, transmission electron microscopy, and magnetic measurements at
low temperatures. The x = 0.30 and x = 0.34 compounds exhibit structural phase transitions between a low-
temperature orthorhombic phase (Pbnm) and a high-temperature thombohedral phase (R3c) at around 170 and
250 K, respectively. In fairly wide temperature ranges around these temperatures, the low-temperature phase and
the high-temperature phase coexist. The contribution of Co®* ions to magnetic susceptibility approaches zero
with decreasing temperatures. This indicates that low-spin cobalt ions increased at low temperatures. The CoOg
octahedron in the low-temperature orthorhombic phase shows an almost isotropic one in low temperatures, but
changes to an anisotropic one as the temperature rises until the phase transition temperature. This suggests that
the intermediate-spin state gradually develops from the low-temperature dominant low-spin state with increasing
temperature. We also observed small anomalies in the magnetic susceptibility of each compound in the vicinity

of the structural phase transition temperature.
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I. INTRODUCTION

RCo0Os3 (R = rare-earth ions) is a typical perovskite-type
compound showing a spin crossover [1]. This phenomenon
arises from the competition between the ligand field energy
and the intra-atomic Hund’s exchange interaction. Namely,
the spin state and orbital state strongly correlate in RCoOs.
Thus, the spin crossover occurs with the changes in the CoOg
octahedral coordination environment by applying the external
stimulus, such as temperature, stress, light irradiation, etc.
[2—4]. At that time, Co>* ions, which belong to the 3d 6 elec-
tron configuration, can show three types of spin states: low-
(tz(’g, S = 0), intermediate- (tzsge;,, S = 1), and high-spin (tfgez,
S = 2) states. Clarifying and controlling the spin state by
several external fields attract remarkable attention.

LaCoOs is one of the most intensively studied compounds
in the RCoOs series, because of its unique physical proper-
ties different from other RCoO3; compounds. There are some
differences in the crystal structure and physical properties
between LaCoO3 and PrCoQj3, owing to the different ionic
radii of La and Pr ions, which are 1.216 and 1.179 A in nine
coordination, respectively [5]. With respect to the magnetic
properties, LaCoQOs3 exhibits spin crossover at two tempera-
tures around 100 and 500 K [6]. However, PrCoQO3 exhibits
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spin crossover only at around 500 K [7-9]. Regarding the
crystal structure at room temperature, LaCoOs has the trigonal
R3¢ structure [10], while PrCoO3 has the orthorhombic Pbnm
one [11], as shown in Fig. 1. These phases have different
octahedral tilts and degrees of freedom of bond lengths and
angles. With respect to the relation to the octahedral coordi-
nation, the CoOg octahedra cooperatively tilt in the manner of
a~a"a” in LaCoOs3, while they tilt in the manner of a~a~¢™
in PrCoOs;, using the Glazer notation [12]. Therefore, the
network structure of CoOg octahedra and the coordination en-
vironment of Co** ions in these compounds are different from
each other. RCoO3 compounds except LaCoO3 are subject to
the orthorhombic distortion at low temperatures.

In order to obtain knowledge on changes in physical prop-
erties by changing the ionic radius of the A-site ions, the solid
solution compounds La;_,Pr,CoO3; have been paid a lot of
attention. According to the reported phase diagram, the space
group at room temperature is trigonal R3¢ for 0 < x < 0.3 and
orthorhombic Pbnm for 0.7 < x < 1 [13-15]. The composi-
tion between x = 0.3 and 0.7 has been described as a mixture
state of the R3¢ and Pbnm phases. In the small Pr-content
range of x < 0.3, the magnetic susceptibility shows a similar
tendency to that of LaCoO3, where the magnetic susceptibil-
ity of the Co®* ions shows a broad maximum between 100
and 200 K and reaches zero with decreasing the temperature
[13,15].

The first magnetic excited state above 100 K in LaCoO;
was thought to be a contribution of a high-spin state from

©2024 American Physical Society
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FIG. 1. Crystal structures of (a) LaCoOj; and (b) PrCoO;. Green,
yellow, blue, and red spheres denote La, Pr, Co, and O, respectively.

the experimental and theoretical results [16-20]. This state
was explained as an inhomogeneous mixed-spin state sys-
tem caused by a low-spin ground state and a high-spin
excited state. The high-spin state with § = 2 has, in a cubic
crystal-field, the occupation t§ge§, which can be described

by an effective orbital moment L = 1 [21]. Spin-orbit cou-
pling (SOC) splits this state into the lowest-lying triplet
and the other two states. Considering the high-spin triplet
state split by the trigonal crystal field and SOC, a g factor
of 3.35 obtained from electron spin resonance [17] and in-
elastic neutron scattering data [20] was well described. In
contrast, the intermediate-spin state for the phase was argued
in some previous studies [6,22-25]. Since the intermediate-
spin state of Co®" is Jahn-Teller (JT) active, there should
be anisotropies of bond lengths in each CoOg octahedron,
when the intermediate-spin state is stable. It was reported that
the structure of the thermally equilibrium phase of LaCoOj3
above 100 K was not trigonal R3¢ without the JT distor-
tion which is involved with e, orbitals, but monoclinic 12/a
with such JT distortion from diffraction experiments [24] and
x-ray absorption spectroscopy [25]. In the rhombohedrally
distorted perovskite of R3¢ symmetry all the Co-O bonds are
identical. It is hence proposed that the space group I2/a is
thought of as evidence of the intermediate-spin state with spin
crossover. However, because of few changes in lattice distor-
tion, LaCoOj3 at room temperature is still thought of as R3¢
but I2/a in some previous studies [13,15]. In short, it is still
controversial whether the low-spin ground state changes to the
high- or intermediate-spin states across the spin crossover in
RCOO3.

From the crystallographic point of view, the crystal struc-
ture and phase transition at the morphotropic phase boundary
of La;_,Pr,CoO; are interesting because the end member
structures of LaCoO3 and PrCoO3 have contrasting structural
distortions. According to the reported phase diagram [13],
around x = 0.30, the crystal structure shows R3¢ and almost
the phase boundary between the single-phase state and the
coexistence state of R3¢ and Pbnm phases. CoOg octahe-
dra in the R3¢ structure do not have typical JT distortion,
while those in the Pbnm structure can be accompanied with
such JT distortion. In this study, we perform a magnetic
susceptibility measurement and a crystal structure analysis
using x-ray powder diffraction (XRPD) and transmission elec-
tron microscopy (TEM) to obtain the information about the
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FIG. 2. TEM images of Lag79Pro30Co0O; at (a) 155 K and (b)
300 K. [100],-zone axis SAED patterns of regions A and B. Black
arrows in TEM images indicate an edge of twin boundaries. Red
triangles in (a) indicate superstructure reflections for the simple cubic
perovskite structure.

correlation between the crystal structure and the spin-
crossover phenomenon in this system.

II. EXPERIMENT

Single crystals were grown by the floating-zone method.
The reagents of La; 03, PrgOy;, and Co3;04 were weighed in
stoichiometric proportions of La;_,Pr,CoOs (x = 0.30, 0.34)
and then ground together to form a mixture. The mixture was
calcined at 1273 K for 12 h, pressed into a 3 mm¢ x 100 mm
rod, and then sintered at 1573 K for 24 h. A black crystal
block was grown in 5 atm oxygen gas with a feed rate of
1.0-1.5 mm/h.

For the TEM observation, single crystals were thinned
by mechanical grinding and Ar™ ion beam milling. We per-
formed the selected area electron diffraction (SAED) and
bright-field (BF) imaging with a JEM-ARM200F (JEOL),
operated at 200 kV. The temperature profile of SAED patterns
and BF images were obtained with increasing temperature
after cooling to 155 K using a cooling TEM holder.

The XRPD patterns were obtained at beamline BL02B2
of the SPring-8 synchrotron facility [26,27]. Powder speci-
mens were ground and placed in borosilicate capillaries with
a diameter of ¢200 um. The diffraction data were collected in
Debye-Scherrer geometry with an x-ray beam of wavelength
A = 0.499888(1) A. The sample temperature was controlled
in the temperature range 100-400 K by using a nitrogen
spray device. The structural parameters were refined by the
Rietveld method using the program RIETAN-FP [28]. We fixed
the occupation factors of La and Pr at the rare-earth site to the
nominal chemical compositions.

The magnetization measurements were performed using
a magnetic property measurement system (MPMS, Quantum
Design). The data were obtained between 5 and 400 K during
heating and cooling processes.

III. RESULTS AND DISCUSSION

Figure 2 shows TEM images and SAED patterns of an
x = 0.30 sample. The curved lines between black arrows in
the TEM images correspond to twin boundaries. The SAED
patterns for two twin variants separated by the twin boundary
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FIG. 3. Temperature evolution of XRD patterns in (a)

Lag70Pro30Co05; and (b) LagecPro34Co0O;5. Filled and open
triangles indicate peaks of the residual low- and high-temperature
phases, respectively.

are clearly different at both 155 and 300 K. As indicated by
red arrows in Fig. 2(a), the (0 1/2 1/2) and (0 0 1/2) types of
superstructure reflections are observed in the SAED pattern
for the variants A and B, respectively. The reflection indices
in Fig. 2 are represented in the lattice setting of a simple cubic
perovskite structure. Based on a careful analysis of SAED pat-
terns, we assign the space group at 155 K to the orthorhombic
Pbnm. The monoclinic I2/a structure, which was reported as
the phase with the intermediate-spin state in LaCoOs3 [24], is
excluded from the extinction rule. The variants A and B are
related by a 90° rotation [Fig. 2(a)]. On the other hand, this
compound has the trigonal (rhombohedral) R3¢ symmetry at
300 K [29], which is consistent with some previous reports
[13—-15]. The variants A and B in the rhombohedral phase
show almost the same diffraction patterns [Fig. 2(b)]. They
maintain the relationship of 90° rotational twins in the R3¢
structure. They can be regarded as ferroelastic domain struc-
tures which are formed by breaking the fourfold symmetry of
the aristotype simple cubic perovskite structure [30,31]. Slight
differences in the position of the twin boundaries between the
low-temperature orthorhombic and high-temperature rhom-
bohedral phases are observed. This twin boundary displace-
ment is a manifestation of the (ferro)elastic nature of this
compound.

The structural phase transitions are also confirmed by
XRPD. Figures 3(a) and 3(b) show the temperature evolu-
tion of XRPD for Lag79Prg30Co03 and Lag gsPrg34C003,
respectively. The reflection indices for the rhombohedral and
orthorhombic phases are based on the hexagonal and or-
thorhombic unit cells and are attached with subscripts h and
o, respectively. In the cooling process, the 104 reflection
decreases in intensity and shifts to a higher angle, while 112,
and 020, reflections appear in the profile in both compounds.
Both the compounds show a phase coexistence, which signi-
fies a first-order structural phase transition. As indicated by
the filled and open triangles in Fig. 3, the two phases coexist
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FIG. 4. Temperature dependence of volume fractions of the two
phases estimated by Rietveld analysis in (a) Lag 70Pr¢.30Co0O5 and (b)
Lag 66Pro34C00;3. Filled and open symbols indicate the data collected
in heating and cooling processes, respectively.

in a fairly wide temperature range. In Lag70Prg30Co0O3, the
high-temperature rhombohedral phase remains down to 100 K
and the low-temperature phase remains up to 300 K, although
the transition temperature is ~170 K in the cooling process
(see Fig. 4). The coexistence in a wide temperature range is
also observed in Lagg¢Pro34Co0;3 indicating that the phase
coexistence is essential at the vicinity of morphotropic phase
boundary in the La;_,Pr,CoOj3 system.

The low-temperature phase of LaCoOj3, which shows the
phase transition between cubic and trigonal systems, was re-
ported to have ferroelasticity with multidomain structures due
to trigonal distortion [30]. The ferroelastic behavior is also
expected in the crystals prepared in the present study, which
have multidomain structures, as shown in Fig. 2. The mul-
tidomain structure in the La;_,Pr,CoO; system seems to be
more complex than that of LaCoQOj3, because of the transition
between trigonal and orthorhombic phases. The first-order
structural phase transition in La,_,Pr,CoO3 between R3¢ and
Pbnm, including the opposite octahedral rotation from the
a~a"a” to a”a”c¢" manner, accompanies a volume change
(see Fig. 5). The first-order structural phase transition must
produce local strain, especially in a multidomain state. The
diffuse structural phase transition observed in the XRPD
would be due to a distribution of internal stress by structural
phase transitions that occur locally and ubiquitously in the
initial stage of phase transition. The residual local strain due
to volume changes and multidomain structures would cause
the diffuse phase transition in the La;_,Pr,CoOj3 system.
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FIG. 5. Temperature dependence of lattice constants and unit-
cell volumes in (a) Lag 79Prg30Co0O3 and (b) Lag ¢¢Pro.34C00s5. Filled
and open symbols indicate the data collected in heating and cooling
process, respectively.

The volume fractions of the high-temperature rhombo-
hedral and low-temperature orthorhombic phases at each
temperature estimated by the Rietveld analysis are shown
in Fig. 4. The minority-phase fraction exceeds 10% in the
whole measured temperature range. These results correspond
to a few peaks in Figs. 3 and Supplemental Material S1
[32]. The structural phase transition between the rhombohe-
dral (R3¢) and orthorhombic (Pbnm) phases in LaCo; _,Fe, O3
and La;_,Sm,Ga0O; shows similar diffuse phase transitions
[33,34]. The structural changes in La;_,Sm,GaO; occur in
the temperature range 640-840 K. These phenomena also
would be due to the first-order phase transition and ferroelastic
behavior.

Figure 5 shows the temperature dependence of lattice

constants of Lag7Prp30CoO; and LagggPro34Co0Os5.
Here, a, = Va2 /3 +c2/36 and a, = ao/~/2, by = bo/+/2,

Cp = Co/2 for the high-temperature rhombohedral and
low-temperature orthorhombic phases, respectively. These
formulas are derived from the geometry of the primitive
perovskite unit cell, which corresponds with the nearest
neighbor Co-Co distance, as shown in Fig. S2 [32]. The
high-temperature rhombohedral phase has one kind of the
Co-Co distance, while the low-temperature orthorhombic
phase shows three kinds. Although a small amount of residual
phase exists for a wide temperature range, the lattice constants
of the phase whose volume fraction is less than 20% are not
plotted in Fig. 5 because of a low accuracy.

The cell volume for each chemical composition is also
plotted in Fig. 5 as a function of temperature. Near the
phase transition temperature, we observe a jump and thermal
hysteresis of the volume as well as the lattice constants in
the heating and cooling processes, indicating again the first-
order nature of the phase transition. Since the space groups
R3c and Pbnm are not of group-subgroup relation, the phase
transition between them should be of the first order. The
thermal hysteresis and phase coexistence phenomena make
the phase boundary on the phase diagram complicated. The
solid-solution range of La;_,Pr,CoOj3 is wider than that of
the previous reports [13—15], or La;_,Pr,CoO3; may be an
all-proportional solid solution system.

Figure 6 shows the temperature dependence of the mag-
netic susceptibility of La;_,Pr,CoO; and La;_,Pr,AlO;,
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FIG. 6. Temperature dependence of magnetic susceptibility, di-
agonal O-O bond lengths and Co-O-Co bond angles of CoOg
octahedron in (a) Lag79Pr30Co0O5 and (b) Lag ¢Prg34C00s5. Filled
and open symbols indicate the data collected in the heating and
cooling processes, respectively. The colors of O-O bond lengths
correspond to the oxygen colors in the octahedron inserted.

along with the difference Ax (7). To show the contribu-
tion of Co**, we subtract the contribution of Pr’* using
the magnetic susceptibility of Lag79Prg30AlO; from that
of Lag79Prg30Co0O;3;. Here, the magnetic susceptibility of
Lag ¢6Pro34AlO3 was calculated from Lag79Prg30AlO3; by
multiplying. In the x = 0.30 compound, with decreasing tem-
perature from 400 K, the magnetic susceptibility Ax(T)
decreases after the maximum at ~150 K. With further cooling,
it turns to an upward trend at 50 K. This phenomenon is likely
due to the Pr-4f state of La;_,Pr,CoOj3 at low temperatures
different from the ordinary localized 4 f state due to the hy-
bridization between the Pr-4 f and Co-3d states [13,35]. Even
after subtracting the contribution of La;_,Pr,AlOs, Ax(T)
includes the contribution of Co** and Pr’*. Ax(T) of the
x = 0.30 compound shows a small jump at ~170 K. A similar
jump is observed at ~250 K in the x = 0.34 compound. The
observed small jumps are obviously related to the structural
phase transition.

The diagonal O-O bond lengths in La;_,Pr,CoO;3 repre-
sent the distortion of CoOg octahedron, which is strongly
related to the spin state in Co>". The colors of O-O bond
lengths in Fig. 6 correspond to the oxygen colors in the
octahedron inserted in Fig. 6(a). The low-spin and the high-
spin states in Co’* are expected to show almost the same
O-O bond lengths due to the electron configuration in e,
and 1, orbitals. The low-spin state shows perfectly isotropic
0O-O bond lengths due to the orbital configuration of tzg e
In the high-spin state, small distortion of the CoOg octahe-
dron appears because of the orbital configuration of tégeg
By contrast, the intermediate-spin state would show larger
octahedral distortion of elongation/compression type due to
the orbital configuration of tzsge;, that is the JT distortion. In
Fig. 6(b), three independent diagonal O-O bond lengths of
Lag 6Pro.34Co0O3 below the phase transition temperature are
almost the same values between 100 and 200 K despite the
degree of freedom of the bond lengths within the octahedron
in the orthorhombic Pbnm structure. Co’t in RCoOs is as-
sumed to have the low-spin state as the ground state at low
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FIG. 7. Schematic illustration of the Q> and Q3 (E,) and the Q4,
Os, and Q¢ (15,) modes of an octahedron.

temperatures [7,13]. Therefore, we conclude that this isotropic
bond length reflects the low-spin state. This is consistent with
the behavior of Ax(7T) at low temperatures. In contrast, the
anisotropy of O-O bond lengths increases gradually, when
the temperature is raised and approaches the phase transition
temperature. One of the three bonds shrinks, the other two
elongate, and Co-O-Co bond angles also change, as shown in
Fig. 6. In the high-temperature phase, the O-O bond lengths
become isotropic again due to the constraints of crystal
symmetries.

In order to discuss the octahedral distortion quantitively,
we analyzed the distortion of the CoOg octahedra. In the Co**
ion in the CoOg octahedron, the orbital degree of freedom can
interact with E (03, Q3) and Tog (Q4, Os, Os) modes [36,37].
The O, and Q3 modes are orthorhombic and tetragonal dis-
tortions, respectively, and the Q4-Qg modes correspond to the
deviation of the O-Co-O angle from 90° (Fig. 7). The linear
combination of the T5; (Q4, Os, Os) modes produces the trig-
onal distortion Qy as expressed by Oy = (Q4 + Os + QOg)/ V3,
which corresponds to the elongation or compression along one
of the four (111), directions. Figures 8(a) and 8(c) show the
distortion of CoOg octahedra in the Q,-Q5 plane for x = 0.30
and 0.34, respectively. In the 0,-03 plane of the x = 0.30,
the O, mode is dominant rather than the Q3 mode between
100 K and the phase transition temperature of 170 K. At 100
K, the distortion of the E, mode is considerably smaller and
represents the isotropic octahedron, indicating the low-spin
state of tzége(g). With increasing temperature, the distortion of
the E; mode increases until the phase transition temperature
of 170 K, as shown in Fig. 8(b). Therefore, the population
of the intermediate-spin state increases rather than the high-
spin state, because the intermediate-spin state has the orbital
degree of freedom of the E; mode but the high-spin state does
not.

In the high-temperature phase, the distortion of the E,
mode disappears due to symmetrical constraints of the R3c
structure. Q; shows the compressed trigonal distortion along
the [001];, direction, which corresponds to the [111] direction
in the simple cubic perovskite basis, accompanied by the level
splitting of f,, orbital to a;, and doubly degenerate e’, orbitals
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FIG. 8. 0,-03; mode analysis and temperature dependence of the
E, (0>, 03) mode and trigonal distortion Q; of CoOg octahedron
in (a),(b) Lag;0Pry30Co0; and (c),(d) LaggePrg34Co0;3. Filled and
open symbols indicate the data collected in the heating and cooling
processes, respectively.

[38,39]. These phenomena are also observed in the compound
of x = 0.34, as shown in Fig. 8(d). In the compressed trigonal
distortion, the level of the a;, orbital is lower than that of
the ¢’ one, based on the crystal field theory [40,41]. And,
the compressed trigonal distortion is stable when the orbital
configuration is #;, or #3,, indicating that the high-spin state of
té‘geﬁ is suitable. By contrast, it was reported that the levels of
the a;; and ¢’y orbitals are opposite by the #,,—e, hybridiza-
tion [42]. Namely, the intermediate-spin state of #5,e, would
have the compressed trigonal distortion. From the Q; mode, it
is difficult to determine the spin state because of the complex
contributions affecting the levels of the a;, and €', orbitals.
Furthermore, as an example of MOg octahedra with the com-
pressed trigonal distortion, we cite the rhombohedral phase of
the perovskite-type manganese oxide Lag gSrg,MnO, ¢ that
has the orbital configuration of tfge; [43]. This compound
has been reported to have the octahedra with a compressed
trigonal distortion similar to the high-temperature phase of
La;_,Pr,CoOs3, although Mn>* ions have orbital degree of
freedom of E; modes but not that of the 75, modes. Such
a distorted octahedron is different from the typical JT dis-
tortion, but may be compatible with the intermediate-spin
state where one electron is accommodated in the e, orbital in
Co’t. As a result, the structural analysis cannot rule out both
possibilities of the intermediate- and high-spin states in the
high-temperature R3c phase, although the low-temperature
Pbnm phase indicates the spin crossover between the low- and
intermediate-spin states.
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IV. CONCLUSIONS

The crystal structures of La;_,Pr,CoO3; (x = 0.30, 0.34)
are determined using synchrotron radiation x-ray powder
diffraction over a broad range of temperatures. The space
groups of the high- and low-temperature phases are deter-
mined to be R3¢ and Pbnm, which are the same space group
as the end-member compounds LaCoO3; and PrCoOj3, respec-
tively. Both compounds show a wide range coexistence of
the high- and low-temperature phases, which is not chemi-
cal phase separation but diffuse structural phase transition.
The composition-crystal structure phase diagram with the
end members of LaCoO3 and PrCoOs; reported so far [13],
which are described as discontinuous solid solutions, is sug-
gested to be revised. The magnetic susceptibility of Co’*"
in La;_,Pr,CoO3 (x = 0.30, 0.34) shows a small jump at
the structural phase transition temperature. The diagonal O-
O bond lengths in CoOg octahedra at low temperatures are
almost the same in spite of having the degree of freedom of

0O-O bond lengths, indicating the low-spin state. In contrast,
the observed anisotropic O-O bond lengths suggest that Co**
is in the intermediate-spin state with the distortion of the O,
mode in the low-temperature Pbnm phase.
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