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Coupling of ferroelasticity and ferromagnetism in La;_,Sr,CoOj; twin crystals
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In the present study, x-ray diffraction experiments under magnetic fields were carried out for
Lay 57S19.44C005 ¢; twin crystals with a trigonal structure by Laue method in addition to magnetization mea-
surements. Crystallographic domains (variants) in a ferromagnetic phase of the crystals were rearranged by
applying magnetic fields and the rearranged structure remained even after the applied magnetic fields were
changed to zero, indicating a coupling of ferroelasticity and ferromagnetism. The present results were consis-
tently understood by the large uniaxial magnetocrystalline anisotropy with an easy plane of magnetization
parallel to the hexagonal ab plane of the trigonal structure. The origin of the large magnetocrystalline aniso-
tropy was discussed in relation to the spin states of Co ions.
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I. INTRODUCTION

In recent years, ferromagnetic shape memory alloys have
attracted many researchers because of their technological im-
portance and interesting physical properties.'~> In these al-
loys, crystallographic domains (variants) in ferromagnetic
martensite phases are rearranged by external magnetic fields
due to the large magnetocrystalline anisotropy resulting in
huge magnetostrictions with several percent. This is a result
of a coupling of ferroelasticity and ferromagnetism. Because
this mechanism is not limited to alloys, such a function
would be present in other ferromagnetic materials such as
oxides.

La,;_,Sr,CoO; crystals have a cubic perovskite-type struc-
ture (space group: Pm3m), as shown in Fig. 1, at high tem-
peratures. The crystals (0=x=0.5) show a structural phase
transition from the cubic structure to a trigonal structure
(space group: R3c¢) at a certain temperature which decreases
from about 1600 to 400 K with increasing x from 0 to 0.5.%
In the phase transition, CoOg4 octahedra are rotated about an
axis parallel to one of (111) directions of the cubic lattice
accompanied by contraction along the axis. The crystallo-
graphic directions or planes are indexed by the (pseudo-)
cubic lattice in this paper. Relation between the cubic lattice
and the hexagonal lattice of the trigonal structure is shown in
Fig. 1. The hexagonal ¢}, and ay, axes correspond to (111) and
(110) directions of the cubic lattice, respectively. There are
thus four possibilities to choice the direction of ¢, axis, i.e.,

[111], [111], [111], and [111], when the crystal transforms
from the cubic to the trigonal phases. Therefore, the crystal
has multidomain structure (twin structure) composed of four
variants in the trigonal phase and these variants meet on the
pseudocubic {100} or {110} plane according to literature.*~’
In addition, ferroelastic properties have been reported in the
trigonal phase of LaCoOs crystal.®® Such a ferroelasticity is
expected to be present also in Sr-doped LaCoOj crystals of
La;_,Sr,CoO; having the same crystal structure as LaCoOs.

La,_Sr,CoO; (x=0.3) crystals show a ferromagnetic
phase transition below 200-250 K.!>'3 In our previous
paper,'> we have reported that the crystal with the trigonal
structure was easily magnetized when a magnetic field was
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applied parallel to (110) directions of the pseudocubic lattice
but hardly magnetized when a magnetic field was applied
parallel to (100) directions of the pseudocubic lattice. Based
on these results, we have proposed that this crystal has large
uniaxial magnetocrystalline anisotropy with an easy plane of
magnetization parallel to the hexagonal ab plane (see Fig. 1).
The coexistence of large magnetocrystalline anisotropy and
ferroelasticity expected in La;_,Sr,CoOj; crystals may induce
a coupling of ferroelasticity and ferromagnetism. In fact, Ib-
bara et al.'®> have reported a sign of the coupling: a huge
anisotropic  magnetostriction has been observed in
La;_.Sr,CoO; polycrystals which were stretched parallel to
an external magnetic field direction and compressed perpen-
dicular to the direction.

In the present study, x-ray diffraction experiments under
magnetic fields were carried out for Lag 5751 44C00O5; twin
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FIG. 1. (Color online) Relation between the (pseudo-) cubic
lattice and the hexagonal lattice of the trigonal structure of
La;_,Sr,CoOj5 crystals. Lines indicated by a.’s are edges of the
cubic unit cell. Lines indicated by a;’s and ¢}, are edges of the
hexagonal unit cell. A triangle plane is an easy plane of magnetiza-
tion parallel to the ab plane of the hexagonal lattice expected from
the magnetization measurements (Ref. 15).
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FIG. 2. (Color online) Configuration of a crystal, cryostat, elec-
tromagnet, imaging plate, and incident x-ray direction when Laue
photographs were taken in the present study.

crystals by Laue method in addition to magnetization mea-
surements. The results showed that variants of the crystals in
a ferromagnetic phase were rearranged by applying magnetic
fields and that the rearranged structure remained even after
the applied magnetic field was changed to 0 Oe, indicating a
coupling of ferroelasticity and ferromagnetism originating
from large magnetocrystalline anisotropy. The origin of the
large magnetocrystalline anisotropy was discussed in relation
to the spin states of Co ions.

II. EXPERIMENTAL DETAILS

Lay 57S1) 44C005; single crystals grown by a flux
method" were used for the present studies. The crystals have
the trigonal structure (¢=0.5410 nm, @=60.27° in rhombo-
hedral lattice), the crystal shape is close to a cube with edge
length of about 0.1 mm, the edges are parallel to (100) di-
rections of the pseudocubic lattice, and the Curie temperature
is about 250 K.!> Magnetizations of the single crystals were
measured using a superconducting quantum interference
magnetometer (MPMS-5SW, Quantum Design). In the mea-
surements, one crystal was fixed on a plastic plate by resin
and inserted into a sample holder (plastic straw). Magnetiza-
tion of the resin was ignorable. X-ray diffraction studies un-
der magnetic fields by Laue method were carried out at the
station BL-3C of the synchrotron-radiation facility, Photon
Factory, in Tsukuba, Japan.'® Fig. 2 shows the configuration
of a crystal, electromagnet, cryostat, imaging plate, and inci-
dent x-ray direction when Laue photographs were taken. Or-
thogonal coordinate axes on the crystal are defined parallel to
the edges of the pseudocubic lattice as shown in the figure.
White x-rays emitted from a bending magnet of the storage
ring were used as the incident x-rays. Size of the incident
x-ray was controlled to 0.1 mm square by using a slit to
make the x-ray beam size same as the sample size. The in-
cident x-rays parallel to the [110] direction were irradiated to
the sample for about 1 s through a hole of the magnet. The
sample position was controlled for the whole incident x-ray
beam to be irradiated to the sample by monitoring intensity
of fluorescent x-rays of Sr K« (14.17 keV) with an energy-
dispersive germanium detector. A normal line of the imaging
plate was set perpendicular both to the incident x-ray direc-
tion and to the [001] direction. The sample was cooled in a
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FIG. 3. (Color online) MH hysteresis curve of
Lag 57519 44C003 o; twin crystals when magnetic fields were applied
at 4 K parallel to (a) the [110] and (b) the [100] directions of the
pseudocubic lattice. Solid circles, solid squares, and open circles are
results obtained by successive scans from 0 kOe to 50 kOe, from 50
kOe to =50 kOe, and from —50 kOe to 50 kOe, respectively. Solid
lines are guide for eyes.

cryostat under 0 Oe from room temperature to 30 K before
Laue photographs were taken at 30 K. Magnetic fields can be
applied along the [110] direction with the configuration
shown in Fig. 2. In addition, magnetic fields were applied

parallel to [110] and [100] directions as follows. The crystal
can be rotated about the [001] axis. The crystal was rotated
by 90° about the [001] axis when a magnetic field was ap-

plied parallel to the [110] direction. The crystal was rotated
by 45° about the [001] axis when a magnetic field was ap-
plied parallel to the [100] direction. In these cases, Laue
photographs were taken after the applied magnetic field was
changed to 0 Oe by turning off the electromagnet and then
the crystal was returned to the initial orientation shown in
Fig. 2.

III. RESULTS

Figure 3(a) shows MH hysteresis curve of
Lag 57S1)44C003 ; as-prepared crystal when magnetic fields
were applied parallel to the [110] direction of the pseudocu-
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FIG. 4. Laue photograph of Lag 57Sr)44C005(; twin crystals
obtained at (a) room temperature and under zero magnetic field and
(b) the simulation pattern assuming a simple cubic cell.

bic lattice after cooling to 4 K under 0 Oe. This MH hyster-
esis curve showed an anomalous behavior that the magneti-
zations of the initial scan from 0 to 50 kOe (solid circles in
the figure) were smaller than those of the scan from
=50 kOe to 50 kOe (open circles) at a same field. After this
measurements, the sample was taken out from the magneto-
meter, orientation of the crystal was changed so that mag-
netic fields can be applied parallel to a [100] direction, and
then MH hysteresis curves were measured along the [100]
direction after zero-field cooling to 4 K. Figure 3(b) shows
the M H hysteresis curve. This MH curve showed no anoma-
lous behavior contrary to that along the [110] direction as
shown in Fig. 3(a). By using another as-prepared crystal,
MH hysteresis curves were also measured with changing the
order of the directions of applying magnetic fields, namely,
MH hysteresis curve was measured at first along a [100]
direction and then along a [110] direction. No change was
observed with the order of the directions and the same results
as shown in Figs. 3(a) and 3(b) were obtained. These behav-
iors were observed even at 230 K just below the Curie tem-
perature of ~250 K.

Figure 4(a) shows Laue photograph of Lag 5751 44C003 o
as-prepared crystal taken at room temperature and under O
Oe. The distance from the crystal to the imaging plate was
set to be 5 cm. Figure 4(b) shows the simulation pattern
obtained by assuming a simple cubic unit cell with a lattice
constant a=0.3833 nm. The experimental Laue pattern was
well reproduced by the simulation. However, each Laue spot
splits into some spots. This indicates that the crystal has
multidomain structure at room temperature. Laue photo-
graphs were taken also using other Lag 5,515 44C005 o, crys-
tals. Although the details of splitting patterns of Laue spots
were different for every crystal, the following results were
qualitatively the same each other.

Figures 5 and 6 show Laue photographs around a 100
diffraction spot taken at 30 K. All the photographs were
taken in the same configuration as shown in Fig. 2. The
distance from the crystal to the imaging plate was set to be
18 cm. The insets are enlarged figures of the 100 diffraction
spot. The photograph of Fig. 5(a) was taken just after the
sample was cooled under 0 Oe from room temperature to 30
K. It is found that each pseudocubic Laue spot splits into
several spots due to multidomain structure. After that, 20
kOe was applied parallel to the [110] direction and then the
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FIG. 5. Laue photographs of Lag 5751y 44C003; twin crystals
around a 100 diffraction spot taken at 30 K. The insets are enlarged
figures of the 100 diffraction spot: (a) just after zero field cooling,
(b) under 20 kOe parallel to the [110] direction of the pseudocubic
lattice, (c) after changing the applied magnetic field to 0 Oe, and (d)
after applying 20 kOe parallel to the [110] direction of the
pseudocubic lattice for 5 min and then changing the applied mag-
netic field to 0 Oe. See text for details.

photograph of Fig. 5(b) was taken under 20 kOe. Left-
bottom spots split from each pseudocubic spot disappeared
and the left-upper spots were weakened in comparison with
the right-side spots. Then, the magnetic field was changed to
0 Oe by turning off the electromagnet and the photograph of
Fig. 5(c) was taken under 0 Oe. No remarkable difference
was observed between Figs. 5(b) and 5(c). Then, the crystal
was rotated by 90° about the [001] axis and 20 kOe was

applied parallel to the [110] direction for 5 min. After the
magnetic field was changed to 0 Oe and the crystal was
returned to the initial orientation, the photograph of Fig. 5(d)
was taken under 0 Oe. The left-bottom spots appeared again,
the left-upper spots were intensified, and the right-side spots
were weakened.

FIG. 6. Laue photographs of Lags5751)44C005; twin crystals
around a 100 diffraction spot taken at 30 K. The insets are enlarged
figures of the 100 diffraction spot: (a) after applying 20 kOe parallel
to the [110] direction of the pseudocubic lattice for 5 min and then
changing the applied magnetic field to 0 Oe, (b) after applying 20
kOe parallel to the [100] direction of the pseudocubic lattice and
then changing the applied magnetic field to 0 Oe, (c) after applying
20 kOe parallel to the [110] direction of the pseudocubic lattice for
5 min and then changing the applied magnetic field to 0 Oe, and (d)
after applying 20 kOe parallel to the [100] direction of the
pseudocubic lattice and then changing the applied magnetic field to
0 Oe. See text for details.
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FIG. 7. (Color online) (a) Schematic drawing of four variants in
La,_,Sr,CoOj crystals. Cubes, lines parallel to the body diagonal,
and triangle planes represent the cubic lattices, the ¢;, axes, and the
easy planes of magnetization, respectively, for the respective vari-
ants. The coordinate axes of the cubic lattices are shown in the left
side. X-rays were irradiated parallel to the [110] direction as indi-
cated by an arrow. Hatched parallelogram planes indicate (100)
planes. (b) Relative positions of the 100 diffraction spots on the
imaging plate expected for cubic (open circles) and trigonal (solid
circles) phases.

After the above experiments, 20 kOe was applied again
parallel to the [110] direction for 5 min. After the magnetic
field was changed to 0 Oe, the photograph of Fig. 6(a) was
taken under 0 Oe. The photograph of Fig. 6(a) was similar to
the photograph of Fig. 5(c). Then, the crystal was rotated by
45° about the [001] axis and 20 kOe was applied parallel to
the [100] direction for 5 min. After the magnetic field was
changed to 0 Oe and the crystal was returned to the initial
orientation, the photograph of Fig. 6(b) was taken under 0
Oe. There is no remarkable difference between Figs. 6(a) and
6(b). Then, the crystal was rotated by 90° about the [001]

axis and 20 kOe was applied parallel to the [110] direction
for 5 min. After the magnetic field was changed to 0 Oe and
the crystal was returned to the initial orientation, the photo-
graph of Fig. 6(c) was taken under O Oe. The change from
Fig. 6(b) to Fig. 6(c) was similar to that from Fig. 5(c) to Fig.
5(d). Then, the crystal was rotated by 45° about the [001]
axis and 20 kOe was applied parallel to the [100] direction
for 5 min. After the magnetic field was changed to 0 Oe and
the crystal was returned to the initial orientation, the photo-
graph of Fig. 6(d) was taken under 0 Oe. There is also no
remarkable difference between Figs. 6(c) and 6(d).

IV. DISCUSSION

The peculiar behavior of Lag5;Sr)44C00;5; crystals de-
scribed above and shown in Figs. 3, 5, and 6 is understood as
a result of the ferroelasticity-ferromagnetism coupling as fol-
lows. As mentioned in Introduction, this crystal has multido-
main structure composed of four variants with different di-
rections of ¢, axes. Figure 7(a) shows a schematic drawing
of the four variants A, B, C, and D. Cubes, lines parallel to a
body diagonal, and triangle planes in the figure represent the
cubic lattices, the ¢}, axes, and the easy planes of magnetiza-
tion for the respective variants, respectively. Open and solid
circles in Fig. 7(b) show relative positions of 100 diffraction
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spots in cubic and trigonal phases, respectively, for the re-
spective variants, expected in the Laue photograph under the
present instrumental setting shown in Fig. 2. For variant A,
(100) planes of the cubic phase [e.g., hatched parallelogram
area in Fig. 7(a)] tilt to the left-bottom direction in the trigo-
nal phase because the crystal is compressed along the ¢, axis
parallel to the [111] direction. Then, the Laue spot shifts to
the left-bottom side in the trigonal phase from the cubic po-
sition as shown in Fig. 7(b) because x-rays are irradiated
parallel to the [110] direction as shown in Fig. 7(a). From the
same consideration, 100 diffraction spots shift to the right-
upper, right-bottom, and left-upper sides for variants B, C,
and D, respectively, in the trigonal phase from the cubic
positions. In fact, four spots were mainly observed in Figs. 5
and 6.

When a magnetic field is applied parallel to the [110]
direction, the magnetic field is parallel to the easy planes of
magnetization for variants B and C but is not for variants A
and D. If the crystal were a soft ferromagnet, the magnetiza-
tions in variants A and D would rotate into the magnetic field
direction in order to decrease the magnetocrystalline aniso-
tropy energy. However, the magnetization cannot rotate eas-
ily in Lag 5751 44C005 ¢ crystal because of the large magne-
tocrystalline anisotropy as found from Fig. 3. Instead,
variants are rearranged because the crystal has ferroelasticity.
Namely, variants A and D transform to variants B or C, pos-
sibly by migration of twin boundaries, resulting in that two
left-side spots in Laue photograph are weakened and the two
right-side spots are intensified. This was actually observed in
Fig. 5(b). The relative intensities of these spots were not
changed after the external magnetic field was changed to 0
Oe as shown in Fig. 5(c). This indicates that the rearranged
variants do not return to the initial arrangement due to fer-
roelasticity. From the same consideration, when a magnetic

field is applied parallel to the [110] direction, variants B and
C should transform to variant A or D and then left-side spots
should be intensified and the right-side spots should be
weakened as was observed in Fig. 5(d). No rearrangement of
variants should occur when a magnetic field is applied par-
allel to the [100] direction because the angles between the
magnetic field and the easy planes of magnetization are same
for four variants and thus the magnetocrystalline anisotropy
energies are same for four variants. This is consistent with
the results of Fig. 6.

The behavior of the MH hysteresis curves shown in Figs.
3(a) and 3(b) is also understood by the same consideration as
discussed in the last paragraph. An anomalous M H hysteresis
curve was observed along the [110] direction as shown in
Fig. 3(a). In the initial field scan along the direction, the
multidomain structure composed of variants A, B, C, and D
gradually changes to a structure composed of only variants B
and C with easy planes parallel to the applied magnetic
fields. Thus, the magnetization is relatively small at low
fields because the magnetic fields are not parallel to the easy
planes of variants A and D. After the magnetic field was
increased up to 50 kOe, the crystal becomes to be composed
of only variants B and C and then the crystal is easily mag-
netized along the [110] direction in the successive scans from
50 to =50 kOe and —50 to 50 kOe. No anomalous MH hys-
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teresis curve was observed along the [100] direction as
shown in Fig. 3(b). This is also understood by considering
that the angles between the magnetic field and the easy
planes of magnetization are same for four variants.

Actually, the number of split spots was not exactly four
and the splitting pattern was more complex. In addition, the
splitting pattern was different for every crystal. These facts
imply that the variants are connected to each other with com-
plicated strains producing intermediate structures within the
crystals besides the variants A-D.

As found from Fig. 3, coercive force of this crystal was
small (about 200 Oe) in spite of the large magnetocrystalline
anisotropy. Such a property has been observed also in poly-
crystalline samples whose magnetization does not saturate
even at 50 kOe in spite of the small coercive force.!®!? This
is easily understood by considering that the magnetocrystal-
line anisotropy is absent or small within the easy plane of
magnetization. In this case, ferromagnetic domain walls are
created easily by rotating magnetic moments of Co ions
within the easy plane and thus the ferromagnetic domain
walls easily migrate by external magnetic fields.

Ibarra et al.'* have reported a huge anisotropic magneto-
striction in La;_,Sr,CoOj5 polycrystals. Their results were as
follows. (1) The crystals were stretched parallel to an exter-
nal magnetic field direction and compressed perpendicular to
the direction. (2) The volume was not changed appreciably
by external magnetic fields. (3) No appreciable magnetostric-
tion occurred due to migration of ferromagnetic domain
walls at low fields. These results are consistently understood
as follows. By applying high magnetic fields to the polycrys-
talline samples, ¢}, axes of respective variants change to one
of (111) directions so that the angle between the ¢}, direction
and the magnetic field direction is closest to 90°, resulting in
the contraction perpendicular to the magnetic field direction
along with the stretching parallel to the direction. Because of
the rearrangement of variants, the volume change is absent
essentially. Since the migration of ferromagnetic domain
wall occurs by rotating magnetic moments of Co ions within
the easy plane of magnetization and the magnetocrystalline
anisotropy is absent or small within the easy plane, a mag-
netostriction by the migration should be small as compared
with that by rearrangement of variants.

It was found that the magnetocrystalline anisotropy is
large in Lag 57,51 44C005 ; in spite of the small trigonal dis-
tortion that is found from a lattice parameter of the rhombo-
hedral lattice; @=60.27° (a=60° in the cubic structure). The
origin of the large magnetocrystalline anisotropy is discussed
here in relation to spin states of Co ions based on a localized
model of 3d electrons. 3d orbitals of Co ions in
La;_Sr,CoOs split into doubly degenerate e, orbitals and
triply degenerate tzg orbitals when the crystal has the cubic
structure. High (t2g ;) intermediate (t2g g) and low (tzé)
spin states are possible for Co** ions.!” High (t2 e ) inter-
medlate (t2 e) and low (tz) spin states are p0s51ble for
Co** ions. i6 W When the crystal has the trigonal structure, the
3d orbitals split into doubly degenerate e, orbitals, doubly
degenerate e, orbitals, and nondegenerate a orbital, as shown
in Fig. 8. According to magnetic circular x-ray dichroism
studies of La;_,Sr,Co0Os3, these compounds have finite orbital
magnetic moments. Though orbital magnetic moments are
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FIG. 8. Energy levels diagrams of Co ions in trigonal
La,_,Sr,Co0; and proposed electron configurations of Co®* and
Co* ions in La;_,Sr,Co0s.

present both in e, and e; orbitals that in e, orbitals is small
when trigonal distortion is small. Because the trigonal distor-
tion of Lag 5751 44C0035(; is small, the orbital magnetic mo-
ment should originate from e, orbitals. Only Co®* in the
intermediate-spin state and Co** in the low-spin state, shown
in Fig. 8, have the e; orbital magnetic moment because the
electron configuration is e?. Therefore, Co’* in the
intermediate-spin state or Co** in the low-spin state should
be present in Lag s751544C005 ;. We propose from the fol-
lowing considerations that all Co’" ions are in the
intermediate-spin state and all Co** ions are in the low-spin
state in Lag 57510 44C005 ;. In the proposed spin states, the
spin magnetic moment is 1.57 ug per Co ion and the orbital
magnetic moment is 043 ug per Co ion for
Lag 5751 44C005; because the saturated magnetic moment
was about 2 up per Co ion [see Fig. 3(a)]. This is consistent
with the results of magnetic circular x-ray dichroism studies:
The orbital magnetic moment was ~0.3 ug and the ratio of
the orbital magnetic moment to the spin magnetic moment
was ~0.27.!7 In addition, e, electrons would migrate easily
from Co** to Co** ions in the proposed spin states because
the electron configuration of e; and a orbitals are the same
(aze?) for both ions. This is consistent with the fact that
Lag 5751)44C005 5, has metallic electric conductivity with
low resistivity. Thus, we propose that the large e; orbital
magnetic moment is the origin of the large magnetocrystal-
line anisotropy in Lajs;S1)44C0054; in spite of the small
trigonal distortion.

V. CONCLUSION

In the present study, we succeeded in taking the Laue
photographs of Lag 571 44C005 (; twin crystals even though
the crystal size was only 0.1 mm. It was shown that crystal-
lographic domains (variants) of La,_,Sr,CoOj3 in a ferromag-
netic phase were rearranged by applying magnetic fields and
that the rearranged structure remained after the applied mag-
netic fields were changed to 0 Oe. This indicates a coupling
of ferroelasticity and ferromagnetism. In addition to the
present results, other experimental facts such as a huge an-
isotropic magnetostriction reported by Ibarra et al.'* were
consistently understood by the large uniaxial magnetocrystal-
line anisotropy with an easy plane of magnetization parallel
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to the hexagonal ab plane of the trigonal structure. We pro-
posed that Co** ions are in the intermediate-spin state and
Co** ions are in the low-spin state and that the large orbital
magnetic moments in e, orbitals is the origin of the large
magnetocrystalline anisotropy.
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