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We investigated the crystal structures of an ordered perovskite-type cobaltate, GdBaCo,0s. 5 (6 <0.5),
at elevated temperatures by transmission electron microscopy. Above the magnetic ordering temperature,
we observed a first-order structural phase transition between the low-temperature tetragonal 3a,, X 3a, and

high-temperature orthorhombic 1a, X 2a, superstructure phases (where a

p» 1s the perovskite-unit cell).

Upon the application of a magnetic field, an incommensurate phase emerges around the structural phase-
transition temperature, which indicates a magnetic-field-induced structural phase transition via no magnetic

ordering in the ordered perovskite-type cobaltate.
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A crystal structure is intimately related to its macro-
scopic physical properties, particularly in materials with
correlated electrons. Nontrivial structural phase transitions
associated with electronic and magnetic states are often
found in correlated-electron systems. Occasionally, super-
structure or modulated-structure phases may emerge,
engaged with ordering or density waves of charge, orbital,
or spin degree of freedom [1-3]. Furthermore, by applying
external fields, the modulated structures are likely to
be additionally modified and modulated through changes
in the ordering or density waves. Such a phenomenon
has been found in many correlated-electron systems:
magnetoelectric oxides such as TbMnO; [4] and
Bay5Sr; sZn,Fe ,0,, [5], spiral antiferromagnets such
as Ba,CuGe,0; [6], one-dimensional antiferromagnets
such as Cu(C4D5;COO), - 3D,0 [7], compounds with
charge density waves such as TaS; [8], and spin-Peierls
compounds such as CuGeO; [9] and tetrathiafulvalence-
Cu-bis-dithiolene (TTF-CuBDT) [10]. Note that such
field effects were observed exclusively in ordered states.
The superstructure or modulated-structure phases involved
with electronic and magnetic states can provide an appro-
priate stage for cross correlation effects.

The A-site ordered perovskite-type cobaltates with the
general formula RBaCo,05.5 (R = lanthanoid elements
or Y, 0= 06 = 1) have attracted considerable attention
because of their unusual electric and magnetic properties
such as magnetoresistance [11-15] and insulator-to-metal
transitions (I-M transitions) [11,12,16]. The fundamental
crystal structure of RBaCo,0s, 5 is regarded as a layered
structure which is composed of a stacking of [ROs] —
[Co0,] — [BaO] — [Co0,] along the ¢ axis [12,17,18].
Consequently, the perovskite-unit cell, a,, is doubled
along the ¢ axis. The RO layers accommodate the oxygen
deficiency. Therefore, each oxygen site in the ROy layers
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is occupied by either an O ion or a vacancy. This gives rise
to the formation of CoOg octahedra and CoOs pyramids.
Depending on 9, O ions and vacancies (i.e., octahedra and
pyramids) are ordered concomitantly with changes in the
symmetry: 3a, X 3a, X 2a, (332) for 6 = 0.25-0.44
[12,16-20], la, X 2a, X 2a, (122) for 6 = 0.45-0.55
[11,12,14,20-23], and 2a, X2a, X 2a, (222) for 6~0.75
[24], which corresponds to tetragonal (P4/mmm), ortho-
rhombic (Pmmm), and tetragonal (P4/mmm) symmetries,
respectively.

The parameter 6 also determines the electric and mag-
netic properties. For example, the 122 phase with 0.45 =
6 = 0.55 exhibits I-M transition at Tp; = 290-360 K
(for R=Pr to Ho and Y) [11,12,14-16,22,25-27].
Interestingly, it is not accompanied by magnetic ordering,
whereas various magnetically ordered states appear at low
temperatures, such as a noncollinear antiferromagnetic
order and a spin state order with aligned magnetic
moments [13,19,20,23,28-36]. However, there are no
reports on the I-M transition for the 332 phase. In this
Letter, we report a thermally induced structural phase
transition (SPT) in GdBaCo,05,5 (6 < 0.5) between the
tetragonal 3a,, X 3a, and orthorhombic la, X 2a, super-
structure phases. Although these phases do not exhibit any
magnetic ordering, SPT exhibits a significant susceptibility
to magnetic fields, suggesting a correlation between SPT
and electronic states.

Single crystals of GdBaCo,0s5,5 were grown by a
floating-zone method, following Ref. [26]. Single-crystal
x-ray diffraction data acquired separately indicate that § in
the present crystal is ~0.38 [37]. With decreasing tem-
perature, the crystal undergoes two-step magnetic phase
transitions from a paramagnetic phase to magnetically
ordered phases at ~290 K and ~230 K [37]. For trans-
mission electron microscopy (TEM), the crystals were
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crushed in an agate mortar and the fragments were
dispersed in ethanol and cast onto a TEM specimen grid.
The specimens were examined using a conventional elec-
tron microscope and a Lorentz electron microscope for
magnetic-field and field-free measurements, respectively.
Both microscopes were operated at 300 kV. A magnetic
field between 0 and 2 T was applied using pole pieces of the
electromagnetic objective lens of the conventional electron
microscope [5,38]. Note that the magnitude of the mag-
netic field in a low-field range (including ~0 T) might be
underestimated because of the residual field of the pole
pieces of the objective lens of the conventional electron
microscope.

In Fig. 1(a), we show a [001]-zone electron diffraction
pattern of a sample in zero field at room temperature. Sharp
superstructure reflections with modulation wave vectors
of ¢, =(a,0,0) and g, = (0, @, 0) (a = 0.336(2)) are
observed. The value of « is fairly close to a commensurate
value 1/3. The pattern of the superstructure reflections
with the ¢, and g, wave vectors appears two dimensional
with tetragonal symmetry. These results indicate that the
crystal has essentially a 3a, X 3a, superstructure. In fact,
we successfully analyzed the crystallographic structure
with the 3 X 3 superstructure, where O ions and vacancies
are ordered in a threefold period along both the tetragonal
a; and a, axes in the GdOjg layer, as shown in Fig. 1(b)
[37]. This result agrees with previous reports on the
332 phase [12,16-20]. The 3 X 3 superstructure is nearly
commensurate with the fundamental lattice. To clarify
the evolution of the superstructure with temperature, we

FIG. 1 (color online). Crystal structure of GdBaCo,0s.
(6 ~ 0.38). (a) [001]-zone electron diffraction pattern obtained
in zero field at room temperature. The superstructure reflections
with modulation wave vectors of (~1/3, 0, 0) and (0, ~1/3, 0)
are evident. (b) Schematic of GdBaCo,05.5 with the 3 X 3
superstructure, representing oxygen or vacancy ordering. Dark-
field images formed with the superstructure spots of (c) 1%40
and (d) %2 10, respectively.

performed dark-field imaging using two superstructure
spots. Figures 1(c) and 1(d) show [001]-zone dark-field
images of the same area in the crystal at room temperature,
formed with the superstructure spots of 1”740 (one of the
modulations in the tetragonal a3 direction) and 3210
(one of the modulations in the aj direction), respectively.
Bright parts are domains with the structural modulations of
(c) g, or (d) ¢g,. Dark lines and regions indicate antiphase
boundaries and disordered regions with respect to the three-
fold superstructure order along the respective crystal axes.
Bright domains in each image are several tens of nanometers
in size. The domain distributions in these two images do
not coincide with each other and are not complementary.
This suggests that the ¢; and g, modulations do not have an
identical spatial correlation and a perfect 3 X 3 superstruc-
ture, but form a pseudo two-dimensional modulation.

Figure 2 shows the temperature profiles of electron
diffraction patterns. Upon heating from 300 K, weak super-
structure reflections with modulation wave vectors of
(1/2,0,0) and (0, 1/2, 0) emerge around 450 K [Fig. 2(b)].
As the temperature increases, the intensity of the twofold
superstructure reflections increases, whereas that of the ¢,
and ¢, superstructure reflections decreases [Fig. 2(c)].
Eventually, the ¢; and g, superstructure reflections vanish
[Fig. 2(d)]. Note that the measured temperatures were
probably higher by 30-80 K than the true sample tempe-
rature, because the measured sample fragments were
mounted on a carbon-coated polymer film of a TEM
specimen grid.

In the electron diffraction pattern obtained at 480 K
[Fig. 2(e)], we observe a split of the fundamental diffrac-
tion spots in the higher-order region, whereas the twofold
superstructure spots do not split. This observation indicates
a twin structure in the high-temperature phase, in which the
crystal structure is distorted orthorhombically and exhibits
a 1 X 2 superstructure. This superstructure is characterized
by the reciprocal superstructure-unit cell as indicated by
the dashed frames in Fig. 2(e). We acquired dark-field
images for the 1 X 2 superstructure state. Figures 2(f)
and 2(g) show dark-field images formed with the O%OA
and 0%0 p superstructure spots, respectively. The antiphase
domains in the both images are several tens of nanometers
in size, which is comparable to that in the 3 X 3 super-
structure in the low-temperature phase. Furthermore, the
domains organize bandlike structures, denoted as bands A
and B in Figs. 2(f) and 2(g), respectively. Comparing
these images, the respective structures show an alternating
and complementary stripelike array. This indicates a twin
structure with respect to the fundamental structure, which
is defined by the 1 X 2 superstructure. We conclude that, as
a function of temperature, the compound undergoes SPT
between the 3 X 3 and 1 X 2 superstructure phases through
the coexistence state. As mentioned above, such SPT has
been observed only as a function of oxygen content &, so
far. Here, from only our electron diffraction study, we
cannot determine whether the present 1 X 2 superstructure
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FIG. 2 (color online). Temperature profile of [001]-zone elec-
tron diffraction patterns obtained at zero field at (a) 440 K,
(b) 450 K, (c) 460 K, and (d) 470 K. Arrowheads in panel
(b) indicate superstructure spots with wave vectors of (1/2, 0, 0)
and (0, 1/2, 0). (e) [001]-zone electron diffraction obtained at
480 K. Arrowheads indicate a split of the fundamental diffrac-
tion spots in the higher-order region, indicating the presence of
orthorhombically distorted twin variants. Dashed frames repre-
sent reciprocal unit cells of the 1 X 2 superstructure. [110]-zone
dark-field images formed with (f) O%OA and (g) O%OB super-
structure spots in (e). These images were obtained from the same
part of the sample.

phase is identical to the 122 phase, as previously reported
for the compounds with § ~ 0.5 [11,12]. A single-crystal
x-ray diffraction analysis at 507 K reveals that the 1 X 2
phase has an orthorhombic structure (Pmmm) with a =
3.8687(5) A, b =17.8718(8) A, and ¢ = 7.5883(15) A,
being isostructural with those reported for the 122 phase
[22,39]. The phase transition between the phases with
two discontinuous modulation wave vectors can only be of
afirst order. The observed coexistence of the low-temperature
3 X 3 and high-temperature 1 X 2 phases around SPT is a
natural consequence of the first-order transition.
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FIG. 3. Temperature profile of [001]-zone electron diffraction
patterns in a magnetic field of ~2 T, obtained at (a) 360 K,
(b) 380 K, (c) 400 K, (d) 420 K, (e) 440 K, (f) 460 K, (g) 480 K,
(h) 500 K, and (i) 520 K. Arrowheads indicate diffuse scattering
with modulation wave vectors of (~1/2, 0, 0) and (0, ~1/2, 0).
(j) Temperature dependence of & on the modulation wave vector
q = (a,0,0) and/or (0, @, 0) in a magnetic field of ~2 T.

When a sample is heated in a magnetic field, the present
SPT exhibits significantly different behavior in the g vec-
tors from that in zero field. In a magnetic field of ~2 T, the
« value for ¢, and ¢, vectors tends to increase toward 0.5
as the temperature increases (field warming), whereas the
intensities of ¢; and g, superstructure reflections decrease,
as shown in Figs. 3(a)-3(d). Upon further warming, these
become diffuse scattering and approach to ¢; = (1/2, 0, 0)
and ¢, = (0, 1/2, 0) [Figs. 3(e)-3(i)]. This result signifies
the evolution of short-range order with ¢ = (~1/2,0,0)
and/or (0, ~1/2, 0). We show the temperature dependence
of a for the g vectors at ~2 T in Fig. 3(j). The modulation
wave vectors exhibit a considerable incommensurability,
which is not observed for the zero-field warming. Note that
the fundamental structure maintains a tetragonal lattice
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system, showing no difference between the lattice parame-
ters of a,; and a,, in the simple perovskite unit-cell
notation, during the structural phase transition in magnetic
fields. Moreover, we observed no twin structure due to the
orthorhombic distortion in contrast to the high-temperature
phase in zero field. The crystal structure belongs to the
five-dimensional superspace group P4/mmm(a00)0000
(00)0000, @ = 0.336(2)-0.5, which is identical with
that of the 332 phase analyzed as an incommensurate
structure in Ref. [37]. We attribute the phase with large
incommensurability to the emergence of nanodomains
with the 1 X 2 (or 2 X 1) superstructure, which would be
embryos of the high-temperature 1 X 2 phase.

We also find that, at a fixed temperature, the modulation
wave vectors change under an applied magnetic field.
Figure 4 shows the magnetic-field dependence of « at
380 K and 410 K. The g vector shows a linear change
between a ~ 0.35 and ~0.38 with increasing magnetic
field at 410 K, whereas at 380 K, it is relatively constant.
The value a ~0.38 at 1.6 T is certainly close to that
expected around 410 K in Fig. 3 for field warming at
~2 T. In addition, for increasing magnetic field, the super-
structure reflections weaken and change to diffuse scatter-
ing, as shown in the inset of Fig. 4. Meanwhile, the
fundamental structure seems to maintain a tetragonal
structure, similar to that in SPT in the abovementioned
field-warming experiments. After the field sweep, the
modulation « of superstructure reflections returns to
a ~ 0.35 at zero field [40]. These results suggest that a
magnetic field accelerates nucleation of embryos with
q=(~1/2,0,0) or (0, ~1/2, 0) and fragments the
long-range ordered domains with ¢ = (~1/3,0,0) and
(0, ~1/3, 0), similar to that in the abovementioned SPT
in the field-warming process. We demonstrate that, by the
application of a magnetic field, the incommensurability in
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FIG. 4 (color online). Magnetic field dependence of a for
modulation wave vector g = (a, 0, 0) and/or (0, «, 0) at 380 K
(square symbols) and 410 K (circular symbols). The respective
regression lines were drawn to guide the eye. The inset is an
electron diffraction pattern taken at 410 K and applied magnetic
field of 1.6 T. The electron diffraction pattern is slightly distorted
due to a particular lens condition [40].

this compound becomes tunable and the short-range order
can be stabilized.

The large magnetic-field effect indicates that, in spite of
the absence of the magnetic order, the present SPT should
involve the electron system in this crystal. We assume two
possible origins of the present SPT: a spin state transition
(SST) and a transformation of a charge modulation (TCM).
According to previous reports, SST in the § ~ 0.5 com-
pounds (122 phase) is characterized by the transformation
from low- or intermediate-spin states to a high-spin state of
Co ions, particularly at the octahedral sites in a warming
process [21-23,32,36,39]. Variations in the Co-O bond
lengths and a symmetry change have been observed at
SST [25,30,32,34,41,42]. Incidentally, SST has been pro-
posed as a possible origin for the I-M transition observed
in the 6 ~ 0.5 compounds, so called spin blockade mecha-
nism [27,43]. On the other hand, SST in the 332 phase has
not been reported so far. Since the spin state in transition
metal oxides is closely related to the microscopic metal-
ligand environments, i.e., the crystal (ligand) fields and
Hund coupling, a similar SST can be expected to take place
also in the 332 phase which contains the same metal-ligand
species as the 122 phase: CoOs pyramids and CoOg octa-
hedra. In fact, on-going in situ single-crystal x-ray diffrac-
tion studies on the present crystal have revealed distinct
changes in the Co-O bond lengths of CoO5 pyramids and
CoOg¢ octahedra at SPT, which apparently suggests SST.
Concerning the TCM origin, single-crystal x-ray diffrac-
tion study has demonstrated that the low-temperature
3 X 3 phase exhibits a clear charge modulation according
to the oxygen or vacancy ordering [37]. The threefold
charge modulation is replaced by a stripe-type modulation
in the high-temperature 1 X 2 phase. In other words, TCM
takes place at SPT. We believe that the present SPT is
induced by SST or TCM or their combination. The SPT
behavior in a magnetic field might be interpreted by
phase stability of the high-spin state of Co ions. Magnetic-
field-induced low-spin-to-high-spin state transitions in vari-
ous cobalt compounds have been reported [44—46]. These
reports indicate that magnetic fields often stabilize the high-
spin state. The emergence and development of the 1 X 2 or
2 X 1 superstructural nanodomains with the application of a
magnetic field might be due to the effective stimulation
of locally disarrayed regions with respect to the 3 X 3
superstructural order such as at the antiphase boundaries.

To summarize, by varying the temperature, we found
a structural phase transition between the 3a, X 3a,
and la, X 2a, superstructure phases in GdBaCo,0s; 5.
This structural phase transition is strongly affected by an
applied magnetic field. The observed magnetic-field effect
on the modulated structure in the paramagnetic state is a
novel phenomenon in transition metal oxides, as far as we
know, where a correlation among crystal structure, charge,
and spin would play a key role. To clarify details of the
structural phase transition, we performed in situ single-
crystal x-ray diffraction as a function of temperature.
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Preliminary results show that the structural phase transition
from the 332 phase to the 122 phase takes place at ~390 K.
The details will be reported elsewhere.
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