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Abstract—The crystal structure and magnetic state of Sry gY(,C00O; ¢5 layered perovskite have been studied
using neutron diffraction and synchrotron radiation diffraction and measuring the magnetization. It is shown
that the crystal structure in the temperature range of 90—375 K can be described within the framework of the
monoclinic sp. gr. A2/m with a cell 4Y 2a, % 2V 2a, X 4a,,. The unit-cell parameter a is doubled (sp. gr. A2/m)
below T = 375 K. The basic magnetic structure can be described as G-type antiferromagnetic ordering with
cobalt ion magnetic moments of 2.7 ug and 1.7 up in the anion-deficient CoO,.., and stoichiometric CoOg
layers, respectively. Based on the magnetization measurements, the ferromagnetic component of cobalt ion
magnetic moment amounts to 0.27 ug at 8 K. In both layers, the Co*" ions are predominantly in the mixed
low/high-spin state. The ferromagnetic component is assumed to be due to the orbital ordering in the CoOs
pyramids at Ty and the ferromagnetic exchange coupling between CoOs5 pyramids in anion-deficient layers.
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INTRODUCTION

Rare earth cobaltites with a perovskite structure are
of great interest both from the viewpoint of technolog-
ical applications and for basic research in the field of
physics of magnetic phenomena [1, 2]. The state of the
basic compound LaCoO; at low temperatures (7'< 30 K)
is very close to diamagnetic, whereas at temperatures
above 30 K a partial spin crossover occurs from the
low-spin state to the high-spin paramagnetic state [3,
4]. Doping of LaCoO; with Sr** up to 18% results in
an occurrence of long-range ferromagnetic order [5].
At further replacement, there is an almost linear
increase in the Curie temperature 7 from 180 to
~305 K and in the magnetization up to M, = 2.5 ug for
the stoichiometric compound SrCo*"O;, which can
be obtained only under high pressure [6]. A deviation
from the stoichiometric oxygen content in cobaltites
gives rise to antiferromagnetic ordering, for which the
Néel point may be much higher than room tempera-
ture [7]. It was shown in [8, 9] that light doping with
yttrium leads to stabilization of Sr; _ .Y, CoO;_g with
a perovskite-type layered structure due to the large
deviation from oxygen content. The CoOj stoichio-
metric layers alternate with anion-deficient CoOy
layers [9, 10]. The basic antiferromagnetic ordering of
the G-type occurs at a point much higher than room
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temperature and is accompanied by the occurrence of
a small ferromagnetic component of cobalt ion mag-
netic moment.

A great number of scenarios of the ferromagnetic
component occurrence was proposed: orbital ordering
in the CoOQy layers stoichiometric with respect to oxy-
gen [11], uncompensated ferrimagnetic moment in
anion-deficient layers [12], zigzag-like chains in stoi-
chiometric CoOg layers [12], spin “bags” in these lay-
ers [13], and non-collinear magnetic structure [14].
The following questions remain open: whether the
magnetic ordering is accompanied by a structural
transition and what is its role in the occurrence of fer-
romagnetic component? To answer them, we per-
formed a complex study of the crystal structure and
magnetic and elastic properties of Sr, ;Y ,C00, ¢s and
some compounds with a close yttrium content.

EXPERIMENTAL

A polycrystalline Sr;¢Y,,C00,¢ sample was
obtained by conventional ceramic technology in air.
The starting reagents Y,0;, Co;0,4, and SrCO; of high
purity were taken in the stoichiometric ratio and care-
fully mixed in a Retsch PM-100 planetary ball mill
with a speed of 250 rpm for 30 min. Before weighing,
the Y,0; oxide was preliminary annealed at a tempera-
ture of 1000°C to eliminate moisture. The sample syn-
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Fig. 1. (Color online) Diffraction patterns of St Y ,C0O; ¢5

at (7) 350 and (2) 400 K. Indices 200, 111, 111, and 002 are

for the sp. gr. A2/m with a superstructure 4y 2a,, % 2 2a,%
4ap; the indices 100, 011, and 002 are for the sp. gr. A2/m

with a superstructure v 2a, % 2V 2a, X 4a,,

thesis involved two stages. The first was firing at
1000°C. The final synthesis was performed at 1185°C
for 8 h. Then the sample was cooled to 300°C for 12 h.
The oxygen content was determined with an error of
10.03 by the mass loss upon sample decomposition to
simple oxides and metallic cobalt, as well as from the
neutron diffraction data. An X-ray diffraction analysis
(T = 95—420 K) was performed on the synchrotron
radiation source at the Research Center of Paul Scher-
rer institute (Willingen, Switzerland). Neutron dif-
fraction studies in the range of 10—400 K were carried
out on a D2B high-resolution diffractometer at the
Institut Laue—Langevin (Grenoble, France). The
parameters of crystal and magnetic structures were
refined by the Rietveld technique using the FullProf
software package [15]. Young’s modulus was mea-
sured by the method of resonance oscillations in the
frequency range of 1—10 kHz. The magnetic and mag-
netotransport properties were investigated using a
Cryogenic Ltd. setup in a magnetic field up to 14 T in
the temperature range of 5—315 K. The conductivity
was measured by the four-contact method; indium
contacts were deposited by ultrasound.

RESULTS AND DISCUSSION

The parameters of St ;Y ,C0O, ¢; crystal structure
were refined (using synchrotron radiation diffraction)
in the space groups /4/mmm, Cmma, and A2/m. We
could index the X-ray diffraction reflections only in
the monoclinic sp. gr. A2/m with the super-cell
2V2a, % 2Y2a, x 4a, (400 K) and 4Y2a, X 2V2a, X 4a,
(350 K), where a, is the primitive-cell parameter. Fig-
ure 1 shows the low-angle parts of diffraction patterns
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Fig. 2. (Color online) Neutron diffraction patterns of
S1p.8Y(.2C00; g5, recorded at (a) 10 and (b) 400 K. Bars

indicate the Bragg reflections corresponding to the
sp. gr. 14/mmm. Asterisks indicate the peaks that cannot be
identified within the sp. gr. /4/mmm. The inset shows the
temperature dependence of the intensity of magnetic

contribution to the peak 112.

at 400 and 350 K. Changes in the diffraction peaks
indicate that a phase transformation with unit-cell
doubling along the a axis occurs at a temperature lying
between 400 and 350 K. The unit-cell parameters are
a=21.704 A, b =10.667 A, c = 15343 A, and y =
90.61° at 10 K; a = 21.723 A, b = 10.651 A, ¢ =
15.358 A, and y = 90.57° at 300 K; and a = 10.829 A,
b=10.821 A, c=15.378 A, and y = 90.17° at 400 K.

Figure 2 shows the low-angle parts of neutron dif-
fraction patterns measured at 10 and 400 K. No mag-
netic contribution to neutron scattering was observed
at 400 K. A number of additional peaks appeared with
a decrease in temperature; a part of them can be iden-
tified in the sp. gr. /4/mmm. These peaks are indicated
by arrows and designated as AF. Very weak reflections,
which can be indexed in sp. gr. Cmma or A2/m, are
indicated by asterisks. The crystal and magnetic struc-
No. 6
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CRYSTAL STRUCTURE AND FERROMAGNETIC COMPONENT

Table 1. Ion coordinates and magnetic moments of
Sty Y 2C00, ¢5 refined by the Rietveld technique with the
sp. gr. 14/mmm

T,K 10 400
a,c A 7.6550, 15.3030 | 7.6603, 15.3812
v, A3 986.751 902.585
Sr1/Y1 0,0,z
A 0.85225 0.85321
Sr2/Y2 0,05,z
z 0.86922 | 0.86923
Sr3/Y3 0,0,z
z 0.37780 | 0.37709
Col x,y,0
X 0.24873 0.25067
y 0.24873 0.25067
Co2 0.25,0.75,0.25
o1 0,y,z
y 0.24604 0.24589
z 0.25937 0.25789
02 X, )2
X,y 0.21809 0.21955
z 0.11684 0.11694
03 0,50
y 0.87980 | 0,87896
04 x,0.5,0
X 0.22625 0.22125
R,/R,,, % 5.13/6.61 4.51/5.97
Rprages % 8.15 11.5
Magnetic R factor 10.2
x’ 13.1 10.3
Magnetic moments *+1.7
in CoOg layers, Uy
Magnetic moments 2.7
in CoOy 4 layers, U

tures were calculated within the framework of the most
simple tetragonal group /4/mmm (2a, % 2a, X 4a,), since
the peaks that are not indexed in /4/mmm are very
weak. According to the Rietveld refinement, the mag-
netic structure of St Y, ,C00, 45 is G-type antiferro-
magnetic, with magnetic moments of 1.7 ug in the
stoichiometric CoOyg layers and 2.7 pg in the anion-
deficient ones (Table 1). The inset in Fig. 2 shows the
temperature dependence of the intensity of reflection
112, from which we can see that the Néel point is about
375 K. Judging from the fact that the intensity of the
reflections indicated by asterisks is greatly affected by
temperature, the magnetic cell is much larger than that
considered in Table 1. However, the intensity of these
reflections is very low. Thus, the presented approxi-
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mation describes the magnetic structure rather well.
According to the refined oxygen content, the cobalt
ions are in the trivalent state, and the chemical for-
mula is St ;Y ,C0O, ¢s.

It can be seen in Fig. 3 that the Young’s modulus
minimum corresponds to the Néel point. This cir-
cumstance suggests that the crystal structural transfor-
mation coincides with the magnetic ordering.

It is difficult to estimate correctly the spontaneous
magnetization from the field dependence of magneti-
zation at 8 K (Fig. 4, inset) because of the absence of
magnetization saturation in the fields up to 14 T. How-
ever, we can conclude that spontaneous magnetization
is not lower than 0.27 ug. Generally, the temperature
dependence of the magnetization has a standard
shape; however an inflection is clearly seen at 280 K.
Note that the compound with x = 0.2 has a highest
spontaneous magnetization in the series Sr;_,Y,CoO;_s.
The temperature dependence of resistivity for the
St Y 2C00, ¢s composition exhibits semiconductor

behavior; at 5 K, the resistivity amounts to 10* Q cm.
The magnetoresistance is small and amounts to ~2%
at 5 Kin afield of 14 T.

To explain the magnetic properties, one must know
the spin state of cobalt ions. Let us assume that Co**
ions in both layers are in the mixed low/high-spin
state. This assumption was based on the following
facts.

The magnetic structure is G-type antiferromag-
netic; i.e., the magnetic moments of the nearest neigh-
bors are directed oppositely in both layers; the Néel
point is high and amounts to Ty = 400 K. For the Co’*
ions in the intermediate spin state, the ferromagnetic
interaction results in a low Curie temperature 7. For
example, T = 90 K in ferromagnetic epitaxial films
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Fig. 3. (Color online) Temperature dependences of
Young’s modulus of Srj gY; ,C00; ¢s.



978

M, A m2%/kg
7.0 o
RSN
%%%

o3 M, n,/Co %

0.40 o
6.0 0.36 :/_A// \
0.32 e =

o
5.5p 028
0.24
50k 0‘200|2 4 6 8 10 2 BT .
0 50 100 150 200 250 300
T,K

Puc. 4. Temperature dependence of the St gY(; ,C00; g5

magnetization in a magnetic field of 1 T. The inset shows
the field dependence of the Sr gY(,Co00O, g5 magnetiza-

tion at 8 K.

LaCoO; [16], whereas Ty amounts to 540 K for
SrCo0, s, where cobalt ions are in the high-spin state
[7]. High resistivity at 5 K (10* Q ¢cm) and low magne-
toresistance indicate a good stability of the semicon-
ductor antiferromagnetic state. The intermediate spin
state is characterized by low resistivity and ferromag-
netic exchange coupling.

In the CoOg octahedra, the Co*" ion (high-spin
state) is isotropic. However, if CoOs pyramids are con-
nected by bases, a dedicated axis appears. It is believed

that such linking of pyramids in the YBaCo;+05_5—type
layered perovskites leads to a non-collinear magnetic
structure and appearance of a ferromagnetic com-
ponent of cobalt ion magnetic moment, which has
the same value (0.25 ug) in compounds of both classes
[17, 18]. The non-collinear magnetic structure is sta-
bilized due to the ferromagnetic bonds between cobalt
ions in CoOs pyramids. A small substitution of iron for
cobalt ions in Sr;;5Y;,,C00,¢s destroys the orbital
ordering and, simultaneously, the ferromagnetic com-
ponent [9].

CONCLUSIONS

It was shown that the crystal structure of layered
cobaltite Sr,Y,,C00, 45 can be described within the
monoclinic sp. gr. A2/m with a cell 2V2a, X 2Y2a, X 4a,
at temperatures above Ty = 375 K and a cell 4Y2a, x
2V2a, X 4a, at temperatures below 375 K. All Co**
ions are in the mixed low/high-spin state. At the tem-
perature Ty, the unit cell increases due to the orbital
ordering in the CoOs pyramids articulated by vertices
in the anion-deficient layers. The main magnetic
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structure is G-type antiferromagnetic, with a minor
ferromagnetic component of the cobalt ion magnetic
moment of about 0.27 ug due to the presence of ferro-
magnetic exchange coupling and orbital ordering in
the anion-deficient layers. The stability of the non-
collinear magnetic structure is also due to the high
magnetic anisotropy. The magnetic moments of the
Co ions in CoO, ., and CoOg layers are 2.7 ug and
1.7 ug, respectively.
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