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X-ray study of Nd; sSry sMNO4 manganite structure
above and below the ferromagnetic
metal-antiferromagnetic insulator spontaneous phase
transition
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The crystal structure of the manganite Nd, Sr,

MnO3 is studied at temperatures T =300 and 77.3 K

by means of an x-ray diffractometer. It is shown that the transition from the ferromagnetic metallic state
to the antiferromagnetic insulating charge-ordered state is accompanied by a lowering of the symmetry
of the structure from orthorhombic to monoclinic. The space-group symmetry of the orthorhombic and
monoclinic phases is identified as Imma and P2,/m, respectively. Twinning of the crystal and the
formation of a twin domain structure with coherent boundaries in the (00l) crystallographic planes are

found.

PACS: 61.66.Fn, 61.50.Ks, 61.72.Mm

Introduction

Keen interest in the investigation of the manga-
nese-based compounds (R;_,A MnO;) with perov-
skitelike structures is connected with their high
potentialities for technical applications due to their
colossal negative magnetoresistance [1]. The man-
ganites are also attractive objects for basic physical
research primarily for a combination of different
phase transformations in the electronic, magnetic,
and crystallographic subsystems.

Recent studies of Nd; ;Sry ;MnO; have revealed
a number of spontaneous phase transitions observed

on decreasing temperature. At a temperature T =
=250 K the crystal transforms from a paramagnetic
(PM) metallic state to ferromagnetic (FM) metallic
one, and at a temperature of about 158 K a first-
order phase transition to an antiferromagnetic (AFM)
insulating charge-ordered state was observed in this
crystal [2]. In a temperature range below T < 158 K
a magnetic field induces the reverse transition to
the FM metallic state [3].

At room  temperature  the manganite
Nd, 5Sry sMnOgy is characterized by a perovskitelike
orthorhombic structure (Fig. 1), though there is a
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Fig. 1. The unit cell of the manganite Nd, Sr, .MnO, (the
inset shows the chosen spatial axes for the orthorhombic and
monoclinic systems).

discrepancy in the published data on identification
of the symmetry space group of this crystal. In
[2-5] the Nd ;Sry, sMnO, compound is attributed
to the space group Imma. In this case its crystal
structure is the perovskite one, distorted by rotation
of the octahedra with respect to the [101] direction
in the perovskite structure. At the same time, in
[1,6,7] the space group of the manganite
Nd, 5Sr, sMNO; was determined as Pmma. This
group has a lower symmetry as compared with
Imma and corresponds to a distortion of the ideal
cubic perovskite structure by rotation of the octahe-
dra with respect to the [101] and [010] directions.

As the temperature is decreased below 250 K an
increase of the lattice cell parameters a and ¢ and a
decrease of the b parameter is observed [3,6]. The
lattice symmetry does not change.

The ideas about the crystal structure of
Ndg 5Sry sMnO; in the AFM insulating state also
diverge. According to the results of [6—8] the struc-
ture of this compound does not change during
transition to AFM insulating phase and stays or-
thorhombic. However, in [2-5] results were ob-
tained which suggest that the crystal structure in
this state becomes monoclinic with the space group
P2,/m.

The aim of this work is the investigation and
identification of the Nd, ;Sr, ;MnO; crystal struc-
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ture in the metallic state at room temperature and
in the insulating state below the charge-ordering
temperature by means of x-ray scattering measure-
ments.

Experimental technique

Single-crystal and powder samples of the man-
ganite Nd, ;Sr, ;MnO, were studied. The single
crystals were obtained by the floating zone tech-
nigue at the University of Warwick as well as at the
Institute of Physics of the Polish Academy of Sci-
ences. The single crystals were used for analysis of
Laue patterns and also for observation and investi-
gation of the twin domain structure by means of
w-scanning. For x-ray diffraction analysis the pow-
ders were prepared from single crystals in commer-
cial dispergator. It should be noted at once that the
results obtained for the samples prepared at the
University of Warwick and at the Institute of
Physics of the Polish Academy of Sciences coincide
fairly well.

The single-crystallinity of the samples under
study was proved by the Laue patterns. This way of
characterizing the samples was chosen as an express
and direct one. A thick sample with high x-ray
absorption was studied; the reverse Laue patterns
were taken, because the reflections in the sample at
low angles q are strongly weakened and are not
observed.

The x-ray spectra 1(q) were registered on a
DRON-2.0 diffractometer, using the Bragg—Bren-
tano scheme of focusing (g—2q scheme). The com-
plete spectra of the diffracted radiation were ob-
tained, with a subsequent identification of the unit
cell system and parameters. The accuracy of the
intensity measurements was 0.5%. The lattice pa-
rameters were determined to within + 0.01%. The
other used technique was w-scanning, when the
sample only rotates around the goniometer axis,
while the counter is immobile and is mounted at a
fixed double angle of diffraction with respect to the
primary beam. The latter registering technique was
used to obtain the «reflection curves» of the single
crystal.

The DRON-2.0 diffractometer was also used in
the cryogenic experiments: in this case the small-
size cryostat for x-ray powder measurements in a
temperature range 4.2—300 K was installed.

In the experiment an x-ray tube with a copper

anode was used (I o« = 1.54178 ,&). The spectra
a

were registered in the angle range 2q = 20°—80°.
In principle the problem of structure analysis is
solved for the crystals. However, utilization of the
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known techniques in structure identification for
complex compounds often turns out to be inefficient
without computer aids. Accordingly, it is important
to modify the common methods of x-ray data pro-
cessing using modern computer techniques. Here we
used an approach [9] based on the differential
Lipton technique for indexing the diffraction pat-
terns and estimation of the unit cell parameters a;
(i=1, 2, 3) for the orthorhombic and monoclinic
systems. The classic techniques allow one to esti-
mate only the order of the complex crystal lattice
parameter. The differential Lipton technique was
used as a basis for the algorithm of the program in
order to estimate the parameters a; and confine
them by the least-squares technique. This algorithm
included probability distribution for estimations of
the lattice parameters and preliminary analysis of
the measured and computed amplitudes of scatter-
ing. Such values of lattice parameters were selected,
which corresponded to the local maxima of the
probability distribution function. As the latter may
have the false maxima, which are not attributed to
real values of the cell parameters, the proposed
algorithm provided additional procedures for esti-
mation of the reliability of proposed structure mo-
dels, which allowed one to exclude false maxima.

Experimental results and discussion

The Laue patterns registered at room and low
temperatures are presented in Fig. 2. The point
Laue patterns, shown in the picture, unambiguously
identify the sample as being a single crystal. In
order to avoid the situation in which the sample is
a large-grained polycrystal and the incident beam
reaches only one of the grains, the sample was
shifted by small distances parallel to the film plane.
The fact that the patterns obtained in various posi-
tions of the sample did not differ proves the single-
crystallinity of the sample.

It is important to note that all the reflections on
the Laue patterns are double, as is seen from Fig. 2.
This circumstance may be explained by mosaicity of
the crystal, i.e., it consists of blocks. The misorien-
tation angle calculated from the Laue pattern is
about ~ 0.13°, which is in good agreement with the
low-angle boundary between the blocks.

The low-temperature Laue pattern shows chan-
ges in the reflection positions, though it is difficult
to estimate the structure change correctly. For that
the more accurate and informative x-ray diffraction
analysis is required.

Figure 3 presents the diffraction patterns ob-
tained at temperatures of 300 and 77.3 K for the
powder sample of Nd, ;Sr, ;MnO; . The low-tem-
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Fig. 2. The Laue patterns for single-crystal Nd, ;Sr, ;MnO, at
T =300 (a) and 77.3 (b) K.

perature scanning was similar to that at room tem-
perature, which simplifies considerably a compara-
tive analysis of both diffraction patterns from the
same sample at different temperatures. The chosen
spatial axes for the unit cells in the orthorhombic
and monoclinic systems are presented in Fig. 1 [10].

The quantities 2g and the reduced intensities
were derived for each maximum from the diffraction
pattern at room temperature. Every peak was indi-
cated using computer data processing and the space
system was determined. In Fig. 3 the indices of the
reflecting plane are indicated near every peak. To-
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Fig. 3. The diffraction patterns for the Nd, .Sr, .MnO, powder
sample at T =300 (a) and 77.3 (b) K.

gether with the extinction laws for the orthorhom-
bic system it clearly shows that at room tempera-
ture the Nd,, ;Sr, sMnO, belongs to the space group
Imma. For this space group the following laws are
valid: h + k + 1 = 2n for lines of the (hkl) type, and
k + 1 = 2n for lines of the (Okl) type [11].

The unit cell parameters derived from the dif-
fraction pattern at room temperature were a =
=5.4302 A, b= 7.6177 A, ¢ = 5.4860 A.

From a comparison of the diffraction patterns in
Fig. 2 the change of the diffraction spectrum in the
low-temperature state relative to that at room tem-
perature is clearly seen. However, the large number
of superimposed lines does not allow one to perform
a qualitative analysis of the crystal lattice modifica-
tion in the AFM insulating state. Therefore, in the
next stage of the investigation the most intense
lines were recorded in a discrete mode at both room
and low temperatures. The results obtained are
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Fig. 4. The results of the discrete recording of the (121) and
(200) reflections at T = 300 and 77.3 K.

presented in Fig. 4. It clearly demonstrates that at
low temperature the double maximum (200)/(121)
splits into two separate maxima.

The shift and splitting of the diffraction maxima
may be induced both by the change of space group
and by the thermal expansion anisotropy. Cooling
of our samples is accompanied by decrease of the
cell parameters which in it is turn results in the
shift of corresponding diffraction lines. However,
the shift of the diffraction lines, induced by thermal
expansion anisotropy is lower than that, induced by
a change of a space symmetry group. Besides, the
change of lattice parameters due to thermal expan-
sion is smooth, while near 160 K we have a jump-
like change of cell parameters, which is attributed
with the change of the space group symmetry. The
above consideration are based on the data [3].

The AFM insulating state, which is observed in
the Nd, 5Sr, ;MnO, manganite below 158 K, is
characterized by a monoclinic structure and belongs
to the space group P2,/m. The processing of the
diffraction spectrum gave the following unit cell
parameters of the monoclinic phase: a = 5.4851 ,&,
b= 7.5223 A, c= 5.5186 A and the angle b=
= 89.455 A.

It is important to note that, as is clearly seen
from Fig. 4, in this angle range the diffraction
reflections corresponding to the orthorhombic phase
are not observed. This suggests that in our case the
state of the sample at T = 77.3 K is homogeneous,
i.e, phase separation [5] is not observed.

Consequently, the transition from the FM metal-
lic state to the AFM charge-ordered insulating state
is accompanied by a structural transformation. It
should be mentioned that at the transition from the
orthorhombic phase with space group Imma to the
monoclinic phase with space group P2,/m the
crystal loses some elements of symmetry, namely
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2 reflection planes of the m type and, consequently,
2 twofold rotation axes normal to these planes. It is
known that at a phase transition with symmetry
lowering a twin domain structure may appear in the
low-symmetry phase. In the situation considered the
twins may form in the monoclinic phase, which are
separated by coherent domain boundaries along the
planes of the (00I) type. Then in the monoclinic
phase of the Nd, ;Sr, ;MnO, single crystal 2 sets of
(h00) planes will exist, with an interplane angle
2b (Fig. 5).

The domain structure in the AFM insulating
phase of Nd, ;Sr, sMnO; was observed visually in
[12,13]. It was assumed that the observed nonuni-
form state is connected with the formation of the
twin domain structure at the transition from the
orthorhombic to the monoclinic phase. However,
the final conclusions as to the nature of the ob-
served domain structure could be derived only from
the more direct measurements, in part from the
X-ray study.

0
Crystal twin

Fig. 5. The principle of twin structure observation in w-scan-
ning: a — the initial position; b — rotating the sample into
position corresponding to the crystal twin.
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In order to reveal the twins, an w-scanning of the
single-crystalline sample relative to the (200)
planes was performed. The orthorhombic and mono-
clinic phases were examined at room (T = 300 K)
and low (T = 77.3 K) temperatures, respectively.

The principle of the twin structure revelation by
w-scanning is demonstrated schematically in Fig. 5.

The profiles of the interference lines obtained by
means of w-scanning at room (2q = 33.04°) and low
(29 = 32.65°) temperatures for the (200) planes are
shown in Fig. 6. The curves presented clearly indi-
cate that at low temperature an additional reflec-
tion appears, corresponding to the occurence of the
twinned domain structure. Thus the results of an
x-ray structural investigation unambiguously prove
the formation of the twinned domain structure at
the transition from the orthorhombic to the mono-
clinic phase.
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Fig. 6. The results of w-scanning of the (200) maximum at
T =300 (a) and 77.3 (b) K.

Fizika Nizkikh Temperatur, 2001, v. 27, No. 11



X-ray study of Nd0 550y s

MnO3 manganite structure

Conclusions

Our x-ray investigations of the manganite
Nd, 5Sr, sMNnO; have shown the following:

1. In the orthorhombic phase the crystal struc-
ture of Nd, ;Sr, sMnO, corresponds to the space
group Imma. The unit cell of the orthorhombic
phase is characterized by the lattice parameters a =
=5.4302 A, b = 7.6177 A, ¢ = 5.4860 A.

2. At the transition to the AFM insulating
charge-ordered state the crystal symmetry lowers to
monoclinic. The symmetry of the crystal structure
of the manganite in this state is described by the
space group P2,/m. The unit cell |s characterized by
the lattice parameters a = 5.4851 A b = 7.5223 A
c =5.5186 A, and the angle b = 89.455 A.

3. At the transition from the orthorhombic to the
monoclinic phase a twinning of the crystal occurs.
A twin domain structure with coherent boundaries
in the crystal planes (00I) is formed.
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