Vol. 123 (2013)

ACTA PHYSICA POLONICA A

No.

Crystal Structure and Magnetic Properties of Th;;04g

S. BARAN?, R. DURAJ?, A. HOSER®, B. PENC® AND A. SZYTULA®*
%M. Smoluchowski Institute of Physics, Jagiellonian University, W.S. Reymonta 4, 30-059 Krakow, Poland
bInstitute of Physics, Technical University of Cracow, Podchorazych 1, 30-084 Krakéw, Poland
¢Helmholtz-Zentrum Berlin fiir Materialen and Energie GmbH, Hahn—-Meitner-Platz 1, 14-109 Berlin, Germany

(Received September 14, 2012)

Magnetic and neutron diffraction data for Th1;O20 compound are reported. This compound crystallizes in
a triclinic crystal structure described by the space group P1 and is antiferromagnetic with the Néel temperature

5.1 K.
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1. Introduction

Binary terbium oxides form a large number of com-
pounds showing different stoichiometry [1]. The essen-
tial compounds are Tho,O3 and TbO,. Both of them
crystallize in a cubic crystal system, but they differ in
their unit cells [2]. In the Th-O system there also ex-
ists the non-stoichiometric ThOs_, group of compounds
with different crystal structure [3]. The paper [4] reports
the crystal structures of new terbium oxides Th;012 and
Thb11 049 as rhombohedral and triclinic ones, respectively.

Magnetic measurements indicate different magnetic or-
dering temperatures for different phases: 2.4 K (Th203),
3 K (ThO2) and 6 K (TbO; g23). For all these com-
pounds the negative values of the paramagnetic Curie
temperature suggest an antiferromagnetic order [5]. The
specific heat data for ThoO3 and ThyO7 (TbO; 75) indi-
cate the critical temperatures of magnetic order at 2.42
and 7.85 K, respectively [6].

In this work the X-ray and neutron diffraction as well
as magnetic data for commercial sample of terbium ox-
ide (purity 99.9%) by Johnson Malthey Company are re-
ported. From these data the crystal structure parameters
and magnetic properties are determined.

2. Experiment

Phase analysis was done by X-ray powder diffraction
(XRD) at room temperature using a Panalytical X’PERT
diffractometer with the Cu K, radiation.

The dc magnetic measurements were carried out using
a commercial vibrating sample magnetometer (VSM) op-
tion of the Quantum Design PPMS. Three types of mag-
netic measurements were performed: cooling at low tem-
peratures at zero magnetic field (ZFC) and at field (FC)
equal to H = 50 Oe (to determine the phase transition
temperatures), then scanning from 1.9 K up to 300 K
in a magnetic field of 1 kOe (to determine the value of
the effective magnetic moment pog and the paramagnetic
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Curie temperature §,,) and finally measuring the magne-
tization curves up to 90 kOe at 1.9 K (to determine the
value of the magnetic moment in the ordered state).

In order to determine precisely the temperature of the
phase transition the ac magnetic susceptibility (xac =
X' + ix”, where x’ is the real and x” imaginary com-
ponents) was measured versus frequency between 10 Hz
and 10 kHz and in magnetic field amplitude H,. equal to
5 Oe in the temperature range 2-10 K.

Powder diffraction patterns were collected using the
E6 diffractometer installed at BERII reactor (Helmholtz-
-Zentrum Berlin) within the temperature range 1.6
and 300 K with incident neutron wavelengths equal to
2.447 A. The X-ray and neutron diffraction data were
analyzed using the Rietveld-type program Fullprof [7].

3. Results

Figure 1 shows the XRD pattern measured at room
temperature. In this pattern the strong intensity Bragg
reflections corresponding to the cubic crystal structure
(space group F'm3m) are similar to those observed in
TbO2 [8]. In this structure the Tbh atoms occupy 4(a)
site: 0, 0, 0 while O atoms 8(c) site: 1/4, 1/4, 1/4. How-
ever, the strong widening of the main peaks and the ex-
istence of additional small intensity ones indicate a lower
symmetry. The best fit of the experimental data was
obtained for the model of Th1;029 (TbO1 g15) structure
reported in Ref. [4]. This model is also verified by neu-
tron diffraction data (see below).

The results of the dc magnetic measurements are
shown in Fig. 2. Temperature dependence of magnetic
susceptibilities gives the maximum at 4 K for ZFC curve
and 3.4 K for FC curve. The values of x are higher for
FC and for both the curves there is a quick decrease near
5 K. At 8.5 K the additional small intensity maximum is
observed. Above 50 K the reciprocal magnetic suscepti-
bility obeys the Curie-Weiss law with the paramagnetic
Curie temperature —22.5 K and effective magnetic mo-
ment equal to 8.95 ug. This value is between these for
Th3* (9.72 up) and Th** (7.94 up) and suggests the
existence of both types of ions in the investigated com-
pound. The negative values of the paramagnetic Curie
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Fig. 1. The observed (dots) and calculated (solid line)

X-ray diffraction patterns of terbium Tbi1020 oxide
measured at room temperature. The positions of Bragg
reflections are marked as bars.

temperature indicate that the antiferromagnetic interac-
tions are dominant. The magnetization curve measured
at T'= 1.9 K is not saturated at H = 90 kOe and it gives
the average Th moment equal to 3.6 ug.
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Fig. 2. Temperature dependence of the reciprocal
magnetic susceptibility measured at 1 kOe for Th11O20.
The insets show: the upper one — temperature de-
pendence of the magnetic susceptibilities: ZFC (lower
curve) and FC (upper curve) and the lower one — mag-
netization curve up to 90 kOe at 7= 1.9 K.

Temperature dependence of the ac magnetic suscepti-
bility x’ and x” has a broad strong maximum at 4.5 K.
The values of X’ and x” in the region of the broad
peaks (particularly x”) strongly depend on frequency
(see Fig. 3). Also the Ti,ax corresponding to the max-
imum in x”(7T') increases from 4.0 K for f = 10 Hz to
4.3 K for f = 10 kHz. All curves decrease to zero at
T =51 K. In x/(T) an additional small maximum is
observed at 8.5 K.

Neutron diffraction patterns measured at 1.6 and
11.8 K are shown in Fig. 4. Numerical analysis of the
nuclear peak intensities is in a good agreement with the
crystal structure of Tby1Ogp. In this low symmetry tri-
clinic structure (space group P1) the Tb atoms occupy
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Fig. 3. Temperature dependence of the real Y’ and

imaginary x” part of the ac magnetic susceptibility in
the function of the frequency between 10 Hz and 10 kHz.

six different Wyckoff positions. Our data were analyzed
using the positional atom parameters taken from Ref. [4].

TABLE

Crystal structure parameters for Thi1020 from neutron
diffraction at 1.6 and 11.8 K and X-ray diffraction data at
room temperature. These data are compared with those
from Ref. [4].

T [K] 1.6 11.8 300 4]
a|A] | 6.493(6) | 6.494(2) | 6.4893(2) | 6.4878(4)
blA] | 6.514(6) | 6.514(1) | 6.5058(2) | 6.50992(4)
c[A] | 9.845(11) | 9.838(3) | 9.8364(3) | 9.8298(6)
o [deg] | 96.15(15) | 96.11(4) | 95.905(2) | 95.881(1)
B [deg] | 99.36(12) | 99.34(4) | 99.292(2) | 99.019(2)
7 [deg] | 100.01(9) | 100.00(3) | 99.919(2) | 99.966(1)
V [A3] | 401.4(1.2) | 401.2(3) | 400.69(4) | 406.68(7)

The determined lattice parameters a, b, ¢ and an-
gles a, B, and v at different temperatures are listed in
Table. Data obtained at room temperature are in a good
agreement with those reported in Ref. [4]. In the re-
gion 15°-40° a broad maximum is observed in pattern
collected at 11.8 K (see Fig. 4). With the decrease of
temperature a group of small intensity Bragg reflections
arises within mentioned above angle region. This fact
indicates that Th magnetic moments order and prob-
ably form a modulated structure at low temperatures.
A large number of small intensity overlapping reflections
of magnetic origin made impossible to determine mag-
netic structure.
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Fig. 4. Neutron diffraction patterns of Th11029 mea-
sured at 1.6 and 11.8 K. The squares represent experi-
mental points. The solid lines are: the calculated profile
for crystal structure model (as described in the text) and
the difference between the observed and calculated in-
tensity (the bottom of each diagram). The vertical bars
indicate the positions of Bragg peaks. In the pattern
collected at 7' = 1.6 K the angle region below 20 = 45°
was excluded from refinement.

4. Summary

The magnetic as well as X-ray and neutron powder
diffraction data, reported in this work, indicate that ter-
bium oxide Th11029 (TbO; g15) order antiferromagneti-
cally below 4.5 K. The compound has a complex crystal
structure described by the triclinic space group P1. The
Tb magnetic moments form probably a modulated mag-
netic order at low temperatures.

The comparison of the Néel temperatures for different
terbium oxides indicates the maximum of 7.85 K observed

for Th4O7 in which a coexistence of Th®t and Tb** ions
was found. In Thq104 also a mixture of Th3t and Th*+
ions was determined leading to higher value of the Neéel
temperature. The lower Néel temperatures equal to 3
and 2.42 K were observed for ThOy and ThyO3, respec-
tively. In these compounds only the Th**t ions in ThO,
or Tb3*t in ThoO3 were found. This result indicates that
the exchange interaction between ions with different va-
lence causes the increase of the Néel temperature. Similar
effect was observed in manganites.
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