Journal of Alloys and Compounds 491 (2010) 41-44

journal homepage: www.elsevier.com/locate/jallcom

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

Journal of

ALLOYS
AND COMPOUNDS

Magnetic structure of the quasi-two-dimensional compound CoTa,0Og

EJ. Kinast?, C.A. dos Santos®, D. Schmitt€, O. Isnard9-*, M.A. GusmaoP®, ].B.M. da Cunha®

2 Universidade Estadual do Rio Grande do Sul, Rua 7 de Setembro, 1156, 90010-191 Porto Alegre, Brazil

b Instituto de Fisica, Universidade Federal do Rio Grande do Sul, C.P. 15051, 91501-970 Porto Alegre, Brazil

¢ Laboratoire de Géophysique Interne et Tectonophysique, Université Joseph Fourier, B. P. 53, 38041 Grenoble Cedex 9, France
d Institut Néel, CNRS/Université Jospeh Fourier, avenue des martyrs B. P. 166, 38042 Grenoble Cedex 9, France

ARTICLE INFO ABSTRACT

Article history:

Received 22 July 2009

Received in revised form 16 October 2009
Accepted 19 October 2009

Available online 5 November 2009

We report on a detailed investigation of magnetic properties of CoTa;Og using several techniques: neu-
tron and X-ray diffraction, specific-heat, magnetic susceptibility, and magnetization measurements. The
compound shows quasi-two-dimensional behavior due to its layered structure of alternating Co-0 and
Ta-0 planes. We find that all magnetic moments lie entirely in the Co-O planes, along easy axes deter-

mined by the orientations of oxygen octahedra that surround the Co ions. The easy axes in successive
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magnetic planes have relative orientations that differ by 90°. Antiferromagnetic ordering is observed
below 6.6 K, with propagation vectors (+1/4,1/4,1/4) associated to the two non-equivalent sets of Co?*
ions, whose magnetic moments are perpendicularly oriented.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Trirutile compounds of the type AxA} ,B> Og (A, A’ = Fe, Co,
Ni; B = Ta, Nb, Sb) have been the subject of many investigations,
due to their interesting structural and magnetic properties, with a
rich variety of magnetic phases [1-12]. All the observed ordered
phases can be classified as antiferromagnetic (AF), but they differ
from a simple nearest-neighbor Néel ordering. For FexCo;_4Ta;Og
the magnetic phase of iron-rich samples (x > 0.46) is described
by two propagation vectors, (1/2,0,1/2) and (0,1/2, 1/2), while
that of cobalt-rich samples (0 < x < 0.46) is described by the vec-
tors (£1/4,1/4,0), as determined from neutron-diffraction data [9].
Although pure FeTa;0g presents the same magnetic structure of
Fe-rich samples containing Co, the same does not happen in the
opposite limit, as the compound CoTa;0g shows yet another mag-
netic structure, which has been described as commensurate, with
magnetic moments lying in the ab plane [9] or as a complex helical
structure, with components in the basal plane as well as along the
c direction [6].

With the aim of clarifying this issue, we report here a detailed
experimental study of the magnetic properties of CoTa;Og, by
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means of neutron diffraction as well as magnetization, magnetic-
susceptibility and specific-heat measurements.

CoTa0g crystallizes in the trirutile structure with space
group P4;/mnm. Co?* ions occupy the corner (0,0,0) and center
(1/2,1/2,1/2) of the tetragonal primitive unit cell. These two posi-
tions are non-equivalent because the 02~ octahedra that surround
each Co have their in-plane principal axes rotated by 90°with
respect to one another (see Fig. 1). Due to the tetragonal sym-
metry, these in-plane axes are shorter than the other ones, thus
defining magnetic anisotropy axes with different orientations for
corner and center Co spins. The Ta atoms are at positions (0,0,+z)
and (1/2,1/2,+z) where z is close to 1/3. This yields a layered struc-
ture, with two Ta planes separating each pair of Co planes, favoring
quasi-two-dimensional magnetic behavior.

In what follows, we present in detail our neutron-diffraction
results and high-temperature magnetic measurements, discussing
the observed magnetic structure of CoTa;Og in the light of the low-
dimensional anisotropic scenario described above.

2. Experimental and methods

Samples of CoTa,0g were prepared and characterized as reported in Ref. [13].

Direct-current magnetization as a function of applied field, M(H), was measured
at the Institut Néel (CNRS/Université J. Fourier, Grenoble, France), using an extrac-
tion magnetometer [14]. The M(H) curves were obtained with magnetic inductions
up to 10T, in the temperatures range 1.5-300K. The magnetic susceptibility as a
function of temperature, x(T), was extracted from field-cooled magnetization data
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Fig. 1. Schematic representation of a unit cell of CoTa,Og, viewed along the c axis,
showing three planes of Co ions and their surrounding oxygen octahedra. Large and
small spheres represent Co and O atoms, respectively. For simplicity, Ta atoms have
been omitted.

ataconstant magnetic field H = 5 kOe, in the range 1.5-50 K. For temperatures above
50K, up to room temperature, x(T) was obtained by extrapolating the M x H data
down to zero applied field, by means of the Arrott method [15].

In order to determine the magnetic transition temperature, specific-heat mea-
surements were performed with an AC calorimeter [16], for temperatures ranging
from 1.2 to 44 K.

Neutron diffraction measurements were performed on D1B, a powder diffrac-
tometer operated by the CNRS as a Collaborative Research Group at Institut
Laue-Langevin (ILL), in Grenoble, France. Employing a wavelength of 2.52 A, the
angular position 26 was varied from 5° to 85° with scan step of 0.2°. The diffrac-
tograms were taken at six temperatures: 1.5, 4, 5, 6, 9 and 12 K. Crystallographic
and magnetic parameters were refined using the FullProf program [17].

3. Results and discussion

The magnetic susceptibility x as a function of temperature is
shown in Fig. 2. The Néel temperature is characterized by an inflec-
tion point at 6.6 + 0.2 K, coinciding with the sharp peak observed
in the specific-heat data, shown in Fig. 3. Above Ty, the x vs T curve
presents a broad maximum, indicating the presence of enhanced
short-range correlations characteristic of low-dimensional materi-
als. In the paramagnetic high-temperature region, we were able to
fit the susceptibility data to a Curie-Weiss law, with Weiss constant
0w = —29.6K, and effective magnetic moment [ = 4.6814p per
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Fig. 2. Magnetic-susceptibility data of CoTa,0g as a function of temperature (cir-
cles), and fitting via high-temperature series expansion (line).
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Fig. 3. Specific-heat data of CoTa,Og as a function of temperature, showing a sharp
peak at the magnetic transition.

Table 1

Best values of model parameters for a
high-temperature series of the magnetic
susceptibility.

Ji/ks —157K
Jo/ks —1.96K
D/ks 1831K
g 419K
o 141K

cobalt ion. This value of e is typical of high-spin Co2* in octahedral
geometry [18].

Going beyond the simple Curie-Weiss behavior, we fitted the
susceptibility data to a high-temperature series expansion (con-
tinuous line in Fig. 2), using the anisotropic Heisenberg model on
a square lattice proposed by Muraoka et al. [2] for FeTa,0g. We
take S = 3/2 for the Co?* spin, and adjust the remaining param-
eters of the model: a single-ion anisotropy coefficient D related
to the in-plane easy axis mentioned above, the g-factor compo-
nents along the anisotropy axis (g;) and transverse to it (g, ), and
exchange constantsJ; and J,, respectively for nearest neighbors and
next-nearest neighbors on the square lattice. These two exchange
interactions are comparable in magnitude due to the existence of
superexchange paths involving two intermediate oxygen ions in
both cases. Fitted values of the model parameters are listed in
Table 1. Most important here is to notice the clear dominance of
single-ion anisotropy, since D is much larger than the exchange
constants, and g is substantially larger than g .

Table 2

Lattice constants, atomic positions, and magnetic moment obtained by Rietveld
analysis of neutron-diffraction data at 12 and 1.5K (respectively, first and second
line in each case). Usual control parameters of the Rietveld method are included for
the benefit of specialists (Ry = magnetic R-factor).

a(A) c(A) Ruwp (%) Rg (%) Ry (%)
4.715(6) 9.128(0) 6.74 3.78 =
4.715(9) 9.127(6) 7.51 4.12 20.8
Atom X y z Mo (4B)
Co 0 0 0 =
0 0 0 42(1)
Ta 0 0 0.32(9) =
0 0 0.32(9) =
o1 0.31(2) 0.31(2) 0 =
0.31(3) 0.31(3) 0 =
02 0.297(0) 0.297(0) 0.32(4) =
0.296(8) 0.296(8) 0.32(3) =
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Fig. 4. Magnetization as a function of applied magnetic field for powder CoTa,0s
sample for T < Ty (main plot) and T > Ty (inset).

We want to point out that the same fitting was made in Ref.
[9] for the entire series FeyCoj_4Ta;0g. The anisotropy strength
D shows an essentially linear variation with x, being highest for
CoTay0g and lowest for FeTa;Og. In accordance to this, an X-ray
analysis of the same system [13] indicated a linear reduction of the
(positive) difference AO2 — AO1, these being the distances between
a magnetic ion A and its nearest oxygen neighbors on the basal
plane (O1) and out of it (02). In other words, the in-plane octa-
hedral axis is shortest when the anisotropy constant D is largest,
which is consistent with our interpretation of this direction as the
easy axis.

It is worth mentioning that simpler models have been employed
to study magnetic properties of CoTa;Og, also emphasizing the low
dimensionality and spin anisotropy. For instance, Kremer et al. [4]
utilized a 2D Ising model to interpret specific-heat results.

An experimental signature of easy-axis magnetic anisotropy
is a sudden change in the M x H curve at the field for which a
spin-flop transition occurs. Indeed, this can be observed in Fig. 4
for magnetization curves recorded on powder sample. Although
not as pronounced as one would have for a single-crystal sample
[3], the low-temperature curve presents a clear change in slope
around H = 70kOe, in contrast to the linear behavior of the high-
temperature plot shown in the inset. This relatively high critical
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Fig. 5. Neutron diffraction pattern taken at 1.5K, and Rietveld refinement. Besides
the structure and magnetic reflections of CoTa;0g, we also see the signatures of
small amounts of Tay0s (black triangles) and CoO (white triangles), as well as a
vanadium reflection from the sample container (gray triangle).
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field confirms that the anisotropy is strong. It is worth to notice
that a critical field of similar magnitude has been reported for a
single crystal of the isotype compound FeTa,Og[3].

We now turn to a neutron-diffraction analysis of the low-
temperature magnetic structure. Fig. 5 shows our Rietveld-refined
data obtained at 1.5K. The solution was reached for a double-q
ordering, with propagation vector (1/4,1/4,1/4) applied to the cor-
ner ions, their moments being aligned along the [11 0] direction,
and (-1/4,1/4,1/4) for the center ions, with moments along the
[110] direction. It can be seen that this configuration reproduces
very well the angular positions of all the observed magnetic reflec-
tions.

For comparison, measurements were also performed at 12K, i.e.,
above Ty. Characteristic parameters are listed in Table 2 for both
temperatures. Cell constants and atomic positions are essentially
unchanged, the only significant difference being the non-zero mag-
netic moment of cobalt seen only at the lower temperature. The
atomic positions are consistent with our discussion of structural
features in Section 1. As usual, only positions relative to the corner
site are listed in Table 2; equivalent ones exist with respect to the
central point at position (1/2,1/2,1/2).

The magnetic structure revealed by neutron diffraction can be
described by a 2+/2a x 2+/2a x 4c primitive cell. For easier visu-
alization, we use a larger conventional cell of dimensions 4a x
4a x 4c, based on the original crystallographic axes. A schematic
representation of the magnetic moments in such a cell is shown
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Fig. 6. Magnetic structure of Co moments as revealed by neutron-diffraction. Dark
(bright) spheres represent corner (center) ions.
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in Fig. 6. The moments are distributed as a sequence of the type
“++ — — 4+ + ——" along the three axes. In addition, the moments
are rotated by 90° from one plane to the next, following the rota-
tion of the anisotropy axis. Refining the neutron-diffraction data
with the configuration of Fig. 6 reproduces well all the magnetic
reflections, as seen in Fig. 5.

4. Conclusions

We have investigated the magnetic properties of CoTa;Og
with the aim of undoubtedly determining the nature of its low-
temperature magnetic ordering, for which contrasting reports
existed in the literature [9,6].

Our neutron-diffraction, susceptibility, and magnetization
results clearly reveal the quasi-two-dimensional nature of mag-
netism in this compound, as well as the dominant role played by
single-ion anisotropy. The latter finds its origin on the distorted
geometry and spatial orientation of oxygen octahedra that sur-
round the magnetic Co2* ions. Based on these results, we provide
strong evidence that the magnetically ordered phase has a spin
structure as shown in Fig. 6, with a four-step repeating pattern
along any of the tetragonal cell directions. It can be described by a
pair of propagation vectors (+1/4,1/4,1/4), with all spins lying on
the ab plane, and alternating their orientations between the [110]
and [1 1 0] directions on successive planes. This result is in excellent
agreement with the strong anisotropy resulting from the distortion
of the octahedra surrounding the Co ions.

Similar patterns have been observed throughout the families
of compounds FexCoqi_,Tay0g[9], and FexNi;_4Tay0g[11,12], as
well as for CoSb,0g|6], all sharing the common features of lay-
ered structure and single-ion anisotropy. Specific differences in
spin arrangements observed in the various ordered phases can
be attributed to the interlayer coupling that ultimately stabilizes
three-dimensional ordering. This coupling being weak, as indicated
by typical low values of Néel temperatures, should be strongly
affected by composition changes. Such changes must cause distor-
tions of the oxygen octahedra due to differences in magnetic-ion
radii, yielding changes in length and angle of bonds involved in

superexchange interactions. On the other hand, more dramatic
effects are obtained with substitution of Nb for Ta, when the crystal
structure changes to orthorhombic, and incommensurate magnetic
phases appear [7].

The rich variety of magnetic behavior of AB,Og compounds cer-
tainly deserves further investigation, preferably with emphasis on
the role of interlayer coupling.
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