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The magnetic properties of two compositions of random solutions in the TlCu2−xFexSe2 system with
x=0.2 and 0.45 have been investigated by superconducting quantum interference device
magnetometry. The crystal structure is of a layer type and ordering due to the iron atoms occurs at
low temperatures, withTc=85 K for x=0.2 andTc=130 K for x=0.45. The samples were highly
textured crystals and the magnetic moments of both compositions were found to align along thec
axis of the structure. The saturation moments were found to be 1.5mB/Fe forx=0.2 and 0.66mB/Fe
for x=0.45. ©2005 American Institute of Physics. fDOI: 10.1063/1.1854434g

I. INTRODUCTION

Layered magnetic structures are of great technological
and scientific interest. They can be artificially manufactured,
such as multilayers, or be thermodynamically stable crystal
structures, as in the case of TlCu2−xFexSe2. An advantage of
studying crystal structures is that they contain less stress and
defects than artificial systems. This means a better control
over the factors that determine the magnetic properties of the
systems. Crystals with layered magnetic structure are there-
fore important model systems.

The magnetic properties of two compositions of the lay-
ered TlCu2−xFexSe2 structure, withx=0.2 andx=0.45, have
been investigated for this paper. The parent compound
TlCu2Se2 is a nonmagnetic metal with tetragonal symmetry
where the Cu atoms form layers, described by a square sub-
lattice. Substituting Fe for Cu in this range does not change
the symmetry of the system, so that the Fe atoms are situated
in well defined layers separated by nonmagnetic material.
For these concentrations of Fe the samples are fairly dilute
magnetic alloys, showing cooperative phenomena of either
ferromagnetic or ferrimagnetic character. A previous study
on TlCu2−xFexSe2 sRef. 1d was made using powder samples.
The presence of very small amounts of Fe3O4 meant that
ferrimagnetic contributions had to be subtracted from the
results through a series of field-dependent measurements.
This created uncertainties in values of moments and transi-
tion temperatures as discussed in Ref. 1.

The samples studied in this paper were highly textured
crystals, since one of the interesting questions was whether
the magnetic moments lie in the plane of the layers or out of
it. According to previous reports on this type of structure the
magnetic moments can be either perpendicular to thec axis,
as for TlCo2Se2 sRefs. 2 and 3d and TlCo2S2,

4 or parallel to
it, as for TlFe2−xSe2 x=0.3–0.4, with and without vacancy
ordering.5,6 Studying crystals instead of powder samples also
decreases the amount of oxide impurities, and hence in-
creases the accuracy of the measurements.

II. EXPERIMENT

The crystals of nominal compositionx=0.2 andx=0.45
were synthesized by mixing stoichiometric amounts of TlSe,
Se, Fe, and Cu in evacuated silica tubes and the cell param-
eters of the final products were checked by x-ray powder
diffraction. The highly textured crystals were flat with faces
of thes001d orientation. Thex=0.2 sample used for the mag-
netic measurements had a mass of 8.0 mg and thex=0.45
sample had a mass of 10.4 mg.

The magnetization of the samples was measured on
changing the temperature for a fixed applied field, or on
changing the applied field for a fixed temperature. These
measurements were made with the applied field either paral-
lel or perpendicular to thec axis of the tetragonal cell. For
the magnetization versus temperature measurements two dif-
ferent protocols were used for all samples: zero field cooled
szfcd and field cooledsfcd. In the zfc protocol the sample is
cooled to the starting temperature with no applied field. Then
the field, in all cases 100 G, is applied and the data are col-
lected on heating the sample. In the fc protocol the desired
measurement field is applied at a temperature above the tran-
sition temperature of the sample and the sample is cooled to
the starting temperature in this field. The data are then col-
lected on heating the sample, as for the zfc protocol.

The maximum applied field of the equipment was
50 kG. All magnetic measurements were made using a su-
perconducting quantum interference device magnetometer of
the type quantum design, MPMS XL. The magnetization ver-
sus applied field measurements were made at 10 K for both
directions of both compositions.

III. RESULTS

The cell parameters show a linear trend versus the
amount of substituted Fe up tox=0.5.1 For the two compo-
sitions studied in this paper the cell parameters were deter-
mined from x-ray powder diffraction measurements. This
yielded a=3.892 Å andc=13.938 Å for thex=0.20, anda
=3.957 Å andc=13.754 Å for thex=0.45 sample. The cell
parameters for thex=0.45 sample agree well with those re-
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ported in Ref. 1, while there is a significant deviation for the
x=0.20 sample. The true composition is more likelyx
=0.16 if Vegard’s law is followed.

The susceptibility as a function of temperature measured
parallel and perpendicular to thec axis of the structure is
shown in Fig. 1 forx=0.2 and in Fig. 2 forx=0.45. As can
be seen from these figures both compositions form magneti-
cally ordered structures at low temperatures, withTc=85 K
for x=0.2. Thex=0.45 sample shows a more complex tem-
perature dependent magnetization behavior with two transi-
tion temperatures, at 80 K and 130 K. This can be seen in
the inset of Fig. 2 which shows an enlargement of the sus-
ceptibility versus temperature curve forx=0.45 measured
parallel to thec axis. Both transitions are present for both
measurement directions. The transition at 130 K is weak
compared to the one at 80 K. No such extra transition is
found in the corresponding curves for thex=0.2 sample.

From the paramagnetic susceptibility it is possible to de-
termine the effective moment of the magnetic atoms of a
structure assuming a Curie–Weiss law behavior. This analy-
sis yielded apeff of approximately 1mB/Fe for x=0.2 and
0.5mB/Fe for x=0.45.

For both compositions the magnetic moments were in-
terpreted to align along thec axis of the structure giving an
out-of-plane magnetization of the layers. The net moment
per Fe atom in the ordered phase was determined from mag-
netization versus field measurements at 10 K, see Figs. 3 and
4 for thex=0.2 and thex=0.45 sample, respectively. Neither
of the compositions reached full saturation at the maximum
field of the equipment, 50 kG, but the slope of the curves
levels off for the out-of-plane directions, allowing us to make
an estimate of the saturation moment. This yields 1.5mB/Fe
for x=0.16 and 0.66mB/Fe for x=0.45.

IV. DISCUSSION

The investigated material consists of single-crystal ag-
gregates of a strong sheet habit, where thec axis forms the
normal to the prominent crystal faces. This means that the
c-axis orientation is common for the measured material, even
if the a andb axes are not. The magnetic moments of both
compositions seem to align parallel with thec axis in the
ordered phase. This was not unexpected, since it has previ-
ously been found that the magnetic moments of TlFe2−xSe2

sx=0.3–0.4d lie along thec axis.5,6 Figures 1 and 2, as well

FIG. 1. The susceptibility of thex=0.2 sample as a function of temperature.
Note that the zfc and the fc curves for the two measured directions coincide
for Tù85 K.

FIG. 2. The susceptibility of thex=0.45 sample as a function of tempera-
ture. The inset shows an enlargement of the curves measured parallel to the
c axis for 80 KøTø180 K where the transition atT=130 K can be seen.

FIG. 3. The magnetization of thex=0.2 sample as a function of applied field
at T=10 K.

FIG. 4. The magnetization of thex=0.45 sample as a function of applied
field at T=10 K.
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as 3 and 4, all show that the susceptibility is markedly higher
for the orientation of the field parallel to thec axis. Thus,
there is a strong indication that there is a net moment along
the c axis. However, the data do not allow us to say that the
moments lie completely parallel with this axis; we cannot
completely rule out the presence of a fan structure without
neutron data for support.

At present we have no explanation for the appearance of
an extra transition in the susceptibility versus temperature
curve forx=0.45. Further measurements of the field depen-
dence of the magnetization should be carried out around
70–130 K.

The paramagnetic effective moments of both composi-
tions appear to approximately follow a Curie–Weiss law be-
havior. The values of the moments are however much
smaller than those expected from free spins corresponding to
Fed5. This is in agreement with what was reported in Ref. 1.

The saturation moments reported here are in reasonable
agreement with previous findings on powders in Ref. 1. The
data from the powder measurements are by necessity con-
nected with large uncertainties, due to the corrections made
because of the presence of Fe3O4 in those samples, so that
perfect agreement with these data is not expected.

The magnetization versus temperature curves for the
highly textured crystals differ significantly from those for
powders presented in Ref. 1. We find a rather large hysteresis
in our samples, while the powder samples showed none. This
may be due to the fact that large crystals always contain
domain walls, whereas the powder samples of Ref. 1 prob-
ably did not. The hysteresis curves show a clear twofold
symmetry centered on the origin. The high field branch of
the hysteresis curves for both compositions has a slope that
is practically independent of the measurement direction. This
indicates that there is a paramagnetic component to the sus-
ceptibility even at low temperatures.

The samples studied are fairly diluted solid solutions of
a spin-carrying species within a Pauli paramagnetic matrix,
TlCu2−xFexSe2. Thex values studied here, 0.2 and 0.45, thus
represent a situation where, respectively, 10% and 22.5% of
the copper sites of the host structure contain Fe3+ in a ran-
dom way. These concentrations lie below the percolation
limit of 29% for next-next nearest neighbor exchange inter-
actions in a square lattice.7 As an effect of this, each transi-
tion metal layerscontaining iron and copper mixedd may
contain iron clusters of various sizes that lie isolated from
one another in each layer, and without proper matching to-
wards clusters in adjacent ones. This may very well be an
explanation why there is still a paramagnetic component. As
for any paramagnetic system, only extremely high fieldssand
low temperaturesd may bring about a saturation of this com-
ponent. This investigation cannot give any clue to the cluster
size distribution which, moreover, might be sensitive to the
thermal history of the samples.

ACKNOWLEDGMENTS

The authors wish to thank Jonas Eskhult who skillfully
made the crystals. The authors also gratefully acknowledge
financial support from the Swedish Research Foundation,
SSF.

1R. Berger and C. F. van Bruggen, J. Less-Common Met.113, 291s1985d.
2R. Lizárraga, S. Ronneteg, R. Berger, A. Bergman, P. Mohn, O. Eriksson,
and L. Nordström, Phys. Rev. B70, 024407s2004d.

3R. Berger, M. Fritzsche, A. Broddefalk, P. Nordblad, and B. Malaman, J.
Alloys Compd. 343, 186 s2002d.

4S. Ronneteg, M.-W. Lumey, R. Dronskowski, U. Gelius, R. Berger, S.
Felton, and P. Nordblad, J. Solid State Chem.177, 2977s2004d.

5L. Häggström, H. R. Verma, S. Bjarman, R. Wäppling, and R. Berger, J.
Solid State Chem.63, 401 s1986d.

6L. Häggström, A. Seidel, and R. Berger, J. Magn. Magn. Mater.98, 37
s1991d.

7M. Gonker and F. Family, Phys. Rev. B28, 1449s1983d.

10B311-3 Felton et al. J. Appl. Phys. 97, 10B311 ~2005!

Downloaded 17 Sep 2009 to 155.198.39.232. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


