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Abstract

Measurements of magnetic susceptibility s as a function of temperature ¹ and of magnetisation M as a function of
applied magnetic "eld H at a number of "xed temperatures were made on polycrystalline samples of Cu

2
FeGeSe

4
. The

s versus ¹ data show that an antiferromagnetic transition occurs at 20 K and that a second transition occurs at &8 K,
indicating a transition to weak ferromagnetic form. The M versus H curves indicated that at all temperatures below
&70 K bound magnetic polarons (BMP) occur, in the paramagnetic, antiferromagnetic and weak ferromagnetic ranges.
Below 8 K, the M versus H curves exhibited magnetic hysteresis, and this is attributed to the interaction of the BMPs
with tetragonally anisotropic matrix. The B versus H curves were well "tted by a Langevin-type of equation, and the
variation of the "tting parameters determined as a function of temperature. These showed that above 20 K the total BMP
magnetisation fell almost linearly with increasing temperature and e!ectively disappeared at 70 K. The number of BMPs
remained practically constant with temperature having a mean value of 6.55]1018/cm3. The analysis gave a value of
213 l

B
for the average magnetic moment of a BMP, corresponding to 42.4 Fe atoms. Using a simple spherical model, this

gives the radius of a BMP as 12.0 As . ( 2000 Elsevier Science B.V. All rights reserved.

PACS: 75.50.Pp; 74.25.Ha
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1. Introduction

Compound semiconductor materials for which
an appreciable fraction of the cations is atoms of
iron, manganese or similar elements show interest-
ing magnetic properties and all of these materials
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can be labelled magnetic semiconductors (MS). The
particular magnetic behaviour occurring in any
given case depends to a large extent on the distribu-
tion of the magnetic atoms in the lattice. Thus for
MS alloys in which these atoms are at random in
the cation lattice, for lower concentrations the ma-
terial mainly shows spin-glass form, a change to
antiferromagnetic form occurring when the concen-
tration exceeds about 0.6 [1]. For compounds,
where the arrangement of magnetic atoms on the
cation lattice is regular, the exchange between
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these atoms is usually antiferromagnetic and, in the
simplest case, collinear antiferromagnetic behav-
iour occurs. However, various e!ects can occur
which complicate this simple form, resulting in dif-
ferent magnetic behaviours. The behaviour of inter-
est in the present work is that of bound magnetic
polarons (BMPs) [2}4].

In these materials, BMPs can arise due to the
presence of non-ionised acceptors or donors [4].
These must have relatively high concentrations for
the BMP e!ects to be observed but not so high that
impurity bands are formed. The bound hole (elec-
tron) interacts with the spins of the magnetic ions
within the sphere of its Bohr orbit and tends to
produce ferromagnetic alignment in those spins.
Thus, in a simple model, the material can be con-
sidered as an irregular assembly of ferromagnetic
spheres in a matrix which may be antiferromag-
netic or paramagnetic, depending upon the temper-
ature conditions, etc.

This behaviour can be investigated by various
types of magnetic measurements, the most common
being measurements of magnetic susceptibility s as
a function of temperature ¹ and measurements of
magnetisation M as a function of magnetic "eld
H at various temperatures. McCabe et al. [5] used
these types of measurement to investigate the be-
haviour of BMPs in the antiferromagnetic p-type
MS alloy Cu

2
Mn

0.9
Zn

0.1
SnS

4
which has the tet-

ragonal stannite structure. They showed that
BMPs were present up to a temperature of about
60 K. The NeH el temperature of this alloy is near 8 K
and so BMPs were observed in both the antifer-
romagnetic and paramagnetic range.

In the present research programme, the magnetic
properties of I

2
}Fe}IV}VI

4
compounds are being

investigated, for the cases of I"Cu, Ag, IV"Si,
Ge, Sn and VI"Se, Te. Here the results for the
compound Cu

2
FeGeSe

4
are considered. Guen and

Glaunsinger [6] reported that this compound
showed antiferromagnetic form and that it had the
tetragonal stannite structure. Later work on the
structures of these types of compound [7] con-
"rmed the stannite form for Cu

2
FeGeSe

4
and gave

lattice parameter values of a"5.591 As and
c"11.030 As . Here, the variations of the magnetic
properties with temperature in the range 2}300 K
are considered. These can be attributed to the Fe2`

ions, since the copper is Cu` and so will not con-
tribute. Preliminary results of this investigation
have been reported previously [8], where in ad-
dition to preliminary magnetic data, electrical
measurements showed that the compound was p-
type and that the particular sample investigated
had a hole concentration of 1.1]1019/cm3 at room
temperature. Resistivity measurements as a func-
tion of temperature gave a hole binding energy of
E
)
+42 meV.

2. Sample preparation and experimental techniques

The polycrystalline samples of Cu
2
FeGeSe

4
used in the work were prepared by the melt and
anneal technique, described in detail previously
[8]. Measurements of magnetic susceptibility s as
a function of temperature ¹ in the range 2}300 K
were made using a Quantum Design SQUID mag-
netometer with an external magnetic "eld of
1]10~2 T. The resulting variation of s with ¹ was
used to determine the temperatures at which mag-
netic transitions occurred and to estimate, where
possible, the type of transition. Two sets of
measurements were made to determine the vari-
ation of the magnetisation M as a function of
applied magnetic "eld H at various "xed temper-
atures. One set of measurements was made using
the high magnetic "eld facilities at Toulouse. The
"eld is produced by the discharge of a capacitor
bank into a resistive copper coil. The maximum
"eld (35 T) is reached within 100 ms and the de-
creasing time is 300 ms. In order to measure the
magnetisation, two pick-up coils are mounted to
give zero-induced voltage in the absence of the
sample. The signal in the presence of the sample is
proportional to the time derivative of its magnet-
isation. The second set of measurements was made
using the SQUID system described above, the max-
imum "eld in that case being 6 T.

3. Results

For the case of magnetic susceptibility measure-
ments, curves of s versus ¹ and 1/s versus ¹ are
shown in Figs. 1 and 2, respectively. From Fig. 1, it
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Fig. 1. Variation of magnetic susceptibility s as a function of
temperature ¹.

Fig. 2. Variation of inverse susceptibility 1/s as a function of
temperature ¹.

Fig. 3. Variation of magnetisation M as a function of applied
"eld H for a range of temperatures.

is seen that magnetic transitions occur at temper-
atures of about 20 and 8 K, as indicated in the
"gure. The one at 20 K is typical of an antifer-
romagnetic transition ¹

N
, while the lower one has

the form associated with a ferromagnetic transition.
From Fig. 2, it is seen that 1/s varies fairly linearly
with ¹ down to approximately 100 K and extra-
polation from this range gives a temperature
intercept of !162 K, again corresponding to anti-
ferromagnetic behaviour. Below 100 K, the devi-
ation from linearity indicates the occurrence of
another magnetic e!ect. Below, these results will be
correlated with those for the magnetisation
measurements.

For the magnetisation measurements, in all cases
the M versus H data showed the general form
expected when BMPs are present in the compound,
and a set of M versus H results, for values of H up
to 5 T, are shown in Fig. 3. Here, the experimental
points are shown with curves determined by "tting
to Eq. (1) as discussed below. In the initial work,
carried out on the pulsed magnetic "eld system at
Toulouse, measurements were made in "elds up to
&35 T at 2 K and no magnetic saturation was
observed up to the maximum value (Fig. 5 of Ref.
[8]), so that the maximum of 5 T used here was
considered su$cient for the present work. In Fig. 3,
it is seen that for 20 K and above, the spacing and
shape of the curves are of the same regular form
given previously [5] for other compounds showing
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Fig. 4. Variation of magnetisation M with applied "eld H at
5 K, showing hysteresis behaviour.

BMP e!ects. Below 20 K, the curves are close to-
gether and some overlap occurs (hence for the pur-
pose of clarity, the curves for 5 and 16 K have been
omitted from Fig. 3). As indicated below, this be-
haviour can be attributed to e!ects of anisotropy at
low temperatures. In the case of the 2 and 5 K data,
a further e!ect was observed, in that a small
amount of hysteresis was present, as shown in
Fig. 4, where the data for 5 K is plotted. Here, the
applied magnetic "eld was cycled between the
limits #6 and !6 T, and the resulting M values
are shown in Fig. 4 (limited to a 2 T range for
clarity). For the hysteresis loop, the di!erence be-
tween the up and down curves is small but can be
clearly observed, while the initial magnetisation
curve shows some deviation from the hysteresis
form. At all other temperatures of measurement,
the curves appeared completely reversible.

These results are discussed below.

4. Analysis and discussion

From the form of the M versus H curves in Fig. 3,
it is seen that the magnitude of the BMP resultant
moment falls with increased temperature, becom-

ing practically zero at 77 K, where the linear form
of the graph corresponds to normal paramagnetic
behaviour. This could account for the form of the
1/s in the range 20(¹(100 K. Thus it is seen
that with decreasing temperature, four di!erent
magnetic ranges are observed. At high temper-
atures, the compound shows normal paramagnetic
form, but in the vicinity of 80 K, BMPs are ob-
served in a paramagnetic matrix. As seen from the
s versus ¹ curve, a transition to antiferromagnetic
form occurs at the NeH el temperature ¹

N
"20 K

and below this the BMPs occur in this antifer-
romagnetic matrix. Finally, below 8 K, the BMPs
are present, but a weak ferromagnetic behaviour
also occurs.

As has been shown previously [5], the M versus
H curves for BMPs can be very well "tted to an
equation of the form

M"M
0
¸(X)#s

.
H, (1)

where the Langevin term ¸(X) ("coth x!1/x)
represents the contribution of BMPs and the term
s
.
H the contribution of the matrix. Here,

M
0
"Nm

4
and x"m

%&&
H/k

B
¹ where N is the

number of BMPs involved, m
4
and m

%&&
are, respec-

tively, the true and e!ective spontaneous moments
per BMP. In the Langevin function, the e!ective
moment m

%&&
determines how quickly the true mo-

ment aligns along H. Because of the e!ects of inter-
action between the BMPs, Wol! (quoted in Ref.
[5]) has proposed that m

%&&
"m

4
¹/(¹#¹@), where

¹@ represents the interaction. With ¹@ relatively
small, at the higher temperatures investigated, to
a good approximation m

%&&
"m

4
. As shown by

McCabe et al. [5], for temperatures lower than
&20 K, anisotropic behaviour is observed, be-
cause of the interaction of the BMPs with the
tetragonally anisotropic matrix. Thus at a given ¹,
the values of M are di!erent for H parallel and
H perpendicular to the symmetry axis c. However,
for temperatures above about 20 K, anisotropy ef-
fects were found to be negligible, and in this range
m

%&&
"m

4
.

In the present work using polycrystalline sam-
ples, the values of the various parameters in Eq. (1)
will be mean values over a random arrangement
of small crystallites. As shown above, for
Cu

2
FeGeSe

4
, the NeH el temperature ¹

N
is 20 K,
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Fig. 5. Variation of total BMP magnetisation M
0

("Nm
4
) with

temperature ¹.

Fig. 6. Variation of the matrix susceptibility s
.
, with temper-

ature ¹.

Fig. 7. Variation of m
%&&

, the e!ective spontaneous moment per
BMP, with temperature.

and so the e!ects of anisotropy will be important
only in the antiferromagnetic range. The hysteresis
e!ects observed at 2 and 5 K can also probably be
attributed to this anisotropy, since, in this range,
the thermal e!ects are small enough for the anisot-
ropy to in#uence the spin directions when the ap-
plied "eld is zero or small. With a polycrystalline
sample, the various crystallites can act in a way
formally similar to domains and produce hysteresis
e!ects.

From the form of the M versus H curves at 5 K
(Fig. 4), it is seen that the magnitude of this hyster-
esis e!ect is relatively small. Thus, bearing in mind
the limitations described above, for a good approx-
imation, the M versus H data at all temperatures,
even 2 and 5 K, can be analyzed in terms of Eq. (1),
with M

0
, m

%&&
and s

.
used as "tting parameters. As

indicated above, the "tted curves are shown in
Fig. 3, where it is seen that in most cases a very
good "t was obtained. The rather poor "t to the
2 K (and 5 K) data at low values of H is due to
the hysteresis e!ects present in that range. Values of
the "tting parameters were thus determined as
a function of temperature, and these are plotted
against ¹ in Figs. 5}7.

As indicated by McCabe et al. [5], in the range
where m

4
"m

%&&
, values for N can be obtained from

the ratio M
0
/m

%&&
. In Fig. 8, values are shown for

M
0
/m

%&&
("N) as a function of ¹. It is seen that in

the range 20(¹(70 K, this value is almost con-

stant with a mean value of 0.011/g, i.e. N is almost
constant with a mean value in this temperature
range of 0.011/l

B
/g"1.19]1018/g. This gives

a value of N and hence a concentration of non-
ionised acceptors of 6.55]1018/cm3. This value is
smaller than that reported previously [8], but those
measurements and the present ones were made on
two separately prepared samples. With these values
of N and the activation energy of 42 meV quoted
above, the concentration of holes and hence of
ionised acceptors at 50 K is less than 1016/cm3.
Thus the change in N in the range 2}50 K is negli-
gible, giving N constant as obtained above.
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Fig. 8. Variation of the number of BMPs N ("M
0
/m

%&&
) with

temperature ¹.

Fig. 9. Variation of the true spontaneous moment of a BMP
m

4
("M

0
/N) with temperature ¹.

With this value for N, values for m
4

can be
obtained from the M

0
values and the variation of

m
4
with ¹ is shown in Fig. 9. It is seen that for 10 K

and above, the variation of m
4
with ¹ is practically

linear, and extrapolates to a value of 212 l
B
/BMP

at ¹"0. Taking the atomic moment for Fe2` as
5 l

B
gives the mean number of Fe atoms in each

BMP as 42.4. This is to be compared with the value
of 28.6 Mn ions per BMP obtained by McCabe et
al. [5] for p-type Cu

2
Mn

0.9
Zn

0.1
SnS

4
. The as-

sumption, that in a very simple model all Fe ions
inside a spherical BMP are aligned and that none
outside contribute, gives the radius of the BMP to
be 12.0 As , which is a reasonable number for an

acceptor Bohr radius in such a material. These
values indicate the fraction of Fe ions inside the
BMPs to be approximately 5%.

5. Conclusions

Measurements of s versus ¹ indicate that in
Cu

2
FeGeSe

4
, magnetic transitions occur at 20 and

8 K, the former being an antiferromagnetic
transition and the latter a transition to weak fer-
romagnetic form. From the measurements of
M versus H, it is seen that BMPs occur at all
temperatures below &70 K. Analysis of the M ver-
sus H curves by "tting to a Langevin-type of equa-
tion gave values for the number of BMPs, the
average magnetic moment and hence the average
size of a BMP. These values were found to be
consistent with previously published data. For tem-
peratures below 8 K, the B versus H curves showed
magnetic hysteresis.

It has been suggested above that this hysteresis
behaviour can be attributed to the e!ects of
uniaxial anisotropy of the matrix, which seems
most probable. However, two other possible mech-
anisms that could produce this e!ect were con-
sidered:
(a) Canting of the antiferromagnetic aligned spins,

giving a small resultant spin component in the
matrix. In the corresponding compounds,
Ag

2
FeGeSe

4
, Ag

2
FeSiSe

4
and Ag

2
FeSnSe

4
,

which have the orthorhombic wurtz-stannite
structure, much more pronounced hysteresis
e!ects are observed, extending to a temperature
of above 200 K. These results are attributed to
spin canting (to be published).

(b) Interaction between the spontaneous spins of
the BMPs producing ferromagnetic alignment
and a resultant spin in the absence of an applied
magnetic "eld. This will be discussed further at
a later date when detailed results on more of
these quaternary compounds are obtained.
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