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Bound magnetic polarones (BMPs) in p-type Cu2FeGeTe4 were investigated. Measurements of magnetic susceptibilityχ as a function of
temperature and of magnetizationM as a function of applied magnetic fieldH at a number of fixed temperatures were made on polycrys-
talline samples of Cu2FeGeTe4. The magnetization and susceptibility results showed the presence of bound magnetic polarones (BMPs) in
agreement with earlier studies made on this type of materials. The resulting 1/χ versusT curves seem to have a form closer to that of Néel
ferrimagnetism withTN about 162 K. TheM versusH curves were well fitted by a Langevin-type of equation, and the variation of the fitting
parameters was determined as a function of temperature. These showed that BMPs occur above∼5K, and the total BMP magnetization fell
almost linearly with increasing temperature, and effectively disappeared at about 100 K. The number of BMPs remained practically constant
in the temperature range of 30 K< T < 100 K having a mean value of 1.92×1016/cm3. The analysis gave a value of 172µB for the average
magnetic moment of a BMP, corresponding to∼ 34 Fe atoms. Using a simple spherical model, one obtains 12Å as the radius of a BMP.

Keywords:Magnetic semiconductor materials; bound magnetic polarons; antiferromagnetism.

Hemos investigado los Polarones Magnéticos Ligados (BMP’s) en Cu2FeGeTe4 tipo-p. Se han realizado medidas de susceptibilidad
magńeticaχ como funcíon de la temperatura y de la magnetización M como funcíon del campo magńetico aplicado a varias temperat-
uras constantes. En los resultados de la magnetización y de la susceptibilidad se observa la presencia de polarones magnéticos ligados en
concordancia con estudios previos llevados a cabo en estos tipos de materiales. Las curvas obtenidas de 1/χ versusT tienen la forma carac-
teŕıstica a un ferrimagnetismo de Néel conTN cercano a 162 K. Las curvas obtenidas deM versusH fueron ajustadas satisfactoriamente a
una ecuacíon tipo Langevin y la variación de los paŕametros del ajuste fueron determinados como función de la temperatura. Estos resultados
indican que los BMP’s se forman por encima de∼ 5 K y que la magnetización total de los BMP’s disminuye casi linealmente cuando se
aumenta la temperatura y que desaparecen efectivamente alrededor de los 100 K. El numero de BMP’s permanece prácticamente constante
en el rango de temperaturas entre 30 K< T < 100 K con un valor promedio de1.92 × 1016/cm3. Los ańalisis arrojan un valor de 172 B
para el momento magnético promedio de un BMP lo cual corresponde a∼ 34 átomos de Fe. Con el uso de un modelo esférico se obtiene
que el radio promedio de un BMP es cercano a los 12Å.

Descriptores: Materiales semiconductores magnéticos; polarones magnéticos ligados; antiferromagnetismo.

PACS: 74.25.Ha; 74.70.Dd; 75.50Pp; 75.60.Ej; 61.66.Dk; 67.55.Lf

1. Introduction

Diluted magnetic semiconductors (DMS) are semiconductors
in which a fraction of the nonmagnetic ions that make up the
crystal structure have been replaced by a magnetic transition
metal of rare earth ions. These DMS show interesting mag-
netic properties giving alloys which show spin-glass behav-
ior, very large magneto-optical effects, etc. [1]. The par-
ticular magnetic behaviour occurring in any given case de-
pends to a large extent on the distribution of the magnetic
atoms in the lattice. Thus, for DMS alloys in which these
atoms are at random in the cation lattice, for lower concen-
trations, the material mainly shows spin-glass form, a change
to the antiferromagnetic form occurring when the concentra-
tion exceeds about 0.6 [2]. For compounds in which the ar-
rangement of magnetic atoms on the cation lattice is regular,
the exchange between these atoms is usually antiferromag-
netic and, in the simplest case, collinear antiferromagnetic
behaviour occurs. However, various effects can occur which
complicate this simple form, resulting in different magnetic
behaviour, for example; in doped DMS, the sizable exchange

interaction between magnetic ions and carriers (electrons and
holes) leads to unusual optical, magnetic, and transport prop-
erties. The behaviour of interest in the present work is that of
bound magnetic polarons (BMPs) [1,3,4].

In these materials, BMPs can arise due to the presence of
non-ionized acceptors or donors [1]. These must have rela-
tively high concentrations for the BMP effect to be observed,
but not so high that impurity bands are formed. The bound
hole (electron) interacts with the spin of the magnetic ions
within the sphere of its Bohr orbit and tends to produce ferro-
magnetic alignment in those spins. Thus, in a simple model,
the material can be considered as an irregular assembly of
ferromagnetic spheres in a matrix which may be antiferro-
magnetic or paramagnetic, depending upon the temperature
conditions, etc.

This behaviour can be investigated by various types of
magnetic measurements, the most common being measure-
ments of magnetic susceptibilityχ as a function of temper-
atureT , and measurements of magnetizationM as a func-
tion of magnetic fieldH at various temperatures. McCabe
et al. [5] used these types of measurements to investigate



164 E. QUINTEROet al.

the behaviour of BMPs in the antiferromagnetic p-type DMS
alloy Cu2Mn0.9Zn0.1SnS4, which has the tetragonal stannite
structure. They showed that BPMs were present up to a tem-
perature of about 60 K. The Ńeel temperature of this alloy
is near 8 K and so BMPs were observed in both the anti-
ferromagnetic and paramagnetic range. Early studies carried
out on the antiferromagnetic p-type Cu2FeGeSe4 compound
showed that BMPs occur at all temperatures below∼ 70K, in
the paramagnetic, antiferromagnetic and weak ferromagnetic
ranges [6]. Another compound which would show BMPs is
the Cu2FeGeTe4 compound.

In the present work, the variation of the magnetic proper-
ties of the Cu2FeGeTe4 compound, with temperature in the
2-300 K range, are investigated.

2. Sample preparation and experimental tech-
niques

The polycrystalline samples of Cu2FeGeTe4used in this work
were produced by the usual melt and anneal technique [7].
The components of a 1 g sample were sealed under vacuum
in a small quartz ampoule, which had previously been car-
bonized to prevent interaction of the components with the
quartz, and then the components were melted together at
1150◦C for about an hour. The samples were annealed at
500◦C for 1 month in order to homogenize the material and
then very slowly cooled to room temperature. Measurements
of the magnetizationM as a function of an applied mag-
netic fieldH at various fixed temperatures were made using
a Quantum Design SQUID magnetometer. The maximum
field in that case was 5 T. The electrical conductivity of the
present Cu2FeGeTe4 samples, as checked by thermal probe,
was found to be p-type.

3. Magnetic results, analysis and discussion

The magnetic susceptibilityχ results as a function of tem-
peratureT were reported in earlier work [7]; therefore, these
results will not be shown here. Measurements of the magne-
tization M as a function of an applied magnetic fieldH at
various fixed temperatures were made as indicated above. In
all cases, the data showed the general form expected when
BMPs are present in the compound, and a set ofM versusH
results for values ofH up to 5 Teslas are shown in Fig. 1. In
this figure, it is seen that the shape of the curves are of the
same regular form given previously [5] for other compounds
showing BMP effects. From the form of deM versusH
curves, it is seen that the magnitude of the BMPs resultant
moment falls with increased temperature, becoming practi-
cally zero a 100 K, where the linear form of the graph corre-
sponds to normal paramagnetic behaviour. As seen from the
1/χ versusT curve [7], a transition to ferrimagnetic form oc-
curs at the Ńeel temperatureTN = 162 K and BMPs are only
observed below 100 K, so that BMPs are not observed in the
paramagnetic matrix.

FIGURE 1. Variation of magnetizationM as a function of applied
field H for a range of temperatures.

As has been previously shown [5], theM versusH curves
for BMPs can be very well fitted to an equation of the form

M = M0L(x) + χm ·H (1)

Where the Langevin termL(x) (=cothx– 1/x) represents the
contribution of BMPs, and the termχmH refers to the contri-
bution of the matrix. Here,M0 = Nms and x =meffH/KBT
whereN is the number of BMPs involved,ms andmeff are,
respectively, the true and effective spontaneous moments per
BMP. In the Langevin function, the effective momentmeff

determines how quickly the true moments align alongH. Be-
cause of the effects of interaction between the BMPs, Wolff
(quoted in Ref. 5) has proposed thatmeff = msT /(T + T ’),
whereT ’ represents the interaction. WithT ’ being relatively
small at the higher temperatures investigated,meff = ms to
a good approximation. As shown by McCabeet al. [5] for
temperatures lower than 15 K, anisotropy behaviour is ob-
served; however, anisotropy effects were found to be negligi-
ble in the range studied here, andmeff = ms in this range.

In the present work using polycrystalline samples, the
values of the various parameters in Eq. (1) will be mean
values over a random arrangement of small crystallites. As
indicated above, for the Cu2FeGeTe4, the Ńeel temperature
TN = 162 K, and so the effect of anisotropy will not be im-
portant in the range where BMPs are observed. As seen in
Fig. 2, the magnitude of the hysteresis effect is relatively
small. Thus, bearing in mind the limitations described above,
for a good approximation, theM vs H data can be analyzed
in terms of Eq. (1), withM0, meff andχm used as fitting
parameters. For example, a fit is shown in Fig. 3, where it is
seen that a very good fit was obtained even for low tempera-
tures. Values of the fitting parameters were thus determined
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FIGURE 2. Variation of magnetizationM as a function of applied
field H at 5 K where hysteresis effect is negligible.

FIGURE 3. Variation of magnetizationM versusH at 5 K. Empty
circles: experimental points, full line: fit Eq. (1).

as a function of temperature, and these are plotted againstT
in Fig. 4.

As indicated by McCabeet al. [5], in the range where
meff = ms,values forN can be obtained from the ratio
M0/meff . In Fig. 5a, values are shown forM0/meff

(=N) as a function ofT . It is seen that in the range
30 < T < 100 K, this value is almost constant with a
mean value of 2.95× 10−5 emu/gµB , i.e. N is almost
constant with a mean value in this temperature range of
2.95× 10−5 emu/gµB = 3.17× 1015/g. This gives a value
of N , and hence, a concentration of non-ionized acceptors of

FIGURE 4. Cu2FeGeTe4: a) Total BMP magnetizationM0 vsT , b)
Susceptibilityχm vs T and c) Effective spontaneous moment per
BMP meff vsT .

N = 1.92× 1016 cm−3. With this value forN , values for
ms can be obtained from theM0 values and the variation of
ms with T is shown in Fig. 5b. It is seen that for 30 K and
above, the variation ofms with T is practically linear, and
extrapolates to a value 172.05µB /BMP atT = 0. Taking the
atomic moment for Fe2+ as 5µB gives the mean number of
Fe atoms in each BMP as 34. This is to be compared with
the values of 28.6 Mn ions per BMP obtained by McCabeet
al. [5] for p-type Cu2Mn0.9Zn0.1SnS4 and 42.4 Fe ions per
BMP obtained by Quintero et al [6] for p-type Cu2FeGeSe4.
The assumption that in a very simple model all Fe ions inside
a spherical BMP are aligned, and that none in the outside
contribute, gives the radius of the BMP to be 12Å, which is
a reasonable number for an acceptor Bohr radius in such a
material.

4. Conclusions

The Cu2FeGeTe4 investigated here was found to have the
tetragonal stannite structure which corresponds to the low
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FIGURE 5. Variation withT of: a) The numbers of BMPsN , b)
The true spontaneous moment of a BMPms.

temperature modification typical of this type of compound.
From the measurements ofM versusH, it is seem that BMPs
occur at all temperatures below∼ 100 K. Analysis of theM
versusH curves by fitting to a Langevin-type of equation
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.
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