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X-ray powder diffraction measurements, at room temperature, and magnetic susceptibility y meas-
urements, in the temperature range from 2 to 300 K, were made on polycrystalline samples of
CuyFeGeSey and CupFeGeTes magnetic semiconductor compounds. Magnetization measurements
at 2, 4.2 and 77 K in magnetic fields up to 35 T were carried out on CuFeGeSes compounds. From
the analysis of the X-ray diffraction lines, it was found that Cu,FeGeSes and Cu,FeGeTey have,
respectively, stannite and monoclinic structures. The resulting 1/y versus T curves showed that
CuyFeGeSey is antiferromagnetic with a Néel temperature 7n = 20 K while Cu,FeGeTey is ferri-
magnetic with 7y = 160.1 K. The magnetization and susceptibility results obtained on Cu,FeGeSey
showed the presence of bound magnetic polarons (BMPs) in agreement with earlier studies made
on this type of materials [1, 2].

1. Introduction

Magnetic semiconducting materials are of interest because of the manner in which the
magnetic behavior associated with the concerned magnetic ion can modify and comple-
ment the semiconductor properties [3]. The materials that have been most studied are
the semimagnetic semiconductor alloys obtained from the tetrahedrally coordinated
II-VI semiconductor compounds by replacing a fraction of the group II cations with
manganese, giving alloys which show spin-glass behavior, very large magneto-optical
effects, etc. [3]. It was recently suggested [1, 4, 5] that another set of magnetic com-
pounds and alloys, which could show a larger magneto-optical effect than the II-VI-
derived alloys, can be obtained from the tetrahedrally bonded I,-II-IV-VI; com-
pounds by replacing the II cations by Mn, Fe, Co and/or Ni ions. The crystal structure
of various I,-II-IV-VI; compounds has been investigated by several workers [6 to
10], and it has been indicated that three tetrahedral structure types exist: 1. the stan-
nite tetragonal structure based on zincblende, 2. an orthorhombic superstructure de-
rived from wurtzite (known as wurtz-stannite) and 3. an unknown structure type
based on slightly deformed tetragonal, orthorhombic or monoclinic symmetry. How-
ever, in the case of compounds involving Fe ions, only those with Cu and S or Se
have been investigated, and no crystallographical study has been made on Fe materi-
als containing Te.
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With regard to the magnetic properties of these I,-II-1V-VI, compounds, most of
the studies have been carried out on materials involving Mn atoms, and little work is
made on compounds containing Fe, viz. Cu;FeGeSes and CuFeGeTeys. Guen and
Glaunsinger [11] studied the magnetic properties of Cu,MnSiSs, Cu,MnGeS,,
Cu,MnGeSey, CuFeGeSes, CuyMnSnS; and Cu,MnSnSey. Their results showed that
the first five compounds were antiferromagnetic, while the Cu,MnSnSe, one was ferro-
magnetic. In a recent work [12], the form of the magnetic susceptibility as a function of
temperature was investigated for 19 I,—Mn-IV-VI; samples with I = Cu, Ag, IV =i,
Ge, Sn, Pb and VI = Se, Te. The resulting data indicated that seven of these were anti-
ferromagnetic, while the other 12 compounds showed ferrimagnetic behavior.

In more recent studies, made of the antiferromagnetic Cu;MnGeS; compound [1]
and also on the Cu;Mng¢Zng;SnS, alloy [2], it was found that the presence of charge
carriers (holes in these cases) leads to an indirect Mn—-Mn ferromagnetic interaction,
i.e. formation of bound magnetic polarons (BMPs) near the occupied acceptors, which
affects the magnetic properties of these materials such as low-field susceptibility and
magnetization curves at low temperature.

In the present program of work, the properties of some I,—II-IV-VI4 compounds
with I = Cu, Ag, II =Mn, Fe, IV =Si, Ge, Sn, Pb and VI = Se, Te are being studied.
The aim of this paper is to show some results of the initial work on the crystallographic
and magnetic properties of these materials. Here, results of X-ray powder diffraction, at
room temperature, magnetic susceptibility as a function of temperature and magnetiza-
tion at various temperatures are presented for Cu,FeGeSes and CuFeGeTes com-
pounds.

2. Sample Preparation and Experimental Techniques

The samples used were prepared by the melt and annealing technique. In each case,
components of 1 g sample were made from appropriate amounts of the elements and
were sealed under vacuum in small quartz ampoules, which had previously been carbon-
ized to prevent the interaction of the components with quartz. The components were
melted together at 1150 °C for about 1h, annealed to equilibrium at 500 °C, then
cooled to room temperature by leaving the ampoule in the switched-off furnace. In
each case, a Guinier X-ray powder photograph using CuKo (1 = 1.5406 A) radiation
was taken of the prepared sample to check the equilibrium conditions as well as the
presence of secondary phases in the compound. It was found that an annealing period
from twenty to thirty days produces specimens with good equilibrium conditions. Using
a Perkin Elmer DTA-7 equipment, differential thermal analysis runs were taken on
each sample prepared. The obtained cooling DTA melting peaks of the samples are
shown in Figs. 1a and b. The melting points were found to be 733 and 692 °C for
Cu,FeGeSey and Cu,FeGeTey, respectively.

Resistivity measurements were made on a small slice of about 0.5 mm thickness cut
from the Cu,FeGeSe, ingot used in this work. Ohmic electrical contacts to the sample
were made by electroplating four symmetrical copper spots, which were used as a base
for soldering copper leads with indium. These measurements were made with the van
der Pauw method using dc current.

For each compound, magnetic susceptibility measurements as a function of the tem-
perature T in the range 2 to 300 K were made using a Quantum Design SQUID mag-
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Fig. 1. Cooling DTA thermogram for a) Cu,FeGeSe4 and b) Cu,FeGeTe,

netometer with an external magnetic field of 100 x 10~* T. The resulting 1/ versus T
curves were analyzed to determine both the magnetic interactions between the Fe ions
and the values of the various magnetic parameters when it was possible, as discussed
below.

In the case of the Cu,FeGeSes compound, magnetization M measurements were per-
formed using the high magnetic field facilities in Toulouse. The field is produced by the
discharge of a capacitor bank in a resistive copper coil. The maximum field (35 T) is
reached within 100 ms and the decreasing time is 300 ms. In order to measure the mag-
netization, two pick up coils are mounted to give zero induced voltage in absence of
the sample. The signal in the presence of sample is proportional to the derivative of its
magnetization.

3. Results and Discussion
3.1 X-ray results and analysis

The Guinier X-ray powder photographs showed sharp diffraction lines indicating that
the samples were in good equilibrium conditions. The diffraction patterns, obtained for
each compound, were indexed with the computer program DICVOLI1 [13] using an
absolute error of 0.03° (20) in the calculations. In the case of the Cu,FeGeSes com-
pound, the X-ray pattern showed the stannite tetragonal structure (I42m) and no
traces of secondary phases were observed. The obtained lattice parameter values were
a = (5.5906 + 0.00153) A and ¢ = (11.0300 + 0.0168) A, these results are in good agree-
ment with those reported by Schafer and Nitsche [9]. It is to be noted that the ratio
c/a = 1.97 gives a tetragonal distortion along the z-axis (6 =2 — c¢/a) of 0.03, a value
similar to the case of the I-III-VI, chalcopyrite compounds [14]. For the Cu,FeGeTey
compound, no crystallographic data have been reported for this material so far. The
corresponding diffraction pattern was indexed as indicated above and it was found
that the best solution produced by the program showed a monoclinic structure with
crystal parameter values of a=(10.3129+0.0038)A, b =(4.0352+0.0012) A,
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Table 1

X-ray powder diffraction data for Cu;FeGeTey
a=103129A, b=4.0352A, c =7.4345A, g =89.261°

20ps dobs (A) (]/Io)cbs hk 1 20cal deal (A) A26

14.590° 6.0664 10 10 1 14587 6.0675 0.003°
25.890° 3.4386 90 30 0  25900° 3.4373 —0.010°
26.510° 3.3596 80 11 1 26.506° 3.3600 0.004°
29.780° 2.9977 100 20 -2 29.788 2.9969 —0.008°
30.640° 2.9154 5 21 -1 30.660° 2.9136 —0.020°
33.960° 2.6377 30 11 -2 33977 2.6364 —0.017°
35.310° 2.5399 5 30 2 35308 2.5400 0.002°
42.010° 2.1490 50 31 2 41.997° 2.1496 0.013°
42.940° 2.1046 50 40 -2 42916° 2.1057 0.024°
43.210° 2.0920 50 41 1 43224 2.0914 —0.014°
44.900° 2.0171 40 02 0 44889 2.0176 0.011°
71.120° 1.3245 10 22 4 71129 1.3244 —0.009°

M; =163  Fip =62 (0.0112,174)

c=(7.4345+0.0041) A and B = (89.261 +0.025)°. In Table 1 the resulting X-ray pow-
der diffraction data together with the visual intensity I/ly values of the reflection lines
and the de Wolf [15] and Smith-Snyder [16] figures of merit are listed. It is to be men-
tioned that the X-ray powder diffraction photograph of this compound also contained
additional weak diffraction lines which could be explained as due to the presence of
FeTe, (PDF 14-419) as secondary phase. In fact, the X-ray powder diffraction photo-
graphs taken of each I,-Fe-IV-Te, sample prepared in this program showed traces of
this FeTe, secondary phase, moreover, these traces were also observed in compounds
such as CuFeTe,, AgFeTe,, MnFe,Tes and FeMn,Tey, this will be discussed in further
work.

3.2 Electrical transport

The conductivity of Cu,FeGeSey, as checked by a thermal probe, was found to be p-type.
Typical electrical parameter values at RT are 0.57 Q cm, 1.1 x 10! cm~3 and 0.98 cm?/Vs
for the resistivity, hole concentration and mobility, respectively. The resistivity o was
measured in the temperature range from 100 to 300 K and the resulting o versus
1000/ T curve is shown in Fig. 2. It is seen that, within the limits of experimental error,
this variation appears to be nearly linear and that ¢ increases as 7 is decreased. The
hole binding energy E, was estimated from the slope of the In (9) versus 1000/7 curve,
and the resulting value was found to be Ej, =~ 42 meV, with an uncertainty of about
10%. These shallow acceptor levels favor the presence of BMPs in this sample.

3.3 Magnetic susceptibility results and analysis

The obtained 1/y versus T curve for CuyFeGeSe4 is shown in Fig. 3. It can be seen
from this figure that the 1/y versus T graph is linear at higher temperatures, but shows
deviation from the Curie-Weiss form for temperatures below 100 K. As it was indi-
cated above, this deviation is due to the presence of free carriers which could lead to
the formation of BMPs [1 to 4], this will be discussed below. For antiferromagnetic
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where Nj is the Avogadro number, uy the Bohr magneton and W the molecular weight.
Thus, the experimental data for 7> 150 K in Fig. 3 were fitted to the above equation
and the obtained results were C =9.77 x 1073 emu K/g and 6, = —155.05 K. The ex-
perimental value of C is close to the theoretical value C =9.82 x 1073 emu K/g, ob-
tained from eq. (2) using J =4 and a g-factor of 1.5 for the Fe** ion. No values of C

and 6, have been quoted for this compound in the literature.
The zero-field cooling and field cooling susceptibility y results for 7 < 50 K for the
Cu,FeGeSes compound are illu-
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Fig. 4. Variation of ZFC (®) and FC
(O) low field susceptibility y with T
for Cu,FeGeSey

ure that below 50 K the suscep-
tibility increases with decreasing
T until the peak in y at 20K,
which is identified as the Néel
temperature 7Ty, occurs. Then,
below 7 K the susceptibility in-
creases again with decreasing 7.
As indicated above, this behavior
can be attributed to the sp-d
coupling between the spins of the
charge carriers (holes or elec-
trons) and those of the Fe ions,
leading to an indirect Fe—Fe fer-

romagnetic interaction affecting the magnetic properties. As the temperature is lowered
the free carriers may become localized near impurities. Then, as the present sample is
p-type, the p—d interaction may give origin to the formation of ferromagnetic clusters
near such impurities, i.e. bound magnetic polarons (BMPs) [1 to 4], which enhances the

low-field susceptibility at low 7.

Another point that supports this interpretation is the rapid rise of M observed in
Fig. 5 at low field, for the curves obtained at 2 and 4.2 K, which is attributed to BMPs
associated with holes bound to acceptors. The much slower magnetization rise above
2T is due to the d spins outside the BMPs. Hence, the contribution of the BMPs and
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that of the matrix to the magneti-
zation can be separated. However,
as the temperature increases the
BMPs rise more slowly and it be-
comes difficult to observe the
BMP contribution, this is consis-
tent with the M versus field curve
at 77 K shown in Fig. 5. A similar
behavior was observed by Shapira

Fig. 5. Isothermal magnetization M vs.
B curves for Cu,FeGeSey
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et al. [1] on a p-type Cu,MnGeS,4
crystal sample grown by chemi-
cal vapor transport (CVT) and by
McCabe et al. [2] on a p-type
CuyMng9Zng1SnS, alloy. Also, it
is to be mentioned that previous
experiments on FEuTe samples
with electron concentration of
1.1 x 10¥ em™ at 300 K showed
that the low-field susceptibility for
temperatures T near to Ty was much larger than for insulating samples and below T
the susceptibility did not vary monotonically with 7' [18]. These results are consistent
with the present data. A quantitative analysis that separates the matrix and BMP con-
tributions to M for Cu,Cd;_.Fe,GeSe, alloys will be presented in a further work.

Turning to the CuyFeGeTes sample, the 1/y versus T curve obtained for this com-
pound is illustrated in Fig. 6. It is seen that this curve has a form which is typical of a
ferrimagnetic material and no effects from the secondary FeTe, antiferromagnetic
(T~ = 83 K) phase [19] to this curve are observed in the temperature range investi-
gated here. However, the X-ray data indicate that in the sample analyzed the amount
of the second phase present was a few percent, so that the effect due to inaccuracy of
the mass m of the material to the susceptibility measurements is very small. Hence, the
contribution due to the presence of this phase is negligible and will not be considered in
the present analysis. At this stage, it is not possible to rule out other effects such as
canted antiferromagnetism and weak ferromagnetism behaviors proposed by Dzia-
loshinsky [20] and Moriya [21, 22]. However, the present 1/y versus T curve seems to
have a form closer to that of Néel ferrimagnetism than to these latter cases.

From the Néel theory of ferrimagnetism, the variation of the magnetic susceptibility y
with temperature 7 in the range 7' > Ty is given by the relation [17]
1 T-0, g

x C T-6’

1y (10 3 emu/g)

50

®)

where 6, is the asymptotic Curie-Weiss temperature, C is the Curie constant, and { and
0 are parameters that depend upon the magnetic ion concentration, exchange interac-
tion, etc. Considering that 1/y is effectively zero at T = Ty, the Néel temperature, eq.
(3) can be rewritten as

¢ (T —0.)(Tn—0)

—=T-0,—

; e @)
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Thus, using the value of C =7.344 x 1073 emu K/g determined from eq. (2) with 6,,
6 and Ty as unknown parameters, a fit of the experimental curve in Fig.5 to eq. (4)
was made for 7 >170K. It was found that a good fit could be obtained giving
parameter values of 6, =(—1986.30+34.60)K, 0= (73.45+3.63)K and 7Tn=
(162.30 £ 0.40) K, the resulting fitted curve is shown in Fig. 6. When C together with 0,,
0 and Ty are treated as unknown parameters, a similar good fit to the 1/y versus T
curve was found, but the values of C and 6, were found to be smaller than those given
above, while the values of Ty obtained from both fits are very similar and close to the
value that can be estimated from inspection of the 1/y versus T curve. In eq. (3) the
term ¢/(T — 0) should become negligible for T values appreciably larger than Tn. How-
ever, because of the upper limit of 7'=300 K available in the present experimental
measurements, it was found that the (7 — ) term still contributed to some extent to
1/y, even at the highest temperature of observation, so that although 7 can be deter-
mined, a reliable value of 6, cannot be obtained from fitting eq. (4) to the experimen-
tal data in Fig. 6.

4. Conclusions

The X-ray results showed that the Cu,FeGeSes compound has the expected tetragonal
stannite structure, with crystal parameter values in good agreement with those given
earlier, while the Cu;FeGeTes compound was found to have a monoclinic structure.
Also, the X-ray pattern obtained for this compound showed additional lines due to the
FeTe, secondary phase.

The magnetic data showed that the Cu,FeGeSe4 compound is antiferromagnetic, and
that there is a contribution arising from BMPs, which affect the susceptibility at low
temperature. A detailed analysis of BMPs on this type of material will be given else-
where. It is to be noted that the saturation field was not reached in the present meas-
urements. The theoretical saturation value, assuming J =4 and g=1.5 for Fe?*, is
58 emu/g, hence magnetization measurements in magnetic fields up to 61 T are being
performed on this compound. In the case of the Cu,FeGeTes compound, the magnetic
behavior can be fitted using the Néel relation for ferrimagnetism. Nevertheless, because
of the upper limit of 7= 300 K available in the present measurements a reliable value
of 6, could not be determined. However, it is to be pointed out that other mechanisms
can give similar y versus 7' curves, such as the canted antiferromagnetism (or weak
ferromagnetism) [20 to 22]. These effects can occur in low-symmetry crystalline systems,
which could be the case of this compound. The main difference between ferrimagnet-
ism and canted antiferromagnetism is that in the former, magnetic ions need to be pres-
ent on non-equivalent crystallographic sites, while for the latter case crystallographically
equivalent sites are postulated. Hence, in order to take this analysis further, it is re-
quired to have more detailed information on the crystal structure. For this, it is planned
to determine the crystal structure using single-crystal X-ray and neutron diffraction
methods, as well as to carry out Mossbauer measurements.
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