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We present the studies of magnetic and electrical properties of Sn1−x−ySixMnyTe mixed crystals. The
magnetic susceptibility measurements revealed the presence of two types of transitions interpreted as
a paramagnet–ferromagnet transition at T < 10 K due to carrier mediated Ruderman–Kittel–Kasuya–
Yosida magnetic interactions and the anomaly related to the structural transition to the rhombohedral
phase at T ≈ 75 K. The presence of a well-defined magnetic hysteresis with a square shape confirms
that the ferromagnetic state present in our samples is related to the homogeneous magnetic domain
structure with narrow domain energy distribution. The contents of the magnetic ions determined via
magnetometric methods is lower than the Mn contents determined via the energy dispersive X-ray
fluorescence spectroscopy method indicating the presence of a large fraction of Mn ions being either
short range coupled into small clusters like pairs, triples, or other entities or having lower total magnetic
momentum than Mn in high-spin state. The magnetic exchange constant of our samples is equal to
0.25–0.3 eV indicating an increase with respect to ternary Sn1−xMnxTe.
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1. Introduction

IV–VI diluted magnetic semiconductors (DMSs)
offer unique possibilities for simultaneous and inde-
pendent control of electrical and magnetic proper-
ties of the system. It has been proven that the ferro-
magnetism in IV–VI DMSs is due to carrier medi-
ated long range Ruderman–Kittel–Kasuya–Yosida
(RKKY) magnetic interactions [1, 2] making them
the ideal candidates for being used in semiconductor
spintronic devices [3]. Group IV–VI semimagnetic
semiconductors have an advantage over canonical
materials of groups II–VI and III–V due to the pos-
sibility of simultaneous and independent control of
electrical and magnetic properties [4]. In the past,
several different papers were devoted to ternary
DMSs showing the presence of either ferromagnetic
or spin-glass order at T < 20 K [5–9]. The magnetic
exchange constant related to the RKKY mechanism
of indirect magnetic exchange Jpd, has rather low
values for Sn1−xMnxTe, not exceeding 0.1 eV for
x ≤ 0.1 [10].

In this manuscript, we present the studies of elec-
trical and magnetic properties of Sn1−x−ySixMnyTe
DMS’s with different chemical composition. The

main goal of this work is to show the influence of
considerable Si-alloying on the magnetic and electri-
cal properties of the system. In particular, we wish
to study whether the magnetic exchange coupling
constant was influenced by the addition of silicon
ions to the alloy. The value of Jpd should be in-
versely proportional to the cation mass, so the ad-
dition of Si should lead to a slight increase in Jpd
value. This hypothesis needs to be verified within
the scope of this manuscript. The second goal of
this work is to show the appearance of an anomaly
in the magnetic susceptibility at around 78 K. The
physical mechanisms of this anomaly are discussed.

2. Sample preparation

The Sn1−x−ySixMnyTe ingot (with total x = 0.03
and y = 0.05) was grown from a mixture of
chemically pure components by the modified ver-
tical Bridgman method. The essence of the mod-
ification consisted in creating a stationary trans-
verse temperature gradient in the melt, which im-
proved the mixing of the melt near the crystalliza-
tion front and, accordingly, the homogeneity of the
grown ingot.
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TABLE I
Results of the characterization of the Sn1−x−ySixMnyTe samples with different chemical compositions, x and y,
including magnetotransport data obtained at T = 4.3K, the carrier concentration n, the carrier mobility µ, and the
magnetic properties: the Curie temperature TC, the anomaly temperature TF , the Curie–Weiss temperature θ, the
Curie constant C, the effective Mn content yθ determined from (2), the saturation magnetization Ms, determined
using (3), and the effective Mn content ym, determined using (4).

x

(×10−2)
y

(×10−2)
a [Å]

n (×1020)
[cm−3]

µ

[cm2/(V s)]
TC [K] TF [K] θ [K]

C (×10−4)
[emu K/g]

yθ
(×10−2)

Ms

[emu/g]
ym

(×10−2)
2.9 ± 0.3 4.1 ± 0.4 6.3142 ± 0.0002 8.8 ± 0.5 63 ± 3 5.0 ± 0.1 74.4 ± 0.7 20.0 ± 0.2 5.2 ± 0.2 1.3 ± 0.1 4.4 ± 0.1 2.2 ± 1

3.1 ± 0.3 4.6 ± 0.4 6.3051 ± 0.0002 8.4 ± 0.4 62 ± 2 6.2 ± 0.1 74.5 ± 0.5 22.5 ± 0.1 6.1 ± 0.4 1.5 ± 0.2 4.9 ± 0.1 2.5 ± 1

3.5 ± 0.4 4.9 ± 0.5 6.3064 ± 0.0002 7.3 ± 0.8 62 ± 4 7.2 ± 0.2 75.1 ± 0.4 23.4 ± 0.2 6.9 ± 0.3 1.7 ± 0.2 5.5 ± 0.1 2.8 ± 1

3.1 ± 0.3 5.1 ± 0.5 6.3116 ± 0.0002 6.3 ± 0.7 61 ± 3 8.4 ± 0.1 75.3 ± 0.4 24.0 ± 0.1 7.3 ± 0.2 1.8 ± 0.1 6.0 ± 0.1 3.0 ± 1

The components were weighed with an accuracy
of ±0.05 mg with a total ingot weight of 30 g. The
inner surface of the quartz growth ampoule was cov-
ered with a strong graphite film (Tm = 3826◦C [11])
to avoid direct contact of the quartz with the melt
(Tm = 1470–1726◦C [11]) and prevent the cooled
ingot from sticking to the ampoule walls.

The growth ampoule with the charge was evac-
uated to 10−5 Torr, after which it was placed in
the growth furnace and heated to 1300◦C, which
approximately corresponds to the temperature of
the onset of quartz softening. For reliability, the
growth ampoule with the charge was placed inside
an external evacuated quartz ampoule, which was
attached to the pulling mechanism. The rate of ver-
tical drawing of the growth ampoule during direc-
tional crystallization was 1.5 mm/h with longitudi-
nal temperature gradient at the crystallization front
of 35◦C/cm. Temperature stabilization and control
in the growth furnace were carried out with accu-
racy of ±0.01◦C.

After the completion of crystal growth, the ingot
was gradually cooled over 24 h to room tempera-
ture and removed from the growth furnace. The pro-
tective and growth quartz ampoules were partially
flattened by atmospheric pressure due to deliber-
ate overheating for the best dissolution of silicon
and manganese in the SnTe crystal matrix. The fin-
ished ingot had an elliptical cross-section with ma-
jor and minor axes from 13 to 16.3 mm and from
3.2 to 10.7 mm, respectively. The ingot was cut by
an automated string into plates of the same thick-
ness of 1.4 mm using Al2O3 abrasive, the maximum
grain size of which did not exceed 40 µm.

3. Structural characterization

The structural characterization of the
Sn1−x−ySixMnyTe DMS’s consisted of three
measurement techniques: (i) energy dispersive
X-ray fluorescence spectroscopy (EDXRF), (ii)
high resolution X-ray diffraction (HRXRD) and
(iii) scanning electron microscope (SEM) coupled
with X-ray energy dispersive spectrometer (EDS)
microprobe. Prior to the structural characteri-
zation, the as-grown ingots were cut into slices

perpendicular to the growth direction. The growth
specifics permit only small changes in the chemical
composition of the crystals in the direction parallel
to the growth direction. Therefore, we cut the
as-grown slices using a wire saw into 1.5 mm thick
slices in the direction perpendicular to the growth
direction. This minimizes variations of the chemical
composition within each individual slice. After
cutting, the ingot slices were chemically cleaned
using few organic solvents.

The EDXRF method was used to study the chem-
ical compositions in the form of the distribution of
alloying elements and determination of crystal sto-
ichiometry as a function of the ingot length. The
EDXRF measurements were made on both sides
of each crystal slice. The obtained EDXRF spec-
tra showed the correct stoichiometry for the major-
ity of the crystal length. Only the initial and final
smelting fragments did not maintain the correct sto-
ichiometry and were therefore rejected from further
studies. From all the slices, we selected a few in
which the relative difference of the chemical com-
position was the smallest in the entire series.

The high-resolution X-ray diffraction (HRXRD)
technique was used to determine the crystals’ struc-
ture and phase composition of the studied samples.
The HRXRD measurements were made using the
X’Pert MPD Pro Alpha1, Panalytical diffractome-
ter (Cu Kα1 with λ = 1.540598 Å). The obtained
diffraction patterns for all our crystals were fitted
with the use of the Rietveld method. The fits were
possible for cubic NaCl structure only, indicating
that our samples were single phased crystals. The
lattice parameter values obtained during the Ri-
etveld refinements (gathered in Table I) are close
to the parameters known in the literature for SnTe
with a = 6.318(3) Å [12]. It is also evident that we
observed a small decrease of the lattice parameter
as a function of the sum of alloying elements. It is
a signature of the successful growth of IV–VI DMS
system.

4. Electrical characterization

The Sn1−x−ySixMnyTe electrical properties were
studied by means of temperature and magnetic
field dependence conductivity and the Hall effect
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measurements. Measurements were done with the
use of iron-yoke magnet with a maximum B < 1.5 T
and Oxford Instruments helium flow cryostat al-
lowing precise temperature control in the range
of 3 < T < 300 K. All our magnetotransport mea-
surements were made using standard six-contact
Hall effect DC current technique. Electrical contacts
to the sample were made using gold wire and indium
solder.

Selected magnetotransport characterization val-
ues for our samples obtained at T = 4.3 K are gath-
ered in Table I. All our samples show features typi-
cal of degenerate IV–VI semiconductors, the metal-
lic shape of the temperature-dependent resistivity
and strong p-type conductivity with high carrier
concentration n > 1020 cm−3 and moderate carrier
mobility values µ < 70 cm2/(V s). While the carrier
concentration for our samples has a value similar to
that for SnTe [13], it seems that, in similarity to
Sn1−xMnxTe [8], both Si- and Mn-alloying leads to
lowering the carrier mobility, probably due to large
concentrations of defects present in our samples.

5. Magnetometric results

The magnetic properties of the
Sn1−x−ySixMnyTe DMS’s were studied with
the use of the LakeShore 7229 susceptome-
ter/magnetometer system. Two types of mea-
surements were applied to the above-mentioned
instrument: (i) dynamic magnetic susceptibility
measured using mutual inductance method at
controlled temperature T , varying in the range
1.4 < T < 320 K, with the sample placed in the
presence of the small AC magnetic field with
frequency f , ranging from 7 to 9980 Hz, and am-
plitude HAC, ranging up to 10 Oe, and (ii) static
magnetization measurements using the Weiss
extraction technique with the sample placed in the
presence of magnetic field B ≤ 90 kGs.

At first, we made a series of temperature depen-
dent AC magnetic susceptibility measurements for
all 4 samples selected for the present work. As a re-
sult of the AC susceptibility measurement the com-
plex magnetic susceptibility values χAC were ob-
tained, allowing decomposition into real and imag-
inary parts. The obtained results presented for the
temperature dependence of the real part of the AC
magnetic susceptibility are shown in Fig. 1.

Inspection of Fig. 1 shows clearly the presence
of two maxima in Re(χAC) vs T dependences for
all our samples. Rapid increase of Re(χAC) with
lowering T , located at T < 10 K, is most proba-
bly the paramagnet-ferromagnet transition due to
RKKY interactions in the system. The second in-
crease of the Re(χAC) vs T dependence is ob-
served for all our samples at 73 < T < 80 K.
At first glance, it looks like an anomaly in the
magnetic susceptibility observed in SnTe is due to
the paraelectric-ferroelectric transition associated
with cubic–rhombohedral structural transition in

Fig. 1. Results of the AC magnetic susceptibility
studies including the temperature dependence of (a)
the inverse of the real part of the AC magnetic sus-
ceptibility and (b, c) the real part of the magnetic
susceptibility with different chemical contents, i.e.,
x and y (labels).

SnTe-related alloys at low temperatures. Both the
above speculations need to be verified by further
data analysis and comparison with other data.

As a second step we performed a series of mag-
netization measurements, such as a function of the
applied magnetic field, measured for each studied
sample at several stabilized temperatures. The ex-
emplary results of the magnetization measurements
are presented in Fig. 2.

The magnetization of all our samples shows
ferromagnetic Brillouin-like behavior with well-
pronounced magnetic hysteresis at temperatures
lower than the magnetic transition temperature. At
temperatures higher than 8 K, our samples show
a lack of magnetic hysteresis. It is therefore highly
probable that the anomaly in the Re(χAC) vs T de-
pendences observed at T ≈ 75 K is not related to
the magnetic order of Mn ions.

6. Data analysis and discussion

The magnetic interactions in Mn-alloyed SnTe
crystals have been studied extensively in the past
and revealed the presence of a magnetically or-
dered state in the system at temperatures lower
than 20 K. It is therefore highly probable that the
magnetic order observed in our samples has the
same origin.
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Fig. 2. Magnetization as a function of the magnetic field obtained at different temperatures for the studied
Sn1−x−ySixMnyTe samples with different chemical contents.

The temperature dependence of the inverse of
the real part of the AC magnetic susceptibility,
[Re(χAC)]

−1 vs T , serves as a valuable tool for de-
termining the major exchange mechanism present in
the material. The [Re(χAC)]

−1 vs T dependence for
all our samples is presented in Fig. 1a. The obtained
curves show the presence of two transitions: first
at T < 10 K and a second one at 70 < T < 80 K.
At T > 90 K, however, the [Re(χAC)]

−1 vs T depen-
dences for all our samples show linear behavior with
increasing temperature up to 320 K, the maximum
temperature of the experimental setup we used. Lin-
ear behavior of the [Re(χAC)]

−1 vs T dependence
is a signature of the Curie–Weiss (C–W) law ful-
filment in our samples. The modified C–W law for
a system consisting of a diamagnetic lattice with
paramagnetic ions can be expressed in the follow-
ing form

Re(χAC) =
C

T − θ
+ χdia, (1)

where χdia is the diamagnetic contribution to the
magnetic susceptibility originating from the SnTe
lattice and C is the Curie constant given by the fol-
lowing equation

C =
N0g

2µ2
B

3kB
J(J + 1) yθ, (2)

where N0 is the number of cations per gram, g is
the effective g-factor of electrons in our samples,
µB is the Bohr magneton, kB is the Boltzmann
constant, J is the total magnetic momentum of

the Mn ions, and yθ is the effective Mn content.
The [Re(χAC)]

−1 vs T dependence for T > 90 K
gathered in Fig. 1a is linear allowing us to fit this
part of the [Re(χAC)]

−1 vs T dependence with the
modified C–W law given with (1). Fitting proce-
dure was done for T > 120 K with three fitting
parameters: C, θ, and χdia. The results of the fit-
ting procedure are presented as lines in Fig. 1a and
the obtained fitting parameter values are gathered
in Table I.

The obtained θ values for all our samples have
positive values, slightly increasing as a function of
the Mn content y. The positive θ sign is an impor-
tant piece of information about the sign of the mag-
netic exchange constant in the material. It seems
reasonable to say that the positive θ values are a sig-
nature of a ferromagnetic type of magnetic interac-
tion dominating in our samples. During the mod-
ified C–W law fitting the χdia, values were deter-
mined. For all our samples we obtained negative
χdia ≈ −2 × 10−7 emu/g value, typical for IV–VI
DMSs [14].

It seems reasonable to state that for our
Sn1−x−ySixMnyTe crystals, we observed
paramagnet–ferromagnet transition. This state-
ment is based on several facts: (i) the shape of
the transition visible in Fig. 1b does not show any
signatures of a cusp, (ii) we observed well-defined
magnetic hysteresis at temperatures below the
transition, and (iii) we obtained positive θ values.
It allows us to determine the Curie temperature
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TC for all our samples by calculating the second
derivative of the Re(χAC) vs T dependence and
finding its inflection point. The TC values obtained
in the above way are presented in Table I. The
TC values are higher than the respective values for
Sn1−xMnxTe [8], which may be an indication of
an increase in the magnetic exchange constant in
our samples with respect to Sn1−xMnxTe due to
Si-alloying. This speculation will be verified later
in this manuscript.

The Curie constant values gathered in Table I
show an increase with increasing Mn content y.
From the C values using (2), we can calculate the
effective Mn-content yθ. We assumed that the Mn2+
ions have spin-only magnetic moment S = 5/2, im-
plying J = S = 5/2 in (2). Under this assump-
tion, we obtained yθ values for all our samples,
gathered in Table I. It seems that for all our sam-
ples, yθ < y and y/yθ do not exceed 0.6 which is
a common feature in IV–VI DMSs [14]. A part of
this effect (a few percent) is related to the pres-
ence of Mn-pairs, -triples, and more complex short
range positioning of Mn ions [15]. Such behavior is
a natural consequence of a random distribution of
Mn ions inside the semiconductor lattice. The rest
of the Mn ions present in our samples may have
a lower spin-state than S = 5/2 or be in a position
where the orbital magnetic momentum is nonzero,
thus reducing the total magnetic momentum
per Mn ion.

Another interesting feature is observed in the
Re(χAC) vs T dependence for all our samples at
T ≈ 75 K (see Fig. 1c). The presence of the second
transition in magnetic susceptibility is seen in all
our samples. The magnitude of the transition seems
to be proportional to the Mn-content in the sam-
ples. It would be therefore natural to assume the
presence of a second magnetic phase transition in
these samples. This conclusion, however, is not sup-
ported by the magnetization results. All the M(B)
curves at T > 10 K show features typical of para-
magnetic material. There seems to be no trace of
this anomaly in the M(B) curves at T ≈ 75 K.
It is therefore possible that this effect is not re-
lated to the Mn-ions but has a different origin.
The presence of structural transition is visible in
SnTe and Sn1−xMnxTe at about 80 K [16]. A simi-
lar anomaly was observed in thin Sn1−xMnxTe lay-
ers [8], but the Authors claimed that it is usually
not observed in bulk crystals [8]. Therefore, we be-
lieve that our anomaly in Re(χAC) vs T dependence
is related to the appearance of rhombohedral NaCl-
structure distortion in our samples. The transition
temperature of this anomaly seems to indicate that
the rhombohedral distortion temperature is slightly
lowered (by about 4–5 K) with respect to the SnTe
and Sn1−xMnxTe. We believe that it is due to the
presence of Si ions.

The magnetization as a function of the magnetic
field for our samples at T < TC shows features char-
acteristic of a ferromagnet, a well-defined magnetic

hysteresis with a square-like shape and coercive field
slightly increasing as a function of the Mn con-
tent y. A squareness of the magnetic hysteresis is
not a feature commonly observed in IV–VI DMSs.
It is a signature that the distribution of Mn ions
in the semiconductor lattice is uniform resulting
in a uniform domain structure of the material be-
low TC. We did not observe elliptical magnetic hys-
teresis curves, a feature commonly present in GeTe-
related DMSs [17].

The M(B) curves at the lowest measured tem-
perature, i.e, T = 4.3 K, were analyzed in order to
determine the saturation magnetization value Ms.
The Ms value was estimated according to the
approach law proposed by Becker et al. [18], i.e.,

M(B) =Ms

(
1− c

B
− d

B2

)
+ χdiaB, (3)

where c and d are fitting parameters, and the term
χdiaB is related to the diamagnetic host lattice.
The estimated Ms values are presented in Table I.
TheMs values are an increasing function of the Mn
content. The Ms values can be used to calculate
another effective Mn content yθ using the following
equation

ym =
muMs

gJµBNA
, (4)

where mu is the particle mass of the
Sn1−x−ySixMnyTe crystals and NA is the Avogadro
constant. The estimated ym values are gathered
in Table I. As we can clearly see for all our samples
we have yθ < ym < y relation. We again confirm
that the Mn content determined via the EDXRF
method is higher than the Mn-contents obtained
via magnetometric methods. That, in turn, is due
to the presence of a large fraction of Mn ions
coupled in pairs, triples, or more complex clusters
or a fraction of Mn ions having lower total magnetic
momentum than J = S = 5/2.

For the purposes of the estimation of the RKKY
interaction exchange strength, we made calculations
of the Curie temperature as a function of the Mn
content y for different Jpd values (i.e., for differ-
ent Mn-ion conducting hole exchange coupling con-
stant). The calculations are based on the model pro-
posed by Sherrington and Southern, described in
detail in [19]. The calculations were done with the
exponential damping factor λ = 10 nm and lattice
parameter a = 6.318 Å. Results of these calcula-
tions are shown in Fig. 3.

As we can clearly see the obtained results point
towards the conclusion that the Jpd exchange
parameter for our samples ranges between 0.25
and 0.3 eV. This value is higher than that of
Sn1−xMnxTe equal to 0.1 eV. Deviations from theo-
retical lines are due to the fact that the calculations
were made for n = 8 × 1020 cm−3, while n for our
samples changes between 6–9×1020 cm−3. Also, the
Si content in the samples varies slightly. We believe
that an increase in the Jpd value for our samples is
due to the silicon alloying.
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Fig. 3. The Curie temperature as a function of the
Mn content y obtained experimentally (points) and
calculated (lines) for different Jpd values.

7. Conclusions

We performed a series of structural, electrical,
and magnetometric measurements characterizing
different properties of Sn1−x−ySixMnyTe crystals
with different chemical contents, namely x and y.
We observed two types of transitions via mag-
netic susceptibility measurements: (i) paramagnet–
ferromagnet transition at T < 10 K due to car-
rier mediated RKKY magnetic interactions and (ii)
an anomaly in the magnetic susceptibility related to
the ferroelectric structural transition of the rhom-
bohedral phase at T ≈ 75 K. The presence of a well-
defined magnetic hysteresis with square shape con-
firms that the ferromagnetic state present in our
samples is related to homogeneous magnetic domain
structure with narrow domain energy distribution.
The contents of the magnetic ions determined via
magnetometric methods are lower than the Mn con-
tents determined via the EDXRFmethod indicating
the presence of a large fraction of Mn ions being
either short range coupled into small clusters like
pairs, triples, or other entities or having lower total
magnetic momentum than Mn in high-spin-state.
The magnetic exchange constant of our samples is
equal to 0.25–0.3 eV indicating an increase with re-
spect to ternary Sn1−xMnxTe.
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