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IV–VI semiconductors possess intriguing multifunctional characteristics, such as topological surface
states, ferroelectricity at room temperature, and giant Rashba spin-splitting, giving them the potential
for next-generation spintronic applications. In this work, we are presenting the epitaxially grown lay-
ers α-GeTe and SnTe, their structural and high field magnetotransport results. The crystal structure
of α-GeTe preserves the rhombohedral symmetry (R3m) below T ≈ 720 K manifesting ferroelectric
polarization, whereas SnTe holds the cubic symmetry (Fm-3m) above T ≈ 80 K. The results of the
variable temperature in the range 4.3 ≤ T ≤ 300 K show a weakly dependent charge concentration,
i.e., p(T ) = 0.1× 1021 cm−3 for SnTe and p(T ) = 0.7× 1021 cm−3 for α-GeTe layers. Likewise, the hole
mobility µh(T ) remains almost constant in the range 4.3 ≤ T ≤ 15 K and changes to a metallic-like
behavior when T ≥ 15 K. Furthermore, the high field magnetoresistance ρxx(B) graphs of SnTe lay-
ers, measured between −13 ≤ B ≤ 13 T, demonstrate a prominent weak anti-localization effect below
T = 3 K and when |B| ≤ 0.3 T. However, the weak anti-localization effect disappears at T = 4.2 K for
both the α-GeTe and SnTe epitaxial layers. Similarly, the ρxx(B) graphs of α-GeTe show a small effect
only at the lowest temperature measured T = 1.6 K. The calculated prefactor value α = −14, obtained
by fitting the ∆σxx(B) graphs with the Hikami–Larkin–Nagaoka model, indicates the bulk transport
system in SnTe.

topics: IV–VI semiconductors (SCs), weak anti-localization effect, bulk conductivity

1. Introduction

Narrow bandgap IV–VI compound semiconduc-
tors (SCs) have witnessed a diverse range of new dis-
coveries such as topological edge states [1], quantum
Hall effect [2], multi-channel transport in quantum
wells [3], efficient high-temperature thermoelectric
capabilities [4] and the intimate link between ferro-
electric polarization and spin orientation [5]. With
regard to topological features, SnTe with a direct
band gap of ∼ 0.18 eV [6] has been rigorously stud-
ied and categorized as a bulk insulator although it
consists of metallic surface states. The topological
crystalline insulator — SnTe — was first theoret-
ically predicted by Hsieh et al. [7], in 2012 which
has garnered plentiful of research since then. The
robust metallic surface states are believed to orig-
inate from the intrinsic spin–orbit interaction in
topological materials that are protected by high
symmetry planes (111), (110), and (100) [3]. Later,
the existence of topological surface states in SnTe
was experimentally verified using the angle-resolved
photoemission spectroscopy (ARPES) technique,
whereas its topological features were also detected
via magnetoresistance measurements [1, 8]. SnTe

based materials also showed exciting thermoelectric
performance at room temperature with the thermo-
electric figure of merit ZT ∼ 0.3 [4].

Also, α-GeTe offers many striking functional
properties that are crucial in terms of the imple-
mentation of spintronic device. Among them, the
existence of high-temperature ferroelectricity below
T ≈ 720 K suggests its suitability for non-volatile
memory applications [5]. Similarly, recent theoret-
ical prediction and experimental demonstration of
the ferroelectric control of spin-texture in α-GeTe
indicate that this simple compound could be a plat-
form yielding rich spintronic functionality [9, 10].
The presence of a Rashba spin splitting in α-GeTe
provides spin-degrees of freedom that can be ex-
ploited in semiconductor logic applications [9].

The study of electrical transport of SCs at low
temperature and high magnetic field yield intrigu-
ing physical phenomena, such as Landau quanti-
zation, integral and fractional quantum Hall ef-
fect [11]. Among them, the occurrence of a low-
temperature cusp-like shape in magnetoresistance
has been previously shown for quantum wells [3],
thin films [12] and bulk materials [13]. Such
a physical effect is broadly categorized as either
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weak localization (WL) or weak anti-localization
(WAL), which depends on the sign of magnetoresis-
tance [14]. In previous works, the localization effects
have been attributed to quantum coherent trans-
port of charge carriers. Singh et al. [8] observed
WAL in nanocrystalline quasi two-dimensional
SnTe. Similarly, Akiyama et al. [15] produced highly
oriented monocrystalline SnTe thin films that man-
ifested a similar WAL effect. Likewise, the WAL ef-
fect was also detected in a 30 nm SnTe quantum
well by Castro et al. [3]. This suggests that IV–
VI SCs with a narrow bandgap show localization
phenomena in diverse form of physical shapes and
dimensions.

In this work, we discuss the results of magneto-
transport of binary alloys α-GeTe and SnTe in the
applied magnetic field range −13 ≤ B ≤ 13 T. The
epitaxially grown layers have a thickness ≈ 470 nm.
It is important for the electrical transport part
that in our layers the charge (hole) carrier con-
centration p(T ) [cm−3] exhibits an astonishingly
weak temperature dependence from T = 4.2 K to
T = 300 K. From the magnetoresistance results,
the SnTe layers show a pronounced valley-like shape
when |B| ≤ 0.3 T and T ≤ 3 K. We further demon-
strate that this cusp-like shape originates due to the
WAL effect by analyzing the magnetoconductivity
graphs with the Hikami–Larkin–Nagaoka equation.

2. Results and discussion

The room temperature crystal structure of
α-GeTe and SnTe was measured using high res-
olution X-ray diffractometer (HRXRD) facilitated
with Cu Kα1

radiation of a wavelength λ =
1.5406 Å. Our diffraction results show that α-GeTe
has a rhombohedral (R3m) crystal structure, with
the powder diffraction file (*.pdf) no. 47-1079 (In-
organic Crystal Structure Database, ICSD collec-
tion code 56038) [16]. In comparison to α-GeTe, the
room temperature crystal symmetry of SnTe layers
revealed a cubic (Fm-3m) phase with file (*.pdf)
no. 46-1210 (Inorganic Crystal Structure Database,
ICSD Collection Code 52489) [17]. Since the para-
electric to ferroelectric phase transition occurs at
T ≈ 720 K and T ≈ 80 K for GeTe and SnTe
crystals, respectively, both crystal systems are in
the ferroelectric regime at low temperatures used
in magnetotransport measurements. Similarly, the
layers’ thickness (t ≈ 470 nm) for both layers was
investigated using a scanning electron microscope
(SEM).

The electrical transport measurements of the lay-
ers were executed in order to examine the fea-
tures of charge concentration and mobility of the
α-GeTe and SnTe layers. Using the six contacts
direct current (DC) method in the temperature
range 4.3 ≤ T ≤ 300 K, measurements were per-
formed at a direct current I = 1 mA and a mag-
netic field B = 1.4 T. In Fig. 1, graphs of the
hole concentration p(T ) and the mobility µh(T )

Fig. 1. Temperature dependence of the hole car-
rier concentration p(T ) of α-GeTe and SnTe epitax-
ial layers denoted by the left vertical axis. The mo-
bility µ(T ) graphs are indicated by the right vertical
axis. The horizontal axis between 4.3 ≤ T ≤ 300 K
is same for both quantities.

are presented. For GeTe layers, the comparatively
high hole concentration remains almost constant
(p(T ) ' 0.7 × 1021 cm−3) in the whole tempera-
ture range. The same observation holds for the SnTe
sample (p(T ) ' 0.1× 1021 cm−3), which shows a 7-
fold smaller value compared to the α-GeTe layer.
It is obvious from Fig. 1 that the p(T ) graphs
of both α-GeTe and SnTe manifest a nearly inde-
pendent temperature behavior. The temperature-
independent behavior of charge carriers illustrates
that binary alloys belong to degenerate semiconduc-
tors. Furthermore, the variation of electrical mo-
bility with the temperature, µh(T ), is presented
in Fig. 1 in the same temperature range.

For the SnTe layers, in the temperature regime
4.3 ≤ T ≤ 15 K, µh(T ) ≈ 1400 cm2 V−1 s−1,
which is about fourteen times larger than µh(T ) ≈
100 cm2 V−1 s−1 for the α-GeTe layer. Note that
up to room temperature the value of µh(T ) for the
SnTe sample still has a comparatively higher value
of ≈ 270 cm2 V−1 s−1. In the low-temperature
regime, the µh(T ) graphs for both samples remain
almost constant between 4.3 ≤ T ≤ 15 K. How-
ever, the mobility values decrease as a function of
temperature for T ≥ 15 K. The decrease in µ(T ) for
the α-GeTe layers exhibits an almost constant slope,
whereas the graph for SnTe presents an accelerated
decline until T = 130 K. When T ≥ 130 K, the
µ(T ) behavior of SnTe is similar to that of GeTe
expressing a sluggish decrease. The decline in the
hole mobility in the range T = 15–300 K can be
illustrated as the temperature range in which the
lattice vibration scatterings dominate in the studied
layered systems [18]. The phonon scattering causing
a decline of the µh(T ) values is a typical physical
mechanism responsible for such decreasing behavior
of electrical mobility.
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Fig. 2. (a) The magnetic field-dependent longitu-
dinal resistivity ρxx(B) of the α-GeTe layers at
T = 1.6 K and 4.2 K. The inset of (a) shows a cut of
ρxx(B) when |B| ≤ 0.1 T. (b) The graphs of ρxx(B)
of the SnTe samples in the low temperature range
1.6 ≤ T ≤ 4.2 K. The inset presents an amplified
image of (b) when |B| ≤ 0.2 T.

In addition to temperature-dependent electrical
transport, this work adds an analysis of magne-
totransport measured via superconducting magnet
in the range −13 ≤ B ≤ 13 T in order to study
the charge scattering. This part of the measure-
ment includes the magnetic field-dependent longi-
tudinal resistivity ρxx(B) and the magnetic field-
dependent transverse (Hall) resistivity ρxy(B). We
used the six-probe method to measure magneto-
transport. The graphs of ρxx(B) of the α-GeTe
and SnTe layers are presented in Fig. 2a and b, re-
spectively. The magnetoresistance values presented
here have been normalized to the zero field resistiv-
ity ρ0 using the relation ∆ρxx/ρxx(0) = ρxx(B) −
ρxx(B = 0)/ρxx(B = 0). For the α-GeTe layers,
the ∆ρxx/ρ0 graph measured at the lowest acces-
sible temperature T = 1.6 K manifests a valley-
like shape around the zero magnetic field. As the
temperature increases, the magnitude of the val-
ley vanishes for T ≥ 2 K; the ∆ρxx/ρ0 graph is
shown at T = 4.2 K expressing ordinary behavior.
Figure 2b shows the ∆ρxx/ρ0 results of SnTe lay-
ers measured under the same conditions. Compared
to Fig. 2a, the valley-shape in the SnTe layers is

relatively prominent and rises to ∆ρxx/ρ0 = 20%
at T = 1.6 K as opposed to 0.27% for the α-GeTe.
The presence of the valley persists until T ≤ 3 K,
then its magnitude decreases at elevated tempera-
tures and disappears at T = 4.2 K (see Fig. 2b).
Moreover, as the temperature is raised, the magni-
tude of ρxx(B) in Fig. 2a, b reduces. Therefore, the
graphs of ∆ρxx/ρ0 can be categorized as a low-field
parabolic region and a high-field linear part. Also,
the temperature dependence of the low field region
is prominent, while the high field part shows neg-
ligible variation, indicating the quantum nature of
the valley-like shape around the zero field regime.

A sharp valley in ∆ρxx/ρ0 around the zero field
has been previously observed for different ma-
terial systems such as nanocrystalline SnTe [8],
SnTe quantum wells [3], topologically nontriv-
ial semimetal LuPdBi [19] and Cu-doped Bi2Se3
films [20]. In the above few of the many magne-
totransport studies, a sharp dip or valley around
the zero field was analyzed and attributed to the
weak anti-localization effect. The observed valley in
our samples exhibits similar signatures of the WAL
effect, which arises from quantum interference of
time-reversed loops of scattering charge carriers. In
the quantum diffusive regime in which a dip in mag-
netoresistance near the zero field occurs, the condi-
tion `ϕ � ` holds for the WAL effect, where ` char-
acterizes the average distance traveled by the charge
carrier before its momentum changes, and `ϕ is the
phase coherence length of the diffusive carriers [14].
In such a regime, the charge carriers maintain their
phase associated with the wave function even after
encountering several scatterings. In order to ana-
lyze the WAL regime in the current samples and
investigate its origin, we fit the magnetoconduc-
tivity ∆σxx(B) at different temperatures with the
Hikami–Larkin–Nagaoka (HLN) model [3] accord-
ingly

∆σxx(B) = − e2α

2π2~

[
ln

(
Bϕ
B

)
− ψ

(
1

2
+
Bϕ
B

)]
.

(1)
In (1), α is the prefactor indicating the number of
coherent conduction channels, e is the elementary
electronic charge, Bϕ = ~/(4e`2ϕ) is the character-
istic magnetic field, ~ is Planck’s constant, `ϕ is
the phase coherence length, and ψ(·) represents the
digamma function. Subsequently, the fitting param-
eters α and `ϕ yield the values of prefactor α and
the phase coherence length, respectively.

In this section, we discuss the origin of the con-
ductive channels and the quantum diffusive fea-
tures of charge carriers that cause the WAL effect.
The valley-like shapes presented in Fig. 2 are fur-
ther analyzed after fitting with (1). But first the
∆ρxx graphs had to be converted into the mag-
netoconductivity (MC) ∆σxx(B) to get graphs ap-
propriate for the HLN model, see Fig. 3. The MC
fit was obtained around the zero field region de-
duced from Fig. 2, which represents the WAL effect
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Fig. 3. The obtained magnetoconductivity
∆σxx(B) graph of the SnTe layer measured at
T = 2 K. The half-filled symbols represent experi-
mental results, while the solid line denotes the fit
to the HLN model. The phase coherence length
`ϕ and prefactor α values are shown; they were
obtained after fitting the ∆σxx(B) graph to (1).

about |B| ≤ 0.3 T. The decrease in the MC values
is sharp at small magnetic field values (B ≤ 0.1 T),
which is attributed to the WAL effect occurring in
the SnTe layers [21]. Such an effect is quantum in
nature and originates from the interference of the
wave functions of the charge carriers. The WAL ef-
fect arises as a quantum correction to the classi-
cal nature of conductivity. In topological insulators
such as SnTe, quantum correction to classical con-
ductivity at low field can occur both due to the
strong spin–orbit interaction in the bulk state and
the topological edge states [19].

As presented in Fig. 3, the ∆σxx(B) graph at
T = 2 K and the corresponding fit are shown
below B = 0.3 T. The obtained values of the
phase coherence length value and the prefactor
were `ϕ = 325 nm and α = −14, respectively,
and were used as the fitting parameters, see (1).
The value of `ϕ was calculated from the dephas-
ing field using the relation Bϕ = ~/(4e`2ϕ). The
`ϕ value obtained for our layers is similar to the
value in previously studied systems, such as the
magnetron sputtered Bi2Te3 thin films [12], single
crystal LuPtSb [18] and the topological insulator
Bi2Te3 [22]. However, our value is substantially big-
ger than the values obtained for very thin layers,
e.g. single-crystalline Bi2Se3 nanoribbons [23] and
epitaxially grown Bi2Se3 thin films [24]. In order to
carefully understand the origin of the WAL effect,
it is important to analyze the value of the prefac-
tor α. For typical two-dimensional conducting sys-
tems, α yields the value of −1, which indicates the
number of coherent conducting surface channels in
the material, with each transport channel contribut-
ing α = −0.5 [15, 18]. The calculated value for the

SnTe layers in this study, α = −14, is consider-
ably greater than the established theoretical values.
A similarly large value, i.e., α = −16.7, was ob-
tained by Hou et al. [13] for bulk black phosphorus.
This large deviation in the value of the prefactor was
attributed to the presence of a three-dimensional
bulk transport system [18, 25]. The layers stud-
ied in this work have a thickness of t ≈ 470 nm,
which presents a three-dimensional transport sys-
tem in comparison to other works referenced. There-
fore, based on the dimensions of the epitaxial lay-
ers and the calculated value of the prefactor α,
we deduce that the WAL effect originates from
the bulk conductive channels guided by spin–orbit
interactions.

3. Conclusions

Electrical and magnetotransport studies of the
epitaxial layers of α-GeTe and SnTe SCs of a thick-
ness t ≈ 470 nm were performed. The hole con-
centration in both compounds was obtained ∼
1021 cm−3, exhibiting behavior almost independent
of temperature from T = 4.3 K to 300 K. Similarly,
the electrical mobility µh(T ) manifests a constant
manner in the temperature range 4.3 ≤ T ≤ 15 K,
however, it gradually decreases at elevated tempera-
tures. Such a trend could have arisen from the dom-
inant phonon scatterings caused by lattice vibra-
tions. The longitudinal magnetoresistance ∆ρxx/ρ0
results illustrate a valley-like shape at low tempera-
tures and weak magnetic fields. This effect was de-
scribed by the HLM model using (1), which yielded
a considerably large value of the prefactor α used
as the fitting parameter. Finally, we conclude that
detailed analyses of the quantum correction to con-
ductivity signify that the WAL effect is present, and
the bulk transport channels dominate in the semi-
conducting system.
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