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ABSTRACT

Magnetoresistance measurements were performed on a 30 nm-thick SnTe quantum well (QW) grown by molecular beam epitaxy on the BaF2
substrate in the temperature range of 1.9–50K. The weak antilocalization (WAL) effect was observed at low temperatures and low magnetic
fields as a result of the strong spin–orbit coupling present in the QW. Using the Hikami–Larkin–Nagaoka equation, we analyzed the experimen-
tal data and found that the WAL effect is not purely 2D but composed of 2D and 3D channels that exist within the QW structure. The
spin–orbit and phase coherence mechanisms are also extracted, and a general view of the transport properties of the QW is also provided.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0088499

The weak antilocalization (WAL) effect occurs due to the
destruction of the interference from conducting electrons that follows
a closed path in the quantum diffusive regime. This quantum interfer-
ence is suppressed in the presence of the spin–orbit coupling effect
that changes the phase of the electron’s wave functions. In strong
spin–orbit coupled systems, the WAL is an indication of metallic
surface states due to a topological phase transition. The topological
surface states (TSSs) of topological insulators (TIs) present massless
Dirac fermions that carry a p Berry phase, leading to destructive inter-
ference of carrier wave functions, which move along a closed path,
resulting in the WAL effect. To analytically verify that the WAL is due
to metallic SSs, the Hikami–Larkin–Nagaoka (HLN) model is used to
fit the phase coherence length as well as the number of quantum
coherent channels that contribute to the electrical transport at the
surface. This method is widely used for 2D and 3D WAL analysis on
topological materials, such as PbSnSe,1 SbTe,2 BiSbTe nanoribbons,3

(Bi0.57Sb0.43)2Te3 nanoribbons,
4 and Pd3Bi2S2 topological semimetal.5

The IV–VI binary semiconductor SnTe was predicted to have a
topological crystalline insulator (TCI) phase due to its inverted band
and strong spin–orbit coupling, with topological SSs that are protected
by the high symmetry planes (111), (110), and (100).6 It was experi-
mentally confirmed that SnTe has indeed topological SSs with respect
to the (111) and (110) planes, using angle-resolved photoemission
spectroscopy (ARPES).7,8 In addition, some interesting electrical

properties were found, such as Shubnikov–de Haas (SdH) oscillations9

and weak-antilocalization (WAL).10 These effects have been reported
in SnTe nanowires,11 nanometer-thick films of SnTe grown on BaF2
(001),12 and on BaF2 (111),

9 and SnTe thin films grown on the con-
ventional TI material Bi2Te3.

13 The WAL analysis using the HLN
model in this compound found that inter-surface and intra-surface
valley scattering can couple different Dirac states, causing variations in
the number of quantum coherent transport channels and the phase
coherence length.9,10,14

In this work, the WAL effect was observed for the SnTe/
Pb0.90Eu0.1Te quantum well (QW), grown by molecular beam epitaxy
(MBE) technique, at temperatures ranging from 1.9 up to 50K. Using
the HLN model, the phase-coherence length and the number of sur-
face conduction channels were calculated, with both results showing a
clear transition around 4K. A detailed electrical characterization was
also performed and magnetoresistance (MR) curves up to 9T revealed
the presence of parabolic and linear behavior in the QW. The investi-
gation provided in this work allows a better understanding of electrical
properties and the WAL effect in the SnTe QW and contributes to
future investigations in SnTe based nanostructures.

The SnTe QW sample was grown on the BaF2 (111) substrate by
molecular beam epitaxy (MBE), in a Riber 32P system. The sample
structure consists of a 1.5lm Pb0.9Eu0.1Te buffer layer followed by a
30nm-wide SnTe layer and a 300nm Pb0.9Eu0.1Te cap layer [see the
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schematics in Fig. 1(g)]. The reflection high-energy electron diffraction
(RHEED) was used to monitor the growth process with the energy of
16 keV and 1.45mA, was used to monitor, in situ, the growth process
along the azimuthal direction h110i. The electric contact preparation
followed the van der Pauw geometry using gold wires soldered with
indium pellets [see the inset in Fig. 1(h)]. I� V curves in Fig. 1(h)
show that the contacts were Ohmic at the 1.9–10K range. The trans-
port properties of the sample were investigated using a Physical
Property Measurement System (PPMS) from Quantum Design con-
taining a He-cooled superconducting system with a magnetic field up
to 9T and an operating temperature of 1.9–400K. The sample signal
was detected using the standard four-probe AC lock-in technique with
a constant excitation current of 10 lA.

Figures 1(a)–1(f) show the RHEED images obtained during the
growth process of the Pb0.9Eu0.1Te/SnTe/Pb0.9Eu0.1Te sample. Figure
1(a) shows sharp and bright diffraction dots corresponding to the
growth beginning of the Pb0.9Eu0.1Te layer, which, as expected for lead
salt compounds, nucleates as islands on BaF2 (111), especially, due to
the very different chemical bonding of lead salts compared to BaF2.
Gradually, as the islands coalesce into a continuous layer, about 60 nm
thick, the pattern changes to extended dots that correspond to a two-
dimensional growth mode. From then on, the surface morphology is
characterized with monolayer steps originated by the considerable lat-
tice mismatch between lead salts and substrate (e.g., for PbTe, it is
�4%) and this step flow growth mode persists to the end, as shown in
Figs. 1(b)–1(f). It is particularly opportune to highlight the presence of

Kikuchi lines, seen in thick layers, Figs. 1(b) and 1(f), which reveal a
high crystalline perfection of the subsurface atomic layers. Finally, no
reconstruction was observed.

Figure 2(a) shows the electrical resistance (R) as a function of
temperature for the SnTe QW from 150 down to 1.9K. According to
this figure, it is clear that the sample exhibits a metallic behavior in the
whole range of temperature. For temperatures below�5.0K, the resis-
tance drops and then slowly decreases, as can be observed in the upper
inset. In this inset, we can also observe a temporary increase in R(T)
just before the sudden drop below 5K. This effect is probably caused
by weak localization (WL) that is suppressed by the weak anti-
localization below 5K. In the lower inset of Fig. 2(a), the first derivate
of the R(T) curve is shown. The arrow indicates a kink at about 86K
caused by a cubic–rhombohedral structural transition, which is close
to the values found in the literature for thin films.15,16 To investigate
the drop observed in the R(T) curve at low temperatures, Fig. 2(b)
shows the temperature dependence of the normalized resistance (RN )
at 5K for different magnetic fields (up to 1T) applied perpendicularly
to the sample surface [see Fig. 1(g)]. One observes that the drop
observed at the zero field is completely suppressed when the magnetic
field reaches 1T. This behavior is an indication of the spin–orbit cou-
pling effect and will be investigated later in this text. Hall measure-
ments were also performed on the SnTe QW structure in the range of
1.9–10K, and the temperature dependence of the carrier concentration
(p) and mobility (l) are shown in Fig. 2(c). From this figure, one
observes that the carrier concentration is nearly constant while the

FIG. 1. (a)–(f) RHEED images taken during the growth process of the Pb0.9Eu0.1Te/SnTe/Pb0.9Eu0.1Te sample on the BaF2 substrate. The diagram of the sample structure is
shown in (g) where the direction of the applied magnetic field is indicated in the direction (111). In (h), the I� V curves at 10 and 1.9 K are presented, indicating that contacts
are Ohmic. The inset shows a diagram of the van der Pauw geometry used to make the contacts.
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carrier mobility presents an evident increase when temperatures
decrease below�4K.

To investigate the WAL effect, we performed magnetoresistance
(MR) measurements on the sample. Figure 3(a) shows the MR curves
plot as DR=R0, where R0 is the resistance values at the zero magnetic
field, for the temperature range of 1.9–15K. At the low-field region
(�0.1T), a dip in MR is observed. As temperature increases, the dip
becomes weaker as a result of the decreasing phase-coherence length.
This behavior is a clear signature of WAL in the QW. However, the
amplitude of the MR does not present a regular variation with temper-
ature, i.e., the amplitude of MR due to WAL should increase as tem-
perature decreases. Instead, one observes distinct profiles on MR
curves in the different temperature regions as shown in the figure.
This irregular trend in MR amplitude cannot be attributed only to the
WAL effect.

WAL has been observed in various TIs at low field regions due to
the p-Berry phase of the Dirac fermions that suppress the backscatter-
ing.12,17–19 According to Assaf et al.,12 the WAL in SnTe films is
caused by spin-momentum locking of the TCI surface states.
However, in the case of SnTe QW investigated in this work, it is not
clear if the surface states survive to the disorder in the interface
between the QW and the barriers, intrinsic to the growth process.

MR measurements in the sample were also carried out for fields
up to 9T for temperatures of 1.9 and 4.2K. In Fig. 3(b), the WAL dip
can be observed for both temperatures in the low-field region (light
yellow area in the graph). Beyond the WAL regime, the MR exhibits a
quadratic behavior followed by linear MR, for B> 6 T, as shown by

the red dashed line, for both temperatures. Both WAL and linear MR
behavior have been addressed as an indication of topological surface
states contribution to electrical transport.20–23

To analyze the WAL observed in Fig. 3(a), we have fitted magne-
toconductivity (MC) curves for different temperatures using the
Hikami–Larkin–Nagaoka (HLN) model for 2D WAL in the strong
spin–orbit coupling limit24

Dr ¼ 1
R
� 1
R0
¼ � ae2

ph
w

�h
4eL2/B

þ 1
2

 !
� ln

�h
4eL2/B

 !" #
þ bB2;

(1)

where R0 is the sample resistance in zero applied magnetic field (B), w
denotes the Digamma function, L/ is the phase coherence length,
which gives the average distance traveled by an electron between
inelastic scattering, e and h are the electron charge and Planck’s con-
stant, respectively, and a indicates the number of 2D coherent conduc-
tion channels, which is expected to be 0.5 for each coherent diffusive
transport channel. The term b ¼ bq þ bc is a quadratic component.
The quantum part of b (bq) takes into account both the spin–orbit
and elastic term in the HLNmodel and is given by

bqB
2 ¼ � e2

24ph
B

Bso þ Be

� �2
þ 3e2

48ph
B

4=3ð ÞBso þ B/

� �2
(2)

and bc ¼ l2B2 is the classical cyclotronic MR. In Eq. (2), Be; B/, and
Bso are the mean free path, the phase coherence, and spin coherence
fields, respectively, given by Bn ¼ �h=4eL2n, where n ¼ e; /; so.

We first apply Eq. (1) to the magnetoconductivity curves of the
SnTe QW measured at 4.2K for fields up to 1T as shown in Fig. 3(c).
This figure shows that the experimental data over the entire field range

FIG. 2. (a) R(T) curve for p-type SnTe QW showing metallic behavior. The lower
inset displays dRxx=dT as a function of temperature, where the arrow indicates the
cubic–rhombohedral structural transition, and the upper inset is a zoom to clarify
the R (T) curve at lower temperatures. (b) Temperature dependence of resistance
under different magnetic fields (up to 1 T) applied perpendicularly to the sample sur-
face. (c) Hall carrier concentration and mobility for the sample measured at temper-
atures below 10 K.

FIG. 3. Magnetoresistance (DR=R0) as a function of the magnetic field (a) at the
range of 1.9–15 K, and (b) at 1.9 and 4.2 K for the magnetic field up to 9 T. The
region with light yellow shows the MR in low fields. (c) HLN fitting to the magneto-
conductivity curve at 4.2 K. The black/blue solid lines are the fits using Eq. (1) with
b ¼ 0 and b as a fitting parameters, respectively.
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can be well fit using the HLN model with the quadratic term as a fit-
ting parameter (see black solid line). However, for b¼ 0 (blue solid
line) all data are not well described by Eq. (1) since at higher field
regime, the elastic scattering and cyclotronic scattering term also con-
tribute to MC.

The HLN equation for b¼ 0 is valid if the applied field obeys the
following condition B� Btr ¼ �h=2eL2e (Btr is characteristic transport
field). The elastic scattering length Le was calculated from the trans-
port measurements presented in Fig. 2(c), and its value is (45.74
6 0.01) nm at 4.2K. This value is very close to the QW thickness,
which is 30 nm, indicating that the system is at the limit of 2D confine-
ment. Furthermore, we find Btr ¼ 0.34T. Hence, to precisely extract
the fitting parameters, a and L/, we fitted the MC curves for fields up
to 0.2T and a temperature range of 1.9–50K with the HLN model
with b¼ 0 (see the supplementary material). The solid lines in
Fig. 4(a) show the fitting performed, which are in good agreement
with the experimental data. The fitting parameters L/ and a are given
in Figs. 4(b) and 4(c), respectively, where it is clear in both figures that
a transition occurs at �4K. The phase coherence L/ plotted in
Fig. 4(b) shows that L/ decreases with the increasing temperature fol-
lowing power-law behavior L/ � T�0:48 in the temperature range of
4.2–50K. This dependence is close to the expected behavior T�0:50 for
2D systems, due to the electron–electron interaction,25 which suggests
that electron–electron interaction could be the dominant dephasing
mechanism in the QW. The values obtained for L/ from our fittings
agree with the values found in the literature for SnTe films.12,26

In a strong spin–orbit interaction, the observation of WAL
requires that the phase coherence length L/ and spin–orbit scattering
length Lso satisfy the condition Lso � L/. To extract Lso, we have fitted
the MC curves in Fig. 4(a) considering the quadratic component of
Eq. (1) and the values of L/ and Le calculated before. From the fittings,
we obtained the spin–orbit scattering length Lso ¼ ð3961Þ nm at
4.2K. In this temperature, L/ ¼ 14862ð Þ nm, which satisfies the con-
dition Lso � L/. As shown in Fig. 4(b), Lso values are nearly
temperature-independent, unlike L/. In Fig. 4(c), it is possible to
observe that the a values go suddenly from�2 to�0.7 as temperature
increases beyond the critical temperature. Tanaka et al. performed

angle-resolved photoemission spectroscopy (ARPES) measurements
on the (111) surface of SnTe and observed four Dirac cones. Thus, a
may lie between 0.5 and 4 for the SnTe depending on the number of
participating surface states and their interaction with the bulk state.
Accordingly, a ¼ 0.5 (4) indicates one (eight) surface channel(s)
because of the combination of the top and bottom surface states of
SnTe films.8 The difference between the a values obtained experimen-
tally and theoretical values suggests multi-parallel conduction channels
(surface and bulk states).

Angular dependence of MR curves with the magnetic field allows
us to distinguish the WAL effect associated with 2D states from bulk
states since in a 2D transport the amplitude of the MR depends only
on the perpendicular component of the applied magnetic field.23,27–29

Therefore, to understand the origin of the WAL in the SnTe quantum
well and the transition observed in Figs. 4(b) and 4(c), we performed
MR measurements for different angular orientations. Figures 5(a)
and 5(b) show the MR at 1.9 and 6.0K, respectively, for different tilt
angles between the magnetic field B and the sample surface direction
(111) [see inset in Fig. 5(a)]. These temperatures are in different sides
of the transition observed around 4.0K. For a 2D transport only, the
WAL should vanish when the angle is 90� and B is parallel to the sam-
ple surface. In both figures, (a) and (b), the amplitude of the WAL
diminishes, but does not vanish completely, indicating that there is a
remaining 3D component. However, it is possible to observe that the
MR amplitude drops more significantly at 1.9K than at 6.0K when

FIG. 4. (a) Magnetoconductivity curves for SnTe QW in the temperature range of
1.9–50 K, fitted using the HLN model. In (b) and (c) are the fitting parameters L/

and a extracted from the HLN fit.

FIG. 5. (a) and (b) MR at 1.9 and 6.0 K, respectively, for different tilt angles
between the magnetic field B and the sample surface direction (111) [see inset in
(a)]. (c) and (d) MR as a function of Bcosh, for 1.9 and 6.0 K, respectively, where it
is possible to observe that the system does not present 2D behavior.
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the angle changes from 0� to 90�. If one takes the MR as a function of
the perpendicular magnetic field component B cos h, the amplitudes
should overlap for all angles in the case of a 2D transport. Figures 5(c)
and 5(d) present the MR as a function of B cos h, for 1.9 and 6.0K,
respectively, where it is possible to observe that the system does not
really present a pure 2D behavior as already indicated by the behavior
observed in Figs. 5(a) and 5(b). In this case, the a values extracted
from the HLN fit are not purely originated from 2D states, but a com-
bination of 2D and 3D channels.

In SnTe nano-films, WAL was attributed to TSSs and the analy-
ses of the magnetoresistance curves indicated that a coupling
between all valleys (Dirac cones) was responsible for an alpha value
of 0.5.14 Also, an abrupt change in the alpha values as temperature
increases around 4K, in one of the samples, was observed and attrib-
uted to the simultaneous contribution of WAL and WL effects. On
the other hand, WAL and WL effects were verified in SnTe thin-
films grown on amorphous SrTiO3 with different sample thickness.26

In that case, the WL was an indication of contribution from 3D bulk
states together with the 2D TSSs where bulk states were probably
caused by inhomogeneity at the surfaces SnTe/SrTiO3, but this state-
ment was not conclusive. In our case, we also observed the contribu-
tion of 2D channels and 3D bulk channels. However, the origin of
such channels cannot be completely elucidated. In the QW investi-
gated in this work, the 2D channels can be originated from TSSs but
also from quantum confinement of the energy levels or 2D exotic
states formed at the interfaces of the QW,13 while the presence of 3D
bulk channels in our QW can be originated from broadening of sub-
bands due to the large width of the QW. The drop of a as tempera-
ture increases is probably due to enhanced intersubband scattering
that entangles the transport of subbands.27

In this work, we presented the investigation of the WAL effect
that was observed for the 30nm-thick SnTe/Pb0.90Eu0.1Te quantum
well, successfully grown by the molecular beam epitaxy technique. We
confirmed the high quality of the sample from RHEED images
obtained during the sample growth. The HLN model was used to ana-
lyze the data between 1.9 and 50K. A clear transition is observed
around 4.0K, where the number of conduction channels increases
abruptly below this temperature. For temperatures higher than 4K,
the phase coherence length showed a power-law behavior characteris-
tic of electron–electron interaction in 2D systems, indicating that this
could be the main dephasing mechanism in the quantum well sample.
For the strong spin–orbit interaction, the spin–orbit coherence length
showed no dependence with temperature, being much smaller than
the phase coherence length and, thus, maintaining the condition for
the WAL. The angular dependence on WAL showed that the sample
does not present a pure 2D behavior as expected, indicating the contri-
bution of 3D channels. In addition, comparing the quantum well
thickness and the elastic scattering length, it is noted that the system is
in fact within the limit of 2D confinement. Therefore, the 2D and
3D channels due to the surface and bulk states, respectively, con-
tribute simultaneously to the electrical transport observed in the
measurements. The increase in the number of channels is attrib-
uted to the enhanced intersubband scattering that entangles the
transport of subbands. The abrupt change in the number of con-
ductions channels around a critical temperature opens the possi-
bility of the development of quantum switch devices based on
SnTe QWs.

See the supplementary material for a complete description of the
calculation of fitting parameters using Eqs. (1) and (2).
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