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Topological crystalline insulators (TCI) are unique systems where a band inversion that is
protected by crystalline mirror symmetry leads to a multiplicity of topological surface states.
Binary SnTe is an attractive lead-free TCI compound; the present work on high-quality thin films
provides a route for increasing the mobility and reducing the carrier density of SnTe without chem-
ical doping. Results of quantum coherent magnetotransport measurements reveal a multiplicity of
Dirac surface states that are unique to TCI. Modeling of the weak antilocalization shows variations
in the extracted number of carrier valleys that reflect the role of coherent intervalley scattering in
coupling different Dirac states on the degenerate TCI surface. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4895456]

Topological crystalline insulators'? (TCI) are a class of
topological insulators,>™® whereby a band crossing protected
by crystalline mirror symmetry gives rise to nontrivial topo-
logical surface states. In (Pb,Sn) (:hzllcog,’e:nide:s,g_14 the TCI
state exists as a result of the mirror symmetric character of
the rocksalt structure of these compounds. As a consequence,
there exist four Dirac cones at the surface of SnTe. These
four cones merge into two Dirac cones'>'® as the Fermi level
moves deep into the valence band and bulk states become
populated. This makes SnTe particularly unique as a plat-
form to study valley-degenerate topological systems in
magnetotransport experiments. However, the growth of
high-quality SnTe thin films is a prerequisite to study such
degeneracy effects, and is also vital for future devices based
on TCIL

Binary SnTe is known to exhibit heavy p-type conduc-
tivity as a result of Sn vacancies and Te substituting for
Sn."”"'? A second hurdle is the fact that at small thicknesses
(below 1 um) films tend to be highly granular and rough,?
which can significantly reduce the carrier mobility. Most of
the recent work on SnTe and Pb;_,Sn,Te has been focused
on micron-thick films or the use of buffer layers, in order to
avoid the problems associated with these issues.*' >

In this work, nanometer thick films of SnTe were grown
by molecular beam epitaxy (MBE) on insulating BaF, (001)
substrates. We find that increasing the growth temperature
from 220 to 340 °C not only improves the crystalline quality
and morphology of the films but also leads to a decrease in
the carrier concentration and hence reduces the Fermi level.
Hall mobilities up to u=760cm?/Vs were obtained with a
corresponding carrier density of p=8x 10" holes/cm®.
These improvements lead to the observation of a robust cusp
in the low-field magnetoconductivity, known as weak antiloc-
alization (WAL). Analysis of the WAL indicates the likely
presence of multiple coherently coupled carrier valleys, which
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are manifestations of the topological surface states. Figure
1(a) illustrates the four Dirac cones of the SnTe (100) surface
states along the I' — X lines of the first Brillouin zone.

The SnTe films were grown by MBE on (001)-oriented
insulating BaF, substrates with thicknesses of 30 to 60 nm.
The substrates were preheated at 340 °C for 2h prior to the
growth. High-purity elemental Te and Sn were evaporated
from Knudsen cell and electron gun sources, respectively.
The substrate temperature was varied between 220°C and
340°C and the pressure during the growth was less than
5x 10" Torr. The growth rate for films considered in this
work was fixed at 1.2nm/min. The Sn to Te ratio was kept
on the Te rich side to avoid the formation of Sn clusters.
Films were capped in-situ with 4nm of Al,O5. Cross-
sectional transmission electron microscopy (XTEM), syn-
chrotron X-ray diffraction (XRD), atomic force microscopy
(AFM), and magnetotransport measurements confirmed the
high film quality when grown above 300 °C.

Figure 1(b) shows the XTEM image of a high-quality
film grown at 320 °C. Clear atomic planes can be resolved in
the bulk, all the way down to the substrate interface, as seen
in the Fourier-filtered image on the left. The interface
appears very smooth and no misfit or threading dislocations
are observed in the TEM image. The FFT pattern in Fig. 1(c)
shows no detectable spot separation, which further confirms
the formation of a lattice-matched interface. Figure 1(d)
shows a reciprocal space map of the K-L cut near the (002)
XRD Bragg peak for a film grown at 320°C. A strong SnTe
peak is seen alongside the substrate peak. The c-axis lattice
constant was found to be ¢ =6.324 + 0.003 A from XRD in
agreement with the value measured in the TEM image,
c=636=0.06A. A ¢-scan was also performed for the
{022} Bragg reflections, shown in Fig. 1(e), and reveals
the existence of a four-fold symmetric crystal structure in the
film that aligns with the BaF, substrate crystal structure.

© 2014 AIP Publishing LLC
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FIG. 1. (a) SnTe (001) surface states illustrated as 4 Dirac cones along the I' — X lines of the first Brillouin zone. (b) XTEM images of a SnTe film grown on
BaF, (001) at 320 °C, and a Fourier-filtered image of the interface between the film and substrate. (c) Fourier pattern of the interface. (d) Reciprocal space-
map of the (002) XRD Bragg peak of SnTe. (e) ¢-scan showing the 4-fold {022} XRD Bragg series for SnTe and BaF,, with an expanded view of one peak in
the center. (f) and (g) AFM images of films grown at 220 and 320 °C, respectively.

Overall, the XRD study confirms the formation of a high-
quality, epitaxial, 40 nm thick SnTe film on BaF, (001).The
film morphology was also greatly improved at higher growth
temperatures, as seen in the AFM images in Figs. 1(f) and
1(g). In the film grown at 220 °C, the surface was highly tex-
tured and exhibited island-like features that are no larger
than 50 nm. For growth at 320 °C, wider and larger plateaus
can be seen extending more than 500nm in width and
length.

The Hall effect and the magnetoresistance (MR) were
measured at 2K and up to 5T using a modified probe26
inserted in a Quantum Design MPMS magnetometer. The
Hall conductivity, oy,, was extracted by inverting the Drude
resistivity tensor.”’* As seen in Fig. 2(a), the slope of Oxy
increased as the growth temperature was increased between
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220 and 290 °C, and at 320 °C further increased and became
highly non-linear. The non-linearity was corroborated up to
B =09T. Although, it has been argued that the coexistence of
surface-states and bulk-states contributing to the transport in
Bi-based TIs may give rise to a non-linear Hall conductiv-
ity,?*° the bulk itself may exhibit a non-linearity when the
mobility of bulk electrons approaches the limit (,uB)2~ 1.3
In that limit, the full Drude o,y is given by

_ enH,ulziB

L !
T 2B (D

Here, ny; is the Hall carrier density and py is the Hall mobil-
ity. In the limit where (,uHB)2 < 1, one has the conventional
linear Hall conductivity given by g, = enyu3,B. However,

(d)

FIG. 2. (a) Hall conductivity versus
magnetic field for 40nm thick films
grown at 220, 290, and 320°C. Solid
red curves are fits to the Drude Hall
conductivity. Growth-temperature de-
pendence of: (b) Hall carrier density
showing 2 orders of magnitude
decrease; and (c) Hall mobility show-
ing one order of magnitude increase.
The solid curves are guides for the eye.
(d) Fermi energy extracted from the
Hall carrier density for films grown at
different temperatures, using the
results of Tsu et al. (red)” and
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as (,uHB)2 — 1, the full form of the Drude Hall conductivity
must be used, which then results in a non-linear Hall conduc-
tivity. The results of this fitting are shown by the solid curves
in Fig. 2(a). The Hall carrier density and mobility were
extracted for five films grown at different temperatures. In
addition to these 40 nm thick films, three films with thickness
of 30, 40, and 60 nm were grown at 320 °C and measured.

The carrier concentration and mobility were found to be
strong functions of growth temperature. Figures 2(b)-2(d)
show that increasing the growth temperature from 220 to
340 °C resulted in: (i) the Hall carrier density decreasing by
2 orders of magnitude from 1.0 X 10*!' to 8 x 10"8cm™; (if)
the Hall mobility increasing by an order of magnitude from
60 to 720 cm?/Vs; and (iii) the Fermi level,** measured from
the center of the band gap, decreasing by more than a factor
of two. As SnTe is always p-type due to Sn vacancies and
Te-antisites, an increased substrate temperature may destabi-
lize the formation of Te-antisites and thus reduce the number
of acceptor states that leads to a decreasing Fermi level.
Interestingly, this behavior is in qualitative agreement with
what was recently predicted in SnTe,*® when the ratio of Sn
to Te was varied. Similar trends in the carrier density were
also observed in highly p-type GeTe thin films."

Next, we study quantum coherent WAL in SnTe films,
as extracted from the low-field MR at 2K. WAL arises as a
result of spin-momentum locking at the surface of SnTe, and
we will later argue that it is unlikely for the bulk bands of
SnTe to give rise to such an effect. Fitting our experimental
data with the Hikami-Larkin-Nagaoka (HLN) model,** typi-
cally used for topological surface states,>™° allows us to
extract the coherence length L, as well as 2o the number of
coherent transport channels. In valley degenerate semicon-
ductors,*' 24 is also equal to the number independent carrier
valleys 2a (o« = 1/2 per valley) contributing to the transport.42
The change in sheet conductance versus magnetic field B in
the HLN model is given by***

oe? h 1 h
AG=—0 {‘P (4eL2B * E) —In <4eL2B)] - @

Figure 3(a) shows the 2 K conductivity data and model fitting
for films grown at 220 and 320 °C. The differences illustrate

600
0 (b) .
400 ThickerT [ -
= 200f , = = IF
9 g 1@ s
3
5 ¢ s
22 (]
8.L° N
L1
200 250 300 350
Tgrowth [ C]

FIG. 3. Results of WAL conductance of SnTe films at 2K. (a) Change in
conductance versus magnetic field showing WAL cusps in films grown at
220°C (light blue) and 320°C (dark blue). Blue marks are experimental
data, and solid red curves are fits to the HLN model. Growth-temperature
dependence of: (b) phase coherence length, L; and (c) number of carrier val-
leys, 2o.. The error bars in (c) represent the uncertainty in fitting the WAL
for a factor of 3 range in fields, from 0.1 to 0.3 T.
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a general feature, where the WAL cusp is reproducibly nar-
rower and stronger for films with higher mobility (grown at
higher temperature). Figures 3(b) and 3(c) show values for L
and 2o at 2K extracted for all films, including those grown
at temperatures between 220 and 320 °C, as well as three dif-
ferent thicknesses grown at 320 °C. A systematic increase in
L is observed with increasing growth temperature, reflecting
the increase in mobility that is related to the improved film
morphology. The coherence length thus increases with
increasing grain size. The trend in 2« is however more com-
plex and is the subject of the remainder of the discussion.
Although an initial increase in 2« is observed up to a growth
temperature of 290 °C, no clear trend is observed beyond this
temperature when plotted in this way. As 2o allows us to
indirectly probe the Fermi surface, we consider the behavior
of 20 as a function of the Fermi level Eg extracted using Ref.
17. In this way, we gain insight into the electrical contribu-
tions from different bands. Earlier, we extracted the Fermi
level—measured from the center of the gap—from the car-
rier density. Decreasing the Fermi level by varying the
growth conditions, without chemical doping, is highly ad-
vantageous for investigating the topological properties of
SnTe.

Figure 4(a) plots the number of carrier valleys (20)
extracted from the HLN model as a function of Fermi level.
We first point out that many of the data points lie higher than
200=2. A value of 20 greater than 2 is indicative of more
than one Dirac surface valley per surface contributing to the
transport, as 2o = 2 is the maximum number of states for one
Dirac surface valley and two surfaces. (The single outlier at
Er=0.3eV is considered later.) At larger Fermi level,
Er>0.5¢eV, 20 decreased to below 20 =2. We now distin-
guish three different transport regimes as a function of Fermi
level, labeled as (1), (2), and (3). In regime (1) at low Eg, the
Fermi surface consists of four Dirac surface valleys and no
bulk states; a maximum of 2¢ =28 is thus expected for two
surfaces. As the Fermi level moves deeper into the valence
band, a Lifshitz transition at Er=0.05eV causes pairs of
Dirac surface valleys to merge into four pairs of concentric
constant energy contours.'*'>'® Below the Lifshitz transi-
tion in the valence band, an inner Dirac cone and an outer
Dirac cone having opposite chirality coexist.'> The quantum
coherent transport in this case is not yet understood. As bulk
states become more and more populated, the inner Dirac
cone is “swallowed” by trivial bulk states, thus reducing the
total number of Dirac valleys by a factor of two. Regime (2)
emerges between Ep~0.2 and 0.5¢V,"? having a maximum
of 20 =4 Dirac surface valleys, and a likely coexistence of
surface and bulk states. Finally, in regime (3) when the
Fermi level exceeds 0.5¢eV in the valence band, the shape of
the bulk Fermi surface undergoes a transition whereby the 4
bulk L-valleys merge into a large tubular Fermi surface,
shown in the upper right illustration.'”'® The behavior of the
topological surface states at such deep Fermi levels is not
known, but the drop in 2o at 0.45eV may be attributed to a
similar change in the shape of the surface valleys. Our films
dominantly belong to regime (2). Most noteworthy, though,
is that the values for 2« fall between 2.2 and 3.4 carrier val-
leys in this regime, where we should be able to resolve a
maximum of four surface valleys. The experimental spread
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FIG. 4. Changes in the Fermi-surface in SnTe films from analysis of WAL conductance at 2 K. (a) Plot of 2o (number of carrier valleys) as a function of Fermi
level. Data points are shown in red. Trend in orange is a guide for the eye. The Lifshitz transition (LT) occurs at Ez=0.05 eV. Diagrams above the plot illus-
trate three different WAL regimes at different Fermi levels corresponding to three different Fermi surfaces for surface states (blue squares) and bulk states'’
(orange octagons). (b) Number of carrier valleys versus L for Fermi energies below 0.45 eV, showing a linear relation between number of carrier valleys and
phase coherence length. (c) Qualitative variation of 2o in regime (2) as a function of the strength of valley coupling for both intrasurface and intersurface valley

coupling.

in the measured number of carrier valleys in this regime,
below 0.45 eV, is a result of coherent valleys coupling.
Figure 4(b) plots the number of carrier valleys (20) as a
function of phase coherence length. Here, we see a clear
trend where 2o decreases for increasing L. This trend
includes the apparent outlier in Fig. 4(a) at Er=0.3¢eV that
has the longest L and a small 2«. The linearly decreasing
behavior can be explained by considering weak and strong
coupling between the valleys. In SnTe, two types of coherent
valley coupling can occur, inter and intrasurface scattering.
As in the case of surface-to-bulk coupling in Bi,Ses,*>*?
intersurface valley coupling can occur in SnTe when a
charge carrier is able to scatter between the top and bottom
surfaces via the bulk while remaining coherent. The bulk
thus plays an essential role in coupling the top and bottom
surface. In addition, given the valley degeneracy of SnTe,’
intrasurface valley coupling can occur, when a carrier is able
to scatter between two Dirac valleys located on the same sur-
face while remaining coherent. This is similar to what is typ-
ically observed in graphene***> and Si inversion layers.*"*¢
Accordingly, a longer coherence length should result in
stronger valley coupling, and thus a smaller experimental 2o.
Our data strongly reflect this fact, as 2a increases with
decreasing L in regime (2). We are thus able to resolve at
least three independent carrier valleys for the shortest coher-
ence length where coupling is weakest. This is potential
transport evidence of the degenerate TCI surface band struc-
ture, yielding 3 <20 <4 in regime (2). In view of these
results, we find that valley coupling—resulting from both
intersurface coupling via the bulk and intrasurface coupling
due to Dirac band degeneracy—is able to account for the
complete picture for films behaving according to regime (2).
It is instructive to draw a qualitative picture of how 2u
varies in regime (2), below the Lifshitz transition, as a result
of the coexistence of inter and intrasurface scattering mecha-
nisms. This is summarized in Fig. 4(c). Here, the intrasurface
and intersurface valley scattering lengths are referred to as
Liye and L;,,.,, respectively. A total of four Dirac carrier
valleys can exist in regime (2),>'® which may be all resolved

in the absence of valley coupling, leading to 200 =4 when L
<& ALintersLinra}. For weak intersurface valley coupling,
increasing the intrasurface valley coupling will lead to 2«
continuously decreasing from 4 to 2414246 Iy the fully
intrasurface-coupled regime, where (L < L;,,, and L >
Linira), 20="2. An equivalent scenario arises when exchang-
ing inter and intrasurface couplings. In the fully intersurface-
coupled regime, where (L > L, and L < Lia),
200=2.>* When both intersurface and intrasurface cou-
pling are strong, where L > {L;.erLinna}, 200=1. Figure
4(c) show the qualitative behavior of 2o as L;,;., and L,
are varied independently. It is interesting that, in contrast to
standard TIs, a TCI is expected to exhibit multivalley behav-
ior even in a partially coupled regime. Values of 2o greater
than 2, even approaching 4 are thus expected. This reality is
strongly reflected in our data where the number of valleys is
consistently greater than 2, and even larger than 3.

Finally, it is worthwhile to examine possible contributions
to the WAL that might arise from bulk bands, all the while
keeping in mind that WAL is a dominant 2D effect. WAL can
arise in a trivial semiconductor if Rashba-split 2D bands exist
at the surface.*’~>° Such spin-orbit split bands require a surface
inversion layer that can develop from impurity adsorption at the
surface.”’ An inversion layer is not likely here for several rea-
sons: our films are capped with 4 nm of Al,Os, the SnTe (001)
surface is neutral, and the high carrier density and large dielec-
tric constant rapidly screen out unwanted surface charging. The
rapid screening in SnTe also limits band bending to a few
meV.?"*"2 The bulk bands of SnTe are thus unlikely to yield
WAL. WAL is thus viewed as a consequence of spin-
momentum locking of the TCI surface states, but the bulk bands
play an essential role in coupling the top and bottom surfaces.

In conclusion, high-quality thin films of SnTe were
grown on BaF,(001) for electrical transport studies. Higher
growth temperatures greatly improved the crystal quality and
film morphology, which led to an increase in Hall mobility
and a large decrease in carrier concentration. Thus, we were
able to tune the Fermi level between 0.2 and 0.5eV below
the gap, an important realization for future work on the TCI
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properties of SnTe. This variation in Fermi level facilitated
magnetoconductance WAL experiments, revealing a trend
related to a changing Fermi surface topology at deep Fermi
levels. Our observation of up to four carrier valleys is a
likely consequence of the unique multiplicity of Dirac cones
in a TCI, unlike the single Dirac cone in standard Bi-based
TI. It was also found that the observed number of independ-
ent carrier valleys decreased as the phase coherence length
increased—a result of increased intervalley coupling. The
coexistence of intersurface and intrasurface valley coupling
results in complex variations in the number of carrier valleys
measured in WAL. The present results encourage theoretical
work and future experiments on intervalley coupling and
quantum coherent transport in TCI materials.
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