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1 | INTRODUCTION

Topological crystalline insulators (TCIs) represent a differ-
ent class of topological insulator (TI) materials where crys-
talline symmetry replaces the role of time-reversal
symmetry in TIs, ensuring topological protection and lead-
ing to the emergence of new important basic phenomena.
Raman spectroscopy provides a contact-free technique to
study the behavior of topological properties of materials
with changing temperature. The temperature-dependent
study of the Raman spectra on TI and TCI nanoflakes
gives access to the information on the anharmonic
phonon-phonon arising from the bulk material as well as
the electron-phonon interaction that originate from the
enhanced surface contribution. The temperature-
dependent Raman spectra evidences the fact that Dirac
fermions contribute significantly to the electron-phonon
coupling, which manifests itself as a strong phonon
renormalization in the topological materials at sufficiently
low temperatures.”! Moreover, the discovery of
graphene!® has aroused the growing interest in other lay-
ered materials,’>*! fostering radical developments in the
field of nanotechnology. One of these not fully explored
layered materials is Pb; ,Sn,Se that is indeed a narrow gap
semiconductor that, for Sn fraction of x = 0.23, behaves
like a TCL"! Although standard TIs are incidentally band
insulators with a bulk energy gap and gapless boundaries
that carry spin currents (i.e., edges in 2D or surfaces in
3D) protected by time-reversal symmetry,[6‘8] multiple sur-
face states protected by crystalline symmetry (mirror sym-
metry) are present in TCIs.”'®! Very thin layers of the TI
material will lead to an interplay between 2D effects
and TI phenomena. Moreover, the thickness reduction
leads to improve the carrier contribution from the
topological surface states and minimize the bulk carrier
densities." In this regard, new physics has been appe-
aring in very thin layers of TIs;™ in particular, it has been
found that, in very thin Bi,Ses, the Dirac fermions contrib-
ute to the electron-phonon interactions, with a conse-
quent strong phonon renormalization below a specific
temperature (~120 K). Aimed at this finding, we have
studied such behavior in a TCI, and our results indicate
that the phenomena is present. We also find another evi-
dence of the interaction between phonon and surface elec-
trons: a mode at high energy (~300 cm™') due to
the overtone of forbidden phonons very close to the
center of the Brillouin zone, which are activated by the
Frohlich coupling.

Angle-resolved photoemission spectroscopy (ARPES)
and scanning tunneling microscopy (STM) studies on
surface states in TIs revealed that if the surface states
are spin-independent, they will be immune from back-
scattering and localization thereupon.'>® As a

consequence, the main scattering mechanism is defined
by electron—phonon interactions for surface Dirac fer-
mions at finite temperatures.!'! The electron-phonon
interactions impact on the dispersion and lifetime of both
the electronic and phonon states in a material.*?! In this
regard, the first principle calculations” theoretically as
well as the ARPES!! and the STM!'®! experiments con-
firmed the presence of topological surface states in
Pb;.,.Sn,Se (0 < x < 0.4).

The discrimination between the surface and bulk-
like behavior of the material leads to the emergence of
fundamental phenomena. Indeed, in the case of bulk
carrier densities (typical for semiconductors and insula-
tors), all surface-related effects are masked by the bulk
properties and anharmonic phonon-phonon interac-
tions is the dominant scattering mechanism. Although
in the case of electronic surface contributions, the
electron-phonon coupling plays the crucial role. More-
over, the high-enough surface contribution brings
about the phonon renormalization.!" In addition, these
mechanisms have a temperature-dependent behavior,
because at lower temperatures, phonons are frozen out
and scattering mechanism is dominated by the
electron-phonon coupling.[” Therefore, to investigate
the contribution of Dirac fermions to the electron-
phonon interaction which manifests itself in the strong
phonon renormalization,”!  we have performed a
temperature-dependent Raman spectroscopy on thin
films of Pbg-,,Sng,3:Se. Because, it is a unique tech-
nique to study phononic and electronic properties of
solids simultaneously.

The main motivation behind this study is to
explore the presence of the topologically protected
surface states in thin flakes of Pbg,,Sng,3Se by micro-
Raman spectroscopy, where the surface states can be
enhanced in comparison with the bulk ones. In fact, the
profound appreciation of phonons and electron-phonon
interactions in TCIs is of considerable importance to the
pilot studies of topological transistors. Moreover, the
observation of the Dirac-like linear band dispersion in
band structures of TI surface states similar to the one in
graphene!'®?!triggered us to launch a systematic investi-
gation on the Raman spectra of 3D bulk to 2D atomically
thin samples of Pbg;,Sng,3Se as a function of sample
thickness and temperature similar to those performed in
other 2D materials.!*?2~24!

2 | EXPERIMENTAL DETAILS

The Pby;,Sny,:Se single crystals’®! used in this
study were grown by means of a modified Bridgman
method where crystal boules of Pbg7;Sng,sSe were
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produced following the procedure described by Tanaka
et al.[?®! Initially, Pb-Sn-Se boules were synthesized from
stoichiometric quantities of high-purity Pb and Sn shots
(Alpha Aesar 99.99%) and powders of Sn and Se (Alpha
Aesar 99.99%).12°1

Indeed, Pb,_,Sn,Se with 0 < x < 0.4 has a rock salt
crystal structure with a bandgap (E, < 0.29 eV). PbSe and
SnSe are two precursors of Pb; ,Sn,Se. Although PbSe is
a topological trivial insulator with rock salt structure and
direct bandgap of ~0.28 eV, SnSe is a trivial insulator
with an orthorhombic structure and large bandgap
of ~0.9 eV.1?7)

In this study, the Pby,,Sng,3Se thin flakes were
prepared by conventional mechanical exfoliation
technique!?®! using scotch tape directly from the
Pby 77Sng »3Se bulk material along the edge of (001) plane
and transferred to thermally oxidized Si substrate covered
with 290-nm-thick SiO, layer shortly afterwards. The
thickness of the resultant flakes varies around from 15 to
225 nm.

Raman scattering spectroscopy was carried out
using micro-Raman spectrometer (LabRAM from
Horiba Jobin-Yvon) in the backscattering configuration

180
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excited with a solid-state red laser (A = 632.8 nm).
The light power at the laser exit was below 4 mW and
linearly polarized. The temperature-dependent Raman
measurements were carried out with the samples
placed in a Janis ST-500 microscopy cryostat, spanning
from 80 K to room temperature. The backscattered sig-
nal was collected through a log focal objective
LMPlanfl Olympus 50x (NA = 0.5; working dis-
tance = 10.6 mm) resulting in a laser spot area on the
sample of 5 pm. The scattered light was collected by a
silicon CCD detector, with integration time of 30 s.
Moreover, the same measurements were performed on
different flakes with similar thickness to ensure the
reliability of the measurements. The thickness of the
different Pbg,,Sng,;Se flakes was measured by atomic
force microscopy (AFM) technique, in a Nanotech
AFM instrument controlled by Dulcinea
system.[*”) The AFM mappings are very helpful to
understand the resultant Raman data as a function of
the flakes' thicknesses. The AFM topography images
have been analyzed by a linear fitting of the top
surface of the flakes and the corresponding substrate
surface. Figure lc-e shows the AFM profiles of some
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FIGURE 1 (a)3D and (b) 2D atomic force microscopy images of thin flakes of exfoliated Pb, 7,Sn, »3Se with several areas with different

thicknesses. We also show (c-e) the profile across three terraces along the lines showed in (b) and labeled as (c) 1, (d) 2, and (e) 3 [Colour

figure can be viewed at wileyonlinelibrary.com]
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Pbo77Snp,3Se terraces using the WSxM software
that will be characterized by Raman spectroscopy in
the next section.

3 | RESULTS AND DISCUSSION
3.1 | Room-temperature Raman spectra of
Pb, 775N, 35€e

The Raman measurements on different flakes of
Pby 77Sn, ,3Se reveal that depending on the thickness of
the different terraces, different Raman bands are present.
Figure 2 shows that for flakes with thickness below 3 pm,
several Raman peaks are observed, among them the ones
at 111 cm™, 154 cm™, 184 cm™, and 250 cm™ (see
Figure 2). These modes have been identified following
the work of Ovsyannikov et al.l**! which focused on the
identification of the Raman modes in lead chalcogenides,
comparing literature on experimental and theoretical
results. The peak at 130 cm™" in the freshly cleaved bulk
is the longitudinal optical (LO) mode.*°-* We can see
that the plasma-enhanced phonon (PEP) appears in the
samples with thicknesses of 100-140 nm, which we
ascribe the LO, shifted to high energy and plasma-
enhanced. Indeed, Raman measurements of Glinka
et al.**! on thin-films of the TI Bi,Se; also revealed pho-
non energy renormalization and nonmonotonic enhance-
ment of the electron-phonon coupling strength. The
enhancement of the phonon response that we now
observe in our TCI Pby;,Sng,3Se thin flakes is possibly
also due to the plasmon-phonon coupling which
strengthens the electron-phonon interaction when the

free carrier density in Dirac surface states increases, with
reducing the flake thickness. We can note that at Position
1, the PEP is shifted by ~3 cm™! at higher wavenumber
than at Positions 2 and 3. We repeated the measurement
several times, finding that it is not an experimental
artifact. We think that this shift is because the
renormalization of phonon energies for the metal-type
2D Dirac surface states is very sensitive to the local struc-
tural and electronic properties of the flake.** Rocksalt
crystals have 3D (T or F) phonons and generate Raman
active (A) and 2D (E) phonons. We did not observe these
modes; if present, they are below the detection limits.

3.2 | Temperature-dependent Raman
spectra of Pb, ,,Sn, »3Se

We measured the Raman spectra in the thin flakes, as a
function of temperature, in order to explore the interplay
between phonons and topologically protected surface
states. Recent Raman measurements on TI nanoflakes
show that the temperature dependency of the phonon
dynamics in TI is simultaneously driven by anharmonic
phonon-phonon interaction from bulk behavior and con-
tributions from the electron—-phonon interaction
originating from the enhanced surface contribution. The
Dirac fermions contribute significantly to the electron—
phonon coupling, which manifests itself in strong
phonon renormalizations in the TI at temperatures below
a specific temperature.[” In case of Pby77Sng,3Se due to
its temperature-dependent band inversion, at low tem-
perature, an interplay between anharmonicity, electron-
phonon coupling, and topology takes place. It is expected

FIGURE 2 The comparison between the

Raman bands of Pbg 7,Sn, »3Se thin flakes and a
freshly cleaved bulk sample. The thicknesses of

areas with Labels 1, 2, and 3 are 140 nm,
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110 nm, and 95 nm, respectively. The spectra
have been vertically shifted for clarity [Colour
figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

MEHDIPOUR ET AL.

Journal of

I WILEY_|

RAMA
SPECTROSCOPY

| TOX)+
? A O T i

I T=300K 219X -
2
2
R= 2
<[ <
~ e~

— I 100

100 K
" n n " 1 1 N N Zéo 360
50 100 1 150 Wavenumber/cm'™'
Wavenumber/cm

FIGURE 3 The Raman spectra as a function of temperature measured on Area 1 (see Figure 1) (a) below and (b) above 200 cm™". The

spectra have been vertically shifted and arrows added determining the position of some of the peaks for clarity [Colour figure can be viewed

at wileyonlinelibrary.com]

that Pb,_,Sn,Se (x = 0.23) as a TCI material has Dirac-like
surface states that cross the bandgap. To observe this phe-
nomenon, there must be a transition from a normal state
(trivial insulator) to an inverted bandgap state (nontrivial
TCI state).¥ There are some ways to accomplish
this transition, namely by varying the composition
of the solid solution x1P% or by changing the
temperature  T,*33¢1 or by applying hydrostatic
pressure.*”! Moreover, the ARPES studies on the (001)
surface of Pbg;,Sng.»3Se and Pbg-oSng 305e**! monocrys-
tals revealed that the topological nature and the surface-
state electronic structure in this material are sensitive to
temperature. Indeed, the thermodynamic expansion of
the lattice constant accounts for the thermodynamic
evolution of the surface-state electronic structure for the
transition from the trivial phase to the TCI phase.*® In
other words, for the temperatures higher than 100 K, there
is a gap between the surface states (trivial phase). As the
temperature goes down, the gapped surface states start
approaching the X-shaped ones similar to Dirac fermion
states (nontrivial TCI phase). In Figure 3, the temperature-
dependent Raman measurement of a layer of Pby;,Sng,:Se
with 140-nm thickness (Region 1 in Figure 2) has been
recorded in the 80°K-300°K temperature range to know
more about the dynamics of its crystal lattice by analyzing
the temperature-dependent behavior of its modes. We cal-
culated the temperature coefficient of the observed modes,
finding the following values: —0.099 cm™ K™ for
TOX) + LAXX), —0.036 cm™* K™ for 2TO(A), and
—0.009 cm™! K™ for 2TO(X), which are comparable with
the estimated values of other 2D materials such as MoS,
and WS,;MoSe,. The calculated temperature coefficient of

peak positions in comparison with other 2D materials are
tabulated in the supplementary material. At temperature
around 180°K, a mode close to 300 cm™" appears (which is
marked with an arrow), related to an enhancement of the
long-range coupling between the topologically protected
surface electrons and phonons. We attribute this mode to
the first overtone of the LO phonon (2LO) close to the cen-
ter of the Brillouin zone explained by Frohlich resonance
mechanism. Another signature of the Frohlich interaction
is that with increasing temperature, its contribution to the
2LO scattering decreases due to the erosion of the
resonance.'®”! As depicted in Figure 3, there is a surge in
the 2TO(X) mode around the temperature of 180°K.

4 | CONCLUSIONS

In this work, the Raman spectroscopy studies of exfoliated
Pby7Sng»3Se thin flakes have been carried out. The
obtained results have demonstrated that there is a thick-
ness dependency on the Raman data of this material. In
the case of thin flakes with thicknesses below 150 nm, the
presence of plasma-enhanced phonons related to topologi-
cally protected surface electronic states by the appearance
of a peak around 184 cm™" is confirmed. At a temperature
of 180°K, the Frohlich interaction between the phonons
and the topologically protected surface Dirac electrons
activates the forbidden single LO phonon near the center
of the Brillouin zone. We have observed its 2LO overtone
at higher wavenumber, and with increasing the tempera-
ture, the Frohlich contribution to the 2LO scattering
decreases due to the erosion of the resonance.
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