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We report inelastic He atom surface-scattering measurements of the (001) surface phonon dis-
persion of the topological crystalline insulator Pbg.7Sng 3Se. This material exhibits a temperature-
dependent topological transition, so we measure the surface dispersion curves in both the trivial and
nontrivial phases. We identify that, peculiarly, most surface modes are resonances, rather than pure
surface states. We find that a shear vertical surface resonance branch around 9.0 meV dramatically
changes on going from the trivial to the topological phase. We associate this remarkable change
with the emergence of surface Dirac fermions. We use the measured dispersion of this resonance
branch to determine the corresponding mode-dependent electron-phonon coupling A, (q).

Nontrivial topological crystalline insulator (TCI)
phases are protected by an element or elements of its crys-
tal symmetries and not by time-reversal symmetry (TRS)
as is the case of topological insulators (TIs). Both TIs
and TClIs support metallic surface states while maintain-
ing their bulk band insulating character. The presence
of the metallic termination is dictated by a nontrivial Z,
bulk topological invariant in TIs[1-3], and by a mirror
Chern number invariant[4—6] in the known TCIs, a prop-
erty known as bulk-boundary correspondence. The topo-
logical invariants are associated with an intertwining of
valence and conduction bands in the Brillouin zone that
leads to a bulk bandgap inversion at some high-symmetry
points (time-reversal invariant momenta).

The IV-VI narrow gap semiconductor al-
loys Pbi_,Sn,Te (x > 0.3), and Pb;_,Sn,Se
(018 < =z < 0.37) [7] are the most-studied TCI
systems[8-15]. They have also been extensively studied,
including their bulk phonon dispersion, because of
their attractive thermoelectric properties[16, 17]. These
systems have a rocksalt structure where the metallic
surface states are protected by a (110) mirror-plane
symmetry. The nontrivial surface states of topological
Pb;_,Sn,(Te,Se) exist on high-symmetry surfaces, such
as (001), (110), and (111) that preserve the mirror
symmetry with respect to the (110) bulk mirror planes.
These narrow gap semiconductors have been known
for decades to exhibit a wide range of electronic prop-
erties, such as ferroelectricity, superconductivity and
magnetism, to name a few. Such properties, as well
as bandgap inversion, can be easily tuned by alloying,
doping, temperature and strain [18]. Consequently, they
have proliferated applications ranging from infrared
lasers and detectors, to infrared opto-electronic and

thermoelectric devices.

Although, in principle, the spin-orbit interaction (SOI)
is not a prerequisite for obtaining a TCI, the TCI phase
in Pb;_,Sn;(Te,Se) compounds would not be achieved
without the relativistic effects (SOI and Darwin term).
Actually SOI is responsible for the narrow bandgap in
these materials, which facilitates the process of band in-
version. The band inversion in Pby_,Sn,Se occurs at
the L(111) points on the edge of the Brillouin zone. The
direct bandgap in PbSe is ~ 0.29 eV, while the inverted
bandgap for Sn-content z > 0.3 and T" < 195 K is ~ 0.1
eV[13]. A possible scenario is that the band inversion
arises from the interplay of SOI and an asymmetric hy-
bridization between cation and anion sp orbitals [19].
This scenario suggests that a topological phase transi-
tion could be achieved by applying external pressure or
strain, which would directly affect the hybridization, as
long as the mirror symmetries are preserved. It has been
long recognized that the trivial phase has a valence band
maximum with Lg symmetry (mainly anion p charac-
ter) and a conduction band minimum with Lg symmetry
(mainly cation p character). This configuration appears
in Pb(Se,Te), while the inverted phase shares the same
symmetries with SnTe. Moreover, the presence of SOI
endows the metallic surface states observed in these ma-
terials with spin-helicity textures.

Substitution of Sn for Pb in these alloys has two rel-
evant effects: (i) It decreases the lattice constant ag,
approximately following Vegard’s law for alloys [20-22].
The shrinking of the lattice is equivalent to applying an
effective pressure with the concomitant effect of changing
the degree of orbital hybridization [19]. (ii) It strongly
changes the relativistic effects (Sn SOI is quite differ-
ent from Pb) and results in a compositional evolution of



their band structures, as evident in references [12, 13]
for the selenide materials system. At appropriate tem-
peratures, an increase in Sn content develops an effective
bulk bandgap closing at a specific critical alloy compo-
sition, followed by a bandgap inversion where the parity
of the electronic states at the band edges becomes re-
versed. In addition, for Sn content of 0.18 < z < 0.37,
a temperature-driven transition between a normal state
and an inverted bandgap state occurs at a critical tem-
perature Tiqp.

FIG. 1.
ture.

Surface Brillouin zone with double-Dirac-cone struc-

Since both the (110) and (111) surfaces are not natu-
ral cleavage planes, we focus our work on the (001) sur-
face. We find that two L-points project onto the same
X-point of the surface Brillouin zone (SBZ), each L-point
introduces a surface Dirac cone due to its band inversion.
Hybridization of the two parent cones results in the char-
acteristic double-Dirac-cone (DDC) structure, with two
Dirac points (DPs) straddling the X-point, and located
slightly away from X along the I'-X direction, as shown in
figure 1. The separation of the two DPs can be taken as
a measure of this “hybridization”. Since there are four X
points on the SBZ boundary, there are four DDCs. The
corresponding surface states form a new type of high-
mobility chiral electron gas, which is robust against dis-
order and topologically protected by reflection symmetry
of the crystal with respect to the (110) mirror plane.

Despite extensive research activities on many aspects
of these TCIs over the past few years, experimental data
on their surface dynamics and the interaction of surface
phonons with the Dirac fermions (DF) is scarce. An im-
portant requirement for topological insulators in device-
oriented applications such as topological quantum infor-
mation and low-power spintronics devices is the avail-
ability of dissipationless surface states in the topological
regime.

We address this outstanding aspect of the physics of
TCIs in this paper using inelastic He atom/surface scat-
tering (HAS) techniques. He atoms at thermal energies,
employed in HAS, directly scatter from static and dy-
namic spatial modulation of the surface electron density
about 2-3 A away from the top surface atomic layer[23].
They experience no direct contact with surface or subsur-
face ion cores and are thus endowed with enhanced sen-

sitivity to phonon-induced dynamic surface charge den-
sity (SCD) oscillations, even those induced by subsurface
second-layer ionic displacements [24-26]. HAS intensities
carry direct information about the SCD oscillations as-
sociated with surface phonons and ultimately about the
surface electron-phonon interactions [27-29].

We performed extensive elastic and inelastic HAS mea-
surements on the Pbg7Sng 3Se (001) surface with He
beam energies in the range 32-65 meV, and a rotat-
able angle-resolved detector. Moreover, the samples were
cleaved in situ. Measurements were performed at tem-
peratures of 200 K and 300 K, sufficiently below and
above the critical temperature, T, ~ 250 K, which
characterizes the transition between the trivial and topo-
logical insulator phases for this Sn concentration[12, 15].
Typical diffraction patterns along the [10] and [11] crys-
tallographic directions are shown in figure 2. Diffraction
measurements in the trivial and topological phases show
no observable difference, which confirms the fact that the
transition is only topological and there is no structural
change. Inelastic spectra along the I'-X[30] direction are
presented in figure 3.[31]
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FIG. 2. Surface diffraction patterns along the [10] and [11]

directions of the (001) rocksalt surface.
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FIG. 3. Two typical inelastic spectra along I-X direction.

The elastic peak is depicted as a dashed green line with inci-
dent beam energy width. Inelastic peaks are shown as solid
blue lines with their corresponding AK as indicated.

In order to interpret the inelastic experimental re-
sults, we used lattice dynamics calculations based on



the shell model to fit available inelastic neutron data
for bulk PbSe[32]. The results of this fitting are shown
in figure 4. Of note is a large separation between the
transverse-optical (TO) and longitudinal-optical (LO)
branches at the I' point which indicates the presence of
a large macroscopic electric field, and underscores the
need to include long-range Coulomb interactions. This is
implemented with the aid of Ewald-like summation[33].
The Sn-alloying was incorporated via a virtual crystal
approximation[34], primarily reflecting a change in the
cation mass, and the results agree with trends observed
in Pbg gSng 2Se data[35].

In order to determine the surface phonon dispersion
curves, we used a lattice dynamics slab geometry model
of 120 atomic layers. The force constants obtained from
the bulk fitting were incorporated in the slab calcula-
tions. The presence of DFs in the topological phase is
accounted for by the addition of pseudocharges[29, 36, 37]
in the three outermost layers, while maintaining charge
neutrality. These pseudocharges represent the free elec-
tron nature of the DFs and the implied screening is ac-
counted for by an explicit g-dependence of the associated
force constants, which effectively terminates beyond 2kp.

The projection of the bulk dispersion curves onto
the I-X direction of the SBZ is shown in figure 5a.
Modes presenting longitudinal, shear vertical (SV), and
shear horizontal (SH) polarization are in blue, green,
and red, respectively. The overlap of the bulk TO and
longitudinal-acoustic (LA) curves results in a peculiar re-
duction of gaps in the projection onto the surface, leaving
small gaps near the zone center at about 10 meV and the
zone boundary at 7 meV. Consequently, we find that sur-
face phonon modes are predominantly surface resonances
rather than pure surface gap states.

Results of the slab calculations are shown in figure 5b-
¢. The projected bulk modes as well as surface modes of
SH polarization have been removed to avoid clutter. In
principle, surface SH modes are inaccessible to HAS in
the sagittal plane, however, the finite nature of the angle-
resolving aperture may relax this constraint[38]. We do
not find any overlap of our measured data with calcu-
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FIG. 4. Calculated PbSe bulk dispersion curves (red) fitted
to available neutron data (blue) from [32].

lated SH modes. Calculated surface modes are shown
in dark blue and dark green, while measured phonon
events are depicted in orange with error bars. The re-
sults for the trivial phase are shown in figure 5b. There
is good agreement between the experimental results and
predicted surface resonances of SV and longitudinal po-
larizations. The Rayleigh mode clearly appears at the
bottom of the spectrum. However, of particular note is
the nearly flat, weak SV resonance around 9.0 meV.

The results for the topological phase are shown in fig-
ure 5c¢. In general, it replicates most of the features of the
trivial phase, with minor modifications. The SV branch
around 14 meV in the trivial phase is found to be a quite
weak resonance and is seen to disappear in the topologi-
cal phase as a result of the emergence of the surface DFs.
However, the 9.0 meV SV resonance is now replaced with
a new resonance, with the same polarization, that starts
at 7.8 meV at the I'-point, and drops to a minimum of

5.8 meV at ¢ = 0.12 A™'. This softening is due to DF
screening arising from phonon-induced real transitions.

We identify the 0.12 A" value with 2k of the major axis
of the DDC Fermi surface along the I'-X direction, which

is consistent with the value of kr =~ 0.06 A71 measured
by ARPES[14, 15]. We note that it is difficult to discern

the effect of the minor axis with 2kr ~ 0.08 A% on the
phonon softening. For ¢ > 2kp only virtual transitions
survive and the screening is slowly suppressed, signaling
a turn around of the resonance dispersion curve towards
higher frequencies. This resonance and the screening-
induced softening in the range ¢ < 2kp are reproduced
in the slab calculations by the inclusion of surface pseu-
docharges and slight reduction of the surface force con-
stants. These modifications were found to enhance the
intensity of the resonance in the calculations. Moreover,
the eigenvectors of this resonance branch obtained from
lattice dynamics slab calculations show that it is pre-
dominantly associated with the motion of Se ions. This
is consistent with the nature of strong electron-phonon
interaction in an insulator such as Pb;_,Sn,Se, which
comes from the coupling of the unscreened electric field
of the optical phonon mode to the DFs[39]. Se is the
lightest ion and has the largest amplitude of motion pro-
ducing this electric field.

To extract information about the electron-phonon cou-
pling, we use a microscopic model previously applied to
the study of the interaction of surface DFs with sur-
face phonons in the topological insulators BisSes[28] and
BigTes[29]. The model is based on a linear Coulomb
coupling of lattice ionic displacements to the DF density,
which is incorporated in the phonon Matsubara Green’s
function
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(a) Bulk dispersion curves projected onto the I'-X direction of the surface Brillouin zone. Longitudinal polarization

is shown in dark gray (blue online). Shear horizontal polarization is shown in gray (red online) and vertical shear polarization
is shown in light gray (light green online). (b) Surface dispersion curves in trivial phase regime. Calculated surface modes of
longitudinal polarization are shown in black (dark blue online) and those of shear vertical polarization are shown in dark gray
(dark green online). Measured phonon events are depicted as points with error bars (orange online). (c¢) Surface dispersion

curves in topological phase regime.

FIG. 6. (Left) Double-Dirac-cone structure around X-point.
(Right) Simplified elliptic cone used for electron-phonon cal-
culation. The Fermi level is shown as green surface.

with

H(Qa iwn)

o= 2
|gq’V| e(q, iwn)

(2)
where gq,, is the momentum and mode-dependent
electron-phonon coupling. IT and € are the electron po-
larization function and dielectric function of the DFs,
respectively, calculated in the random phase approxima-
tion. In these calculations, we make a few simplifying
assumptions[40]. First, because the surface phonon en-
ergies are small compared to the difference between Ep
and the DDC saddle point, we consider only the region
near the Fermi level. Locally, this has the structure of
two concentric elliptic cones, as shown in figure 6. Sec-
ond, the DDC of Pbg 7Sng 3Se has elliptical Fermi sur-
faces, and the value of kp is direction-dependent. We

performed a scaling transformation of the DF momen-
tum axes that reduces the structure to a circular cone.
This was done separately for the two orthogonal orienta-
tions of the DDCs at the two inequivalent X-points.
The renormalized phonon frequencies are given by

(hwg,)? = (hwi)® +2(hwg))Re[ll(q,wq,.)]  (3)
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FIG. 7. (a) Renormalized surface phonon mode with mea-
surements. (b) Mode-specific g-dependent electron-phonon

coupling A, (q).

Fitting to measured phonon frequencies, shown in
figure 7a is done through adjusting Re[ll(q,wq.)]-
The value of the bare phonon frequency w(® and kp
are extracted from our experimental and fitted re-
sults associated with the weak 9.0 meV resonance. A



Kramers-Kronig transformation is then performed to ob-
tain Im[II(q,wq,, )] and determine the mode-dependent
electron-phonon coupling A, (q) using the relation [29,
41, 42]

Im[H(q, wq,V)]
TN (Br) (s )2 @

A(q) =

where N (EF) is the density of states at the Fermi surface.
The calculated A, (q) is shown in figure 7b. Note that the
small shoulder in A\, (q) corresponds to the shorter of the
two elliptical axes of the Fermi surface.

We have measured the surface phonon dispersion of
Pbg.7Sng.3Se in both its trivial and topological phases.
These measurements reveal a striking difference in the
dispersion of a SV phonon resonance branch near 7.8
meV. Whereas it is almost flat in the trivial phase, screen-
ing by the emerging DFs in the topological phase leads
to softening and a monotonous decrease in frequency for
q < 2kp. Lattice dynamics calculations reproduce these
effects via the introduction of surface pseudocharges.
Finally, we determined phonon-mode-specific electron-
phonon coupling by fitting a Matsubara Green’s function
model to the measured dispersion and using a Kramers-
Kronig transformation to determine the corresponding
linewidths.
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