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We study surface states in the three-dimensional topological insulators Bi,Te;_,Se, (x = 0, 2, 3) by polar-
ization resolved resonant Raman spectroscopy. By tracking the spectral intensity of the surface phonon modes
with respect to the incident photon energy, we show that the surface phonons are qualitatively similar to their
bulk counterparts. Using the resonant Raman excitation profile, we estimated the energy gaps between the surface
conduction bands and the bulk conduction bands. In addition, we selectively excite the surface-to-bulk electronic
continuum near the Fermi energy in Bi,Se; to determine the strength of Fano interaction between the most
prominent surface phonon and the surface-to-bulk continuum.
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I. INTRODUCTION

Three-dimensional topological insulators (3DTIs) are ma-
terials that contain gapless, Dirac-like electronic surface states
[1-3] that are topologically protected against elastic scattering
by nonmagnetic defects [4] making them attractive candidates
to the application of devices where coherent spin-polarized
transport is desired [5]. Given that the electronic surface
states in 3DTIs are confined to the topmost unit cells [6],
complete understanding of the lattice dynamics interacting
with the surface states is critical. This knowledge is essential
not only because the abrupt surface termination in materials
can radically alter the crystal structure and electronic proper-
ties at the surface, but also because inelastic scattering from
surface to bulk electronic states via phonons is expected to
be the dominant low-energy scattering mechanism at room
temperature [7]. For these reasons, we investigated the sur-
face phonons in the 3DTIs Bi,Te;_.Se, (x =0, 2, 3) using
polarization-resolved resonant Raman spectroscopy to eluci-
date their interaction with the electronic states.

The bismuth-based 3DTIs Bi,Te;_,Se, are extensively
studied topological insulator systems due to their stoichiom-
etry, large bulk band gap, and simple surface spectrum.
Bi,Te;_,Se, are composed of quintuple layers (QL) of cova-
lently bonded Bi, Te, and Se atoms stacked along the ¢ axis [8]
with D3; (R3m) point group symmetry [8]. The symmetry of
the topmost QL is reduced from the 3D R3m group to the two-
dimensional (2D) Cg, (P6mm) wallpaper group. The QL are
weakly bound together by van der Waals forces resulting in a
quasi-2D electronic band structure [9-11]. The principal bulk
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band gap is found at the I" point. The lowest bulk conduction
band is denoted as CBO. The highest occupied Dirac-cone,
S$S1, is composed of electronic surface states, and lies within
the principal bulk band gap, where the bands cross at the T
point [10-12]. There is also an unoccupied Dirac cone that
lies between the second- and third-lowest bulk conduction
bands [13].

In this work, we apply the polarization-resolved resonant
Raman excitation profile (RREP) spectroscopy of the bulk
and surface phonon modes in the bismuth based topological
insulators Bi;Te;_,Se, to study excitations between the bulk
and surface bands. The surface phonons were identified and
characterized by using polarization-resolved measurements
at the incident photon energies that maximize the surface
phonon intensity. We detect the relative energy gaps between
the surface bands by analyzing the intensity of the phonon
modes as a function of incident photon energy. We selectively
excite the lowest energy electron-hole excitation continuum
due to transitions from surface to bulk electronic states that
interacts with the surface phonons. For Bi;Ses, by analyzing
the interference Fano lineshape of the surface phonons with
the continuum as a function of excitation energy, we establish
the electron-phonon coupling strength between the surface
phonons and the electronic surface states near the Fermi en-
ergy. This work also extends the earlier studies of surface
phonons in BiySes [14] and Bi; Tes [15] as it includes resonant
Raman enhancement effects, as well as results for Bi, Te,Se.

II. EXPERIMENTAL DETAILS

Single crystals of Bi,Tes_,Se, were grown by the modified
Bridgman technique [16]. Although the chemical potential in
ideal topological insulators rests at the intersection point of
the Dirac cones within the principal bulk band gap, the pres-
ence of natural defects typically raises the chemical potential
into the upper Dirac cone and CBO [16,17], thus, the lowest
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TABLE 1. The Raman selection rules in the bulk and on the
surface of Bi,Te;_,Se, (x =0, 2, 3).

Scattering Bulk Surface
Geometry (D3y) (Cey)
XX A, + E, A+ E
XY Ay + E, A+ E
RR A+ Ay, A+ A,
RL 2E, 2E

8

conduction bands for all samples are assumed to be occupied.
The chemical potential of the Bi;Se; samples grown for this
study were determined by scanning tunneling spectroscopy to
cross approximately 150 meV above the Dirac point of the
principal surface band [16] and was later confirmed also by
optical studies [18,19]. All samples were cleaved in a N,-rich
glove bag and then in situ transferred to a continuous He-flow
optical cryostat.

Polarization-resolved Raman scattering measurements
were performed in the quasibackscattering geometry. For ex-
citation, we used Kr™ jon laser lines with photon energies
ranging from 1.55 to 3.05 eV. All spectra were acquired with
1800 grooves/mm diffraction gratings (spectral resolution
~0.1 meV) using a triple stage spectrometer setup.

The scattering polarization geometries used in this paper
are labeled as ¢; (ey), where ¢;(,) denotes the polarization of the
incident (collected) light. The incident and collected photons
propagate along the ¢ axis, with the polarization directed
in plane. The energy of the incident (scattered) photons are
denoted as wj(). The four scattering polarization geometries
used in this paper are XX, YX, RR, and RL. The linear
light polarization directions, X and Y, lie within the ab plane
and are orthogonal to one another. R and L denote right and
left circularly polarized light, respectively, such that R(L) =
X £iY.

Raman selection rules are listed in Table I. The bulk Raman
excitations have either Aj,, Ay,, or E, symmetry. The irre-
ducible representations of the Raman-active phonons at the
I" point are 2A, + 2E, [20-22]. In addition, there are four in-
frared (IR) active phonons, whose irreducible representations
are 2A,, + 2E, [20].

In Fig. 1, we plot on semilog scale spectra of the
Raman susceptibility for Bi,Te;_,Se,. Measurements were
performed in the XX scattering geometry at 15 K. The major
spectral features are fitted to a Lorentzian function and over-
laid with the experimental data to aid the reader’s eye.

The Raman susceptibility was derived from the secondary
emission spectra which contains both Raman and photo-
luminescence (PL) contributions. The measured secondary
emission spectra, S(w;, w;), differs from the Raman suscep-
tibility, x” (w), by two factors

S(wi, wg) ~ Clwi, wo)[{1 + np(@)} x"(w;, @) + PL(w;, wy)],
(D
where ng(w) is the Bose-Einstein distribution, C(w;, wy) is a

correction factor that accounts for the scattering volume and
power loss due to the optical properties of the materials, and
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FIG. 1. Raman response spectra of Bi,Te;_,Se, in the XX scat-
tering polarization geometry taken from (a) Bi,Ses;, (b) Bi,Te,Se,
and (c) BiyTes. (inset) Data from Bi,Se; plotted against linear scale
to illustrate signal-to-noise ratio. All measurements were performed
at 15 K with @; = 1.92 eV excitation. The bulk phonons are overlaid
with a fit to Lorentzian lineshape over a local linear background
for visual aid. The mode labeled Aj, is an antisite defect mode.
The secondary emission spectra were normalized for wavelength
dependent scattering volume, the attenuation in the sample, and
reflectivity/transmission of light at the surface interface, see Eqs. (1)
and (2), using optical data from Refs. [23-25]; then the Raman
susceptibility was derived by subtracting the PL signal.

PL(w;, wy) is the contribution from photoluminescence. The
form of C(w;, wy) for the backscattering geometry was derived
in Refs. [26,27]

_a@) ta@)

. 2
Clwi, wy) = TN T (@) (ws)”, @

where « is the optical extinction coefficient, T is the trans-
mission coefficient at the crystal-vacuum interface, and n(wy)
is the index of refraction of the material. The values of the
optical properties of the BiyTe;_,Se, crystals are taken from
previously published data [23-25].

The Raman susceptibility spectra was derived from the
renormalized secondary emission spectra by subtracting the
PL contribution. The PL contribution to the secondary emis-
sion spectra is approximately a lineary background in the
narrow spectral range of the Raman excitations [19]. We
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TABLE II. Summary of the bulk and surface mode energies in
Bi,Te,Se and Bi, Te;. All values are given in units of meV.

Bi,Te,Se Bi, Te;
Symmetry This work  Literature This work  Literature
Af 8.1 8.4 [28] 7.8 7.8 [20]
A 19.1 19.6 [28] 172 16.6 [20]
E® 45 4328] 47 4.4 121]
E® 13.5 13.7 [28] 13.1 12.8 [20]
A 15.9 [29] 11.7 [20]
AD) 17.1 [29] 14.9 [20]
EM 7.7 [30] 6.2 [20]
6.0 [15,21]
E® 14.5 [28,31] 11.8 [20]
AL 7.4 7.5 7.7 [32]
AP 16.7 17.4[32]
A 15.2 14.8 [33] 103
A®Y 16.7 14.0 14.1 [15]
14.8 [32]
ED 4.18 5.0 [32]
E® 13.0 12.3 12.4 [32]
E® 7.8 7.1
E® 14.9 12.3

approximated the background to be the normalized spectral
intensity 2.5 meV away from the laser excitation line, where
the Raman continuum is still negligibly weak.

III. RESULTS AND DISCUSSION

The most prominent spectral features in the
Bi,Te;_,Se, secondary emission spectra are the Raman-active
bulk phonons. The energy of the modes are consistent with
previously reported results, see Table II. In Bi,Te,Se, there
is an additional broad mode, labeled A’fg, that is generally
accepted to be the result of an antisite defect induced local
vibration [33]. It should be noted that the bulk phonons
consistently shift to higher energies with Se concentration,
see Fig. 3(e).

In Fig. 2, we show the evolution of the energy and
linewidth of the A{}’ mode in Bi,Tes,Se, as a function of

temperature. The A(lz) mode is used as an example of the other
phonon modes, which display qualitatively similar behavior.
The phonons are fit using the Voigt profile function to de-
convolute the effects of the spectrometer resolution from the
phonon linewidths. The energy and linewidth of the mode are
fit to a two-phonon anharmonic decay model [34]:

o(T) = wy + wr(2ng(wo/2,T) + 1), 3

I(T) =To + Tr@np(wo/2,T) + 1), “

where w(T') and I'(T) are the energy and linewidth of the
phonon at temperature 7', wq is the bare energy, ['o is the
residual linewidth, and wg and I'g are fitting parameters.
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FIG. 2. Temperature dependence of the energy and linewidth
of the Aﬁ) phonon mode of Bi,Te;_,Se,. The energy (red) and
linewidth (black) values of the Ag) mode of (a) Bi,Ses, (b) Bi, Te,Se,
and (c) Bi,Te; are displayed in units of meV. The temperature de-
pendence of the energy and linewidth of the Ai) mode is fit to a
two-phonon anharmonic decay model [34].

The Aﬁ,) mode is well described by the standard two-phonon
anharmonic decay model, with residual linewidths consistent
with previous temperature dependence measurements indicat-
ing good bulk crystal quality, see Table III.

The discontinuity of the crystal structure at the surface
of BiyTe;_,Se, has several important consequences. Since
inversion symmetry is broken at the surface, the distinction
between Raman and IR-active phonons is lifted and both
types of modes are observable using the Raman probe. The
optical phonons at the surface are described by the irreducible
representations of the I" point. By making the approximation
that the crystal structure at the surface is comparable with
the bulk crystal structure, the surface phonons are classified
according to the corresponding bulk phonons they branch off
from. Under this assumption, the irreducible representations
of the optical surface phonons are 44| 4+ 4E. In the notation
used throughout this paper, W12 refers to the Raman-related
surface modes and W3 refers to the IR-related surface
modes, where W = A; or E; for example, the surface mode
counterparts of the A(ZL) and A(zi) modes are A?) and A§4). A

TABLE III. Residual linewidths I'y for the A(li,) phonon modes.
All values are given in units of meV.

Material This work Literature
Bi,Se; 0.08 0.06 [35]
Bi,Te,Se 0.20 0.39 [33]
Bi, Te; 0.07 0.09 [35]
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FIG. 3. High resolution x”(w) spectra of Bi,Te,Se and Bi,Tes. x”(w) spectra of Bi,Te,Se are taken in the (a) RR and (b) RL scattering
geometries. The modes labeled E® were previously reported [28], though their origin is unclear. x”(w) spectra of Bi,Te; are acquired in the
(c) RR and (d) RL scattering geometries. In all cases, the spectra were acquired at 15 K with 1.92 eV excitation energy, and are plotted in
semilog scale. (e) Phonon energy of Bi,Te;_,Se, as a function of Se concentration (x).

second important consequence is that the change in the crystal
field potential at the surface will be reflected in the differences
between the bulk and surface Raman spectra. For example, the
energy and linewidth of the surface modes will shift relative
to their bulk counterparts, indicating weaker or stronger bond
strengths. Thus, information about the electronic/vibration
properties at the surface may be inferred from the surface
Raman spectra.

The most distinctive surface related features are the A(IS)
and A(]4) surface phonons. In BiySe; and Bi,Tes, the A§4)
mode is the strongest surface mode [14,15], whereas in
Bi,Te,Se the A§3 ) mode is the strongest. However, the ma-
jority of surface phonon modes are more than an order of
magnitude weaker than their bulk counterparts, making their
observation difficult. In order to aid their observation, we
used polarization-resolved resonant Raman data to selectively
probe the different irreducible representations. The previous
Raman study used this method to identify the surface phonon
modes in Bi,Se; [14], therefore, we restrict our analysis to the
surface phonons in Bi,Te; and Bi,Te, Se.

In Figs. 3(a) and 3(b), we show the Raman response
function of Bi,Te,Se in the RR and RL scattering geome-
tries, respectively. The A(ll) mode (7.3 meV) is red shifted
(~0.7 meV) from the A(ll,) mode. The A(lz) mode is obscured
by the A7, feature, and therefore cannot be detected by this
method. The E and E® modes are not sufficiently red
shifted from their bulk counterparts to be detected. Lattice
dynamics calculations of Bi,Te,Se using density functional
theory (DFT) [29] suggest that the A; features at 15.2 meV
and 16.7 meV are the A(13) and A§4) modes, respectively. Sim-
ilarly, the E features at 7.8 meV and 14.9 meV are the E®
and E® modes, respectively [24,28,30,31]. In addition, we
detected several vibrational modes with spectral intensities
comparable to the surface phonons, labeled E*, that were
previously reported from IR spectroscopy measurements [28],
though their origin remains unclear.

In Figs. 3(c) and 3(d), we show the Raman spectra of
Bi,Te; in the RR and RL scattering geometries, respectively.
The A" (7.5 meV) and A” (16.7 meV) modes are red shifted
from their A, counterparts by 0.3 meV and 0.5 meV, respec-
tively. The A(l3) (10.3 meV) and A(l4) (14.0 meV) modes are red
shifted from their IR counterparts by 1.4 meV and 0.9 meV,
respectively [20]. Similar to the case of Bi,Te,Se, the EV
and E® phonons are obscured by their bulk counterparts. The
E® and E®™ surface modes appear at 7.1 meV and 12.3 meV,
respectively.

The shifts in energy of the surface phonons relative to their
bulk counterparts can be understood in the following way.
The small red shifting of the A; modes is due to the lack
of interlayer van der Waals restorative force on the vacuum
side of the surface layer [36]. The lack of energy shifting
by the £ modes suggests that the surface termination does
not significantly alter the in-plane bond dynamics. We may
infer, based on the similar character of the surface phonons
to their bulk counter parts, that the surface lattice dynamics
of BiyTe;_,Se, is nearly identical to the bulk. This is in stark
contrast to conventional 3D materials where the surface termi-
nation radically alters the structural and chemical properties of
the top-most atomic layers.

To further investigate the spectral characteristics of the
surface and bulk phonons, we collected the data by varying
excitation frequency w;. The relevant spectral characteristic
of interest is the integrated intensity of a particular mode as
a function of w;, Iy, (w;). The resonant enhancement factor
of Raman active phonons is correlated to transitions between
the initial and intermediate electronic states. Therefore, we
may deduce the evolution of the electronic energy gaps in
these materials by tracking I,,(w;). Moreover, the Fano an-
tiresonance effect on the surface phonons in BiySes [14,15]
can be studied in greater detail as both the Raman coupling
to the surface phonons and to the electronic continua is en-
hanced when incoming photon energy w; resonates with the
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FIG. 4. Resonant Raman excitation profile (RREP) of the major low energy spectral features in Bi,Te;_,Se,. (a)—(c) Integrated intensity
of the major bulk phonons, and (d)—(f) the A(l3) (Bi,Sez and Bi,Te;) or A(14) (Bi,Te,Se) surface phonon plotted against excitation energy ;.
The dotted vertical lines are to guide the reader’s eye. (g)—(i) Raman spectra for Bi,Te;_,Se, in the spectral region of the A(13) and A(14) surface
phonons with optical corrections, see Egs. (1) and (2). The PL signal was approximated to a linear background and subtracted accordingly. (j)
Model of the electronic band structure near the I" point for Bi, Te;_,Se,. The lowest energy surface states (SS1), and unoccupied topological
surface states (SS2) are depicted by red lines [13,18,19,37-39]. The bulk bands are shown in gray. (k) Evolution of the A; and A, energy gaps

as a function of Se concentration (x).

energies of interband transitions. The surface phonons were
fit using the local fits of the bulk phonons in closest in
proximity.

In Fig. 4, we show the resonant Raman excitation profile
(RREP) for the major spectral features in Bi,Te;_,Se, and
the corresponding electronic band gaps that can be deduced
from the peaks in I (w;). In Figs. 4(a)—4(c), we show the

I (w;) for the A“) A(li), and Eg(z) bulk phonon modes from

w; = 1.65-3.05 eV the Eg(l) phonon mode is not included as
its spectral intensity was insufficient for proper analysis. In
Figs. 4(d)—4(f), we show the I,,(w;) of either the A(S) or A(4)
surface modes as the excitation profile of the other mode could
not be determined. The dashed lines between the figures are
meant to guide the reader’s eye. In Figs. 4(g)—4(i), we show
Raman spectra for several excitations used in the RREP. The
electronic band structure of Bi,Te;_,Se, near the I' point is
illustrated in Fig. 4(j) [40], with the corresponding values of
the electronic band gaps A and A, plotted in Fig. 4(k).

The RREPs of the phonon modes can be understood by
considering the evolution of A; and A, with Se concentration.
The two resonances in the excitation profile in Bi,Se; at
1.9 eV and 2.6 eV correspond to the band gaps between
CBO and the third- and fourth-lowest conduction bands, CB2

and CB3, respectively [13,41]. In contrast, Bi,Te,Se and
Bi;Te; only possess a single peak in their excitation
profiles at ~2.2 eV and ~1.9 eV, respectively, corresponding
to the A, band gap. This is because the A; band gap is
smaller than 1.6 eV in these materials [13]. These results are
consistent with previous excitation dependent measurements
of BiySes and BiyTes [15]. However, previous studies only
employed three laser energies, making it difficult to find the
resonance peak and further correlate the resonance factor to
the band structure [42].

Finally, we determined the spectral properties of the elec-
tronic continuum that induces the Fano resonance of the A(l4)
surface mode of Bi>Se;. When an electronic continuum inter-
acts with a discrete phonon excitation, the Fano effect induces
an asymmetrical spectral lineshape of the phonon [43,44]. The
degree of asymmetry depends on several factors including the
electron-phonon interaction strength v, the electronic density
of states p(w), the phonon-light-interaction strength ¢, and
the continuum-light-interaction strength ¢, [44,45]. Therefore,
one may extract information about the continuum by tracking
the phonon lineshape as a function of excitation energy ;.

In principle, a surface phonon can couple to any electronic
continuum with the same symmetry where the transitioning
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electrons interact with the surface phonon. The “electronic
continuum” in this case is the Raman continuum of electron-
hole excitations that the surface phonon energy coincides
with. The strength of the interaction depends on several fac-
tors; in the case of Bi,Se; only a single continuum can couple
to the A(]4) mode. There are three low-energy electronic con-
tinua in Bi,Se; : the intraband surface continuum of SS1_ —
SS1, transitions [where SS1. refers to the upper (lower)
branches of SS1], the interband surface-to-bulk continua of
SS1_ — CBO, and SS1, — CBO transitions continuum.
Since the chemical potential crosses 150 meV above the Dirac
point, the onset of the intraband surface continuum is roughly
300 meV, which is well above A(14) mode energy. The onset of
the SS1_ — CBO continnum will be approximately 150 meV,
with transitions between the Dirac point and the CBO mini-
mum [12]. Thus, the A(14) mode falls only within the SS1; —
CBO continuum. Furthermore, if the SS1, — CBO continuum
is selectively enhanced using resonant Raman scattering, then
the effects of the other two continua are suppressed.

The lineshape of the Raman response for a phonon mode
interacting with an electronic continuum, x”(w), is described
in the following way [14,27,44,45]:

127 p(wo — @ — Vi /1)

X ) ™ o + (7 = o)

&)

where 1,, and t, denotes the vertices for the light scatting
processes, v is the electron-phonon interaction, wg is the
bare phonon frequency, y is the phonon half-width at half-
maximum, and p is the density of the relevant continuum
states. In Eq. (5), we have assumed that z, and v are frequency
independent constants for the given continuum. We have also
neglected the real part of the electronic self-energy and as-
sumed that v2p > y [14].

To determine the spectral properties of the SS1, — CBO
transition, we fit the A(]4) mode Raman spectra taken with
different w; using Eq. (5), where wy, y, v, and p are assumed
to be w;-independent constants. The factor #, strongly depends
on w; as it undergoes enhancement via the resonant Raman
process through SS1— SS2 dipole transitions.

In Fig. 5(a), we display fits to the A(14) surface mode data
in Bi,Se; for w; = 1.55—2.65 eV excitations. The fits capture
the strong Fano lineshape of the mode in the proximity of w; =
1.65 eV excitation, the reduction of the mode’s asymmetry
away from the resonance, and the excitation dependence of the
phonon-light interaction strength. We obtain electron-phonon
interaction strength v = 0.28 meV, which is similar to the
value from earlier study [14] (0.32 meV).

In Fig. 5(b), we show the evolution of #> and t[fh with ex-
citation energy w;. There are two resonances in the 2 profile:
one at w; = 1.65 eV due to SS1-SS2 transitions, and another
at w; = 2.5 eV due to SS1-CB3 transitions. Similarly, in the
tﬁh profile there is a weak resonance at 1.83 eV and a stronger
resonance at 2.55 eV. The onset of the SS1-SS2 transitions
is slightly below the A, transition, which is consistent with
the model of the band structure [Fig. 4(j)]. The offset between
the lower energy phononic and electronic resonances is likely
because the surface phonon couples stronger to SS1-CB2
transitions than to SS1-SS2 transitions. The pronounced Fano
lineshape of the AYU surface mode at w; = 1.65 eV is the
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FIG. 5. Fano resonance profile of Bi,Se; (a) Fano resonance of
the AYD surface phonon in Bi,Se; for different w;. The data is shifted
by a constant for each spectra for readability. (b) 7> and tlfh as a
function of excitation energy w;. Values are derived from the fit to
the Fano lineshape. The dotted vertical lines represent A; and A,
energies, see Fig. 4(j).

result of the strong resonance in ¢> and the relatively weak
resonance in ¢2, at this energy. Similarly, the A§4) surface
mode develops a more Lorentzian lineshape at w; = 2.5 eV
due to the broader and weaker resonance in ¢ and the strong
resonance in tﬁh at this energy.

IV. CONCLUSIONS

In conclusion, we have probed the surface phonons and
the continuum of electronic transitions between surface
conduction bands in Bi, Te;_,Se, using resonant Raman spec-
troscopy. By using polarization-resolved resonant Raman
spectroscopy, we observed the surface counterparts of the bulk
IR active phonons and the A; Raman surface phonons in all
three materials. The surface counterparts of the bulk Raman
active £, phonons were not sufficiently red shifted to be re-
solved for adequate analysis. We determined that the energies
of all phonon modes consistently harden with increased Se
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concentration. In Bi,Ses, the Afl) surface phonon undergoes a
strong Fano antiresonance when the principal surface bands
resonate with the next-lowest surface bands. This effect is
not observed in Bi,Te,Se or Bi,Te; as the band gap in these
materials is below the lowest laser energy of our setup. The
quantitative similarities between the resonance profiles of the
bulk and surface phonon modes is good evidence that the sur-
face modes in these materials are related to the corresponding
bulk phonons with renormalized energies due to their surface
discontinuity.
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