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We report the temperature-dependent band structure and energy dependence of the electron-phonon interaction
of the topological surface state (TSS) on the three-dimensional topological insulator Bi, Tes using angle-resolved
photoemission spectroscopy. Despite the nonrigid-band-like band modification as the temperature increases, the
degeneracy at the Dirac point (DP) was robust, indicating topological protection. The electron-phonon coupling
parameter depends on the initial-state electron energy, varying from 0.13 (at the DP) to 0.02 (100 meV above
the DP), in agreement with reported first-principles calculations. Our findings provide insight into the physical

properties derived from TSSs at finite temperatures.

DOLI: 10.1103/PhysRevB.106.L.121104

A three-dimensional (3D) topological insulator (TT), which
is a quantum state of matter under strong spin-orbit coupling
(SOC) and time-reversal symmetry, has attracted much in-
terest in the past decade [1-5]. Metallic topological surface
states (TSSs) inside the bulk band gap of 3D TIs degenerate
at the time-reversal invariant momentum (TRIM) and exhibit
a Dirac-fermion-like linear dispersion away from the TRIM
[2,3]. The electron spin and momentum directions of the TSS
are mutually locked due to the strong SOC, yielding a peculiar
helical spin texture in momentum space [6]. The helical spin
texture of the TSS suppresses backscattering due to lattice
defects or nonmagnetic impurities [7], leading to a prolonged
quasiparticle lifetime and enhanced electrical conductivity
and mobility. Furthermore, the metallic nature of the TSS is
robust under perturbations that conserve the Z, topological
invariants [3-5]. Three-dimensional TIs have attracted much
interest not only for their intriguing physical properties, such
as the quantum spin Hall effect [8], quantum anomalous Hall
effect [9], Majorana fermions in the superconducting state
[10,11], and magnetic monopole [12], but also for their po-
tential spintronic applications [13].

Physical properties are closely related to quasiparticle
properties at finite temperature, which can be formulated
by using a single-particle thermal Green’s function, which
includes a self-energy (X) incorporating many-body inter-
actions such as the electron-phonon interaction (EPI) and
electron-electron interaction [14—16]. The imaginary part of
the self-energy (ImX) is directly related to the reciprocal of
the relaxation time (1/7) at a given electron momentum and
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energy, and the average relaxation time at the Fermi surface is
proportional to the electrical conductivity and mobility, which
are essential parameters for electronic applications. The EPI,
in particular, plays a significant role in the transport proper-
ties at finite temperature [15,16], the temperature-dependent
reduction of the band gap [17,18], the temperature-induced
topological phase transition [19], and the enhanced thermo-
electric properties [20]. To clarify the superconductivity of
Bi,Se; observed upon Cu [11], Sr [21], and Nb [22] inter-
calation, the role of the EPI should also be characterized.

To date, intensive efforts have been applied to revealing the
EPI in the TSSs of prototypical 3D TIs, Bi;Se; and Bi,Tes
[23—-41]. Despite the expected suppression of back scattering
in the TSS [7], the transport measurements on BiySe; sug-
gested signatures of scattering due to the EPI [23,24]. To
directly probe the surface phonons on Bi,Ses; and Bi,Tes,
helium atom scattering (HAS) measurements have been per-
formed [25-30]. For Bi,Te;, HAS measurements indicated
that the EPI coupling parameter was in the range A., =
0.04—0.11 and depended on the carrier concentration [30].

High-resolution angle-resolved photoemission spec-
troscopy (ARPES) is a powerful tool for investigating
quasiparticle properties because the ARPES spectrum
corresponds to the imaginary part of the single-particle
Green’s function [42-44]. Temperature-dependent high-
resolution ARPES measurements revealed EPI coupling
parameters of A., ~ 0.25 [31] and A, ~ 0.076—0.088 [32]
for BipSe; and A, ~ 0.17 [33] for Bi,Tes. High-resolution
ARPES measurements further revealed a kink structure due
to the EPI in the energy band dispersion of the TSS near the
Fermi level (Ef) at low temperature [34,35]. Kondo et al.
[34] observed an extremely large coupling parameter of
Aep ~ 3, which was discussed from the viewpoint of coupling
to spin plasmons [45] and the Kohn anomaly of the surface
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phonon mode [25]. On the other hand, Chen et al. found
that the coupling parameters were A,, ~ 0.17 for Bi,Se3 and
Aep ~ 0.19 for n-type BiyTes [35]. They also found that the
EPI coupling parameter depended on the Ef position, from
Aep ~ 0 (p-type BirTe3) up to 0.19 (n-type BiyTes) [35].
Recent extensive first-principles calculations indicated that
the EPI coupling parameters were A, < 0.3 for Bi;Se3 and
Aep < 0.15 for Bio Tes, and the value of A., varied depending
on the initial-state electron energy [41].

Despite the significance of the initial-state electron en-
ergy dependence of the EPI coupling parameter in the
TSS, there has not been a systematic study on this is-
sue. Clarifying the determining factor of the magnitude of
the EPI and its influence on the quasiparticle properties
such as the lifetime is also required. In this study, there-
fore, we performed temperature-dependent high-resolution
ARPES measurements on n-type Bi,Te; single crystals.
We have revealed temperature-dependent nonrigid-band-like
band modification and the magnitudes of the EPI coupling
parameter as a function of the initial-state electron energy.
Our findings provide insight into the doping and temperature
dependence of the transport properties derived from the TSS
on 3D TIs.

First, we briefly summarize two methods to determine the
EPI coupling parameter based on the ARPES line-shape anal-
yses. One method is to analyze the kink structure or reduction
in the group velocity due to the EPI near the Ef at low temper-
ature. The group velocity of the energy band is reduced by a
factor of 1/(1 + A, ), where A, is the EPI coupling parameter
[34,35]. At finite temperatures, the coupling parameter due to
the EPI is defined as

dReX,,(k, w;T)

)Lep(l_éFvw =0;T)=— £ 0’

where ReX,, (k, ;T) is the real part of the self-energy due to

the EPI [15]. Via the temperature dependence of %, (/?, w; T),
the magnitude of the kink structure decreases as the tempera-
ture increases [15,27,46].

The other method is to use the slope of the tempera-
ture dependence of the imaginary part of the self-energy
|ImZeP(%, w; T)| at the initial-state electron energy @ mea-
sured from Er with a momentum k [31-33,43,44]. The
ARPES linewidth due to the EPI at k and w is given by

Lok, @, T) = 2[Im%,,(k,w; T)|
wp N
= 271/ do’F (k, w; ®) f(@ + o, T)
0
+ f(@— o, T)+2n(d, T)],

where n(w, T) is the Bose-Einstein function, f(w, T) is the
Fermi-Dirac distribution function, and wp, is the Debye energy
[15,44]. The function o?F (k, w; @) is defined by

PF(k w;0) =Y 8w — wp £ @)
-

N 2
X Y 18 (k1 G, v) 8@ — wg,0),

g,v

where ¢ and v represent the phonon momentum and phonon
mode index, respectively; g, is the energy of the phonon
with ¢ and v; and gi'f (E; g, v) is the matrix element of the
electron-phonon scattering from the initial-state electron with
k and o to the final-state electron with k + g and wy [41,44].
At elevated temperatures, kgT > wp, the temperature depen-
dence of the linewidth can be approximated by

Cop(k, 3 T) ~ C — 27 hgp(k, 0)kgT,

where C = 27 fow” o2F (k, w; ®)dé is a constant (temperature

independent), and

- “p azF(E, w,®)
Aep (k,w) =2 —d®
0 w

is the EPI coupling parameter at zero temperature at the fixed
initial electronic state with k and w. Therefore, the EPI cou-
pling parameter )»ep(lz, w) can be calculated from the slope
of the temperature-dependent ARPES linewidth T, p(%, w;T).
When the electron-phonon matrix element depends weakly
on the initial-state electron energy and the electron-phonon
scattering can be regarded as nearly elastic, namely, ® ~ wy,
assuming that |&/w| < |owp/w| < 1, we may have the relation

- . 2
@?F (k. 0:0) ~ D(@) Y 18" (k:G.v)[ (@ — wg,).
g,v
where D(w) = Zf d(w — wy) is the density of states (DOS) at

o. In this case, the magnitudes of ozzF(lz, w; ®) and xe,,(E, w)
are proportional to D(w) [41,44], which is indeed what we
observe in this study.

High-quality n-type Bi,Tes single crystals were grown by
a direct melt reaction method [47,48], as detailed in the Sup-
plemental Material [49]. The n-type sample is suitable in this
study because we can detect the conduction band (CB) and
evaluate the energy gap in the bulk. High-resolution ARPES
measurements were performed using a u-ARPES system
equipped with a high-resolution electron-energy analyzer (VG
Scienta R4000) and a focused ultraviolet laser (spot size <10
pm) with a photon energy of 6.3 eV [59]. The energy and
angular resolutions were better than 3 meV and less than 0.05°
(momentum resolution of 6 x 10™* 10\’1), respectively [59]. A
clean (001) sample surface was obtained in situ by cleaving
crystals using the top-post method under ultrahigh vacuum
with a pressure of 2.4 x 107" Pa and a temperature below
20 K.

Figure 1(al) shows the ARPES result, exhibiting a Dirac-
cone-like band dispersion of the TSS along the '—K
momentum direction at 17 K obtained from Bi,Te; sample
1. The CB exists near the Ef at the T" point, indicating that
the present sample is an n-type semiconductor. The ARPES
spectral features above the DP are more homogeneous and
narrower for the kj < 0 side than for the kj > 0 side. The
momentum-dependent photoemission intensity modulation is
also visible in the Fermi surface map in Fig. 1(c). These
results are likely due to the matrix element effect of the dipole
transition, which depends on the experimental geometry and
excitation photon energy [42]. Here, we examine the momen-
tum distribution curves (MDCs) for the k; < 0 side and above
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FIG. 1. ARPES intensity plots along T' — K of n-type Bi,Te; sample 1 at 17 K (al), 300 K (a2), and 17 K after the heating and cooling
processes (a3). (b) ARPES intensity plot of BiTe; sample 2 at 17 K. Red arrows in (al)—(a3), and (b) indicate Dirac point (DP) position. (c)
Observed Fermi surface of sample 1 measured at 17 K. (d) Band points evaluated near the Er determined by the MDC analyses (red circles)
of the data shown in (al). To see the linearity, we plotted a dotted line (blue) connecting a band point at Er and a band point at —100 meV. (e)
Temperature-induced energy shift in the DP energy (Ep). The Ep of sample 1 was determined in the heating process from 17 to 300 K, and
that of sample 2 was determined in the cooling process from 300 to 17 K.

the DP energy, and analyze the peak position by fitting to a
Lorentzian function [60].

As the surface Debye temperature of Bi,Tes; was reported
to be ®p =81 £6 K (wp = kg®p ~ 7 meV) [30], the kink
structure should exist within this energy range near Eg [61].
The solid red circles in Fig. 1(d) show the evaluated band
points, which lie along the blue dashed line connecting two
points, one at Er and another at —100 meV. This indicates
that there is no appreciable kink structure in the energy band
dispersion at 17 K.

The DP energy (Ep) is 320 meV at 17 K [Fig. 1(al)], and
Ep is 255 meV at 300 K [Fig. 1(a2)], implying that the TSS
carrier density decreases as the temperature increases [62,63].
We cool the sample to 17 K after 58 h of cleaving and obtain
an ARPES spectrum, as shown in Fig. 1(a3). Even after the
heating and cooling processes, the ARPES linewidth and Ep
of ~321 meV at 17 K are highly reproducible. Furthermore,
the ARPES spectrum at 17 K of sample 2, as shown in
Fig. 1(b), exhibits Ep ~ 327 meV and the MDC peak widths
that are almost identical to those of sample 1. Figure 1(e)
shows that the temperature dependence of the Ep value during
the heating of sample 1 and that during the cooling of sample 2
are almost the same, confirming the reproducibility of these
observations [49,64].

Figure 2(a) shows the energy distribution curves (EDCs) of
sample 1 at the T" point at 17 and 300 K. The DP peak and the
valence band (VB) peak are shifted upwards, i.e., closer to the

Ey, as the temperature increases. Note that the peak separation
between the DP and VB peaks was reduced from 79 meV at
17 K to 64 meV at 300 K. To examine the temperature de-
pendence of the energy gap in the bulk, we analyze the EDCs
and evaluate the energies for the VB peak (Eygp) and conduc-
tion band bottom (Ecgg) positions at the T" point [Fig. 2(b)].
Here Ecpp was determined by the zero-point crossing energy
of the tangent line of the CB spectral feature. In Fig. 2(b),
Eypp increases as the temperature increases, while Ecggp is
almost constant over temperature. Consequently, the energy
difference [AE(T) = Ecgg(T) — Evgp(T)] decreases as the
temperature increases, as observed in other semiconductors
[17,18]. The temperature-dependent energy shift or reduction
in the band gap is formulated by

AE(K, w;T):/wacbaZF(lz, a);d))[n(d), T)+%] (17].
0

Note that at high temperatures where kg7 > w + wp or
large electron excitation energies where |wp/w| < 1, the
right-hand side is proportional to %lImEep(%, w; T)| because
we obtain the relation f(® + w, T) + f(&® — w, T) ~ 1. Fig-
ure 2(c) shows the evaluated temperature dependence of the
imaginary part of the self-energy at |l?| =0 and w = Ep,
—ImX,, (k| =0, w = Ep; T) [49]. To confirm the relation
between the energy gap and the imaginary part of the self-
energy at the T' point, we plotted AE((T) as a function of
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FIG. 2. (a) EDCs of sample 1 at the T" point at 17 K (red) and 300 K (green). Solid black lines show the fitting results using a single Voigt
function. (b) The lower panel depicts the energy position of the VB peak (Evgp) and CB bottom (Ecgg). The upper panel shows the temperature
dependence of the energy difference AE|(T) = Ecgp(T) — Evgp(T) at the T point. (c) Temperature-dependent |Im2(|lz| =0,w=Ep;T)| at
the DP obtained from the EDC linewidth. The grey shaded areas in (b) and (c) show the reported surface Debye temperature, ®p = 81 £ 6 K
(wp = kg®p ~ 7 meV) [30]. (d) Plot of AE|(T) as a function of —ImX (0, Ep; T') with a line fit. (¢) Temperature dependence of the wave
vector (k) and the group velocity (v) at a fixed energy (100 meV above the DP) on sample 1. (f) Schematic diagram of the temperature-

dependent nonrigid-band-like band modification.

—ImZX,,(0, Ep; T') in Fig. 2(d). One can clearly see a linear
relation between these two quantities, indicating that the tem-
perature dependence of the energy gap in the bulk is closely
related to the self-energy due to the EPI. Note that the contri-
bution of the EPI to the temperature dependence of the energy
gap is larger than that of the thermal expansion [65]. Although
the thermal expansion contribution is not negligible, these two
contributions show similar temperature dependence at high
temperatures [65].

Recently, Nayak er al. reported a similar temperature
dependence in the TSS on Bi,Te,Se and explained this
phenomenon through the temperature-dependent chemical
potential shift, w(T)= EF—%“%(/@T){ where Ep =
w(T = 0) is the Fermi level, D(EF) is the DOS at the Eg, and
D'(Er) is the gradient of the DOS at the Eg [66]. If the Eg
is closer to the bottom of the CB, as in the present case, and
the gradient of the DOS is positive, i.e., D'(Er) > 0, then the
chemical potential decreases as the temperature increases and
the CB and VB peaks shift towards higher energy by the same
amount. However, this is not what we observe in Fig. 2(b),
indicating the significant role of the EPI.

As described above, the temperature-dependent band mod-
ification is obviously nonrigid-band like. Then, we examine
the temperature dependence of the band dispersion of the
TSS in more detail. In Fig. 2(e), we plot the temperature
dependence of the wave number (k) and the group velocity
(v) at the initial-state electron energy of 100 meV above
the DP and along the I'—K momentum direction. Note that
v is identical to the Fermi velocity vg, as the linearity of

the TSS band dispersion holds at each temperature. We can
clearly see an increase in k and a decrease in v as the tem-
perature increases. This indicates that the band dispersion
of the TSS is compressed along the energy direction, as the
energy gap in the bulk decreases as the temperature increases.
Figure 2(f) shows a schematic diagram of the temperature-
dependent nonrigid-band-like band modification observed in
this study. Despite the nontrivial temperature-dependent band
modification, we cannot detect any appreciable gap opening
at the DP. Figure 2(a) shows the fitting results of the EDCs
at 17 and 300 K using a single Voigt function. This confirms
that the TSS is robust against bulk band modification derived
from the EPI at finite temperatures, which is consistent with
topological protection [3,4].

The upper panel of Fig. 3(a) shows the EPI coupling
parameter A.,(w’) as a function of the initial-state electron
energy measured from the DP energy (o' = w — Ep; here,
Ep is set to zero) along the '—K momentum direction. The
coupling parameters obtained from the MDC and EDC anal-
yses agree well with each other. The EPI coupling parameter
takes a maximum value of A., ~ 0.13 at the DP (o’ = 0), then
decreases with increasing @’ and takes a minimum value of
Aep ~ 0.02 at ' ~ 100 meV. Then, the coupling parameter
slightly increases as the energy increases up to A, ~ 0.06
at ' = 250 meV. Despite the temperature-dependent energy
shift, when we evaluated the magnitude of the EPI coupling
parameter at Er, we obtained A, ~ 0.05 [49]. For compar-
ison, we plot the theoretical coupling parameters obtained
from the first-principles calculations [41] in Fig. 3(a). The
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FIG. 3. (a) The upper panel shows the EPI coupling parameter as

a function of initial-state electron energy with respect to the DP (w')

obtained from EDC analyses (open red circles) and MDC analyses (filled red circles). The filled green circle shows the EPI coupling parameter
at Er obtained from the MDC analyses, where the horizontal error represents the temperature-induced energy shift [49]. The blue stars represent
the theoretical EPI coupling parameter extracted from Ref. [41]. The lower panel illustrates the experimental —ImX(w, T) at 17 K (red),
theoretical DOS (blue), and angle-integrated photoemission spectrum (AI-PES in green). (b) Constant energy contours at 17 K showing the
appearance (left, ' = 95 meV) and disappearance (right, ' = 100 meV) of the VBM. (c) ARPES intensity plot along ['-M at 17 K. Here we

used sample 1.

theoretical EPI coupling parameter is A., ~ 0.1 near the DP
and reduces to A, ~ 0.03 at 150 meV above Ep [41]. Note
that the magnitude and the initial-state electron energy depen-
dence of the coupling parameter of the experiments and the
first-principles calculations agree well. Our results are also in
line with a previous ARPES study, where ., ~ 0 at 100 meV
above DP (p-type BiyTes) [35].

First-principles calculations have revealed that the magni-
tude of the coupling parameter mainly depends on the number
of scattering channels rather than the momentum dependence
of the EPI matrix element [41]. Hence, the coupling parameter
varies in accordance with the theoretical DOS, as shown in
the lower panel of Fig. 3(a) [41]. To confirm this point, we
show the imaginary part of the self-energy —ImZ(k, o', T)
obtained at 17 K [49] and the angle-integrated photoemis-
sion spectrum (AI-PES) in the lower panel of Fig. 3(a). Note
that at a photon energy of hv = 6.3 eV, angle integration is
performed only around the TSS over the momentum range
of at most Aky ~ 0.34 A~'. Therefore, the AI-PES mainly
reflects the DOS derived from the TSS [67]. The energy de-
pendence of the EPI coupling parameter coincides well with
that of —ImE(lz, w'; T), which clearly indicates a correlation
between A(w’) and the scattering probability. If we compare
—ImX (l_c), ®';T) and the AI-PES, then the enhancement of
—ImX (1;, ®'; T) near the DP is more rapid, which suggests
more scattering channels into the bulk band near the DP.

The peak at @ = 230 meV in the AI-PES originates from
the maximum of the TSS band along the I'—M momentum
direction, as shown in Fig. 3(c). Therefore, the similarity of
the TSS-derived AI-PES and —ImZ(E, ®'; T) in the energy
dependence at approximately @’ = 230 meV indicates that
the scattering channel is mainly restricted inside the TSS. The
magnitude of the EPI coupling parameter and —ImX% (k, & T)
reach the minimum at approximately 100 meV above the DP,
where the valence band maximum (VBM) exists along the
I'—M momentum direction, as seen in Fig. 3(b). Based on
these theoretical results and our experimental results, the EPI
coupling parameter in the TSS is weak, at most 1., ~ 0.1,
which is consistent with the lack of an appreciable kink struc-
ture within the Debye energy range, as shown in Fig. 1(d) at 17
K. Our results indicate that EPI scattering can be minimized
if we adjust the Ef position to approximately 100 meV above
the DP in the case of Bi,Tes.

In conclusion, we examined the temperature-dependent
band structures and energy dependence of the EPI of the
TSS on n-type BiyTe; using high-resolution ARPES. We
found that the temperature-dependent band modification was
nonrigid-band like and that the EPI played a significant role at
finite temperatures. Despite the temperature-dependent band
modification in the bulk, the degeneracy at the DP was robust,
showing topological protection. The EPI coupling parameter
varied from 0.13 (at the DP) to 0.02 (100 meV above the DP),
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which was consistent with the reported first-principles calcu-
lations. The imaginary part of the self-energy indicated that
the EPI coupling parameter was determined by the number
of scattering channels. Our results provided insight into the
physical properties at finite temperatures originating from the
TSS on 3D TlIs.

The ARPES measurements were performed under Pro-
posal No. 19BG053 and No. 20AUO019 of the Hiroshima
Synchrotron Radiation Center. We thank N-BARD, Hi-
roshima University, for supplying liquid helium. This work
was supported by JSPS KAKENHI Grant No. 22K03495.
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