PHYSICAL REVIEW X 13, 041050 (2023)

Ultrafast Measurements of Mode-Specific Deformation Potentials of Bi,Te; and Bi,Se;
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Quantifying electron-phonon interactions for the surface states of topological materials can provide key

insights into surface-state transport, topological superconductivity, and potentially how to manipulate the
surface state using a structural degree of freedom. We perform time-resolved x-ray diffraction (XRD) and
angle-resolved photoemission (ARPES) measurements on Bi, Te; and Bi,Ses, following the excitation of
coherent A;, optical phonons. We extract and compare the deformation potentials coupling the surface

electronic states to local A, -like displacements in these two materials using the experimentally determined

atomic displacements from XRD and electron band shifts from ARPES. We find the coupling in Bi, Te; and

Bi,Se; to be similar and in general in agreement with expectations from density functional theory. We
establish a methodology that quantifies the mode-specific electron-phonon coupling experimentally,

allowing detailed comparison to theory. Our results shed light on fundamental processes in topological

insulators involving electron-phonon coupling.
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I. INTRODUCTION

Electron-phonon interactions are of fundamental impor-
tance in condensed matter. In the case of topological
insulators the scattering properties of their topological
surface states (SS) have a direct impact on their application
to energy-efficient electronics [I-5]. Previous studies
employed a variety of methods to study the electron-phonon
coupling: self-energy analysis in angle-resolved photoemis-
sion (ARPES) [6-10], helium atom scattering [11,12], and
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transport measurements [13]. The metal-intercalated
Bi,Se; family of topological insulators are also topological
superconductor candidates [14—18], where electron-phonon
coupling potentially mediates unconventional pairing sym-
metries [19]. Therefore, quantifying the mode-specific
electron-phonon coupling may benefit the search for and
understanding of topological superconductors. Studying
electron-phonon coupling is also beneficial for understand-
ing and designing functional topological materials. For
example, the SS has been predicted to facilitate certain
chemical reactions [20,21], among which some benefit
from phonon participation [22]. Finally, electron-phonon
interactions hold implications for optical control of matter
[23,24], for example, by ultrafast manipulation of SS
transport [25], or by exciting certain lattice degrees of
freedom to switch topological phases [26-29].

The deformation potential (DP) quantifies the electron-
phonon coupling of a specific electronic band to a specific
phonon mode as the change of electronic energy for a given
lattice displacement [30]. Here, we report ultrafast mea-
surements of band- and mode-specific DPs in the proto-
typical topological insulators Bi,Te; and Bi,Se;. We
measure the DPs of the SS coupled to A, phonons by
combining the atomic displacements measured by XRD
with the energy shift of the SS measured by time-
resolved ARPES.

Before laying out our multimodal methodology in more
detail, we provide a brief overview of other ARPES-based
techniques used to quantify electron-phonon coupling. In
equilibrium ARPES, electron-phonon coupling introduces
kinks into the band dispersion which can be quantified via
self-energy analysis to extract the dimensionless electron-
phonon coupling constant A [31]. This approach requires
the assumption of a bare band dispersion and consider-
ation of g-dependent electron coupling [32]. For q = 0
coupling, shakeoff bands may develop and together with
theory 4 can be estimated from their intensity ratios [33].
In time-resolved ARPES [34], electron-phonon coupling
contributes to incoherent relaxation dynamics, character-
ized by nonoscillatory evolution of populations and
spectral functions. This can be modeled by coupled heat
baths of electrons and phonons [35] together with trans-
port effects [36]. Individual modes are not resolved, and
only the mode-weighted coupling 4 is extracted [37].
More recently, discretized population dynamics due to
scattering with strongly coupled high-energy phonons
were observed [38], which permits mode assignment
and calculation of the electron-phonon coupling matrix
element. In general, for incoherent responses, care must
be taken to avoid ambiguity between population relaxa-
tion times and single-particle lifetimes [39]. In time-
resolved ARPES, electron-phonon coupling may also
manifest as coherent oscillations in binding energies or
intensities. This complements self-energy analysis in
equilibrium by increased sensitivity to low-frequency

modes and selectivity of only Raman-active modes near
q = 0. The amplitude of coherent electron-band oscilla-
tions by itself, however, only quantifies relative momen-
tum- and band-dependent coupling strengths [40—42].
Quantitative extraction of mode-specific deformation
potentials can be achieved with minimal modeling by
combining shifts in the band energy obtained from time-
resolved ARPES with shifts in atomic positions through
time-resolved diffraction experiments following the sud-
den excitation of carriers and coherent phonons, as
demonstrated by Refs. [43,44]. However, as we shall
show in this work, additional quantitative uncertainties
need to be considered due to different experimental
conditions in ARPES and scattering experiments.

We find that the experimental DP of the Aglg) phonon
mode is 1.4 times larger in Bi,Tes than in Bi,Se;. Within
experimental uncertainties the DPs are similar and on the
order of 2 meV/pm. This qualitatively agrees with the
naive expectation for two isostructural and isoelectronic
materials and notably is a factor 5 smaller than in the
strongly correlated superconductor FeSe [44]. Predictions
from density functional theory (DFT) match experimental
values within a factor of 2.5. DFT correctly predicts a larger
DP in Bi, Tes than in Bi,Se;. Constrained DFT calculations
of the excited state reproduce the experimentally observed
mode softening well. The consistent experimental values
and their general agreement with theory validate our
experimental and theoretical concepts while also pointing
to their challenges. Our mode- and band-specific measure-
ment of the DPs in prototypical topological insulators
contributes to a microscopic understanding of SS transport
where electron-phonon coupling is an important contribu-
tion to the scattering rates. The methodology we lay out
could also be useful for the investigation of topological
switches induced by structural change since one can
monitor the structural change with XRD while observing
the topological state with ARPES.

In the following, we define the DP with respect to A,
modes and the SS in Bi,Te; and Bi,Se; as

_AEY

DP = —55., (1)
Ugs

Ay L
where ugg’ is an atomic displacement near the surface
projected onto the bulk A;, mode eigenvector [as shown in
Fig. 1(a)] and averaged over the spatial extent of the SS.
This definition allows us to formally define a surface
deformation potential relative to a bulk phonon, even
though the interatomic forces near the surface may be
subtly different from true bulklike forces. AEgé” is the
energy shift of the SS induced by the atomic displacement
along the A;, mode eigenvector. Below we choose to

lg

e Ay, . .
quantify ugg" with respect to the bismuth displacements for
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convenience in comparing the two materials. We suppress
Ay, to simplify the notation in the following.

When combining XRD and ARPES data to calculate
DPs, we need to account for the fact that the two methods
are, respectively, bulk- and surface-sensitive probes. This is
important because the finite penetration depth of the pump
laser leads to diffusion of excited carriers and in turn to an
inhomogeneous phonon displacement inside the probed
volume of the sample. This can lead to systematic errors in
the analysis that require correction depending on the
experimental details. For example, the study in Gerber
et al. [44] utilized FeSe films with a thickness comparable
to the optical penetration depth; thus a quantitative cor-
rection due to diffusion is minor. In contrast, we require
substantial corrections for the thicker Bi,Te; and Bi,Se;
samples studied here.

The paper is organized as follows. First, we present the
time-resolved ARPES and XRD experiments in Sec. II. We
then detail the DP calculations in Sec. III, where, guided by
simulations, we correct for methodological effects. In
Sec. IV, we summarize the DFT calculations. In Sec. V
we conclude our findings and suggest systematic improve-
ments for future work.

II. EXPERIMENTAL DETAILS

In the XRD and ARPES experiments, Bi,Se; and Bi, Te,
are pumped at room temperature with ultrafast 1.55 eV
laser pulses. This excites fully symmetric coherent optical
Ay, phonons that produce modulations in the XRD inten-
sities from which we extract the amplitudes of phonon
motions. The coherent A, phonons also induce electron
band shifts via electron-phonon coupling, producing oscil-
lations in electron band energies which we quantify using
time-resolved ARPES.

We first describe the experiments on Bi,Te;. The atomic
motion diagram in Fig. 1(a) shows the two A}, modes. To
extract the phonon amplitudes, we performed time-resolved
XRD at the X-ray Pump-Probe (XPP) instrument of the
Linac Coherent Light Source (LCLS) using 9.5 keV photon
energy and a 50 nm Bi,Te; film on sapphire. Both the
optical laser and the x-ray laser are grazing incident on the
sample in order to match their penetration depths. The time
resolution is approximately 50 fs, taking into account the
laser and x-ray pulse duration, after the correction of timing
jitter between them. That is, the time resolution is given by
the cross-correlation of the pump and the probe. Figure 1(b)
shows the normalized time-dependent diffracted intensity

AI/I of the (556) peak, which is sensitive to both A}

(1.8 THz) and Ag? (3.9 THz) modes, as evidenced by the
Fourier transform in Fig. 1(c). The A, phonons are
launched through the displacive excitation of coherent
phonons, where the quasiequilibrium phonon coordinates
are suddenly shifted upon photoexcitation [45]. The photo-
excited forces drive the phonon motion along [111] (see

Appendix A for the rhombohedral primitive unit cell),
illustrated with the purple (A(llg>) and green (A(12g>) arrows in
Fig. 1(a). The time-dependent intensity modulations can be
described as damped harmonic oscillators, each parame-
trized by an amplitude, a frequency, a damping constant,
and an initial phase. We extract these parameters using a
linear prediction singular value decomposition (LPSVD)
method [46,47]. The initial phases of modes are approx-
imately either O or 7, subject to the uncertainty in time zero
(which is approximately the quoted time resolution for each
experiment). Using the method similar to Ref. [48], we are
able to annotate the atomic motion as shown in Fig. 1(a).
The fact that the initial phases of atomic displacements are
approximately either O or z implies that the photoexcited
electron density produces effectively instantaneous forces
on atoms, which remain approximately constant over the
considered time interval. This physically corresponds to
sudden shifts in equilibrium atomic positions, which is
compatible with the assumptions of our constrained DFT
(CDFT) model (see below). The inset of Fig. 1(c) shows the
fluence dependence of the normalized amplitude Al/1. We
constrain the linear fits (broken lines in the inset) to
intersect the origin because the coherent atomic motion
amplitude is zero without optical excitation. The intensity
modulation amplitude is converted to vibrational mode
amplitude using the phonon eigenvector experimentally
determined by measuring multiple Bragg peaks (see
Appendix A).

To extract the electron band energy shifts induced by
coherent phonon motion, we performed time-resolved
ARPES measurements on Bi,Te; in our time-resolved
ARPES laboratory. A single crystal of Bi,Te; was cleaved
in ultrahigh vacuum and probed using 6 eV UV laser with
an overall time resolution of 60 fs, representing the cross-
correlation between the near infrared (NIR) pump and UV
probe pulses. The photoexcited ARPES spectrum at a delay
time of 510 fs is shown in Fig. 1(d), with the SS (yellow)
and conduction band (CB, red) denoted by the boxed
regions. We fit the peak position of each energy distribution
curve as a function of delay and parallel momentum k|| for
the SS along I'-K. We find negligible dependence on k|
(see Appendix B) and therefore average the time-resolved
energy shifts over kj within the indicated region to
maximize the signal-to-noise ratio for the subsequent
analysis. We note that the bulk states disperse in three
dimensions, and there is substantial uncertainty in the
probed out-of-plane momentum component K, which
precludes a quantitative analysis of the bulk bands [49].
In contrast, the SS has no k ;| component and is therefore
not subject to this ambiguity. Figure 1(e) shows the k-
averaged energy shifts of the SS as a function of fluence.

(1)
lg

Aﬁ) peaks with shoulders associated with the surface
termination [50,51]. The main peaks have the same

The Fourier transform in Fig. 1(f) shows two main A, ' and
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FIG. 1.
modes of Bi, X3 (X = Se, Te), in purple (A(li})) and green (A E?) arrows, illustrating direction of atomic motion (along [111]) upon
photoexcitation of the 1.55 eV laser. In the experiment, x-ray and NIR pulses are both grazing incident to match their penetration depth.
Sample normal [111] is demonstrated with broken arrow. (b) Time-resolved diffraction of Bi, Te; (556) peak for different fluences. Data

taken at LCLS. (c) Fourier transform of (b). Inset shows linear fluence dependence of A(llg) and A(é) mode induced (556) peak diffraction
amplitudes Al/I. (d)—(f) Time-resolved ARPES. (d) The electron population at the delay of 510 fs. The boxed area corresponds to a
region of interest for the SS (yellow box) and conduction band (CB, red box). In the ARPES experiment, the incident angle of the NIR

pump and UV probe are both 50°. The A;, phonon-induced SS shift directions can be obtained from the initial phase of the coherent

Room temperature time-resolved measurements on Bi; Tes. (a)~(c) Time-resolved XRD. Panel (a) shows two A}, phonon

oscillation, as indicated by purple (A(lz)) and green (A(fq)) arrows. (e) Averaged energy shift of SS (AEgg) in the yellow region of interest

(1)

1o and

in (d). (f) Fourier transform of (e). Inset shows linear fluence dependence of SS energy modulation amplitude A Egg induced by A
Ag? mode.

frequency as the modes coupling to the bulk conduction  adiabatically the ionic motion, consistent with the

band [51] and we assign them to bulklike q = 0 modes
which can be compared to the modes measured by XRD.
The amplitudes extracted from LPSVD are linearly depen-
dent on fluence, as shown in Fig. 1(f), inset. We checked
the results of LPSVD by comparing the fitted spectra to the
real and imaginary parts of the measured Fourier spectrum
and found good agreement. Note that as in time-resolved
XRD, the phases of each coherent oscillatory component
are approximately either 0 or z up to uncertainty of
time zero, which suggests that electron band shifts follow

Born-Oppenheimer approximation and DFT calculations
(see below). The electron band shift directions can be
annotated as in Fig. 1(d). The fact that both coherent atomic
motion and coherent electron band shifts have an initial
phase close to 0 or 7 also allows us to determine the sign of
DPs as defined in Eq. (1).

We now discuss the experimental details for measuring
the deformation potential of Bi,Se;. We performed dif-
fraction measurements at SACLA-FEL on both Bi,Se;
and Bi,Te;. The pump laser is 1.55 eV, which was
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FIG. 2. Room temperature time-resolved measurements com-
paring photoexcited Bi,Te; and Bi,Ses. (a) Bi,Te; and Bi,Se;
time-resolved XRD on peak (445) measured at SACLA. The data
are grouped into three levels of similar absorbed fluences. The
intensity modulation of Bi,Te; is consistently around 3 times
larger than Bi,Se;. (b) Linear fluence dependence of uPl. The
similar slopes of linear fits on Bi,Te; and Bi,Se; show that their
Bi atoms are driven at similar amplitudes. (c) Bi,Te; and Bi,Se;
time-resolved ARPES measurements of SS at similar absorbed
fluences. (d) Fourier transform of (c).

approximately colinear with the 9.5 keV hard x ray at
grazing incidence to the sample. The time resolution is
estimated to be 50 fs. In this experiment, Bi,Se; was a
90 nm film on BaF, while Bi,Te; was a 200 nm film on
sapphire. The two thin film samples were mounted side by
side with their surface normals aligned to within the order
of 0.01°. This alignment ensures that systematic errors in
the incident fluence calibration between the two materials
are negligible in the XRD experiment.

Figure 2(a) shows raw data (dots) and fit (solid lines) of
the Bi, Te; and Bi,Se; diffraction intensities on Bragg peak
(445). Data are grouped by similar absorbed fluence after
accounting for differences in the film thickness and optical
absorption (see Appendix D) and offset for clarity. Since

2
the A(lg)

the atomic motion of the A

mode was not resolved in Bi,Ses;, we only present

(1)
lg

diffraction intensity modulations of the Bi,Te; A(l? mode

mode. From Fig. 2(a), the

are consistently about 3 times larger than in Bi,Ses.

Meanwhile, the (445) peak sensitivity to Agi) distortion
is about 3 times larger in Bi, Te; than in Bi,Ses, due to their

different eigenvectors. Therefore, the computed displace-
ments uxrp Oof Ailg) in the two materials are concluded to be

similarly driven, see Fig. 2(b), where the slope of linear fit
(broken lines) to Bi,Te; is a factor of 0.88 lower
than Bi,Se;.

The SS energy shifts in Bi,Se; were measured with time-
resolved ARPES under the same conditions as Bi,Te;,
but with a slightly worse time resolution of 85 fs. In
Fig. 2(c) we show the SS energy shifts for both materials at
similar absorbed fluences. As seen from the Fourier trans-
forms in Fig. 2(d), Bi,Se has both A{}) (2.2 THz) and A}
(5.2 THz) phonons, similar to Bi,Te;. The frequencies of
Bi,Se; A;, phonons are higher than those in Bi, Te; largely
due to the lower average atomic mass. Analysis of the
ARPES data shows that while the overall band shift is
substantially larger in Bi,Ses;, the oscillatory component

corresponding to the A(IL) mode in Bi, Tej; is a factor of 2.05

larger than in Bi,Se; for the same fluence.

Though we only focus on the coherent components of
the time-resolved ARPES signal, we offer several possible
reasons for the exponentially decaying incoherent back-
ground. A possible contribution to band-shifting dynam-
ics is from surface photovoltage, which generates long-
range electric fields that couple to the photoelectron
trajectories following photoexcitation. The other contri-
bution may be from electronic heating effects and the
ensuing coupling of electrons to other excitations, includ-
ing other electron-phonon coupling channels. As the
electrons cool they generate phonons throughout the
Brillouin zone in an incoherent fashion. These effects
can be material dependent. But we emphasize that we only
extract the magnitude of the shift from the coherent
oscillation amplitude (up to correction factors discussed
from here on).

III. CALCULATION OF DEFORMATION
POTENTIALS

This section first discusses the calculations of Bi,Tes
DPs, which use numerical simulation to correct for intrinsic
and extrinsic effects. We separately consider each effect
below to provide the reader with intuition about the various
ingredients and how to estimate their relative contributions.
We then discuss the calculations of Bi,Se; DP, which
is based on properly scaling the results of Bi,Te; we
established previously.

A. Calculations for Bi,Te;: Intrinsic effects

To compute the DP from experimental quantities, ideally,
the measurements would be performed under identical
pump conditions. For a given sample and pump wave-
length, it means measurements would be performed at the

041050-5
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same fluence F. Experimentally, it is convenient to measure
the linear F' dependence of the displacements and energy
shifts, and use the fitted slopes to determine the DP:

(dAEgs/dF)

PP = s/ dF)

(2)

ARPES measures directly the SS energy shift (AEgg),
while XRD measures a weighted average of the atomic
displacements over the probed region of the sample
(uxrp # Uss). Above we defined ugg in Eq. (1) as a
weighted average over the SS wave function extension.
This brings uncertainties intrinsically related to the nature
of the measurements which need to be addressed before
Eq. (2) can be applied to compute the DP. To address this,
we rescale the XRD measurements to give the atomic
displacements in the vicinity of the SS:

7]
Uss = <ﬁ o8 >”XRD- (3)

XRD

Quantities with tildes are obtained from simulations.
The factor (iigg/iixrp) is the simulated ratio between the
average displacement iigg over the spatial extent of the SS
and the average displacement iixgp measured by XRD. As
we shall show, this ratio can be calculated by modeling the
generation process of the depth-dependent coherent pho-
non field u(z,t). For conceptual clarity, we begin by
neglecting diffusion and recombination, and return to
examine them later in this section.

The depth dependence of XRD is given by the x-ray
penetration depth, which, for Bi,Tes, is 55 nm for our
experimental condition (x-ray grazing incident at 0.5°. In
contrast, the SS wave function extends only ~1 nm from
the surface [52]. These length scales are denoted by 1/a;,
where (i = XRD) corresponds to the x-ray penetration
depth at the incident angle in an XRD measurement, and
(i = SS) corresponds to the spatial extent of the SS wave
function. The change in scattering intensity in XRD is
taken to be a weighted average of the phonon amplitude
over the probed region. Similarly, the energy oscillation of
the SS is given by displacements averaged over the extent
of its wave function. These weighted averages can be
written:

B fOL" dzexp (—a;z)u(z, 1)
Jo' dzexp (—a;2)

i;(1) (4)

where L; represents the thickness of the sample. To
compute the displacements u(z,t), we model u(z,?) as a
harmonic oscillator displaced to a new quasiequilibrium
coordinate u'(z, 7) [45]:

T ufPlute) = (0] - i), (5)

where f is the frequency and y is the damping rate.
The displaced coordinate u'(z, ) is proportional to the
photoinduced carrier density n(z, t), which has the initial
condition:

n(z, 1= 0) o exp(=aoz), (6)

where o (1/ay = 15 nm) is the absorption coefficient of
the pump. Neglecting diffusion and recombination, the
carrier density is static, and Eq. (6) is applicable for all
times ¢ > 0; that is, n(z,t>0)=n(z,t=0). From
Egs. (4) and (6) we obtain

a; 1— e_(aU‘Hxi)Li

=t
I

1o a+ay 1—euli 7 7
where u represents the displacement at z = 0. We find that
the rescaling factor is (iigg/lixrp) = 2.6, which shows
that XRD probes a deeper region in which the weighted
average displacements are substantially attenuated com-
pared to the surface.

We now examine the possible role of carrier diffusion
and recombination, which redistribute carriers following
photoexcitation and can therefore introduce a time and
depth dependence to the phonon driving forces. To moti-
vate this discussion, we compute a back-of-the-envelope
estimate of the relevance of diffusion: Using the carrier
diffusivity of Bi,Tes, D, = 520 nm?/ps [53], we estimate
a characteristic diffusion timescale of 1/(D,a3) ~ 0.4 ps.

This is comparable with the phonon period for qu) of

0.25 ps. We conclude that diffusion redistributes carriers on
a timescale comparable to that of the coherent phonon
generation process, and its effect on the driving forces
should be investigated.

To quantitatively model the effect, we retain Eq. (6) as an
initial condition but allow the distribution to evolve via
diffusion along the sample normal direction Z:

dn d’n 1
=D, ———n, 8

dt ¢ dZ2 TO " ( )
where 7, is the carrier lifetime, which is estimated to be
20 ps [54]. We apply a boundary condition,

dn dn
d—Z(Z:()):O’ d_Z(Z:Li)ZOv 9)
to enforce no diffusion across the sample boundaries
at 0 and L;.

We obtain the carrier density profile n(z, ¢), by solving
Eq. (8). To connect this to our experiment, we can then
compute the coherent phonon amplitude u(z,7) from
Eq. (5) by taking /(z, t) « n(z, 1) as before, but now with
the time dependence included. However, for the most
faithful modeling of the experiment, we must account
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for the fact that the phonon frequency is itself a function
of n(z,t), as demonstrated experimentally by fluence-
dependent mode softening in Fig. 9(a). We model this as
a linear dependence of the mode frequency f(z,¢) on
fluence: f(z,1) = fo[l — pn(z,t)]. Here f is the equilib-
rium frequency and f >0 1is the proportionality
constant which determines the magnitude of the softening.
With this assumption, we can numerically solve for u(z, ¢),
and finally calculate the average displacements i;(7)
using Eq. (4).

Here we take the Ag%}) mode as an example, and describe
the simulation of BiyTe;, assuming D, = 520 nm?/ps
[53]. We choose f to reproduce the observed linear soft-
ening, as shown in Appendix C. The damping constant y is
taken to be 0.25 ps~!, to be consistent with the exper-

imental data. We find that (itgg/iixgp) = 2.2 for Ag?. The

(1)
lg
compared with the factor of 2.6 we computed earlier from

Eq. (7), which neglected diffusion and recombination. This
indicates that the carrier dynamics introduce a 20%—30%
correction on top of the penetration depth considerations.
Therefore, for quantitative purposes it is necessary to
account for diffusion and recombination; however, the
dominant correction arises from the large penetration depth
of the XRD measurement compared to the extent of the SS
wave function.

corresponding factor for the A; ' mode is 2.0. These can be

B. Calculations for Bi,Tez: Extrinsic effects

‘We now return to the issue of extrinsic effects. The first is
the experimental uncertainty of fluence measurements in
different experimental facilities. The second is the correc-
tion required by different time resolutions 7 in ARPES and
XRD measurements.

The precision and accuracy of fluence measurements can
vary substantially between different labs: in published Bi
measurements, the reported fluences for the same amount
of phonon softening differ by up to a factor of 5 in
independent measurements [55-58]. These discrepancies
may be attributed to miscalibration in the laser power
measurement or errors in the measurement of the incident
area on the sample. Therefore, for quantitative calculation
of the DP, we investigate fluence uncertainties between
XRD and ARPES measurements.

Fluence uncertainties can be calibrated by using the AE?
frequency as a proxy due to its strong dependence on
fluence, as shown in Appendix C. Explicitly, we need to
define

Ugs = M UXRD (10)
(ditxrp/dfxrD)

in place of Eq. (3), and accordingly

XRD ARPES
(a) (b)
4 o AfY
_ N o AR s 3 \’
£ 3 q N % ! g - 7& ~ + -24.9 meV/THz
- 2 = \-10.3 pm/THz o 2 + \+
%) ~ (2] -~ AN
s I u \‘%%\ N
~ N p e
1} s7pmaHz @ 11 153mevTHz L5
0 0 E"ﬁ
36 37 38 39 4 3.95 4 4.05
f, [THz] f; [THZ]

FIG. 3. A(lé) frequency dependence in Bi,Tes. (a) Displacement

usg and (b) SS band shift AEgg as a function of the measured Ag)

frequency.

(dAESS/deS)

PP = (dugs/dfxrp) ’

(11)

where f; is the Agzg) frequency measured by the respective
techniques. We note that fgg # fxrp even for the same
incident fluence F. This is again due to the depth
dependence of phonon fields, and the different sensitivities
of ARPES and XRD as described by Eq. (4). Equation (11)
is mathematically equivalent to the original definition
[Eq. (2)]. By doing so, uncertainties in fluence calibration
are effectively circumvented by using the softened fre-
quency as a proxy. The calculation of (diigs/dfss)/
(ditxrp/dfxrp) is detailed in Appendix C.

Both measured quantities uxrp and AEgg need to be
multiplied by an additional correction factor due to limited
time resolution 7 (60 fs in ARPES and 50 fs in XRD
measurements) [44,59]:

ﬂzf(z)l.z
- 12
exP( 41n2)’ (12)

where f represents A;, mode frequency f.
Equation (11) is then used to calculate DPs of A, modes
in Bi,Tes. In Fig. 3(a), we plot the displacement ugg and the

electronic band shift AFEgg as a function of A(li) frequency.

The slopes of these linear fits are used to calculate the DPs
in Eq. (11). The resulting DPs are listed in Table I, which
reflects our best estimate considering all intrinsic and
extrinsic factors. We note that these values differ by
20% compared with the DP calculation results without
using frequency as a proxy for fluence, suggesting a
fluence mismatch of 20% between the two measurement
facilities.

The error bars in the table are estimated as follows.
Statistical errors are obtained from the fitting error bars of
Figs. 3(a) and 3(b) which weighs in both the horizontal
error bars and vertical error bars. Systematic errors are
estimated based on the uncertainty in two important
parameters of our calculation: the x-ray incidence angle
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TABLE I. Deformation potential (meV/pm). The experimental
values are averaged over the region of interest across k|| space as
shown in Fig. 1(d). The experiment values account for intrinsic
and extrinsic corrections. Error bars include both systematic and
statistical error. Theory values are taken at the I" point. The signs
of the DFT DPs [defined according to the displacements and
shifts shown in Figs. 1(a) and 1(d)] are the same as measured by
the experiment.

Experiment Theory (LDA)
Bi,Tes, A\ 2.4 (0.7) 5.8
Bi,Tes, A} 2.7 (0.8) 6.8
Bi,Ses, Afl) 1.8 (0.7) 1.2

(and hence the penetration depth) and the magnitude of the
diffusivity. We estimate a +0.1° uncertainty with respect to
the nominal incidence angle 0.5°, which results in pen-
etration depths ranging from 35 to 70 nm. This introduces
an error of 8% into DP calculation. To estimate the
systematic error associated with diffusivity, we varied
the value from 200 to 1000 nm?/ps, which differs from
the estimated value of D, = 520 nm?/ps by roughly a
factor of 2. This introduces a corresponding 15% uncer-
tainty in the DP. We note that the above assumes only
majority carrier diffusivity, but the ambipolar diffusivity
falls well within the range of uncertainty [60]. Although
there can be a change in the diffusivity upon photo-
excitation [61,62], we expect it to quickly return to its
near equilibrium level as the photoexcited carriers relax.

C. Calculation for Bi,Se;

To compute the DP of Bi,Ses, we cannot directly employ
the strategies from the previous section (Sec. 11 B) that
minimize the systematic errors due to fluence calibration.

The Ai? mode of Bi,Se; was not observed by XRD, and is

therefore not available as a fluence proxy. Instead, we
exploit that Bi,Se; and Bi, Te; were measured side by side
by XRD and thus without systematic fluence uncertainty.
This allows us to compute the ratio of their DPs as defined
in Egs. (3) and (2):

([ diss \ 7! (dAEsg/dF)
bP= ( ) (duxrp/dF) '

From the XRD measurements at SACLA and the
ARPES measurements as shown in Fig. 2, we obtain the
ratio 2.33 of the quantity (dAEss/dF)/(duxgp/dF)
between Bi,Te; and Bi,Se;.

We then need to take into account that the carrier
diffusivity in Bi,Se; is much higher, D, = 1400 nm?/ps
[63]. Diffusion, therefore, leads to a lower carrier density in
the vicinity of the SS in Bi,Se; as compared to Bi,Tes,
leading to a lower iigg, and thus an additional correction

(13)

UXRD

factor of 0.63 to the ratio of DPs between Bi,Te; and
Bi,Se;, due to the quantity (iigs/ilixrp)- See Appendix C
for more details. Lastly, we account for the correction due
to time resolution differences, which introduces a factor of
0.93. We arrive at the final DP ratio of Bi, Te; over Bi,Se;
of 1.37.

Finally, knowing the Agly) DP ratio we can calculate the
absolute value Bi,Se; DP based on our knowledge of the
Bi,Te; DP value; see Table 1. The uncertainties include
statistical error (32%), as well as systematic error (16%)
from uncertainties in x-ray incidence angle calibration and
carrier diffusivities.

The nonobservation of Bi,Se; A(l? mode in the SACLA
XRD measurement is attributed to the limited time reso-
lution and the considerable x-ray beam intensity fluctua-
tions. Based on the peak sensitivity and the noise level, we
2
g)
ment in Bi,Ses, and thus lower bound of the Bi,Se; Aizq) DP

of 0.2 meV/pm.

estimate an upper bound of the Ag mode atomic displace-

IV. DFT CALCULATIONS

We performed DFT calculations to compare with the
experimentally measured A;, SS DPs of Bi,Te; and
Bi,Se;. The details of our calculations are given in
Appendix E. The computed electronic band structures of
Bi,Te; and Bi,Se; slabs are shown in Figs. 4(a) and 4(b).
DPs are obtained using the frozen phonon method, where
the atoms are displaced along the A, mode coordinates [as
defined in Fig. 1(a)], and the SS energy shifts are calculated
based on the resulting shifts in the electronic band structure
of a slab [as defined in Fig. 1(d)]. In our DP calculations,
we use the vacuum level of the Hartree potential to align the
energies of the electronic states. We assume that bulk
phonon modes are homogeneously distributed along the
slab despite the surface’s presence. The computed DPs
along K-I'-M are shown in Figs. 4(c) and 4(d). They do not
exhibit considerable anisotropy in the range of k values
presented in Figs. 4(c) and 4(d). However, the calculated
DPs become more anisotropic in the wider k range due to
strong warping effects along the I'-M direction [64,65].

We select the computed DP values at the I' point to
compare with the experimental values, and include them in
Table I. The calculated A(ly DP in Bi,Se; is 1.5 times
smaller than in the experiment. We consider that they agree
within the experimental uncertainties. In Bi,Tes, the Aj,
DPs are about 2.5 times larger than the experimental values
and outside of the estimated confidence interval of mea-
surements. We emphasize that this comparison does not
reveal an order of magnitude difference as found in the
strongly correlated superconductor FeSe [44] and that our
values are roughly one order of magnitude smaller than
those for other nontopological semiconductors such as Si
and Ge [66]. Considering the theoretical and experimental
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FIG. 4. DFT calculation of electronic band structures and
deformation potentials. (a) Band structure for a 6-quintuple layer
(QL) slab of Bi,Tes, shown for part of the reciprocal space.
(b) Band structure for a 5-QL slab of Bi,Se;. (c) Deformation
potential (DP) of the two A, modes in Bi,Te; derived from
frozen phonon calculations. (d) Deformation potentials of the A,
modes in Bi,Se;. (e) Calculated A}, mode DP by swapping the
lattice constants value, masses of group-VI atoms, and spin-orbit
coupling strength in Bi,Te; with that of Bi,Se;. Combining all
three effects, the prediction of factor 4.8 larger A, DP in Bi,Tes
can be reasonably explained.

difficulties in obtaining precise and accurate values
on a scale of a few meV per unit cell, we regard a
difference of factor 2 as general agreement. We also note
the consistent signs of experimentally derived and theo-
retically obtained DPs.

From the perspective of theory, it is interesting that
calculations for the Agl) mode predict a factor 4.8 larger DP
in Bi,Te; than in Bi,Se;. This only agrees qualitatively
with the experiment which observed a factor 1.4 larger DP
in Bi,Te;. This quantitative discrepancy might be attributed
to the limitations of DFT calculations in capturing the
precise band structure. We note that in the experiment,

the Ailg) DPs are weakly momentum dependent near

the zone center (see Appendix B), whereas theory pre-

dicts strong momentum dependence of the Agzg) DPs.
Calculations that account for electron correlations may
result in a better agreement with the experimentally
measured band structure, as suggested by Ref. [67], as
well as our DP measurements.

To understand the difference in the DP values of Bi,Tes
and Bi,Se; computed with DFT, we conducted a numerical
experiment in which we modified individual parameters
that are different in the two systems. These are lattice
constants, Se and Te atomic masses, and the spin-orbit
coupling strength. This thought experiment sheds light on
the individual contributions of these parameters to the DPs
in both materials.

We start with Bi,Te; and evaluate the contribution of
each individual parameter of Bi,Se; to the DPs of Bi,Tes.
Note that we varied only one parameter at a time,
while holding the rest at their nominal values for

(1)

Bi;Te;. The resulting A;; deformation potentials are

plotted in Fig. 4(e). If the Se atomic mass replaces
the Te atomic mass, the DP is reduced by ~35% due to
the change in eigenvector (see Table II). By modifying the
spin-orbit interaction strength of Te to the value in Se, the
DP is reduced by ~50%. When the Bi,Se; lattice param-
eters are used for the Bi,Te; system, the DP at I is reduced
by ~27%, which is mostly related to the lattice expansion
affecting the crystal field splitting. Finally, when all these
factors are simultaneously incorporated, Bi,Te; is effec-
tively transformed into Bi,Se;, reproducing the factor ~5
difference of native local-density approximation (LDA).
Our numerical experiment demonstrates that no single
factor is sufficient to explain the difference in the calculated
DPs of Bi,Te; and Bi,Ses;, and that lattice constants,
atomic masses, and spin-orbit coupling strength are all
key ingredients.

Additionally, we performed a constrained DFT calcu-
lation (see Appendix E) of the vibrational modes for the
photoexcited bulk Bi,Te; and Bi,Se;. We found that for

(1)
lg
reproduces the measurement well, and that the ratio

between Bi,Te; and Bi,Se; phonon amplitudes for the
same excitation density, as well as the atomic motion
directions, are consistent with the experiment.

Bi, Te;, the mode amplitude dependence on A; = frequency

V. CONCLUSIONS

We combined time-resolved XRD and ARPES mea-
surements on the topological insulators Bi,Te; and
Bi,Se; and quantified the coupling between topological
surface states and A;, phonon modes by extracting mode-
and band-resolved deformation potentials. We compare
experimental results to DFT and find reasonable
agreement. Our results directly impact the microscopic
understanding of topological SS transport and topological
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phase transitions [28]. Our methodology lays the sys-
tematic groundwork required for future work studying
electron-phonon coupling in more complex quantum
materials.

For the dominant Agl) phonon mode, we find a DP on
the order of 2 meV/pm in both materials. The coupling is
1.4 times larger in Bi, Te; than in Bi,Ses, yet this difference
is insignificant within experimental uncertainties. Our DFT
calculations agree with the experimental findings within a
factor of 2.5, which we regard as agreement considering the
small energy and length scales involved. While we cannot
exclude that correlation effects in the calculations might
improve agreement with the experiment, we did not
observe an order of magnitude discrepancy as was revealed
for the strongly correlated superconductor FeSe [44]. In
addition, excited state DFT correctly predicts the exper-
imentally observed mode softening. We also analyzed the
individual contributions of lattice constants, atomic masses,
and spin-orbit coupling strength to the difference between
the DFT values of DPs for Bi,Te; and Bi,Se;. All
parameters contribute considerably, with spin-orbit cou-
pling providing the largest contribution. These favorable
results underline that DFT in this material class is well
capable of predicting how photoexcited electrons couple to
phonon modes and of capturing excited potential energy
surfaces.

We performed a comprehensive analysis of correction
factors due to intrinsic and extrinsic experimental effects.
The most substantial intrinsic effect is the different depth
sensitivity of the two probes, which leads to a different
mismatch of pumped and probed sample volumes. Only
smaller corrections are necessary to account for photo-
excited carrier diffusion and recombination. Extrinsic
effects are dominated by uncertainties of the excitation
density. We were able to circumvent this extrinsic issue by
using a strongly fluence-dependent phonon mode fre-
quency as inherent calibration.

Our insights hold important positive lessons for future
work. The strongest intrinsic effect of different probing
depths can be greatly reduced by experiments on films
thinner than the pump’s optical penetration depth. This
ensures a homogeneous distribution of excited carriers
regardless of the probe penetration depth and also mitigates
diffusion effects. This approach taken in Ref. [44] results in
only a modest factor of 1.03 to account for the different
penetration depths of ARPES and XRD.

Looking further ahead, we suggest using higher and
tunable photon energies for time-resolved ARPES. This
will allow accessing the dynamics of bulk states in well-
defined conditions, which this work was not able to
accomplish. We expect that future multimodal experiments
will combine time-resolved ARPES and diffraction meth-
ods in a single instrument. Most if not all extrinsic effects
will be eliminated in such simultaneous experiments. Free-
electron laser facilities will provide this platform to open a

new experimental paradigm for studying electron-phonon
coupling with high accuracy and precision.

ACKNOWLEDGMENTS

Y.H, JLA.S,, SW.T, M.T, PS.K,, T.H.,, M.J,,
7Z-X.S., and D.A.R. were supported by the U.S.
Department of Energy, Office of Science, Office of
Basic Energy Sciences through the Division of Materials
Sciences and Engineering under Contract No. DE-AC02-
76SF00515. Use of the LCLS and S. S.R. L. is supported
by the U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences under Contract No. DE-
ACO02-76SF00515. The SACLA experiment was per-
formed with the approval of the Japan Synchrotron
Radiation  Research  Institute  (JASRI;  Proposal
No. 2018B8079). T.K. acknowledges JSPS KAKENHI
(Grants No. JP19H05782, No. JP21H04974, and
No. JP21K18944). The DFT work was supported by
Science Foundation Ireland and the Department for the
Economy Northern Ireland Investigators Program under
Grants No. 15/1A/3160 and No. 12/IA/1601. Preliminary x-
ray characterization was performed at beam line 7-2 at the
Stanford Synchrotron Radiation Lightsource (SSRL). The
ellipsometry measurement and thin film reflection meas-
urement were performed at the Stanford Nano Shared
Facilities (SNSF), supported by the National Science
Foundation under Grant No. ECCS-2026822. Y.H.
acknowledges help with SACLA beam time from
Christopher P. Weber, Matthew J. Kim, and Ka Lun
Michael Man. Y. H. and D. A.R. also thank Christopher
P. Weber for suggestions on the manuscript.

APPENDIX A: CRYSTAL STRUCTURES

Figure 5 shows the crystal structure of space group R3m,

(1)
lg

right-hand side. The quintuple-layer view of A

mode on the
(1)
lg
Fig. 1(a) is provided in the pink box. The layer pattern is
represented with A, B, and C. Atoms forming the 1D atom
chain are all taken from the A layer. The primitive unit cell
is outlined with gray solid lines. Among the three types of
atoms participating in A;, modes, Bi, X(1), and X(II), the
X(1) atoms are not allowed to displace in a A}, mode as
these atoms are the centers of inversion symmetry. Thus, an
Ay, phonon has only 2 degrees of freedom determined by
Bi and X(II) atomic motion along [111]. Since there are
two free parameters, there are correspondingly two
Ay, modes.

First, we refine the internal atomic coordinates using the
static diffraction intensity on different peaks. Second, to
determine the eigenvector, we use the diffraction intensity
modulation induced by the same phonon mode measured
across multiple Bragg peaks. Finally, based on the

and provides a 1D-atom-chain view of A

mode as
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FIG. 5. Crystal structure of Bi, X3 (X = Se, Te) and schematic

for A(lz) phonon mode.

measured eigenvectors, u'fi can be quantified from dif-

fraction. We detail the second step below.

We parametrize the X(II) atom coordinates in the
primitive unit cell as (5;,68;,8;) and the Bi atom coor-
dinates as (8,, 8, 8,). Then the scattering structure factor is
given by

F=fy _|_28izr(h+k+l){fx COS[n’(l _ 251)(h +k+ l)}

+ fricos[z(1 —28,)(h + k + )]}, (A1)
with §; =~ % and 6, ~ % For Bragg peaks, h, k, [ are integers,
and we define h+k+[=N. For N = 5n, the Bragg
peaks are not sensitive to either of the A;, modes. For
N = 5n =+ 1, peaks have the same sensitivity to a given A,

mode for a given n, and are sensitive to both Ag;) and AE?.

For N = 5n + 2, peaks have the same sensitivity to a given
A, mode for a given n, and are sensitive mainly to the

A(,lg) mode.

During the XRD experiment at LCLS we oriented the
sample by rotating it around the azimuthal axis, which was
aligned to the sample surface normal to within 0.1°. We so
obtained the static x-ray scattering intensity on a total of
seven peaks. This allows us to refine the lattice constants
and the internal coordinates (0;, 6,), which are in good
agreement with DFT calculations.

The eigenvector of Bi,Te; A;, phonon mode can be
obtained from the intensity modulation amplitude of a set
of peaks sensitive to the mode. We need only one free

(a) (332) (b) (443)
2.50 mJ/cm? — 1.69 mJ/cm?
1 —0.76 mJ/cm? 1
- 08 -
I X09
406 4
0.4 08
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FIG. 6. Bi,Te; XRD data from LCLS for the eigenvector
reconstruction. (a),(b) Time-resolved diffraction on peaks (332)
and (443). Peak intensity modulation amplitude induced by a
given A;, mode is different on peaks (332) and (443), which
contains information for calculating the A, eigenvector. (c) Aglg)
induced normalized intensity modulation amplitude AZ/I on
peaks (445) and (556). (d) A{}) induced intensity modulation
amplitude on peaks (443) and (556).

parameter to describe two A;, mode eigenvectors simulta-

neously, and we pick this free parameter to be the Bi/Te

ﬁ]) mode. The experimental observables are the

Bragg peak intensity modulations induced by an A;, mode
[Figs. 6(a) and 6(b)]. As shown in Figs. 6(c) and 6(d),
amplitudes of the normalized Bragg peak intensity modu-
lation A7/I linearly increase with fluence. The increase in
Al/I per unit fluence (1 mJ/cm?) is the slope of the linear
fit constrained through the origin in Figs. 6(c) and 6(d).
We aim to solve for three unknown variables: (1) the

Bi/Te ratio in the Aglg) mode, (2) the A(IL) mode amplitude

(alternatively one can also choose to use uP') increase per

ratio in the A

unit fluence, and (3) the Aﬁ) mode amplitude increase per

unit fluence. We therefore define a set of three con-

straining equations: the linear slopes of (1) the Ag;)

modulated diffraction intensity of the (556) peak versus

fluence, (2) the Aglg) modulated diffraction intensity of the

(445) peak versus fluence, and (3) the AE? modulated
diffraction intensity of the (556) peak versus fluence. To
avoid near degeneracy of the equation set, we pick two

peaks that satisfy either N = 5n == 1 or N = 5n &£ 2 for the
Aglg) mode. The solution of this equation set agrees with
the eigenvectors calculated by DFT to within 15%, when
comparing the normalized Aglg)

a Bi atom.

eigenvector projected onto
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TABLE II. The normalized eigenvectors of Bi,Te; and Bi,Ses APPENDIX B: k DEPENDENCE OF
A}, modes. Bi,Te; eigenvectors are obtained using XRD, while SS ENERGY SHIFTS
those of Bi,Se; are calculated using DFT.

To enhance the signal-to-noise ratio of the surface

Mode Bi Te/Se 1t electron band coherent oscillations, we average the change
Bi,Tes, Aﬁf 0.44 —0.56 in band energy over +0.2 A" nearI', which is. based on the

) 3 fact that the DPs and thus the electron band shifts are nearly
BiyTes, Ay, 0.56 0.44 constant across this area of reciprocal space. In Fig. 7 we
Bi,Se;s, A(ll]) 0.58 —0.40 show the k-dependent SS response: the sampled k|| points
Bi,Ses, AE? 0.40 0.58 are illustrated in Figs. 7(a) and 7(d). In Figs. 7(g) and 7(h),

the energy shift versus A, frequencies for different k|

Table II shows the normalized eigenvectors of Bi,Te;  points are plotted for AE;) and A(l? in Bi;Te;. The k|
calculated through XRD measurements, and of Bi,Se; (1)
obtained through DFT. For Bi,Se; we did not resolve lg 2
signals on a sufficient number of Bragg peaks to directly ~ AE" is weak with a variation of 13%. The A/ has a lower
solve the eigenvectors. signal-to-noise ratio, adversely impacting the amplitude

dependence of A; ’-induced binding energy oscillations
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FIG. 7. k dependence of time-resolved ARPES measurements. (a) The electron population of Bi,Te; measured at 510 fs delay at
1.02 mJ/cm?. The arrows show different k)| regions we sample for the SS. (b) Modulation of Bi,Te; SS at 1.02 mJ/ cm?, sampled at
different k| regions. An incoherent background in the form of an exponential decay has been subtracted from the data. (¢) The Fourier
transform of (b). (d) The electron population of Bi,Se; measured at 510 fs delay at 0.54 mJ/cm?. The arrows show different k|| regions
we sample for the SS. (e) Modulation of Bi,Se; SS at 0.54 mJ/cm?, sampled at different k|| regions. An incoherent background is

subtracted off from the data as in (b). (f) The Fourier transform of (e). (g) Bi, Tes A(li; phonon-induced energy modulation amplitude as a
2)
g
of interest in k|| space to improve the signal-to-noise ratio. The inset contains part of Fig. 4(c), with additional crosses representing the
)
lg

function of A(1 frequency. The slopes of the linear fits across k| points do not vary much, which justifies averaging over a large region

A§1g> DPs calculated for individual k|| points. (h) Bi,Te3 Ag? phonon-induced energy modulation amplitude as a function of A
frequency. Crosses in the inset represent the Aﬁl) DPs calculated for individual k| points.
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extraction and leading to higher variations in DPs. Overall,
averaging over a larger portion of k space to improve the
signal-to-noise ratio is justified.

APPENDIX C: COMPLETE DEFORMATION
POTENTIAL CALCULATION

As in the main text, we present the simulation details for
DP calculations in Bi, Te; first, before we do so for Bi,Se;.
We show the simulated carrier density n(z,¢) and the
phonon field u(z, #) in Fig. 8, for both the thin film used in
XRD and the bulk sample used in ARPES. This simulation
is used to obtain the scaling factors in Egs. (3) and (10).

We show the measured fluence dependence of the mode
frequencies f; in Fig. 9(a), for different samples
and experimental conditions. The large change of the

Bi,Te; Ag? frequency with increasing fluence shows that

f: can be a good proxy for the absorbed pump energy
density. Thus, we can use Eq. (11) to correct for the fluence
uncertainty in different experiments.

The DPs are proportional to [(ditss/dfss)/(diixrp/

dfxrp)]~", and hence

{( (diiss/df ss) ]_] _ < ligs )_1 (df ss/dF) 1)

ditxgp/ df xrp) iixep)  (dfxrp/dF)’

The first factor in Eq. (C1) right-hand side is presented in
the main text, assuming a fixed fluence. Simulated fluence
(F) dependence of f; in XRD (using thin film) and ARPES

(a) (b)
2.5 25
20 fs 20fs
2 50 fs 2 50 fs
- 100 fs 100 fs
e 1 ——200 fs
I S —400fs
— —800 fs
< —1800 fs
0.5

0 10 20 30 40 50

z [nm]
(c)
0.025
0.02
E 0.015
= 0.01
N 0.005
0
-0.005
0 2 4 6 0 2 4 6
Time [ps] Time [ps]
FIG. 8. Diffusivity simulation. Nonequilibrium carrier density

profile for different time delays after the laser pump of fluence
2 mJ/cm?, in a 50 nm thin film (a) and bulk (b). Coherent phonon
field induced by the population of nonequilibrium carriers, in a
50 nm thin film (c) which corresponds to (a), and bulk (d) which
corresponds to (b).
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FIG. 9. (a) Linear fluence dependence of the Bi, Tes A(lé) mode
frequency. We include data taken with XRD (50 nm film),
ARPES (bulk) and pump-probe optical reflectivity (50 nm film),
which span different ranges of absorbed fluences and thus

different ranges of f,. (b) Simulated A(lzg) mode frequency
dependence on fluence. (c) Simulated A;, normalized signals
of time-resolved ARPES of a bulk sample, and the normalized
signals of time-resolved XRD for a 50 nm thin film sample used
2)

in the LCLS experiment as a function of Ay

frequency redshift.

(using bulk) is shown in Fig. 9(b). f; is obtained from i; ()
as shown in Fig. 8 by LPSVD. The slopes of linear fits in
Fig. 9(b) reproduce the experimental observation that the f;
softening for XRD is larger than ARPES. We use this to
calculate the quantity (dfss/dF)/(dfxrp/dF), the second
term of Eq. (C1) right-hand side. It might seem counter-
intuitive that for a given fluence, the phonon softening is
larger in an XRD measurement while the phonon amplitude
is larger in an ARPES measurement. This is because
phonon amplitudes are quantified by their instantaneous
behavior near ¢ = 0. Diffusion effects are limited to the
timescale of phonon generation of approximately one
phonon period. In contrast, the analysis of phonon frequen-
cies requires multiple phonon cycles. This allows for
diffusion to act longer, which leads to the larger carrier
density in a thin film sample as compared to the surface
area of a bulk.

To clearly show the correction factor [(diigs/dfss)/
(ditxrp/dfxrp)]~", we plot the simulated, normalized
A;, amplitudes as a function of Ai) redshift in Fig. 9(c).
The slopes are directly used to calculate the quantity
(ditgs/dfss)/(diixpp/dfxrp)- The slope of the ARPES
measurement (diigs/dfss) is a factor of 2.8 (3.0) larger
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FIG. 10. (a) Simulated time-resolved XRD signal of the AEZ)

response for Bi,Te; film (200 nm) and Bi,Se; film (90 nm),
which correspond to the data taken at SACLA. (b) Simulated
time-resolved ARPES signal of the Al

14 Tesponse for Bi, Te; bulk
and Bi,Se; bulk.

than the XRD measurement (diixgp/dfxrp) for the Ag?
(A7) mode.

Next we consider the carrier diffusion simulation for the
DP calculation of Bi,Se;. Here, different samples are
measured using the same experimental conditions and
we can ignore the systematic errors induced by fluence
calibration. In these simulations the absolute values of i are
irrelevant; only the ratios between them matter. Figure 10
shows that given the same absorbed fluence, the response
of Bi,Te; and Bi,Se; differs, both for XRD in Fig. 10(a)
and for ARPES in Fig. 10(b). Again, this is due to the
difference in carrier diffusivities of Bi,Te; and Bi,Se;.
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FIG. 11.
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Ellipsometry data for Bi,Te; and Bi,Ses;. Panels (a) and (b) show ¥ and A from measurement (dots) and fit result (solid

curve) for Bi,Te;. The reflectivity measurement was conducted at four different incidence angles. The fit uses a multilayer reflection
model and takes into account the thickness of film and the refractive index of the substrate. The complex refractive index is shown in (c).
(d)—(f) Bi,Se; ellipsometry results. (g) The s and p reflectivity of 780 nm light as a function of incidence angle. Panel (h) shows the
reflectivity of a 250-nm-thick Bi,Te; measured at normal incidence and the predicted reflectivity.
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APPENDIX D: ELLIPSOMETRY

We measured ellipsometry data to obtain the
complex refractive index and in turn calculate the absorbed
fluence in the Bi,Te; and Bi,Se; samples. Ellipsometry
measures reflectivity with phase of p and s polarized
light. The ratio of them, a complex number, is expressed
as (r,/ry) =tanWe®. In Fig. 11 we plot ¥ and A as
measured (dots) and as fitted (solid curve). Ellipsometry
was conducted at four different incidence angles. The fit
uses a multilayer reflection model and takes into account
the thickness of the film as well as the refractive index of
the substrate. The complex refractive indices as fit results
are shown in Figs. 11(e) and 11(f). To compare the pump
energy density in different measurements using different
incidence angles (XRD, 89.5°% ARPES, 50° optical, <5°%
grazing angle is defined as the angle between the beam and
the sample normal), we calculate the reflectivity as a
function of incidence angle in Fig. 11(g), at a center
wavelength of the pump laser of 780 nm. In Fig. 11(h)
we show the reflectivity of a 250-nm-thick Bi,Te; mea-
sured at normal incidence and the reflectivity predicted
from the measured refractive indices, showing good
agreement.

APPENDIX E: DFT METHODS

DFT calculations are performed in the local-density
approximation (LDA) [68] employing the Hartwigsen-
Goedecker-Hutter norm-conserving pseudopotentials [69]
using the ABINIT code [70,71]. Spin-orbit coupling is
included in all calculations. For electronic band structure
calculations, Brillouin zone integrations are performed on a
12 x 12 x 1 Monkhorst-Pack k-points mesh in the slab
calculations and 8 x 8 x 8 mesh in the bulk calculations.
An energy cutoff for the plane waves of 15 Ha is used.
For bulk phonon calculations using density functional
perturbation theory, 12 x 12 x 12 and 6 x 6 x 6 k-points
and q-points Monkhorst-Pack meshes are used to sample
electronic and vibrational states, respectively. We use bulk
phonons in all our calculations since they accurately
represent the zone center A}, phonons in a slab with many
quintuple layers.

In the bulk DFT calculations, we use the experimental
lattice parameters given in Table III. In the slab calcula-
tions, we fully relax the atomic positions along the [111]
direction, i.e., direction perpendicular to the surface, while
keeping the in-plane lattice parameters at experimental
values. We used 6-QL and 5-QL slabs for Bi,Te; and
Bi,Ses, respectively, to make sure that the energy gap
between the surface states caused by the interaction
between the two surfaces is smaller than a meV.

We calculate the forces in photoexcited bulk Bi, Te; and
Bi,Se; immediately after photoexcitation using CDFT
[73], assuming that n valence electrons are promoted to
the conduction band. In CDFT calculation we assume one

TABLE III. Bi,Te; and Bi,Se; lattice parameters taken from
Ref. [72]. a and c are the hexagonal lattice constants, and §; and
0, are the internal parameters describing the position of the atoms
inside the unit cell.

a c 01 0y
Bi, Te; 4386 A 30.497 A 0.2095 0.4000
Bi,Se, 4.143 A 28.636 A 0.2117 0.4008

chemical potential; i.e., electron and hole populations
thermalize rapidly according to Fermi-Dirac distribution.
For the photoexcited system, with electron-hole carrier
density n, we obtain atomic forces F; in the z or [111]
direction on each atom i in the unit cell as

Fi(n) = F(n) + Z[Zj - Z?](Dij(”)- (E1)

The interatomic force matrix ®;;(n) depends on the carrier
density and gives the phonon frequencies w;(n) in the
photoexcited system. The atomic forces F9(n) are the
forces obtained in the photoexcited system for the equi-
librium atomic positions z? in the ground state. The
equilibrium atomic positions of the photoexcited system
depend on n and can be found from

5
Z?quil(n) — Z? _ Z (I)al (n)F(])(n) (EZ)
j=1

Figure 12 shows key results of the CDFT simulations.
The atoms upon photoexcitation shift toward coordinates of
higher symmetry (i.e., fractional coordinates move toward
integer multiples of 1/5), which is consistent with the
experimental observation of atomic motion direction
deduced from the diffraction intensity change. The

(a) ALY (b) AP (c)
4
Exp “e Exp - o Bi,Te, /o
= - - 12 o Bi
Th 2 Theory —, o Bi,Se
5_ 3\ eory N y = 29€; ) //o
N \ TSN N S 08 v
2 N N //
& \ NN e
.~ \ \ =z 04 7
@ N 05 AN 02 B
. 0
3.6 37 38 39 4 03.6 3.7 3.8 39 4 0 0.5 1

Frequency [THz] Frequency [THZz] Density n [%]
FIG. 12. (a) The constrained DFT simulations of photoexcited

bulk Bi, Te; atomic displacements for A{!) as a function of the
A(I? frequency. (b) Same as (a) but for A(@ mode atomic
displacements. (b) CDFT simulation shows that Bi,Te; and
Bi,Se; are driven at similar amplitudes given the same excitation

density.
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simulations reproduce the atomic motion amplitude of A,

§2g) frequency shift. They also
correctly predict that Bi,Te; and Bi,Se; are driven at
similar amplitudes given the same excitation density,

consistent with the experimental results in Fig. 2(b).
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