2307.12132v1 [cond-mat.mtrl-sci] 22 Jul 2023

arxXiv

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 in-
sights into surface-state transport, topological superconductivity, and potentially how to manipulate the sur-
face state using a structural degree of freedom. We perform time-resolved x-ray diffraction (XRD) and angle-
resolved photoemission (ARPES) measurements on Bip Tez and BiSes, following the excitation of coherent A
optical phonons. We extract and compare the deformation potentials coupling the surface electronic states to
local Aj,-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 BiyTes and BipSes 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.

I. INTRODUCTION

coupling is also beneficial for understanding and designing
functional topological materials. For example, the SS has

Electron-phonon interactions are of fundamental impor-
tance in condensed matter. In the case of topological in-
sulators the scattering properties of their topological surface
states (SS) have a direct impact on their application to energy-
efficient electronics [1H5].Previous studies employed a vari-
ety of methods to study the electron-phonon coupling: self-
energy analysis in ARPES [6-H10]], helium atom scattering [[L1,
12] and transport measurements [13]]. The metal-intercalated
Bi;Se; family of topological insulators are also topological
superconductor candidates [14H19], where electron-phonon
coupling potentially mediates unconventional pairing symme-
tries [20]. Therefore, quantifying the mode-specific electron-
phonon coupling may benefit the search for and understanding
of topological superconductors. Studying electron-phonon
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been predicted to facilitate certain chemical reactions|21} 22]],
among which some benefit from phonon participation [23].
Finally, electron-phonon interactions hold implications for
optical control of matter [24, 23], for example, by ultrafast
manipulation of SS transport [26], or by exciting certain lat-
tice degrees of freedom to switch topological phases [27H30].

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 [31]]. Ultrafast spectroscopy has demon-
strated the capability to measure this band- and mode-resolved
electron-phonon coupling [32] [33]]. Here, we report ultrafast
measurements of band- and mode-specific DPs in the proto-
typical topological insulators Bi; Te; and BipSes;. 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. Our mode- and
band-specific measurement of the DPs contributes to a micro-
scopic understanding of SS transport where electron-phonon
coupling is an important contribution to the scattering rates.
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The methodology we lay out could also be useful for the inves-
tigation of topological switches induced by structural change,
since one can monitor the structural change with XRD while
observing the topological state with ARPES.

We find that the experimental DP of the Agi,) phonon mode
is 1.4 times larger in BiyTes than in BipSe;. Within experi-
mental uncertainties the DPs are similar, and on the order of
2 meV/pm. This qualitatively agrees with the naive expecta-
tion for two isostructural and isoelectronic materials and no-
tably is a factor 5 smaller than in the strongly correlated super-
conductor FeSe [33]. Predictions from density functional the-
ory (DFT) match experimental values within a factor of 2.5.
DFT correctly predicts a larger DP in BiyTes than in BiySes.
Constrained DFT calculations of the excited state reproduce
the experimentally observed mode softening well. The consis-
tent experimental values and their general agreement with the-
ory validate our experimental and theoretical concepts while
also pointing to their challenges.

In the following, we define the DP with respect to Ajg
modes and the SS in Bi;Tes and BiySes as
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where uség is an atomic displacement near the surface pro-

jected onto the bulk A, mode eigenvector (as shown in Fig

(a)) and averaged over the spatial extent of the SS. This defi-
nition allows us to formally define a surface deformation po-
tential relative to a bulk phonon, even though the interatomic
forces near the surface may be subtly different from true bulk-

like forces. AE;‘SIg is the energy shift of the SS induced by the
atomic displacement along the A, mode eigenvector. Below

. A . . .
we choose to quantify usgg with respect to the bismuth dis-

placements for convenience in comparing the two materials.
We suppress Aj, 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 re-
spectively bulk- and surface-sensitive probes. This is impor-
tant because the finite penetration depth of the pump laser
leads to diffusion of excited carriers and in turn to an inho-
mogeneous 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 and Yang et al. [33] utilized
FeSe films with a thickness comparable to the optical pene-
tration depth, thus a quantitative correction due to diffusion is
minor. In contrast, we require substantial corrections for the
thicker Bi; Tes and BipSes samples studied here.

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

II. EXPERIMENTAL DETAILS

In the XRD and ARPES experiments, Bi;Se; and BiyTes
are pumped at room temperature with ultrafast 1.55 eV laser
pulses. This excites fully symmetric coherent optical A,
phonons that produce modulations in the XRD intensities
from which we extract the amplitudes of phonon motions.
The coherent A, phonons also induce electron band shifts via
electron-phonon coupling, producing oscillations 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. E] (a) shows the two Aj, 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,Tes film on sapphire. Both the optical laser
and the X-ray laser are grazing incident on the sample in or-
der 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 be-
tween them. Fig.[T(b) shows the normalized time-dependent
diffracted intensity AI/I of the (556) peak, which is sen-

sitive to both A{) (1.8 THz) and A} (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 (DECP), where the quasi-equilibrium
phonon coordinates are suddenly shifted upon photoexcita-
tion [34]. The photoexcited forces drive the phonon motion
along [111] (see Appendix A for the rhombohedral primitive
unit cell), illustrated with the purple (Ag?) and green (Agz))
arrows in Fig. [T] (a). The time-dependent intensity moduig -
tions can be described as damped harmonic oscillators, each
parameterized by an amplitude, a frequency, a damping con-
stant and an initial phase. We extract these parameters us-
ing a linear prediction singular value decomposition (LPSVD)
method [35) 36]. The inset of Fig E] (c) shows the fluence
dependence of the normalized amplitude AI/I. We constrain
the linear fits (broken lines in the inset) to intersect the origin
because the coherent atomic motion amplitude is zero with-
out 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 co-
herent phonon motion, we performed time-resolved ARPES
measurements on BiTes in our time-resolved ARPES labo-
ratory. A single crystal of BiyTez was cleaved in ultra-high
vacuum and probed using 6 eV UV laser with an overall time
resolution of 60 fs. The photoexcited ARPES spectrum at a
delay time of 510 fs is shown in Fig. [T(d), with the SS (yel-
low) and conduction band (CB, red) denoted by the boxed re-
gions. We fit the peak position of each energy distribution
curve (EDC) 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 k| within the indicated region to maximize
the signal-to-noise ratio for the subsequent analysis. We note
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FIG. 1. Room temperature time-resolved measurements on BiyTe3. (a-c) Time-resolved XRD. (a) shows two Aj, phonon modes of

Bip X3(X=Se,Te), in purple (A(li,)) and green (Ag)) 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;Tes (556) peak for different fluences. Data taken at LCLS. (c) Fourier

transform of (b). Inset shows linear fluence dependence of Ag}g) and A(li,) 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 IR pump and UV probe are both 50 °. The

Ay, phonon-induced SS shift directions can be obtained from the initial phase of the coherent oscillation, as indicated by purple(Agi,)) and

green(Ai)) arrows. (e) Averaged energy shift of SS (AEss) in the yellow region of interest in (d). (f) Fourier transform of (e). Inset shows

2)

linear fluence dependence of SS energy modulation amplitude AEsg induced by A(llg) and Ag <

mode.

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

the modes measured by XRD. The amplitudes extracted from
LPSVD are linearly dependent on fluence, as shown in the
Fig. |I| (f) inset. We checked the results of LPSVD by com-

bulk bands [37]. In contrast, the SS has no k | -component and
is therefore not subject to this ambiguity. Fig. [I[e) shows the
k||-averaged energy shifts of the SS as a function of fluence.

The Fourier transform in Fig. f) shows two main A(llg) and

Agz) peaks with shoulders associated with the surface termina-
tion [38,[39]]. The main peaks have the same frequency as the
modes coupling to the bulk conduction band [39] and we as-
sign them to bulk-like g = 0 modes which can be compared to

paring the fitted spectra to the real and imaginary parts of the
measured Fourier spectrum and found good agreement.

We now discuss the experimental details for measuring the
deformation potential of BixSe;. We performed diffraction
measurements at SACLA-FEL on both Bi;Se; and Bi,Tes.
The pump laser is 1.55 eV, which was approximately colin-
ear 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;Sesz was a 90nm film on BaF, while Bi,Tes
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FIG. 2. Room temperature time-resolved measurements compar-

ing photoexcited Bi;Te; and BipSes. (a) BipTe; and BipSes time-
resolved XRD on peak (445) measured at SACLA. The data are
grouped into three levels of similar absorbed fluences. The intensity
modulation of BiyTes is consistently around three times larger than
BisSes. (b) Linear fluence dependence of uB!. The similar slopes of
linear fits on BiyTe; and BipSes show that their Bi atoms are driven
at similar amplitudes. (c) Bi;Te; and BiySe3 time-resolved ARPES
measurements of SS at similar absorbed fluences. (d) is the Fourier
transform of (c).

was a 200nm 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 sys-
tematic errors in the incident fluence calibration between the
two materials are negligible in the XRD experiment.

Fig. |Zka) shows raw data (dots) and fit (solid lines) of the
Bi,Tes; and Biy Ses diffraction intensities on Bragg peak (445).
Data is grouped by similar absorbed fluence after account-
ing for differences in the film thickness and optical absorp-
tion (see Appendix D), and offset for clarity. Since the A(lz)
mode was not resolved in BiySes, we only present the atomic

motion of the Ai? mode. From Fig. [2(a), the diffraction in-
(1

tensity modulations of the BiTe; A}, mode are consistently
about three times larger than in Bi;Ses. Meanwhile, the (445)
peak sensitivity to Agl,) distortion is about three times larger
in BipTes than in BixSes, due to their different eigenvectors.
Therefore, the computed displacements uxrp of A(llg) in the
two materials are concluded to be similarly driven, see Fig. 2]

(b), where the slope of linear fit (broken lines) to BiyTes is a

factor of 0.88 lower than Bi,Ses.

The SS energy shifts in Bi;Sesz were measured with time-
resolved ARPES under the same conditions as BipTes, 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 transforms in
Fig.]2|(d), BizSe has both A{}) (2.2 THz) and A?) (5.2 THz)
phonons, similar to BioTes. The frequencies of Bi;Sesz Ay,
phonons are higher than those in BiyTes largely due to the
lower average atomic mass. Analysis of the ARPES data
shows that while the overall band shift is substantially larger
in BipSes, the oscillatory component corresponding to the

Agl) mode in BiyTes is a factor of 2.05 larger than in Bi,Ses
for the same fluence.

III. CALCULATION OF DEFORMATION POTENTIALS

The 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 dis-
cuss the calculations of BipSe; DP, which is based on properly
scaling the results of BiyTe; we established previously.

A. Calculations for Bi,Tes: 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 wavelength, it
means measurements would be performed at the 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:

bp . (@AEss/dF) .
(duss /dF)

ARPES measures directly the SS energy shift (AEss), while
XRD measures a weighted average of the atomic displace-
ments over the probed region of the sample (uxrp # uss).
Above we defined uss in Eq. [T] as a weighted average over
the SS wave function extension. This brings uncertainties in-
trinsically 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:

[ dss
uss = | =
AXRD

Quantities with tildes are obtained from simulations. The fac-

tor (s
UXRD

> UXRD 3)

is the simulated ratio between the average dis-

placement iigg over the spatial extent of the SS and the aver-
age displacement iixgp measured by XRD. As we shall show,



this ratio can be calculated by modeling the generation pro-
cess of the depth-dependent coherent phonon field u(z,7). For
conceptual clarity, we begin by neglecting diffusion and re-
combination, and return to examine them later in this section.

The depth-dependence of XRD is given by the x-ray pene-
tration depth, which, for Bi;Te3 is 55 nm for our experimen-
tal condition (X-ray grazing incident at 0.5°. In contrast, the
SS wavefunction extends only ~1 nm from the surface [40].
These lengthscales are denoted by 1/0;, where (i=XRD) cor-
responds to the X-ray penetration depth at the incident angle
in an XRD measurement, and (i=SS) corresponds to the spa-
tial extent of the SS wave function. The change in scatter-
ing intensity in XRD is taken to be a weighted average of the
phonon amplitude over the probed region. Similarly, the en-
ergy oscillation of the SS is given by displacements averaged
over the extent of its wave function. These weighted averages
can be written:

ii(t) = Jo! dzexp (—oyz)u(z,1) @

Jo dzexp(—0i2)

where L; represents the thickness of the sample. To compute
the displacements u(z,), we model u(z,7) as a harmonic oscil-
lator displaced to a new quasi-equilibrium coordinate u'(z,¢)
[34]:

du

s u'(z,1)) — yi(z,1) )

= —(2mf)*(ulz,1)
where f is the frequency and 7y is the damping rate. The dis-
placed coordinate u(z,t) is proportional to the photoinduced
carrier density n(z,t), which has the initial condition:

n(z,t =0) o< exp(—z) (6)

where o (1/0p=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 Eq. 4] and [6| we obtain:

L 1 — e (0tai)L; o
Yotay 1—e oL

u; =

where ug represents the displacement at z = 0. We find that
the rescaling factor is (ﬁiﬁs])) = 2.6, which shows that XRD

probes a deeper region in which the weighted average dis-
placements are substantially attenuated compared to the sur-
face.

We now examine the possible role of carrier diffusion
and recombination, which redistribute carriers following pho-
toexcitation and can therefore introduce a time- and depth-
dependence to the phonon driving forces. To motivate this
discussion, we compute a back-of-the-envelope estimate of
the relevance of diffusion: Using the ambipolar diffusivity of
Bi,Tes of D, = 520 nmz/ps [41], we estimate a characteristic
diffusion timescale of 1/(D,0) ~ 0.4 ps. This is comparable

5

with the phonon period for A(ng) 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 am-
bipolar diffusion along the sample normal direction Z:

dn d*n 1
“L_ptt_ 2 8
dt “dz? ron ®)
where 7( is the carrier lifetime, which is estimated to be
20 ps [42]]. We apply a boundary condition

dn dn
IZ(ZZO):O’IZ(Z:LDZO 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,t) from Egq. [5| by taking
u'(z,t) =< n(z,t) as before, but now with the time-dependence
included. However, for the most faithful modeling of the ex-
periment, we must account for the fact that the phonon fre-
quency is itself a function of n(z,), as demonstrated exper-
imentally by fluence-dependent mode softening in Fig. [Jfa).
We model this as a linear dependence of the mode frequency
f(z,t) on fluence: f(z,t) = fo(1 — Bn(z,t)). Here fj is the
equilibrium frequency and 8 > 0 is the proportionality con-
stant which determines the magnitude of the softening. With
this assumption, we can numerically solve for u(z,t), and fi-
nally calculate the average displacements #;(¢) using Eq. E}

Here we take the Aﬁ,) mode as an example, and describe
the simulation of Bi,Tes, assuming D,=520 nm?/ps [41].
We choose 3 to reproduce the observed linear softening, as
shown in Appendix C. The damping constant Y is taken to be

0.25 ps~!, to be consistent with the experimental data. We
find that ( s ) =2.2 for A(li). The corresponding factor for

{XRD 4

the A(l l,) mode is 2.0. These can be compared with the factor of
2.6 we computed earlier from Eq. (7), which neglected diffu-
sion and recombination. This indicates that the carrier dynam-
ics 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; how-
ever, the dominant correction arises from the large penetration
depth of the XRD measurement compared to the extent of the
SS wave function.

B. Calculations for Bi,Te;: 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 correction
required by different time resolutions 7 in ARPES and XRD
measurements.



‘ experiment‘ theory (LDA)
BQTm,A§> 2.4(0.7) 58
BirTes A[ 2.7(0.8) 6.8
BirSes. Al 1.8(0.7) 12

TABLE I. Deformation potential [meV/pm]. The experimental val-
ues are averaged over the region of interest across kH space as shown
in Fig. [T] (d). The experiment values account for intrinsic and ex-
trinsic corrections. Error bars include both systematic and statistical
error. Theory values are taken at the I[-point.

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[43-46]. These discrepancies may be attributed
to miscalibration in the laser power measurement or errors in
the measurement of the incident area on the sample. There-
fore, for quantitative calculation of the DP, we investigate flu-
ence uncertainties between XRD and ARPES measurements.

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

(diiss /d fss)

(diixgo/dfxrD) (10
in place of Equation [3] and accordingly
DP — (dAEss /d fss) an
(duss /d fxrp)

where f; is the Aﬁ,) frequency measured by the respective
techniques. We note that fss # fxrp even for the same in-
cident 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. ] Eq.[IT]is mathematically equiv-
alent to the original definition (Eq. 2). By doing so, uncer-
tainties in fluence calibration are effectively circumvented by
using the softened frequency as a proxy. The calculation of
(dﬁss/d];ss)/(dﬁXRD/deRD) is detailed in Appendix C.

Both measured quantities uxrp and AEgs need to be multi-
plied by an additional correction factor due to limited time
resolution 7 (60 fs in ARPES and 50 fs in XRD measure-
ments) [47]:

n?fi?
41n2

exp ( ) (12)
where f represents A, mode frequency fp.

Eq. ['I;f] is then used to calculate DPs of Aj, modes in
BiyTes;. In Fig. E] (a), we plot the displacement uss and the
electronic band shift AEgsg as a function of AEZ) frequency.
The slopes of these linear fits are used to calculate the DPs in
Eq. The resulting DPs are listed in Table I, which reflects
our best estimate considering all intrinsic and extrinsic fac-
tors. We note that these values differ by 20% compared with
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FIG. 3. Ag? frequency dependence in BiyTes. (a) Displacement

uss and (b) SS band shift AEgg as a function of the measured A(lzg)

frequency.

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. Statisti-
cal errors are obtained from the fitting error bars of Fig.[3](a,b)
which weighs in both the horizontal error bars and vertical er-
ror bars. Systematic errors are estimated based on the uncer-
tainty in two important parameters of our calculation: the x-
ray incidence angle (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 re-
sults in penetration depths ranging from 35 nm 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 200nm?/ps to 1000nm?/ps, which differ from the
estimated value of D,=520nm?/ps by roughly a factor of two.
This introduces a corresponding 15% uncertainty in the DP.

C. Calculation for Bi,Se;

To compute the DP of BiySes, we cannot directly employ
the strategies from the previous section II.B that minimize the
systematic errors due to fluence calibration. The A(l2> mode of
Bi;Ses was not observed by XRD, and is therefore not avail-
able 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 Eq. [3|and Eq. [2}
! (dAEss/dF)

iiss
DP =
(ﬁXRD ) (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 (‘iAESi% between BiTes and BirSes.

We then need to take into account that the different ambipo-
lar diffusivity in BipSes is much higher D, :1400nm2/ps [48]].
Diffusion, therefore, leads to a lower carrier density in the
vicinity of the SS in Bi,Sesz as compared to Bi, Tes, leading to

13)



a lower iisg, and thus an additional correction factor of 0.63 to
the ratio of DPs between Bi,Te; and Bi;Ses, due to the quan-

tity (éﬁi}). 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,Tes over BiSes of 1.37.

Finally, knowing the A<11) DP ratio we can calculate the ab-
solute value BipSe; DP based on our knowledge of the Bi, Tes
DP value, see table[[} The uncertainties include statistical error
(32%), as well as systematic error (16%) from uncertainties in

X-ray incidence angle calibration and ambipolar diffusivities.

We also estimate a lower bound of the BiySes Ai,) DP of
0.2 meV/pm. This bound is based on the non-observation of
this mode in the SACLA XRD measurement, where its ampli-
tude was below the noise level.

IV. DFT CALCULATIONS

We performed DFT calculations to compare with the exper-
imentally measured A1,-SS DPs of BiTe3 and BiSes. The
details of our calculations are given in Appendix E. The com-
puted electronic band structures of BiyTes and BiySes slabs
are shown in Fig. E| (a) and (b). DPs are obtained using the
frozen phonon method, where the atoms are displaced along
the A, mode coordinates, and the SS energy shifts are calcu-
lated based on the resulting shifts in the electronic band struc-
ture of a slab. In our DP calculations, we use the vacuum
level of the Hartree potential to align the energies of the elec-
tronic states. We assume that bulk phonon modes are homo-
geneously distributed along the slab despite the surface’s pres-
ence. The computed DPs along K-I'-M are shown in Fig. ff](c)
and (d).

We select the computed DP values at the I'-point to com-
are with the experimental values, and include them in Table
Il

I The calculated Ag? DPin Bi;Ses is 1.5 times smaller than in
the experiment and agrees within the experimental uncertain-
ties. In Bip Tes, the A1z DPs are about 2.5 times larger than the
experimental values and outside of the estimated confidence
interval of measurements. We emphasize that this comparison
does not reveal an order of magnitude difference as found in
the strongly correlated superconductor FeSe [33] and that our
values are roughly one order of magnitude smaller than those
for other non-topological semiconductors such as Si and Ge
[49]. Considering the theoretical and experimental difficul-
ties 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.

From the perspective of theory, it is interesting that calcu-

lations for the A(ll) mode predict a factor 4.8 larger DP in
Bi;Tes than in Bi2§e3. This only agrees qualitatively with the
experiment which observed a factor 1.4 larger DP in Bi,Tes.
This quantitative discrepancy might be attributed to the limita-
tions of DFT calculations in capturing the precise band struc-

ture. We note that in the experiment, the Ag? DPs are weakly
momentum-dependent near the zone center (see Appendix B),
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FIG. 4. DFT calculation of electronic band structures and deforma-
tion potentials. (a) Band structure for a 6-quintuple layer (QL) slab
of BipTes, shown for part of the reciprocal space. (b) Band structure
for a 5-QL slab of BiySes;. (c) Deformation potential (DP) of the
two A1, modes in BiyTe3 derived from frozen phonon calculations.
(d) Deformation potentials of the A, modes in BiySes3. (e) Calcu-
lated Aj, mode DP by swapping the lattice constants value, masses
of group-VI atoms, and spin-orbit coupling strength in Bi;Tes with
that of Bi;Ses. Combining all three effects, the prediction of factor
4.8 larger A1, DP in Bi;Te; can be reasonably explained.

whereas theory predicts strong momentum-dependence of the

Agzg) DPs. Calculations that account for electron correlations
may result in a better agreement with the experimentally mea-
sured band structure, as suggested by ref [50], as well as our
DP measurements.

To understand the difference in the DP values of BiyTes
and BiySe; 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 contri-
butions of these parameters to the DPs in both materials.

We start with BiyTes and evaluate the contribution of each
individual parameter of Bi;Ses to the DPs of BiyTe;. Note



that we only varied one parameter at a time, while holding

the rest at their nominal values for Bi; Tes. The resulting A(ll)
deformation potentials are plotted in Fig. [] (e). If the Sge
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,Ses lattice
parameters are used for the BiyTe; system, the DP at I is re-
duced by ~ 27%, which is mostly related to the lattice expan-
sion affecting the crystal field splitting. Finally, when all these
factors are simultaneously incorporated, BiyTes is effectively
transformed into Bi,Ses, reproducing the factor ~ 5 differ-
ence of native 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 con-
stants, atomic masses, and spin-orbit coupling strength are all
key ingredients.

Additionally, we performed a constrained DFT calculation
(see Appendix E) of the vibrational modes for the photoex-
cited bulk Bi,Te; and Bi;Ses;. We found that for Biy Tes, the

mode amplitude dependence on A(ll) frequency reproduces
the measurement well, and that the ratio between BiyTe; and
BiySes phonon amplitudes given the same excitation density
is consistent with the experiment.

V. CONCLUSIONS

We combined time-resolved XRD and ARPES measure-
ments on the topological insulators Bi;Tes and BiSes; and
quantify the coupling between topological surface states and
A1, phonon modes by extracting mode- and band-resolved
deformation potentials. We compare experimental results to
DFT and find reasonable agreement. Our results directly im-
pact the microscopic understanding of topological SS trans-
port and topological phase transitions[29]. Our methodol-
ogy lays the systematic 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 BiyTes than in BijSes, yet this difference is
insignificant within experimental uncertainties. Our DFT cal-
culations 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 can not ex-
clude that correlation effects in the calculations might im-
prove agreement with the experiment, we did not observe
an order of magnitude discrepancy as was revealed for the
strongly correlated superconductor FeSe [33]]. In addition,
excited state DFT correctly predicts the experimentally ob-
served mode softening. We also analyzed the individual con-
tributions of lattice constants, atomic masses, and spin-orbit
coupling strength to the difference between the DFT values of
DPs for Bi;Te; and BiySes. All parameters contribute con-
siderably, with spin-orbit coupling providing the largest con-
tribution. 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 mis-
match of pumped and probed sample volumes. Only smaller
corrections are necessary to account for photoexcited 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 de-
pendent phonon mode frequency 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 homoge-
neous distribution of excited carriers regardless of the probe
penetration depth and also mitigates diffusion effects. This
approach taken in Ref. [33] 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 ac-
cessing the dynamics of bulk states in well-defined conditions,
which this work was not able to accomplish. We expect that
future multi-modal experiments will combine time-resolved
ARPES and diffraction methods in a single instrument. Most
if not all extrinsic effects will be eliminated in such simultane-
ous 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.
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Appendix A: Crystal structures

Fig. [5|shows the crystal structure of space group R3m, and

provides a 1D-atom-chain view of A(ll,) mode on the right side.

The quintuple-layer view of Agl) mode as Fig. |1{ (a) is pro-

vided 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
A1 modes, Bi, X(I), and X(II), the X(I) atoms are not allowed
to displace in a A1, mode as these atoms are the centers of in-
version symmetry. Thus, an A, phonon has only two degrees
of freedom determined by Bi and X(II) atomic motion along
[111]. Since there are two free parameters, there are corre-
spondingly two Aj, modes.

First, we refine the internal atomic coordinates using the
static diffraction intensity on different peaks. Second, to de-
termine the eigenvector, we use the diffraction intensity mod-
ulation induced by the same phonon mode measured across
multiple Bragg peaks. Finally, based on the measured eigen-
vectors, ugi can be quantified from diffraction. We detail the
second step below.

We parameterize the X(I[) atom coordinates in the prim-
itive unit cell as (8, 8;,8;) and the Bi atom coordinates as
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FIG. 6. BipSe; XRD data from LCLS for the eigenvector recon-
struction. (a) (b) Time-resolved diffraction on peaks (332) and (443).
Peak intensity modulation amplitude induced by a given Aj, mode
is different on peaks (332) and (443), which contains information for
1
g)
sity modulation amplitude A7/T on peaks (445) and (556). (d) A{

induced intensity modulation amplitude on peaks (443) and (556).

calculating the Ay, eigenvector. (c) A(1 induced normalized inten-

(82,02, 6,). Then the scattering structure factor is given by

F :fX+2eiﬂ:(h+k+l)[fxcos[n-(l _261)(/’l+k+l)]

(AD)
+fpicos[m(1—28)(h+k+1)]]

with §; ~ % and &, ~ % For Bragg peaks, h,k,[ are integers,

and we define h+k+ 1= N. For N = 5n, the Bragg peaks are

not sensitive to either of the A1, modes. For N = 5n=+1, peaks

have the same sensitivity to a given Aj, mode for a given n,

and are sensitive to both Ag? and A(lzg). For N = 5n=+2, peaks

have the same sensitivity to a given Aj, mode for a given n,

and are sensitive mainly to the Agl,) mode.

During the XRD experiment at LCLS we oriented the sam-
ple 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 (8, &), which are in good agreement with DFT
calculations.

The eigenvector of Bi;Te; Aj, phonon mode can be ob-
tained from the intensity modulation amplitude of a set of
peaks sensitive to the mode. We need only one free param-
eter to describe two A, mode eigenvectors simultaneously,
and we pick this free parameter to be the Bi/Te ratio in the

Ag‘lg) mode. The experimental observables are the Bragg peak
intensity modulations induced by an A, mode (Fig. |§|(a) and
(b)). As shown in Fig. |§| (c) and (d), amplitudes of the normal-
ized Bragg peak intensity modulation Al/I linearly increase
with fluence. The increase in Al/I per unit fluence (1 mJ/cm?)



mode | Bi | Te/Se II
BiyTes. Al 0.44 0.56
BirTes A[) 0.56 0.44
BirSes. Al 0.58 0.40
BirSes., A} 0.40 0.58

TABLE II. The normalized eigenvectors of BirTe3 and BirSe3 Aj,
modes. BiyTes eigenvectors are obtained using XRD, while those of
Bi,Ses are calculated using DFT.

is the slope of the linear fit constrained through the origin in
Fig.[6] (c) and (d).

We aim to solve for three unknown variables: (1) the Bi/Te
22 mode, (2) the A(I]; mode amplitude (alterna-
tively one can also choose to use #®') increase per unit fluence,

ratio in the A

and (3) the A(l2> mode amplitude increase per unit fluence. We
therefore define a set of three constraining equations: the lin-

ear slopes of (1) the A(li,)

(556) peak versus fluence, (2) the Ag? modulated diffraction

intensity of the (445) peak versus fluence, and (3) the A(li,)
modulated diffraction intensity of the (556) peak versus flu-
ence. To avoid near-degeneracy of the equation set, we pick
two peaks that either satisfy N =5n 41 or N = 5n+ 2 for the

A(li,) mode. The solution of this equation set agrees with the
eigenvectors calculated by DFT to within 15%, when compar-
.

Table [lIl shows the normalized eigenvectors of Bi,Te; cal-
culated through XRD measurements, and of Bi;Ses obtained
through DFT. For Bi,Ses; we did not resolve signals on a suf-
ficient number of Bragg peaks to directly solve the eigenvec-
tors.

modulated diffraction intensity of the

ing the normalized A, eigenvector projected onto a Bi atom.

Appendix B: k-dependence of SS energy shifts

To enhance the signal-to-noise ratio of the surface electron
band coherent oscillations, we average the change in band en-
ergy over & 0.2 A ~! near I, which is based on the fact that
the DPs and thus the electron band shifts are nearly constant
across this area of reciprocal space. In Fig.[/|we show the k-
dependent SS response, the sampled k|| points are illustrated
in Fig.[7](a) and (d). In Fig.[7|(g) and (h), the energy shift ver-

.
and Agzg) in Biy Tes. The kH dependence of A(li,)-induced bind-
ing energy oscillations AE"® is weak with a variation of 13%.

sus Ay, frequencies for different k|| points are plotted for A

The A(lz,) has a lower signal-to-noise ratio, adversely impact-
ing the amplitude 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.

10
Appendix C: Complete deformation potential calculation

As in the main text, we present the simulation details for
DP calculations in Bi,Tes first, before we do so for Bi;Ses.
We show the simulated carrier density n(z,7) and the phonon
field u(z,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 Eq[3]and Eq.[10].

We show the measured fluence dependence of the mode fre-
quencies f; in Fig.[](a), for different samples and experimen-
tal conditions. The large change of the Bi,Tes A(lzg) frequency
with increasing fluence shows that f; can be a good proxy for
the absorbed pump energy density. Thus, we can use Eq. [TT]
to correct for the fluence uncertainty in different experiments.

- _(diiss/dJss) -1
The DPs are proportional to [( din /d fXRD)] , and hence
(diiss /d fss) -1 = ( iiss ) (dfss/dF) 1
(ditxrp /d fxrD) fXRD (dfxrp/dF)

The first factor in Eq. [CI|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 (using
bulk) is shown in Fig. E](b). f; is obtained from i;(t) as shown
in Fig. [§]by LPSVD. The slopes of linear fits in Fig. 0] (b) re-
produce the experimental observation that the f; softening for
XRD is larger than ARPES. We use this to calculate the quan-

(dfss/dF)
(dfxrp/dF)’
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 instan-
taneous behavior near t = 0. Diffussion effects are limited to
the the timescale of phonon generation of approximately one
phonon period. In contrast, the analysis of phonon frequencies
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.
(diss/dfss) 71—1

(dﬂXRD/deRD)] We
plot the simulated, normalized A, amplitudes as a function

tity the second term of Eq. right hand side.

To clearly show the correction factor |

of Aﬁ,) redshift in Fig. @ (c). The slopes are directly used to
%. The slope of the ARPES
measurement (diiss/d fss) is a factor of 2.8 (3.0) larger than
the XRD measurement (diixrp/dfxrp) for the AEQ (A(li,))
mode.

Next we consider the carrier diffusion simulation for the DP
calculation of Bi;Ses;. Here, different samples are measured
using the same experimental conditions and we can ignore the
systematic errors induced by fluence calibration. In these sim-
ulations the absolute values of i are irrelevant, only the ra-
tios between them matter. Fig.[I0]shows that given the same
absorbed fluence, the response of BiyTe; and Bi,Ses differs,
both for XRD in Fig. [10] (a) and for ARPES in Fig. [T0] (b).
Again, this is due to the difference in ambipolar diffusivities
of Bi;Tes and Bi,Ses.

calculate the quantity
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regions we sample for the SS. (e) Modulation of BipSes SS at 0.54 ml/em?, sampled at different k” regions. (f) The Fourier transform of (e).
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(g) BiyTes Agg) phonon induced energy modulation amplitude as a function of Aé,) frequency. The slopes of the linear fits across k| points do

not vary much, which justifies averaging over a large region of interest in k| space to improve the signal-to-noise ratio. The inset contains part

g

of Fig. H (c), with additional crosses representing the AY DPs calculated for individual k|| points. (h) BipTe3 A(l? phonon induced energy

2)

modulation amplitude as a function of A} <

Appendix D: Ellispsometry

We measured ellipsometry data to obtain the complex re-
fractive index and in turn calculate the absorbed fluence in the
Bi,Tes and BiySes samples. Ellipsometry measures reflectiv-
ity with phase of p and s polarized light. The ratio of them, a
complex number, is expressed as 2 = tanWe'®. In Fig. “we
plot ¥ and A as measured (dots) and as fitted (solid curve). El-
lipsometry was conducted at four different incidence angles.
The fit uses a multilayer reflection model and takes into ac-
count the thickness of the film as well as the refractive index
of the substrate. The complex refractive indices as fit results
are shown in Fig.[TT](e) and (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 nor-
mal), we calculate the reflectivity as a function of incidence
angle in Fig.[TT{g), at a center wavelength of the pump laser

frequency. Crosses in the inset represent the A

2

I DPs calculated for individual k| points.

of 780nm. In Fig. [TT[h) we show the reflectivity of a 250 nm
thick Bi, Te; measured 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)[51] employing the Hartwigsen-
Goedecker-Hutter (HGH) norm-conserving pseudopotentials
[532] using the ABINIT code[53} 54]]. 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 8x8x8 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
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different ranges of absorbed fluences and thus different ranges of f;.

(b) Simulated A(lz) mode frequency dependence on fluence. (c) Sim-
ulated 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 in the LCLS experiment as a function

of A

o frequency red shift.
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FIG. 10. (a) Simulated time-resolved XRD signal of the Aglg) re-
sponse for BiyTes film (200 nm) and BipSes film (90 nm), which
correspond to the data taken at SACLA. (b) Simulated time-resolved

ARPES signal of the A(llg) response for Bip Tes bulk and Bi,Ses bulk.

theory, a 12x12x12 and 6x6x6 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 Ay, phonons in a slab with many quintuple layers.

In the bulk DFT calculations, we use the experimental lat-
tice parameters given in Table In the slab calculations,
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 BiyTes and BiySes, 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.

a c 0 &
4.386 A [30.497 A [0.2095]0.4000
4.143 A [28.636 A |0.2117]0.4008

B12T€3
Bi;Ses

TABLE III. BiTes and Bi;Se; lattice parameters taken from
Ref.[53]. @ and c are the hexagonal lattice constants, and « and v
are the internal parameters describing the position of the atoms in-
side the unit cell.

We calculate the forces in photoexcited bulk Bi;Te; and
Bi,Se; immediately after photoexcitation using constrained
DFT (cDFT) [36], assuming that n valence electrons are pro-
moted to the conduction band. In cDFT calculation we as-
sume one chemical potential, i.e. electron and hole popula-
tions thermalize rapidly according to Fermi-Dirac distribu-
tion. For the photo-excited 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

5
Fi(n)=F(n)+ Y [zj — ®ij(n). (E1)
j=1

The interatomic force matrix ®;;(n) depends on the carrier
density and gives the phonon frequencies w; (n) in the photo-
excited system. The atomic forces F(n) are the forces ob-
tained in the photo-excited system for the equilibrium atomic
positions z(} in the ground state. The equilibrium atomic posi-
tions of the photoexcited system depend on n and can be found
from
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FIG. 11. Ellipsometry data for Bi;Te; and BiySes. (a) and (b) show ¥ and A from measurement (dots) and fit result (solid curve) for

BiyTes. 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 are shown in (c). (d) (e) (f) Bi;Ses
ellipsometry results. (g) The s and p reflectivity of 780 nm light as a function of incidence angle. (h) shows the reflectivity of a 250 nm thick

Biy Te; measured at normal incidence and the predicted reflectivity.
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=

Fig. [12) shows key results of the cDFT simulations. The
atoms upon photoexcitation shift towards coordinates of
higher symmetry (i.e., fractional coordinates move towards
integer multiples of 1/5), which is consistent with the experi-

mental observation of atomic motion direction deduced from
the diffraction intensity change. The simulations reproduce
the atomic motion amplitude of A, modes as a function of the

A(l? frequency shift. They also correctly predict that Bi,Tes

and BipSes are driven at similar amplitudes given the same
excitation density, consistent with the experimental results in

Fig.[2](b).
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