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Tracking the surface atomic motion in a coherent phonon oscillation
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X-ray photoelectron diffraction is a powerful tool for determining the structure of clean and adsorbate-covered
surfaces. Extending the technique into the ultrafast time domain will open the door to studies as diverse as the
direct determination of the electron-phonon coupling strength in solids and the mapping of atomic motion in
surface chemical reactions. Here we demonstrate time-resolved photoelectron diffraction using ultrashort soft
x-ray pulses from the free electron laser FLASH. We collect Se 3d photoelectron diffraction patterns over a wide
angular range from optically excited Bi,Se; with a time resolution of 140 fs. Combining these with multiple
scattering simulations allows us to track the motion of near-surface atoms within the first 3 ps after triggering
a coherent vibration of the A, optical phonons. Using a fluence of 4.2 mJ/cm? from a 1.55 eV pump laser, we
find the resulting coherent vibrational amplitude in the first two interlayer spacings to be on the order of 0.01 A.

DOI: 10.1103/PhysRevB.106.L.201409

The study of ultrafast dynamics in solids has not only
provided an unprecedented insight into interactions between
different degrees of freedom [1-3], it has also introduced
methods for preparing entirely new transient quantum states
[4]. Typical experiments use optical and UV lasers for pump-
probe experiments, revealing the time-resolved electronic and
optical properties for a wide range of solids, from bulk ma-
terials to two-dimensional layers [5,6]. Ultrafast structural
determination, on the other hand, is far less developed. Time-
resolved (TR) variants of traditional x-ray diffraction (XRD)
harbor a huge potential [3,7] but their use is restricted by
several factors. One is the scarcity of ultrafast x-ray sources,
something that is beginning to change. Another is the bulk
sensitivity of XRD that is ill-matched with the more surface-
localized optical pump excitation or, indeed, the extreme
surface sensitivity of time- and angle-resolved photoelectron
spectroscopy (TR-ARPES) used to study the electron dynam-
ics that accompanies any structural changes. For instance, the
phonon-driven modulations in the electronic structure mea-
sured by TR-ARPES can give a direct and detailed insight
into the electron-phonon coupling of the system [8,9] but
only under the condition that the phonon-induced structural
changes at the surface are precisely known.

A promising complementary technique to TR-XRD is
TR-x-ray photoelectron diffraction (TR-XPD). Static XPD is
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based on x-ray photoelectron spectroscopy (XPS) and inher-
its the chemical resolution and surface sensitivity from this
technique: It should thus be possible to measure atomic dis-
placements at the very surface of a solid, where they are most
relevant for a comparison to TR-ARPES data. The principle
of TR-XPD is illustrated in Fig. 1(a). A solid is excited by
an optical pump pulse, followed by an x-ray pulse leading
to the emission of a core electron. This electron can reach
the detector directly or along different scattering pathways,
and the measured intensity results from the coherent superpo-
sition of the direct and scattered wave field amplitudes. The
diffraction pattern measured at the detector is a fingerprint of
the local atomic arrangement around the emitting atom and
the structure can be determined by a comparison to multiple-
scattering calculations [10-13]. Unlike XRD, XPD does not
rely on long-range order and it has been used to study both
long-range and local phenomena such as surface relaxations
[14] and geometric changes during surface reactions [15].
TR-XPD using a pulsed x-ray source thus holds promise
for real-time investigations for a wide range of phenomena.
In fact, first TR-XPD demonstrations have been given for
simple systems such as aligned molecules [16,17]. The ef-
fect has also been observed for solid surfaces [18,19], but a
rigorous structural determination based on such data is still
missing.

Here we demonstrate the power of TR-XPD to track the
ultrafast dynamic changes in the surface structure upon the
excitation of coherent phonons on the (111) surface of the
topological insulator Bi,Ses;. Symmetric A, coherent optical
phonons can be launched [20,21] and controlled [22] by ul-
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FIG. 1. (a) Principle of TR-XPD. A solid is excited with a short
low-energy light pulse, followed by a soft x-ray pulse that gives rise
to photoemission from core levels. The core level photoemission
intensity shows an angular distribution that is given by the coher-
ent interference of the photoelectrons’ partial waves reaching the
detector along different pathways, either directly (solid line) or via
multiple-scattering events (dashed lines). The crystallographic direc-
tion of the surface normal is indicated on the left-hand side. (b) Se
3d core level spectrum before and after optical excitation. (c) Se 3d
modulation function, obtained for integrated times of ¢+ < —0.075
ps. The scale bar applies to both panels (c) and (d). (d) Calculated
modulation function for the best-fit structure. (e) Reliability factor
for the comparison between experimental and theoretical modulation
functions as a function of the first two interlayer distances d; and d,.
The contours represent a fit to a two-dimensional polynomial.

trashort optical laser pulses. The A] o phonon relevant to the
present study has a frequency on the order of 2 THz and
decays with a time constant of &3 ps [22]. The excitation of
coherent phonons leads to small time-dependent variations in
the binding energy of the electronic surface and bulk states, as
measured by TR-ARPES [23]. The bulk states show a binding
energy oscillation consistent with the Al . mode, whereas the
surface state energy modulation can only be described by su-
perimposing a second vibration of a slightly lower frequency
(2.05 THz instead of 2.23 THz) [23]. This is consistent with a
softening of force constants near the surface and the presence
of a surface-localized vibrational mode [24].

TR-XPD experiments on the Se 3d core levels of Bi,Ses
have been performed with the HEXTOF experimental station
at the PG2 beamline of the free electron laser FLASH [25,26].
Samples were cleaved in vacuum and held at room tempera-
ture during the measurements. The pump photon energy and
fluence were 1.55 eV and ~4.2 mJcm™2, respectively. The
probe photon energy was 113 eV. Major challenges for TR-
XPD are the need to collect high-quality TR-XPS spectra, not
only integrated over the detector but for all emission angles
individually. This necessitated a total data collection time of
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FIG. 2. Time-dependent structural analysis. (a) Top row: TR-
XPD patterns integrated over an interval of 60 fs around selected
time delays. Bottom row: Best-fit calculated patterns, fitting only the
parameters Ad,(¢) and Ad,(t), i.e., the deviation of the interlayer
spacings from the equilibrium position. (b) Black: self-R factor of
TR-XPD patterns with equilibrium pattern in Fig 1(c). Red: Gaus-
sian width of Se 3ds/, line. (c) Time-dependent interlayer distance
changes Ad,(¢) and Ad,(t). The inset shows the displacement for an
Al  phonon (red arrows). The dashed lines in (b) and (c) indicate the
time delays for the images in (a).

~19 h. After correcting for jitter from FLASH, the time res-
olution was 140 fs. For these and other experimental details,
see the Supplemental Material (SM) [27] and Refs. [28—-34].

Figure 1(b) shows the effect of optical pumping on the Se
3d core level line shape. There is a small but clear difference
between the spectrum collected before the arrival of the pump
pulse (black) and the spectrum at peak excitation (red). The
spectra could be fitted by a Doniach-Sunji¢ line shape [35]
with a very small asymmetry (see SM [27]). Pumping the
material leads to a small increase in the Gaussian linewidth
that could be used to estimate the experimental time resolution
[see Fig. 2(b)]. However, the effect is much smaller than in
other materials [36,37].

TR-XPD patterns were obtained from the fits as the area
under the Se 3d peak, using Gaussian binning of the pho-
toemission intensity as described in the SM [27]. Instead
of representing the XPD pattern as the k-dependent Se 3d
photoemission intensity I (k), we use the so-called modulation
function defined by x (k) = [I(k) — Ip(k)]/Io(k), where Iy (k)
is a two-dimensional polynomial [10,27]. This modulation
function is displayed in Fig. 1(c) for the photoemission inten-
sity in the unexcited state: It is obtained by integrating the data
at time delays ¢ < —0.075 ps, where t = 0 corresponds to the
highest temporal overlap of the pump and probe pulses; and
negative values correspond to the probe pulse arriving before
the pump pulse.

Before addressing the time-resolved atomic motion after
an optical excitation, we determine the quasistatic geometric
structure of Bi;Se; by comparing the equilibrium XPD pattern
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in Fig. 1(c) to multiple scattering calculations performed by
the software package for electron diffraction in atomic clusters
[38]. The calculated modulation function for the optimized
structural and nonstructural parameters is given in Fig. 1(d)
[27]. The agreement with the experimental result is excellent.
To quantify this, the two modulation functions can be com-
pared by the reliability factor

_ Zi(Xe,i - Xt,i)2
Y (x2i+x)

where . ; and y, ; are the experimental and theoretical mod-
ulation functions for the ith k point, respectively. We find a
very low value of R = 0.15. In order to reach this agreement,
the structural parameters were initially fixed to the bulk values
for BipSes [39]. An optimization was limited to the first three
interlayer distances d,, d», and d3, as defined in Fig. 1(a).
Changing deeper interlayer distances had a negligible effect
on the resulting R factor. R is plotted as a function of d; and d,
in Fig. 1(e). The values of R are fitted to a three-dimensional
paraboloid in order to determine the optimum parameters d; to
d; with a higher precision than given by the grid of R calcula-
tions. The best agreement between experiment and calculation
is found for d; = 1.579 +0.050 A, d, = 1.866 & 0.100 A,
and d; = 1.980 £ 0.100 A. The uncertainties are determined
from the variance of the R factor [27,40]. With respect to the
bulk structural parameters, there is a small inward relaxation
of the first interlayer spacing, in excellent agreement with a
previous surface structure determination by surface XRD and
low-energy electron diffraction [41], and in fair agreement
with a static XPD investigation [14]. The second interlayer
spacing also shows a small inward relaxation, whereas in
previous experiments [14,41] it was found to be very similar
to the bulk value. The third interlayer spacing is found to
show negligible relaxation. For more details on the multiple
scattering simulations, see the SM [27].

The average structure is now taken as a starting point to
determine the time-dependent changes of d; to dj after the
optical excitation. It turns out that the time-dependent varia-
tion of d3 is much smaller than that of the other two interlayer
distances. In order to avoid overfitting and instabilities in
the presence of noise, ds is therefore set to remain at its
equilibrium value. XPD patterns at selected points in time are
shown in the top row of Fig. 2(a). Figure 2(b) shows a basic
characterization of the time-dependent data with the vertical
dashed lines corresponding to the time points chosen for the
XPD patterns in panel (a). The black line is a self-R factor
between experimental data alone, comparing the measured
modulation function at each time delay with the static mod-
ulation function in Fig. 1(c), i.e., the modulation from the
integrated data for ¢ < 0.075 ps. Note that this self-R factor
is defined as in Eq. (1), merely exchanging the modulation
functions which are to be compared. This allows us to judge—
from experimental data alone—how much the pattern changes
after the optical excitation. The self-R factor shows a rapid
increase shortly after r = 0, followed by a gradual decay as the
surface relaxes back to its equilibrium structure (there can be
additional changes of the overall lattice constant due to the in-
duced carriers over a much larger timescale than investigated
here [42]). The decay is superimposed with a pronounced

R ey

oscillatory structure, indicating that the path back to equilib-
rium is accompanied by periodic structural changes, such as
optical phonons. Figure 2(b) also gives the time-dependent
Gaussian width of the Se 3ds;, peak. This shows stepwise
broadening at + = 0, followed by a gradual narrowing. The
width of the step establishes the time resolution of the exper-
iment. It is clearly significantly shorter than the period of the
observed oscillations.

A quantitative structural analysis is now performed by
comparing the time-resolved diffraction patterns to multiple
scattering simulations like the one in Fig. 1(d), while optimiz-
ing the structural parameters (d; and d,) for each time delay,
using a two-dimensional interpolation of R as in Fig. 1(e).
The resulting changes for the two interlayer distances with
respect to the equilibrium values (Ad; and Ad,) are shown in
Fig. 2(c) and the best fits to the measured XPD patterns are
given in the lower row of Fig. 2(a). Both Ad; and Ad, show
clear oscillations with an amplitude on the order of 0.01 A,
especially immediately after excitation and towards the end
of the explored time interval. The period of the oscillation is
about 500 fs, consistent with the expected excitation of an A% <
optical phonon. The structural changes are also in line with
what is expected for an A] . phonon. As seen in the inset,
this phonon mode involves the simultaneous movement of the
two outer layers (Bi and Se) in a quintuple layer (QL) with
respect to the static central Se layer. The changes in d; and
d, should thus be correlated and be either in phase or out
of phase, depending on the relative size of the movements in
the first and second layer atoms. The in-phase (out-of-phase)
motion corresponds to a larger (smaller) displacement of the
outer Se atom from the central atom than the displacement
of the Bi atom. Figure 2(c) shows the displacements to be
approximately out of phase.

The structural changes should be treated with some cau-
tion. As seen in Fig. 2(a), the changes in the diffraction pattern
are very small. The changes in d; and d, have the expected
order of magnitude [8,43] but they are much smaller than
the uncertainties for the determination of the static values
of the interlayer distances. We can thus expect that some
of the movements seen in Fig. 2(c) are due to noise. On
the other hand, we need to keep in mind that uncertainties
stated for the static structural parameters also account for
systematic errors, for example from oversimplifications in the
multiple scattering simulations. Such effects limit the overall
reachable agreement (and hence, the uncertainties) but they
are identical for the calculations performed at each point in
time, suggesting that the changes in d; and d, should be
more reliable than their absolute values. The purely statistical
uncertainties due to noisy data can be estimated from the
structural fluctuations for negative time delays in Fig. 2(c)
and these are much smaller than the static uncertainties and
also smaller than the pronounced structural oscillations at later
time delays. Finally, a structural change is supported by the
oscillatory shape of the time-dependent R factor in Fig. 2(b)
and the fact that both the oscillation frequency and the move-
ments in d; and d, are consistent with an excited A% ¢ optical
phonon.

For a more detailed understanding of the observed struc-
tural changes, we introduce a minimal one-dimensional model
to study time-dependent interlayer distances near the surface.
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FIG. 3. (a) One-dimensional linear chain model with five atoms
per unit cell and nearest neighbor interactions. The bulk is described
by three force constants y; , 3. The first layer force constant is per-
mitted to be different (y;). (b) Phonon dispersion curves for the
bulk (black solid lines) and the surface-localized modes (red dashed
lines). (c) and (d) Dark-blue line: Time-dependent displacement of
the first and second atomic spacing in the one-dimensional chain,
respectively, when exciting both the bulk A}g mode and the A{g
derived end mode for d; (c) and d, (d). The dashed lines before r = 0
represent the equilibrium values of the linear chain model. Light-gray
line: experimental displacements from Fig. 2(c).

The model is illustrated in Fig. 3(a). We consider a linear
chain of atoms with a Se-Bi-Se-Bi-Se QL as the basis. The
model has three different spring constants, y, and y3 within a
unit cell and a weaker y; between the unit cells, representing
the van der Waals forces between the QLs of BiySes;. We
adjust the force constants such that the phonon dispersion
is similar to that of Bi,Sesz in the I'-Z direction of the bulk
Brillouin zone [see Fig. 3(b)] [24,44]. The A{ ¢ phonon mode
corresponds to the lowest optical branch at the zone center.
Its displacement pattern is shown in the inset. In the model,
the vibrational amplitude for the second layer Bi atoms is
higher than that of the first layer Se atoms, consistent with
an out-of-phase motion of d; and d,. Using the bulk force
constants does not give rise to distinct vibrations at the end
of the chain. We therefore introduce a localized end mode by
choosing a softer force constant y; at the end of the chain
(reduced by 10% with respect to y,). This results in several
end-localized modes with frequencies that do not appear in
the bulk continuum [dashed red lines in Fig. 3(b)]. The dis-
placement pattern of the A] g~derived end mode is also given
as an inset. Its slight asymmetry is caused by the the softer y;
and the missing spring at the end of the chain.

Using a superposition of the Al o bulk and end modes, it is
possible to achieve a qualitative agreement with the experi-
mentally observed displacements, as shown in Figs. 3(c) and
3(d). In this picture, the reduced vibrational amplitude in the
middle of the investigated delay time window is the result of a
beating pattern of the two modes. The very simple model can
of course not be expected to give a quantitative description of
dy(t) and d,(¢) and there is some freedom to choose the best
parameters for reproducing the experimental displacements
(the relative excitation strength and the phase between the
modes; see SM [27]).

In summary, we have demonstrated the use of TR-XPD for
an ultrafast tracking of the surface atomic structure after the
excitation of a coherent phonon in Bi,Ses. The coherent vi-
brational amplitudes for the pump fluence used here are on the
order of 0.01 A, allowing the calculation of the deformation
potential when combined with TR-ARPES experiments. An
important challenge for TR-XRD is the need for high-quality
XPS spectra when binning the collected data in both k and
time. This leads to very long data acquisition times and, in
our case, limits the length of the delay time interval that
can be studied and the precision of the obtained structural
parameters. The bottleneck in the data acquisition is vacuum
space charge [45] and a desirable characteristic of future free
electron laser sources will be a much increased pulse repeti-
tion rate. This will allow similar studies not only to take data
sets of better quality and over longer time delays but also at
multiple photon energies, drastically increasing the precision
of the structural determination. Eventually, the chemical and
local sensitivity of TR-XPD could be exploited, e.g., to probe
the detailed atomic motion in specific coherently excited vi-
brational modes in molecules, representing a time-resolved
version of the previously suggested use of XPD to measure
the time-averaged probability distribution of atoms [46].
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