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Abstract

Time- and angle-resolved photoemission spectroscopy (TR-ARPES) provides access to the ultrafast
evolution of electrons and many-body interactions in solid-state systems. However, the momentum- and
energy-resolved transient photoemission intensity may not be unambiguously described by the intrinsic
relaxation dynamics of photoexcited electrons alone. The interpretation of the time-dependent
photoemission signal can be affected by the transient evolution of the electronic distribution, and both the
one-electron removal spectral function as well as the photoemission matrix elements. Here we investigate
the topological insulator Bi; ;Sby 9Te,S to demonstrate, by means of a detailed probe-polarization
dependent study, the transient contribution of matrix elements to TR-ARPES.

1. Introduction

The development of pump-probe techniques has provided the opportunity to extend the study of solid state
systems into the time domain, garnering important insights regarding transient phenomena in addition to new
perspectives on persistent challenges from equilibrium [1]. Generally speaking, pump-probe techniques rely on
asimple principle: a pump pulse drives the system out-of-equilibrium while a delayed probe pulse tracks
intrinsic scattering properties on an ultrafast time scale.

The momentum information accessible to time- and angle-resolved photoemission spectroscopy (TR-ARPES)
offers a significant advantage over other pump-probe techniques, as the modifications to the electronic structure and
relaxation dynamics of photoexcited electrons are observed directly. TR-ARPES has been widely used to study the
transient evolution of exotic phases in condensed matter as disparate as unconventional superconductivity [2—4],
charge-order [5], excitonic condensates [6], and Floquet states [7, 8]. While the technique is by now fairly well-
established, interpretation and analysis of TR-ARPES has yet to take advantage of the vast amount of information
encoded in the experimental signal. Presently, it is conventional to emphasize the temporal evolution of the
electronic temperature [4, 9—12] or the photoemission intensity in well-defined momentum-energy regions [13-16].

© 2020 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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While in many cases this approach provides a basic understanding of some transient properties of the electronic
population, a comprehensive description of the experiment is challenging.

To explore this further, we consider the form of the photoemission signal, for fixed energy w and
momentum Kk, as it is defined via Fermi’s Golden rule [17]

Ips(w, k) = IMEP - A(w, K) - f(w, k), (1)

where |Mflfi|2 is the photoemission matrix element, A(w, k) the one-electron removal spectral function, and
f(w, k) the Fermi—Dirac distribution function. It is important to note that equation (1) is only strictly valid at
equilibrium and may not describe completely the effect of the pump’s electric field on a system’s ground-state
[18]. However, for time delays longer than the intrinsic thermalization time (tens-to-hundreds of fs depending
on the system under consideration), the TR-ARPES signal for each time delay may be well approximated as a
single-photon photoemission process from a thermally-broadened ground-state, i.e. equation (1) can be
extended in the time domain 7. Within this approximation, the temporal evolution of f (w, k, 7) describes the
intrinsic relaxation processes for fixed w and k. In addition to f (w, k, 7), much emphasis has also been placed on
the evolution of A(w, k, 7), which encodes information regarding the bare electronic dispersion [19, 20] and
many-body interactions [21]. Such dynamical analysis of A(w, k, 7) has been applied successfully to, for example,
ultrafast metal—insulator transitions [5, 6, 22] as well as the quenching of phase coherence in superconducting
condensates [2, 3]. To date however, the possible role of the time-dependent matrix element term |Mf1fi (7)* has
been neglected in the analysis of TR-ARPES experiments, apart from sporadic theoretical investigations [23].
Derived from the matrix elements connecting the initial (i) and final (f) state of the photoemitted electron,

IME (1) > depends on the experimental geometry and orbital symmetry of the initial states. This term may be
sensitive to modifications of both the electronic and lattice structures, influencing the orbital symmetry and
complicating the interpretation of relaxation dynamics considerably. Note that for 7 > 0, i.e. when pump and
probe pulses are not synchronous, intermediate and virtual state contributions to |Mflfi (1) [>, which mediate two-
photon-photoemission processes, can be neglected. The possibility that the temporal evolution of A(w, k, 7),
f(w, k, 1), and |M, flfi (7)|? are intertwined raises important questions regarding the degree of confidence with
which the ultrafast evolution of ARPES intensity can be associated with the intrinsic electronic relaxation
dynamics alone.

To illustrate this point, figure 1(a) shows how a simulated transient increase of the matrix element |M (7) |* (blue
line) may affect the extracted electron dynamics. The relaxation dynamics of electrons in the occupied states, i.e.
below the Ef, are described by the evolution of the electronic distribution f(7) (black line). When plotting the
modeled transient photoemission intensity (red line, proportional to f () - |M (7)[?), we note that it overshoots its
equilibrium value (7 < 0) for late delays. This peculiar behavior may become manifest when the recovery time of
|M (7)|? is longer than the one of f(7) and may affect the interpretation and extraction of intrinsic relaxation times.
This emphasizes the complications that can arise when the dynamical response of the matrix-element is neglected.

Such a scenario is not merely hypothetical: we provide here a real example of this complex co-evolution,
observed in the relaxation dynamics of the topological insulator (TT) Bi; ;Sbg g Te,S (BSTS) [24]. We
demonstrate that the pump pulse drives a long-lasting (7 > 6 ps) modification of the angular intensity
distribution (i.e. matrix elements), as well as the band dispersion of the topological surface state (TSS). To extract
the contribution of |M (1) |? to the observed ps thermalization dynamics, a polarization-dependent TR-ARPES
study was conducted, elucidating the essential role of this term in the apparent relaxation dynamics of the
electronic spectral function. While such a study is in principle possible in a variety of materials, TIs such as BSTS
are ideally-suited to our purposes owing to their strong response to an infrared (IR) pump in terms of transient
occupation of the TSS above the Ex [15, 16, 25-27], and susceptibility to the optical excitation of phonon modes
[19]. BSTS is preferred in this particular case to Bi,Se; and Bi,Te; due to the high chemical stability of the surface
and the large bulk conductivity gap, which facilitates consideration of the TSS in isolation from the bulk states.

2. Experimental

Pump-probe TR-ARPES experiments were conducted usinga 1.55 eV pump and 6.2 eV probe beam (250 kHz
repetition rate, 300 pm and 150 pm spot sizes, respectively), with photoemitted electrons collected viaa
hemispherical electron analyzer (SPECS Phoibos 150—overall momentum, energy and temporal resolutions are
<0.003 A™!,19 meV and 250 fs, respectively). The incident fluence of the s-polarized pump was 40 ;1] cm ™2
throughout this work for TR-ARPES measurements. Note that no pump-induced multi-photon effects have
been detected at this fluence, and space-charge effects have been eliminated within our resolving power by
reducing the probe flux (this is done by tracking the shift and broadening of the Fermi edge). BSTS samples
(crystal growth details in [24]) were oriented via Laue diffraction, then cleaved and measured nominally at 6 Kin
vacuum better than 5 x 10~"! Torr. Pump-induced average heating of the sample has been estimated to be
around 50-60 K, via fitting of the Fermi edge with a Fermi—Dirac distribution function convoluted with the
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Figure 1. (a) Pictorial sketch of how a transient modification of the matrix element may affect the extraction of the intrinsic electron
relaxation time from the evolution of the photoemission intensity: blue line, matrix element |M|?, modeled as a single-exponential
function with a decay time of 15 ps convoluted with a 0.25 ps Gaussian function, ~215% maximum variation; black line, electronic
distribution f, modeled as a single-exponential function with a decay time of 5 ps convoluted with a 0.4 ps Gaussian function, ~—25%
maximum variation; red line, photoemission intensity, Ipgs = f - [M|?. (b) Bi;.;Sby 9 Te,S layered-crystal structure. (c) 6.2 eV ARPES
maps for 7 < 0,along I'-M, acquired at 6 K with vertically (s) and horizontally (p) polarized light. The inset shows the hexagonal
projected Brillouin zone with two high-symmetry directions. (d) TR-ARPES mapping (s-polarization) of the conduction band along
['-M for +0.3 psand +1.1 ps pump-probe delays.

energy resolution (see supplementary material available online at stacks.iop.org/NJP/22 /023031 /mmedia).
The incident plane of the laser beams and the analyzer slit were aligned along I'-M direction.

We also performed high-temporal resolution TR-reflectivity to verify the presence of optically-active
phonons (A, optical modes) which may induce transient modifications to the electronic structure. TR-
reflectivity measurements (1 kHz repetition rate) were performed using a 2.25 eV pump, 3 mJ cm ™~ incident
fluence, and broadband near-infrared probe. Sub-20 fs pump and probe pulses (overall temporal resolution
better than 30 fs) are sufficiently short to detect photoinduced phonons in the time domain [28].

3. Results

Similar to Bi,Ses/Tes, the crystal structure of BSTS forms a quintuple-layer structure with alternating layers of
Te—Bi/Sb—S-Bi/Sb-Te stacked along the lattice c-axis (figure 1(b)) [24]. Static ARPES, along the I'-M direction
and acquired with both vertically (s) and horizontally (p) polarized 6.2 eV photons, confirms the presence of a
metallic TSS, with the Dirac point (DP) located 120 meV below Eg (figure 1(c)). The multi-layer and -orbital
structure of the wavefunction of the TSS leads to a characteristic angular modulation of the photoemission
intensity, as a consequence of the interference between photoelectrons emitted from different layers and orbitals
[29-34]"". In the particular case of an isotropic Dirac-like TSS (not warped), the two branches of the TSS are

13 The TSS wavefunction W-gs can be written as a linear combination of layer-dependent atomic orbitals 7)- (7 = {p,, p,,... }):

Urss(k) = > j)TC }fT Nr (k), where jis the atomic layer index (sum over spin is suppressed for clarity)A[29, 33, 34]. Asalready reported by Zhu
etal[29], the photoemission matrix element can be written as M g5 o< ;e 0 CK, < (k) | Finy ;.. >, where ¢(z)) = k, - zjisa
phase term accounting for interference effects among photoelectrons emitted from different layers stacked along z (c-axis).
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Figure 2. (a) Differential (Pump, -~ (—Pump, _ (band mapping of the TSS at +0.3 ps and +3 ps pump-probe delays, along ['-M,
probed with s-polarized light. (b) Momentum distribution curves (MDCs) at —20 meV binding energy, s-polarized light, and different
pump-probe delays. (c) Temporal evolution of the ratio between the spectral amplitude of the two branches of the TSS as probed with
s-polarized light at —20 meV binding energy (P, /Pg, as defined in (b), where Pidentifies the spectral area). The black solid line is a
phenomenological bi-exponential decay function which shows that the modification of the relative intensity of the branches of the
TSS lasts for delays 7 > 6 ps. Error bars are defined as £1 standard deviation. (d) TSS dispersion extracted by a double-Lorentzian fit
of the MDCs. The TSS dispersion changes upon the optical excitation. The inset highlights the transient modification of both the
Fermi velocity and Fermi momentum by simple visual inspection. (e) Extracted Fermi velocity (v, filled orange circles) and Fermi
momentum (kg, open black circles) referred to the equlhbnum Eg. Traces are fit by a phenomenological exponential decay function.
(f) Energy distribution curves (EDCs) atk = 0 A~ for different pump-probe delays (s-polarization, filled circles). Solid lines are fit
with a Gaussian and a polynomial background: the peak does not shift within an uncertainty of 7.5 meV (red rectangular shadow).
Note that the peak position (=—100 meV) does not match the DP position (=~—120 meV) as a consequence of photoemission
intensity pattern (see figure 1(c)). (g) DP position extrapolated from the temporal evolution kg and v in (e): Epp(7) = kg(7) - V(7).
The shadowed area in (e), the red rectangular shadow in (f), and error bars in (g), are defined as the 95% fitting confidence interval.

expected to have equal intensity when probed with s-polarized light—while the intensity of one branch is
suppressed for p-polarized light—([29, 30], in agreement with our results.

We mapped the dispersion of the bulk conduction band via TR-ARPES along the ['-M direction by
introducing the 1.55 eV pump excitation (see figure 1(d)). The minimum of the conduction band is located at
~0.35 eV, the value of which exceeds the minimum band gap reported in [24] as a consequence of the particular
out-of-plane momentum probed by 6.2 eV light. Figure 1(d) confirms that our pump excitation populates
unoccupied bulk states for approximately 1 ps, in agreement with previous TR-ARPES studies of TIs at similar
or higher excitation fluence [10, 14-16, 25, 26, 35—44].

We now move our attention to the study of the TSS, and summarize the results of our TR-ARPES study in
figure 2. The system’s strong, and long-lasting response to the IR pump is seen clearly in figures 2(a) and 4(a), (b).
In particular, figure 2(a) displays the differential ARPES spectra, where we plot the TSS along the I'-M direction
at 0.3 and 3 ps pump-probe delays, as probed with s-polarized light. We observe a dynamical redistribution of
carriers, as well as a modification of both dispersion and relative intensity patterns (i.e. stemming from the
photoemission matrix element). Regarding the intensity patterns, in figure 2(b) momentum distribution curves
(MDCs) at —20 meV binding energy are plotted for representative pump-probe delays. While the MDC area
ratio between left and right branches approaches unity prior to the pump-arrival, in agreement with what is
expected for an isotropic Dirac-like TSS probed with s-polarized light [29], a marked asymmetry appears for
longer delays (figure 2(¢)). As in figures 2(b), (c) we consider intensity at the same binding energy and for
symmetry-equivalent states, one would anticipate identical contributions from both the electronic distribution
and spectral function. Any different evolution can then be attributed to the matrix elements. We return to these
issues in the discussion below, where we corroborate our observation via a polarization-dependent study of the
transient signal of the TSS (see figure 4).

In addition to this matrix-element dynamics, a pump-induced change in the spectral dispersion is observed;
this is particularly well resolved in figure 2(d) and inset. The values of the Fermi surface area (i.e. the Fermi
momentum kg) and velocity (vg) extracted from an MDC fitting procedure are summarized for all delays in
figure 2(e). Such an observation requires consideration of the possible impact of photoinduced surface-
photovoltage (SPV) effects, which have been reported widely in a variety of bulk-insulating TTs [36, 37, 41-44].
We note that SPV would induce a rigid band shift, instead of the polarization dependent photoemission
intensity dynamics reported below and in figure 4, and would thus not affect our analysis and conclusions (see
supplementary material available online at stacks.iop.org/NJP/22 /023031 /mmedia). Furthermore, even if we
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Figure 3. (a) Differential reflectivity AR(7)/R trace (black curve) at 300 K, pump 2.25 eV (incident fluence of 3 mJ cm %) and probe
1.37 eV. AR(7)/R trace is fit by a phenomenological bi-exponential decay function (blue line) extracting a rise time of 0.33 £ 0.05 ps
and subsequent relaxation time of 0.65 £ 0.1 ps. (b) AR(7)/R curve subtracted by the bi-exponential fitting function shown in (a).
The blue line is a double damped-sinusoidal function fit.

cannot exclude the presence of a minor SPV, we observe two effects at variance with what expected for a mere
SPV: (i) a transient modification of v (figures 2(d)—(e)), and (ii) the DP to be stable to within our resolution. The
stability of the DP is confirmed by both the energy distribution curves centered atk = 0 Al (figure 2(f)), as well
as the extrapolation of the DP position from the transient evolution of vg(7) and kx(7) (figures 2(e), (g)).

The photoinduced modification of the dispersion of the TSS is consistent with what has been reported by
Sobota et al [19], who attributed it to a photoinduced lattice distortion, which affects the covalency for those
states comprising the TSS. Such phonon excitations have been reported extensively for both TIs and other
materials [19, 20]. Therefore, while the particular microscopic origin of the photoemission matrix elements
dynamics is challenging to ascertain, in light of the observed evolution of the dispersion the excitation of
phonons is a plausible candidate.

High time-resolution TR-reflectivity has been widely employed for studying photoinduced phonons. In
particular, A;, phonons with a frequency of a few THz have been commonly observed in TIs after a near-IR
perturbation [45-51]. To confirm the presence of lattice vibrations photoinduced by the pump, we have thus
performed a high time-resolution TR-reflectivity investigation of BSTS, which is so far missing to the best of our
knowledge. Indeed figure 3 demonstrates the presence of two optical phonons: Alzg at4.6 THzand A{g at
1.79 THz [51] (note that the /250 fs temporal resolution of our TR-ARPES system prevents us to observe
coherent oscillations of the band dispersion as reported in [ 19, 20]). A single trace of the recorded differential
reflectivity AR(7)/R at probe energy 1.37 V' is plotted in figure 3(a); subtracting the bi-exponential decay fit
(see figure 3(b)), the residual curve can be fit to damped sinusoids from which we extract damping times of 0.4 ps
(4.6 THz/19 meV) and >5 ps (1.79 THz/7.4 meV). We also note that additional modes, not observed via
reflectivity, may also play a secondary role in establishing the modified dispersion over the timescale measured in
our experiment [52]. It is thus plausible that the modifications to the TSS dispersion may be attributed to a
complex interplay of several pump-induced phonons.

With the transient modification to the electronic structure confirmed, we now address the resulting changes
to the ARPES matrix elements which ensue. To do so, we focus our attention on the temporal evolution of
several well-defined regions of energy and momentum along the different branches of the TSS. While the
ultrafast scattering processes involving the TSS of several TIs have been reported [10, 14-16, 25, 26, 35—44], the
effect of changes of the electronic dispersion discussed above has not been addressed. In figure 4(a) we plot the
TSS at +0.6 ps pump-probe delay for two different linear probe polarizations (s and p). The area of the
integration regions indicated by the colored boxes in figure 4(a) was chosen to be comparable in energy to our
system resolution (20 meV), and large enough in momentum so as to ensure that no states move in or out of the
integration window with the change in dispersion. It is important to note that since the DP does not shift with
the pump excitation (see figure 2), the energy window is fixed with respect to the TSS for all time delays. The
temporal evolution of the integrated intensity within these boxes, AI (1) = L . Ipps(w, k, 7)dwdk, is then
plotted in figure 4(b). Comparing this evolution for different energy windows onboth the left (L) and right (R)
branches of the Dirac cone with s- and p-polarized probe light, we find that, remarkably, AI(T) depends on the
choice of probe polarization. We repeat that the pump polarization is fixed, and so this observation can not be
explained as the result of different excitation channels associated with variations in the pump. Furthermore, as
we probe only a single TSS within a given integration window, the observed differences in relaxation rates cannot
be attributed to either f(w, k, ) or A(w, k, 7), because these have no connection within this context to the probe
pulse polarization. Rather it would seem that the matrix elements exhibit distinct temporal evolution that

14 . L. .
Other probe photon energies show a similar behavior.
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Figure 4. (a) Out-of-equilibrium band mapping of the TSS, +0.6 ps pump-probe delay, probed with s (left) and p (right) polarizations.
In each panel, the color scale highlights the regions of interest of this study. (b) AI(7) curves centered at +50, +25 and —30 meV
resulting from the integration in colored boxes in (a). Red and blue curves: s and p polarizations, right (R) branch; green and orange
curves: s and p polarizations, left (L) branches. (c) Temporal evolution of Z(7) as defined in equation (2).

depends on the choice of probe polarization. In addition, we note that the AI(T) curvesat —30 meV binding
energy in figure 4(b) show similar behavior to the model discussed in figure 1(a), i.e. the photoemission intensity
exceeds its equilibrium value for late delays. This observation further confirms the dominant role of dynamical
matrix elements in driving the evolution of the photoemission intensity.

4. Discussion

We can gain more explicit information regarding the photoemission matrix element dynamics via evaluation of:

Z(7) = U /I)(7) = IMp(D) P/ IMs(7) |- )

This quantity is defined as the ratio between photoemission intensities with p- and s-polarized light. The form of
Z(7) has been chosen to eliminate contributions from both A(w, k, 7) and f (w, k, 7), retaining only the relative
matrix element dynamics (note that this is valid even beyond the dipole-approximation commonly employed
for describing photoemission matrix elements). In the absence of temporal evolution for [M (7) |?, or for
equivalent time dependence in both polarization channels, Z(7) would be constant. In figure 4(c), we plot Z(7) as
a function of the pump-probe delay for three different binding energies: two above the equilibrium chemical
potential (+50 and +25 meV), and one below (—30 meV). As exemplified by the lower panel, the matrix
elements undergo an ultrafast response and subsequent relaxation, following the interaction with the pump. For
all three binding energies, we observe a transient evolution of Z(7), unambiguously related to a dynamical matrix
element ratio.

We also observe a strong dependence of Z(7) on both momentum and energy, with the distinction between s
and p polarized light seen primarily along the left branch. Ultimately, the microscopic origin of the matrix
element dynamics in BSTS is beyond the scope of this work. Our primary objective is to demonstrate the
important consequences of Z(7) when characterizing the ultrafast response of the spectral and distribution
functions. The particular form of Z(7) could stem from pump-induced modifications to the initial state
wavefunction, warping of the Dirac cone, or even the nature of the photoemission final states. In the present
context, one plausible contribution may derive from the commonly reported photoinduced A, optical phonons
in TIs (see figure 3 and [19, 49, 51, 53]). These out of plane modes, i.e. along the c-axis, may induce a transient
modification of the relative distance between atomic-layers, modulating the initial and final state wavefunctions,
as well as the phase difference between electrons emitted from different atomic layers. Such photoinduced
modulations may result in an energy- and momentum-dependent modification of the photoemission intensity
[29-34], similar to what has been observed here (see figure 2(c) and figure 4). Finally, we note that the pump-
induced anisotropy of the photoemission intensity reported in figure 2(c) persists out to long delay times
(T > 6 ps), ruling out intermediate /virtual state contributions which may play a role in two-photon-
photoemission processes, and once again suggesting a long-lived microscopic origin such as lattice distortions.
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Beyond this photoinduced vibration scenario, we recognize that other mechanisms may play a role in the
modification of the TSS and the associated dynamics of matrix elements, such as the ultrafast modification of the
screening [54], photoinduced effective mass renormalization [55], or coupling to other bosonic modes (e.g.
plasmons [56]). The variety of plausible contributions to Z(7) highlights the theoretical challenge presented by a
more thorough consideration of dynamical matrix elements in TR-ARPES experiments. These need to be taken
into account in order to ensure the successful application of this technique to the quantitative study of
topological insulators and other materials.

5. Conclusion

We have reported a substantial photoinduced modification of the electronic structure of the topological
insulator BSTS. This response is manifest in corrections to both the electronic dispersion and eigenstates. We
discussed the scenario where both A(w, k, 7) and |Mflfi (1) |? display dynamic behavior, and emphasized the
corresponding implications for the interpretation of TR-ARPES experiments. We showed here that a probe-
polarization study can be used to reveal a time-dependence or lack-thereof within the different | M, flfi (M
channels. Isolating the dynamics of the dipole matrix elements is a critical, necessary step towards the
comprehensive understanding of the non-equilibrium properties of complex solid state systems by TR-ARPES.
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