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Ultrafast enhancement of electron-phonon
coupling via dynamic quantum well states

Samuel T. Ciocys'? & Alessandra Lanzara® 2%

The density of states at the Fermi surface controls many material properties by influencing
the low-energy interactions of conductive electrons. Typically, external tuning knobs generate
only small perturbations to the density of states in crystals, since their band structure
depends strongly on the lattice potential. In contrast, quantum well states are contingent on a
localized potential extrinsic to the crystal lattice and can be easily modified leading to
changes in the density of states at the Fermi level. Here, we are able to control the quantum
well potential on the surface of Bi,Ses with light, driving a density of states singularity below
Er at ultrafast timescales, thereby triggering a reversible Lifshitz transition. We reveal a
substantial ultrafast enhancement of the electron-phonon coupling with repercussions on the
relaxation dynamics in the system. We argue that the relaxation dynamics are governed
largely by the interplay of the dynamic density of states of the quantum wells with c-axis
scattering from the Afg optical phonon mode. These results demonstrate a powerful way to
enhance electron-boson interaction on ultrafast timescales providing new avenues for con-
trolling material properties and driving novel quantum phases of matter.
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mental interactions in solids, adding to the complexity of

electronic behavior beyond the Coulomb interaction. Not
only does EPC play an important role in defining the electronic,
transport, optical and thermal properties of materials, but it is
also fundamental in driving novel quantum phases of matter,
such as superconductivity, charge density waves, and 2D Ising
materials!=>.

Since EPC is strongly dependent on the density of states (DOS)
at the chemical potential®%7, various methods have been devel-
oped to tune the chemical potential in a controlled way and
induce changes in the coupling constant. These changes can be
particularly relevant in the presence of singularities in the DOS, as
is generally the case in the proximity of a Lifshitz transition3-11,
where very large enhancements of the coupling constant can be
realized by placing the chemical potential at the singularity. Most
of the methods adopted so far rely on tuning of static parameters
such as temperature, doping, pressure and electrostatic
gating!2-15, with the latter being the most versatile as it does not
modify the underlying lattice. 2D quantum well (QW) states, are
ideal candidates to controlling Lifshitz transitions, due to their
malleable quantized band structure, which in the presence of the
Rashba Effect leads to singularities in the DOS!®17,

The recent discovery that light can be used to modulate the
underlying potential in QWs and to induce a Lifshitz transition!8,
opens up the intriguing possibility to tune EPC on ultrafast time
scales through DOS alone, and present a new avenue for engi-
neering boson-mediated quantum phases. Time and angle
resolved photoemission spectroscopy (TR-ARPES) is ideal to
study these effects as it allows a direct measurements of the
underlying modification of the band structure and of the
electron-phonon coupling constant!9-20,

In this study, we utilize TR-ARPES to drive a Lifshitz transition
of a van-Hove-like singularity in the surface quantum wells of
Bi,Se;. As the singularity returns to the Fermi level, we reveal a
transient enhancement of the EPC that affects the electron-hole
recombination process and abruptly transfers charge to the sur-
face. Based on experimental indications of c-axis scattering and a
characteristic phonon energy from the electronic self-energy in
the topological surface, we describe a direct phonon emission
model for relaxation involving the Afg optical phonon mode that
closely captures the relaxation dynamics. Altogether, this work
establishes a simple means of controlling large changes in the
DOS at the Fermi level and enhancement of the electron-boson
interaction on ultrafast timescales by harnessing the flexible
spectrum of quantum well states.

Electron—phonon coupling (EPC) is among the most funda-

Results

A transiting singularity. Figure 1a, b present an overall summary
of the ultrafast photo-induced Lifshitz transition in the QW
spectrum. The infrared pulse generates excited electrons and
holes that cancels the surface band bending. Panel (a) shows the
typical spectra of Rashba-split quantum well states before and
after infrared illumination. At equilibrium (panel (a)) only the
first quantum well (QW1) is filled, with the two spin-split bands
resolved. The corresponding band bottom defines a ring of non-
zero radius, in contrast to point-like as in the case of spin
degenerate band. Consequently, the DOS is no longer a step
function, but increases asymptotically in correspondence to the
band bottom, akin to a van-Hove singularity!® (see leftmost
panel).

Upon illumination, the surface photovoltage effect is known to
modify the potential gradient of the quantum well!8, producing a
transient shift of the QW energies that can drive QW2 below the
Fermi level (panel (b)). An infrared pulse generates electron-hole

pairs at the surface of the sample with strong downward band-
bending. The electrons are pushed towards the surface by the
downward band bending field while holes are pushed into the
bulk. The subsequent transient dipole field created by the
separated photoexcited charges reduces the equilibrium band
bending field, thereby altering the quantum well potential at the
surface. Subsequently, QW1 and QW2 shift downward and
photoexcited charge is stored in the shifted high energy portion of
the QW1 dispersion and the singularity in QW2. Accordingly,
within this picture, our pump-probe experiment is toggling the
DOS singularity of QW2 below and then back above the Fermi
level. The downward shifting of QW1 does not affect the Fermi
surface topology, but the emergence of QW2 below the Fermi
level introduces two new electron pockets, producing a time-
dependent Lifshitz transition. This ability to reversibly and
continuously control the position of the van Hove singularity
with respect to Ep presents an ideal condition for enhancing
electron-phonon interaction.

Additionally, since the photogenerated dipole changes the
surface potential, the kinetic energies of the photoemitted
electrons are rigidly shifted accordingly. This rigid shift is
removed in the resulting ARPES spectra throughout this study to
reveal the underlying electron dynamics?!:2? (see Supplementary
Fig. 1).

Figure 1c displays the raw ARPES spectra of the Bi,Se; surface
QW states at equilibrium as well as at five representative delays
(=10, 60, 120, 180, 370 ps) pumped at 51.9 pJ-cm—2. At
equilibrium, the TSS and the lowest energy quantum well
dispersion (QW1) are present and filled below Eg, with QW1
demonstrating strong Rashba splitting. After pump excitation
(=10 ps), the second Rashba-split quantum well dispersion
(QW2) appears below Ep and is subsequently filled via thermal
relaxation. At more positive delays, QW1 and QW2 relax towards
their equilibrium energies. In particular, 7= 120 ps represents an
important moment in the quantum well relaxation, correspond-
ing to the time when the QW2 band bottom and DOS singularity
reach the Fermi level. We will refer to this time as 7 .

The delay time 7., corresponds to two peculiar phenomena
in the delay-dependent spectra represented in panels (d) and (e),
respectively: 1) a discontinuity in the decay rate of photoexcited
charge, top panel (d). 2) a rapid broadening of the TSS and
quantum well dispersions in panel (e). In the top subpanel of
Fig. 1d, we present the total spectral intensity of QW1 and QW2
as a function of delay over the fluence range 2.9 — 59.1 yJ - cm 2
using the dashed white integration window shown for 7= 370 ps
in panel (c). At high fluence, charge is stored below Er and decays
slowly up until 7., (dashed line serves as visual guide), where
charge begins to decay rapidly.

The crossing of the QW2 band bottom back above the Fermi
level is clearly observed in the time-dependent states at the Fermi
level (vertical dashed line) displayed in the TR-ARPES map in the
bottom subpanel of Fig. 1d. Here, QW1 states that cross E can be
seen as continuous lines as a function of delay near k,~+0.1
and + 0.06 A1, experiencing slight inward bending as the QW
spectrum relaxes. Whereas QW2 states appears at k, ~+0.045
A1 and approach k, =0 as the band bottom crosses the Fermi
level at delay 7~120 ps, marking the reversal of the pump-
induced Lifshitz transition.

The second effect of rapid spectral broadening is best observed
in Fig. le. The comparison between 7= 10 ps and 7= 120 ps of
the surface bands including QW1, QW2, and the TSS reveals a
significant increase in spectral broadening at T..s. The bottom
panel displays the momentum distribution curves (MDCs) at 50
meV below the Fermi level demonstrating that the spectral
linewidth in the momentum direction increases for both the TSS
and QWI.

2 COMMUNICATIONS MATERIALS | (2023)4:48 | https://doi.org/10.1038/s43246-023-00370-7 | www.nature.com/commsmat


www.nature.com/commsmat

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/543246-023-00370-7 ARTICLE

a) aw2 Qw2 Qwi b) o~ d <591 <189 <57
>§ .- =518 =105 =29
= - 2
N TR s
B | IS .8 : 05 L 0004
N N7 TT Ex”
w l 0.0 —
[
w - 0.1
Qw1 < o0
> 0.
X
Equilibrium ¥ |[ ¥ Pumped — Q. ] fe—..
DOS k, DOS k. 0 50 100 150 200 250 300 350
Delay (ps)
C) 01 10 ps 60 ps 120 ps
/sz Tcross %_,
< 00 -
] T
- w
H-0.1
w . Fy
2
TSS 8 0.5
< 0.0 :
. 0.1 00 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.1 ' 0.1 0 0.1

ky (A71) ky (A=1)

Fig. 1 Controlling Rashba singularity with an ultrafast Lifshitz transition. a Schematic of light induced Lifshitz transition and DOS singularities. Before the
pump, QW2 is above E and unoccupied. b After illumination, QW1 and QW2 shift downwards, QW2 is filled, and the Fermi surface acquires higher order
topology. € Spectra at equilibrium, 10 ps, and 350 ps showing the emergence of QW2 below Er and subsequent return above Er at 7.,oss. d Top: Integrated
spectral intensity of full QW1 and QW2 dispersions (dashed white region (b) at 7= 370 ps) over all measured fluences. At fluences >4 pJ - cm~2, charge
decay experiences a transition from a long-timescale process to rapid recombination at 7.,oss (dashed black line guide to the eye). Bottom: TR-ARPES map
at Er demonstrating the crossing of the QW2 band bottom (dashed black line). e Broadening of dispersions at 7.,oss. MDCs at E=— 0.50 eV show
increased linewidths at 7c0ss Versus 10 ps. Panels (c), bottom (d), and (e) are for fluence 51.8 pJ - cm~—2.
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Fig. 2 Ultrafast transient self-energy enhancement. a MDCs of TSS at equilibrium and 120 ps demonstrating transient broadening and goodness of
Lorentzian fits. b MDCs of TSS at four binding energies with centroids aligned showcasing the increased broadening at 120 ps (red) versus equilibrium
(grey) particularly for high binding energies (see arrows). ¢ ImX derived from MDC Lorentzian FWHM as a function of binding energy at equilibrium and
four representative delay integration windows (corresponding shaded regions in d). ImZ as a function delay from dark grey energy window shown in

d (dark circles) and light grey energy window shown in d (light circles). e ImX at 120 ps (red) with linear component removed and corresponding ReX from
Kramers-Kronig transform (yellow). Dashed and solid black lines correspond to ImX and ReX from simulating 120 ps spectrum. f The electron-phonon
coupling constant, 4, determined from high binding energy plateau of ImX of ¢ (white circles), optimizing MDC centroid locations through spectra
simulations (blue triangles), and Kramers-Kronig of measured ImZ of e (yellow squares).
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Self-energy implications of rapid spectral broadening at 7, .ss.
To better understand the impact of this photo-induced transition
on many body interactions, in Fig. 2 we study its effect on the real
and imaginary part of the electron self-energy (ReX and ImX),
quantities that can be directly accessed by ARPES, which mea-
sures the single particle spectral function:

1 [Tm2(k, w)|
7 (0 — E (k) — ReX(k, w))* + Im2(k, w)?

Ak, w) = (1)

where k and w are the electron momentum and energy, respec-
tively, E,(k) is the energy of the bare band, and ReX(k, w) and
Im¥(k, w) are the real and imaginary parts of the electron self-
energy. ReX(k, w) and ImX(k, w) are Kramers-Kronig related and
are shaped by many-body interactions. The imaginary part of the
self-energy broadens the energy distribution curve (EDC) line-
width whereas the real part modifies the bare band dispersion
location. The linewidth and band dispersion can be extracted by
either EDCs or MDCs.!%:20.

As shown in Equation (1), the ARPES spectral function takes
the form of a Lorentzian with the full-width-at-half-maximum
(FWHM) in the energy direction, T,, equal to 2ImX(k, w).
Therefore, EDCs provide a direct measure of the ImZX(k, w).
Similarly, the self-energy can be extracted from the FWHM in the
momentum direction for a near-linear dispersion via
[Im3(k, w)| = I}vp/2. The latter method using MDCs is more
precise as it avoids asymmetric effects from the Fermi Dirac
distribution!%-20,

Figure 2a shows the MDCs at equilibrium (grey) and 120 ps
(red) with Lorentzian fits (black dashed). The comparison of the
raw spectra reveals a dramatic increase of the MDC width at
Teross = 120 ps over a large binding energy range. Figure 2b
presents a closer inspection of the MDCs and fits for four evenly
spaced binding energies. Particularly at 120 ps, the MDCs
dramatically reduce in linewidth as the binding energy
approaches Eg (see arrows) (see Supplementary Fig. 2 for more
details).

Figure 2c plots ImX (extracted from MDCs in the red window
of panel (a) versus binding energy at equilibrium (black dots) and
four integrated delay regions (see corresponding shaded colors in
panel (d)) denoted by the average delay value. At equilibrium and
10 ps, ImX is approximately flat and at a minimum. At 7., and
above — 30 meV, the self-energy trends sharply downward
towards the equilibrium value at Ep. At longer delays (170 ps
and 350 ps) the self-energy remains above the equilibrium
position at high binding energies with a downward slope towards
the equilibrium value at Ep.

The energy-dependence of the imaginary part of the self-
energy at T..oss in panel (c) is emblematic for electron-phonon
coupling, where Im¥ demonstrates a step-like function that is
large for energies below the phonon-mode energy, Ep, and
decreases towards Ep for energies above E,, manifesting in a
characteristic dip in self-energy between Ep, and Ep (see
horizontal arrows and red curve)319-20:23_ In this specific case,
the energy of the self-energy dip is consistent with a previously
observed phonon mode of E;, = 20 meV known to couple to both
the bulk and surface states at varying degrees??-2425, This phonon
mode has been associated with the optically active Afg

mode?%-2>-28, The dip near Eg is suppressed for all other delays,
suggesting that EPC from the 20 meV phonon increases at the
moment of 7. The constant offset for all delays of =~ 40 meV
(ImX value at E — Ex=0) is indicative of the electron-disorder
interaction and is delay-independent and comparable to previous
reports in Bi,Se;202%30. Furthermore, overall there is delay-
dependent linear component of ImX (dashed line) that could
indicate weak electron-electron coupling, =~ 0.0005, consistent

with previous equilibrium studies of Bi,Se;2%30 or a previously
reported unknown final-state effect!®.

The evolution of the Im¥ as a function of delay time is shown
in Fig. 2d. Spectra are shown both at high binding energy
represented by dark circles (from dark grey integration window in
panel (c)) and at Eg represented by lightened circles (from light
grey integration window in panel (c)). The primary feature of the
ImY profile at high binding energy is a sharp peak that occurs at
Teross: Moreover, ImY remains raised above the equilibrium value
(black dashed) for positive delays beyond the 7., However,
ImY near Er which serves as a measure of the degree of electron-
disorder interaction, is delay independent and consistent with
previous reports in Bi,Se;20-29-30,

Additionally, we have performed a bottom-up simulation of
the ARPES spectrum with the effect of EPC under the influence of
energy and momentum broadening (see Supplementary Fig. 4).
The inherent broadening from the detector obscures direct
measurement of the real-part of the self-energy from panel (a).
Simulated spectra are generated by varying ReX and the
corresponding Kramers-Kronig consistent Im¥ of a 20 meV
phonon mode applied to the bare band dispersion with the
electron-phonon coupling constant, A, as the variable parameter.
Within this method, we have assumed that A is near-zero at
equilibrium based on similarly doped equilibrium systems from
literature2%-31, This assumption is consistent with the extrapolated
bare band in Supplementary Fig. 3, which (although it
experiences positive curvature) does not demonstrate a kink near
20 meV. We can then determine a resulting ReX and ImX that
minimize the difference between MDC centroid locations
between the simulated and experimental data, circumventing
the detector resolution effects. The results from panel (c) are
consistent with the simulated spectra, as can be seen in Fig. 2e.
From the measured ImX in panel (c) we can determine ReX
through the Kramers-Kronig transformation and compare both
self-energy components to the best fit self-energies determined
from the bottom-up spectra simulations. Panel (e) then presents
ImY (red) for 120 ps after removing the linear back ground
(dashed line in panel (c)) and ReX (yellow) as determined
through Kramers-Kronig analysis with the respective self-energies
from the simulation overlaid in dashed and solid black,
respectively. The Kramers-Kronig analysis reveals a ReX peaked
at 20 meV near the expected E,p,. Both experimental self-energy
components closely match the respective self-energies from the
simulation.

The results discussed so far suggest an increase of ImX at the
characteristic phonon frequency and consequent renormalization
of the dispersion indicative of electron-phonon coupling. The
strength of this coupling is defined by the electron-phonon
coupling constant, A, and can be directly extracted from the self-
energy following standard procedure. Specifically, we have
adopted three different methods to determine A and study its
evolution as a function of delay time. The results are consistent
with each other, as shown in Fig. 2f. The three methods are
described below:

1. From the measured ImX in panel (c), A is be determined from
the high binding energy plateau after removing the electron-
disorder component (constant offset at E — Ex =0) and the
linear background (dashed line), which leads to the red curve
in panel (e). The magnitude of A is determined by the height
of the self-energy plateau and the phonon-mode energy being
A = 2ImX(E<<E)/(nE)>3? as shown by white circles.

2. We use A from the best fit simulation described in
Supplementary Fig. 4, displayed as blue triangles.

3. By performing the Kramers-Kronig transform on the
background subtracted ImX (as shown in panel (e)) we
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Fig. 3 Singularity-mediated relaxation dynamics. a DOS of QW1 and QW2

(temp. broadened) illustrating rate equation model. Model chooses energy

frame in which QW2 band bottom energy is fixed. E¢" drifts downward according to total stored charge, while charge Ny p and N, are transferred to Ny ,
and N, and allowed to decay with recombination rate « - as. b Results of model showing good agreement with surface voltage time-dependence. € QW1
and QW2 band bottoms from model (light grey and dark grey, respectively) compared to measured EDC centroid band bottom locations at I" as a function
of delay (open circles). d EDCs at TSS kf as a function of delay with quasi-Er (orange) and band centers (green), demonstrating short-lived charge

accumulation. e Er and band centers plotted vs delay show peak occurs at 7.,.ss. f Charge density versus distance into the bulk used in charge transfer

model. psix (black line) is fixed charge that creates band bending potential at

equilibrium. Photoexcited electrons prss, pows, and pow: (yellow, red, blue

respectively) and photoexcited holes ppoes alter the charge distribution after excitation and decay in time. g Decay profile of TSS, QW1, QW?2, and trapped
hole populations, showing charge transfer from QW2 to QW1 and TSS. h Charge transfer causes a dip in the relaxation of the QW1 and QW2 eigenvalues
(light and dark teal, respectively) at 7055, Capturing panel ¢ behavior. Surface potential response (black) is mostly unaffected by charge transfer.

determine lambda from the slope of ReZ near Ep220,
These results are presented as yellow squares for the four
delays near 7. that exhibit a clear dip in ImX and
therefore a distinguishable ReX.

These observations suggest that the TSS undergoes a sudden
increase of the electron-phonon coupling at 7. reaching a
coupling constant of nearly A = 0.6, much higher than previously
reported in equilibrium studies of Bi,Se;2027-31:33, Both the TSS
and bulk conduction band (of which the QWs are derived)
participate in the EPC, with previous studies suggesting that the
QWs in Bi,Se; are a significant factor in determining EPC
strength2>34.35,

c-axis scattering in relaxation and charge transfer dynamics.
The Lifshitz transition and the associated self-energy enhance-
ment play a critical role in the recombination of the photoexcited
electron-hole pairs. To elucidate their role, we have developed a
minimal rate-equation model that incorporates the DOS of QW1
and QW2 as well as enhanced scattering at the moment of the
Lifshitz transition. At the surface of the material the conduction
band and valence bands bend downwards forming a band
bending potential that generates the quantum well levels. The
downward band bending forces holes into the bulk and electrons
towards the surface, trapping both populations and generating a
separated charge distribution that manifests as (and is propor-
tional to) the measured potential at the surface. Therefore, the
decay profile of this surface potential measures the time-
dependence of the photoexcited charge at the surface and it can
be directly measured as a function of delay by the delay-
dependent rigid shift of the ARPES spectrum according to our
previous studies?1:?2. Since the majority of photoexcited charge at
the surface is trapped in the modified quantum well levels,
understanding the decay mechanisms of the trapped charge in
QW1 and QW2 can reveal the origin of the discontinuous decay
profile of the surface potential.

Figure 3a illustrates the electronic filling of QW1 and QW2
after excitation. The equilibrium electron filling is designated by
the striped regions whereas the filled regions indicate the excess
electron populations created by the pump. For the non-
equilibrium charge trapped in the quantum well levels, there
are two types of populations: electrons above Ep: 1) both QW1
and QW2 shift downwards in energy with respect to the Fermi
level and establish charge below Er (N}, and N, respectively)
which remains in quasi-equilibrium (no recombination) during
their stay below Ep. 2) photoexcited charges will also populate
states in QW1 and QW2 above Er (N, and N,,), which can
recombine with bulk holes at the rate a,...

These populations are not static, since QW1 and QW2 relax
upward in energy changing the relative position of Eg with respect
to the band bottoms. Our model incorporates this effect by fixing
the energy positions of QW1 and QW2 such that Eg in this
energy frame is time dependent, Ej(7). In fact, Ef depends
proportionally on the total accumulated charge, Ny, =Ny, +
Nip+ Ny, + Ny, since the electric field linearly modifies the
quantum well level positions and is proportional to the total
charge.

As Ej; shifts downward, charge from Ny}, is transferred to Ny,
according to the respective DOS and AEj}. The DOS of the QWs
is broadened by 6 meV, the expected smearing of the DOS at
T = 80 K3°. Finally, we simulate the effect of the sudden increase
in A discussed in Fig. 2 through the coefficient «; which tracks
with QW2; minimum value of 1 and a 6 meV broad Gaussian
peak of + 0.5 centered at the QW2 singularity. This has the effect
of enhancing the recombination rate, .. = o (Ef) - o, for Ny,
the moment E}; crosses the QW2 singularity as would be expected
in the case of increased electron-phonon scattering®37.

Figure 3b plots the results of the model alongside the
normalized surface potential profile at 51.9 pJ - cm—2, capturing
both the slow decay region before 7., (vertical dashed line) as
well as the kink towards exponential-like decay. The individual
charge populations are shown in the bottom graph. Notably, the
charge stored above Ep in QW1 and QW2 is sustained up until
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Fig. 4 Phonon dominated scattering from QW2. a Fermi level (orange) and single phonon relaxation window for charge above E¢ (teal) used in calculation.
b Evolution of QW2 DOS as a function of delay taking into account recombination into the bulk from Afg phonon mode (phonon window). The QW2 DOS
shifts upward in energy at a rate proportional to ANqw> at each time step, simulating SPV relaxation. ¢ Total charge in QW2 (green), generated phonons
from scattering within phonon window (red), and the effect on electron-phonon coupling (blue) as a function of delay. Charge in QW2 serves to screen
electron-phonon interaction, while generated phonons enhance the coupling. d lllustration of phonon bottleneck effect in recombination freeze-out from
QW?2 spectral drift (see regions highlighted in b, ¢). When QW2 band bottom is less than Aw,, electrons can relax directly through Afg phonon emission.
As QW?2 shifts upwards in energy, a multi-phonon process is required or photon-radiative decay is required, freezing out the phonon contribution to

relaxation.

Teross in Which N, , exhibits a hump then decay, and N;,
transitions into exponential-like decay (see Supplementary
Figs. 5-7 for details on the model).

Figure 3c displays measured band bottom energy positions of
QW1 and QW2 (light grey and dark grey respectively) as a
function of delay determined from the EDC peak positions at T.
Since E} measures the relative distance between the QW2 band
bottom and Ep, we can extrapolate the QW1 and QW2 band
bottom positions from our model (open circles) by monitoring E
versus delay. The model-extrapolated QW2 band bottoms using
the same parameters in panel (b) match the measured QW2 band
bottom position up until QW2 crosses Eg. At this point, the EDC
peak positions for QW2 no longer capture the true band bottom
positions due to convolution with the Fermi level. However, we
can see agreement of the model for further delays by investigating
the measured QW1 band bottom position which is unaffected by
the Fermi level. The open circles plotted beneath QW2 represents
Ef/1.65, offset to match the QW1 energy position at 7= 0 ps and
divided by 1.65 (the empirically determined proportionality
constant between QW1 and QW2 energy levels, see Supplemen-
tary Fig. 8). As verification, we see that the experimentally
determined QW1 band bottom positions match the simulation
closely across the entire delay range.

However, if one looks closely at panel (c), QW1 appears to dip
momentarily in energy at 7,.ss (see arrow). Figure 3d-h presents
a reasonable explanation for this phenomenon that again takes
into account increased scattering during the Lifshitz transition.

From our earlier discussion of Fig. 3, it is clear that the EPC
enhancement is associated with an increase in c-axis scattering
causing an increase in the electron-hole recombination rate.
However, it is likely that this scattering is not unidirectional
towards the bulk and due to the intrinsic downward bending in
the material, electrons are already pressured towards the
surface?238, In the low-scattering regime before 7., few
electrons participate in indirect scattering to the TSS. However,
at T o the scattering rate increases driving charge both into the

bulk and towards the surface and momentarily producing an
excess of charge in TSS.

In fact, this behavior is observed at kg of the TSS. In Fig. 3d we
present EDCs at kg that are offset according to their correspond-
ing delay time. The Lorentzian band centers (green) and the
quasi-Fermi-level (orange) demonstrate opposing hump-like
behavior at 7 .. This can be seen more clearly in Fig. 3e in
which only the band centers and Eg(kg) are plotted versus delay.
The sharp increase in the quasi-Fermi-level at 7., suggests that
charge is transferred to the TSS and exists over a short timescale
(<20 ps).

In light of the observed excess charge in the TSS at 7., We
explore the consequences of such a charge transfer using a
partially coupled Poisson-Schrodinger method to simulate charge
populations and calculate QW wave-functions (see Supplemen-
tary Fig. 9). In Fig. 3f, we plot the relevant charge densities at the
surface and in the bulk used in our model. The equilibrium fixed
charge distribution, pg,, is shown as the black curve and
established the equilibrium band bending potential. After the
pump pulse, photoexcited charge separation leads to excess
electron populations prss, powi1, and pqw> (yellow, red, and blue,
respectively) and an equal number of holes at the bulk edge of the
band bending, pholes (grey). The charge in QW1 and QW2 is
determined by the square modulus of the resulting wave-
functions confined in the non-equilibrium band bending
potential.

The excited charge populations decay according to a simulated
surface potential decay profile shown in panel (g). The simulated
surface potential decay profile can be seen in the excited hole
population, gples» Which is equal to the summation of the excited
QW1, QW2, and TSS populations, maintaining charge neutrality.
In order to simulate the charge transfer towards the surface, we
introduce a sigmoidal reduction in the charge population of QW2
that is transferred to grss and gqw; asymmetrically, with a
Gaussian excess at T o given to grss and the remainder provided
to gqwi. This produces the effect of a biased charge transfer to the
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TSS (see arrow) which is then equilibrated with QW1 after 7.
The curves have been shifted vertically slightly for visibility.

The non-equilibrium charge distribution in panel (f) is thus
determined from recursively adding charge to the equilibrium
band bending based on the charge decay profiles in panel (g),
altering the potential based on Poisson’s equation, calculating the
new charge distribution from the wavefunctions from Schrédin-
ger’s equation, and producing a new band bending potential in
small steps. The reverse order of the results produces the time-
dependent wave function dynamics. Figure 3h plots the change in
eigenvalues of QW1 (light teal) and QW2 (dark teal) as a function
of delay, demonstrating the dipped feature observed in panel (c).
The model underestimates the shift of QW1 by a factor of two,
but closely captures the shape of the time dependence. The
surface voltage can be determined in our simulation by the
difference in bulk and surface potentials (black) and is only
weakly affected by the charge transfer event.This is expected since
the change in surface potential is mainly determined by the total
population of photoexcited electrons and holes.

Scattering enhancement and recombination freeze-out via
phonon bottleneck mechanism. We have shown in Fig. 2 that the
time-dependence of the self-energy of the TSS indicates an
enhancement of the electron-phonon coupling at 7. Then in
Fig. 3 we have demonstrated that recombination driven by the
cross-section of the time-dependent DOS of the dynamic
QW2 spectrum with an energy-dependent scattering rate ()
phenomenologically captures the experimentally measured stored-
charge profile as determined from the SPV decay (Fig. 3b) and the
time-dependence of the QW energy levels (Fig. 3c). Moreover, we
confirm that c-axis scattering is indeed playing a large role in the
recombination process at 7.5 by evidence of the abrupt jumps in
the QW energy levels as QW2 crosses Er (Fig. 3c, h). The
remaining question is what generates the energy dependent scat-
tering rate, a, driving the complex recombination process?

In Fig. 4, we present a model that captures the scattering
enhancement at 7., by means of direct recombination through
phonon emission. The primary assumption is the that direct
recombination through photon-radiative recombination is greatly
inhibited by the spatial separation of the photoexcited charge by
the band bending potential. This means that recombination is
primarily driven by phonons that scatter along the c-axis, making
the Afg optical phonon mode a prime candidate for such a

mediator26-28:3940, The teal curve in Fig. 4a approximates the
window for which electrons above Ep can recombine with holes at
Eg given a single phonon emission with energy wpy,. For electrons
with energies above wpy, recombination through c-axis scattering
requires either a two phonon process and therefore greatly
reduced scattering probabilities, or single phonon plus single
photon radiative decay, again a less probable decay channel. The
general concept is depicted in Fig. 4d where direct phonon
relaxation is determined by the gap between the conduction band
bottom (upper region) and the top of the valence band (red filled
lower region). When the gap is greater than w,,, recombination is
reduced, a process often referred to as a phonon bottleneck41:42,

Figure 4b shows the time-dependence of the QW2 DOS
(singularity included) with the initial state multiplied by the
Fermi distribution in panel (a) and broadened by 10 meV. At
each time step charge relaxes proportional to the energy-
dependent phonon window, and the DOS shifts upward in
energy at a rate proportional to the change in the integrated DOS
(ANqw>), similar to the model in Fig. 3 but ignoring contribu-
tions from QW1 for simplicity. At delays past T =120 ps
(vertical bar), the QW2 DOS is greatly diminished and at the edge

of the phonon window, prolonging the lifetime of excited charge
above Ep.

Panel (c) displays the time-dependence of the charge in QW2
(green) and the generated phonons due to recombination (red).
The electron-phonon coupling is dependent on both of these
parameters. The electrons stored at the surface act to screen
lattice vibrations such that electron-phonon coupling is inversely
proportional to excess charge carriers, and EPC is directly
proportional to the number of available phonons for scattering, so
that together A & Nyn/Nqw,*3~#°. By including a small constant
background for N, (0.10% of peak) to accommodate possible
higher order sources of phonons, then the blue points in panel (c)
depicts the time-dependence of the EPC constant. The spike in
generated phonons at 7., would result in a corresponding
electron heating event, and this is indeed observed in the Fermi
level broadening of QW1 and TSS (see Supplementary Fig. 10).
Notice that for delays beyond 7. (horizontal bar), the electron
coupling constant remains elevated due to the non-zero phonon
background, and even increases gradually due to the slow decay
of the QW2 DOS. This effect could explain the increased
imaginary self-energy for delays between 200 and 300 ps that
leads to a similar bump in the calculated electron-phonon
constant (see Fig. 2d, f).

Discussion

In this study, we have uncovered sub-resolution effects (namely
the 20 meV phonon kink) by simulating the effect of a kinked
dispersion on the MDC centroids. TR-ARPES suffers from
intrinsically poor energy resolution in part due to the Fourier
limitation of the bandwidth of the sub-picosecond pulses. The
time-resolution can in principle be reduced to improve the energy
resolution, however this limits the ability to study typical elec-
tronic lifetimes#®. We have shown in this study that the prior
knowledge of the location and functional effect of the phonon
modification to the bare band is sufficient to peer beneath the
intrinsic broadening. Although, there have been numerous stu-
dies on the effect of detector broadening on MDC and EDC fits to
dispersions2347-49, this study is original in the sense that we have
focused on non-equilibrium near-Er modifications to the bare
band, leveraging pumped and unpumped spectra to untangle the
bare band from the modified band. The power of this technique is
demonstrated best in Fig. 2e where the ImX and ReZX used in the
simulation that closely reproduces the MDC centroid locations
are nearly identical to the measured ImX and the ReX derived
from Kramers-Kronig.

Although our study focuses on slow electronic dynamics where
a clear quasi-Fermi level can be established, our method for
extracting the self-energy through spectral simulation (Supple-
mentary Figs. 3 and 4) could be generalized to ultrafast dynamics
where the adiabatic principle breaks down. For instance, the
standard functional form of the self-energy for electron-phonon
coupling can be replaced with a theoretical model for non-
thermalized electrons since the procedure simply finds optimal
parameters that minimize the MDC centroid differences, pro-
viding a method to test such models on real data, peering beneath
the time-bandwidth product of ultrafast pulses.

Previous studies have demonstrated a large degree of variability
in the measured EPC at the TS$20:27:33:34 However, it has been
shown that A of the TSS is dependent on the bulk doping and
presence of surface QW states?>3435 This study helps to
untangle the complicated relationship between EPC and the bulk
conduction band by demonstrating the sensitivity of 1 on the
DOS at the Fermi level of the quantized bulk bands. This sensi-
tivity is seen in Fig. 2f where the EPC constant increase drama-
tically as the QW2 singularity passes the Fermi level. It is possible
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that the variable electron-phonon coupling seen in previous
reports is related to the variable dopings and variable degree of
quantization in those samples and the consequential acute
responsiveness of the EPC to the DOS at Er.

Conclusion

We have demonstrated an ultrafast control of electron-phonon
interaction via a photo-induced Lifshitz transition toggling a van-
Hove-like singularity below the Fermi level. The subsequent
relaxation of the quantum well spectrum reverses the Lifshitz
transition at 7. triggering a large transient enhancement of the
EPC, exceeding previously reported equilibrium values. The rapid
transition of the QW2 DOS across the Fermi level accelerates
direct phonon emission of the Aﬁg optical phonon mode, thereby
enabling rapid recombination of photogenerated surface electrons
with spatially separated photogenerated holes in the bulk via c-
axis scattering. As QW2 continues to drift upward in energy,
phonon-mediated recombination freezes out due to a phonon-
bottleneck process. Moreover, the electron-phonon scattering
momentarily passes charge from the QWs to the TSS, producing
an ultrafast modification to the QW energy levels at 7 5. All
together, this work establishes a simple means of controlling large
changes in the DOS at the Fermi level and enhancement of
electron-boson interactions on ultrafast timescales.

Methods

Sample preparation. The Bi,Se; single crystals were grown by directional slow
solidification and rendered p-type with = 1 at. % Mg substitution with Bi. The
crystals were cleaved and measured in vacuum at 5x 10711 Torr and at 80 K
with LN, cooling. The sample underwent rapid dosing when it was initially
exposed to the infrared pump. This led to the creation of a clear QW spectrum,
which is similar to what Lin et al. observed!”. There was no additional dosing
that occurred after subsequent pumping. This dosing effect might be due to the
presence of trapped gasses in either the graphite spray or the crystal itself. The
results of this dosing were comparable to the effects of carbon monoxide and
water surface dosing®*>!. We have observed this dosing effect multiple times,
but only when using graphite spray on specifically p-type Bi2Se3 samples. For
instance, we have extensively measured n-doped conductive samples and have
not observed such a pump-induced dramatic dosing behavior. It is possible that
a combination of the downward band-bending potential and ionization of gas
species by the pump or probe beam enhances surface adsorption in the event of
outgassing.

TR-ARPES details. The pump beam consists of 1.48 eV p-polarized photons
generated in a cavity-dumped Ti:sapphire oscillator with repetition rates of 678.75
kHz - 1357.50 kHz. The probe beam consists of 5.94 eV p-polarized photons
created through frequency quadrupling of the pump beam in two BBO stages. The
pump and probe beam spot sizes are characterized by FWHMs of 120 pm and 30
um, respectively. The energy and momentum resolution of the TR-ARPES system
is ~ 25 meV and + 0.003 A~1, respectively>2. The time resolution determined by the
convolution of the pump and probe beams at pump-probe overlap is ~ 300 fem-
toseconds. The fluence dependence measurements were enabled by a variable
neutral density filter on the pump beam, which had no measurable effect on the
time resolution or beam size. All reported fluence values in this study refer to
incident fluence on the Bi,Se; surface. Single fluence analysis (see Figs. 2 and 3) are
for 51.8 uJ - cm™2. All analysis was performed using PyARPES, an open-source
analytical library tailored to ARPES measurements®>.

Data availability

All data used for analysis is made available upon request to the corresponding author.

Code availability
All code used for analyzing the data is made available upon request to the corresponding
author.
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