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Abstract
Time- and angle-resolvedphotoemission spectroscopy (TR-ARPES)provides access to the ultrafast
evolutionof electrons andmany-body interactions in solid-state systems.However, themomentum- and
energy-resolved transient photoemission intensitymaynot be unambiguously described by the intrinsic
relaxationdynamics of photoexcited electrons alone. The interpretationof the time-dependent
photoemission signal canbe affectedby the transient evolutionof the electronic distribution, andboth the
one-electron removal spectral function aswell as the photoemissionmatrix elements.Herewe investigate
the topological insulator Bi1.1Sb0.9Te2S to demonstrate, bymeans of a detailedprobe-polarization
dependent study, the transient contributionofmatrix elements toTR-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
a simple principle: a pumppulse drives the systemout-of-equilibriumwhile a delayed probe pulse tracks
intrinsic scattering properties on an ultrafast time scale.

Themomentum information accessible to time- and angle-resolvedphotoemission spectroscopy (TR-ARPES)
offers a significant advantage over other pump-probe techniques, as themodifications to the electronic structure and
relaxationdynamics of photoexcited electrons are observeddirectly. TR-ARPEShas beenwidely used to study the
transient evolutionof exotic phases in condensedmatter as disparate as unconventional superconductivity [2–4],
charge-order [5], excitonic condensates [6], andFloquet states [7, 8].While the technique is bynow fairlywell-
established, interpretation and analysis of TR-ARPEShas yet to take advantage of the vast amount of information
encoded in the experimental signal. Presently, it is conventional to emphasize the temporal evolutionof the
electronic temperature [4, 9–12]or thephotoemission intensity inwell-definedmomentum-energy regions [13–16].
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While inmany cases this approachprovides a basic understanding of some transient properties of the electronic
population, a comprehensive descriptionof the experiment is challenging.

To explore this further, we consider the formof the photoemission signal, forfixed energyω and
momentum k, as it is defined via Fermi’s Golden rule [17]

( ) ∣ ∣ · ( ) · ( ) ( )w w w=I M Ak k k, , f , , 1k
PES f,i

2

where ∣ ∣M k
f,i

2 is the photoemissionmatrix element,A(ω, k) the one-electron removal spectral function, and
f (ω, k) the Fermi–Dirac distribution function. It is important to note that equation (1) is only strictly valid at
equilibrium andmay 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 systemunder consideration), the TR-ARPES signal for each time delaymay bewell approximated as a
single-photon photoemission process from a thermally-broadened ground-state, i.e. equation (1) can be
extended in the time domain τ.Within this approximation, the temporal evolution of f (ω, k, τ) describes the
intrinsic relaxation processes for fixedω and k. In addition to f (ω, k, τ), much emphasis has also been placed on
the evolution ofA(ω, k, τ), which encodes information regarding the bare electronic dispersion [19, 20] and
many-body interactions [21]. Such dynamical analysis ofA(ω, k, τ) has been applied successfully to, for example,
ultrafastmetal–insulator transitions [5, 6, 22] aswell as the quenching of phase coherence in superconducting
condensates [2, 3]. To date however, the possible role of the time-dependentmatrix element term ∣ ( )∣tM k

f,i
2 has

been neglected in the analysis of TR-ARPES experiments, apart from sporadic theoretical investigations [23].
Derived from thematrix elements connecting the initial (i) andfinal (f) state of the photoemitted electron,
∣ ( )∣tM k

f,i
2 depends on the experimental geometry and orbital symmetry of the initial states. This termmay be

sensitive tomodifications of both the electronic and lattice structures, influencing the orbital symmetry and
complicating the interpretation of relaxation dynamics considerably. Note that for τ?0, i.e. when pump and
probe pulses are not synchronous, intermediate and virtual state contributions to ∣ ( )∣tM k

f,i
2, whichmediate two-

photon-photoemission processes, can be neglected. The possibility that the temporal evolution ofA(ω, k, τ),
f (ω, k, τ), and ∣ ( )∣tM k

f,i
2 are intertwined raises important questions regarding the degree of confidencewith

which the ultrafast evolution of ARPES intensity can be associatedwith the intrinsic electronic relaxation
dynamics alone.

To illustrate this point,figure 1(a) showshowa simulated transient increase of thematrix element ∣ ( )∣tM 2 (blue
line)mayaffect the extracted electrondynamics. The relaxationdynamics of electrons in the occupied states, i.e.
below theEF, are describedby the evolutionof the electronic distribution f (τ) (black line).Whenplotting the
modeled transient photoemission intensity (red line, proportional to ( ) · ∣ ( )∣t tf M 2), wenote that it overshoots its
equilibriumvalue (τ< 0) for late delays. This peculiar behaviormaybecomemanifestwhen the recovery timeof
∣ ( )∣tM 2 is longer than theoneof f (τ) andmay affect the interpretation and extractionof intrinsic relaxation times.
This emphasizes the complications that can arisewhen the dynamical response of thematrix-element is neglected.

Such a scenario is notmerely hypothetical: we provide here a real example of this complex co-evolution,
observed in the relaxation dynamics of the topological insulator (TI)Bi1.1Sb0.9Te2S (BSTS) [24].We
demonstrate that the pumppulse drives a long-lasting (τ>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 ∣ ( )∣tM 2 to the observed ps thermalization dynamics, a polarization-dependent TR-ARPES
studywas 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 ofmaterials, 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 theEF [15, 16, 25–27], and susceptibility to the optical excitation of phononmodes
[19]. BSTS is preferred in this particular case to Bi2Se3 and Bi2Te3 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 using a 1.55 eVpump and 6.2 eVprobe beam (250 kHz
repetition rate, 300 μmand 150 μmspot sizes, respectively), with photoemitted electrons collected via a
hemispherical electron analyzer (SPECSPhoibos 150—overallmomentum, energy and temporal resolutions are
<0.003Å−1, 19 meV and 250 fs, respectively). The incident fluence of the s-polarized pumpwas 40 μJ cm−2

throughout this work for TR-ARPESmeasurements. Note that no pump-inducedmulti-photon effects have
been detected at thisfluence, and space-charge effects have been eliminatedwithin our resolving power by
reducing the probeflux (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 andmeasured nominally at 6 K in
vacuumbetter than 5×10−11 Torr. Pump-induced average heating of the sample has been estimated to be
around 50–60 K, via fitting of the Fermi edgewith a Fermi–Dirac distribution function convolutedwith the
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energy resolution (see supplementarymaterial available online at stacks.iop.org/NJP/22/023031/mmedia).
The incident plane of the laser beams and the analyzer slit were aligned along Ḡ–M̄ direction.

We also performed high-temporal resolution TR-reflectivity to verify the presence of optically-active
phonons (A1g opticalmodes)whichmay induce transientmodifications to the electronic structure. TR-
reflectivitymeasurements (1 kHz repetition rate)were performed using a 2.25 eVpump, 3 mJ cm−2 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 Bi2Se3/Te3, the crystal structure of BSTS forms a quintuple-layer structurewith alternating layers of
Te–Bi/Sb–S–Bi/Sb–Te stacked along the lattice c-axis (figure 1(b)) [24]. Static ARPES, along the Ḡ–M̄ direction
and acquiredwith both vertically (s) and horizontally (p) polarized 6.2 eVphotons, confirms the presence of a
metallic TSS, with theDirac point (DP) located 120 meVbelow EF (figure 1(c)). Themulti-layer and -orbital
structure of thewavefunction of the TSS leads to a characteristic angularmodulation of the photoemission
intensity, as a consequence of the interference between photoelectrons emitted fromdifferent layers and orbitals
[29–34]13. In the particular case of an isotropicDirac-like TSS (notwarped), the two branches of the TSS are

Figure 1. (a)Pictorial sketch of how a transientmodification of thematrix elementmay affect the extraction of the intrinsic electron
relaxation time from the evolution of the photoemission intensity: blue line,matrix element ∣ ∣M 2, modeled as a single-exponential
functionwith a decay time of 15 ps convolutedwith a 0.25 psGaussian function,≈15%maximumvariation; black line, electronic
distribution f, modeled as a single-exponential functionwith a decay time of 5 ps convolutedwith a 0.4 psGaussian function,≈−25%
maximumvariation; red line, photoemission intensity, · ∣ ∣= f MIPES

2. (b)Bi1.1Sb0.9Te2S layered-crystal structure. (c) 6.2 eVARPES
maps for τ<0, along ¯ – ¯G M, acquired at 6 Kwith vertically (s) and horizontally (p) polarized light. The inset shows the hexagonal
projected Brillouin zonewith two high-symmetry directions. (d)TR-ARPESmapping (s-polarization) of the conduction band along
¯ – ¯G M for+0.3 ps and+1.1 ps pump-probe delays.

13
The TSSwavefunctionΨTSS can bewritten as a linear combination of layer-dependent atomic orbitals ητ ( { }t = ¼p p, ,x z ):

( ) ( )hY = å t t tCk kj j j
k

TSS , , , , where j is the atomic layer index (sumover spin is suppressed for clarity) [29, 33, 34]. As already reported by Zhu
et al [29], the photoemissionmatrix element can bewritten as ( )∣ ˆ ∣( )

 hµ å < Y >t
f

t t
-M C Hkef j

z
j f j

k k
,TSS ,

i
, int

pol
,

j , where ( ) ·f =z k zj z j is a
phase term accounting for interference effects among photoelectrons emitted fromdifferent layers stacked along z (c-axis).
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expected to have equal intensity when probedwith s-polarized light—while the intensity of one branch is
suppressed for p-polarized light—[29, 30], in agreement with our results.

Wemapped the dispersion of the bulk conduction band via TR-ARPES along the ¯ – ¯G M direction by
introducing the 1.55 eV pump excitation (see figure 1(d)). Theminimumof the conduction band is located at
≈0.35 eV, the value of which exceeds theminimumband gap reported in [24] as a consequence of the particular
out-of-planemomentumprobed by 6.2 eV light. Figure 1(d) confirms that our pump excitation populates
unoccupied bulk states for approximately 1 ps, in agreementwith previous TR-ARPES studies of TIs at similar
or higher excitation fluence [10, 14–16, 25, 26, 35–44].

We nowmove 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 infigures 2(a) and 4(a), (b).
In particular,figure 2(a) displays the differential ARPES spectra, wherewe plot the TSS along the ¯ – ¯G M direction
at 0.3 and 3 ps pump-probe delays, as probedwith s-polarized light.We observe a dynamical redistribution of
carriers, as well as amodification of both dispersion and relative intensity patterns (i.e. stemming from the
photoemissionmatrix element). Regarding the intensity patterns, infigure 2(b)momentumdistribution curves
(MDCs) at−20 meVbinding energy are plotted for representative pump-probe delays.While theMDC area
ratio between left and right branches approaches unity prior to the pump-arrival, in agreement withwhat is
expected for an isotropicDirac-like TSS probedwith s-polarized light [29], amarked asymmetry appears for
longer delays (figure 2(c)). As infigures 2(b), (c)we consider intensity at the same binding energy and for
symmetry-equivalent states, onewould anticipate identical contributions fromboth the electronic distribution
and spectral function. Any different evolution can then be attributed to thematrix elements.We return to these
issues in the discussion below, wherewe corroborate our observation via a polarization-dependent study of the
transient signal of the TSS (see figure 4).

In addition to thismatrix-element dynamics, a pump-induced change in the spectral dispersion is observed;
this is particularly well resolved infigure 2(d) and inset. The values of the Fermi surface area (i.e. the Fermi
momentum kF) and velocity (vF) extracted from anMDCfitting 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 reportedwidely in a variety of bulk-insulating TIs [36, 37, 41–44].
We note that SPVwould induce a rigid band shift, instead of the polarization dependent photoemission
intensity dynamics reported below and infigure 4, andwould thus not affect our analysis and conclusions (see
supplementarymaterial available online at stacks.iop.org/NJP/22/023031/mmedia). Furthermore, even if we

Figure 2. (a)Differential (Pumpτ > 0−Pumpτ < 0 bandmapping of the TSS at+0.3 ps and+3 ps pump-probe delays, along ¯ – ¯G M,
probedwith s-polarized light. (b)Momentumdistribution curves (MDCs) at−20 meVbinding 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 probedwith
s-polarized light at−20 meVbinding energy (PA/PB, as defined in (b), where P identifies the spectral area). The black solid line is a
phenomenological bi-exponential decay functionwhich shows that themodification of the relative intensity of the branches of the
TSS lasts for delays τ>6 ps. Error bars are defined as±1 standard deviation. (d)TSS dispersion extracted by a double-Lorentzian fit
of theMDCs. TheTSS dispersion changes upon the optical excitation. The inset highlights the transientmodification of both the
Fermi velocity and Fermimomentumby simple visual inspection. (e)Extracted Fermi velocity (vF,filled orange circles) and Fermi
momentum (kF, open black circles) referred to the equilibriumEF. Traces are fit by a phenomenological exponential decay function.
(f)Energy distribution curves (EDCs) at k=0 Å−1 for different pump-probe delays (s-polarization, filled circles). Solid lines arefit
with aGaussian 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 notmatch theDPposition (≈−120 meV) as a consequence of photoemission
intensity pattern (see figure 1(c)). (g)DPposition extrapolated from the temporal evolution kF and vF in (e):EDP(τ)=kF(τ)·vF(τ).
The shadowed area in (e), the red rectangular shadow in (f), and error bars in (g), are defined as the 95%fitting confidence interval.
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cannot exclude the presence of aminor SPV,we observe two effects at variance withwhat expected for amere
SPV: (i) a transientmodification of vF (figures 2(d)–(e)), and (ii) theDP to be stable towithin our resolution. The
stability of theDP is confirmed by both the energy distribution curves centered at k=0Å−1 (figure 2(f)), as well
as the extrapolation of theDPposition from the transient evolution of vF(τ) and kF(τ) (figures 2(e), (g)).

The photoinducedmodification of the dispersion of the TSS is consistent withwhat 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 particularmicroscopic origin of the photoemissionmatrix 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 beenwidely employed for studying photoinduced phonons. In
particular, A1g phononswith a frequency of a fewTHzhave 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 farmissing to the best of our
knowledge. Indeed figure 3 demonstrates the presence of two optical phonons: A g1

2 at 4.6 THz and A g1
1 at

1.79 THz [51] (note that the≈250 fs temporal resolution of our TR-ARPES systemprevents us to observe
coherent oscillations of the band dispersion as reported in [19, 20]). A single trace of the recorded differential
reflectivityΔR(τ)/R at probe energy 1.37 eV14 is plotted infigure 3(a); subtracting the bi-exponential decay fit
(see figure 3(b)), the residual curve can befit to damped sinusoids fromwhichwe 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 additionalmodes, not observed via
reflectivity,may also play a secondary role in establishing themodified dispersion over the timescalemeasured in
our experiment [52]. It is thus plausible that themodifications to the TSS dispersionmay be attributed to a
complex interplay of several pump-induced phonons.

With the transientmodification to the electronic structure confirmed, we now address the resulting changes
to theARPESmatrix elements which ensue. To do so, we focus our attention on the temporal evolution of
several well-defined regions of energy andmomentum 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. Infigure 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 infigure 4(a)was chosen to be comparable in energy to our
system resolution (20 meV), and large enough inmomentum so as to ensure that no statesmove in or out of the
integrationwindowwith the change in dispersion. It is important to note that since theDPdoes not shift with
the pump excitation (see figure 2), the energy window isfixedwith respect to the TSS for all time delays. The
temporal evolution of the integrated intensity within these boxes, ( ) ( )òt w t wD =

w
I I k k, , d d

k, PES , is then

plotted infigure 4(b). Comparing this evolution for different energy windows on both the left (L) and right (R)
branches of theDirac conewith s- and p-polarized probe light, wefind that, remarkably,ΔI(τ) depends on the
choice of probe polarization.We repeat that the pumppolarization is fixed, and so this observation can not be
explained as the result of different excitation channels associatedwith variations in the pump. Furthermore, as
we probe only a single TSSwithin a given integrationwindow, the observed differences in relaxation rates cannot
be attributed to either f (ω, k, τ) orA(ω, k, τ), because these have no connectionwithin this context to the probe
pulse polarization. Rather it would seem that thematrix elements exhibit distinct temporal evolution that

Figure 3. (a)Differential reflectivityΔR(τ)/R trace (black curve) at 300K, pump 2.25 eV (incident fluence of 3 mJ cm−2) and probe
1.37 eV.ΔR(τ)/R trace isfit 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)ΔR(τ)/R curve subtracted by the bi-exponentialfitting function shown in (a).
The blue line is a double damped-sinusoidal function fit.

14
Other probe photon energies show a similar behavior.

5

New J. Phys. 22 (2020) 023031 FBoschini et al



depends on the choice of probe polarization. In addition, we note that theΔI(τ) curves at−30 meVbinding
energy infigure 4(b) show similar behavior to themodel discussed infigure 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

Wecan gainmore explicit information regarding the photoemissionmatrix element dynamics via evaluation of:

( ) ( )( ) ∣ ( )∣ ∣ ( )∣ ( )t t t t= =I I M MZ . 2p s p
2

s
2

This quantity is defined as the ratio between photoemission intensities with p- and s-polarized light. The formof
Z(τ) has been chosen to eliminate contributions frombothA(ω, k, τ) and f (ω, k, τ), retaining only the relative
matrix element dynamics (note that this is valid even beyond the dipole-approximation commonly employed
for describing photoemissionmatrix elements). In the absence of temporal evolution for ∣ ( )∣tM 2, or for
equivalent time dependence in both polarization channels,Z(τ)would be constant. Infigure 4(c), we plotZ(τ) 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, thematrix
elements undergo an ultrafast response and subsequent relaxation, following the interactionwith the pump. For
all three binding energies, we observe a transient evolution ofZ(τ), unambiguously related to a dynamicalmatrix
element ratio.

We also observe a strong dependence ofZ(τ) on bothmomentum and energy, with the distinction between s
and p polarized light seen primarily along the left branch. Ultimately, themicroscopic origin of thematrix
element dynamics in BSTS is beyond the scope of this work.Our primary objective is to demonstrate the
important consequences ofZ(τ)when characterizing the ultrafast response of the spectral and distribution
functions. The particular formofZ(τ) could stem frompump-inducedmodifications to the initial state
wavefunction, warping of theDirac cone, or even the nature of the photoemission final states. In the present
context, one plausible contributionmay derive from the commonly reported photoinducedA1g optical phonons
in TIs (seefigure 3 and [19, 49, 51, 53]). These out of planemodes, i.e. along the c-axis,may induce a transient
modification of the relative distance between atomic-layers,modulating the initial and final statewavefunctions,
as well as the phase difference between electrons emitted fromdifferent atomic layers. Such photoinduced
modulationsmay result in an energy- andmomentum-dependentmodification of the photoemission intensity
[29–34], similar towhat has been observed here (seefigure 2(c) andfigure 4). Finally, we note that the pump-
induced anisotropy of the photoemission intensity reported infigure 2(c) persists out to long delay times
(τ>6 ps), ruling out intermediate/virtual state contributions whichmay play a role in two-photon-
photoemission processes, and once again suggesting a long-livedmicroscopic origin such as lattice distortions.

Figure 4. (a)Out-of-equilibriumbandmapping of the TSS,+0.6 ps pump-probe delay, probedwith s (left) and p (right)polarizations.
In each panel, the color scale highlights the regions of interest of this study. (b)ΔI(τ) 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 ofZ(τ) as defined in equation (2).
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Beyond this photoinduced vibration scenario, we recognize that othermechanismsmay play a role in the
modification of the TSS and the associated dynamics ofmatrix elements, such as the ultrafastmodification of the
screening [54], photoinduced effectivemass renormalization [55], or coupling to other bosonicmodes (e.g.
plasmons [56]). The variety of plausible contributions toZ(τ) highlights the theoretical challenge presented by a
more thorough consideration of dynamicalmatrix 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 othermaterials.

5. Conclusion

Wehave reported a substantial photoinducedmodification of the electronic structure of the topological
insulator BSTS. This response ismanifest in corrections to both the electronic dispersion and eigenstates.We
discussed the scenario where bothA(ω, k, τ) and ∣ ( )∣tM k

f,i
2 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 ∣ ( )∣tM k

f,i
2

channels. Isolating the dynamics of the dipolematrix elements is a critical, necessary step towards the
comprehensive understanding of the non-equilibriumproperties of complex solid state systems by TR-ARPES.

Acknowledgments

Wegratefully thankH.-H. Kung for fruitful discussions. This researchwas undertaken thanks in part to funding
from theMax Planck-UBC-UTokyoCentre forQuantumMaterials and theCanada First Research Excellence
Fund,QuantumMaterials and Future Technologies Program. This project was supported by: theGordon and
BettyMoore Foundation’s EPiQS Initiative, Grant GBMF4779 toAD andDJJ; the Killam, Alfred P Sloan, and
Natural Sciences and Engineering ResearchCouncil of Canada’s (NSERC’s) SteacieMemorial Fellowships (AD);
the Alexander vonHumboldt Fellowship (AD); the CanadaResearchChairs Program (AD); NSERC, Canada
Foundation for Innovation (CFI); British ColumbiaKnowledgeDevelopment Fund (BCKDF); andCIFAR
QuantumMaterials Program. ER acknowledges support from the SwissNational Science Foundation (SNSF)
grant no. P300P2_164649. CG acknowledge financial support fromMIUR through the PRIN 2015 Programme
(Prot. 2015C5SEJJ001) and fromUniversità Cattolica del SacroCuore throughD.1,D.2.2 andD.3.1 grants. This
project has received funding from the EuropeanUnion’sHorizon 2020 research and innovation programme
under grant agreement 785219GrapheneCore2. SKK acknowledges support of the LANLDirectors
Postdoctoral Funding LDRDprogramXWVMandUSDepartment of EnergyOffice of Science, BESMSE
Science of 100 Tesla programs.

ORCID iDs

FBoschini https://orcid.org/0000-0003-3503-9389
DBugini https://orcid.org/0000-0002-2727-9406
MZonno https://orcid.org/0000-0003-0668-5146
RPDay https://orcid.org/0000-0001-7292-0103
ERazzoli https://orcid.org/0000-0002-8893-972X
BZwartsenberg https://orcid.org/0000-0002-9635-9039
MSchneider https://orcid.org/0000-0003-1955-1382
EHda SilvaNeto https://orcid.org/0000-0001-6902-6100
S dal Conte https://orcid.org/0000-0001-8582-3185
SKKushwaha https://orcid.org/0000-0002-3169-969X
SZhdanovich https://orcid.org/0000-0002-0673-5089
AKMills https://orcid.org/0000-0002-6629-5919
GLevy https://orcid.org/0000-0003-2980-0805
ECarpene https://orcid.org/0000-0003-3867-8178
CDallera https://orcid.org/0000-0001-6981-2451
CGiannetti https://orcid.org/0000-0003-2664-9492
D J Jones https://orcid.org/0000-0002-4508-5912
GCerullo https://orcid.org/0000-0002-9534-2702
ADamascelli https://orcid.org/0000-0001-9895-2226

7

New J. Phys. 22 (2020) 023031 FBoschini et al

https://orcid.org/0000-0003-3503-9389
https://orcid.org/0000-0003-3503-9389
https://orcid.org/0000-0003-3503-9389
https://orcid.org/0000-0003-3503-9389
https://orcid.org/0000-0002-2727-9406
https://orcid.org/0000-0002-2727-9406
https://orcid.org/0000-0002-2727-9406
https://orcid.org/0000-0002-2727-9406
https://orcid.org/0000-0003-0668-5146
https://orcid.org/0000-0003-0668-5146
https://orcid.org/0000-0003-0668-5146
https://orcid.org/0000-0003-0668-5146
https://orcid.org/0000-0001-7292-0103
https://orcid.org/0000-0001-7292-0103
https://orcid.org/0000-0001-7292-0103
https://orcid.org/0000-0001-7292-0103
https://orcid.org/0000-0002-8893-972X
https://orcid.org/0000-0002-8893-972X
https://orcid.org/0000-0002-8893-972X
https://orcid.org/0000-0002-8893-972X
https://orcid.org/0000-0002-9635-9039
https://orcid.org/0000-0002-9635-9039
https://orcid.org/0000-0002-9635-9039
https://orcid.org/0000-0002-9635-9039
https://orcid.org/0000-0003-1955-1382
https://orcid.org/0000-0003-1955-1382
https://orcid.org/0000-0003-1955-1382
https://orcid.org/0000-0003-1955-1382
https://orcid.org/0000-0001-6902-6100
https://orcid.org/0000-0001-6902-6100
https://orcid.org/0000-0001-6902-6100
https://orcid.org/0000-0001-6902-6100
https://orcid.org/0000-0001-8582-3185
https://orcid.org/0000-0001-8582-3185
https://orcid.org/0000-0001-8582-3185
https://orcid.org/0000-0001-8582-3185
https://orcid.org/0000-0002-3169-969X
https://orcid.org/0000-0002-3169-969X
https://orcid.org/0000-0002-3169-969X
https://orcid.org/0000-0002-3169-969X
https://orcid.org/0000-0002-0673-5089
https://orcid.org/0000-0002-0673-5089
https://orcid.org/0000-0002-0673-5089
https://orcid.org/0000-0002-0673-5089
https://orcid.org/0000-0002-6629-5919
https://orcid.org/0000-0002-6629-5919
https://orcid.org/0000-0002-6629-5919
https://orcid.org/0000-0002-6629-5919
https://orcid.org/0000-0003-2980-0805
https://orcid.org/0000-0003-2980-0805
https://orcid.org/0000-0003-2980-0805
https://orcid.org/0000-0003-2980-0805
https://orcid.org/0000-0003-3867-8178
https://orcid.org/0000-0003-3867-8178
https://orcid.org/0000-0003-3867-8178
https://orcid.org/0000-0003-3867-8178
https://orcid.org/0000-0001-6981-2451
https://orcid.org/0000-0001-6981-2451
https://orcid.org/0000-0001-6981-2451
https://orcid.org/0000-0001-6981-2451
https://orcid.org/0000-0003-2664-9492
https://orcid.org/0000-0003-2664-9492
https://orcid.org/0000-0003-2664-9492
https://orcid.org/0000-0003-2664-9492
https://orcid.org/0000-0002-4508-5912
https://orcid.org/0000-0002-4508-5912
https://orcid.org/0000-0002-4508-5912
https://orcid.org/0000-0002-4508-5912
https://orcid.org/0000-0002-9534-2702
https://orcid.org/0000-0002-9534-2702
https://orcid.org/0000-0002-9534-2702
https://orcid.org/0000-0002-9534-2702
https://orcid.org/0000-0001-9895-2226
https://orcid.org/0000-0001-9895-2226
https://orcid.org/0000-0001-9895-2226
https://orcid.org/0000-0001-9895-2226


References

[1] Giannetti C, CaponeM, Fausti D, FabrizioM, Parmigiani F andMihailovicD 2016Adv. Phys. 65 58
[2] Boschini F et al 2018Nat.Mater. 17 416
[3] SmallwoodCL,Hinton J P, Jozwiak C, ZhangW,Koralek JD, EisakiH, LeeD-H,Orenstein J and Lanzara A 2012 Science 336 1137
[4] Rettig L, Cortés R, JeevanH S,Gegenwart P,Wolf T, Fink J andBovensiepenU 2013New J. Phys. 15 083023
[5] Rohwer T et al 2011Nature 471 490
[6] Mor S et al 2017Phys. Rev. Lett. 119 086401
[7] WangYH, SteinbergH, Jarillo-Herrero P andGedikN2013 Science 342 453
[8] Mahmood F, ChanC-K, Alpichshev Z, GardnerD, Lee Y, Lee PA andGedikN 2016Nat. Phys. 12 306
[9] Sterzi A, Crepaldi A, Cilento F,Manzoni G, Frantzeskakis E, ZacchignaM, vanHeumenE,HuangYK,GoldenMS and Parmigiani F

2016Phys. Rev.B 94 081111
[10] Sterzi A,ManzoniG, Sbuelz L, Cilento F, ZacchignaM, Bugnon P,Magrez A, BergerH, Crepaldi A and Parmigiani F 2017 Phys. Rev.B

95 115431
[11] Perfetti L, Loukakos PA, LisowskiM, BovensiepenU, EisakiH andWolfM2007Phys. Rev. Lett. 99 197001
[12] Boschini F et al 2020 npjQuantumMater. 5 6
[13] Crepaldi A et al 2017Phys. Rev.B 96 241408
[14] HajlaouiM et al 2012Nano Lett. 12 3532
[15] Sobota J A, Yang S, Analytis J G, ChenY L, Fisher I R, Kirchmann P S and ShenZ-X 2012Phys. Rev. Lett. 108 117403
[16] BuginiD, Boschini F,HedayatH, YiH, ChenC, ZhouX,Manzoni C, Dallera C, CerulloG andCarpene E 2017 J. Phys.: Condens.Matter

29 30LT01
[17] Damascelli A 2004Phys. Scr. 2004 61
[18] Randi F, Fausti D and EcksteinM2017Phys. Rev.B 95 115132
[19] Sobota J A, Yang S-L, LeuenbergerD, Kemper A F, Analytis J G, Fisher I R, Kirchmann P S,Devereaux TP and ShenZ-X 2014 Phys. Rev.

Lett 113 157401
[20] Gerber S et al 2017 Science 357 71
[21] NaM et al 2019 Science 366 1231
[22] Perfetti L, Loukakos P, LisowskiM, BovensiepenU,WolfM, BergerH, Biermann S andGeroges A 2018New J. Phys 10 053019
[23] Freericks J andKrishnamurthyH2016Photonics 3 58
[24] Kushwaha SK et al 2016Nat. Commun. 7 11456
[25] KurodaK, Reimann J, Güdde J andHöferU 2016Phys. Rev. Lett. 116 076801
[26] Sánchez-Barriga J, ScholzMR,Golias E, Rienks E,MarchenkoD,VarykhalovA, Yashina LV andRaderO2014 Phys. Rev.B 90 195413
[27] Sobota J A et al 2013Phys. Rev. Lett. 111 136802
[28] BridaD, Bonora S,Manzoni C,MarangoniM,Villoresi P, Silvestri SD andCerullo G 2009Opt. Express 17 12510
[29] ZhuZ-H,Veenstra CN, LevyG,Ubaldini A, Syers P, ButchNP, Paglione J, HaverkortMW, Elfimov I S andDamascelli A 2013Phys.

Rev. Lett. 110 216401
[30] ZhuZ-H et al 2014Phys. Rev. Lett. 112 076802
[31] Gierz I, Henk J,HöchstH, Ast CR andKernK2011Phys. Rev. B 83 121408
[32] Liu Y, BianG,Miller T andChiang T-C 2011Phys. Rev. Lett. 107 166803
[33] Bawden L et al 2015 Sci. Adv. 1 e1500495
[34] CaoY et al 2013Nat Phys. 9 499
[35] Sobota J, Yang S-L, LeuenbergerD, Kemper A, Analytis J, Fisher I, Kirchmann P,Devereaux T and ShenZ-X 2014 J. Electron. Spectrosc.

Relat. Phenom. 195 249
[36] HajlaouiM et al 2014Nat. Commun. 5 4003
[37] NeupaneM et al 2015Phys. Rev. Lett. 115 116801
[38] Sánchez-Barriga J, Golias E, VarykhalovA, Braun J, Yashina LV, SchumannR,Minár J, EbertH, KornilovO andRaderO2016 Phys.

Rev.B 93 155426
[39] JozwiakC, Sobota J A,GotliebK, Kemper AF, RotunduCR, Birgeneau R J,Hussain Z, LeeD-H, ShenZ-X and Lanzara A 2016Nat.

Commun. 7 13143
[40] Freyse F, BattiatoM, Yashina LV and Sánchez-Barriga J 2018Phys. Rev.B 98 115132
[41] Sánchez-Barriga J, BattiatoM,Golias E, VarykhalovA, Yashina LV, KornilovO andRaderO2017Appl. Phys. Lett. 110 141605
[42] SumidaK et al 2017 Sci. Rep. 7 14080
[43] YoshikawaT, Ishida Y, SumidaK,Chen J, KokhKA, TereshchenkoOE, Shin S andKimuraA 2018Appl. Phys. Lett. 112 192104
[44] Papalazarou E et al 2018Phys. Rev.Mater. 2 104202
[45] Qi J et al 2010Appl. Phys. Lett. 97 182102
[46] KumarN, Ruzicka BA, ButchNP, Syers P, KirshenbaumK, Paglione J andZhaoH2011Phys. Rev.B 83 235306
[47] ChenH-J et al 2012Appl. Phys. Lett. 101 121912
[48] Glinka YD, Babakiray S, JohnsonTA, BristowAD,HolcombMBand LedermanD2013Appl. Phys. Lett. 103 151903
[49] Boschini F et al 2015 Sci. Rep. 5 15304
[50] Choi YG, ZhungC J, Park S-H, Park J, Kim J S, Kim S, Park J and Lee J S 2018Phys. Rev.B 97 075307
[51] Mondal R, Arai A, Saito Y, Fons P, KolobovAV, Tominaga J andHaseM2018Phys. Rev.B 97 144306
[52] BykovAY,Murzina TV,Olivier N,WurtzGA andZayats AV 2015Phys. Rev.B 92 064305
[53] RichterWandBecker CR 1977Phys. Status Solidi b 84 619
[54] Huber R, Tauser F, BrodschelmA, BichlerM,Abstreiter G andLeitenstorfer A 2001Nature 414 286
[55] MontagneseM, Pagliara S, Galimberti G,Dal Conte S, Ferrini G, van Loosdrecht PHMandParmigiani F 2006 Sci. Rep. 6 35318
[56] BasakAK, PetekH, IshiokaK, Thatcher EMand StantonC J 2015Phys. Rev.B 91 125201

8

New J. Phys. 22 (2020) 023031 FBoschini et al

https://doi.org/10.1080/00018732.2016.1194044
https://doi.org/10.1038/s41563-018-0045-1
https://doi.org/10.1126/science.1217423
https://doi.org/10.1088/1367-2630/15/8/083023
https://doi.org/10.1038/nature09829
https://doi.org/10.1103/PhysRevLett.119.086401
https://doi.org/10.1126/science.1239834
https://doi.org/10.1038/nphys3609
https://doi.org/10.1103/PhysRevB.94.081111
https://doi.org/10.1103/PhysRevB.95.115431
https://doi.org/10.1103/PhysRevLett.99.197001
https://doi.org/10.1038/s41535-020-0208-6
https://doi.org/10.1103/PhysRevB.96.241408
https://doi.org/10.1021/nl301035x
https://doi.org/10.1103/PhysRevLett.108.117403
https://doi.org/10.1088/1361-648X/aa76c0
https://doi.org/10.1238/Physica.Topical.109a00061
https://doi.org/10.1103/PhysRevB.95.115132
https://doi.org/10.1103/PhysRevLett.113.157401
https://doi.org/10.1126/science.aak9946
https://doi.org/10.1126/science.aaw1662
https://doi.org/10.1088/1367-2630/10/5/053019
https://doi.org/10.3390/photonics3040058
https://doi.org/10.1038/ncomms11456
https://doi.org/10.1103/PhysRevLett.116.076801
https://doi.org/10.1103/PhysRevB.90.195413
https://doi.org/10.1103/PhysRevLett.111.136802
https://doi.org/10.1364/OE.17.012510
https://doi.org/10.1103/PhysRevLett.110.216401
https://doi.org/10.1103/PhysRevLett.112.076802
https://doi.org/10.1103/PhysRevB.83.121408
https://doi.org/10.1103/PhysRevLett.107.166803
https://doi.org/10.1126/sciadv.1500495
https://doi.org/10.1038/nphys2685
https://doi.org/10.1016/j.elspec.2014.01.005
https://doi.org/10.1038/ncomms4003
https://doi.org/10.1103/PhysRevLett.115.116801
https://doi.org/10.1103/PhysRevB.93.155426
https://doi.org/10.1038/ncomms13143
https://doi.org/10.1103/PhysRevB.98.115132
https://doi.org/10.1063/1.4979596
https://doi.org/10.1063/1.5008466
https://doi.org/10.1103/PhysRevMaterials.2.104202
https://doi.org/10.1063/1.3513826
https://doi.org/10.1103/PhysRevB.83.235306
https://doi.org/10.1063/1.4754005
https://doi.org/10.1063/1.4824821
https://doi.org/10.1038/srep15304
https://doi.org/10.1103/PhysRevB.97.075307
https://doi.org/10.1103/PhysRevB.97.144306
https://doi.org/10.1103/PhysRevB.92.064305
https://doi.org/10.1002/pssb.2220840226
https://doi.org/10.1038/35104522
https://doi.org/10.1038/srep35318
https://doi.org/10.1103/PhysRevB.91.125201

	1. Introduction
	2. Experimental
	3. Results
	4. Discussion
	5. Conclusion
	Acknowledgments
	References



