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Photoinduced band renormalization effects in the topological nodal-line semimetal ZrSiS
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Out-of-equilibrium effects provide an elegant pathway for probing and understanding the underlying physics
of topological materials. In particular, controlling electronic band structure properties using ultrafast optical
pulses has shown promise for creating exotic states of matter. Of recent interest is band renormalization in Dirac
and Weyl semimetals as it leads to direct physical observables through the enhancement of the effective mass
or in the shift of resonant energies. Here we provide experimental and theoretical signatures of photoinduced
renormalization of the electronic band structure in the topological nodal-line semimetal ZrSiS. Specifically, we
show how the change in the transient reflectivity spectra under femtosecond optical excitations is induced by
out-of-equilibrium effects that renormalize the kinetic energy of electrons. We associate the observed spectral
features with an enhancement of the effective mass and to a redshift of the resonant frequency as a function
of pump field strength. Finally, we show that the transient relaxation dynamics of the reflectivity is primarily
an electronic effect with a negligible phononic contribution. Our study presents conclusive modifications of
electronic properties in ZrSiS using ultrashort pulses and demonstrates the potential of this approach in creating

photoinduced phases in topological quantum matter through an all-optical route.
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I. INTRODUCTION

Dirac nodal-line semimetals (NLSMs) of the family ZrSiX,
with X = S, Se, or Te, have been the subject of intense
research due to the presence of topologically nontrivial
states [1-3], unusually large magnetoresistance [4—6], high
carrier mobility [7,8], strong Zeeman splitting [9], and
frequency-independent optical conductivity [10]. In addition
to these remarkable properties, the presence of extended lin-
ear band crossings along lines/loops in the Brillouin zone
of NLSMs are anticipated to show enhanced correlation ef-
fects [11-14]; in fact, quantum oscillations studies of ZrSiS in
high external magnetic fields showed an enhancement of the
effective mass of the quasiparticles [15]. The ability to manip-
ulate the electronic properties in such a material is therefore a
primary driving force towards understanding and discovering
new phases of matter [16—18].

Coupling electronic states through ultrafast optical pulses
is an elegant way to drastically change macroscopic (for ex-
ample, electrical or optical) properties of materials [19-21].
Out-of-equilibrium changes can be detected in a pump-probe
approach, where a high-frequency external field, or pump,
is used to drive the system, while a subsequent weak probe
field is used to detect the induced changes [22-24]. For
example, ultrafast optical pulses have been shown to signif-

“These authors contributed equally to this work.
prineha@seas.harvard.edu

#lschoop @princeton.edu

$oscholes @princeton.edu

2469-9950/2022/106(13)/134303(9)

134303-1

icantly alter the structure of Dirac or Weyl nodes by shifting,
splitting, merging, or even opening a gap in the energy spec-
trum [25-30]. In addition to this fundamental physics, the
out-of-equilibrium responses of Dirac and Weyl semimetals
offer technological advantages, including optical switching
in midinfrared lasers [31], broadband infrared photodetec-
tors [32,33], an efficient terahertz source via nonpurturbative
nonlinear effects [34,35], and their use in high-frequency op-
toelectronic devices [31,36-38].

While there are studies on the ultrafast dynamics of ZrSiX
NLSMs in which the transient carrier relaxation mechanisms
have been discussed [39-41], direct manipulation of the
electronic band structure, relaxation times, and mass enhance-
ment via external electromagnetic fields has not been studied
before in detail. Recently, time-resolved angle-resolved pho-
toemission spectroscopy measurements in a NLSM (ZrSiSe)
and in the quasi-two-dimensional semimetal BaNiS, have
shown that photoexcitation with an optical pulse causes band
renormalization within a few hundred femtoseconds [42,43].
Therefore, all-optical control of such effects through the
strength of the pump pulse provides an exciting opportunity
to explore out-of-equilibrium phenomena as well as the pos-
sibility of correlation-driven physics in this class of materials.
Furthermore, studying photoinduced band renormalization ef-
fects using table-top transient reflectivity measurements lays
the foundation for developing a table-top optical setup for
understanding and, in particular, controlling quantum matter.

Here, we use broadband visible (1.75-2.25 eV) and
near-infrared (0.8—1.4 eV) transient optical reflectively mea-
surements to show the effect of ultrafast optical excitations on
the electronic bands, as well as on the electronic relaxation

©2022 American Physical Society
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times in ZrSiS. Our results demonstrate the energy shift and
mass enhancement of a Lorentzian peak at 2.06 eV within
a few hundred femtoseconds following photoexcitation. We
additionally observe a decrease in the electronic relaxation
rate with pump fluence, in contrast to the observed coherent
phonon (Aj,) lifetime that remains independent. These find-
ings are well captured within a tight-binding model, where
the renormalization of the electronic kinetic energy due to
the ultrafast pump pulse leads to the observed changes in
reflectivity. Our study combines an out-of-equilibrium ap-
proach with a table-top, all-optical experimental platform to
demonstrate that band renormalization in ZrSiS is inherently
an ultrafast effect that originates from the modification of the
electronic spectrum due to the pump field.

II. TIGHT-BINDING DESCRIPTION

In this section we use an out-of-equilibrium formalism to
calculate the response of a concrete tight-binding model char-
acterizing the material. We start by calculating the equilibrium
density of states and find that the spectrum at particular points
in the Brillouin zone is approximated by a quadratic disper-
sion with well-defined resonant energy, velocity, and effective
mass. Next, we include the effect of a high-frequency pump
and find that it renormalizes the kinetic energy of the elec-
trons, leading to a change in their dispersion relation. Finally,
we determine the relaxation dynamics of such modifications
back to their equilibrium values.

The qualitative features of the material are well captured
by a two-orbital model [44] composed of a d,, orbital lo-
calized on the Zr atoms and a superposition of p, and p,
orbitals localized on the Si atoms [see Fig. 1(a)]. The resulting
tight-binding lattice, shown in Fig. 1(b), has four degrees
of freedom per unit cell and is determined by the nearest-
and next-nearest-neighbor hopping amplitudes. In a suitable
gauge, the Bloch Hamiltonian is given by

Hk)=d -y, (1)

where

d = :A, 2K; Y cos(ky). 4K, [ [ sin(k,),

I I
X 4K3 cos(ky) sin(ky)} 2)

is a real-valued vector and
y=1{0,®1lo,®0,0,®1,0,®1}, 3)

are four 4 x 4 Hermitian matrices. The parameters of the
model are determined numerically by projecting the density
functional theory eigenstates onto two maximally localized
Wannier orbitals [44]. Here, A = 0.853eV is the detuning
between the orbitals on the same site, K; = 0.74 eV is the hop-
ping amplitude between neighboring orbitals of the same type,
K, = 0.14 eV is the next-nearest-neighbor hopping amplitude
between inequivalent orbitals, and K3 ~ 0 is the dimerization
of the next-nearest-neighbor hopping amplitude. The latter is
chosen heuristically to reflect the difference of the overlap
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FIG. 1. (a) A schematic of the two orbitals of the effective tight-
binding model. Left: The d,, orbital localized on the Zr atoms.
Right: The superposition of p, and p, orbitals localized on the
Si atoms. (b) The square lattice with nearest-neighbor hopping
K, (gray) between equivalent orbitals and next-nearest-neighbor
hopping (turquoise) between inequivalent orbitals; the dimerization
parameter K3 is not shown for simplicity. The unit cell is denoted
by the yellow square. (c) The band structure of the model along the
high-symmetry points and the local density of states (DOS). (d) The
joint density of states (JDOS) of the model on a log-lin scale for three
different values of driving strength A.

between next-nearest-neighbor orbitals along the & y direc-
tions [see Fig. 1(a)].

The band structure of this model is composed of four bands
at opposite energies that cross the Fermi level at particular
points in the Brillouin zone [see Fig. 1(c)]. At higher energies,
the spectrum is characterized by a set of saddle points at X
(equivalently, at R), as well as a set of band maxima at I
and M (equivalently, at Z and A). In addition, two minima
appear along the M — T line (equivalently, A — Z line). The
dispersion relation around these points is well approximated
by

E =& + vk 4+ 3m kMK, “4)
where & is the resonant energy, v, = (8;(“1-? (k)) is the ve-
locity, and mw = <a,3MkVH (k)) is the effective mass of the
associated eigenstate. The local density of states, shown in
Fig. 1(c), has the two expected types of singularities: (i)
a logarithmic peak ~1In | — w| at |&| = A, mainly origi-
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nating from the saddle points, and (ii) an abrupt change at
|&| = 4K, £ A and +4K,, corresponding to the maxima and
minima found in the band structure.

In the out-of-equilibrium case, the high-frequency electro-
magnetic field representing the pump is incorporated using
generalized Peierls substitutions [45-48], where the momen-
tum coordinates k are shifted by the vector potential A, i.e.,
k — k —A. The latter is equivalent to assigning a time-
dependent phase in the hopping elements of the tight-binding
model,

i i [ A-d
C,Cm —> Czcmelf” r’ (5)

where n and m represent the different lattice sites with the as-
sociated creation and annihilation operators c;g and c¢,,,. Hence,
an electron moving in the lattice will pick up a phase depend-
ing on the applied vector potential.

The pump is assumed to be described by a Gaussian distri-
bution centered at #ymp,

(1—tpump ?

s(t) = Age ", (©)

where opump is the width and A is the magnitude.
Here, we use a linearly polarized electric field E(r) = A
along the a axis, with the vector potential given by
A= s(t)a);l[sin(a)pt)fc + sin(w,t )1, where w,, is the pump’s
frequency. Additionally, we neglect the relativistic magnetic
field of the laser pulse as the induced corrections are small
compared to electric field effects. In this case the electronic
spin degree of freedom remains decoupled, and it is therefore
not explicitly included in the calculations.

The transient out-of-equilibrium joint density of states [see
Fig. 1(d)] is extracted from the evolution operator [49]

t

U(t, ty) = Texp(—i/ di'H (k, t’)), 7
to

where 7T is the time-ordered product, fy — —o0 is the initial

time, and ¢ is the final time. The evolution can be numerically

evaluated using the Trotter decomposition

Ult,n)~U((t,t; — AU — At, 1y — 2At) - --
x Uty + At, 1), 3

where At is a small time increment chosen to provide conver-
gence. The average energy in the presence of the pump field
is given by

t+T
Hk, 1) = %/ di'Hk — A1), )

where T = 27 /w), is the period of oscillation. Assuming that
the latter is much shorter than the width opump of the Gaussian
pump, i.e., T /opump <K 1, the transient spectrum is given by
the eigenvalues of the matrix

ilnUk,t,t0)=d() -y, (10
where
d(t) = {A, 2K1(1) Y cos(ky).
"
x 2K, (t) cos(ky) — 2K, cos(k_),
x 2K3(t) sin(ky) — 2K3 sin(k_) {, (11)

with ky = k, & k;, being the momentum along the a or b axis
and K,(t) = K, fz; dt'Jo(s(t")) being the renormalized ampli-

tude; similarly, f2/3(t) = Ky3 flf] dt'Jo(2s(t")). Here, Jo(z) is
the Bessel function of the first kind. The transient out-of-
equilibrium joint density of states is therefore determined by
the renormalization of the hopping amplitudes K; — K;(1),
i.e., of the electron’s kinetic energy.

To conclude this section, we calculate the recovery rate at
which the parameters K;(¢) relax back to their equilibrium
values. At times well before the pump, the hopping ampli-
tudes are constant, i.e., K;(t < foump) = K;, representing the
equilibrium state of the system. At the pump’s onset, the
parameters exhibit a sudden decrease and subsequently relax
back to their equilibrium values with the long-time dynamics
showing a slow relaxation even at times ¢ >> fpump. To find the
functional dependence of the relaxation time with respect to
the pump’s amplitude, we fit the long-time dynamics with an
exponential decay,

Kit) y_Ne Y

X 12)

where 7 is the relaxation time and N is a normalization fac-
tor. Assuming the fitting is done at times ¢ > foump and the
normalization is chosen such that Ne /T = 1, we find

T X (13)

where 1 is a prefactor determined by the pump’s profile and
higher orders of A, are neglected.

II1. SIGNATURES OF ULTRAFAST BAND
RENORMALIZATION

We measured the transient reflectivity spectra from a single
crystal of ZrSiS following photoexcitation using a visible
broadband (1.75-2.25 eV) 14 fs laser pulse centered around
2 eV [see Fig. 2(a); see Secs. I and II of the Supplemental
Material (SM) for material characterizations and experimental
details] [50,51]. Initially, the differential reflectivity shows a
negative change at high energies, along with a positive change
at lower energies. After a 300—400 fs time delay, these features
change to a broad positive peak with slightly negative tails
on either side [see Fig. 2(b)]. For time delays > 500 fs, we
observe no further change in the spectral shape within the time
window of our experiments.

Using the Drude-Lorentz model, we fit the differential
reflectivity spectra with Lorentzian functions [52] and find
a peak at 2.06 eV which is redshifted by 113.8 meV [see
Fig. 2(c)]; in the final transient state the peak recovers back
to its equilibrium energy. The fitting details of the transient
Drude-Lorentz reflectivity are provided in Sec. III of the
SM [50]. The origin of the observed spectral features is well
captured by the joint density of states [see Fig. 1(d)], where
the renormalization of the kinetic energy of electrons due
to out-of-equilibrium effects accounts for both the shift in
resonance frequency and the renormalization of the mass in
the initial transient spectra around 2 eV (see the Appendix).
We note that the final spectral feature appears within 300
fs, which is the same order as the electron relaxation time
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FIG. 2. (a) Transient reflectivity signal as a function of the time delay and probe energy following photoexcitation with a broadband 14-fs
pulse centered around 2 eV and pump fluence of 1.24 mJ/cm?. (b) Initial (200 fs) and final transient (2 ps) reflectivity spectra of ZrSiS.
(c) Fitted reflectivity spectra based on the Drude-Lorentz model show good agreement with the experimental spectral line shapes. Details of
the fitted parameters are provided in Sec. III of the Supplemental Material.

constant (~200 fs) reported before for ZrSiS [39-41]. There-
fore, the recovery of the band structure back to its equilibrium
is primarily attributed to out-of-equilibrium electronic effects.

IV. FLUENCE DEPENDENCE OF BAND
RENORMALIZATION EFFECTS

In order to confirm that the observed spectral features are
due to ultrafast electronic effects, we performed an excita-
tion density dependence study, where the pump fluence has
been tuned between 0.3 and 1.45 mJ/cm? [see Fig. 3(a)].
Interestingly, we observe a redshift of the initial reflectivity
spectra as a function of fluence and, in particular, a shift of the
zero-energy crossing. In contrast, all the final spectral features
look identical when they are normalized (see Sec. IV of the
SM) [50]. This suggests that the ultrafast pump field affects
the electronic structure only within a few hundred femtosec-
onds following photoexcitation. The fitted initial transient
spectra, shown in Fig. 3(b), have the expected behavior with
respect to fluence: we observe a shift in zero-energy crossing
of the differential reflectivity, as indicated by the gray arrows.
This is primarily caused by the redshift of the fitted Lorentzian
peak centered at 2.06 eV, which is renormalized depending on
the pump’s strength [see Fig. 3(c)].

Out-of-equilibrium treatment of the tight-binding model
(see Sec. II) shows that the observed spectral shift can be
attributed to ultrafast processes that modify the position of the

resonant peak at ~2 eV according to the strength of the pump
[see Fig. 1(d)]. In addition, the effective mass associated with
this peak is shown to follow a quadratic behavior as a function
of pump fluence (see the Appendix); in fact, quasiparticle
mass enhancement was observed before in the presence of
high magnetic fields [15]. Therefore, our results demonstrate
the ability to modify the electronic properties of ZrSiS as a
function of pump field strength, a promising avenue towards
engineering novel out-of-equilibrium phases using ultrafast
optical pulses.

V. ELECTRONIC RELAXATION EFFECTS

Next, we study the time evolution of the transient reflectiv-
ity signal with pump fluences of 0.30 to 1.45 mJ/cm? and
extract the relaxation time by observing the decay of the
negative reflectivity feature centered at 2.1 eV [see Fig. 4(a)].
The data can be well fitted with a monoexponential decay,
where the fitted relaxation time ranges between 90 and 280 fs
depending on the pump fluence [see Fig. 4(b)]. We note that
the energy zero-cross of the differential reflectivity spectra
as a function of excitation density follows a trend similar
to the decay of the negative peak centered around 2.1 eV
(see Sec. V of the SM) [50]. Since the recovery of the band
back to its equilibrium and electronic decay are simultaneous,
they must be induced by the same ultrafast process. Indeed,
such relaxation dynamics are well captured within the tight-
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FIG. 3. (a) Fluence dependence of the initial transient spectrum. The gray arrow indicates the redshift in zero crossing energies as a function
of fluence. (b) Fitted differential reflectivity spectra as a function of fluence showing the expected experimental spectral shapes and shift in
zero crossing energy. (c) The shift of the fitted Lorentzian peak at 2.06 eV overlaid with the expected band shift obtained from the tight-binding

model (see the Appendix).
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FIG. 4. (a) Fluence dependence decay of the negative reflectivity
feature centered around 2.1 eV. The orange circles are the experimen-
tal data, while the solid black lines are fits with a monoexponential
decay function. (b) Experimental relaxation time overlaid with the
relaxation time obtained from the out-of-equilibrium treatment [see
Eq. (13)].

binding model, where the electronic recovery time depends
quadratically on the pump’s fluence [see Eq. (13)]. Additional
transient reflectively measurements with a 2 eV pump and a
broadband near-infrared (NIR) (0.8—1.4 eV) probe in the NIR
region show similar enhancement of the electronic relaxation
time as a function of fluence (see Sec. VI of the SM) [50].

The change in electronic relaxation time in ZrSiS due to
external perturbations is in contrast to previous measurements,
where it was shown to be independent of several experi-
mental parameters, including pump fluence, temperature, and
magnetic fields [39,40]. Therefore, our study shows unique
experimental evidence of the effect on the relaxation time in
a topological semimetal using ultrashort optical excitations.
While the trend in the observed relaxation rate as a function of
fluence can be qualitatively described within the tight-binding
model of Sec. II, we note that this behavior could also be due
to the hot-phonon bottleneck effect, in which the decay of
the optical phonons controls the electronic relaxation. In the
following, we confirm the validity of the theory by observing
the coherent phonon dynamics.
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FIG. 5. (a) Line cut at 1.9 eV of the transient differential re-
flectivity data as a function of time delay (red line). The dashed
black line is the exponential fit. The inset shows the residual with a
period of 159 fs and a dephasing time constant of 3.5 ps. (b) Fourier-
transformed data as a function of probe energy in the visible region
showing a dominant frequency centered around 210 cm™! and the
lattice vibration of ZrSiS of the A;, phonon mode. (c) The Fourier-
transformed frequency as a function of pump fluence. (d) Phonon
dephasing rate and linewidth as a function of pump fluence.

VI. COHERENT PHONON DYNAMICS

In addition to the slow temporal change in the reflectivity
spectra, we observe a fast modulation of the transient signal in
the visible pump-probe measurements [~ 2 eV; see Fig. 5(a)].
This modulation originates from changes in the permittivity of
the material due to atomic vibrations of the coherent Raman
active phonon mode. Fourier transformation of the oscillatory
signal shows a frequency at around 210 cm~! with a strong
vibration amplitude between 1.75 and 2.10 eV [see Fig. 5(b)].
This mode is a symmetric A, vibration, which is an out-of-
plane motion of Zr and S along the ¢ axis of the ZrSiS lattice,
as shown in the inset of Fig. 5(b) and reported previously
by Raman measurements [53,54]. We attribute the observed
coherent oscillation to the interband coupling between elec-
tronic modes at the I" point and symmetric lattice vibration
in ZrSiS [53]; such symmetric coherent vibrations have also
been observed in other topological semimetals [55,56].

Fitting the oscillatory component with a sinusoidal wave
multiplied by an exponential decay function, we extract the
lifetime of the coherent phonon motion (see Sec. VII of the
SM for more details) [50]. The presence of this coherent
phonon is shown in Fig. 5(c) for pump fluences between 0.30
and 1.45 mJ/cm?. The observed lifetime and linewidth are
independent of the fluence with an almost constant lifetime
of 3.5£0.3 ps [see Fig. 5(d)]. Importantly, such lifetimes
are relatively long compared to the coherent vibrations ob-
served in the similar topological material ZrSiTe, in which
the oscillations diminished within 1 ps [55]. In our case, the
coherent phonon lifetime is more than an order of magni-
tude higher than the observed electronic relaxation time, i.e.,
the recovery of the bands. These observations indicate that
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phononic contributions to the total change in the relaxation
rate are negligible and rule out the possibility of phonon-
bottleneck formation—a process by which carrier lifetime is
increased based on phonon relaxation. Our results are consis-
tent with the predicted weak electron-phonon interactions in
ZxSiS [57].

VII. CONCLUSIONS

Combining an out-of-equilibrium formalism with broad-
band optical reflectivity measurements in the visible and
NIR regions, we provided evidence of band renormalization
in a topological nodal-line semimetal ZrSiS. Our fluence-
dependence study showed a redshift in resonant frequencies
and mass enhancement, along with an increase of the elec-
tronic relaxation timescales. These observations are inherently
an ultrafast effect, as supported by theoretical and experi-
mental analysis of the transient reflectivity, as well as by the
behavior of long-lived coherent phonons. Our study demon-
strates the ability of all-optical manipulation of band structure
properties, including mass enhancement and electronic re-
laxation in ZrSiS, therefore offering a unique platform to
understand light-driven photoinduced phases in topological
materials.

ACKNOWLEDGMENTS

G.D.S. acknowledges support from the NSF through
the Princeton Center for Complex Materials, NSF-MRSEC
(Grant No. DMR-2011750). Work by L.P. and P.N. is par-
tially supported by the Quantum Science Center (QSC), a
National Quantum Information Science Research Center of
the U.S. Department of Energy (DOE). LP. is supported
by the early postdoc mobility fellowship from the Swiss
National Science Foundation (SNSF) under Project ID No.
P2EZP2_199848. P.N. acknowledges support from a CIFAR
BSE Catalyst Program that has facilitated interactions and col-
laborations with G.D.S. L.M.S. acknowledges support from
the NSF through the Princeton Center for Complex Materials,
a Materials Research Science and Engineering Center (Grant
No. DMR-2011750), by Princeton University through the
Princeton Catalysis Initiative, by the Gordon and Betty Moore
Foundation’s EPIQS initiative through Grant No. GBMF9064,
by the David and Lucile Packard Foundation, and by the Sloan
Foundation.

APPENDIX: LINEAR RESPONSE

Here, we calculate the response of the material under the
application of a weak homogeneous external electromagnetic
field representing the probe. We focus on the complex electric
susceptibility x (w) around the ~2 eV region and show that
it is approximated by a Lorentzian function; that is, it is
equivalent to the response of the Drude-Lorentz model [58].
Crucially, the associated resonant frequency and effective
mass are shown to have a quadratic dependence on the pump’s
strength.

The coupling of electrons to the probe’s vector potential a
is introduced via the minimal coupling prescription, where the

Hamiltonian is expanded up to linear order

H(k — a) ~ Hy(k) + a, 0", (A1)
where Hy(k) is the unperturbed (out-of-equilibrium) Hamil-
tonian and ?* = 8kul-70(k) is the velocity matrix. The matrix
elements of the electron-photon coupling are obtained by
quantizing the electromagnetic field and treating it within the
dipole approximation where the wavelength of the probe is
much longer that the interatomic spacing. In this regime, the
dielectric properties of the material can be obtained pertur-
batively up to a sufficiently large order; more details about
the formalism can be found in standard quantum field theory
textbooks [59], as well as in applications in superconduc-
tors [60,61], in charge-density wave systems [62,63], and in
semiconductors [64].

Here, we consider elastic transitions where an initial state
of a photon with laser frequency w is scattered to a final state
of a photon with the same frequency. The relevant leading
order scattering amplitude for such a process is given by

/ dQd*kTrG(Q2HHG(Q + Q)b (A2)
Q' k

where G(2) = [iw — Hy(k)]~" is the electronic Green’s func-
tions, 2 = (iw, k) is the four-momentum, and u (v) defines
the polarization of the incident (scattered) photon.

We evaluate the frequency integral in Eq. (A2) using com-
plex analysis and the residue theorem, while the remaining
momentum integrals are performed numerically. Since the po-
larization of the incident and scattered light is along the a axis
of the crystal, the imaginary part of the complex susceptibility
Xim(®) is hence proportional to

Xim(@) 0 Y / d*k|p, P8(@ — o), (A3)
k
c,v

where p¢, = (c|D“|v) are the dipole matrix elements between
the conduction |¢) and valence |v) bands and w., = E.(k) —
&y (k) is their energy difference. The real part of the complex
susceptibility xre(w) can be obtained using the Kramers-
Kronig relation, leading to a Lorentzian response:

@

2
2 f)
x (@) o E /kd sz Epr——— (A4)
[R% Ccv

where w, o |pg,| is the plasma frequency and y — 0 is the
damping coefficient.

We focus on the ~2 eV peak of the joint density of states
[see Fig. 1(d)] and note that it mainly originates from the
points kg = (£ /2, £ /2) in the Brillouin zone. Expanding
the energy difference w., around k ~ ko + 5k, where 8k is a
small momentum increment, we find a quadratic dispersion,
kM Sk,

[y

with & = 2,/16K22+ A2, Similarly, the associated effec-

tive mass m;j can be straightforwardly calculated using
the tight-binding Hamiltonian (1); however, as the resulting

expressions are cumbersome, here, we show only the off-

e ~ g+ Lm (AS)
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diagonal component,

o KIKS

mxy X 5_8 . (A6)

In the out-of-equilibrium case, the hopping amplitudes are
mapped to K; — K;(t), and the resonant energy becomes time
dependent, & — &y(7). Using the expansion of the Bessel
function Jy(z) = 1 — % around small z, the functional depen-
dence of the transient resonant frequency &y(¢) to the pump’s
strength A is given by

Eot) ~ & — a(t)A], (A7)

where a(r) = —

microscopic parameters of the model and the pump’s pro-
file s(r) [see Eq. (6)]. Similarly, the transient effective mass
m;& (t) depends quadratically on the pump’s strength, i.e.,

2 - ) .
64152 f,f] dt /eXp((lagﬂ) is determined by the
pump

ﬁ/l;;} (t) ~ m;& - ,Buv(t)A27

(A8)

where B,,,(¢) is again determined by the microscopic parame-
ters of the model and the out-of-equilibrium propagation.
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