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I. Additional experimental data

Dynamics along X-I'-X

In Fig. 2 of the main paper, we presented differential Fermi surfaces and cuts along Y-I'-Y
(kx = 0) direction, to show the unambiguous signature of Lifshitz transition. Our multidimen-
sional detection scheme allows us to measure differential signals along any direction of the Bril-
louin zone with sufficient counting statistics. To compare our data with previously published
time- and angle-resolved photoemission spectroscopy (ARPES) results on the same material,
we can plot the photoemission differential signal along X-I'-X (k, = 0) high-symmetry direc-
tion, as reported by Crepaldi et al. [38]. The strong enhancement of the signal around + 0.25
A~1 above the Fermi level, the depletion around I' below the Fermi level, as well as the ex-
tracted excited states lifetime of ~ 270 fs, from our experimental data presented on Fig. S1, is
in good agreement with the observations of Crepaldi et al., who studied the enhanced ultrafast
relaxation rate in the Weyl semimetallic (low temperature) phase of MoTes. In that paper, the
authors didn’t report the dynamics along I'-Y, which is the direction along which the signature

of the Lifshitz transition is the most evident.
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Figure S1: Ultrafast electronic dynamic along X-I'-X. (a)-(e) Differential (signal before time-
zero subtracted) energy-resolved cuts along X-I'-X (k, = 0) as a function of time delay between
the IR pump and the XUV probe. These data are extracted from the same scan as for Fig. 2 of
the main text. The pump pulse intensity is estimated to be 6.7x10° W /cm?.
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Figure S2: Time-dependent electronic temperature.: Electronic temperature as a function of
pump-probe delay, extracted from fitting the energy distribution-curve (integrated along I'-X)
by a resolution-broadened Fermi-Dirac distribution function.

Time-dependent electronic temperature

We have extracted the time-dependent electronic temperature, to estimate the heating of the
electronic system by the pump pulse. This information provides a reference point for theoretical
simulations, presented in the next sections. To do so, we fitted the energy distribution-curve
(EDCs) (integrated along I'-X) measured experimentally by Fermi-Dirac distribution functions
convoluted with a Gaussian function as the spectral instrument response function. We have
used EDCs obtained by integrating the signal along I'-X, in order to exclude the effect of the
time-dependent density of states along I'-Y, which could introduce some ambiguity in the fitting
procedure.

First, we have fixed the electronic temperature of the Fermi-Dirac distribution to 30 K and
kept the Gaussian width as a free parameter of the fit, for the case of the unpumped system, to
estimate the instrument response function. Next, we have fixed the instrument response function
(the Gaussian width), and fit a Fermi-Dirac distribution for each pump-probe delay, keeping the
electronic temperature as a free parameter of the fit. The results of the fit are shown in Fig. S2.

As shown in Fig. S2, after the interaction with the pump laser pulse, the electronic tem-

perature increases to almost 600 K and then gradually recovers to the original temperature of



~ 30 K, within a time-scale similar to the excited states population lifetime (signal above the
Fermi level). As explained in the theoretical section of the Supplementary Information, this
increase of the electronic temperature (dynamical populations), combined with the dynamical
modification of Hubbard U.g, is at the origin of the ultrafast non-equilibrium Lifshitz transition.

Fitting the y-pocket position

In order to extract the position of the bottom of the ~-pocket for different pump-probe de-
lays, we have fitted the energy distribution curves, taken at the Y point of the Brillouin zone. We
have fitted two Gaussian separated by 36.5 meV (upper and lower bands at Y) weighted by the
instrument response function broaden time-dependent Fermi-Dirac distribution extracted from
the fit of the EDC along I'-X (region where the band structure is not modified upon photoexci-

tation). Examples of such EDC:s fitting are shown in Fig. S3.
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Figure S3: Energy distribution curves fitting: The black dots are normalized experimentally
measured EDC cuts at the Y point of the Brillouin zone, for different pump-probe delays (indi-
cated on the right side of the figure). The dashed red lines are the results of the EDC fitting.

I1. Adiabatic Lifshitz transition

We first theoretically analyze the adiabatic Lifshitz transition and in particular the effect of
U.s on the energy position of the y-pocket. For this, we performed a set of DFT+U calculations
while varying U.g. Our results are shown in Fig. 1c in the main text. The self-consistently
evaluated U,g is found to be 2.05 eV. From our calculations, we find that the Lifshitz transition
occurs around 1.5 eV, which is consistent with the value obtained from a similar analysis by Xu
et al. [15].

From these data, we find that in the adiabatic limit, for a 70 meV change in position of the
~v-pocket, which has been measured experimentally, (see Fig. 3c in the main text), a change in

Ues of 1.8 eV is required. This is in clear contrast with the results obtained in Fig. 3e from our



TDDFT+U calculations, from which the change in U.¢ at the experimental intensity is estimated
to be around 30 meV only. Thus, our results indicate that the measured energy downshifts of
the pocket, ultimately leading to the Lifshitz transition, cannot originate only from an adiabatic
change of U.¢ and that more subtle dynamics are at play here.

Note that we carefully checked that the laser-induced changes in U.g are converged and
that adding more k-point to sample the Brillouin zone do not lead to sizable differences in the
dynamics of U.g. Moreover, note that due to numerical artifacts, the Fig. 3a and Fig. 3b are
obtained without spin-orbit coupling included. Whereas the main results are not affected by the
inclusion or not of the spin-orbit coupling, the Wannierization procedure, employed to get the
Fermi surface cut from the non-equilibrium states, is found to be less stable when the spin-orbit
coupling is included.

We want to point out the analogy to the creation of a Weyl semimetallic phase induced by
a laser in pyrochlore iridates, that some of us predicted [19]. Indeed, in this previous work,
we showed that light-induced reduction of U is leading to the transient appearance of a Weyl
semimetallic phase in pyrochlore irridate for values of U.g for which, according to the equilib-
rium (adiabatic) phase diagram, should not allow it.

The experimentally measured change in the pocket position also shows a clear delay be-
tween the change in the pocket energy position and the laser pulse itself (timed by the LAPE
signal, Fig. 3b in the main text), indicating that some transient dynamics still takes place after
the end of the laser pulse and before the material starts to returns to its ground state due to ther-
malization effects. This is an indication that the system is brought to a non-equilibrium state at
the end of the laser pulse.

As discussed below, our results provide evidence explaining the observed light-induced Lif-
shitz transition, but we found that one needs to take into account the non-equilibrium dynamics

induced by the laser and not only a simpler adiabatic change of the Hubbard U.g-.



I11. Non-equilibrium Fermi surface

From the theoretical point of view, the Fermi surface is a concept that is well defined at
equilibrium, and for a vanishing temperature. However, in time- and angle-resolved photoe-
mission experiments, it is possible to measure the Fermi surface evolving in time for a fixed
Fermi energy, taking as reference the equilibrium value. Here, we aim at comparing this mea-
sured non-equilibrium Fermi surface to the results of our time-dependent simulations, which
include both the change in populations and time-evolved Hubbard U. We employed for this the
non-equilibrium states taken after the end of the laser pulse and computed the corresponding
energies

B (1) = (a1 H () (), (1)
where n refers to a band index, k is the k-point index, 1,x(t) the Pauli spinor representing
the Bloch state obtained from the time-evolution of the TDDFT Kohn-Sham equations, and
H{n(t)](t) is the Hamiltonian constructed from the time-evolved electronic density n(t) as well
as Uy (t) and the corresponding non-equilibrium occupations n2% ,(t).

We note that using these energies after the end of the laser pulse (i.e. when there is no vector
potential due to the laser) makes the result of our analysis gauge invariant. Alternatively, one
might want to use the adiabatic eigenvalues, E%(t), of the time-evolved Hamiltonian, H (t), to

investigate the non-equilibrium Fermi surface defined by

H(t) i) = B2 ()]s )

Here, similar to the previous case, [ (t) is the Hamiltonian constructed from the time-evolved
electronic density n(t) as well as Uz (t) and the corresponding non-equilibrium occupations
n?7 (t).

We found that the adiabatic states do not show any Lifshitz transition compared to the non-

equilibrium states, which is fully consistent with our analysis above. Indeed, if the adiabatic



states would show a Lifshitz transition, the band structure corresponding to the Hamiltonian
constructed from U(t) would show a Lifshitz transition, which we have shown not to be the
case for the excitation density used in this experiment. This is a strong indication of the non-

adiabatic nature of the measured Lifshitz transition.
IV. Effect of dynamical U

We further analyze the role of the different ingredients to reach the Lifshitz transition. From
the theoretical results presented in the main text, the change of U.g is found to be quite small
in Fig. 3e, compared to what could be expected from the equilibrium phase diagram (Fig. 1c
in the main text), in order to reach the Lifshitz transition. To disentangle the different effects
taking place, we also performed a time-dependent simulation with a frozen U.¢ and compared
with the result with a time-evolving U.g presented in the main text. This analysis allows us
to clearly identify the role of dynamical U.g in driving the Lifshitz transition. Indeed, for
a time-dependent U.g-frozen simulation, the non-adiabatic nature of the time-evolved states
is still taken into account, as well as dynamical populations, as described by the local-density
approximation, but the dynamical correlations (captured by time-evolving U.g) are not included.

For a clearer comparison with the experimental results, we simulate a differential angle-
resolved photoemission signal from the excited-state eigenvalues. We employed Wannier90 [39]
to interpolate the band structures on a finer k-point grid. We, then, convoluted in energy and
in momentum by a Gaussian whose widths correspond to the experimental resolutions, respec-
tively 120 meV and 0.05A ",

Our results are shown in Fig. S4 for the Y-I'-Y direction, i.e. the direction where the hall-
mark of the Lifshitz transition, and we found that y-pocket crossing the Fermi level, appears.
From these data, it is clear that the appearance of the y-pocket in the angle-resolved photoe-

mission signal crucially depends on the dynamical U.g. Indeed, in Fig. S4(b), the signal of the
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Figure S4: Effect of dynamical U, along Y-I'-Y. a) Calculation performed from the excited
states obtained at the end of the laser pulse for a dynamical U.g calculation. b) Same as a) but
for a frozen U.g calculation. The (a) and (b) panels correspond to simulated differential maps,
similar to what is measured experimentally. c¢) Difference of the two signals, i.e. (a) and (b),
close to the position of the pocket.
pocket does not appear clearly, whereas it is the dominating feature in Fig. S4(a). As evidenced
by the difference close to the position of the y-pocket, which displays a clear differential profile,
the dynamical U.g calculation yields a pocket below the Fermi energy whereas the frozen Ueg
approach yields a pocket at higher energy. In other words, as shown in Fig. S4(c), the dynamical
U.g case leads to such a down-shift compared to the frozen U calculation, and the differential
profile is occurring at the Fermi energy. This clearly shows that the dynamical Ueg leads to a
down-shift of the pocket below the Fermi energy, whereas the frozen U.g does not. Otherwise,
the differential profile would be centered around a value below the Fermi energy.

This is a clear indication that the dynamical correlations are a crucial ingredient to observe
the Lifshitz transition.

We also computed similar plots for the X-I'-X direction (see Fig. S5) for which U.g is ex-
pected not to play an important role. As expected, we do not observe any qualitative difference

between the frozen and dynamical U.g calculations, confirming the validity of our approach.

Importantly, in both cases, we note that the simulated ARPES spectra are qualitative agree-
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Figure S5: Effect of dynamical U.s along X-1'-X. a) Calculation performed from the excited
states obtained at the end of the laser pulse for a dynamical U.g calculation. b) Same as a) but
for a frozen U.g calculation. These panels correspond to simulated differential maps, similar to
what is measured experimentally.

ment with the experimental ARPES signals (see Fig. 2 in the main text and Fig. S1). Finally,
we note that these results employ here a crude approximation to the measured ARPES signal,

in which transition dipole matrix elements are not taken into account, which would correspond

to more intricate and numerically more expensive TDDFT calculations in supercell [40].

V. Note on the role of dynamical populations

As shown in the main text, the full TDDFT+U,.g simulations, which include both the dynam-
ical evolution of U.g and of the populations, predict the ultrafast Lifshitz transition. Moreover,
the comparison between the non-equilibrium simulations performed with frozen and with dy-
namical U.g (Fig. S4) showed that even if Hubbard U.g do not reach the adiabatic critical value
(U ~ 1.5 eV) to reach the Lifshitz transition, the inclusion of dynamical U.g is essential to
reach the non-equilibrium Lifshitz transition. By taking into account these observations, we
argue that both the dynamical modification of the U, and of the populations, are necessary
to reach the ultrafast non-equilibrium Lifshitz transition. This also implies that the novel non-

equilibrium route requires a significantly smaller change in the Hubbard U.g than the adiabatic
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Figure S6: Band structure of 1T’-MoTe,. The electronic band structure of 1T'-MoTe; for the

equilibrium self-consistent value of U.g = 2.04 eV (in green) and for the reduced value of U
=0eV.

case to reach the Lifshitz transition.

VI. Band structure of 1T’-MoTe,

We also performed simulations for the 1T’-phase of MoTe, (see Fig. S6), which is the
high temperature phase. We employed the same parameters as for equilibrium studies of Tg-
MoTe,, and used the previously reported atomic coordinates [33]. We performed both DFT and
DFT+U calculations, in which we evaluated the ab initio U.g, see Sec. III for more details. As
an important result, we found that even including a Hubbard U.g of 2.04 eV (obtained from first
principles), the ~y-pocket of the 1T’ phase of MoTe, is located below the Fermi energy.

This shows that at equilibrium, the 1T’- and the Ty-phase have different Fermi surface
topologies. This raises the question of whether the measured data corresponds to a light-induced

structural phase transition to the high-temperature 1T’ phase, as observed in Ref. [28]. We argue



in detail in the main text that this is not the case. Briefly, the pump fluence that we used (~ 0.6
mJ/cm?) is significantly lower than the structural phase transition critical fluence (>2 mJ/cm?),
and the time-scales relevant for the experimentally observed Lifshitz transition are completely

different than the ones associated with the light-induced structural phase transition [28].
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