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We investigate the nonequilibrium dynamics of the spinless Haldane model with nearest-neighbor interactions
on the honeycomb lattice by employing an unbiased numerical method. In this system, a first-order transition
from the Chern insulator at weak coupling to the charge-density-wave (CDW) phase at strong coupling can
be characterized by a level crossing of the lowest energy levels. Here we show that if adiabatically following
the eigenstates across this level crossing, their Chern numbers are preserved, leading to the identification of a
topologically nontrivial low-energy excited state in the CDW regime. By promoting a resonant energy excitation
via an ultrafast circularly polarized pump pulse, we find that the system acquires a nonvanishing Hall response
as a result of the large overlap enhancement between the time-dependent wave function and the topologically
nontrivial excited state. This response is suggestive of a photoinduced topological phase transition via unitary
dynamics, despite a proper definition of the Chern number remaining elusive for an out-of-equilibrium interact-
ing system. We contrast these results with more common quench protocols in which such features are largely
absent in the dynamics even if the postquench Hamiltonian displays a topologically nontrivial ground state.
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I. INTRODUCTION

Topological phases of matter have been largely understood
and fully classified in terms of symmetries (time-reversal,
particle-hole, chiral, and crystal symmetries) of the quantum
systems under investigation [1-5]. Such phases can be char-
acterized by their topological invariants and are robust against
weak time-reversal-invariant perturbations [6]. In ultracold
atomic systems, the preparation of topologically nontrivial
states via dynamically engineered perturbations has been ex-
perimentally realized and measured [7,8]. However, it has
been demonstrated that in the thermodynamic limit, topolog-
ical characteristics of the time-dependent wave function are
preserved under local unitary evolution [9-14]. As a direct
consequence, the question is posed that how dynamical topo-
logical transitions can take place in isolated quantum systems.

To overcome such an obstacle, approaches were proposed
that include dephasing [15] or the presence of interactions
[16,17]. The latter may allow a system to act as its own bath
and stabilize a dynamically induced topological phase, de-
spite still being governed by a unitary evolution. In particular,
for two-dimensional systems in equilibrium, the celebrated
Thouless-Kohmoto-Nightingale—den Nijs expression [18] di-
rectly relates the mathematical topological invariant, the
Chern number C, with a physical observable, the Hall re-
sponse o,,. Departing from equilibrium conditions, growing
evidence shows that such a relation breaks down; that is, an
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induced Hall response may coexist with an invariant Chern
number [15,17,19-21].

Our starting point is an interacting model in which the
formation of a local order parameter directly competes with
the topological phase [22,23], part of a large scope of studies
with similar scenarios [24-33]. They should be contrasted
with investigations wherein topological Mott insulators are
argued to be directly induced by the interactions [34—42]. The
fundamental question we address is on the possibility that
a nontrivial Hall response can be obtained when performing
dynamical perturbations in the otherwise topologically trivial
phase within the strong-coupling regime. For that, we explore
the route of promoting engineered perturbations, in particular
after subjecting the system to circularly polarized light. This
type of dynamical perturbation has been shown in the past,
for noninteracting schemes, to induce a nontrivial topological
response [43-48].

Going beyond the usual Floquet picture of time-periodic
drivings, our approach is connected to recent experiments that
make use of a short-lived perturbation, i.e., a femtosecond
pulse of circularly polarized light [49]. Such a method endows
the ability to fine-tune the amount of energy deposited in
the system and, consequently, resonantly explore some of its
excited states [50]. Unlike in experiments, since we do not
possess explicit dephasing mechanisms, its effect on engineer-
ing nontrivial topological characteristics is long-lived, in spite
of the perturbation being constrained in time.

In detail, we study the half-filled spinless Haldane model
with nearest-neighbor repulsion in and out of equilibrium by
means of exact diagonalization (ED). The phase transition
of this model, from a Chern insulator (CI) towards a triv-
ial charge-density-wave (CDW) Mott insulator with growing
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interactions, was studied by Varney et al. [22,23]. They further
demonstrated that clusters with sixfold rotational symmetry
and K points included in the discrete momentum space display
reduced finite-size effects. Hence, we adopt a 24-site cluster
[see the inset in Fig. 1(b)] that is amenable to ED and satisfies
the above conditions. Our study in equilibrium confirms that
once a CDW order is formed after a level crossing (indicating
the first-order phase transition), the topological characteristics
of the ground state (GS) are no longer present.

We then notice that a low-energy excited state within the
CDW regime, which is smoothly connected to the GS in the
parent Chern insulating phase, preserves its finite Chern num-
ber and nonzero Hall response before merging into the contin-
uum of the spectrum for even larger interactions. Based on the
energy difference of this topological excited state to the GS,
a circularly polarized pump is resonantly applied to stimulate
the initial CDW ground state. We find that the overlap of the
time-evolving wave function is oscillatory between the two
states. The oscillating frequency mainly depends on the pump
amplitude, resulting in the postpump nonequilibrium state
being tunable by the laser strength. Finally, we contrast these
results with the ones from a quench protocol, and we observe
the inability to recover such a dynamical topological phase.

This paper is organized as follows: In Sec. II, we intro-
duce the model, methods, and all the relevant quantities. An
analysis of our results, in and out of equilibrium, is shown in
Sec. II1, and a conclusion, accompanied by a discussion of the
results, is given in Sec. IV.

II. MODEL AND METHOD

The model under investigation is the half-filled spinless
Haldane model with repulsive nearest-neighbor interactions:

H=-n)Y (@¢;+He)—1 Y (¢%efe; +He)
(@.J) (@i

Here 6; (¢;) represents the fermionic creation (annihilation)
operator at site i, and #; is the corresponding number op-
erator. 7] (t;) is the nearest-neighbor (next-nearest-neighbor)
hopping constant, and V' is the nearest-neighbor interaction.
A phase ¢; ; = 7 (—7%) in the counterclockwise (clockwise)
loop is added to the second hopping term, which breaks the
time-reversal symmetry, resulting in topologically nontrivial
behavior in the system.

In equilibrium, we calculate the topological invariants of
the GS and a selection of low-lying eigenstates. The topolog-
ical invariant in our model is quantified by the Chern number,
which is defined as an integration over the Brillouin zone [51]
using twisted boundary conditions [52],

C = [ 22 (0,03, ) -

Tl

(35, W[5, %)), (2)

with |¥) being the many-particle wave function and ¢ (¢,)
being the twisted phase along the x (y) direction. This con-
tinuous expression has been shown to converge to the correct
one if using a sufficiently discretized version [23,53].

In out-of-equilibrium conditions, we employ the time-
dependent Lanczos technique [54] to evolve the many-body
wave function via

M
W@ +80) = e MO yr0) = Y e ) (il (1), (3)
=1

where ¢; and |¢;) are the eigenvalues and eigenvectors of
the M-dimensional Krylov subspace generated in the Lanczos
process at each instant of time ¢. Here we choose 6¢ = 0.02
and M = 30 to ensure the convergence of the numerical evo-
lution. In what follows, the system can be excited by either a
quench, with a sudden change of V, or by a pump pulse. In the
latter, the external electric field during photoirradiation can be
included in the Hamiltonian via the Peierls substitution in the
hopping terms:
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where
A(t) = Age™ =72 (cos [wo(t — 10)], sin [wo(t — 10)]) (5)

is the vector potential of a circularly polarized pump pulse. Its
temporal envelope is centered at 7y and taken to be Gaussian.
The parameter #; controls its width, and wy is the central
frequency. Additionally, we define At =1t —#y as the time
difference between the probing and pumping (or quench)
instants.

To characterize the dynamics and the possible nontrivial
Hall response, we calculate the following relevant quantities:

@) |{¥ (A1)|¥,)] is the overlap between the time-dependent
wave function and the nth eigenstate of the equilibrium
Hamiltonian [Eq. (1)] in the k = (0, 0) quasimomentum sub-
space. As the ground state is located at this momentum sector
for our model parameters and both pump and quench scenar-
ios do not break translational invariance, all the dynamics we
explore is constrained to this subspace.

(i) Scow = 5 Z (e —nB)(n — i) is the structure
factor of the CDW, where N = 12 is the number of unit
cells and 7Y denotes the density number operator at site i of
sublattice « = A or B.

(iii) &yy(tn) is the dynamical Hall response. By applying
a weak electric field E,(ty) = Fy(1 — e™™/7) along the x di-
rection, with Fy = 10~ and r = 5, we measure the induced
current in the y direction Jy(¢g) to obtain the dynamical Hall
response Gy, (tg) = éﬁs), where A; is the total area of the
cluster. In this process, Fy is sufficiently small to mitigate its
influence on the system’s dynamics. Note that in what follows
E, () will be applied to either the eigenstates of the Hamilto-
nian (1), such as the GS and second excited state, or to the
time-dependent wave function ¥ (At) in out-of-equilibrium
conditions. In the latter, we choose the reference probe time
ty = Olocated at Ar = 40 after the pump when discussing the
results of Fig. 4 below. The electric field E,(ty) is introduced
smoothly from #;; = 0 by adding a vector potential,

A ) = Rty + 7 - e/ — 1), (©6)

to Eq. (4). In summary, we employ three steps to obtain the
Hall response after the pump: (i) apply a pump expressed by
Eq. (5), calculating the current J_\’,(tH) from Ar = 40; (ii) apply
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both the pump and weak electric field (starting from At = 40)
described by Eqs. (5) and (6), respectively, to calculate Jy/,’(tH);
and (iii) obtain the net current J, (ty) = Jy”(tH) — Jy/(tH) so that

Oyy(th) = % represents the nonequilibrium Hall response.

Alternatively, we can use the direct computation of the
Kubo formula to benchmark 6,,(ty) in equilibrium:

i (Yol W) (Yl ¥0) = (Dol W) (Wl o)

Oxy = — > s
s 170 (En - E())

(7
where (E,, ¥, ) are the eigenpairs of the Hamiltonian (1) and
JAM is the current operator along the p direction.

In what follows, we set the parameter ¢, = 0.2, using units
where e = h =1 and the lattice spacing ap = 1. In these
units, #; and | I are set to be the units of energy and time,
respectively.

III. RESULTS AND ANALYSIS

We start by calculating the low-lying energy spectrum
versus the interaction strength V for the Hamiltonian (1), as
shown in Fig. 1(a). A level crossing, associated with a first-
order phase transition between the CI and CDW phases, lo-
cates at V =~ 1.9. The Chern number and CDW structure fac-
tor of the ground state also suddenly change at this point [see
Fig. 1(b)]; these results are consistent with those in Ref. [23].
From Fig. 1(a), a close inspection reveals that the original CI
ground state is smoothly connected to the second excited state
[Y,) when V > 1.9 (green line), whereas the CDW ground
state is nearly degenerate with the first excited state (dashed
blue line) in our finite lattice. We compute the Chern number
of the |y») state and find that for V € [2, 4] it always has
C = 1 [denoted by the black squares in Fig. 1(a)]. The Chern
numbers of other excited states can turn unstable: Either they
are not integers, or they have different values for different V.
The reason is attributed to the method to calculate the Chern
number, which requires the manifold of eigenenergies of the
state [v) in the torus of E,(¢y, ¢,) to be always gapped
[23,53], where ¢, and ¢, represent the twisted phases in
two directions. Fortunately, the second excited state is always
separated from the bulk of the spectrum in a finite range of
interactions within the CDW phase, as one would expect from
states that just underwent first-order phase transitions [9].

To confirm the results of the Chern number, we check the
dynamical Hall response &,,(tg) for the GS and the second
excited state. For that, as mentioned in Sec. II, a weak electric
field along the x direction is applied at time ty = 0, where we
subsequently quantify the induced current in the y direction. In
Fig. 1(c), we show 6,,(ty) computed at the GS in the CI (V =
0 and 1) and CDW (V = 3 and 4) phases. We observe that
the ground states with C = 1 (C = 0) have a nonzero (zero)
Hall response, whose long-time values oscillate around the
equilibrium ones obtained from the Kubo formula [Eq. (7)],
which are denoted by the dashed lines. This indicates that
the Hall response can be used to characterize the topological
characteristics of the many-body wave function even out of
equilibrium, where an exact definition of the Chern number is
elusive. We now proceed with the same protocol to compute
Oxy(tn), but using the second excited state with V = 2.5, 3,
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FIG. 1. (a) Six lowest-lying energy levels and (b) the ground-
state Chern number and CDW structure factor vs V for the
Hamiltonian (1) in the k = (0, 0) subspace. The dynamical Hall
response Gy, (ty) of (c) the GS with V = 0.0, 1.0, 3.0, 4.0 and (d) sec-
ond excited state with V = 2.5, 3.0, 3.5, 4.0. In (c), the equilibrium
Hall response o,, obtained from the Kubo formula, Eq. (7) (using
a total of 2000 low-lying eigenstates), is shown as horizontal dash-
dotted lines. The cartoon in (b) depicts the 24-site cluster.

3.5, 4, as shown in Fig. 1(d). Although the Hall response
decreases deep in the CDW phase, it is always finite, in di-
rect agreement with the analysis of the corresponding Chern
number of |y,) in this regime. An important remark is that
a quantization of the Hall response in these “equilibrium”
settings can be obtained only for larger lattice sizes, similar
to what occurs in noninteracting systems.

A. Pump dynamics

Now that we have characterized the equilibrium sce-
nario and used an out-of-equilibrium scheme to understand
a possible dynamical Hall response, we turn our focus to
the possibility of generating nontrivial topological properties
from a topologically trivial state, which includes two proto-
cols: pump and quench. In the former, we emulate the ultrafast
laser pulse by using the vector potential in Egs. (4) and (5).
By setting V = 2.5, we investigate the overlaps between the
time-dependent wave function | (At)) and many eigenstates
|1, of the equilibrium Hamiltonian, as shown in Fig. 2. The
initial state |y (At = —o0)) is the CDW ground state with
V =2.5, and pumps with wy = 1.63 (that is, the pulse is
made resonant with the energy difference E, — Ey ~ 1.63),
t; = 4.0, and four different Ay are applied. The parameters’
setting is chosen after careful tuning, which will become more
clear in the discussion of Fig. 3.

In Figs. 2(a) and 2(c), with Ag = 0.1 and Ay = 0.3, re-
spectively, we find that the overlap of | (At)) with |i,) at
long times after the pump can be larger than 0.98, while
the overlap with the initial CDW state is smaller than 0.1,
indicating a radical switch of the contribution of the two states
in the time-dependent wave function. In contrast, the second
excited state is mostly not excited in the case of Ag = 0.2
and Ag = 0.4, and the reason is the oscillation of the overlaps
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FIG. 2. Overlaps between several eigenstates |1,) and the time-
dependent wave function |1 (At)) under a pump with (a) Ao = 0.1,
(b) Ap =0.2, (c) Ap = 0.3, and (d) Ay = 0.4, respectively. Pump
parameters are wy = 1.63 and #; = 4.0; the interaction strength is
setat V = 2.5, within the CDW phase for the GS.

around the duration of the pulse, whose frequencies increase
with growing Aq (similar results with V =4 are shown in
Appendix A). In addition, the evolution of the CDW structure
factor for different Ay and an associated discussion can be
found in Appendix B.

We conjecture that this oscillating behavior of the overlaps
can be well explained via an analogy with a dynamical picture
of the two-level Rabi model [55]. Considering a two-level
quantum system with 2¢ level spacing, coupled with a single-
mode classical external field, the time-dependent Hamiltonian
can be written as

Hp(t) = €0, +g(t)ory, ®)

where o, are Pauli matrices and g(¢) = 2gcos(wt), which
describes the coupling of the two-level system to an external
field. The parameter g here represents the strength of the
external field and can be compared with the amplitude of the
pump, i.e., Ap in our case. When w = 2¢, which is the energy
difference of the two levels, the rotating-wave approxima-
tion can be applied. The Rabi frequency, which characterizes
the system’s oscillation between the two levels, can then be
expressed as

Qr = [(e —w/2)* + &1'% )

As it increases with g, it can directly explain why a larger Ay
leads to a larger oscillating frequency of overlaps in Fig. 2.
Since the pulse is short-lived, the long-time overlaps can be
maximized at either the original GS or the second excited
state. Moreover, the pulse with higher Ay provides sufficient
energy to allow the participation of other eigenstates, and the
two-level dynamics may eventually not work anymore.

To systematically investigate the influence of various pump
parameters in these results, we show in Figs. 3(a) and 3(b) the
contour plots of the injected energy AE = E(At — 00) — Ey
and the overlap between |y (Ar = 10¢;)) and the eigenstate
[Y,) as a function of Ag and #;. As before, wy is set to be
1.63, and we find that Ay = 0.1 and 7; = 4.0 are the opti-

AE (Y(AL = 10t4) 1))

1.0

A

FIG. 3. Contour plots of (a) the injected energy AE and (b) the
overlap between |y (At = 10¢,)) and the eigenstate |,) as a func-
tion of Ay and #; with wy = 1.63. Contour plots of (c) the injected
energy AE and (d) the overlap (¢ (At = 10¢,)|¢,) as a function of
Ap and wy with 7, = 4.0. The color bars are adjusted in order to
highlight the best conditions to resonantly excite state |i,) via the
energy difference and the corresponding overlap with this state. In
all cases, we fix the interaction at V = 2.5.

mal combination to increase the overlap with |v,), which
is detailed in Fig. 2(a). We plot the same contour plots as
a function of Ag and wy in Figs. 3(c) and 3(d). Results in
Fig. 3(d) confirm that wy ~ 1.63 is the resonant frequency
to excite |Y,). In addition, we observe that the overlaps have
a staggered dependence on Ay, together with a staggered in-
jected energy AE, especially when wy ~ 1.6 and 7; = 4. That
is, the photoinduced increase of the overlap with eigenstate
|,) strongly depends on AE, and the settings of parameters
that can predominantly excite |1,) always occur with injected
energy AE ~ E, — Ey ~ 1.6, which is just the energy /iwy.

To certify that a photoinduced topological phase transition
takes place, we calculate the dynamical Hall response after
the pump with Ay = 0.1 (probing from At = 40, i.e., turning
the probe electric field after a substantial time delay from
the central pump time), as shown in Fig. 4(a) by a pink
dashed line. For comparison, we also plot the equilibrium
Hall response for state |¢,) [blue dashed line; similar data
were obtained in Fig. 1(d)], and we find that they are almost
identical when ;3 < 30. At long times, continuous application
of the weak electric field, however, leads the Hall response to
display large oscillations whose time-average value (red solid
line) is still around the Hall response associated with [v;).
This points to the conclusion that the dynamical transition
from a topologically trivial to nontrivial state can be obtained
after a well-tuned pump.

Now we explain the large oscillations of Hall response for
the postpump out-of-equilibrium state, which is not observed
for equilibrium states in Fig. 1(c). The effect of weak elec-
tric field on the overlaps between the time-dependent wave
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FIG. 4. The dynamical Hall response &, (f) to the second
excited state |y,) with V = 2.5 (blue dashed line) and to the time-
dependent wave function after the pump (pink dashed lines) with
(a) Ap =0.1 and (b) Ay = 0.3. Red solid lines show the corre-
sponding time averages of &,,(f4). In (c) and (d), we show overlaps
between the time-dependent wave function and the second excited
state, (¥ (ty)|¥,), after the weak electric field applied to |¢,) (blue
dashed lines) and to the time-dependent wave function after the pump
(green dashed lines) with Ay = 0.1 and Ay = 0.3, respectively. Green
solid lines show (Y (#y3)|¥,) just after the pump without weak electric
field applied. As explained in the text, the reference probe time
ty = 0 locates at At = 40. Parameters used are V = 2.5, wy = 1.63,
and t; = 4.0.

functions and second excited state (i (tg)|v,) is shown in
Fig. 4(c) with Ag = 0.1. If we just apply the weak field to |,),
its influence on the overlap is rather small (see blue dashed
line). However, if we apply the weak field to the postpump
time-dependent wave function (green dashed line), there is an
apparent deviation and oscillation compared with that without
a weak electric field applied (green solid line). The reason is
that the time-dependent wave function never perfectly turns
to |¥) (the maximum overlap is 0.996), as expected from
a unitary evolution that prevents (¥ (t + Af)|y¥(¢)) = 0 [20].
Even in the perfectly resonant case, [ (At — 00)) is never
an eigenstate of the Hamiltonian (1), in spite of abundant
evidence showing the emergence of topologically nontrivial
properties. Moreover, the frequencies of oscillations on the
Hall response and overlap are identical. We show the Hall
response and overlaps with Ag = 0.3 in Figs. 4(b) and 4(d),
from which one can find that if the postpump state is farther
away from |y,) (0.987), it becomes hard to obtain the correct
dynamical Hall response after #y > 10, leading to an unstable
time-average result.

B. Quench dynamics

Finally, we contrast these results with more often used pro-
tocols to understand nonequilibrium topological transitions,
that is, using a quench from a trivial to a nontrivial phase in
the regime of parameters. As the “knob” in our model that
destroys topological characteristics of the ground state is the
interaction, we study a quench scenario from large interac-

quench: V=3V =1 q ucnch = 2 5— V =15
1.0 (a)i n=0" — 1.0
— n=1 n=4 W
§ n n=2 m
50.5 [\MﬂM(\r\W%W' 0.5}
ey it
0.0 . ! n 0.0 " n n
0 10 20 30 40 0 10 20 30 40
200 ————BL— 200 ————A5L
(c) (d)
E 100 1 100
L RS i Rt 2 0
=
~ —100¢ 1 —100r after quench
900 900 average over ty

0 50 100 150 200 0 50 100 150 200
tH tH

FIG. 5. Overlaps between several eigenstates [1,,) and the time-
dependent wave function | (Ar)) after a quench (a) from V =3
toV =1 and (b) from V =2.5 to V = 1.5. (¢) and (d) The Hall
responses (pink dashed lines) and their time averages (red solid lines)
to the nonequilibrium states after the corresponding quenches shown
in (a) and (b), respectively.

tions (V > V,) to smaller ones (V < V,). In Figs. 5(a) and
5(b), after the quenches V =3.0 - 1.0and V =2.5 — 1.5,
we calculate the overlaps between the time-dependent wave
function and several eigenstates of the equilibrium Hamilto-
nian before the quench. Although the overlap with the GS
is substantially decreased in both cases, [{,) is not excited.
Instead, overlaps with the fourth excited state, whose Chern
number cannot be identified (owing to the small gaps to other
states in the spectrum), increases considerably. In direct con-
trast to the pump case, the nonequilibrium state after quench
is largely unstable, at least on a short timescale. This can
be inferred in Figs. 5(c) and 5(d), where we show the Hall
responses after the quench (pink dashed lines) and their time-
average results (red solid line). We find no apparent features
to characterize a potential topological phase transition.

IV. CONCLUSIONS AND DISCUSSION

We investigated the interacting Haldane model that hosts
a topological (Chern insulating) phase at weak interaction
strengths. In the strong-coupling regime with a CDW ground
state, we studied the topological features (including the Chern
number and Hall response) of an excited state, often neglected
in previous investigations. We allowed this interacting system
to evade equilibrium via the application of an external pump,
instead of more common quench scenarios, and demonstrated
that resonant targeting of topologically nontrivial excited
states is possible, as long as they are separated from the
continuum of the spectrum. This situation is precisely satisfied
when a first-order phase transition occurs [22,23], even in
finite lattices. In contrast, if one focuses on quench dynamics
from topologically trivial to nontrivial cases, such an excited
state cannot be stimulated, and no evident Hall response is
found for the model under study.
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(a) [(sp(AL)|the)| from [4h,)

(b) ((AL)|H(AL) | (AL)) from [4y,)

TI0 20 0 20 40 40 =20 0 20 40

At At

FIG. 6. Nonequilibrium dynamics after the pump in the resonant
conditions when starting from the ground state (n = 0) and the
second excited state (n = 2) of the equilibrium Hamiltonian (1). In
(a) and (b), the overlaps with the |i,) state and the instantaneous
energies are shown for two different initializations; a characteristic
dynamical level crossing occurs around the pump’s central time.
Here the pump parameters are the ones that optimize the targeting
of the second excited state: Ay = 0.1, wy = 1.63, and t; = 4.0 at
interaction strength V = 2.5.

To better understand how the dynamical topological transi-
tion is possible, we now compare the time dependence of the
overlaps and the system’s instantaneous energies in the reso-
nant conditions when using both the original ground state | )
and the corresponding second excited eigenstate |y,) as the
initial states. By observing the overlaps with |yr,) [Fig. 6(a)]
and the total energy [Fig. 6(b)] during the pump process, it
becomes clear that a dynamical level crossing occurs for the
two states, where they switch roles. This is at the core of our
observation of the induced Hall response. Given the first-order
character of the topological transition at equilibrium, such
scenarios could be achieved in other models with engineered
perturbations, attesting to the generality of our results.
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APPENDIX A: RESULTS OF THE PUMP CASE WITHV =4

In the main text, we focused on the interaction V = 2.5
to demonstrate that the photoinduced topological phase tran-
sition can be realized. In this Appendix, we present similar
results with V = 4 to show that such nonequilibrium behav-
ior is more general and still possible even when the system
is farther away from the quantum critical point V, >~ 1.9 at
equilibrium [23].

Figure 7 shows overlaps between the time-dependent wave
function [{(At)) and several eigenstates |v,) with wy =
5.9, t; = 3.0, and different Ag. The chosen set of parame-
ters comes from the fine tuning in Fig. 8. In Fig. 7(a) with
Ay = 0.1, we find that the second excited state can be largely
excited with an overlap of up to 0.91. For Ay = 0.3, it is also

1.0
— \ (b) Ag=0.2
=
g . 0.5
=
0.0 : - p— :
—20 0 20
1.0
- (d) Ag=0.4
g . 0.5
= \f
: —— : 0.0 —— :
—20 0 20 —20 0 20
At At

FIG. 7. (a) Overlaps between several eigenstates |¢,) and the
time-dependent wave function | (At)) under a pump with (a) Ag =
0.1, (b) Ap = 0.2, (¢c) Ap = 0.3, and (d) Ay = 0.4. Pump parameters:
V =4.0,wy) =5.90and, = 3.0.

excited in spite of the enhancement not being as large as for
Ap = 0.1. In Figs. 8(b) and 8(d), we show the contour plots
of the overlaps between |y (At = 10t;)) and the eigenstate
|[¥,) as a function of Ay and #; and Ay and wy, respectively.
The staggered enhancement of the overlaps can be seen with
the parameters f; = 3.0 and wy = 5.9. As mentioned in the
main text, a fundamental condition to produce resonant pumps
is selecting the frequency wg such that it corresponds to the
energy difference between the states one plans to use to
promote excitations. In this case of V =4, E; — Ey ~5.9.
Figures 8(a) and 8(c) show the contour plots of the injected
energy AE, where we can find that the injected energy of

AE (V(At = 10tq)|1ha)

0.9
’ ()
30 4 0.7
20 - 0.5
. 0.3
10
59 1. 0.1
0
0.9
0.7
0.5
0.3
5.1 0.1

0.1 1.0
Ay

FIG. 8. Contour plots of (a) the injected energy AE and (b) the
overlap between |y (Ar = 10z,)) and eigenstate |,) as a function of
Ap and t; with wy = 5.90. Contour plots of (c) the injected energy
AE and (d) the overlap (¢ (At = 10z,)|v,) as a function of Ay and
wo with 7, = 3.0. Here the interaction is set at V = 4.
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the optimal parameters to excite |y,) is a little more than 5.9.
The reason is that more higher-energy eigenstates participate
in the pump dynamics. These results indicate that even away
from the phase transition point, it is still possible to induce a
topological phase transition via a well-tuned laser pulse.

APPENDIX B: TIME-DEPENDENT CDW
STRUCTURE FACTOR

Figure 9 displays the time-dependent CDW structure factor
with the resonant pump parameters wy = 1.63 and t; = 4.0
and interaction V = 2.5. The changes in Scpw for different Ag
are precisely consistent with those of overlaps between time-
dependent wave functions and the GS in Fig. 2. When Ap =
0.1 or 0.3, the collapses of the CDW state can be found after
the pump since in such cases [/ (¢)) has a large overlap with a
state that does not display charge order.

—10 0 10 20
At
FIG. 9. Time-dependent CDW structure factor with the pump

amplitudes Ap = 0.1, 0.2, 0.3 and 0.4. Parameters used are V = 2.5,
wo = 1.63, and 7, = 4.0.
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