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In the presence of electron-phonon coupling, an excitonic insulator harbors two degenerate ground states
described by an Ising-type order parameter. Starting from a microscopic Hamiltonian, we derive the
equations of motion for the Ising order parameter in the phonon coupled excitonic insulator Ta,NiSes and
show that it can be controllably reversed on ultrashort timescales using appropriate laser pulse sequences.
Using a combination of theory and time-resolved optical reflectivity measurements, we report evidence of
such order parameter reversal in Ta, NiSes based on the anomalous behavior of its coherently excited order-
parameter-coupled phonons. Our Letter expands the field of ultrafast order parameter control beyond spin

and charge ordered materials.
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Exploring new pathways to optically switch Ising-type
electronic order parameters is a major theme of current
ultrafast science. In recent years, a variety of out-of-
equilibrium protocols have been developed for rapidly
switching ferromagnetic [1-3], ferrimagnetic [4-6],
antiferromagnetic [7-9], and ferroelectric [10-12] order
parameters. However, far less is understood about the
mechanisms for switching more exotic order parameters
that are not of magnetic and charge dipolar type.

A particularly interesting case is the excitonic insulator
(ED), a strongly correlated electronic phase realized through
condensation of bound electron-hole pairs [13]. The free
energy landscapes of the complex electronic order para-
meter and the real lattice order parameter of an EI are
typically characterized by a Mexican hat with continuous
U(1) symmetry and a parabola, respectively [Fig. 1(a)].
However, strong electron-phonon coupling (EPC) induces
a tilting of both the lattice and electronic potentials [14—18],
reducing the U(1) symmetry to a discrete Z, Ising-type
symmetry. Like in magnetic or charge dipole ordered
ferroic materials, this leads to two degenerate ground states
characterized by order parameters of equal magnitude but
opposite phase [Fig. 1(b)].

There is currently no experimental method to switch
nor directly measure the phase of an EI order parameter
on ultrashort timescales. An alternative strategy is to
measure the phase of the coupled structural order para-
meter. However, existing time-resolved x-ray and electron
diffraction techniques are not phase sensitive. Optical
phase-resolved second harmonic generation measurements
[12,19,20] have been used to measure the phase of
structural order parameters in noncentrosymmetric ferroic
materials [21-24], but all known EI candidates are
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centrosymmetric [25,26]. The possible presence of 180°
El domains further complicates such measurements
because domain averaging would cause overall signal
cancellation.

In this Letter, we demonstrate via theory and experiment
a pathway to optically switch an EI order parameter and
to probe this reversal through a coherent EI order-
parameter-coupled phonon (OPCP). The time evolution

(@) V(®) (b) v

FIG. 1. Schematic of the electronic and structural free energy
landscapes (a) without and (b) with EPC. In the latter case, pulsed
excitation can drive the system between two degenerate ground
states. (c) Schematic of the 1D spinless two-band model. Red
(blue) circles on each site i denote Ta 5d conduction band (Ni 3d
valence band) states. The microscopic parameters discussed in
the main text are defined pictorially.
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of the coupled EI and structural order parameters following
impulsive laser excitation are derived from modeling a
prototypical system Ta,NiSes, which we assume to harbor
an EI phase, with an elementary spinless two-band
Hamiltonian. Our simulations reveal that the EI order
parameter is stably reversed above a critical laser fluence,
identifiable indirectly via a saturation of the coherent
OPCP amplitude. Using time-resolved coherent phonon
spectroscopy measurements, we experimentally verify this
scenario and also demonstrate how switching can be
controlled through the relative timing between successive
laser excitation pulses.

The quasi-one-dimensional (1D) direct band-gap semi-
conductor Ta,NiSes is reported to undergo an EI transition
at a critical temperature 7, = 328 K [26,27], accompanied
by a weak orthorhombic-to-monoclinic structural distortion
due to EPC [16]. Impulsive laser excitation below T, has
been shown to coherently excite at least five distinct
Raman-active phonons with frequencies near 1, 2, 3,
3.7, and 4 THz. The 1, 2, and 4 THz modes are sensitive
to the EI transition at T, [18,28-30] and thus constitute the
OPCPs, while the 3 and 3.7 THz modes are reportedly not
coupled to the EI order parameter and thus serve as a
control.

The low energy electronic structure of Ta,NiSes consists
of a conduction band with Ta 5d orbital character and a
valence band with Ni 3d-Se 4p hybridized orbital char-
acter. The EI instability is well captured by a 1D spinless
two-band Hamiltonian with EPC [31-34] [Fig. 1(c)],

H = Z(GkaTCk + v o) + Z[VCiTCiUiTUi
k i
+ob;"b; + g(bi" + b)) (c; v + v, ¢;)], (1)

where ¢,", ¢;, and v,', v, are the fermionic creation and
annihilation operators for conduction and valence band
electrons with momentum k, respectively, and b,, b; are
the bosonic creation and annihilation operators for an
OPCP mode of energy w, at site i. The conduction and
valence band dispersions are given by ¢, = (A/2) +
2J.sin (ka/2)? and p; = —(A/2) —2J,sin (ka/2)?, res-
pectively, where 2J,. and 2J, are their bandwidths and A
is the band gap [33,34]. An on-site interband electron-
electron interaction term V drives the excitonic pairing, and
an EPC term g couples the electronic and phononic
subsystems. These microscopic parameters have been
experimentally determined [33,34].

From Eq. (1), we derive the equations of motion for the
EI and structural order parameters, defined as ®; = (¢, v;)
and X; = (b;" + b;), respectively, in two steps. We first
derive the exact expression for the nonequilibrium free
energy functional of ® and X in the Keldysh path integral
framework, where we include the light excitation via
Peierls substitution. Then we obtain the equations of
motion as the saddle point of the free energy, ignoring

population in the conduction bands, spatial fluctuations of
the order parameter field, and higher-order contributions
O(®°) (see Supplemental Material [35]),

i0,® = [-D(V — igA)*> + m + U|®]!]® + 2¢X, (2)

2 2
92X = — (a)02 + ngO>X — 2gwoRe(®). (3)

Here D is an effective diffusion coefficient, g is the electron
charge, A is the light vector potential, ¢ is the renormalized
EPC coefficient for the electronic channel, and m and U
are the second- and fourth-order expansion coefficients
of the electron-electron interaction term, respectively.
These parameters are all functions of J., J,, A, ¢, and
V [35]. We further introduce two phenomenological con-
stants y, and yp, to account for damping of electronic and
structural modes due to thermal fluctuation, whose values
can be experimentally determined [35].

We first present a qualitative picture of how order
parameter reversal occurs in our model. In equilibrium
the electronic potential V(®) = Im®? +JUP* + 29 XD
has either a tilted parabolic (m > 0) or tilted Mexican-hat
(m < 0) form capturing the absence or presence of
exciton condensation. For homogeneous optical excitation,
one can ignore spatial derivatives of ®. For pulsed
excitation with infrared light, whose frequency well
exceeds the electronic Higgs-Goldstone [33,46] and
OPCP mode frequencies, one can also average out the
fast oscillations of the perturbation and retain only its
Gaussian envelope. Under these conditions one can make
the simplification m(1) = —=D(V — igA)? + m2f(1) + m,
where f(t) = aF exp|—41n(2)¢*/6?]. Here o is the tem-
poral width of the Gaussian pulse, « is a positive constant
scaling factor that can be calculated analytically [35], and F/
is the pump fluence, the only tunable parameter in our
model. In the EI phase (m < 0), optical excitation therefore
acts to instantaneously increase m(t). The subsequent
reduction of the EI order parameter, which occurs on a
timescale much shorter than 2z/w,, results in a
sudden shift in the lattice potential V(X) =Jwy>X* +
2gwoRe(®)X due to EPC [35], launching coherent oscil-
lations through displacive excitation. In the low fluence
regime, where the phonon oscillation amplitude is small
enough such that X does not change sign, the direction of
tilt of both V(®) and V(X) remains unchanged and so no
switching occurs. However, above a critical fluence F.,
where the phonon oscillation amplitude becomes
large enough to change the sign of X, the tilting of both
potentials is reversed and the system can relax into the
switched state.

Numerical simulations of our model using experi-
mentally determined material parameters for Ta,NiSes and
o = 100 fs were carried out in the EI phase [35]. Figure 2
displays simulation results for F slightly greater than F|.

267602-2



PHYSICAL REVIEW LETTERS 125, 267602 (2020)

t<0ps t=0ps
V(¢) 30, P (b) P

V()1
201 \ 1 §
0.6 -0.4 -0.2
.1 J

104
V(X) 150 V(X)
100. K
50. /
-1 .
X

:E i; .50 1 \\‘_‘,' X

0.2 0.4 0.6
_ __ ,Re®

FIG. 2.

t=0.2ps t>1ps
c d
(©) V() @ V() 1
‘ <2
\ , N
" Re(p) < * Re(9)
o -
V)
A\
’ /,’l ®,

Simulation results of V(®) and V(X) (defined in main text) for F > F, with experimentally determined parameters [35].

Snapshots of the potential landscapes (solid lines) and the electronic and structural order parameters (circles) are shown (a) in the
equilibrium state [reproduced as dashed lines in (b)—(d)], (b) at the moment of excitation, (c) during transit into the reversed state, and
(d) in the reversed state before equilibration, where both potentials are modulated at the phonon frequency (red arrows). Axes’ scales are

the same in all panels.

At the moment of excitation ¢t = 0 [Fig. 2(b)], there is an
instantaneous change in V(®) from Mexican-hat to para-
bolic form caused by the light-induced enhancement of
m(t). The EI order parameter evolves rapidly to the new
potential minimum with overdamped dynamics and is
quenched within the pulse duration. This leads to a rapid
shift in V(X), launching coherent oscillations of the
underdamped OPCP, which shakes the electronic potential
via EPC at the phonon frequency. Once the pulsed
excitation is over, V(®) recovers a Mexican-hat form.
However, as X crosses zero within the first half period of
oscillation [Fig. 2(c)], the tilting of V(®) is reversed with
respect to the prepumped (¢ < 0) case [Fig. 2(a)], sending
@ toward the new minimum on the negative side. As @
crosses zero, the tilt of V(X) is also reversed due to EPC,
thus pushing X to the new minimum on the positive side.
The system then continues to oscillate about the reversed
minima at the phonon frequency until the OPCP is damped
out [Fig. 2(d)]. Note that this model treats light as a
coherent drive without considering heating- and cooling-
induced changes in m (7). However, accounting for the latter
merely shifts F. [35].

In lieu of probing the phase of X and ®, we propose that
the reversal can be identified via the pump fluence
dependence of the OPCP amplitude. We solve Egs. (2)
and (3) to obtain the time evolution of ® and X and
then define the OPCP amplitude by its peak height in
the fast Fourier transform (FFT) of X. A conventional
Raman-active phonon is coherently launched through
either displacive excitation or impulsive stimulated
Raman scattering (ISRS) [47,48] with an amplitude that
is linearly proportional to F. For F < F ., the amplitude of
an OPCP also scales linearly with F. In this regime, the
structural order parameter simply oscillates about the initial
potential minimum and thus behaves like a conventional
phonon. However, once the initial displacement of V(X) is
large enough to enable escape to the opposite minimum
(F > F_), the amplitude ceases to grow. Order parameter

reversal is thus marked by a saturation in the amplitude
versus fluence curve.

We argue that experimental evidence for this pheno-
menon already exists in published studies of Ta,NiSes.
Werdehausen et al. [28] performed ultrafast optical reflec-
tivity measurements at 7 = 120 K using a pump photon
energy of 1.55 eV and observed clear coherent oscillations
of the 1 THz OPCP as well as the uncoupled 3 THz phonon
(ISRS). The pump fluence dependence of these two mode
amplitudes is reproduced in Fig. 3. The 3 THz mode scales
linearly with F, consistent with its assignment as a conven-
tional phonon. In contrast, the 1 THz mode scales linearly
with F only at low fluences and then saturates above
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FIG. 3. Experimental pump fluence dependence of the 1 THz

(red circles) and 3 THz (blue circles) coherent phonon amplitudes
in Ta,NiSes reproduced from Ref. [28]. Simulation results for an
OPCEP (red line) and a conventional ISRS phonon (blue line) are
overlaid and horizontally scaled (a ~ 700) to match the exper-
imental data. Vertical dashed lines mark the calculated F'. and F*.
The nonmonotonic behavior of the OPCP amplitude just above
F. arises from strong feedback between ® and X immediately
after excitation [35].
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~0.4 mJ/cm?, consistent with an order parameter
reversal. By overlaying our simulation results [35] atop
these experimental curves, we find close agreement
(Fig. 3).

Our theory also predicts that the exciton condensate
should be transiently quenched [m(7) — 0] above a critical
fluence F = F* where the condition f(¢) = |m/| is satisfied.
Equations (2) and (3) do not constrain F* to coincide
with F,. and our simulation shows that F* is clearly lower
than F. in Ta,NiSes (Fig. 3). Recently Tang et al. [30]
performed time- and angle-resolved photoemission
spectroscopy (TR-ARPES) measurements on Ta,NiSes
at T =30 K and tracked the dynamics of the charge
gap, a measure of @, immediately after pumping with
1.77 eV light polarized perpendicular to the chain direction
(equivalent geometry to Ref. [28]). They found that the
instantaneous gap size decreases linearly with increasing
pump fluence and saturates above 0.29 mJ/cm?, which
was interpreted as the point where @ transiently collapses.
The fact that this fluence is lower than 0.4 mJ/cm? and is
expected to be even lower if the experiment were conducted
at 120 K is consistent with our theory.

The dynamical nature of the order parameter reversal
process suggests that it can be controlled not merely by
the total pump energy deposited, but also by its distribu-
tion in time. To show this, we consider a situation where
the sample is pumped by two identical pulses separated by
time &¢, with individual fluences F' < F . but 2F > F . For
ot — 0 the system is effectively pumped by a single pulse
exceeding F. and so reversal occurs, while for 6t — oo,
the system relaxes back to the initial ground state before
the second pulse arrives and so no reversal occurs. To
qualitatively understand the behavior at intermediate ot
values, where the system is still dynamically evolving
when the second pulse arrives, we recall that in the
single-pulse case, switching occurs once the OPCP
amplitude is large enough to change the sign of X.
Therefore, in the two-pulse case, switching possibly
occurs if coherent oscillations of the OPCP induced by
the first pulse can be sufficiently amplified by the second
time-delayed pulse.

Previous studies have shown that impulsively and
displacively excited conventional Raman-active phonons
can be coherently amplified (suppressed) by a second
pump pulse when 0t is an integer (half-integer) multiple
of the phonon period [49-54], dubbed in-phase (IP) and
out-of-phase (OP) pumping, respectively. Therefore, we
simulated the effects of both IP and OP pumping on the
order parameters of Ta,NiSes using the same materials
parameters as before. We chose to simulate the OPCP at
o /27 = 2 THz rather than at | THz because recent TR-
ARPES data show that the most pronounced modulations
of the valence band maximum occur at 2 THz, suggesting
strong coupling to ® [18]. As shown in Fig. 4(a),
pumping by a single pulse with F slightly less than
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FIG. 4. Simulated time evolution of (a) Re(®) and (b) X
following single-pulse pumping (black) and two-pulse OP (blue)
and IP (red) pumping of the 2 THz phonon using F = 0.96F . and
the same microscopic parameters as in Figs. 2 and 3. The
calculated instantaneous electronic potential is displayed at
several select times. (c) Normalized FFT of the traces shown
in (b). Each curve is normalized by the peak value of the single-
pulse pumping curve. (d) Reflectivity transients measured from
Ta,NiSes under the same pumping conditions used in the
simulations. Curves are vertically offset for clarity. (e) Normalized
FFT of the traces shown in (d).

F. causes a rapid but incomplete reduction of @,
followed by a slower recovery back to its original value
on a timescale set by the damping of the 2 THz
phonon. For the two-pulse case, OP pumping of the
2 THz phonon similarly leads to partial suppression of ®
without reversal, but reversal is achieved with IP
pumping. This phenomenon is again manifested through
an unconventional behavior of the OPCP. As shown in
Figs. 4(b) and 4(c), OP pumping leads to suppression of
the 2 THz phonon amplitude relative to the single pump
case, resembling a conventional phonon because the
oscillation is around the initial potential minimum.
But, in contrast to conventional behavior, IP pumping
does not lead to further amplification once X is excited to
the opposite minimum.
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To verity this prediction, we performed transient optical
reflectivity measurements on Ta,NiSes single crystals [35]
using two identical pump pulses (¢ = 80 fs) with variable
ot. The light was polarized perpendicular to the chain
direction and the fluence of each pulse was tuned slightly
below F,. to match our simulations. We chose a pump
photon energy of 1 eV to enhance the 2 THz oscillations
[35]. Figure 4(d) shows the fractional change in reflectivity
(AR/R) versus time for both IP and OP pumping of the
2 THz phonon, as well as for pumping with only a single
pulse. All three curves exhibit fast (~1 ps) exponential
decay following pump excitation, corresponding to the
charge relaxation process. Oscillations from the beating of
several coherently excited phonons are also clear. A FFT of
the data shows the most pronounced peaks at 2, 3, and
3.8 THz [35]. A focus on the 2 THz mode reveals that OP
pumping strongly suppresses its amplitude relative to the
single-pump case, whereas IP pumping does not amplify it
[Fig. 4(e)], in quantitative agreement with our simulations
[Fig. 4(c)]. In contrast, strong amplification occurs for the 3
and 3.8 THz modes [35], consistent with their uncoupled
nature.

Our field theory description of the EI order parameter
goes beyond the phenomenological time-dependent
Landau theory [55-58] in that it allows the order parameter
to explore the tilted Mexican-hat potential in the complex
plane and can be naturally linked to microscopic
parameters of the underlying lattice model. While more
details including extension beyond the mean-field limit
(V #0), temperature dependence with T > 0, diffusion
perpendicular to the surface [57], time-dependent damping
[55], and anharmonic phonon coupling [59] can be added
to refine the simulations, our minimal microscopic theory
already captures the most salient physics and experimental
features. These ideas and dynamical protocols apply not
only to excitonic insulators, but also to any system
featuring a continuous-symmetry-breaking electronic order
parameter induced by coupling to a structural order
parameter, such as a charge ordered system coupled to a
Peierls distortion or an orbital ordered system coupled to a
Jahn-Teller distortion. Therefore, the OPCP behavior
revealed here may be a general fingerprint of electronic
order parameter switching.
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