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Exchange coupling-mediated broken symmetries
in Ta,NiSes revealed from quadrupolar circular

photogalvanic effect

Harshvardhan Jog', Luminita Harnagea?, Eugene J. Mele?, Ritesh Agarwal'*

In low-electron density materials, interactions can lead to highly correlated quantum states of matter. Ta;NiSes,
an excitonic insulator (El) candidate, exists in a novel broken-symmetry phase below 327 K, characterized by robust
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exchange interaction and electron-lattice coupling. We study this phase of Ta,NiSes using the quadrupole circular
photogalvanic effect (QCPGE). Light-matter interaction in Ta;NiSes mediated by electric quadrupole/magnetic
dipole coupling produces helicity-dependent DC response even with centrosymmetry, making it particularly sensitive
to certain other broken symmetries. We show that the exchange interaction in Ta,;NiSes can lead to a triclinic
structure with a broken C; symmetry. Our results provide an incisive probe of the symmetries of the low-temperature
phase of Ta;NiSes and add new symmetry constraints to the identification of a strongly correlated El phase. The
high sensitivity of QCPGE to subtle symmetry breaking in centrosymmetric systems will enable its use in studying

other complex crystalline systems.

INTRODUCTION

Symmetry breaking in condensed matter plays a fundamental role
in the classification of phases of matter and ultimately in under-
standing their properties (1-5). Precisely defining the symmetries
and broken symmetries in a system is therefore critically important,
particularly in complex materials where various degrees of freedom
can be coupled in the presence of strong correlation effects (6-11).
Excitonic insulators (EIs) form a class of interacting many-body
states where electrons and holes spontaneously condense into an
insulating state because of the development of a coherent state of
correlated electron-hole pairs (12-14). Such a many-body state can
occur in low-electron density materials with a small bandgap or
with a small band overlap, and in both cases, a many-body gap opens
up as the system transitions into the EI phase (15). Candidate mate-
rials have been proposed to host EI phases, including Tm(Se,Te)
(13, 16), 1T-TiSe, (17, 18), and Ta,NiSes (19, 20). However, in all
the proposed material systems, a substantial coupling of the collec-
tive electronic degrees of freedom to the lattice requires an accom-
panying structural distortion when the system enters the EI phase,
which complicates efforts to systematically study the phenomena.
For example, in Tm(Se,Te) and 1T-TiSe,, an indirect band align-
ment in the material forces the structural transition at nonzero q as
the material condenses into the excitonic ground state, producing
correlated phases such as charge density waves, making it difficult
to probe the pure EI phase (21, 22). On the other hand, in Ta,NiSes,
the instability occurs at q = 0, and although it is also accompanied
by a structural change, it does not form a charge density wave phase
(23). A recent paper claims strong evidence that Ta,NiSes hosts
such an EI phase in the low-temperature regime (24). However,
characterizing the symmetries in Ta,NiSes in its different phases
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and its effect on the electronic correlations still remains an important
problem to elucidate the interplay of a variety of electronic and
structural effects on the possible formation of this EI phase (25, 26).

Here, we report the observation of a new variant of the second-
order nonlinear circular photogalvanic effect (CPGE), which we
call the quadrupolar CPGE (QCPGE), and using it, we deduce that
Ta,NiSes upon structural transition at 327 K relaxes into a triclinic
phase identified by a broken C, symmetry. We show that the
QCPGE response enables an electric dipole-forbidden transition in
a material with bulk inversion symmetry and produces a signal
from electric quadruple/magnetic dipole transitions, which is
uniquely sensitive to these symmetries. We further analyze the
effects of electronic exchange interactions in Ta,NiSes and show
that because of the symmetry of its hybridized low-energy bands,
the system undergoes relaxation into a C, symmetry-broken phase.
We find that the QCPGE response from the broken C, symmetry is
associated with a unique antiresonant line shape arising from the
quadrupolar coupling, which is seen experimentally and provides a
compelling illustration of the underlying physics.

The crystal structure of Ta,NiSes is shown in Fig. 1A. Above 327 K,
Ta,NiSes has an orthorhombic structure and belongs to the space
group Cmcm with mirror symmetries normal to all three crystal
axes preserved (20). Below the transition temperature at T, = 327 K,
the space group of Ta,;NiSes has been proposed to be C2/c, and it is
a quasi—one-dimensional (1D) material with Ni chains surrounded
by TaSes tetrahedra on either side of the chains (23). During the
second-order phase transition at T¢, a possible excitonic instability
coupled with the freezing of the By, phonon modes (23, 27) leads to
two effects due to strong electron-phonon coupling in the system
(23, 28). First, hybridization of one of the Ta-derived conduction
band branches with the Ni-derived valence band takes place, which
is absent in the high-temperature phase because of opposite mirror
parities with respect to the mirror plane perpendicular to the Ni
chains (25, 26). Second, Ta atoms are displaced on either side of the
Ni chain antiparallel to the chain direction, which leads to forma-
tion of atomic displacements in opposite directions on either side of
the Ni chain, breaking the in-plane mirror symmetries (23, 25). The
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Fig. 1. Polarization-dependent photocurrent response of Ta,NiSes above and
below the transition temperature. (A) High-temperature crystal structure of
Ta,NiSes. The material is quasi-1D in nature with Ni chains along the a axis sur-
rounded by TaSeg tetrahedra. In the low-temperature phase (below 327 K), the Ta
atoms move antiparallel to the Ni chains, thereby breaking all mirror symmetries in
the a-c plane. (B) Schematic of the CPGE experiment setup. The excitation laser was
incident along the Z direction. See Materials and Methods for details. (C) Polarization-
dependent photocurrent at room temperature. A measurable difference between
the current corresponding to left and right circularly polarized light was observed
indicating the presence of CPGE. (D) Temperature-dependent CPGE photocurrent
(Icpae) shows the disappearance of CPGE above T, = 327 K as Ta,NiSes goes to the
orthorhombic phase. The error bars were obtained by calculating the SD from the
fitted CPGE curves using Eq. 1.

. . . . . =2
distortion also gives rise to a nonzero ferrorotational order, 7 x P,

where 7 and P denote the position and polarization of the Ta di-
poles, respectively (23). The hybridization of the bands and this
structural transition are closely related with each other (25).

In the high-temperature phase, the top of the valence band con-
sists mainly of Ni 3d,; and 3d,, orbitals (with some contribution
from the Se 4p orbital), while the bottom of the conduction band
has largest contribution from the Ta 5d,, orbital and is split into
bonding and antibonding states due to opposite parity with respect
to the mirror plane parallel to the Ni chains (20, 26). Recent reports
(25) have suggested that the transition to low-temperature phase
can be characterized by an order parameter measuring the coherence
of the Ta and Ni orbitals: A;; = (ciT cj), where c,T (¢j) corresponds to
an electron creation (annihilation) operator at i= Ta and j=Ni sites,
which effectively defines the strength of the hybridization of these
low-lying states. The order parameter is zero for the high-temperature
phase and nonzero for the low-temperature phase. In previous
analyses (25), the symmetry of this order parameter was constrained to
respect all symmetries of the monoclinic phase. However, first-
principles calculations have suggested that the system actually re-
laxes into a triclinic phase but with small distortions that are not
easily identified with conventional experimental techniques (25, 29).
A small triclinic distortion may not be picked up using x-ray dif-
fraction but can have consequences for other properties of the sys-
tem controlled by the crystal symmetries. We find that QCPGE is
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sensitive to this symmetry-breaking distortion and can be used to
interrogate it in this system.

To carefully investigate the structural symmetries and their rela-
tion to the electronic properties of the system, we use CPGE
measurements as a spectroscopic probe. In CPGE, the polarity and
magnitude of photocurrents can be controlled by the chirality of
optical excitation, making it highly sensitive to the local symmetry
of the crystal interacting with the incoming light beam (30-33).
CPGE can originate from an unequal population of photoexcited
carriers in a preferential momentum direction when excited by light
with left or right circular polarization. Second harmonic generation
is another technique that relies on the local symmetry and electronic
properties (34, 35); however, it requires large intensity of incoming
light, and Ta,;NiSes owing to its small bandgap and large absorption
in the visible/near-infrared region of the spectrum suffers photo-
damage even at very low powers. In the lowest order, i.e., under the
electric dipole approximation, CPGE is only allowed in systems
with broken inversion symmetry and then only in the gyrotropic
pOiIlt groups (C1, Cy, Cs3, Cy, Cs, Cs, Csyy Csyy Cayy Coys Doy Dy, Do, D3,
Dg, Ss, T, and O) (36). Studies of CPGE measurements showing re-
sponses disallowed in the dipole limit but allowed through terms of
higher multipole coupling until now have relied upon materials
with broken inversion symmetry while extracting the response
terms beyond the lowest order (32, 37). To the best of our knowl-
edge, coupling of higher-order multipoles in CPGE responses in
systems that preserve inversion symmetry has not been observed
unless the inversion symmetry was explicitly broken by an applied
external bias voltage or strain (31, 38). However, we show below that
a CPGE response to the electric quadrupole (or magnetic dipole)
order can be observed in an inversion-symmetric system and is
particularly sensitive to the structural symmetries of the system
even with slight distortions associated with symmetry-breaking
effects.

RESULTS
To study the photogalvanic response of Ta;NiSes, we fabricated the
electrode geometry shown in Fig. 1B (for material synthesis and
fabrication details, see Materials and Methods and figs. S1 and S2).
Because the crystal preferentially cleaves such that the length of the
crystal along the a axis is longer than along the ¢ axis, the crystal
orientation can be easily determined to fabricate electrodes in
particular directions. Gaussian laser beam profile of a tunable super-
continuum laser was used as an excitation source with the wave-
length range from 400 to 800 nm. The light was incident normally
along the —Z direction (Fig. 1B), which corresponds to the b axis in
the crystal geometry. This ensures the elimination of an anisotropic
in-plane light momentum, leading to effects such as photon drag
effect (30, 39). The light beam (typical power, ~0.25 mW) was focused
to a spot size of ~2 um at the center of the electrodes (electrode
separation was kept ~15 to 20 um) to avoid Schottky field-dependent
CPGE from the electrodes (see Materials and Methods) (31).
Polarization-dependent photocurrent measurements were per-
formed under no applied bias using a quarter-wave plate (QWP) to
change the helicity of the incident light on the sample. The photo-
current was fitted to the phenomenological equation of photogalvanic
effect as given by (30)

I((—)): ICPGE sm(29) + ILPGE s1n(49 + 6) + I() (1)
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where 0 is the angle of the fast axis of the QWP with respect to the
incoming linear polarization of the laser, Icpge and I pgg are the
circular and linear polarization components of the photogalvanic
effect, respectively, 3 is a phase shift in the I} pgg component, and I,
is the polarization-independent background current, which arises
because of thermal currents and other extraneous effects. We first
measured room-temperature polarization-dependent photocurrent
at an excitation wavelength of 725 nm to map the response of the
system to changing helicity of the incident light. Notably, we ob-
served a difference in the photocurrent values at 6 = 45° (left cir-
cularly polarized light) and 6 = 135° (right circularly polarized
light), which implies that there is a light helicity-dependent CPGE
response from the device (Fig. 1C), although Ta;NiSes does not
belong to the gyrotropic group. Furthermore, we observed no
CPGE response in Ta,;NiSs under similar conditions, which is a
closely related material with orthorhombic structure at room tem-
perature (40).

The observation of nonzero Icpg is intriguing, because it is
doubly forbidden owing to the presence of inversion symmetry and
the presence of a C, rotation axis along the Z direction (incident
light direction), in the C,; point group in the low-temperature phase
of Ta;NiSes. Moreover, the CPGE disappeared as we heated the sys-
tem above the transition temperature into the orthorhombic phase
(Fig. 1D and see fig. S3), and thus, its existence is unique to the low-
temperature phase. Such symmetry-forbidden nonzero Icpgg, in the
low-temperature phase of Ta;NiSes is of anomalous origin and re-
quires further inspection.

To ensure that the observed effect is an inherently material-
dependent effect and does not depend on external factors such as
electrode geometry or certain defects, we performed a series of
experiments to rule them out. Intensity-dependent measurements
showed a linear dependence of Icpgg on input power (Fig. 2A)
(30-32, 39). To test whether electrode design or their orientation
with respect to the crystal axis has any influence on the observed
CPGE behavior, we changed the device geometry (Fig. 2B, inset),
wherein the electrodes were fabricated aligned along the ¢ axis (see
fig. S4 for an optical image of the device). These devices also clearly
showed CPGE under zero bias, indicating that the device geome-
try has no notable effect on the observed phenomenon. Scanning
the laser spot from one end of the electrodes to the other along the
¢ axis also did not produce any significant change in the CPGE

response (Fig. 2B). Therefore, we conclude that defects, which can
also have a nonuniform distribution throughout the material, do
not affect the observed response of the system. Other extraneous
effects related to strain, exfoliation, or device fabrication are also
unlikely to result in these observations because the current will not
follow any systematic dependence and will change from different
regions of the sample or from sample to sample on the basis of local
symmetry breaking. We also performed laser spot size-dependent
measurements (Fig. 2C) to rule out any spatially dispersive CPGE
(s-CPGE) (32) contributions, which can arise because of non-
uniform excitation profile, thereby breaking symmetries in the system
that would otherwise disallow CPGE. However, the value of Icpgg
remained constant as the laser spot diameter was increased. s-CPGE,
if present, depends strongly on the laser spot size (optical field
gradients) and decreases rapidly as spot size is increased. Therefore,
along with no obvious spatial position-dependent CPGE response,
we can rule out s-CPGE as a possible candidate for the observed
effect. These observations demonstrate that the observation of
CPGE under a normally incident laser beam in Ta;NiSes is an
intrinsic effect and therefore warrants further examination.

To further understand the observed CPGE response from the
low-temperature phase of Ta,NiSes, we performed excitation
wavelength—dependent study from which line shapes of resonances
can be extracted (Fig. 3A). For device 1 (blue circles), the CPGE
shows a clear sign reversal at ~650-nm excitation wavelength along
with an antiresonance line shape. Furthermore, for every device
that produced the line shape as obtained for device 1, a correspond-
ing device with a flipped version of the response was found with a
mirrored behavior (red circles, device 2) along the Icpgp = 0 axis
(also see fig. S4). Such systematic sign reversal in all observed de-
vices points toward an intrinsic origin of the effect. The presence of
nonzero CPGE, antiresonance line shape, and mirrored behavior
from devices are rather unconventional and need detailed analyses
to extract the microscopic physics of the system. Note that device-to-
device fabrication variability can lead to differences in the measured
magnitude of the CPGE signals; however, the antiresonant line
shape is a common feature among all observed devices.

A bulk CPGE response is symmetry forbidden in the low-
temperature phase of Ta,NiSes because of the presence of inversion
and C,, rotational symmetry. Therefore, to explain these observations,
we considered the following possibilities: (i) electric dipole-induced
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Fig. 2. Detailed characterization of CPGE signal obtained from Ta,NiSes at room temperature to probe the origins of the anomalous behavior. (A) Input power
dependence of the Icpge response showing a linear dependence to laser power. Red dashed line indicates the linear fit to data. (B) Inset: Changed device design includes
two sets of electrodes parallel to the c axis. The two outer electrodes were used to apply a bias voltage, while the two inner electrodes were used to measure the photo-
current of the device using a lock-in amplifier and perform an excitation position scanning measurement. Main: A typical transverse scanning measurement displays no
significant variation in the observed CPGE value. (C) Laser spot size-dependent CPGE response shows no variation with spatial beam profile. In (A) to (C), the error bars
were obtained using the SD from the fitted CPGE curves using Eq. 1.
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Fig. 3. Wavelength and bias dependence of CPGE response from Ta,NiSe; at
room temperature. (A) Wavelength dependence of the observed CPGE.Two
kinds of devices were observed with their behavior mirrored along the Icpge = 0
axis. The devices changed the sign of the response at ~625- to 650-nm excitation
wavelength, displaying an antiresonant behavior. (B) External bias voltage depen-
dence of the Icpge and the lipge components of the system. The CPGE and LPGE
components displayed a constant value up to £200 mV, after which there was a
sudden disappearance of PGE in the system. In (A) and (B), the error bars were ob-
tained using SD from the fitted CPGE curves using Eq. 1. (C) A schematic showing
how, after mechanical cleavage, the top and bottom surfaces of the same crystal
being mirror images of one another respond to incoming light differently. Probing
the top or bottom surface of the crystal is akin to making the change g, < —q;in
the system, reversing the response of the system, leading to the observation of
mirrored response along the Icpge = 0 axis.

response from possible polar domain walls in the material (40, 41);
(ii) a surface response where broken inversion symmetry can lead
to an electric dipole response; or (iii) a bulk material response of the
next highest-order coupling to the optical field, i.e., the coupling of
one quadrupole (or magnetic dipole) moment and one electric di-
pole order of the incident light fields.

Domain walls are formed in Ta,NiSes by two possible arrange-
ments of the Ta dipoles, with the domain walls having a finite polar-
ization due to parallel arrangement of dipoles on either side (see fig.
S7). In the immediate vicinity of a domain wall, the C, symmetry is
broken, resulting in a local symmetry of C,, which can produce a
CPGE signal. However, there are two kinds of polar domain walls
that form, which are twins and arranged along the a axis but with
the axis of the Ta dipole polarization pointed either along the +a
axis or the —a axis. This leads to the CPGE contribution from the
domain walls on either side of any domain to be equal and opposite
(see section S1). A laser spot size of ~2 um will, on average, excite
~100 domains of an average size of ~20 nm (41) and an equal num-
ber of domain walls, but with equal and opposite contributions to
the dipolar CPGE that will cancel, leading to a net zero CPGE. The
presence of these equal and opposite polar domain wall orientations
restores an average C, symmetry, leading to a net zero CPGE, as in-
plane CPGE is disallowed in the presence of a perpendicular C, axis.

Jog etal., Sci. Adv. 8, eabl9020 (2022) 16 February 2022

Therefore, any contributions originating from polar domain walls
in Ta,;NiSes can be neglected.

Bias dependence of the CPGE measurement provides further in-
sight to help rule out a purely electric dipole-driven response (Fig. 3B).
We applied a bias voltage along the a axis, which allows a nonzero
DC to flow through the device (under no light). The CPGE response
was observed to be nearly constant until 200 mV of applied bias,
after which there was a sudden disappearance of any polarization-
dependent photocurrent although the polarization-independent
photocurrent increased with bias (fig. S8). This is in contrast to
electric dipole-induced bias-dependent CPGE, which typically gets
modulated proportional to the electric-field strength that aids in
symmetry breaking (31, 42). Joule heating of the device beyond the
transition temperature T, = 323 K can be ruled out as the heat re-
quired to raise the temperature of a typical device by 30 K is at least
two orders of magnitude more than the heat generated by resistive
heating at the 200-mV bias (see fig. S10 for dark I-V data in the
relevant bias voltage range) (43). The sudden disappearance of re-
sponse for an applied bias of >200 mV is therefore intriguing and
will be discussed later. The lack of bias-dependent CPGE in addi-
tion to lack of any modulation in the transverse scanning measurement
(Fig. 2B) helps further rule out the polar domain wall-dependent
electric dipole-driven response. Applying an in-plane voltage bias
leads to a flow of current in the system with the injection of carriers
that change the population of the states near the Fermi level. The
bias at which the signal disappears is comparable to the bandgap of
the material (~160 meV) (20, 43). Applying a bias populates the
states equally above and below the Fermi energy, and the disappear-
ance of PGE is indicative of the fact that unequal population of the
hybridized states is important for generation of the PGE in the sys-
tem. These low-energy states are coupled to high-energy excitations
(27), and the disappearance of PGE shows that the population of
these states are responsible for the behavior of the system even in
the high-energy optical excitation regime.

DISCUSSION

The main candidates for explaining the observed CPGE are thus
limited to either a surface electric dipole response (broken inver-
sion) or a bulk higher-order response in the presence of inversion
symmetry. These two can be distinguished by the wavelength de-
pendence of the response. To theoretically model this behavior, we
consider three distinct processes as shown by the Feynman dia-
grams in Fig. 4 (A to C). The first diagram (Fig. 4A) represents the
ordinary electric dipole CPGE present in inversion symmetry-
broken systems that fall under the gyrotropic point groups and is not
applicable to our system. This can be seen schematically in Fig. 4A
where for an inversion-symmetric system, one can assign definite
parity to each state | I), | k), |j) while crossing a dipolar vertex, lead-
ing to a change in the parity of the states. Hence, if we start with a defi-
nite parity to any of the states, then coming back to the same state
after two dipolar couplings leads to the opposite parity of the initial
state, which sets the amplitude of the process to zero. The second
diagram (Fig. 4B) is a previously unidentified bulk process in a sys-
tem with inversion symmetry, but with a higher-order multipole
coupling to the light. We term this contribution the QCPGE. Such a
process has one dipole and one quadrupole/magnetic dipole order
vertex, down-converting the driving fields to produces a DC re-
sponse. This process is symmetry-allowed if inversion is preserved,
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Fig. 4. Feynman diagrams and associated plots of various processes leading to CPGE in Ta,NiSes. (A) Ordinary dipole CPGE, which is allowed only in gyrotropic point
groups. (B) QCPGE, which is an even-parity response and therefore is allowed in inversion-symmetric materials. However, it is forbidden in systems with an in-plane G,
rotational symmetry. (C) A nonuniform CPGE response, which is exponentially localized to the surface of the system. Such a response arises because the inversion sym-
metry is broken at the surface of a material but is forbidden in the presence of an out-of-plane C; axis. (D) The wavelength dependence of the processes described in (B)
and (C) are shown with blue and red curves, respectively. The blue curve matches well with the experimental response as seen in Fig. 3A in the vicinity of the antiresonant
crossing. The model used in the text is simplified and does not consider parameters far away from the resonance/antiresonance region, whereas in the experimental re-
sults, these factors may come into play especially at wavelengths much higher or lower than the jcpge = 0 crossing point. A.U., arbitrary units. (E) Two possible processes
showing interactions between irreducible representations forming the valence and conduction band edges in Ta;NiSes, one representing the direct interaction of bands

and the other representing the exchange interaction of the bands. The exchange interactions lead to hybridization of the bands. The expectation value (w}gwg) is non-

zero only in the absence of C;, and 6, symmetries, because two orbitals with different irreducible representations with respect to these symmetries cannot hybridize.

but it requires the breaking of the C,, symmetry. This can be easily
seen by assigning the irreducible representations A and B to the states,
and performing a similar symmetry analysis as discussed above, one
can see that the system cannot come back to its original state without
breaking the C,, symmetry. The third diagram (Fig. 4C) represents
a surface electric dipole response, where the output current is expo-
nentially localized to the surface. Therefore, this process requires that
the output current be dependent on the wave vector g, in the direction
of the incoming photon momentum, and hence, the output current
is of a quadrupole/magnetic dipole order. Such a process can be re-
garded as a variation of the dipole-mediated CPGE diagram but in-
stead with a surface-dominant response. To assign the correct process
to the observed effect, it is instructive to derive the frequency depen-
dence of CPGE response for diagrams shown in Fig. 4 (B and C).

A higher-order QCPGE response will be of the form j-**
(0 = 0)= ByxqjEx(w) Ei(~w), where By is the fourth-order con-
ductivity tensor, g; denotes the first-order dependence of the current
on photon momentum, and Ex and E; are the electric field compo-
nents of the incident light that are down-converted to producea DC
response. We adopt a two-level description for the phenomenon,
where one state is an initially filled state below the Fermi energy,
while the other is an initially empty state, and the system is driven

Jog etal., Sci. Adv. 8, eabl9020 (2022) 16 February 2022

by high-energy visible light. Because the material has inversion sym-
metry, we can assign a definite parity to the states (g and u), with the
energy gap between them denoted by A. These symmetry labels can
be interpreted as Wannier representations of two bands in the crys-
tal. In the QCPGE process (Fig. 4B), one vertex couples to the optical
field through an electric quadrupole/magnetic dipole, and the other
vertex couples through an electric dipole to produce a DC response
(two interactions with the field at ® and —®) under no applied bias.
In the experimental geometry, light is taken to be incident with a
propagation vector along the —Z direction (b axis) (Fig. 1B). We ex-
pand the density matrix formalism to second order in the driving
fields and extract the part of the current that responds to the circular
polarization of the incoming optical field (see section S3 for a de-
tailed derivation). For the QCPGE response, we arrive at an expres-

sion for the photocurrent
[(V2V5 +v,v5) (Vo Vy = Vo Vy)]

R Y
js(w = 0)= 2<h2> kel — o)
(QZEa(UJ)Ey(_OJ))

This equation gives the value of a current density j in the direction
d driven by circular polarization of light and is first order in g,. iy = A

2
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is the energy difference between the initially filled and empty states.
The terms v, v3, v4, and v, denote velocity matrix elements in the
"H-eigenbasis along the directions denoted by the subscripts. The current
density, j, as given by Eq. 2, is a shift current type response driven by
interband coherence expressed in the off-diagonal terms of the density
matrix. Calculating the wavelength-dependent CPGE for high-energy
excitations produces an antiresonant line shape that is mirrored along
the js = 0 line (Fig. 4D, blue curve). This matches well with the wave-
length-dependent CPGE observed experimentally (Fig. 3A). However,
an important point to note here is that the expression is odd under
C,. and goes to zero if this symmetry is preserved. Such a response
should therefore be absent in a crystal such as the low-temperature
phase of Ta,NiSes if it belongs to the group Cyp.. This motivates a careful
consideration of the symmetries in the low-temperature phase to
reconcile with our experimental and theoretical observations.

Before we proceed further, we first inspect the surface term and
its possible role in the CPGE response observed in the low-temperature
phase of Ta,;NiSes. Broken inversion symmetry near the surface
would allow an ordinary electric dipole-induced CPGE response.
However, because such a current will be exponentially localized to
the surface of the system, the outgoing current vertex will involve a
transformation g, ~ ik, where « is real and positive. To analyze the
real part of the current, we also need to make the transformation
o~ o + in. The output DC response is again generated by an even-
parity quadrupole operator and is produced by the second-order
ground-state population shift pgzl). We can write the corresponding
nonlinear photocurrent corresponding to this process as

jo(w = 0)= &(VZVE + v, v5) (Vo Vg — Vo VE)

2in }
(A% - 032)2 + 40)21]2
(gzEo(®) Ep(-w)) (3)

where the symbols denote previously defined quantities (see section
S4 for derivation). Note that, here, we have the substitution Aiz - i,
where 1 is the lifetime of the excited carriers and indicates that the
process describes an injection rate and is not a coherently driven
process unlike the bulk photocurrent described by Eq. 2. The wave-
length-dependent CPGE current for the surface response from Eq. 3
produces a Lorentzian line shape on resonance and does not reverse
its sign (Fig. 4D, red curve) and therefore does not match the experi-
mental results (Fig. 3A). We note that there could be a small sub-
dominant contribution from such an effect in the data. In addition,
we note that the surface response is also forbidden in the presence of a
C,, symmetry. Thus, broken C,, symmetry is an unavoidable require-
ment for any potential CPGE response in Ta;NiSes. A Cy; point
group does not allow a CPGE response for light normally incident
along the principal axis, and hence, we conclude that the presence
of CPGE in the low-temperature phase Ta,NiSe; excludes the pos-
sibility of a monoclinic point group. Instead, a slightly distorted structure
in a triclinic point group breaks C,, symmetry and activates this re-
sponse. This distortion can arise naturally from an exchange cou-
pling that hybridizes bands of opposite parity with respect to the Cs,.

To model the Hamiltonian for interacting electrons in Ta,NiSes,
we consider intrachain density-density interactions of the form V
Y tieTa) 2, (jeNi) i, where V describes the strength of the intrachain
density-density interactions between Ta and Ni sites and 7; and 7
are the electron densities at the Ta and Ni sites, respectively (25).
Here, the spin indices are suppressed, and the sums are over d-orbital-
like maximally localized Wannier functions (MLWFs). In a mean-field
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decoupling of the interaction term results in (c] ¢i) <c]Tr ¢y = (c! cj) Aijs
where ¢; and ¢; are the annihilation operators at Ta and Ni sites, re-
spectively, and A;; is taken to be the hybridization-dependent order
parameter of the system (25). The order parameter, while being de-
fined using the electronic state of the system, also defines the struc-
tural transition and is only nonzero in the low-temperature phase of
Ta,NiSes. These set of assumptions lead to the conclusion that the
structural symmetry can be broken through hybridization of the low-
energy bands, and the details depend on the symmetry of the order pa-
rameter, which was further constrained by C,, point group symmetry.

To perform a more accurate analysis of the many-body state in
Ta,NiSes, we start with classifying the MLWFs by their symmetries
under Cy;,. We note that the states comprising top of the valence
band and bottom of the conduction band are made of d-orbitals
belonging to the B, and A, irreducible representations under this
assignment. Hence, the interaction terms can be denoted by the
diagrams shown in Fig. 4E and have the form Ujpeer \u};g\yAg \y};gwgg,
where Yaq(5,) and wi\g(Bg) annihilate and create electrons, respective-
ly, in the state belonging to the irreducible representation A,(B,).
The diagrams contain both direct density-density interactions and
exchange interactions, and the interaction energy term can be written
in a mean-field form as

Usnter [ Wh, Wa(Wh, W)~ Wh, W (Wh wa)] (4)

The exchange term containing the expectation value (\ﬂ;g Wa,)
that defines an order parameter for the phase transition (25) can be
present only if the monoclinic point group C,;, is spontaneously
broken to the triclinic point group C;, because the exchange term
preserves inversion but breaks C,, and o, symmetries. The two
orbitals defining the valence and conduction band edges thus cannot
hybridize if they belong to irreducible representations with opposite
characters for the C,; or 6, symmetries, and this hybridization is
only possible when these symmetries are spontaneously broken.
Therefore, such an order parameter would necessarily allow a non-
zero (although possibly small) triclinic distortion in the system, while
preserving inversion symmetry. Because this order parameter also con-
siders the z-dependent symmetries of Ta;NiSes; while defining the
hybridization, it more accurately represents the structural transition
Ta,NiSes than previous analyses, which had considered a more sim-
plified 2D structure of the system. We note that applying a bias com-
parable to the bandgap of Ta,NiSes (Fig. 3B) injects carriers that occupy
the two complementary states exchange split by the mean-field poten-
tial effectively setting its value to zero. This effectively restores the
C, symmetry of the system and nulls the CPGE response. First-
principles calculations (25, 29, 44) have also suggested such a slight
triclinic distortion in the ground state, providing further support for this
scenario. Even a small distortion that breaks C,, can activate higher-
order processes such as QCPGE, thereby rendering it observable.

An interesting picture therefore emerges from the study is that
the structure of Ta,NiSes in the low-temperature phase is not a proper
monoclinic structure but has a small triclinic distortion. Such a distor-
tion can be associated with an exchange coupling order parameter
(wgg\y 4, that spontaneously breaks the C, axis along the crystallo-
graphic b axis. The breaking of C, symmetry has the important con-
sequence of allowing the QCPGE processes to be nonzero, which are
otherwise disallowed in the monoclinic phase. The effect, as shown
earlier, cannot be explained using surface effects because of the fact
that such a process will have a symmetric line shape and will not
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show a sign change when the excitation energy is changed, as we
observed. Therefore, the effect is mainly governed by the QCPGE
process described by Eq. 2. Furthermore, Eq. 2 gives a linear depen-
dence of the QCPGE response on g,. As shown in Fig. 3C, mechanical
cleavage of a crystal during exfoliation leads to two new surfaces
with opposite arrangements of Ta dipoles in a unit cell (clockwise or
anticlockwise around a Ni atom), which makes the two surfaces en-
antiomeric with respect to each other. Thus, probing the two faces
is effectively making the change g, <> —¢,, because it is analogous to
studying the crystal from the top or bottom. A change of g, < —q,
will lead to a reversal of the current density obtained using Eq. 2,
and so, such a change explains the behavior of the two devices with
mirrored (opposite) CPGE response (Fig. 3A).

In conclusion, we have developed a new spectroscopic probe,
QCPGE, to study a previously elusive symmetry breaking in a po-
tential EI material, Ta,NiSes. Conventional, electric dipole-induced
CPGE is disallowed in Ta,;NiSes with bulk inversion symmetry. How-
ever, a non-zero CPGE can be triggered by higher-order multipolar
coupling with the driving field but under a broken C,, symmetry. The
exchange coupling in the system that also defines the order param-
eter for the phase transition in the system leads to a broken C,, while
preserving inversion symmetry, implying that Ta,NiSes is in a tri-
clinic point group C; in the low-temperature phase. Although the dis-
tortion can be small to be visualized structurally, it has measurable
effects on the electronic properties of the material. We believe that
the QCPGE technique can be extended to study the optoelectronic
transport behavior of other centrosymmetric materials with broken
symmetries or potentially hidden asymmetries that can be difficult
to probe otherwise. More generally, our work adds new insights as to
how electronic correlations such as hybridizations can have import-
ant implications on the crystalline symmetries, and these details
must be fully considered when analyzing strongly correlated systems.

MATERIALS AND METHODS

Material synthesis

High-quality single crystals of Ta,NiSes were grown by chemical
vapor transport method. A finely ground polycrystalline sample of
Ta,NiSes prepared as described in (45) was loaded and sealed under
vacuum in a quartz ampoule together with small amounts of iodine
as the transporting agent. Subsequently, the sealed ampoule was
placed in a three-zone tube furnace, under a temperature gradient
of 870°C/820°C. After 10 days of growth, needle-shaped single crys-
tals were obtained at the cold part of the ampoule.

X-ray diffraction (powder diffraction, Bruker D8 diffractometer,
Cu Ka radiation), single-crystal x-ray (Bruker, KAPPA APEX II
CCD DUO, Mo Ko radiation), Laue diffraction (Photonic Science),
and scanning electron microscopes (ZEISS Ultra Plus) equipped
with an energy-dispersive x-ray spectroscopy probe were used to
determine single-crystal quality, phase purity, crystal structure
parameters, morphology, and chemical composition. The experi-
mental characterization of physical properties, such as electrical re-
sistivity, was carried out using a Physical Property Measurement
System (Quantum Design, USA). Electrical resistivity and ac plane
x-ray diffraction are shown in figs. S1 and S2, respectively.

Device fabrication
Large flakes were mechanically exfoliated from the Ta,NiSes single
crystals and placed on Si/SiO; substrates. Electrodes were patterned
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using electron beam lithography, followed by physical vapor depo-
sition of 300-nm Ti and 100-nm Au. All measurements were per-
formed within a week of device fabrication inside a vacuum cryostat
to avoid degradation.

Photocurrent measurements

A supercontinuum laser (NKT Photonics) was used, and wavelengths
in the range of 400 to 800 nm were filtered using SuperK VARIA filter.
The laser was mechanically chopped using a chopper that was con-
nected to the lock-in amplifier (SRS 830). The laser was focused on the
sample using a 60x objective lens in a home-built setup to achieve a
spot size of 2-pum full width at half maximum. The laser power on the
device was maintained at 0.25 mW unless otherwise specified. The
polarization of the laser was fixed along the a axis of the crystal (iden-
tified visually as the long axis of the flake), and the helicity of light was
precisely controlled using a QWP through a motorized rotation holder
with servo motor drive (Thorlabs). The output current from the de-
vices was recorded continuously (~10 data points/s) by the Peripheral
Component Interconnect (PCI) card (National Instruments, NI PCI-
6281). Measurements were repeated several times on each device to
ensure repeatability. For high-temperature measurements, a Peltier
heated stage with a temperature controller (TE Technology) was
used to precisely control the temperature of the sample. Keithley 2635B
source measure unit (SMU) was used to apply DC bias to the samples.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl9020
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