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I. INTRODUCTION

Symmetry plays a central role in conventional
and topological phases of matter, making the abil-
ity to optically drive symmetry changes a critical
step in developing future technologies that rely
on such control. Topological materials, like the
newly discovered topological semimetals, are par-
ticularly sensitive to a breaking or restoring of
time-reversal and crystalline symmetries, which
affect both bulk and surface electronic states.
While previous studies have focused on control-
ling symmetry via coupling to the crystal lat-
tice [1–4], we demonstrate here an all-electronic
mechanism based on photocurrent generation.
Using second-harmonic generation spectroscopy
as a sensitive probe of symmetry changes [5, 6],
we observe an ultrafast breaking of time-reversal
and spatial symmetries following femtosecond op-
tical excitation in the prototypical type-I Weyl
semimetal TaAs. Our results show that optically
driven photocurrents can be tailored to explicitly
break electronic symmetry in a generic fashion,
opening up the possibility of driving phase tran-
sitions between symmetry-protected states on ul-
trafast time scales.
Symmetry breaking has long defined the dominant

paradigm for describing phase transitions in condensed
matter systems. More recently, the discovery of novel

∗ nsirica@lanl.gov
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topological phases, characterized by topological invari-
ants as opposed to a local order parameter arising from
spontaneously broken symmetry, provides an alternative
framework for classifying states of matter [7, 8]. Nev-
ertheless, symmetry continues to play a central role in
the physics of topological materials, as it underlies topo-
logical protection in topological insulators and supercon-
ductors [9], crystalline topological phases [10], and the
recently discovered topological semimetals [11–14]. In
Dirac semimetals, symmetry protects the four-fold degen-
eracy of the Dirac point [15], while for Weyl semimetals
(WSMs), the breaking of time-reversal or inversion sym-
metry allows for the crossing of two linearly dispersing,
non-degenerate bands, giving rise to Weyl points [16–20].
These points act as monopoles of Berry curvature in mo-
mentum (k) space, and their presence leads to several
unique experimental manifestations [18–25] that make
these materials appealing for future technological appli-
cations [26].

Conventional probes of symmetry rely on diffractive
techniques, like x-ray, neutron, and electron scattering,
to determine the respective lattice, magnetic, and charge
ordering in a crystal. Nonlinear optics is also an effec-
tive probe of symmetry, as the nonlinear response is de-
scribed by a third (or higher) rank tensor [5, 6], allow-
ing for phases hidden to linear probes (e.g., in correlated
electron systems) to be revealed [27–30]. In the tran-
sition metal monopnictide (TMMP) family of WSMs,
the lack of inversion symmetry resulting from a polar
c-axis leads to an especially strong nonlinear optical re-
sponse, with significant contributions from the genera-
tion of helicity-dependent injection [31–33] and helicity-
independent shift [32, 34–36] photocurrents. Shift cur-
rents, resulting from a coherent shift of the electron cloud
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FIG. 1. Snapshots of the SHG pattern (2~ω ∼ 3.1 eV) measured along the (a-d) [1,1̄,0] and (e-h) [1,1,1̄] axes for various pump
delays: (a,e) ∆t = −5.0 ps, (b,f) 0 ps, (c,g) 1.0 ps and (d,h) 5.0 ps. The inset in (a) shows a schematic of the experimental
geometry, while insets in (b) and (f) show polar plots of the SHG pattern immediately following a linearly polarized pump
excitation (~ω= 1.55 eV; fluence = 4.34 mJ/cm2) aligned nearly along the [1,1,1̄]) axis. Fits of the pattern assuming the
magnetic point symmetries of 4mm1′ ((a,e);(d,h)) and 1 ((b,f);(c,g)) are shown as solid purple and blue traces, respectively.
Arrows in (f) and (g) denote the presence of transient, asymmetric lobes in the photoexcited state, while a small ∼ 2.5◦ rotation
of the SHG pattern along [1,1,1̄] is evident from the inset in (f).

in real space following photoexcitation [37], are particu-
larly important, as they play a dominant role in both the
giant, anisotropic second harmonic response [34, 35, 38]
as well as the bulk photovoltaic effect [36] seen in WSMs,
and may be traced to a difference in Berry connection
between the bands participating in the optical transi-
tion [39, 40]. The most common nonlinear optical probe,
second harmonic generation (SHG) spectroscopy, is thus
sensitive to the asymmetric carrier distribution that ac-
companies photocurrent generation, making it a powerful
tool for measuring the effect of transient photocurrents
on material symmetry.

In this Letter, we show that femtosecond (fs) optical
excitation transiently lowers the magnetic point symme-
try 4mm1′, with 1′ indicating time-reversal symmetry, of
the type-I WSM TaAs. Time-resolved SHG (TR-SHG)
spectroscopy reveals this symmetry change occurs on a
picosecond (ps) timescale, with no accompanying struc-
tural transition, indicating it to be purely electronic in
origin. The strong nonlinear optical response exhibited
by the TMMP WSMs [31–36, 39, 41, 42] allows us to at-
tribute this reduction in symmetry to changes in the spa-
tial distribution of the electronic polarization that follow
from photocurrent generation, supported by our previous
terahertz (THz) emission experiments [32]. The degree
of symmetry breaking is governed by the current direc-
tion, which we manipulate via the pump polarization.
Our results demonstrate that optically driven photocur-
rents generically break electronic symmetries and can be

used to achieve dynamic control of material properties
on ultrafast time scales. This control mechanism will
have wide ranging applications, particularly for topolog-
ical semimetals, where symmetry is intimately tied to
topology, opening up an original avenue of study rooted
in current-induced symmetry breaking.

II. RESULTS AND DISCUSSION

Prior to pump excitation, Figs. 1(a) and (e) show
SHG patterns collected along the two in-plane [1,1̄,0]
and [1,1,1̄] axes of the (112) face that are well described

by a nonlinear susceptibility tensor, χ
(2)
ijk(2ω), obeying

the 4mm1′ point group symmetry of TaAs (Section
VIII [43]). Here, the emitted second harmonic is dom-
inated by an electric dipole response that is attributed
to the polar c-axis. This is reflected by a large ratio of

χ
(2)
zzz/χ

(2)
xxz = 7.4 at ~ω = 1.55 eV (for z parallel to the

crystallographic c-axis), as determined from our fits and
in agreement with Refs. 34 and 35.

Following 1.55 eV photoexcitation, Figs. 1(f-h) show
pronounced changes in the SHG pattern along [1,1,1̄]
that can be traced to a transient change in symmetry
within the material when the pump polarization is nearly
aligned along the [1,1,1̄] axis. With the arrival of the
pump pulse in Fig. 1(f), the emitted SHG along [1,1,1̄] is
reduced by half and the resultant pattern exhibits a 2.5◦
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FIG. 2. Photoinduced polarization- and time-dependent changes in SHG intensity, ∆ISHG(2ω), measured across the entire
[1,1,1̄] pattern after 1.55 eV photoexcitation (fluence = 4.34 mJ/cm2) using probe energies of (a) ~ω = 1.55 eV, (b) ~ω = 1.03
eV, and (c) ~ω = 0.89 eV (Fig. S1 [43]). Arrows in (a) denote the recovery of 4mm1′ symmetry following the decay of the
emergent, asymmetric lobes at ∼ 90◦ and ∼ 270◦ as well as a rotation of the SHG pattern back to equilibrium. Compared to
panel (a), optical pumping at 1.55 eV does not change the symmetry of the patterns in panels (b-c), but suppresses them in a
nearly isotropic manner over a ∆t < 2.0 ps timescale (Fig. S2 [43]).

rotation with respect to equilibrium (inset of Fig. 1(f)).
In addition, small lobes absent from the static pattern
appear at ∼ 90◦ and ∼ 270◦ (Figs. 1(f-g)), whose asym-
metry suggests a reduction of symmetry in the photoex-
cited state. In contrast, SHG patterns along [1,1̄,0] grow
in amplitude, with no additional rotation or spectral fea-
tures appearing under pump excitation (Figs. 1(b-d)).
From Fig. 1(g), both the rotation and asymmetric lobes
in the [1,1,1̄] TR-SHG pattern follow similar ultrafast dy-
namics, lasting τPI ∼ 1.1 ps before symmetry is restored
and the intensity of the main lobes at 0◦ and 180◦ begins
to recover back to its equilibrium value (Fig. 1(h)).
Coupling of the dynamics for both the rotation and

lobe asymmetry in the TR-SHG spectra is further il-
lustrated in Fig. 2, showing photoinduced polarization-
and time-dependent changes over the entire [1,1,1̄] pat-
tern taken for the three probe energies used in our ex-
periments. Fig. 2(a) reveals that both spectral fea-
tures exhibit an equivalent time dependence, suggesting
they originate from the same photoinduced symmetry-
breaking transition, while Figs. 2(b-c) reveal an absence
of symmetry breaking under non-resonant probe con-
ditions (discussed further below). Together with sep-
arate time-resolved X-ray diffraction experiments (Fig.
S3 [43, 44]), which show no structural dynamics over
ultrafast timescales, but only on significantly longer
timescales due to laser heating, this suggests an elec-
tronic origin of the symmetry breaking transition. Ad-
ditionally, Fig. 2, along with symmetry considerations
(Section VIII [43]), excludes the possibility that a dom-
inant surface contribution, arising from a screened bulk
response due to a high density of photoexcited carriers
( 1019 - 1020 cm−3), is responsible for the reduced sym-

metry state, as such an effect would be evident at all
probe energies. Hence, the mere generation of a pho-
toexcited charge density is insufficient for lifting 4mm1′

symmetry, and it is only when resonantly probing the
transiently excited state that symmetry breaking in the
SHG pattern is observed.

By reducing symmetry, the constraints imposed in
equilibrium are lifted, necessitating that we consider
a lower symmetry sub-group of 4mm1′ to describe
the time-dependent nonlinear susceptibility elements

χ
(2)
ijk(2ω; ∆t), where ω and ∆t denote frequency and

time delay after pump excitation, respectively. To
quantitatively extract information about the behavior of

χ
(2)
ijk(2ω; ∆t), we simultaneously fit the SHG patterns col-

lected along [1,1̄,0] and [1,1,1̄] as a function of pump de-
lay and incident polarization angle, φ (Fig. 1). As com-
pared to equilibrium, the rotation of the pattern along
[1,1,1̄] and the emergence of asymmetric lobes at 90◦

and 270◦ following photoexcitation cannot be accounted
for under 4mm1′ symmetry, as this requires the lobes
to be both symmetric and pinned along the x and y
axes. Rather, by considering the different subgroups of
4mm1′, we find an optimal fit that captures the afore-
mentioned features of the photoexcited state only in
the absence of time-reversal and diagonal mirror, mx,x,z,
symmetry, described by the magnetic point group 1 (no
point symmetries). Using the expression IαSHG, 1(φ) =
∑4

n=0 C
α
n sinn(φ) cos4−n(φ) (α = [11̄0], [111̄]) for 1 sym-

metry over a ∆t < 2.0 ps timescale allows us to asso-

ciate different fit coefficients, C
[111̄]
n , to specific features

in the pattern (Section VIII [43]). The dynamics of
these features are captured by the TR-SHG traces in
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FIG. 3. Time-dependent traces of ∆ISHG(2ω), measured for
input probe polarizations along the green dashed lines of the
[1,1,1̄] SHG pattern shown as insets following 1.55 eV pump
excitation. Here, (a) the suppression of the main lobe and (b)
emergence of the photoinduced, asymmetric lobe are captured
with high temporal resolution ( < 100 fs). Fits of the dy-
namics following (blue) linearly and (red) circularly polarized
pump excitation at a fluence of 4.34 mJ/cm2 are superim-
posed onto the data, where traces generated under circularly
polarized excitation have been offset for clarity. Traces in
(a) show a pulsewidth-limited ultrafast component (τ1 ∼ 80
fs) which is weakly dependent on pump polarization, while
a similar ultrafast component develops only under helicity-
dependent photoexcitation in (b) and arises from a sub-100
fs dichroic response (Fig. S4 [43]).

Fig. 3 (∆ISHG(2ω)), plotted as a function of pump de-
lay for select combinations of input and output probe
polarizations. Fig. 3(a) captures the time dependence

of the largest fit coefficient C
[111̄]
0 , depicting the suppres-

sion and subsequent recovery of the dominant lobe in the
SHG pattern on a timescale defined by τ1 and τ2, while

Fig. 3(b) shows the time dependence of C
[111̄]
4 , which il-

lustrates the dynamics of the emergent, asymmetric lobe
arising from photoexcitation.

Despite both C
[111̄]
0 and C

[111̄]
4 being allowed under

4mm1′ symmetry (though C
[111̄]
4 is small for the static

pattern at ~ω = 1.55 eV), a reduction to 1 symmetry

is captured by the pair of odd fit parameters, C
[111̄]
1 and

C
[111̄]
3 , that quantitatively measure the degree of symme-

try breaking imposed by the pump following photoexci-
tation (Section VIII [43]). These parameters result from
breaking mx,x,z and enable fitting of the overall rotation
in the pattern. However, as long as time-reversal symme-

try remains, relations between the different C
[111̄]
n prevent

these odd coefficients from capturing the observed asym-
metry seen in our data. Rather, an accurate description
requires a breaking of time-reversal symmetry to remove

the constraints imposed on C
[111̄]
n , revealing that both

mx,x,z and time-reversal symmetry must be lifted in or-
der to fully describe our experimental results. This re-
duction of symmetry from 4mm1′ to 1 also allows for
the emergence of additional fit parameters in the [1,1̄,0]
pattern, but these remain small and time-independent,

FIG. 4. (a) Schematic diagram of the net photocurrent
contained within the (112) plane (yellow) of a TaAs unit
cell. THz emission spectra resulting from transient pho-
tocurrents generated along the (b) [1,1,1̄] and (c) [1,1̄,0] axes
(offset for clarity) under linearly polarized pump excitation.
(d) Changes in the transient SHG pattern (∆t ∼ 0.1 ps)
measured as a function of pump polarization relative to the
[1,1,1̄] axis (offset for clarity). The presence of an enhanced
(∼ 10% − 20%), polarization-dependent shift current along
[1,1̄,0] leads to a clear reduction in symmetry within the pat-
tern (Section VII [43]).

consistent with the weaker (∼ 100×) nonlinear response
observed along this axis.

We emphasize that in contrast with the spontaneous
symmetry breaking seen in conventional photoinduced
phase transitions [45, 46], the symmetry breaking ob-
served here is explicit and originates from the pho-
toexcitation process itself. In this regard, the symme-
try resolution gained from nonlinear optical probes like
SHG provides a completely generic and robust frame-
work for characterizing light-induced changes in the non-
equilibrium state, as no underlying assumptions or re-
liance on theoretical models are required [5, 6]. While
previous studies have reported explicit symmetry break-
ing from polarization-dependent photoexcitation in Bi
and Sb that results from the coupling of phonons to
a transiently excited charge density in k-space [47–49],
we propose an alternative mechanism: the lowering of
4mm1′ symmetry to 1 following optical excitation in
TaAs arises from photocurrent generation and thus is of
purely electronic origin.

By having a well defined, but generic, direction rela-
tive to some high symmetry axis of the crystal, a pho-

tocurrent, ~J , breaks both spatial and time-reversal sym-
metry through introducing an asymmetry in the non-
equilibrium distribution of charge carriers along its di-
rection that must necessarily be odd under time rever-
sal. On the (112) face of TaAs, photocurrents originating
from asymmetry in the real (shift) or k-space (injection)
carrier density are allowed to flow along the [1,1,1̄] and
[1,1̄,0] axes [32, 33]. Here, a reduction in symmetry from
4mm1′ to 1 occurs when a net current is directed away
from either of these two high symmetry axes, breaking
diagonal mirror symmetry (Fig. 4(a)) (Section VIII [43]).
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While a polarization-independent photocurrent is always
present along [1,1,1̄] (Fig. 4(b)) [32], the polarization de-
pendence of the [1,1̄,0] photocurrent allows us to break
symmetry in a controllable manner by exploiting symme-
try constraints placed on the shift current following lin-
early polarized excitation (Fig. 4(c)) (Section VII [43]).
As shown in Fig. 4(d), varying the linear polarization
of the excitation pulse relative to the [1,1,1̄] axis causes
the emergent photoinduced lobes in the transient SHG
pattern (∆t ∼ 0.1 ps) to develop a clear polarization-
dependent asymmetry, while the pattern itself exhibits a
rotation with respect to 0◦ and 180◦. This is fully con-
sistent with a reduction of symmetry brought on by an
enhanced shift current response; as the pump polariza-
tion is detuned from the [1,1,1̄] axis, shift currents along
[1,1̄,0] become symmetry allowed, with the largest con-
tribution coming from an equal projection of the pump
polarization along the two orthogonal axes of the (112)
face (i.e. 45◦) (Section VII [43]). This is reproduced by
our data in Fig. 4(d), and illustrates our ability to exploit
symmetry constraints on the photocurrent to tune the
degree of symmetry breaking in this material. Similarly,
after circularly polarized excitation, symmetry dictates
that injection photocurrents can only flow along [1,1̄,0],
leading to an ultrafast reduction of 4mm1′ to 1 as con-
firmed in Fig. 3(b) and Fig. S4 [43].

Ab initio calculations for the optical conductivity in
TaAs reveal an As-p to Ta-d transition to be the major
contribution to the in-plane conductivities, σxx and σyy,
for our 1.55 eV excitation energy, while a Ta-d to Ta-d
transition dominates the out-of-plane response, σzz (Sec-
tion IX [43]). The fact that no symmetry changes are ob-
served in Fig. 2(b-c) can thus be attributed to resonantly
probing this initial photoexcited population of carriers;
the transient asymmetry generated under 1.55 eV pho-
toexcitation is lost over an ultrafast timescale due to mo-
mentum scattering, consistent with the bandwidth of the
emitted THz pulses [32], and is therefore absent as pho-
toexcited carriers relax to the lower lying, non-degenerate
energy states probed at 0.89 eV - 1.03 eV. Further sup-
port is provided by band-resolved imaging of the pho-
tocurrent response in the topological insulator Bi2Se3,
which reveals the transient asymmetry due to optically
excited photocurrents is lost within ∼165 fs [50]. Hence,
by using degenerate pump and probe energies, we en-
sured that only those states responsible for generating
the photocurrent following pump excitation are probed.
Finally, our particular choice of photon energy was based
on the giant anisotropic nonlinear response of the static
SHG pattern along [1,1,1̄] at 1.55 eV. The SHG signal
is nearly zero at 90◦ and 270◦ (Fig. 1(e)), unlike that at
lower photon energies (Fig. S1 (b-c)), making it opti-
mal for observing photocurrent-induced SHG along the
orthogonal [1,1̄,0] axis, as manifested by the emergent
photoinduced lobes in Fig. 1(f-g).

In conclusion, by performing TR-SHG spectroscopy on
the (112) surface of the WSM TaAs, we reveal a tran-
sient breaking of all magnetic point group symmetries

following optical excitation, reducing the symmetry from
4mm1′ to 1. Both the prompt recovery of equilibrium
symmetry, as well as the absence of an ultrafast struc-
tural transition following optical excitation, suggest that
light-induced symmetry breaking in TaAs originates from
transient photocurrent generation. Specifically, the pres-
ence of a polar c-axis in the TMMP WSMs leads to a
dominant helicity-independent, shift current whose geo-
metric interpretation is rooted in an asymmetry in the
electronic polarization introduced by optical excitation
[35]. In this regard, our TR-SHG study reflects time-
dependent changes to the polarization distribution that
fail to respect both spatial and time-reversal symme-
tries, and whose relaxation is governed by a polarization-
independent recovery, τPI , describing the return of the
electronic polarization back to equilibrium. Since sym-
metry constrains the total number of Weyl nodes in
TaAs, a photoinduced reduction of symmetry brought
on by photocurrent generation is expected to shift these
nodes in both energy and momentum. This will alter
the Fermi arc surface states, suggesting future time-and-
angle-resolved photoemission spectroscopy experiments
to directly measure the impact of transient photocur-
rents on the electronic band topology. More gener-
ally, our findings can be applied to any material system
where either an optically generated or externally applied
current breaks electronic symmetries. While generic,
these results have important implications for topologi-
cal semimetals [51], as the ability to alter symmetry on
ultrafast timescales in these materials can lead to the po-
tential realization of topological field effect transistors.

III. METHODS

A. Crystal Growth

TaAs single crystals were grown from polycrystalline
samples by chemical vapor transport using iodine (2
mg/cm3) as the transporting agent. Large polyhedral
crystals with dimensions up to 1.5 mm were obtained
in a temperature field of ∆T = 1150−1000◦C following
3 weeks at growth temperature in an evacuated quartz
ampoule. The as-grown three-dimensional (3D) crystals
exhibit multiple surface facets, with the (112) face being
identified by X-ray diffraction measurements.

B. Time-resolved SHG

TR-SHG experiments were performed on the (112) sur-
face of different as-grown TaAs single crystals, sourced
from entirely different batches, using an amplified
Ti:Sapphire laser system operating at a 250 kHz rep-
etition rate. SHG generated at near normal incidence
(6◦) from a linearly polarized optical probe tuned over a
0.89-1.55 eV (800 nm - 1400 nm) energy range was mea-
sured as a function of incident light polarization. A Glan-
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Taylor polarizer was used to select the emitted second
harmonic polarized along the in-plane [1,1̄,0] and [1,1,1̄]
high symmetry axes of the (112) face, as described in
Ref. 52. Here, initial crystal alignment was performed
by Laue diffraction, allowing us to hand scribe the direc-
tion of these two high symmetry axes (parallel to crystal
face edge) on the sample mount (± 5◦). Static and time-
resolved SHG measurements were carried out in air or an
optical cryostat, with the [1,1,1̄] axis oriented parallel to
the optical table. Initial pump and probe polarizations
were aligned as closely to the [1,1̄,0] and [1,1,1̄] axes as
possible, and verified through comparing the static SHG
patterns measured here with those in literature [34, 35].
For excitation fluences ranging from 0.48 mJ/cm2 - 6.03
mJ/cm2 (Fig. S5 [43])), a normally incident, ∼ 80 fs
optical pump pulse centered at 1.55 eV and either cir-
cularly or linearly polarized with respect to the [1,1,1̄]
axis creates a photocarrier density of 1019 - 1020 cm−3

within the 22 nm penetration depth [53]. In this pump
fluence range, temperature (5-300 K) (Fig. S6 [43]) and
pump polarization-dependent TR-SHG traces were mea-
sured for select combinations of input and output probe
polarizations, while photoinduced changes across the en-
tire SHG pattern were likewise collected at specific pump
delays. In these experiments, the generation of a pho-
tocurrent under pump excitation was ensured through
working in the appropriate fluence range as well as ob-
serving THz-field induced second harmonic generation
(TFISH) in the [1,1̄,0] pattern, confirming the presence
of a photocurrent under optical excitation [32].

C. Ab initio Calculations

First-principles calculations were performed using the
OpenMX code, where norm-conserving pseudopotentials,
optimized pseudoatomic basis functions, and the gen-
eralized gradient approximation were adopted [54–56].
Spin-orbit coupling was incorporated in these calcula-
tions through the use of j-dependent pseudopotentials
[57]. For each Ta atom, three, two, two, and one op-
timized radial functions were allocated for the s, p, d,
and f orbitals with a cutoff radius of 7 bohrs, respec-
tively, denoted as Ta 7.0−s3p2d2f1. For each As atom,
As 9.0−s3p3d3f2 was adopted. A cutoff energy of 1000
Ry was used for the numerical integration and for the
solution of the Poisson equation. A 17× 17× 17 k-point
sampling in the first Brillouin zone was used, with experi-
mental lattice parameters being adopted in these calcula-
tions. Such choice of parameters is consistent with those
described elsewhere [58]. The density-of-states (DOS)
was calculated using 80× 80× 80 k-points, with a Gaus-
sian broadening of 0.05 eV, for a primitive unit cell con-
taining four atoms. The optical conductivity was then
calculated via the Kubo-Greenwood formula using pseu-
doatomic basis functions [59]. Similarly, an 80×80×80 k-
point sampling, and a broadening parameter of η = 0.05
eV were adopted. For both of the ground-state and con-

ductivity calculations, an electronic temperature of 300
K was used.
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laxation of Symmetry-Breaking Photo-Induced Atomic
Forces, Phys. Rev. Lett. 123, 087401 (2019).

[50] H. Soifer, A. Gauthier, A. F. Kemper, C. R. Rotundu,
S.-L. Yang, H. Xiong, D. Lu, M. Hashimoto, P. S. Kirch-
mann, J. A. Sobota, and Z.-X. Shen, Band-Resolved
Imaging of Photocurrent in a Topological Insulator,
Phys. Rev. Lett. 122, 167401 (2019).

[51] K. Takasan, T. Morimoto, J. Orenstein, and J. E.
Moore, Current-induced second harmonic generation
in inversion-symmetric Dirac and Weyl semimetals,



9

arXiv:2007.08887 (2020).
[52] Y. M. Sheu, S. A. Trugman, L. Yan, Q. X. Jia, A. J.

Taylor, and R. P. Prasankumar, Using ultrashort opti-
cal pulses to couple ferroelectric and ferromagnetic order
in an oxide heterostructure, Nature Communications 5,
5832 (2014).

[53] B. Xu, Y. M. Dai, L. X. Zhao, K. Wang, R. Yang,
W. Zhang, J. Y. Liu, H. Xiao, G. F. Chen, A. J. Tay-
lor, D. A. Yarotski, R. P. Prasankumar, and X. G. Qiu,
Optical spectroscopy of the Weyl semimetal TaAs, Phys.
Rev. B 93, 121110 (2016).

[54] T. Ozaki, Variationally optimized atomic orbitals for
large-scale electronic structures, Phys. Rev. B 67, 155108
(2003).

[55] I. Morrison, D. M. Bylander, and L. Kleinman, Nonlocal
Hermitian norm-conserving Vanderbilt pseudopotential,
Phys. Rev. B 47, 6728 (1993).

[56] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized
Gradient Approximation Made Simple, Phys. Rev. Lett.
77, 3865 (1996).

[57] G. Theurich and N. A. Hill, Self-consistent treatment of
spin-orbit coupling in solids using relativistic fully sepa-
rable ab initio pseudopotentials, Phys. Rev. B 64, 073106
(2001).

[58] C.-C. Lee, S.-Y. Xu, S.-M. Huang, D. S. Sanchez, I. Be-
lopolski, G. Chang, G. Bian, N. Alidoust, H. Zheng,
M. Neupane, B. Wang, A. Bansil, M. Z. Hasan, and
H. Lin, Fermi surface interconnectivity and topology in
Weyl fermion semimetals TaAs, TaP, NbAs, and NbP,
Phys. Rev. B 92, 235104 (2015).

[59] C.-C. Lee, Y.-T. Lee, M. Fukuda, and T. Ozaki, Tight-
binding calculations of optical matrix elements for con-
ductivity using nonorthogonal atomic orbitals: Anoma-
lous Hall conductivity in bcc Fe, Phys. Rev. B 98, 115115
(2018).



Figures

Figure 1

Snapshots of the SHG pattern (2hω  3.1 eV) measured along the (a-d) [1,¯1,0] and (e-h) [1,1,¯1] axes for
various pump delays: (a,e) ∆t = −5.0 ps, (b,f) 0 ps, (c,g) 1.0 ps and (d,h) 5.0 ps. The inset in (a) shows a
schematic of the experimental geometry, while insets in (b) and (f) show polar plots of the SHG pattern
immediately following a linearly polarized pump excitation (hω= 1.55 eV; fluence = 4.34 mJ/cm2) aligned
nearly along the [1,1,¯1]) axis. Fits of the pattern assuming the magnetic point symmetries of 4mm1'
((a,e);(d,h)) and 1 ((b,f);(c,g)) are shown as solid purple and blue traces, respectively. Arrows in (f) and (g)
denote the presence of transient, asymmetric lobes in the photoexcited state, while a small  2.5 rotation
of the SHG pattern along [1,1,¯1] is evident from the inset in (f).



Figure 2

Photoinduced polarization- and time-dependent changes in SHG intensity, ∆ISHG(2ω), measured across
the entire [1,1,¯1] pattern after 1.55 eV photoexcitation (fluence = 4.34 mJ/cm2) using probe energies of
(a) hω = 1.55 eV, (b) hω = 1.03 eV, and (c) hω = 0.89 eV (Fig. S1 [43]). Arrows in (a) denote the recovery of
4mm1' symmetry following the decay of the emergent, asymmetric lobes at  90 and  270 as well as a
rotation of the SHG pattern back to equilibrium. Compared to panel (a), optical pumping at 1.55 eV does
not change the symmetry of the patterns in panels (b-c), but suppresses them in a nearly isotropic
manner over a ∆t < 2.0 ps timescale (Fig. S2 [43]).

Figure 3

Time-dependent traces of ∆ISHG(2ω), measured for input probe polarizations along the green dashed
lines of the [1,1,¯1] SHG pattern shown as insets following 1.55 eV pump excitation. Here, (a) the
suppression of the main lobe and (b) emergence of the photoinduced, asymmetric lobe are captured with
high temporal resolution ( < 100 fs). Fits of the dy-namics following (blue) linearly and (red) circularly
polarized pump excitation at a fluence of 4.34 mJ/cm2 are superim-posed onto the data, where traces
generated under circularly polarized excitation have been offset for clarity. Traces in (a) show a
pulsewidth-limited ultrafast component (τ1  80 fs) which is weakly dependent on pump polarization,
while a similar ultrafast component develops only under helicity-dependent photoexcitation in (b) and
arises from a sub-100 fs dichroic response (Fig. S4 [43]).



Figure 4

(a) Schematic diagram of the net photocurrent contained within the (112) plane (yellow) of a TaAs unit
cell. THz emission spectra resulting from transient pho-tocurrents generated along the (b) [1,1,¯1] and (c)
[1,¯1,0] axes (offset for clarity) under linearly polarized pump excitation.(d) Changes in the transient SHG
pattern (∆t  0.1 ps) measured as a function of pump polarization relative to the [1,1,¯1] axis (offset for
clarity). The presence of an enhanced ( 10% − 20%), polarization-dependent shift current along [1,¯1,0]
leads to a clear reduction in symmetry within the pat-tern (Section VII [43]).
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