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We investigate polarization-dependent ultrafast photocurrents in theWeyl semimetal TaAs using terahertz
(THz) emission spectroscopy. Our results reveal that highly directional, transient photocurrents are
generated along the noncentrosymmetric c axis regardless of incident light polarization, while helicity-
dependent photocurrents are excited within the ab plane. This is consistent with earlier static photocurrent
experiments, and demonstrates on the basis of both the physical constraints imposed by symmetry and the
temporal dynamics intrinsic to current generation and decay that optically induced photocurrents in TaAs are
inherent to the underlying crystal symmetry of the transitionmetal monopnictide family ofWeyl semimetals.
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Introduction.—The recent prediction and subsequent
discovery of Weyl fermions as emergent quasiparticles in
materials possessing strong spin-orbit interaction and
broken time-reversal or inversion symmetry has generated
substantial interest, due to their fundamental and techno-
logical relevance [1–5]. A defining characteristic of the
electronic structure of these Weyl semimetals (WSMs) is
the existence of Weyl points, where nondegenerate, linearly
dispersing bands found in the bulk of these materials cross
[6–10]. These points act as monopoles of Berry curvature
in momentum space and are found to be topologically
stable even in the absence of any particular symmetry [6,7].
This leads to several unique experimental manifestations of
Weyl physics, including Fermi arcs [8–11] and the chiral
anomaly [12–14].
Linear optical spectroscopy has revealed novel phenom-

ena in WSMs, including the predicted linear scaling of
conductivity with frequency and strong Weyl fermion-
phonon coupling [15–17]. Further insight into Weyl phys-
ics can be gained from nonlinear optics through the effect
that Berry curvature introduces on such nonlinear quantities
as the shift vector and photocurrent [18,19]. Specifically,
for noncentrosymmetric WSMs, like the transition metal
monopnictides (TMMPs), the shift vector, which defines a
difference in the center of electron charge density within
one unit cell following optical excitation [20], develops a
contribution arising from a change in Berry curvature
between the bands participating in the transition [18].
This behavior has been studied in the TMMPs, where a
giant anisotropic nonlinear response was observed in the

optical and near-infrared (IR) range [21,22]. The dominant
contribution to the nonlinear response measured along the
polar c axis was attributed to a helicity-independent shift
current originating from the strong polar character of these
materials [22,23]. However, polarization-dependent photo-
current measurements made on WSMs following mid-IR
excitation have suggested a topologically nontrivial con-
tribution to the shift current, revealing a colossal bulk
photovoltaic effect that may be linked to divergent Berry
curvature near the Weyl nodes [24,25].
Helicity-dependent photocurrents measured in topologi-

cal insulators [26,27] and WSMs [28–30] have likewise
provided insight into their topologically nontrivial behav-
ior. The direction of these photocurrents can be switched by
changing light helicity (i.e., degree of circular polarization),
potentially enabling all-optical control without an external
bias field. In WSMs, the contribution of injection currents,
which result from an asymmetric distribution of carriers in
momentum space due to the interference of different light
polarizations [20], to the circular photogalvanic effect
(CPGE) drives a helicity-dependent photocurrent that is
claimed to provide a direct experimental measure for the
topological charge of Weyl points [28,31–33]. Experi-
mentally, the CPGE was demonstrated in static photo-
current measurements of the WSM TaAs following mid-IR
and optical excitation [28,29], and was subsequently used
to determine Weyl fermion chirality based upon the
direction that current flows relative to the high symmetry
axes of the crystal. Despite their observation of a helicity-
dependent photocurrent, Ref. [28] reported a negligible
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contribution from shift currents. This finding contrasts with
that in Ref. [24], raising the question of why static photo-
current measurements made on the same WSM reveal such
different results.
In this Letter, we demonstrate the generation of

both helicity-dependent and helicity-independent ultrafast
photocurrents as measured by terahertz (THz) emission
spectroscopy on the WSM TaAs. THz emission, detected
either directly though electro-optic sampling (EOS) or by
THz field-induced second-harmonic generation (TFISH), is
a contact-free means of measuring transient photocurrents
on the intrinsic timescales that underlie their generation and
decay [34]. Despite our use of femtosecond near-IR optical
pulses to drive these photocurrents, our results agree well
with previous static photocurrent measurements, and have
the added advantage that photothermal effects are largely
mitigated due to the ultrashort duration of the driving pulse.
Below, we will focus on the results obtained from TaAs, but
the same behavior is observed for the closely related
TMMP WSM NbAs (Fig. S1) [35].
Experiment.—THz emission from a 1-mm-thick as-

grown TaAs single crystal was measured using an ampli-
fied Ti:sapphire laser system operating at a 1 kHz repetition
rate. Ultrashort optical pulses centered at 800 nm (1.55 eV)
with a duration of ∼40 femtoseconds (fs) and fluences up to
17 mJ=cm2 were incident on the crystal surface, and the
specularly emitted THz radiation was detected by free
space EOS in a 0.5-mm-thick h110i ZnTe crystal (Fig. S2)
[35]. Measurements were made on the (001) and (112)
faces at both ∼5° and ∼45° angles of incidence. The (112)
surface, which has been the subject of previous inves-
tigations [21,22], possesses two in-plane, high symmetry
axes, ½1 1̄ 0� and ½1 1 1̄� (Fig. S2), where the latter contains a
projection of the inversion symmetry-broken c axis. Awire
grid polarizer was used to determine the polarization of the
emitted THz pulses relative to these crystal axes. Finally, all
experiments were performed at room temperature in an
enclosure purged with dry air.
Results and discussion.—Our main results are shown in

Fig. 1, which illustrates in both Figs. 1(a) and 1(b) a clear
polarity reversal of the emitted THz waveform polarized
along the ½1 1̄ 0� axis, occurring as the helicity of the optical
generation pulse is tuned from left circular to right circular
polarization [36]. Analysis of the THz waveforms in Fig. 1
shows a 180° polarity reversal, with no variation in
frequency, and a change in amplitude that corresponds
to the degree of ellipticity of the incident light pulse. A plot
of the peak-to-peak amplitude of the emitted THz electric
(E) field while rotating the λ=4 wave plate (QWP) over a
full 360° reveals a sinusoidal dependence whose periodicity
matches a change in helicity of the incident light [Fig. 1(c)].
Fitting with a general expression for the polarization
dependence of the photocurrent [26],

jðαÞ ¼ C sin 2αþ L1 sin 4αþ L2 cos 4αþD; ð1Þ

where α is the QWP angle, reveals the dominant (∼90%)
contribution to arise from the helicity-dependent term, C.
However, the emitted THz pulse is strongly suppressed, but
not entirely quenched, when the polarization of the incident
light is linear [Fig. 1(b)]. This implies a small deviation of
∼7% from the ideal sin 2α behavior, which is due to the
helicity-independent, but linearly dependent term L1, as
well as an ∼3% contribution from the polarization-inde-
pendent term D. Further investigation into the linearly-
dependent THz emission reveals a change in both ampli-
tude and phase of the THz waveform as the polarization of
the generating pulse is tuned from horizontal to vertical
(Fig. S3) [35]. However, since both L1 and D provide only
small contributions to the polarization dependence of the
emitted THz pulse along the ½1 1̄ 0� axis, we will primarily
focus on the dominant, helicity-dependent behavior
observed along this high-symmetry direction.
In contrast, THz emission polarized along the ½1 1 1̄�

direction, obtained under the same excitation conditions as
above, was found to be largely insensitive to the polari-
zation of incident light, and approximately half as intense
as that measured along ½1 1̄ 0�. As shown in Fig. 2, no
variation in the THz waveform and only a small (<10%)
variation in the E-field amplitude is observed with rotation
of either a λ=4 or a λ=2wave plate (Fig. S4) [35]. Fitting the
peak-to-peak amplitude of the THz E-field along ½1 1 1̄�
with Eq. (1) shows that the dominant (∼90%) contribution
derives fromD, as expected by the large offset shown in the

FIG. 1. (a) False color plot and (b) select time-dependent THz
traces, illustrating the polarity reversal of the emitted THz
waveform upon changing the helicity of the optical generation
pulse. Traces shown in (b) are obtained using quarter wave plate
(QWP) angles of�45°,�22.5°, and 0°, which correspond to right
or left circular, elliptical, or linear polarizations, respectively.
(c) Peak-to-peak E-field amplitude plotted as a function of α and
fit with Eq. (1). The inset illustrates the relative weight of each
fitting component.
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inset of Fig. 2. Despite this polarization insensitivity, the
emitted THz radiation is linearly polarized along the ½1 1 1̄�
axis and exhibits a well-defined directionality. This is
illustrated by both an azimuthal dependence that shows
the amplitude of the helicity-independent THz waveform to
peak along this high symmetry direction (Fig. S5) [35], as
well as a switching of the emitted THz polarity under a 180°
rotation of the crystal [Fig. 3(a)].
Similarly, helicity-dependent THz radiation polarized

along the ½1 1̄ 0� axis exhibits a reversal of polarity under
a 180° rotation of the sample [Fig. 3(b)]. This shows that
the emitted THz radiation is highly directional; however,

unlike Fig. 3(a), the directionality of the THz waveform
along this axis is determined by the relative orientation that
the optical generation pulse makes with the polar c axis.
This is most clearly demonstrated by measuring THz
emission along the same ½1 1̄ 0� high symmetry direction,
but on the (001) face of the crystal, where the c axis lies
parallel to the surface normal. Here, the THz pulse emitted
at normal incidence is more than 40 times weaker than that
measured from the (112) surface under the same conditions
[Fig. 3(b) inset]. However, when repeating the experiment
on the (001) face at a 45° angle of incidence, the helicity-
dependent THz emission is recovered and qualitatively
similar to that found from the (112) face (Fig. S6) [35].
THz pulses emitted along both high symmetry axes of the

(112) surface are found to scale linearly with laser fluence
and exhibit no change in waveform or frequency content as
higher excitation fluences are used (Fig. S7) [35]. ByFourier
transforming the THz time-domain traces shown above, one
finds the spectral weight of the THz intensity power
spectrum along ½1 1 1̄� to be shifted towards lower frequen-
cies (∼1.0 THz) [Fig. 4(a)], and thus longer timescales, as
compared to that of the helicity-dependent THz radiation
emitted along ½1 1̄ 0� (Fig. S7) [35]. As it turns out, spectra
measured along ½1 1̄ 0� by free space EOS are limited by the
detection bandwidth of the h110i ZnTe crystal (Fig. S8)
[35,37]. This remains true even when thinner ZnTe crystals
are used, making it difficult to accurately estimate the
emitted THz bandwidth using this technique.
To provide a better estimate for the bandwidth of the

helicity-dependent THz pulse polarized along ½1 1̄ 0�, we
used TFISH [38]. Here, the sensitivity of optical second-
harmonic generation (SHG) to broken inversion symmetry
enables us to detect the electric field of the transient THz
pulse without the bandwidth limitations imposed by the
strong vibrational resonances in electro-optic crystals. More
specifically, the THz field emitted after exciting the sample
with a circularly polarized 800 nm pump pulse (as in the
experiments described above) induces a change in the SHG
signal polarized along the in-plane ½1 1̄ 0� direction. This can
be measured with a separate probe beam through a χð3Þ

process that acts in addition to the usual χð2Þ component. In
this way, TFISH can be described as a four-wave mixing
process in which light of frequency 2ω is generated from
mixing light with frequencies ω, ω, and ωTHz, and repre-
sented by the second order electric polarization,

Pið2ωÞ ¼ ½ χð2Þijk þ χð3ÞijklElðωTHzÞ�EjðωÞEkðωÞ; ð2Þ

where χð3Þ has the same symmetry constraints as χð2Þ,
leaving the symmetry of the SHG pattern unchanged.
Time-domain waveforms obtained from our TFISH

measurements are shown in the inset of Fig. 4(b), where
the emitted THz pulse is isolated after subtracting the
longer time dynamics associated with the pump-induced

FIG. 2. THz emission spectra measured along the ½1 1 1̄� axis
generated by right circular, linear, and left circularly polarized
optical pulses (traces are offset for clarity). The inset shows the
peak-to-peak E-field amplitude plotted as a function of α.

FIG. 3. THz emission spectra measured along (a) ½1 1 1̄� and
(b) ½1 1̄ 0�, generated from linearly or right circularly polarized
light, respectively. Spectra denoted by dashed lines were obtained
following a 180° azimuthal rotation of the TaAs crystal about the
(112) normal. The inset in (b) illustrates the helicity-dependent
THz waveform emitted along the ½1 1̄ 0� direction from the (001)
surface at normal incidence.
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change in the SHG signal (Fig. S9) [35,39]. As compared to
the THz waveform measured by EOS, the temporal
duration of the emitted THz pulse detected by TFISH is
significantly shorter, with an intensity power spectrum that
yields a bandwidth out to 10 THz [Fig. 4(b)]. While
substantially broader than that obtained by free space
EOS, even this is limited by the temporal resolution of
the time-resolved SHG experiment, meaning that an upper
limit of ∼100 fs can be placed on the underlying dynamics
responsible for the helicity-dependent THz radiation emit-
ted from the TMMP family of WSMs.
From the data presented above, we can conclude that the

helicity-dependent THz emission shown in Fig. 1 derives
from an ultrafast photocurrent flowing along the ½1 1̄ 0� high
symmetry direction. This is consistent with the previously
reported CPGE in these materials [28,29], and is further
supported by symmetry considerations (Supplemental
Material, Sec. X [35,40]). In particular, for circularly
polarized light, denoted by the complex E-field, E, nor-
mally incident on the (112) face, symmetry constraints
placed on the CPGE response tensor, γls, by the C4v point
group of the crystal allow for a helicity-dependent, trans-
verse photocurrent (J) to flow along the ½1 1̄ 0� axis, while
forbidding a helicity-dependent photocurrent along ½1 1 1̄�:

JCPGE½1 1̄ 0� ¼ i
γxy
ffiffiffi

3
p ðE⃗ × E⃗�Þ½112�

JCPGE½1 1 1̄� ¼ 0: ð3Þ

Furthermore, as expected from Fig. 3(b), the in-plane
photocurrent, JCPGE½1 1̄ 0� , will necessarily switch sign following

a 180° rotation of the crystal, while photocurrent generation
from light normally incident on the (001) face is found to
be symmetry forbidden (Fig. S6) [35]. Hence, our exper-
imental findings are in complete agreement with what is
expected by symmetry for the CPGE. However, before
assigning the mechanism underlying helicity-dependent
photocurrents to this effect, it is important to note that
such photocurrents can also arise from alternate mecha-
nisms, including the circular photon drag effect (CPDE)
and spin-galvanic effect (SGE) [41,42].
Transverse helicity-dependent photocurrents originating

from the CPDE [43] are allowed under the C4v symmetry of
TaAs, but our symmetry analysis (Supplemental Material,
Sec. X) [35] shows that these currents flow along the ½1 1 1̄�
axis as opposed to the ½1 1̄ 0� direction. Figure 2 shows that
THz emission along ½1 1 1̄� is largely polarization indepen-
dent, with a small helicity-dependent contribution, as found
from a fit of the peak-to-peak THz amplitude as a function
of QWP angle [Fig. S4(a)] [35]. For this reason, the CPDE
plays a minor role in the generation of helicity dependent
photocurrents in TaAs and can be excluded as a mechanism
for generating the dominant ultrafast photocurrent along
½1 1̄ 0� (Fig. 1) [35].
In contrast, distinguishing between a helicity-dependent

photocurrent arising from the CPGE versus the SGE
requires dynamical insights that can be gained by analysis
of the THz waveform. Unlike a nonresonant second order
process, the helicity-dependent THz radiation emitted here
corresponds to a real, transient current. Consequently, the
spectral bandwidth and waveform of the emitted THz pulse
are not dependent on that of the excitation pulse, but are
intrinsic features of the ultrafast current generated in these
materials [34]. For a pulsed excitation, the decay of the
helicity-dependent photocurrent will be determined by
either the momentum or spin relaxation time, depending
upon whether it originates from the CPGE or the SGE [41].
The broad emission bandwidth observed along the ½1 1̄ 0�
axis [Fig. 4(b)] implies a lifetime of<100 fs for the excited
photocurrent. This is more consistent with a current decay
following the momentum relaxation time of a free carrier
than a slower spin relaxation due to asymmetric spin-flip
scattering of photoexcited carriers [41,42]. When coupled
with the above symmetry analysis, this leaves the most
likely origin of the helicity-dependent photocurrent to be
injection photocurrents that give rise to the CPGE.
As compared to the helicity-dependent THz emission

observed along the ½1 1̄ 0� axis, the fundamental mechanism
underlying THz emission polarized along ½1 1 1̄� is distinct.
Since this axis contains a projection of the inversion
symmetry-broken c axis, both the polarization independ-
ence and the well-defined directionality of the photocurrent
suggest an underlying mechanism rooted in broken inver-
sion symmetry. As a result, THz emission measured along
the ½1 1 1̄� axis of the (112) surface is intrinsic to the
noncentrosymmetric crystal structure of TaAs and can

FIG. 4. Intensity power spectra obtained by Fourier trans-
forming (a) time-domain THz waveforms measured along
½1 1 1̄� using free space EOS (inset) and (b) helicity-and-time-
dependent THz pulses measured with TFISH (inset) following
appropriate subtraction of the time-resolved SHG dynamics along
the ½1 1̄ 0� axis.
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likely be understood as an optical excitation producing
electron-hole pairs, regardless of polarization, which are
then separated by the dipolelike field of the polar Ta-As
bond lying along the c axis. Such a microscopic picture is
consistent with that of a shift current [21,22,24].
In this regard, despite our use of femtosecond optical

pulses whose energy is well above the energy scale
associated with the Weyl cone, the THz emission spectra
shown here exhibit the same fundamental behavior as
observed in static photocurrent experiments. Despite this
similarity, assigning a microscopic mechanism to the
ultrafast photocurrents observed in TaAs becomes chal-
lenging, as arguments rooted in Weyl physics hold for mid-
IR excitation [24,28] but not for optical excitation, where
details of the trivial band structure are expected to become
more relevant [44]. Rather, our findings suggest that under
optical excitation these transient photocurrents are intrinsic
to the underlying crystal symmetry of TaAs, whose C4v
symmetry belongs to the gyrotropic crystal class, and may
not have an explicit link to Weyl physics beyond the fact
that such a symmetry supports the existence of Weyl nodes
in the electronic structure.
Conclusion.—In closing, we performed THz emission

spectroscopy on the (112) and (001) surfaces of the TMMP
WSM TaAs. Our data enables us to clearly distinguish
between helicity-dependent photocurrents generated within
the ab-plane and polarization-independent photocurrents
flowing along the noncentrosymmetric c axis. Such find-
ings are in excellent agreement with previous static photo-
current measurements. However, by considering both the
physical constraints imposed by symmetry and the tem-
poral dynamics intrinsic to current generation and decay,
we can attribute these transient photocurrents to the under-
lying crystal symmetry of the TMMP family of WSMs.
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