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Quenching of the relaxation pathway in the Weyl semimetal TaAs
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Since tantalum arsenide (TaAs) has been experimentally verified as a Weyl semimetal, intensive research has
been devoted to study of the unique properties of the material. Despite this, the ultrafast dynamics of TaAs is
still not very well understood. In this work, we study the relaxation dynamics in TaAs using transient reflection
spectroscopy. From the transient reflection measurement, we observe either a single (fast) or a dual (fast and
slow) relaxation, depending on the probing wavelength. The additional relaxation channel is attributed to an
asymmetric population of photoexcited electrons and holes.
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I. INTRODUCTION

Topological insulators are unique materials with insulating
bulk states as well as spin-polarized conducting surface states
that are topologically protected [1-3]. Due to this unique
electronic property, topological insulators have seen a plethora
of applications such as in broadband photodetectors [4—6] and
spin current injection [7,8] and detection [9,10]. Following
the topological classification of materials, Dirac semimetal
has been predicted theoretically [11] and has since been
experimentally confirmed through mapping of the band struc-
ture by angle-resolved photoemission spectroscopy (ARPES)
[12,13]. This Dirac semimetal has gapless dispersion at cer-
tain points in momentum space known as Dirac points. These
three-dimensional (3D) Dirac points have been experimen-
tally observed in CdsAs; [12] and BiO, [14] crystals. There
are doubly degenerate states on these Dirac points [15], which
can be lifted if either the time reversal symmetry 7 or the
inversion symmetry Z is broken [16]. Breaking of either 7
or Z results in splitting of the Dirac point into a pair of
Weyl nodes in momentum space [17]. This splitting leads
to the formation of a Weyl semimetal which corresponds
to a new topological phase with fascinating properties like
topologically protected Fermi arc states [18,19] and chiral
anomaly [20].

The Weyl nodes separated in momentum space each have
a well-defined chirality of either x = +1 or x = —1 [21].
This well-defined chirality gives rise to a chirality selection
rule where right-circularly polarized light is able to excite
electrons from the positive k side of the x = +1 Weyl cone
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but not the negative side, and vice versa. The energy to excite
electrons from the valence band to the conduction band is
different for electrons on the positive and the negative k
sides of the Weyl cone. Therefore, circular dichroism can be
achieved in a Weyl semimetal through the selective excitation
of electrons in the Weyl cones. Through the manipulation of
circular dichroism, the optical response in the midinfrared
regime has been experimentally demonstrated [22] in tanta-
lum arsenide (TaAs), a type I Weyl semimetal [23]. Exploiting
the gapless dispersion in TaAs, further experiments have
reported a broad bandwidth response of TaAs from the visible
to the midinfrared regime [24]. This wide spectral bandwidth
of TaAs is ideally suited for application in optoelectronics.

The unique topological properties of TaAs may be the
reason for the large second-order nonlinear susceptibility co-
efficient [25], which gives rise to physical observations like a
large second harmonic generation [26] and large photocurrent
[27]. Besides the aforementioned properties, TaAs has a large
absorption coefficient [28] and high carrier mobility [29].
These properties are present independent of the thickness
of TaAs since it is a 3D material unlike transitional metal
dichalcogenides [30] and graphene [31] where the material
properties are layer dependent. The combination of these
properties has made TaAs a potential material for applications
in high-sensitivity photodetectors [24] and field-effect tran-
sistors [32]. Despite the vast research interest, the transient
dynamics of TaAs is not well understood, with the literature
reporting different decay dynamics (single-decay dynamics
[33] and multiple-decay dynamics [34]) for TaAs. However,
knowledge of the transient dynamics is crucial since it deter-
mines the response time of the material, which is especially
important in ultrafast optoelectronics.

In this work, we studied the ultrafast response of TaAs in
the optical regime through transient reflection spectroscopy

©2020 American Physical Society


https://orcid.org/0000-0003-3013-0984
https://orcid.org/0000-0002-3514-2207
https://orcid.org/0000-0002-2261-7103
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.102.064307&domain=pdf&date_stamp=2020-09-01
https://doi.org/10.1103/PhysRevB.102.064307

JIAYUN LIU et al.

PHYSICAL REVIEW B 102, 064307 (2020)

with varying pump fluences. We noted a slow and a fast
relaxation for the hot injected electrons in TaAs by the pump
pulse. We attributed the fast decay to electron-hole (e-h)
recombination, which occurs on the picosecond (ps) time
scale. We attributed the slower decay, occurring in tens of ps,
to carrier cooling via electron-phonon (e-ph) coupling.

II. METHOD

TaAs crystals were grown by the chemical vapor transport
method using iodine as the transport agent. In a typical run,
tantalum, arsenic, and a small amount of iodine were loaded
into a silica ampoule. The ampoule was evacuated, sealed, and
heated slowly to 1050 °C and then subjected to a temperature
gradient from 1030 °C to 1070 °C, where the chemical vapor
transport proceeded for 2 weeks. TaAs then reacts with iodine
at the cooler end, forming gaseous species, is transported to
the hotter end, and finally recrystallizes into millimeter-sized
TaAs single crystals. More details on the crystal growth can
be found in [35].

Transient reflection (TR) spectroscopy is a pump-probe
technique to probe excited-state dynamics. Our TR measure-
ment is performed using HELIOS Fire (Ultrafast Systems
LLC). A Ti:sapphire laser (Coherent Legend Elite) with a
central wavelength at 800 nm, pulse duration of 30 fs, and
repetition rate of 1 kHz was used as both the pump and
the generator of the white-light probe. The white-light probe
allows for the probing of electron filling at different k points
of the conduction band. The laser is split into two paths for
TR spectroscopy. The white-light probe pulse is generated by
focusing the laser from one path onto a sapphire crystal. The
copolarized pump and probe pulse are focused on the TaAs
sample with spot sizes of 115 and 100 um, respectively. The
spectrum of the reflected probe pulse is measured at different
pump-probe delays. The normalized change in reflectance
(AR/R) at different pump-probe delays is recorded and the
TR spectra plotted. The absorption spectrum of TaAs is mea-
sured at room temperature with variable-angle spectroscopic
ellipsometry (J. A. Woollam Co.).

III. RESULTS

The steady-state absorption spectrum of the Weyl
semimetal TaAs measured at room temperature is shown in
Fig. 1. The two absorption peaks, at 440 nm (2.82 eV) and
560 nm (2.21 eV), are consistent with calculated band struc-
tures reported in the literature [28]; the 440-nm peak corre-
sponds to the transition from —0.2 to 2.6 eV at the N point,
while the 560-nm peak corresponds to the transition from —1
to 1.1 eV at the Z point.

To probe the ultrafast dynamics of the Weyl semimetal
in the visible regime, the TaAs is excited with an 800-nm
pump and probed from 430 to 720 nm at room temperature.
The pseudocolor TR spectrum plot of AR/R is displayed in
Fig. 2. The spectrum exhibits a positive AR/R signal for
probe wavelengths between 500 and 600 nm. The positive
AR/R signal corresponds to the process of photobleaching
(PB), where the states in the conduction band that were filled
with valence-band electrons absorbing the pump pulse can no
longer be filled by a subsequent probe pulse. This results in a
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FIG. 1. Steady-state absorption spectrum of TaAs measured
by variable-angle spectroscopic ellipsometry at room temperature.
Dashed vertical lines separate regions where the TR probe can be
fitted with a mono-/biexponential decay function. Absorption peaks
at 440 and 560 nm correspond to the transition at the N and Z points,
respectively. Inset: First Brillouin zone of TaAs.

smaller absorption, and thus a larger reflection, than without
the pump. For probe wavelengths outside this range, the TR
signal is initially negative, then changes to positive on a ps
time scale. The negative signal corresponds to photoinduced
absorption, where the electrons are further excited by the
probe pulse to higher-energy states after the pump excitation.

From the TR spectra, the excited-state dynamics can be
probed by examining the kinetic trace of the probe wave-
length. In Fig. 2, the strong PB signal at the 560-nm probe has
a transient signal that lasts tens of ps. Compared to the 525-nm
probe, which decays within a few ps, the slow decay corre-
sponds to an additional relaxation channel that is absent at the
525-nm probe, which is further discussed below. Therefore,

%102

700

D (o))
o ()]
o o

Wavelength (nm)
&
o

500

450

0 (&) 10 15 20 25 30
Time delay (ps)

FIG. 2. Pseudocolor TR spectrum plot for TaAs excited with an
800-nm pump at a pump fluence of 480 wJ/cm?.
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FIG. 3. Realistic band structure schematic of TaAs calculated with density functional theory using the Perdew-Burke-Ernzerhof exchange-
correlation functional (including spin-orbit coupling) [28], depicting the asymmetric populations of electrons (filled circles) and holes (open
circles) after thermalization. Dotted boxes indicate regions corresponding to 525- and 560-nm absorption.

probing at 560 nm should provide additional dynamics not
present at the 525-nm probe. The PB signal can be understood
as the occupation of the excited state due to pump excitation
as depicted by the filled circles in Fig. 3. The absorption
of the probe light is reduced as the higher-energy states are
occupied, which increases the transient reflectivity, giving the
PB signal. To obtain the relaxation time of the excited state,
the kinetic trace is fitted with exponential decay. From the TR
spectra, we found out that the 560-nm probe can be fitted with
biexponential decay while the 525-nm probe can be fitted with
monoexponential decay. The result of the biexponential decay
fitting is a fast (tpy = 1.55 £0.01 ps) and a slow (Tgow =
190 £ 10 ps) decay component as depicted in Fig. 4(a). The
monoexponential decay gives a fast (T = 1.59 £ 0.01 ps)
decay component, as depicted in Fig. 4(b), which is com-
parable to the fast relaxation obtained previously using the
560-nm probe. This suggests that the single relaxation channel
at the 525-nm probe shares the same mechanism as the fast
relaxation observed for the 560-nm probe.

To understand the origin of the fast decay, we compare the
transient dynamics with that of the traditional semimetal bis-
muth (Bi). For Bi, the conduction and valence band extrema
are at different k£ points, so e-h recombination is mediated
by phonons [36]. The e-h recombination dynamics in Bi has
been reported to be in the few-ps range from 2D optical-
pump terahertz-probe [37] and optical-pump optical-probe
[36] measurements. This establishes the upper limit of the e-h
recombination time in TaAs since, in TaAs, e-h recombination
does not require mediation by phonons, as the conduction and
valence bands overlap at the same k point. Also, the time scale
of the fast decay is consistent with e-h recombination in TaAs

reported in the literature by transient grating measurement
[34], which is sensitive to the density of photoexcited carriers.
Furthermore, this time scale is also similar to the reported
recombination time (~1 ps) in graphene [38,39], which has
gapless dispersion similar to that of TaAs. Therefore, we
ascribe the fast decay component, Ty = 1.55 £ 0.01 ps, to
e-h recombination as depicted by 7., in Fig. 3.

The slow component, which decays in a few tens of ps,
could be due to either e-ph coupling or Auger recombination
(AR), which occurs on a similar time scale [40,41]. In e-ph
coupling, electrons in higher excited states relax through the
emission of phonons. AR is a nonradiative process involv-
ing three carriers where energy released by an electron-hole
recombination is absorbed by either an electron or a hole
which is subsequently excited to a higher-energy state. To
understand the origin of this slower relaxation, we performed
TR spectroscopy at different pump fluences. The kinetics at
560 nm under different pump fluences is shown in Fig. 5(a).
Fitting the kinetic traces under different pump fluences, the
fast and slow relaxation times obtained are shown in Fig. 5(b).
In Fig. 5(b) it is clear that both the fast and the slow relaxation
times increase with increasing pump fluence corresponding
to a higher initial carrier density. In AR, the relaxation time
should decrease with increasing carrier population, since
more carriers are able to participate in the relaxation process.
However, our data show an opposite trend, suggesting that it
is not due to AR. In e-ph coupling, on the other hand, the low
density of states (DOS) near E = 0 [34] limits the carriers
relaxing past these states. As the photocarrier population
increases with increasing pump fluence, the relaxation time
increases, as more carriers are required to scatter past these
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FIG. 4. Experimental data (filled circles) fitted with exponential
decay (solid line) for (a) a 560-nm probe and (b) a 525-nm probe
under 480 11J/cm? pump fluence. The dashed line represents the data
before the pump.

states with low DOS. Therefore, the relaxation time should
increase with increasing carrier population [40]. Therefore,
the fluence-dependent data suggest that the slower relaxation
is due to e-ph coupling. The time scale of e-ph coupling
observed is much slower compared to that in a semiconductor,
which is typically a few ps [42]. We note that in a semi-
conductor with a wide bandgap, the recombination time is
very long. This slower relaxation in TaAs could be explained
[28] by the reduced DOS near E = 0; during relaxation,
the carriers have to scatter past these states with low DOS
before relaxing to the lower-energy states. However, the low
DOS restrict the number of carriers that can scatter to the
low-energy states, thus forming a bottleneck to the relaxation
process. This phenomenon is not observed in a semiconductor
since relaxation is through intraband transition where such a
bottleneck is not present.

We obtained two relaxation time scales (Tf and Tgjow)
from the fitting result of the 560-nm probe but a single
relaxation time scale (tgy) from the 525-nm probe. We
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FIG. 5. (a) Experimental data (filled circles) fitted with biex-
ponential decay (solid line). Multiple kinetics at a 560-nm probe
wavelength under different pump fluences. Inset: Kinetics at a
longer pump probe delay. (b) Relaxation time under different pump
fluences.

attribute the fast decay component to e-h recombination and
the slow decay to e-ph coupling. The absence of the slow
decay component at the 525-nm probe is further discussed in
the following section.

IV. DISCUSSION
A. Dual relaxation channels in TaAs

The fluence-dependent data suggest that the hot-electron
dynamics is similar to that of semiconductors. The optical
pump pulse excites the electrons far above the Weyl nodes
into a nonthermal distribution. These electrons subsequently
undergo momentum randomization [43] and thermalization
via electron-electron scattering on the tens-of-femtoseconds
time scale [34], resulting in the electron and hole distribu-
tion following a Fermi-Dirac distribution f,(E) and f,(E),
respectively, over all allowed k vectors in the entire Brillouin
zone. These electrons in excited states then relax to the ground
state through e-h recombination. This transition corresponds
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to T..n, which we observed in our experiment as illustrated in
Fig. 3. Although this physical picture has been able to explain
the carrier dynamics in various materials like semiconductors
[38] and perovskites [40], it does not provide an explanation
for dual relaxation in TaAs. It does not explain the electrons’
relaxing via a second, slower relaxation channel instead of
just following the faster and more efficient relaxation channel.
This problem can be explained by looking at the carrier
population immediately after thermalization, which can be de-
duced indirectly from the steady-state absorption spectra. The
absorption spectra tell us the joint density of states (JDOS)
for different probe wavelengths: A higher JDOS corresponds
to a wider range of k vectors where optical transitions are
possible, as depicted by the wider dotted box in the left portion
of Fig. 3. Hence a higher JDOS corresponds to more available
excited states for the electrons to scatter to during thermal-
ization. In addition, the chemical potentials of electrons (i)
and holes (up) after thermalization are at different ener-
gies, which are estimated from Nep, = fooo dE fom(E)gem(E),
where g.(E) is the DOS in the conduction/valence band
for the electron/hole, in the parabolic-band approximation.
From the Fermi-Dirac function, we see that states below (.,
are filled with electrons while states above u;, are filled with
holes. Hence, the occupation factor of holes below w, is
small, implying a low concentration of holes in these states.
This results in an asymmetric population of electrons and
holes as depicted in Fig. 3. Recombination of the excited
electrons to the lower-energy hole states is thus limited by
the low hole concentration at these states. Therefore, the
remaining excited-state electrons can only relax via other
channels.

Besides comparing the fast decay time scale to the reported
recombination time in semimetals, we further verify that the
fast decay corresponds to recombination by comparing the
fluence-dependent results with the literature. Since the band
structure of graphene is similar to those of Weyl semimetals,
the fluence dependence of the relaxation times should be
similar to that of TaAs. The recombination time in graphene
has been reported to exhibit a positive correlation with the
carrier density [39], consistent with our fluence-dependent
Trase in TaAs as shown in Fig. 5. As the pump fluence increases,
more carriers are generated, increasing the carrier density
where the recombination time is expected to increase.

At the same time, hot electrons can relax through an
additional relaxation channel, namely, carrier cooling via e-
ph coupling as denoted by 7., in Fig. 3. This relaxation
mechanism is slower than the recombination lifetime for
the following reasons. First, the photoexcited electrons are
required to scatter past the £ = 0 states (near ¥; in Fig. 3)
before relaxing to the lower-energy states [34]. However, the
low DOS limits this relaxation process and thus increases the
relaxation time. Second, the relaxation to different k& points
via e-ph coupling requires the emission of phonons. However,
these electrons can subsequently reabsorb the phonons, thus
slowing down the electron cooling process [40]. This expla-
nation is consistent with our pump fluence data in Fig. 5(b).
As the pump fluence increases, the density of the photoexcited
hot carriers increases, which, during relaxation, causes the
emission of a larger number of phonons; this in turn increases
the reabsorption of phonons by the carriers, which ultimately

increases the relaxation time tgy. Since e-h recombination
does not require scattering past states with a low DOS or
phonon emission, e-h recombination can be more efficient
than e-ph coupling in TaAs. Therefore, the combination of a
low DOS and phonon reabsorption by the carriers makes e-ph
coupling an inefficient relaxation mechanism compared to e-h
recombination.

B. Quenching of electron-phonon coupling

From the steady-state absorption spectrum in Fig. 1, we
see that starting at 475 nm, absorption increases with in-
creasing wavelength and peaks at 560 nm. Above a certain
absorption threshold (~2.51 in Fig. 1) corresponding to a
probe wavelength longer than ~525nm, there is a larger
JDOS between the initial and the final states. The majority
of the photoexcited electrons thus thermalize and occupy
regions in k space corresponding to these “final” states (from
steady-state absorption data) with high JDOS, then start their
cooling process by the dual channels of e-h recombination
and e-ph coupling. On the other hand, the JDOS is lower for
probe wavelengths shorter than ~525 nm. This corresponds
to regions of k space where there are fewer thermalized hot
electrons, and so the electrons should be able to relax entirely
through the more efficient e-h recombination as depicted
schematically by the narrower dotted box at the left in Fig. 3.
This picture is consistent with our experimental observation of
a single-exponential relaxation for probe wavelengths shorter
than 525 nm and double-exponential relaxation for probe
wavelengths longer than 525 nm. Interestingly, we can see
that for probe wavelengths longer than 525 nm, there is a
very long-lived (~ns) constant offset, which may be related
to carriers that have already relaxed to the Dirac point: There
the vanishingly low DOS makes further relaxation extremely
inefficient. The kinetics at the 525-nm probe can be fitted
well with a monoexponential decay, shown in Fig. 4(b), with
a relaxation time of (1.59 £ 0.01) ps. Also, the absence of
the slow decay due to e-h coupling at the 525-nm probe is
consistent with our physical model described above.

From classical electrodynamics, the current density is
proportional to the carrier density of the photogenerated
electrons/holes in the conduction/valence band. However,
how long this photoinduced current can be sustained depends
on how fast these photocarriers relax or recombine [44,45].
In our study we found that the carrier dynamics in TaAs con-
tains an extremely slow component, which could provide an
explanation of the large time-integrated photocurrent reported
in the literature [24].

V. CONCLUSION

In summary, we have performed TR spectroscopy on TaAs
where the electrons are excited with an 800-nm pump pulse. In
our experiment, we observed fast (~1 ps) and slow (~190 ps)
relaxation in TaAs when probed at 560 nm. The time scale
of the relaxation is consistent with the mechanism reported in
the literature for TaAs [34]. The origin of this slow relaxation
component is attributed to the low DOS near E =0 and
phonon reabsorption during carrier cooling. The fast and
slow decay components correspond to e-h recombination and
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e-ph coupling, respectively. Also, the relaxation times of both
channels increase with increasing pump fluence due to the
high carrier density. Furthermore, we found that upon chang-
ing the probing wavelength, from 560 to 525 nm, relaxation
through e-ph coupling was not observable. This quenching
of the e-ph relaxation channel is due to fewer electrons in
the corresponding excited state immediately after thermal-
ization, which allows all the carriers to relax through the
more-efficient e-h recombination channel. An understanding
of the carrier dynamics of TaAs might pave the way for its
application in sensitive optoelectronics.
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