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We report ultrafast optical measurements of the Dirac line-node semimetal ZrSiS and the Weyl semi-
metal NbAs, using mid-infrared pump photons from 86 meV to 500 meV to directly excite Dirac and
Weyl fermions within the linearly dispersing bands. In NbAs, the photoexcited Weyl fermions initially
form a non-thermal distribution, signified by a brief spike in the differential reflectivity whose sign is
controlled by the relative energy of the pump and probe photons. In ZrSiS, electron-electron scattering
rapidly thermalizes the electrons, and the spike is not observed. Subsequently, hot carriers in both mate-
rials cool within a few picoseconds. This cooling, as seen in the two materials’ differential reflectivity,
differs in sign, shape, and timescale. Nonetheless, we find that it may be described in a simple model
of thermal electrons, without free parameters. The electronic cooling in ZrSiS is particularly fast, which

may make the material useful for optoelectronic applications. Published by AIP Publishing.

https://doi.org/10.1063/1.5055207

Interest has surged recently in topological semimetals
whose low-energy excitations are Dirac or Weyl fermions.'™
These materials’ technological potential is enhanced by exotic
optical effects, predicted®'” and observed,'! including giant
second-harmonic generation in the infrared. They have been
used to make broadband infrared photodetectors'*™> whose
response time can be just a few picoseconds,'? and a passive
optical switch for picosecond mode-locking of a mid-infrared
laser.'® Such applications call for deeper understanding of the
materials’ ultrafast optical properties.

The ultrafast dynamics of the 3D topological semimetals
are broadly similar to each other,'” and typically consist of
two parts. The first part, a sub-picosecond spike, is some-
times ascribed to the thermalization process by which the ini-
tial, photoexcited distribution of electrons evolves into a
Fermi-Dirac distribution,”’18 or alternately ascribed to the
cooling of hot electrons by optical phonons.'** The spike
has not been observed when the pump and probe photons
have different energies.'®** The second, slower part of the
ultrafast response typically decays in a few picoseconds,
matching the response time of Cd;As,-based devices.'>'¢
There is growing evidence'®?°~2*? that this slow decay rep-
resents the cooling of electrons and holes whose temperature
exceeds that of the lattice, so that the electronic cooling rate
appears to determine the speed of devices made from topo-
logical semimetals.
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Though the linear electronic dispersion of Dirac and
Weyl semimetals resembles graphene’s, the Dirac (or Weyl)
fermions in these materials exist over a smaller range of
energies extending into the mid-infrared. To study the Dirac
fermions’ dynamics, ultrafast experiments have typically
photoexcited electrons and holes with 1.5-eV photons, well
beyond the topological bands. Some of these carriers then
relax into the topological bands, where they may be observed
by an infrared probe'®**** or by photoemission;*'**2® other
carriers relax without passing through the topological
bands,”® and are not measured. Though it is preferable to
directly excite Dirac carriers by a mid-infrared pulse, very
few experiments have explored their dynamics.'®%

In this work, we use photons from 86 meV to 500 meV
to directly excite Dirac and Weyl fermions in ZrSiS and
NbAs, and we measure AR(t), the change in reflectivity of a
time-delayed mid-infrared probe pulse. ZrSiS is a Dirac line-
node semimetal®’ with a Fermi energy® E = 13 meV, while
NbAs is a Weyl semimetal®” with Ep = —125meV.***! We
find that the two materials’ ultrafast responses differ radi-
cally in shape, sign, and timescale. Nonetheless, in both
materials, AR(f) features a prominent component owing to
the cooling of photoexcited carriers by phonons, and a sin-
gle, simple model of thermal electrons unifies the materials’
diverse responses. Additionally, in NbAs, we observe a sub-
picosecond spike, whose sign is controlled by the energy of
the pump photons. This spike signifies directly excited Weyl
fermions, and it decays as they thermalize. However, in

Published by AIP Publishing.
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ZrSiS, the data shows no initial spike. We attribute this dif-
ference to the line node’s much greater density of states,
which allows thermalization to proceed so rapidly that,
within our time resolution, a nonthermal distribution never
occurs. The component representing electronic cooling can
have a decay rate as fast as y = 5 ps_ ', suggesting that ZrSiS
may be particularly well-suited for fast optical devices.

Figure 1 illustrates the scheme of the measurement. Both
the pump and the probe energies lie within, or nearly within,
the linear dispersion. Transitions above 2Ej result in inter-
band absorption and directly excite Dirac or Weyl fermions.
Those below 2E are Pauli-blocked (though incompletely so
at room temperature), and energy is absorbed primarily
through Drude heating. The energies used give us access to
both regimes in NbAs, and just to the interband regime in
ZrSiS. NbAs has the added complication that non-topological
bands intersect EF,30’3'1 allowing intraband transitions even at
low energy. However, the conductivity is dominated by the
Weyl carriers,” as happens in other topological semime-
tals.>**® Our results for NbAs will be well described by con-
sidering only the Weyl bands, though we cannot exclude
some additional effect from the non-topological bands.

Our two-color, transient pump-probe measurements
employed a reflection geometry using 1kHz, 800 nm, 70 fs
amplified laser pulses with 5 mJ of energy. We derived pump
and probe wavelengths separately from two optical paramet-
ric amplifiers (OPAs) which were pumped with 4 mJ and 1
mJ, respectively. The OPAs were capable of generating mid-
IR wavelengths from 2.6 um to 22 um by difference fre-
quency generation. The resulting time resolution was about
100 fs. The pump fluence was typically about 10 mJ/cm?,
enough to strongly saturate the absorption, which improves
the spatial homogeneity of the excited region. (See the sup-
plementary material for further details.) Measurements were
done at room temperature.

Single crystals of ZrSiS were grown via iodine vapor
transport, following the method of Ref. 27. NbAs single
crystals with dimensions of a few millimeters and well-
faceted surfaces were grown by vapor transport with iodine.
We combined crystal growth with synthesis in sealed quartz
ampoules. Crystals grew at 850 °C in the center, with arsenic
at 610°C on one side and niobium foil at 800°C on the
other. X-ray diffraction confirmed the NbAs phase. The sur-
face of the NbAs sample was polished with 20-nm paper for

flatness. In pump-probe experiments at 1.5eV, such
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FIG. 1. (a) Representation of the photoexcitation process for photon energies
below or above 2E. (b) and (c) Schematic representation of the real conduc-
tivity, with Drude (red) and interband (blue) contributions. The dashed lines
are 2E . The black (red) arrows are pump (probe) energies.
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polishing is known to suppress bulk-to-surface scattering and
thereby eliminate a 50-fs transient.”

The differences between ZrSiS and NbAs are immediately
apparent in Fig. 2, which shows the results of our pump-probe
measurements for several choices of the pump and probe
wavelengths. For ZrSiS, AR is always positive, rises abruptly,
and decays swiftly. The measured decay is entirely indepen-
dent of the probe wavelength (not shown), and it depends
weakly on the pump wavelength, with the decay rate y slowing
from about 5 ps~' to 2.5 ps~' as the pump-photon energy is
raised. The ultrafast response of NbAs is more complicated.
AR(f) begins with a sub-picosecond spike, which may be either
positive or negative. AR(f) subsequently becomes negative,
gradually reaching a minimum value in about a picosecond,
then decaying toward zero during the next few picoseconds.
This basic shape experiences several variations as the pump
wavelength is changed. For low-energy pump photons, the ini-
tial spike is small and negative, and the subsequent, slower
decay begins at a fairly negative AR. For high-energy pump
photons, the initial spike is large and positive; the slower decay
begins near AR = 0 and takes longer to reach its minimum
value. At an intermediate pump energy of 350 meV, the initial
spike is first positive and then negative, a behavior it main-
tains, though less strikingly, when the probe is changed from
270meV to 220 meV. (This peculiar behavior, and its variation
with the probe wavelength, will be discussed further below.)

The diverse behaviors we observe in AR(f) may appear to
require diverse or complicated explanations. We will show,
however, that nearly all of our data may be explained by the
simple mechanism of phase-space filling—in which the occu-
pation of a state above the node by an electron (or below the
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FIG. 2. Pump-probe reflectivity measured at a fixed probe wavelength for a
variety of pump-photon energies. The curves are normalized and shifted verti-
cally for clarity. (a) ZrSiS, probed with 270-meV photons. (b) NbAs, probed
with 270 meV. (c) NbAs, probed with 220 meV. (Curves shifted horizontally.)
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node by a hole) suppresses further optical absorption via the
Pauli exclusion principle. During the initial spike (occurring in
NbAs), the phase space is filled by a nonthermal distribution of
photoexcited electrons and holes [Fig. 4(a)]. Subsequently,
these carriers thermalize by electron-electron scattering, leav-
ing the Weyl (or Dirac) fermions at an elevated temperature;
phase space is filled by thermally excited electrons and holes
[Fig. 3(a), inset].

We begin by discussing the latter, thermal behavior, for
which we can construct a simple model that agrees quantita-
tively with our observations. The calculations, which we out-
line here, are detailed in the supplementary material. We let
T.=AT,+ 300K be the electrons’ instantaneous tempera-
ture, with AT, being the transient heating above room tem-
perature. T, determines a Fermi-Dirac occupation function
AT,) with the chemical potential chosen to conserve electron
number. We use a simplified density of states: g(E) «x E
around a line node, and g(E) x E? around a point node. We
determine the change in the real conductivity Aci(w)
through the Kubo-Greenwood formula (Eq. S1 of the supple-
mentary material), and the change in the imaginary conduc-
tivity Ao,(w) through the Kramers-Kronig relations; these
determine AR(AT,).

The results of this calculation appear in Fig. 3(a). The key
observation is that for ZrSiS AR is positive for nearly all elec-
tronic temperatures, while for NbAs, AR is non-monotonic,
and is negative unless AT, exceeds 590 K. The overall magni-
tude of AR in these curves is arbitrary. For NbAs, however,
AR reaches a minimum at 250 K, which overcomes the arbi-
trary vertical scaling: by identifying the minimum measured
AR with the minimum calculated AR, we can extract AT,(r)
from the measured AR(¢). The result of this analysis appears in

-
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FIG. 3. (a) Simulation of AR vs. AT, for thermal electrons, for a 270-meV
probe. The solid line is for NbAs, and the dashed line is for ZrSiS. Inset:
examples of the Fermi function for NbAs at 300K (black) and 1000K (red).
(b) Transient electron temperature of NbAs, as inferred from the measured
AR(?) via the curve in panel (a), for several values of the pump-photon
energy. The arrows indicate the temperature at which AR reaches its mini-
mum. AT.(f) is similar when probed at 220meV (see supplementary
material).
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Fig. 3(b). The initial electronic temperatures are of order
500K, and pump photons with higher energy E, result in a
higher initial T,. The electrons cool during the next few pico-
seconds, and the cooling rate gradually slows, with its instanta-
neous decay rate y dropping from about 1.2 ps~' to about 0.35
ps~'. This slowing is consistent with the well-known phonon
bottleneck,”*** in which electronic cooling is mediated first by
optical phonons, then by acoustic phonons. Our measured rates
are much faster than the 0.08 p571 seen in Cd3Asz,18 but simi-
lar to those measured in MoTe,,”> which slowed from 2.3 ps”!
to 0.24 ps~'. Analysis by a two-temperature model (see the
supplementary material) enables us to estimate the electron-
phonon coupling in NbAs as 260-600 (meV)?, much higher
than what was measured in MoTe,.*”

For ZrSiS, the calculated AR [Fig. 2(a)] and the mea-
sured ones [Fig. 1(a)] both lack local extrema, so we cannot
infer AT, from our data. Nonetheless, the calculated AR(T,)
is concave down, which does explain the most prominent
trend in the ZrSiS data, namely that the signal relaxes more
slowly for more energetic pump photons. This slowing
occurs because a higher E,, results in a higher initial T,, and
thus in a lower slope of AR vs. T,. Notably, the decay rate y
of 5 ps~' to 2.5 ps~! indicates that electrons in ZrSiS cool
much faster than in NbAs, or indeed other topological semi-
metals,'®*1?* with only WTe, and MoTe, coming close.?**?
Such rapid cooling requires a strong electron-phonon interac-
tion, for which Raman studies provide some evidence.>

Next, we consider the cause of the rapid positive or neg-
ative spike that occurs in NbAs, but not in ZrSiS. Optical
coherence between pump and probe pulses can sometimes
give rise to a similar spike, but our pump and probe cannot
be coherent since they differ in frequency.>® Even in the
absence of coherence, when the pump and probe are simulta-
neous, a negative spike may arise from two-photon absorp-
tion,36 or a positive one from off-resonant electronic Raman
excitation.

However, phase-space filling explains the spike more
simply than either of these effects, because it can cause both
positive and negative spikes with a single mechanism. The
curve of Fig. 3(a) shows that the spike cannot represent
phase-space filling by thermal electrons—that would require
T,(t) to be non-monotonic. Rather, in the brief time before
electrons thermalize with each other, the electrons and holes
occupy phase space at =FE,/2 [Fig. 4(a)], reducing o, at this

1 —
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@ ] |
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FIG. 4. (a) Nonthermal occupation functions of NbAs, as modeled for
pumps of 150meV (left) and 500 meV (right). The arrow indicates the opti-
cal transition made by the pump. Absorption of the lower-energy pump is
suppressed by Pauli blocking. The occupation function prior to excitation is
shown in the background. (b) The resulting Ag; (solid) and Ao, (dashed).
(c) AR. The arrows indicate probe energies used.
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energy through phase-space filling, and modifying o, [Fig.
4(b)]. The resulting AR appears in Fig. 4(c). The calculated
result agrees with our measurements: when the pump pho-
tons are more (less) energetic than the probe, AR is positive
(negative). We observe that the negative peaks are much
smaller than the positive ones, which is expected: when E,,
< 2Ep, the Pauli principle suppresses interband absorption,
though at finite temperature some absorption can still occur.

This picture may even hint at an explanation for the
peculiar behavior observed at a pump energy of 350 meV,
where the initial spike is first positive, then negative. Though
most of our data are fairly insensitive to changes of the probe
energy, this sign change is more pronounced for a 270-meV
probe than for 220 meV, which is farther below the pump
energy. We suggest that possibly the sign-change may sig-
nify the scattering of a portion of the nonthermal population
from just above to just below the probe energy. Since more
electrons will scatter to energies below the 270-meV probe
than below the 220-meV one, the downward spike should be
correspondingly stronger.

More intriguing, though, is that no spike is observed in
ZrSiS—as evidenced by the lack of a negative transient at
any pump energy, despite the material’s much lower Ep.
Evidently, we never measure a non-thermal electronic distri-
bution in ZrSiS, implying that electrons must thermalize
efficiently within our time resolution—requiring rapid
electron-electron (e—e) scattering. The e—e scattering may be
enhanced by ZrSiS’s low Fermi energy, which makes the
e—e Coulomb interaction only weakly screened;®’*® and also
by the line node which, compared to point-node semimetals
such as NbAs, provides a far larger density of states near E.

Our analyses of the spike and of the subsequent, slower
relaxation rely heavily on our calculated AR, so a few words
about our model are in order. For the sake of broad applicabil-
ity to Weyl and Dirac materials, we prioritized simplicity and
independence from material parameters—such as the Fermi
velocity and the number of nodes. Apart from Ep, the only
material parameter used is the optical conductivity at the
probe energy, which we obtain from infrared spectroscopy,
described and shown in the supplementary material.*** In
fact, writing ¢ = |O’|€i0, only 0 influences our calculation, and
not |o|. For ZrSiS, 6 = 45° * and for NbAs 0 = 21° (see sup-
plementary material). In the supplementary material, we
explore the effect of small differences in Ex and 6.

We have treated Ac as arising only from phase-space
filling, leaving aside laser-induced modifications to the
Drude conductivity, band renormalization, and saturation of
the absorption. We treated the materials themselves as ideal:
the densities of states g(F) o« E and g(E) E? assume bands
that disperse linearly, and are justified because both our
pump and our probe energies lie within the Dirac and Weyl
bands, so carriers are not excited in the massive bands at
higher energy. Nonetheless, it is a radical simplification: it
excludes particle-hole asymmetry, non-topological bands
(though some are known to cross the Fermi energy of
NbAs®**!) and curvature of the topological bands (which is
known to occur around 100 meV in ZrSiS***°) Despite these
simplifications, our model finds applicability beyond our
own experiment: the AR(T,) of Cd;As,, which Lu et al**
have inferred empirically, looks much like what we calculate

Appl. Phys. Lett. 113, 221906 (2018)

for NbAs. (Their sign differs, which happens for some values
of 0.)

We note, in closing, that previous experiments with 1.5-
eV pump photonsl&zo_zz’24 have suggested picturing the ultra-
fast dynamics of topological semimetals as the cooling of hot
Dirac or Weyl fermions. The simplicity of our experiment, in
which both the pump and the probe lie within the topological
bands, allows us to quantitatively validate this picture with a
simple model for AR vs. AT, that reproduces the principal fea-
tures of AR(?), including its non-monotonic behavior and its
different signs in ZrSiS and NbAs, without free parameters.

Additionally, we have demonstrated that Dirac and Weyl
fermions may be directly excited. We have identified the sig-
nature of their initial, nonthermal distribution in a spike whose
sign depends on the relative energy of the pump and the
probe. Rapid e—e scattering depletes the nonthermal popula-
tion, causing the Dirac or Weyl fermions to thermalize very
quickly. Indeed, while the fastest transient in NbAs is thermal-
ization, in ZrSiS, thermalization occurs within our time reso-
lution, and the fastest transient is electronic cooling. Since this
cooling controls the response-time of ultrafast devices, our
result suggests that ZrSiS, in addition to being non-toxic and
earth-abundant, may support even faster optical switches and
detectors than does CdzAs,. 12,16

See supplementary material for additional experimental
details, analysis, and description of the model.
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