


2

trafast optical, properties.
Most optical measurements probe states in a material’s

bulk, making the Dirac and Weyl fermions in 3D mate-
rials more amenable to optics than those in graphene
or on the surfaces of topological insulators. Indeed, the
materials’ intrinsic interest and their potential for opti-
cal and optoelectronic uses are enhanced by many exotic
optical properties, predicted or observed. Their optical
conductivity is linear in frequency, or constant for nodal-
line materials,16 and may include step functions tunable
by external fields.17 They exhibit partially spin-polarized
photocurrent driven by circularly-polarized mid-IR light
(Sec. III) and anisotropic photoconductivity,18 while
films should exhibit resonant transparency at THz fre-
quencies tuned by a magnetic field19 and a mid-IR pass-
band lying between EF and 2EF .20

A material’s ultrafast dynamics refers to its sub- and
few-picosecond response to excitation by an optical pulse,
and is measured using “pump” and “probe” pulses, both
typically of 20 − 100 fs duration (Fig. 1c). Upon in-
teraction with the pump, the sample’s properties are
briefly changed, principally by excitation of electrons and
phonons and by modification of the electronic band struc-
ture. The changes can be monitored with a probe pulse
arriving a variable time (of order picoseconds) after the
pump—for instance by measuring the reflectivity, trans-
missivity, or photoelectron spectrum. As the sample re-
laxes toward equilibrium, the measured property returns
to its pre-excitation value. Ultrafast experiments are use-
ful for observing materials perturbed far from equilib-
rium, for resolving very fast processes, and for rapidly
controlling materials’ optical and electronic properties.
The ultrafast responses of several Dirac and Weyl

semimetals have been measured and are already be-
ing put to practical use: the materials have been used
to make a passive optical switch for picosecond mode-
locking of a mid-infrared laser21 and broadband infrared
photodetectors22,23 whose response time can be just a
few picoseconds. Photocurrent in Weyl semimetals has
an intrinsic lifetime below a picosecond and flows with-
out applied bias, pointing the way to fast, low-noise
mid-infrared detectors.23 Dirac semimetals have proven
efficient in generating high harmonics in the terahertz
range,24 and Weyl semimetals are expected to show
strong four-wave mixing.25

Further knowledge of these materials’ response to pho-
toexcitation will be important for basic research—in real-
izing a predicted exciton condensate,26 relating photocur-
rents to electronic topology, or achieving proposed effects
in which intense pulses of light might separate or merge
pairs of Weyl points,8,9,27,28 open or close gaps at Dirac
points,9,29 or convert nodal lines to point nodes.28,30 This
Perspective will start by discussing what can be learned
from the ultrafast properties themselves, the progress
that has been made and the important open questions
(Sec. II), then explore the ways in which ultrafast mea-
surements can help accomplish some even more exciting
goals, such as the quantized injection of photocurrent

(Sec. III) and the possibility of controlling Dirac and
Weyl materials on ultrafast timescales (Sec. IV).

II. ULTRAFAST THERMODYNAMICS

Many ultrafast experiments on Dirac and Weyl
semimetals have focused on photocarrier dynamics: the
rates and mechanisms by which photoexcited electrons
and holes relax to their initial states. The questions such
research asks are essentially thermodynamic ones: Which
states are occupied, and which unoccupied? Is the occu-
pation function described by a Fermi-Dirac distribution,
and of what temperature? How quickly, and by what
means, does heat pass from electrons to phonons? Ul-
trafast excitation, by driving a material far from equilib-
rium, can explore these thermodynamic questions under
otherwise inaccessible conditions.
For Dirac and Weyl semimetals, answering these ques-

tions is valuable for several reasons. The first is prac-
tical: photocarriers relax much like the hot electrons
important in high-field devices.31 These processes also
dictate the performance of optoelectronic devices. For
instance, the several-picosecond response times of a
Cd3As2 photodetector23 and optical switch21 closely
match the few-picosecond rate at which its electrons
cool.32–36 Second is the new physics to be learned:
the photocarrier dynamics of Dirac and Weyl semimet-
als differ in interesting ways from those of metals and
semiconductors—the paradigmatic materials of ultrafast
dynamics—as well as from graphene and topological
insulators,37 the semimetals’ two closest analogs. Finally,
as I will detail below, understanding these materials’ ul-
trafast thermodynamics can contribute critically toward
some of the field’s most ambitious goals: exploring ex-
citon insulators, linking the nonlinear optical response
to topological invariants, and modifying band topology
controllably, reversibly, and literally in a flash.

A. The pump and the probe

The first step in an ultrafast experiment is the excita-
tion of the sample by a short optical “pump” pulse. Intra-
band (Drude) absorption of the pulse heats the electron
gas, while interband absorption creates excess electrons
and holes in a non-thermal distribution.
The pump often consists of 1.5-eV (800-nm) photons.

This is the energy of a Ti:Sapphire laser, but is not ide-
ally suited to studying the ultrafast properties of Dirac
or Weyl fermions: for most materials 1.5-eV optical tran-
sitions are available to or from non-Dirac bands,38 and
1.5 eV often exceeds the range of the bands’ linear dis-
persion, so the pump can excite non-Dirac electrons and
holes. Some of these carriers quickly relax into the Dirac
cone, as shown by ultrafast ARPES,39–41 but others re-
lax without passing through the Dirac or Weyl bands—
likely the majority, considering the low density of states
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FIG. 2. (a)-(e): Schematic representation of the excitation and relaxation of electrons and holes in a Dirac or Weyl semimetal.
Time runs left to right. The many non-Dirac bands far from the Fermi energy are represented by broad continuua above and
below the node. The material is shown slightly n-type. (h): Mid-infrared excitation may produce purely Dirac (or Weyl)
electrons and holes. (f) and (g) ∆σ and ∆R vs. ωprobe are shown for phase-space filling in a narrow energy range, such as
panels (b) or (h). θ in panel (g) is the argument of the material’s complex conductivity σ, evaluated at ωprobe.

near a Dirac point. It is preferable to use a mid-infrared
pump pulse, which excites Dirac carriers directly and ex-
clusively, but few experiments have done so.33,42,43

The most widely-used measure of a material’s ultrafast
response is the change in its reflectivity, ∆R(t). Years of
ultrafast studies of semiconductors have identified four
principal mechanisms by which photoexcitation may con-
tribute to ∆R,44–46 and all four occur in Dirac and Weyl
semimetals. The first is the pump’s excitation of, and
the probe’s coupling to, a coherent phonon; this phe-
nomenon, recognizable by oscillations in ∆R(t), is dis-
cussed in Section IVB.
Second, photoexcitation may alter the Drude conduc-

tivity of free carriers by changing the carrier density N ,
the scattering time τ , or the the high-frequency dielec-
tric constant ε∞. Reflectivity cannot distinguish changes
in N from those in ε∞, since they appear in the optical
conductivity only through the screened plasma frequency
ωscr
p =

√

4πNe2/(mε∞). However, if the probe is broad-
band, and particularly if it spans frequencies near ωscr

p ,
fits to ∆R(ω) can distinguish changes in τ from those in
ωscr
p . For instance, Kirby et al.47 showed that excitation

of the nodal-line semimetals ZrSiS and ZrSiSe caused a
sub-picosecond decrease in ωscr

p , which they attributed to
an increase in electronic screening and ε∞. For t > 1 ps,
ωscr
p recovered while τ was reduced, likely by heating.
The third contribution to ∆R is band renormalization

(called “band-gap renormalization” in semiconductors),
in which excited carriers modify the electronic dispersion.
Optical reflectivity has not shown this effect in Dirac or
Weyl semimetals, but ARPES has.39,41 In ZrSiSe, pho-
toexcitation reduces the group (band) velocity of surface
states near EF . Ordinarily the low density of states near
a node results in weak screening of the Coulomb inter-
action and strong correlations. Consistent with Ref. 47,
Gatti et al.41 attribute the modified dispersion to addi-
tional screening by excited carriers.
Fourth, and often dominant, is phase-space filling

(PSF), in which the occupation of a state above the node
by an electron (or below the node by a hole) suppresses
further optical absorption via the Pauli exclusion princi-
ple. The connection between this suppressed absorption
and ∆R is made in three steps, detailed pedagogically in
the supplement to Ref. 42 and illustrated in Fig. 2f-g:
PSF changes the real part, σ1, of the optical conductivity,
with ∆σ1 < 0; the Kramers-Kronig relations prescribe
a corresponding change in the imaginary part, σ2; and
∆R is a function of both σ and ∆σ. For Dirac and Weyl
semimetals, good approximations are available that make
all three steps tractable,42 particularly if the PSF occurs
only for states within the Dirac or Weyl cone—which may
be ensured by using an appropriately low pump energy.
Note that even when phase-space is filled only for tran-

sitions at a single frequency (Fig. 2f,g), the Kramers-
Kronig relations require nonzero∆σ2 and∆R over a wide
range of frequencies. Thus, though the probe measures
∆R at a single frequency, it is not energy-specific, de-
spite occasional assertions to the contrary; ∆R(ωprobe)
is influenced by optical transitions at many frequencies
(Fig. 2g; see Eq. S5 of Ref. 42 or Eq. 14 of Ref. 44). Ul-
trafast ARPES or core-level spectroscopy48 allow greater
energetic specificity. To a lesser degree, so do optical
probes that measure the complex optical response, such
as heterodyne-detected transient-grating spectroscopy32

and time-domain THz spectroscopy.35 In these experi-
ments the sign of ∆σ2 may constrain whether ∆σ1 occurs
at energies above or below the probe (Fig. 2f).

B. Time-dependence

Figure 2a-e illustrates the sequence of events occur-
ring after photoexcitation. Immediately upon photoexci-
tation (Fig. 2b), PSF causes ∆σ1 < 0 right at the pump
frequency ωpump, while ∆σ2 is nonzero over a broader
range of frequencies, and ∆R may be positive or nega-
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tive depending on both σ(ωprobe) and on whether ωprobe

lies below or above ωpump (Fig. 2f-g). This phenomenon
is consistent with a short “spike” in ∆R(t) seen in many
pump-probe experiments: the spike is prominent in de-
generate experiments32,33,49–51 (ωpump = ωprobe), and of-
ten small42 or absent33,34 in non-degenerate ones. The
spike is brief because carriers soon scatter into differ-
ent states and cease to fill phase-space for transitions
at ωpump. Their scattering contributes to thermalization,
the process by which the non-thermal distribution of elec-
trons of Fig. 2b evolves into a hot Fermi-Dirac distri-
bution (Fig. 2c).33,42,50 At this point a two-temperature
model (TTM), with a carrier temperature Te higher than
that of the lattice, may be apt. I will argue, however, that
the TTM is most interesting when it is violated.
A spike in ∆R(t) may alternately arise from very rapid

electronic cooling32,49,52—if thermalization proceeds too
rapidly to resolve, if the timescales of cooling and ther-
malization overlap, or if the thermalization of photoex-
cited electrons with background electrons serves to cool
the former and heat the latter. Finally, if the spike’s du-
ration equals the cross-correlation of the pump and the
probe, it may arise from one of several effects commonly
called the “coherent artifact,”53 some of which may be
diagnosed or mitigated by changing the beams’ relative
polarizations.
The dominant processes after thermalization are cool-

ing and recombination of electrons and holes. The two
are intimately related, because if EF lies close to the
node, the electron and hole populations are strong func-
tions of Te (Figs. 3a,c). The effect is stronger than
in semiconductors, where the population remains weakly
dependent on temperature until Te is comparable to the
donor or acceptor energy. (On the other hand, if EF lies
far from the node, the semimetal resembles a metal: a
thermalized distribution has only a single type of carrier,
whose population is independent of Te, as in Figs. 3b,d.
Recombination, then, must occur during thermalization,
prior to cooling.)

1. Population inversion and the exciton insulator

If cooling outpaces recombination—if there exist times
fast compared to recombination but slow compared to
cooling—the TTM is not valid. Electrons and holes will
accumulate near the node, with distinct Fermi-Dirac dis-
tributions and distinct chemical potentials (Fig. 2d).
The resulting population inversion could potentially sup-
port broad-bandwidth lasing in poorly-served regions of
the mid-infrared. Better yet, the vanishing density of
states at a node promotes many-body instabilities, mak-
ing optically pumped Dirac and Weyl semimetals poten-
tially suitable for studying the elusive exciton insulator
(EI) state. A review by Pertsova and Balatsky26 is cau-
tiously optimistic, pointing out that in Dirac or Weyl
materials the EI’s transition temperature Tc could reach
tens of Kelvin, and that the inversion’s lifetime τ could
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FIG. 3. (a,b) Fermi-Dirac distributions at room tempera-
ture and 650 K for Dirac semimetals with (a) EF = 0 and (b)
EF = 115 meV. (c,d) Electron and hole density (and den-
sity of states), for the same two cases. Heating a semimetal
with a high EF does little to increase the carrier density. (e)
Modeled ∆R(Te), referenced to 300 K, for Cd3As2 (probe
310 meV) and NbAs (270 meV). (f) ∆R(t) for NbAs mea-
sured at room temperature with mid-infrared pump and 270-
meV probe, showing the “spike” feature and a non-monotonic
transient consistent with monotonic cooling. Data in (e) from
Refs. 34, 36, and 42, and in (f) from 42; used with permission.

be long. Indeed, τ is critical: time is needed for excited
carriers to cool below Tc, and in order to observe the state
spectroscopically the product of τ and the excitonic gap
should exceed !/2.
The hope for a long τ lies in a theoretical predic-

tion that Auger recombination, which in graphene is fast
enough to be the dominant recombination channel,54,55

should be far slower in 3D Dirac and Weyl semimetals,56

including in nodal-line materials.57 (For Dirac and Weyl
semimetals, as for graphene, linear dispersion causes the
phase-space for Auger recombination to vanish. However,
in graphene this vanishing is compensated by a diverg-
ing matrix element for scattering; in 3D materials it is
not.) Opening a gap at the Dirac node55 or doping EF

away from the node may profoundly influence the rate of
Auger recombination (and of its inverse process, impact
ionization, which can cause carrier multiplication).
Population inversions are known to occur even in

graphene55—though the electron and hole chemical po-
tentials remain distinct for only 130 fs—but few studies
suggest an inversion in 3D Dirac and Weyl semimetals.
In MoTe2, the recombination lifetime, though just 1.5
ps, appears to exceed the cooling time of 0.38 ps.48 In
Cd3As2 Zhang et al.35 measured the THz conductivity,
finding that after photoexcitation ωscr

p was enhanced, and
remained so for about 6 ps. (It seems likely that N in-
creased, rather than that ε∞ decreased, since Refs. 41
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and 47 show that excitation increases ε∞; and this excess
population should not be caused merely by electron tem-
perature, as the sample had a high EF .) Cd3As2 itself is
a poor candidate for an EI, as its predicted Tc is just 0.1
K, but an inversion with a similar lifetime in other Dirac
or Weyl materials would be encouraging indeed.

2. Electronic cooling

Type-II Weyl semimetals such as Td-WTe211 resem-
ble classic semimetals like Bi in having pockets of
electrons and holes, whose recombination therefore re-
quires a phonon. In both Td-WTe249 and Bi,58 this
phonon-assisted recombination is strongly temperature-
dependent, is several times slower than in other Dirac
and Weyl semimetals,50 and is slower than the rate of
electronic cooling.

When recombination processes are fast, on the other
hand, the actual rate of recombination will match the
rate at which electrons cool by giving energy to the
lattice (Fig. 2e). It is well established that the
pump heats the electrons by a few hundred Kelvin,
and that they subsequently cool with few-picosecond
time constants,32,33,40,42,49 though some work has sug-
gested much higher initial temperatures36 or much faster
cooling.48

When the few-picosecond decay of ∆R appears multi-
exponential, it is tempting to attribute the distinct decay
rates to distinct relaxation processes—but this tempta-
tion should be resisted. To see why, consider ∆R(Te),
which various authors have described via phenomenolog-
ical curves,34 minimalist models,42 or detailed material-
specific calculations.36 Notice (Fig. 3e) that ∆R(Te) is
generally not linear, and seldom even monotonic. Thus
even the simplest electronic cooling will generically re-
sult in a non-simple shape for ∆R(t). (The same may be
true for metals,59 though the relevant temperature scale
is higher.)

Nonetheless, the electrons’ cooling may indeed occur in
distinct stages, particularly when the TTM fails. Elec-
trons often couple more strongly to optical phonons than
to acoustic, resulting in a “phonon bottleneck”:60 the op-
tical phonons rapidly reach thermal equilibrium with the
electrons, while the acoustic phonons remain cool; further
electronic cooling then relies on the slower, anharmonic
processes that transfer energy from optical to acoustic
phonons. The description of this process requires at least
three temperatures. Evidence for a phonon bottleneck in
3D Dirac and Weyl semimetals, however, is sparse32,40—
partly because, as noted, a biexponential decay of ∆R
needn’t imply biexponential cooling. (Let’s also note that
biexponential fits should not be trusted when the two
decay rates are very close, and that an experiment’s in-
terpretation should not hinge on subtle differences in the
decay rate, particularly when those differences lie close
to the noise level.61)

C. Prospects for ultrafast thermodynamics

The picture of ultrafast dynamics I’ve presented is
both simple and simplified, but describes many Dirac
and Weyl semimetals under many experimental condi-
tions. The usual pattern is this:50 in less than a picosec-
ond electrons thermalize with each other and begin to
cool, and some of them occupy the Dirac cone. Cooling
proceeds over the next few picoseconds; recombination
accompanies cooling, but may be somewhat slower. This
pattern continues to be borne out in new measurements
and materials, recently NbAs,42 ZrTe5,61 ZrSiSe,47 and
EuCd2As2.62 Can anything still remain to be learned?

Consider that the detailed ultrafast description of
graphene, a veritable drosophila for simplicity and ubiq-
uity, has required years of theoretical and experimental
effort. For 3D Dirac and Weyl semimetals, most of this
effort lies ahead. Establishing the rates of thermalization,
recombination, or cooling—as has largely been done—
does not establish specific mechanisms, nor which pop-
ulations of electrons and phonons take part. Important
questions remain open: Can a population inversion exist
for long enough, and at a low enough electronic temper-
ature, to enable lasing or an exciton insulator? Does
carrier multiplication take place? Does a phonon bottle-
neck slow the electrons’ cooling? How are the dominant
mechanisms of ultrafast cooling and recombination re-
lated to a material’s basic properties—its Fermi energy
and phonon spectrum, whether it is a Dirac, Weyl, or
nodal-line semimetal, whether its node is gapped? In-
deed, are such generalizations useful across this class of
materials, or must each material be considered ad hoc?

The field would benefit from wider use of mid-IR
pumps (also beneficial for nonlinear optical studies,
Sec. III) and of more elaborate probes—particularly
time-domain THz, transient-grating, broadband reflec-
tivity, and ARPES. Material-specific calculations of op-
tical properties (currently available only for a handful of
materials38,63,64) are particularly valuable when the joint
density of states is resolved by its band contributions,38,47

and measurements of the optical conductivity are neces-
sary to constrain the interpretation of pump-probe reflec-
tivity experiments. Improvements in chemical or electro-
static doping would allow contrasting a material’s ultra-
fast dynamics when EF is near, or far from, the node.

Despite the practical and fundamental interest of ultra-
fast thermodynamics, these experiments have tradition-
ally, if tacitly, been the sort that researchers do while
they’re working on something more interesting. Fortu-
nately, Dirac and Weyl semimetals offer many interesting
avenues for ultrafast research, discussed below, and ultra-
fast thermodynamics can help to propel research along
these avenues.
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FIG. 4. (a) The chiral dispersion of a single Weyl node, plus conservation of angular momentum, leads to a nonzero, spin-
polarized photocurrent on absorption of a circularly-polarized photon. Gray arrows indicate spin. (b) In a material with
a chiral crystal structure, the different energies of Weyl points allow just one chirality of Weyl node to contribute to the
photocurrent. (Low-energy excitation, red arrows). For higher-energy photons (blue arrows), the two opposite-chirality Weyl
points may cancel each other’s effects. (c) A tilted Weyl dispersion, as in TaAs, gives nonzero photocurrent. To understand
why the photocurrent from multiple tilted Weyl nodes does not cancel, see the supplement to Ref. 65. Figures inspired by
Refs. 65–67.

III. PHOTOCURRENTS IN WEYL SEMIMETALS

A material’s second-order response to a short optical
pulse can include the brief flow of a dc photocurrent pro-
portional to the incident intensity, known as the photo-
galvanic effect (PGE). The current68 is commonly mea-
sured by detecting emission of terahertz radiation from
the sample, through difference-frequency generation be-
tween frequencies present in the optical pulse. The com-
plimentary, sum-frequency process results in the flow of
photocurrent, and the emission of light, at double the in-
cident frequency. Darius Torchinsky describes this pro-
cess of second-harmonic generation (SHG) as “two pho-
tons enter, one photon leaves.”69 Both PGE and SHG
must vanish in centrosymmetric materials, such as Dirac
semimetals, except at the surface.

Weyl semimetals are too absorptive in the visible range
to replace standard crystals like ZnTe for SHG appli-
cations, but applications of their PGE are promising:
the photocurrent flows even without an applied bias,
which could reduce dark-current noise in mid-IR optical
detectors.23 The photocurrent’s dependence on the inci-
dent polarization allows facile control of the circular and
elliptical polarization of the emitted THz,70 and its sen-
sitivity to phase gradients allows detection of the orbital
angular momentum of light.71

The study of SHG and PGE in Weyl semimetals has
proved both alluring and treacherous. The allure stems
from the prospect of relating the photocurrent to the
electronic topology. While the linear electromagnetic re-
sponses of Weyl semimetals—those proportional to &E,
such as the conductivity—don’t have unique features of
topological origin, the nonlinear responses may.67 (For in-
stance the chiral anomaly, the classic signature of Weyl
physics, is second-order, being proportional to &E · &B.)
Each Weyl point acts as a monopole of Berry curva-
ture, and under circularly-polarized illumination (Fig.
4a) leads to photocurrent injection at a rate, β, quan-
tized by the fundamental constants e and !.72

Photocurrents in Weyl semimetals arise from interband
optical transitions, and fall into two classes, which cause
circular and linear PGEs.73,74 The injection current oc-
curs upon absorption of circularly polarized light. Be-
cause of differences in the band dispersions of the initial
and final states, each photoexcited electron receives a
“kick” that changes its velocity. The shift current occurs
upon absorption of linearly polarized light. An electron’s
initial and final states may have different center-of-mass
positions within the unit cell, and the abrupt change in
position constitutes a current. Topology influences both
types of photocurrent, with the injection current related
to the bands’ Berry curvature and the shift current re-
lated to the Berry connection between bands.

The treacheries, however, are legion. First, electron-
electron interactions may destroy the photocurrent’s
quantization.75 Second, neither the linear nor the circular
PGE must necessarily have a topological origin: the shift
current may be zero even when the Berry connection is
nonzero,74 and the linear PGE needn’t arise solely from
shift current, but may also come from asymmetric scat-
tering off of defects or phonons;76 similarly, circular PGE
occurs in many non-topological materials (see citations
in Ref. 66). Third, a condition necessary for PGEs and
SHG—that the crystal lack inversion symmetry—is also
necessary for all non-magnetic Weyl semimetals, mak-
ing it difficult to distinguish the effects of topology from
those of symmetry. Finally, Weyl points come in pairs of
opposite chirality, whose contributions to β cancel, elim-
inating the quantized current injection. Overcoming this
cancellation requires a chiral crystal (one lacking any mir-
ror planes); only then may the Weyl points lie at different
energies. These energies will define a frequency range of
quantized photocurrent, in which only Weyl points of one
chirality contribute (Fig. 4b).

Chiral Weyl semimetals are elusive,77 so the quantized
PGE has been sought in the related “multifold” semimet-
als RhSi12,64,66 and CoSi77—sought, but not found. The
injection current decays with hot-electron momentum-
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relaxation time τp, and too short of a τp will prevent
quantization of β, as may some values of the Fermi en-
ergy or transitions between non-topological bands. De-
ficiencies in these material properties have conspired to
hide the quantized photocurrent in all experiments to
date. (The topological, albeit non-quantized, nature of
the photocurrent does manifest itself in RhSi,66 where a
plateau in βτp below 0.65 eV and its suppression above
that energy seems to herald the crossover of the effective
Berry charge from nonzero to zero—see Fig. 4b.)
The relation of PGEs to topology is similarly

fraught in TaAs, an intensively-studied, non-chiral Weyl
semimetal.65,70,73,76,78–80 Pairs of opposite-chirality Weyl
points sit at equal energies, and their contributions to
the PGE ought to cancel,67 but tilt or curvature of
the Weyl cones makes the cancellation imperfect (Fig.
4c). Injection current observed under mid-IR illumina-
tion arises from interband excitations within these tilted
Weyl cones,65 but may not be topological in origin, as
the photocurrent behaves similarly for 1.55-eV excita-
tion, well beyond the topologically-relevant range of the
Weyl bands.79 The SHG is remarkably large,76,78 being
resonantly enhanced by a strong interband transition—
but is unrelated to topology, deriving instead from shift
currents due to the crystal’s polar character.73,76

A. Ultrafast progress and prospects

Most SHG and THz-emission experiments described
above used ultrafast optical pulses but did not time-
resolve the response. THz emission in principle can mea-
sure the time-dependence of excited photocurrents, but
only if the bandwidths of the excitation pulse and THz-
detection system both exceed the photocurrent decay
rate 1/τp,79 which they rarely do. High-bandwidth mea-
surement could help in observing the quantization of β:
the injection current measured by THz emission is pro-
portional to βτp, so the hot-electron lifetime τp must be
known accurately to infer β. (In Ref. 66, uncertainty in
τp contributed to an order-of-magnitude uncertainty in
β.) Conventional pump-probe studies would help, too—
they could be used to measure the energy-dependent
τp under experimentally relevant conditions. Ultrafast
methods may also help to quantify the role of interactions
in degrading the quantization of the photocurrent.75

Time-resolved SHG also offers several advances. A
strong THz pump pulse may produce symmetry-breaking
currents, which are predicted to allow large SHG even in
centrosymmetric materials like Dirac or magnetic Weyl
semimetals.81 Sirica et al.80 showed that an 800-nm
pump pulse, when incident on certain faces of TaAs,
can induce a photocurrent that breaks crystalline sym-
metries, as inferred from sub-picosecond changes to the
detected SHG. This current is expected to modify the lo-
cations of the Weyl points and the surface Fermi arcs, and
thus may offer ultrafast control of topological properties.
Other time-resolved SHG experiments82,83 have revealed

pump-induced lattice deformations that can restore in-
version symmetry to Td-WTe2 and MoTe2—another pos-
sible route to ultrafast control of topology, discussed in
the next section.

IV. ULTRAFAST CONTROL

Perhaps the most exciting application of ultrafast op-
tics to topological materials is not to measure their prop-
erties, but to rapidly control their band topology, for
instance by splitting a Dirac node into a pair of Weyl
nodes, or by opening a gap at the Dirac point. Such
ultrafast control could enable experiments investigating
new physics or, more speculatively, might rapidly switch
a “topological field effect transistor.”84 Reversible con-
trol of the band topology or the nodal gap may provide
an ultrafast on-off switch for the exotic optical effects de-
scribed in Section I, or allow researchers to create Dirac
fermions on demand and to create and tune electronic
states beyond those available in static materials. Two
principal methods, with complementary strengths and
weaknesses, are being pursued to allow ultrafast optical
pulses to control topological materials. The pulses can
act on the band structure directly through their electric
field, or indirectly through coherent phonons or photoex-
cited electrons.

A. Floquet effects

The most prominent theoretical proposals for ultrafast
control of Dirac and Weyl materials employ Floquet ef-
fects. (See, e.g., the lovely review by De Giovannini and
Hübener.87) Floquet theory obtains a material’s behav-
ior under a time-periodic external field, and has recently
proven very successful, showing that an optical pump
may radically change the band structure and topological
nature of materials.
When a pump pulse is incident on a material, its elec-

tric field periodically modulates the Hamiltonian: Ĥ =
Ĥ0+ P̂ eiωt+ P̂ †e−iωt, where Ĥ0 is the material’s original
Hamiltonian, and ω is the pump frequency. Just as a
crystal’s spatially periodic potential makes its electronic
dispersion E(&k) periodic in the quasi-momentum &k, time
periodicity leads to a spectrum periodic in the quasi-
energy, forming a ladder of “replica” bands: En(&k) =

E(&k) + n!ω. Though in general none of these bands
equals those of Ĥ0, we can define the zero-harmonic
(n = 0) Floquet-Bloch bands E(&k) as those that most
closely follow the original bands—and which typically
have the greatest spectral weight (Fig. 5a,b). In the
limit of large ω, the n = 0 bands and their corresponding
eigenstates are given by the simple effective Hamiltonian
Ĥeff = Ĥ0 +

1
ω
[P̂ †, P̂ ], which affords an analytic expres-

sion for Ĥeff and allows the photon-dressed material to
be classified in terms of topology.
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FIG. 5. (a), (b) Representation of a Dirac cone along with its Floquet-Bloch replica bands, without (a) or with (b) gaps opened
at the band crossings. (c), (d) The interaction between graphene and circularly polarized light, as seen with a time-dependent
Hamiltonian (c) or in the Floquet picture (d), which includes a topological band gap with Berry curvature Ω. (e) Time-resolved
ARPES images of Floquet-Bloch surface states of Bi2Se3, and their interaction with free-electron Volkov states.85 (courtesy

Fahad Mahmood). (f) A circularly-polarized pulse is predicted to split a 3D Dirac cone into two Weyl cones whose $k-space
separation ∆kWP depends on the light’s intensity, leading to the “dancing” Weyl points described in Ref. 9. Panels (c) and
(d) reprinted by permission from Nature Physics 16 38 (2020)86.

The effects on topology may be profound. By shift-
ing the dispersion, the pump may create new inversions,
crossings, or avoided crossings between zero-harmonic
bands or replica bands; some of these crossings may form
Dirac or Weyl points. Critically, the new bands and their
crossing points may acquire a Berry curvature not present
in the original bands.88,89 Circular polarization is partic-
ularly important, as explained by Oka and Aoki:88 the
optical field causes each &k-space point to follow a circle
in the Brillouin zone, and those points that circumnavi-
gate a Dirac point acquire an additional, nontrivial phase
(Fig. 5c,d). Alternately, one can think of circularly po-
larized light as breaking time-reversal symmetry—a par-
ticularly apt picture when, like a magnetic field, it has
the effect of gapping the surface states of a topological
insulator90 or of splitting a Dirac point into two Weyl
points.8,9,27,28

The amplitude A of the optical field is an important
tuning parameter, and Floquet-Dirac and Floquet-Weyl
materials are predicted to have rich phase diagrams in the
A − ω plane. For instance, at low amplitude an optical
field may split a Dirac point into two Weyl points; as the
amplitude increases, The Weyl points may move so far
in &k-space that they pair-annihilate and are gapped.8

Such theoretical work has been encouraged by two
seminal experiments on 2D systems. Wang et al.90

studied the surface states of the topological insulator
Bi2Se3, demonstrating that during illumination by a
strong infrared pulse, new nodes appear at the crossings
of Floquet-Bloch replica bands (Fig. 5e).85 The nodes
could be gapped or gapless, for circularly- or linearly-
polarized light, respectively. A recent experiment on
graphene extended the evidence for Floquet effects from
spectroscopic signatures to transport. McIver et al.86

used Auston switches coupled to transmission lines to
measure the time dependence of the anomalous Hall
effect—the Hall current in the absence of a magnetic
field. They found it to be zero except during a circularly-
polarized pump pulse (and perhaps for a few picoseconds

after), when it was nonzero and possibly quantized. The
work confirmed a classic prediction of Floquet theory:88

that a circular pump opens a gap at the Dirac point, with
Berry curvature induced at the band edges (Fig. 5c,d).
There have also been experimental successes on 2D ma-
terial analogues—cold-atom91 and photonic92 systems.

A large body of theory now extends Floquet ideas to
3D Dirac and Weyl semimetals. Ultrafast pulses are pre-
dicted to convert a topologically trivial insulator to a 3D
Dirac semimetal93 and vice versa, and to open9 or close29

a gap at the node of a Dirac semimetal. Other pro-
posals, rather than controlling a gap, would control the
spin-degeneracy of a node: circularly-polarized light is
predicted to introduce Weyl points into the bulk of topo-
logical insulators,94 Dirac semimetals8,9,27,28 (Fig. 5f),
or nodal-line materials.28,30 The overall impression is of
a boundless alchemy.

No experiment, however, has yet confirmed these pre-
dictions. Sample damage has likely been a major imped-
iment to progress on 3D materials, since Floquet effects
require a strong peak electric field. (Ref. 90 succeeded,
in part, because the bulk states of topological insulators,
unlike those of 3D semimetals, are gapped. The sub-
gap infrared pump pulse could be absorbed only at the
surface, limiting sample damage.) Another challenge is
that the few experiments currently known to give clear
signatures of Floquet effects, ultrafast ARPES85,90 and
utrafast transport, both with mid-IR pump pulses, are
extraordinarily difficult.

The few successes in 2D have nourished the theory
community, but are thin soup for solid-state experimen-
talists. Though the basic results of Floquet theory are
not in doubt, experiments remain important, because
theory has only rarely treated a realistic Hamiltonian for
a specific material.9 Additionally, as Kitagawa et al.95

point out, some topological properties appear only when
certain bands are fully filled. Considering that after pho-
toexcitation electrons and holes promptly find their way
to the vicinity of the node,39–41 it cannot be supposed a
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priori that even non-resonant excitation will leave topo-
logical properties intact. Finally, verifying predictions
is only a beginning; achieving ultrafast control of Dirac
and Weyl materials would open whole new frontiers to
exploration.

B. Coherent phonons

Since electronic band structure depends sensitively on
atoms’ positions within a crystal, phonons provide an al-
ternate method for ultrafast control of topological mate-
rials. A short optical pulse can launch a coherent phonon,
in which the atoms’ positions oscillate in sync with each
other. Within the “frozen-phonon” approximation—in
which the electronic dispersion instantaneously adjusts to
a new lattice configuration96,97—the result can be band
topology that oscillates at the phonon’s frequency, much
like the “flickering” surface-state Dirac cones predicted
in topological crystalline insulators.98

Coherent phonons complement Floquet effects in sev-
eral ways. The atoms’ oscillation may be started by one
laser pulse, and then either amplified or stopped by a
subsequent pulse, and may continue to periodically mod-
ulate the bands even after the excited carriers have re-
combined. Coherent phonons are band-selective, with
different bands sensitive to different phonon modes.99

The intra-unit-cell strains exerted by coherent phonons
without damaging a crystal may greatly exceed typical
uniaxial strains.82,100 Techniques of “nonlinear phonon-
ics” (Section IVC) may excite coherent phonons accom-
panied by minimal electronic excitation, or may rectify a
phonon’s motion.100,101

Several 3D topological semimetals, notably SrMnSb2,
Td-WTe2, MoTe2, and ZrTe5, are now strong candidates
for coherent-phonon-based control. For each material, at
least one phonon mode is predicted to modify the band
topology, either by breaking (or restoring) a symmetry,
or by modifying the bands’ inversions.
SrMnSb2 (Fig. 6a) is a Dirac semimetal that, were it

tetragonal, would have a gapless Dirac dispersion at the
Y-point. Instead, it suffers a Peierls-like distortion that
renders it orthorhombic and that gaps the Dirac node
by about 200 meV. Like the Peierls-distorted semimet-
als Bi and Sb,102 SrMnSb2 is highly susceptible to the
excitation of coherent phonons that act to partially re-
pair the structural distortion, and 800-nm pulses readily
excite a 4.4-THz, Ag mode.103 Calculations show that
as this phonon’s displacement increases, the nodal gap
narrows and eventually closes. For sufficiently high os-
cillation amplitudes it should be possible to periodically
close and open the gap once per phonon oscillation, as
illustrated schematically in Fig. 6a.
WTe2, in its Td phase, (Fig. 6b) is a type-II Weyl

semimetal with a non-centrosymmetric structure.11 Ul-
trafast pulses can excite the coherent oscillation of a 0.24-
THz, interlayer shear-mode phonon.49,104 Displacement
of this mode by ∆x = 12 pm would place the crystal into

the metastable, centrosymmetric 1T ′(∗) structure,105

where Weyl points cannot exist. Sie and Nyby et al.82

used a terahertz pump and ultrafast electron-diffraction
(UED) probe to demonstrate coherent oscillations of this
mode with amplitudes of ∆x > 4 pm, and showed the-
oretically that two opposite-chirality Weyl points should
merge when ∆x = 2.2 pm, even before reaching 1T ′(∗).
When driven still more strongly, the crystal appeared to
gradually reach the centrosymmetric phase, where it re-
mained for nanoseconds. Similar behavior is expected,
and may have been observed, in MoTe2.83

Hein et al.99 observed the effect of this phonon’s motion
on the electronic dispersion though ultrafast ARPES,
with displacements of ∆x ≈ 1 pm. Though the Weyl
points have too small of energy- and momentum-scales to
be observed directly in ARPES, outside the Weyl region
the band energies were seen to oscillate, as was the spin-
splitting of the bands that form the opposite-chirality
Weyl points—as theoretically expected106 when the Weyl
points merge.
ZrTe5 (Fig. 6c,d) is typically a strong topological insu-

lator (STI), but small changes in the lattice parameters
can render it a weak topological insulator (WTI). At the
STI-to-WTI transition, ZrTe5 becomes a “fine-tuned”
3D Dirac semimetal, with a Dirac cone at the Γ point.
Even slight changes in sample growth conditions, temper-
ature, or strain can induce transitions among these three
phases.107,108 Thus poised, ZrTe5 is an exquisite can-
didate (if a temperamental one) for topological control
by several different coherent phonons. Calculations109

have identified five Ag phonon modes that, at sufficient
amplitude, may oscillate the material from STI to WTI
and back, briefly forming a Dirac semimetal at a critical
atomic displacement; linear combinations of these modes
may also induce the transition. These Ag modes pre-
serve the crystal’s inversion symmetry, but modify the
inversion of the valence and conduction bands.109

Experiments using a terahertz pump110 have ex-
cited the coherent oscillation of one such phonon.
In other experiments, UED showed slow atomic mo-
tion (tens of picoseonds) along the directions of these
same phonons.111 (The motion did not appear to os-
cillate coherently, perhaps due to the time-resolution
of UED.) Other calculations112 identified an inversion-
breaking, B1u phonon that would turn ZrTe5 into a Weyl
semimetal, splitting the Dirac point into two pairs of
Weyl points. The momentum-space separation ∆&k of
these points would oscillate along with the phonon’s dis-
placement; more interesting still, changes in ∆&k would
change the connectivity of the surface Fermi arcs, which
would flicker back and forth across momentum space.

C. The path to ultrafast control

Beyond coherent-phonon and Floquet effects, two
other routes to ultrafast control of topological properties
deserve mention. Photocurrent-driven transient symme-
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FIG. 6. (a) Illustration of Sb and Mn planes during oscillation of the 4.4-THz breathing mode of SrMnSb2. Schematic portrayal
of how of a high-amplitude oscillation, ∆x(t), might close the gap in the Dirac cone after an optical pump (chartreuse). (i)-(iii)
and (iv)-(vi) illustrate the Dirac and Weyl nodes corresponding to the times labeled on plots (a) and (b). (b) Illustration of the
shear-mode phonon and its influence on Weyl nodes in Td-WTe2. The atomic displacement ∆x(t) caused by a 23-THz pump

pulse (chartreuse) is measured by UED, and the corresponding $k-space separation of Weyl points ∆kWP is calculated from ∆x.

The units of ∆kWP are percent of the reciprocal-lattice vector $G2 (Data from Ref. 82, courtesy of Aaron Lindenberg.) (c) The
B1u phonon predicted to turn ZrTe5 into a Weyl semimetal (courtesy of Linlin Wang). (d) A semaphore-mode Ag phonon, one
of several predicted to tune ZrTe5 between Dirac semimetal and topological insulator (courtesy of Weiguo Yin). (Color code:
Sb blue; Mn green; Te burgundy; W aubergine; Zr mustard.)

try breaking80,81 (Sec. III A) warrants further theoretical
elaboration: what specific changes to the Dirac or Weyl
points and the surface Fermi arcs are achievable in TaAs,
Cd3As2, Co3Sn2S2, and other materials? Another pro-
posal regards the pyrochlore iridates, which are antifer-
romagnetic insulators. After an optical pulse, screening
by photoexcited electrons would reduce the magnetiza-
tion to the point that the material would become a Weyl
semimetal, which would persist as long as the excited
population remained sufficiently high.113

Implementing any of these methods of ultrafast con-
trol presents significant experimental challenges. None
is yet supported by direct spectroscopic evidence in
3D semimetals, so ultrafast ARPES will be crucial—
but for some materials the relevant energy scales
are prohibitively small.99 For photocurrent-driven tran-
sient symmetry breaking, THz pumping will often be
needed.81 If coherent phonons are used, the atomic dis-
placements must be measured quantitatively, which to
date has been done only for Td-WTe2 among these
materials.82 Ultrafast diffraction will usually be neces-
sary, though broadband reflectivity may sometimes suf-
fice if supported by reliable calculations.114

The excitation processes, too, must be characterized
and explored. Except in Ref. 113, the electrons, holes,
and incoherent phonons that accompany photoexcita-
tion are undesirable—necessitating study of the rates
and mechanisms of their decay (Sec. II), and methods
for exciting a sample while minimally exciting carriers.
For coherent phonons, the amplitudes required may be
large (52 pm in SrMnSb2), and though displacements of
this order are not unprecedented115 high laser fluences
will be necessary. Some aid may come from the flour-
ishing field of nonlinear phononics,101,116 which exploits

the couplings between phonons. Resonant absorption
can strongly drive infrared-active modes, which may be
coupled to Raman-active modes by sum- and difference-
frequency processes, resulting for instance in rectifica-
tion (unidirectional displacement) of the Raman-active
mode. This field has seen dramatic success in the manip-
ulation of superconductors,117,118 ferroelectrics,119 and
magnets,100,120 but has not, to my knowledge, been ap-
plied to topological materials.
The importance of strong laser pulses for both

coherent-phonon and Floquet-based proposals puts a pre-
mium on knowing the materials’ damage thresholds. An
experiment that gingerly approaches the damage thresh-
old from below wastes beamtime; one that rashly ap-
proaches it from above wastes samples. Researchers
should include information about damage thresholds,
where available, in their publications,121 and for impor-
tant materials systematic studies of damage should be
undertaken. Similarly, negative results should be consid-
ered publishable. Considering the many dramatic predic-
tions of Floquet effects in 3D materials, and the paucity
of their experimental support, it is a near certainty that
many failed experimental attempts lie unpublished—and,
sadly, that other researchers are repeating the same fail-
ures.

V. FINAL CONSIDERATIONS

The preceding sections have indicated opportunities
and challenges facing ultrafast research on Dirac and
Weyl semimetals. I have discussed some of the experi-
mental and theoretical work needed to advance the field.
Two final experimental needs deserve mention.
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The great engine driving research on Dirac and Weyl
semimetals has been materials synthesis. Ultrafast re-
search will benefit both from the discovery of new ma-
terials and from improvements in their quality. For in-
stance, observing quantized injection of photocurrent will
require control of EF and reduction of impurity scatter-
ing, and possibly even the discovery of new Weyl or mul-
tifold semimetals with chiral crystal structures.

Wider availability of thin films would be particularly
useful. Beyond their general advantages—the tuning
of epitaxial strain, incorporation into multilayer struc-
tures, and surface doping—films’ large, flat surfaces facil-
itate grazing-incidence measurement, useful for instance
in ultrafast X-ray diffraction. In experiments where the
probe’s absorption length exceeds the pump’s (e.g. an
optical pump with an X-ray probe) the film’s thick-
ness can be matched to the pump’s absorption length—
typically tens of nanometers—to allow measurement of a
nearly uniformly-excited sample. A thickness compara-
ble to the probe’s absorption length is ideal for measure-
ments of transmission, and could enable observation of
resonant transparency,19 tunable passbands,20 and other
exotic optical phenomena. Films allow measurement of
the THz conductivity, which may probe energies within
the Dirac and Weyl cones.

Finally, the magnetic Weyl semimetals,13,14 in which
the existence of Weyl points depends on breaking time-
reversal symmetry, remain largely unexplored by ultra-
fast techniques.122,123 A rich field of study is practically
assured: magneto-optical probes readily lend themselves
to imaging and to ultrafast time-resolution, and will be
particularly useful in the mid-infrared.124 Optical pump
pulses are known to induce magnetic precession122 or
demagnetization,123 suggesting the possibility of ultra-
fast magnetic control of Weyl physics. Moreover, mag-
netic materials frequently sport complex phase diagrams,
strong electronic correlations, hysteresis, exchange bias
at interfaces, and textures13 such as domain walls and
skyrmions that needn’t be static. An experimenter en-
tering so broad and untracked a parameter-space may
wish to leave a trail of bread-crumbs behind.

Though the ultrafast dynamics of Dirac and Weyl
semimetals might seem to be of purely parochial inter-
est, its consequences are cosmopolitan. The rates and
mechanisms of electronic relaxation are relevant not only
to device operation but also to the prospects for study-
ing the exciton insulator or Floquet effects—both topics
of sufficient fundamental interest to have sustained vig-
orous theoretical work despite limited experimental suc-
cess. Quantized injection of photocurrent, if observed,
would join the highly exclusive company of experimental
phenomena distinctive to Weyl semimetals. Achieving ul-
trafast, on-off control of Dirac or Weyl points, whether by
coherent phonons or by Floquet effects, would enable the
investigation of optical properties and electronic states
without parallel in static experiments. Ultrafast dynam-
ics of Dirac and Weyl semimetals is just embarking on a
great journey of discovery.
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