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Electron-electron scattering on the order of a few to tens of femtoseconds plays a crucial role in the
ultrafast electron dynamics of conventional metals. When mid-infrared light is used for driving and the
period of light field is comparable to the scattering time in metals, unique light-driven states and nonlinear
optical responses associated with the scattering process are expected to occur. Here, we use high-harmonics
spectroscopy to investigate the effect of electron-electron scattering on the electron dynamics in thin film
2H-NbSe2 driven by a mid-infrared field. We observed odd-order high harmonics up to 9th order as well as
a broadband emission from hot electrons in the energy range from 1.5 to 4.0 eV. The electron-electron
scattering time in 2H-NbSe2 was estimated from the broadband emission to be almost the same as the
period of the mid-infrared light field. A comparison between experimental results and a numerical
calculation reveals that competition and cooperation between the driving and scattering enhances the
nonperturbative behavior of high harmonics in metals, causing a highly nonequilibrium electronic state
corresponding to several thousand Kelvin.
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Electron dynamics driven by an intense light field induce
novel nonlinear optical phenomena and sometimes result in
nontrivial light-induced phase transitions in solids [1–3].
An understanding of the dynamics is crucial to not only
fundamental optical science but also the development of
applications such as ultrafast manipulation of material
properties and femtosecond-laser processing [4–7]. In
dilute atomic or molecular systems, where strong-field
physics have been intensively studied, electron motion is
fully ballistic and coherent without any scattering. On the
other hand, in solids, scattering by other electrons or other
degrees of freedom occurs under driving. When the typical
scattering timescale is longer than the period of the driving
field, the electron motion can be regarded as coherent and
ballistic, as in atoms [2,8–11]. On the other hand, when the
typical scattering time is shorter than the driving period,
scattering disrupts the ballistic electron motion (called a
drift-diffusive regime) [12] and prevents the formation of
nonequilibrium states. In the intermediate regime where the
scattering time is comparable to the driving-field period
[13], the interplay between driving and scattering causes
electrons to absorb a huge amount of energy from the
driving field and the electron distribution moves far from
the equilibrium one. Nonlinear optical response reflecting a

scattering process unique to solids is also expected to occur
in this regime. So far, however, only a few experimental
studies on ultrafast electron dynamics in solids under
driving fields have considered the effects of scattering
and dissipation processes [14–18].
Metals under a strong mid-infrared (MIR) driving field

provide a fascinating playground for studying light-driven
states and nonlinear optical processes associated with
scattering. The electron-electron (e–e) scattering time in
metals is typically about 1–10 fs [19], and this value is
comparable to the period of MIR light, i.e., the intermediate
regime discussed above. Moreover, in metals, we can
assume the simplest condition, i.e., intraband motion of
electrons within a single band. This contrasts with the
circumstances of semiconductors and semimetals, where
electrons in principle move across multiple bands and
their dynamics are quite complicated. However, so far,
extremely nonlinear optical processes such as high order
harmonic generation (HHG) have mainly been studied in
semiconductors and insulators [20,21], whereas only a few
studies have targeted metals [22]. This is because the
electric field is strongly screened inside metals, making it
difficult to apply a strong MIR electric field to electrons in
bulk metals. It is still a challenging problem to observe the
electron dynamics in the intermediate regime.
In this study, we performed nonlinear emission mea-

surements in a thin film of the metallic phase of 2H-NbSe2
driven by intense MIR light in order to clarify the electron
dynamics with ultrafast dissipation under driving. We
observed high harmonics from the 5th to 9th order as well
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as a broadband emission from 1.5 to 4.0 eV that has not
been observed before in semiconductors and insulators. We
attribute the nonlinear broadband emission to incoherent
thermal radiation from hot electrons reaching 4000 K.
These results indicate that the electrons in the metal
are driven in reciprocal space with a large amplitude
and strongly scattered at the same time, forming a high-
temperature electron distribution immediately after driving.
Our numerical results reveal that the e-e scattering time is
comparable to the period of the driving field and that
cooperation between driving and scattering leads to unique
extreme nonlinear optical properties in metals.
The target sample was a thin film of metallic 2H-NbSe2.

Since 2H-NbSe2 is a van der Waals layered material, we
could obtain a sample with a thickness of 25 nm via the
mechanical exfoliation method [23], which is sufficiently
thinner than the penetration length of the excitation light
(about 80 nm) [24]. Inside such a thin film, screening of the
electric field, which occurs in bulk metals and often
suppresses HHG signals [22], can be neglected. In addition,
2H-NbSe2 has a simple quasi-two-dimensional band struc-
ture near the Fermi level, which can be easily put into a
model [26,27]. We used a MIR pulse with a pulse width of
60 fs (full width at half maximum) and a center energy of
ℏΩMIR ¼ 0.26 eV for excitation, and collected the non-
linear emission with transmission geometry by resolving its
polarization state (see Supplemental Material [24] for the
detailed experimental setup).
The upper panel of Fig. 1(a) shows typical emission

spectra from 2H-NbSe2 at an MIR intensity of 77 GW=cm2

(EMIR ¼ 3.8 MV=cm). One can see the peaks of the 5th,
7th, and 9th order harmonics in the emission that are
polarized parallel to the MIR field (the blue solid line).
There is no even-order harmonics, reflecting the centro-
symmetric crystal structure of 2H-NbSe2 [40]. Since the
number of carriers generated through interband Zener
tunneling in our experiment was estimated to be an order
of magnitude smaller than that of the original free carriers
[41,42], the high harmonics in 2H-NbSe2 should have
mainly come from the intraband motion of the original free
carriers [22]. Ellipticity dependence of HHG yields also
support the small contribution of interband transition in
electron dynamics induced in our experimental condition
[24]. Besides the high harmonics signals, a broadband
emission was also observed in the photon energy range
from 1.5 to 4.0 eV in both the parallel and perpendicular
components.
Figure 1(b) shows the polarization state of the nonlinear

emissions at 5th (red circles) and 7th (blue squares)
harmonics energies and the broadband emission region
(green triangles). The horizontal axis corresponds to the
polarization direction of the excitation MIR light. The
harmonic signals are well fitted with a cosine-squared
function with a peak along the horizontal axis, indicating
the polarization of the harmonic signals is parallel to that of

the incident MIR light. The broadband emission, on the
other hand, is unpolarized. Hence, we can extract the high
harmonic signal by subtracting the perpendicular compo-
nent from the parallel component as shown in the bottom
panel of Fig. 1(a).
So far, such a broadband emission has not been focused

on in HHG measurements although there were several
reports for semimetallic graphene and metallic carbon
nanotubes [37,43]. Several studies reported that photo-
excitation of metals and semimetals causes broadband
emissions similar to our observation [44–47]. In these
studies, the broadband emission was attributed to radiation
originating from hot electrons that formed after electrons
with high excess energy were created through near-infrared
or visible light excitation of interband transitions. The
broadband emission observed in our study should also
originate from hot electrons. The difference between our
experiment and the previous studies is that the hot electrons

(a) (b)

(c)

FIG. 1. (a) Typical HHG spectra in 2H-NbSe2. Here, the MIR
electric field inside the sample EMIR is estimated to be
3.8 MV=cm. The blue line in the upper panel shows the emission
polarized parallel to the MIR electric field. The orange shaded
area shows the perpendicular component. The lower panel is
the high harmonics spectrum obtained by subtracting the
perpendicular component from the parallel component. Owing
to the strong background signal by fundamental laser (1.55 eV),
the spectrum between the 5th and 7th harmonics are noisy, and
not shown for clarity. (b) Nonlinear emission intensity as a
function of the transmission axis angle θ of the analyzer. Here,
θ ¼ 0° corresponds to the MIR electric field direction. Red circles
and blue rectangles show the intensities corresponding to the 5th
and 7th harmonics energy, respectively. Owing to the much
stronger signal of the 5th and 7th harmonic emissions than the
broadband emission, the contribution from the broadband emis-
sion in their polarization state is negligible. Green triangles show
the broadband emission integrated over the region between 2.5
and 4.0 eV. Note that the polarization state at the 9th harmonics
energy is not shown due to the low signal-to-noise ratio and
comparable to broadband emission intensity. (c) Broadband
emission spectrum divided by the absorptivity of the sample
with EMIR ¼ 3.8 MV=cm [24]. The dotted line represents the
fitting result using the Planck distribution. The effective temper-
ature estimated from the fitting is about 3800 K.
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formed through intense MIR driving of intraband electron
motion, where the MIR photon energy is far below the band
gap energy of 2H-NbSe2 [24].
Assuming that the electron distribution after driving can

be described by an effective temperature, the broadband
emission spectrum divided by absorptivity can be fitted to
the Planck distribution [Fig. 1(c)] [44]. The effective
temperature estimated from this fit is 3800 K, and it is
considered to be a transient value just after driving. This is
because the effective electron temperature decreases over
time through the electron-phonon coupling, and an electron
distribution with a low effective temperature does not
contribute to the broadband emission in the visible range
[24]. The fact that the estimated temperature is far above
the melting temperature of bulk 2H-NbSe2 in vacuum
also supports the conclusion that the broadband emission
originates from a hot-electron subsystem before thermal-
izing with the lattice. The coexistence of high-order
harmonics and a thermal emission in 2H-NbSe2 suggests
unique electron dynamics are at play in metals in the
intermediate regime.
As mentioned above, the scattering process of the driven

electrons should play a crucial role in the high-temperature
electron distribution. Among the processes in metals, e-e
scattering, which conserves the total energy of electrons, is
the dominant contribution within the cycle of the driving
field (16 fs). Figure 2(a) shows schematic diagrams of the
energy transfer from a laser electric field to electrons in
metals through intraband e-e scattering. When electrons
follow the acceleration theorem without scattering,
although their distribution is highly displaced during the
driving, the final distribution after driving should be the
same as the initial one, i.e., electrons absorb no energy
from the driving field [“w=o Scattering” in Fig. 2(a)]. A
previous study on HHG in metallic TiN film was performed
in this regime [22]. In that study, visible light, whose period
is shorter than the scattering time, was used for the
excitation, and the most of the results could be accounted

for by electron dynamics according to the acceleration
theorem. On the other hand, when scattering is involved
in the driven electron dynamics, the displaced electrons
are scattered in reciprocal space, resulting in a high-
temperature electron distribution after the driving field
[“Scattering time ∼Driving cycle” in Fig. 2(a)].
To verify the above scenario, let us consider the

Boltzmann transport equation [28]:

∂f
∂t

− e
ℏ
EMIRðtÞ ·∇kf ¼ Σscatter; ð1Þ

where f ¼ fðk; tÞ is the electron distribution function, k is
the crystal momentum, eð> 0Þ is the electron charge, ℏ is
the Planck constant, and EMIRðtÞ is the MIR electric field.
For simplicity, we ignore the spatial diffusion term in
the Boltzmann equation. In a simulation, we took AðtÞ ¼
− R

t−∞ dt0EMIRðt0Þ as the Gaussian pulse and used the
experimental values for the pulse width and center fre-
quency. The initial conditions were fðk;−∞Þ ¼ fFðk;
T ¼ 300 KÞ, where fFðk; TÞ is the Fermi distribution
function at temperature T. From fðk; tÞ one can calculate
the electronic current as

jðtÞ ∝ −
Z

BZ
dk

e
ℏ
∂εðkÞ
∂k

fðk; tÞ; ð2Þ

where εðkÞ is the band structure of 2H-NbSe2. For
simplicity, we used a band structure calculated from the
two-dimensional tight binding model with three d orbitals
[24–26]. From the calculated bands, we took the band that
crossed the Fermi energy as εðkÞ. The HHG spectrum was
obtained from the Fourier transform of the current and
given by IHHðωÞ ∝ ωj j̃ðωÞj 2.
To take e-e scattering into account, let us consider the

simplest scattering process, i.e., backscattering, which
causes a large modification to the electron distribution.
We used the following phenomenological form, which is

(a) (b)

FIG. 2. (a) Schematic time evolution of the carrier distribution. Left panel shows the temporal profile of MIR electric field and the
corresponding vector potential. Middle and right panels show the electron distribution in a one-dimensional cosine band at each time
without and with the scattering effect, respectively. (b) Total energy of electron distribution of 2H-NbSe2 after MIR-pulse excitation with
EMIR ¼ 3.8 MV=cm. The red line shows the total energy of the electron distribution that is asymptotic to the total energy before the
excitation in the limit γ−1eff → ∞. Black dotted lines show the total energies of electrons for several temperatures.
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extended from the one used in Refs. [30,24].

Σscatter ¼ −X
g

γgffðk; tÞ − fðgk; tÞg; ð3Þ

where g is the symmetric operation determined by the
crystal symmetry of 2H-NbSe2 (point group of D6h) and γg
is the scattering rate of each scattering path labeled by the
symmetry operation g [24]. This form includes the
Umklapp process and effectively describes the backscatter-
ing of electrons. A real system with a complicated band
structure would have other scattering paths for electrons,
which cannot be described by backscattering. Here, for
simplicity, we will assume that only the backscattering
channels are relevant in the timescale of interest (∼10 fs)
and that the scattering rate is the same for all paths in
Eq. (3) (γg ¼ γ). In this case, the effective scattering rate is
given by γeff ¼ Nγ, where N ¼ 12 is the number of
symmetry operation in our model (see Supplemental
Material [24] for the derivation of the effective scattering
rate). We used the Fourier expansion method for the
numerical calculation, and it enabled the electronic current
and electron distribution to be calculated with high accu-
racy at a low computational cost [24].
Figure 2(c) shows the estimated total energy of electrons

after driving as a function of the effective scattering time
γ−1eff for EMIR ¼ 3.8 MV=cm [24]. Importantly, the total
energy does not monotonically decrease as the scattering
time increases and has a maximum value at γeff ¼ ΩMIR.
This is the result of cooperation and competition between
the driving and scattering of electrons, which can be
explained as follows. When the scattering is much longer
than the cycle of the driving field, electrons follow the
acceleration theorem and do not absorb energy much, as
explained previously. On the other hand, when the scatter-
ing time is much shorter than the period, electrons are
scattered immediately before they move a long way in
reciprocal space; thus, the changes in the electron distri-
bution are negligible. Note that this enhancement behavior
is also expected when the driving field is weak, and
thus is consistent with Drude model [24]. A highly non-
equilibrium electronic distribution can be realized only in
the intermediate regime where the scattering time is
comparable to the cycle of the driving field. The estimated
temperature of 3800 K for EMIR ¼ 3.8 MV=cm indicates
that our experimental condition is indeed in the intermedi-
ate regime.
We estimated the typical scattering time in 2H-NbSe2 by

using the electron temperature value of 3800 K obtained
from the broadband emission [24]. As shown in Fig. 2(c),
there are two possible scattering times corresponding to an
electron temperature of 3800 K. We chose the longer one
(γ−1eff ¼ 13 fs) since high harmonic emission was strongly
suppressed for the shorter time in our simulation. The
estimated value is consistent with typical e-e scattering

times in metals [19] and comparable to the period of the
MIR electric field (2π=ΩMIR ¼ 16 fs). This indicates that
our experimental conditions satisfy the intermediate regime
discussed above.
To check whether the observed HHG results can be

reproduced by our model using the scattering time esti-
mated above (γ−1eff ¼ 13 fs), we compared the experimental
values with numerical HHG results. Figure 3(a) shows the
experimental (red solid line) and calculated (gray dashed

(a) (b)

(c) (d)

FIG. 3. Comparison of experimental and calculated results.
(a) High harmonic spectra with EMIR ¼ 3.8 MV=cm. Orange
solid and black dashed lines show the experimental and numeri-
cal results (γ−1eff ¼ 13 fs), respectively. (b) Crystal orientation
dependence of the 5th and 7th harmonics. Orange solid circles
and blue open squares show the experimental results for the
5th and 7th harmonics, respectively. The brown dotted and dark-
blue dashed lines show the corresponding numerical results
(EMIR ¼ 3.8 MV=cm and γ−1eff ¼ 13 fs). 0 degrees corresponds
to the Γ − K (zigzag) direction. For clarity, the intensity of the 7th
harmonics is magnified. (c) Ratio of n th order harmonic intensity
to the nth power of MIR intensity (In=InMIR) as a function of MIR
electric field. Symbols (circles and squares), solid, and dotted
lines, respectively, show the experimental results, numerical
results with and without scattering effect (γ−1eff ¼ 13 fs and
¼∞). The upper panel shows the 5th harmonic and lower panel
shows the 7th. Here, all the data are normalized by the value at
EMIR ¼ 2.5 MV=cm for clarity. (d) Ratio of the numerically
simulated 5th harmonic intensity to the fifth power of MIR
intensity (I5=I5MIR) as a function of MIR electric field at certain
scattering times. The blue solid line shows the results without the
scattering effect. Green dotted, yellow dashed, and red dashed-
dotted lines show the results with an effective scattering time γ−1eff
of 29, 17, and 13 fs, respectively. Here, all the data are normalized
by the value at EMIR ¼ 2.5 MV=cm. The shaded area shows the
range of the MIR electric field in (c). In (b) and (c), the data
corresponding to the 9th harmonics are not shown due to the low
signal-to-noise ratio of the experiment.
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line) high harmonics spectra with EMIR ¼ 3.8 MV=cm.
The numerical results reproduce the observed HHG spec-
trum, indicating that the scattering time estimated from the
incoherent broadband emission is consistent with the
scattering time in the coherent electron dynamics reflected
in the observed high harmonic emission. In addition, the
simulation also reproduces the almost isotropic crystal
orientation dependence, which is in contrast to the rather
anisotropic ones in several crystalline solids [24,48–55].
To clarify the nonperturbative nature of HHG in

2H-NbSe2, we plot the ratio of the n th order harmonics
intensity to the n th power of MIR intensity (In=InMIR) as a
function of MIR intensity in Fig. 3(c). This ratio should be
constant for sufficiently weak MIR intensity because
high harmonics signals obey a power law (In ∝ InMIR) in
the perturbative regime. When the light-matter inter-
action enters the nonperturbative regime as the MIR inten-
sity increases, the ratio starts to depend on theMIR intensity,
reflecting the electron dynamics unique to each material
[20]. In our experiments, both the 5th and 7th harmonics
show strong deviations from constant values, indicating a
nonperturbative nonlinear optical process above 2.0 MV=cm.
The numerical results for e-e scattering (γ−1eff ¼ 13 fs) repro-
duce the saturation seen in the experimental results, while the
results without scattering are only weakly saturated. Overall,
these results indicate that the scattering time estimated from
the broadband emission is valid and that e–e scattering
plays a crucial role in the nonperturbative nature of HHG
in 2H-NbSe2.
To investigate the effect of e-e scattering on the HHG

process in more detail, we calculated the MIR intensity
dependence of the high harmonics by changing the scatter-
ing time as shown in Fig. 3(d). The orange shaded area is
the range of variation in the experiment. The deviation from
perturbation theory monotonically increases with increas-
ing MIR intensity and decreasing scattering time. This
behavior can be understood as follows. When the MIR
electric field is sufficiently weak, the change in the electron
distribution from equilibrium is small, limiting the number
of available scattering channels. As the MIR electric field
increases, the electron distribution becomes more displaced
from equilibrium, leading to an increase in available
scattering channels. This increase in the scattering channels
with the increase of MIR electric field suppresses the high
harmonic signal originating from coherent electron motion.
Since such a field-dependent scattering process should be
universal in solids [13], the above scenario may substan-
tially contribute to the nonperturbative nonlinearity of the
optical response in a wide variety of systems, including
metals and semiconductors.
In conclusion, we observed coherent high harmonic

signals and an incoherent broadband emission induced
by intense MIR driving in the metallic phase of 2H-NbSe2.
Since the incoherent broadband emission associated
with HHG has not been observed in semiconductors and

insulators, our observation indicates that the electron
dynamics under strong MIR electric fields are unique to
metals. We conclude that the broadband emission origi-
nates from hot electrons, whose effective temperature
reaches around 4000 K. The numerical calculation includ-
ing e–e scattering reproduced both the high harmonic
spectrum and high electron temperature simply by tuning
the e-e scattering time. The calculation revealed that energy
absorption by electrons is enhanced in the intermediate
regime owing to cooperation and competition between
the driving and scattering processes. This enhancement
condition is the cause of the unique nonlinear optical
properties, such as scattering-induced nonperturbative non-
linearity, found in the HHG measurements. Our research
proves that metals under a strong MIR field are suitable for
studying the effect of ultrafast scattering on driven-electron
systems in the intermediate regime. In general, the scatter-
ing process depends on the energy and momentum of
electrons, and is prominent especially in quantum materials
that host complicated electronic structure. This complicated
scattering process may result in high harmonic emission
and broadband emission highly depending on driving field
strength and polarization. More precise measurements of
field strength dependence and polarization dependence of
nonlinear emission may help us uncover the nonequili-
brium dynamics with dissipation in quantum materials.
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