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Two-dimensional antiferromagnets are promising materials for spintronics. The van der Waals
antiferromagnet NiPS3 has attracted extensive interest due to its ultra-narrow exciton feature which
is closely linked with the magnetic ordering. Here, we use time-resolved terahertz spectroscopy to
investigate photo-excited carriers in NiPS3. We identify the onset of interband transitions and
estimate the exciton dissociation energy from the excitation wavelength and fluence dependence of
the transient spectral weight. Our results provide key insights to quantify the exciton characteristics
and validate the band structure for NiPS3.

The van der Waals antiferromagnets have received sig-
nificant attention for their strong potential to be a build-
ing block in two-dimensional electronic and spintronic de-
vices [1, 2] and as nonlinear photonics devices [3]. In this
material family, NiPS3 is a particularly interesting case
due to its ultra-narrow linewidth exciton [4–6]. Although
the origin of this exciton is still under debate [4, 7–12],
the consensus is that this exciton couples to magnetism
[6, 7, 13–15] and is clearly different from the excitons in
conventional semiconductors.

Characterization of the bandgap and the exciton dis-
sociation energy of NiPS3 is crucial for understanding
the unconventional excitonic physics in this material. In
general, bandgap information can be obtained by equilib-
rium spectroscopic measurement. In reality, the bandgap
may be obscured due to the complex electronic structure
in strongly correlated materials, where many excited-
states of varied origin may overlap as a result of their
close proximity in energy [16–18]. To date, the existing
literature reports diverse values of the bandgap for NiPS3
[5, 8, 19–23]. As for the exciton dissociation energy, a
large exciton binding energy at the eV level has been
predicted in this material family at the monolayer limit
[24]. Experimentally, the narrow linewidth exciton per-
sists down to the trilayer, but no exciton feature is seen
in the monolayer [6]. Furthermore, the exciton dissoci-
ation energy for bulk antiferromagnetic NiPS3 remains
unknown. Therefore, probing the exciton band structure
in NiPS3 is in great demand.

Photo-excitation can provide critical insights into the
band structure of semiconductors and insulators. The
pump fluence dependence of the photo-excited carriers
disentangle the underlying mechanisms through which
the carriers are generated, i.e., whether the carriers origi-
nate from single-photon absorption to unoccupied states,
or they come from two-photon absorption to higher en-
ergy levels (Fig.1(a)). The pump wavelength dependence
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of photo-excited carriers can more conclusively determine
the onset of interband transitions.

Here, we choose three excitation energies to drive bulk
NiPS3 single crystals out of equilibrium at 7 K: 1.476 eV
(resonant with the ultra-narrow exciton), 1.494 eV (reso-
nant with the magnon sideband of the exciton), and 1.610
eV (close to the optical bandgap) [4, 5]. In comparison,
we also conduct measurements at room temperature with
the same excitation energies, where the spin-orbit exciton
features are no longer present [4–6]. We use time-domain
terahertz (THz) spectroscopy to measure photo-excited
carriers as a function of temperature, excitation fluence,
and excitation energy. We evaluate the transient spec-
tral weight of optical conductivity, which is proportional
to the photo-excited carrier density. At low temperature
(7K), the pump fluence dependence of the carrier den-
sity is purely quadratic for all pump energies, which we
attribute to the two-photon absorption process. The ab-
sence of a linear pump fluence dependence suggests that
the bandgap is above 1.610 eV at 7 K. This observation
sets the lower limit of the exciton dissociation energy as
134 meV. At room temperature, the quadratic pump flu-
ence dependence persists, while a linear fluence depen-
dence sets in when pumping with 1.494 eV, indicating
that this excitation energy is above the absorption onset.
These observations provide key insights to the exciton
band structure for NiPS3.

Broadband THz pulses were generated by laser-ionized
plasma from a 35 fs Ti-Sapphire laser. The reflected THz
signal from a bulk NiPS3 single crystal was detected by
electrooptical sampling in a 1 mm thick ZnTe crystal.
The pump photon energies were selected by bandpass fil-
ters (10 nm bandwidth) from the same Ti-Sapphire laser
used for the THz probe [25]. The incident fluence was
varied from 0.45 mJ/cm2 to 3.20 mJ/cm2. The THz
transient and the pump-induced change were simultane-
ously measured by two lock-in amplifiers.

A typical set of THz time-domain data is shown
in figure 1(b). The light-induced change in the THz

field (∆E = Epump on
THz − Epump off

THz ) peaks at a slightly
shifted position in comparison with the incident THz field
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FIG. 1. A general approach to identify the bandgap and a typical pump-probe response for NiPS3. (a) Excitation fluence
dependence of photo-excited carriers as a result of transitions through one-photon absorption (left, linear fluence dependence)
or through two-photon absorption (right, quadratic fluence dependence). (b) The pump-induced change in the reflected THz
electric field (∆E, orange curve) exhibits a phase difference with respect to the equilibrium reflected THz probe pulse (ETHz,
grey curve). In this case, the frequency-resolved optical response is required to characterize the fluence dependence of photo-
excited carriers. (c) Frequency-resolved transient change in optical conductivity, ∆σ = σtransient−σequilibrium, at the time delay
of 1 ps. A Drude-like behavior is seen, indicating an influx of photo-excited carriers. Measurements for (b) and (c) taken at
T = 295 K with 1.476 eV excitation energy.

(ETHz = Epump off
THz ). This data is taken at T = 295 K

with an excitation photon energy of 1.476 eV. Similar
time-domain responses are seen for all three excitation
energies and for both 7 K and 295 K. The ∆E peak is
sometimes referred to as spectrally-integrated transient
THz response [26], which gives an overview of the pump-
induced dynamics. However, when the pump induces
changes in both the amplitude and phase of the probe
THz field, this frequency-integrated THz response does
not correspond to a clear and meaningful quantity, such
as the number of light-induced carriers. Instead, one
needs to analyze the frequency-resolved optical response
to characterize photo-excited carriers.

A standard thin-film model [25] is used to evaluate the
frequency-resolved optical conductivities. At maximum
response (time delay t = 1 ps), the pump-induced tran-
sient change in optical conductivity exhibits a Drude-like
shape (Fig. 1(c)). This response is indicative of an in-
crease in free carriers in the material as a result of photo-
excitation. Analysis of the fluence dependence of this car-
rier response allows us to unravel the mechanism through
which these carriers were generated. Linear absorption of
a photon with energy ω, leading to the promotion of an
electron to an excited state at an energy ω above its ini-
tial state, exhibits a linear fluence dependence (Fig. 1(a),
left) [27, 28]. Alternatively, the material could undergo
two-photon absorption (TPA), promoting an electron to
an excited state at an energy 2ω above its initial state.
The probability of a TPA transition occurring is equiv-
alent to the product of the probability of one photon
and the probability of another photon, both of energy ω,
being absorbed at the same time. This results in a tran-
sition rate proportional to the square of the intensity, or
an excited carrier response with quadratic fluence depen-
dence (Fig. 1(a), right) [27].

Before moving on to detailed analysis, we would like

to point out a special feature at low temperatures. The
transient optical response at T = 7 K exhibits a unique
behavior when pumping at 1.476 eV [25], the energy of
the lowest ultra-narrow exciton peak in NiPS3 [4, 5, 26].
For the time-domain response, the normalized reflected
THz field ∆E/E shows a short increase and then a long-
lived suppression, as shown in Fig. 2(a). Correspond-
ingly, the frequency-resolved optical conductivities ex-
hibit a narrow Drude peak and an onset of broad sup-
pression in ∆σ1 (Fig. 2(b)) at t = 1 ps. The broad sup-
pression evolves further and gains spectral weight with
increasing time delay. It is hypothesized to be a long-
lived population inversion seen at THz energies [25].

In contrast, for 1.494-eV and 1.610-eV pumping,
∆E/E exhibits only a positive signal with an exponen-
tial relaxation (Fig. 2(c) and (e)), as is typically seen for
the case of photo-excited carriers. Correspondingly, the
pump-induced transient change in optical conductivity
at t = 1 ps for these excitation energies exhibits a sim-
ple Drude-like response (Fig. 2(d) and (f)), similar to
the room-temperature response at 1.476-eV pumping as
shown in Fig. 1(c). Note that in the antiferromagnetic
state, the transient response should contain a magnon
feature at 5.5 meV [26]. This feature is absent here due
to the insufficient energy resolution, which is a result
of the sample thickness (400 µm). Therefore, we only
study larger energy scale features such as the bandgap
by analyzing the pump fluence dependence of the photo-
excited carriers. The similarity of the photo-excited car-
rier response, despite the resonant nature of the 1.494-eV
pumping at T = 7 K, indicates similar carrier generation
mechanisms at these energies in both the paramagnetic
and antiferromagnetic phases. In the following discus-
sion, we will focus on the t = 1 ps response when the
Drude response is strongest for all excitation energies at
all temperatures.
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FIG. 2. Transient optical response at T = 7 K with three pumping energies at 1.476 eV, 1.494 eV, and 1.610 eV. (a, c, e)
Time-domain response of the reflected THz electric field. (b, d, f) Frequency-resolved complex optical conductivity at t = 1
ps. The optical response at all pump energies exhibits a Drude-like spectrum.
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FIG. 3. Incident fluence dependence of the light-induced change in the partial spectral weight,
∫ ω1

ω0
∆σ1(ω)dω in the energy

region ω0 = 3.8 meV to ω1 = 11.4 meV at a fixed time delay t = 1 ps for three excitation energies. The transient partial
spectral weight change is fit by linear and quadratic dependence components. (a-c) At T = 295 K, the response at all pump
energies show a linear component, dominating at 1.610 eV. (d-f) At T = 7 K, the linear component vanishes and the quadratic
component dominates at all pump energies.
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FIG. 4. Linear and quadratic components of the transient
change in the partial spectral weight at excitation fluence 1
mJ/cm2. (a) At T = 295 K, both linear and quadratic com-
ponents exist. (b) At T = 7 K, no linear fluence dependence
is seen.

We investigate the origin of photo-excited carriers by
studying the pump fluence dependence of the carrier den-
sity, which is proportional to the transient change in the
partial spectral weight of the optical conductivity, defined
as

∫ ω1

ω0
∆σ1(ω)dω, where ω0 = 3.8 meV and ω1 = 11.4

meV. Within this region of integration, the optical con-
ductivity is predominantly composed of the Drude con-
tribution, and the transient change in spectral weight is
proportional to the excited free-carrier population fol-
lowing the optical sum rule [28]. The change in the
partial spectral weight is fit with linear and quadratic
fluence dependence components, as shown in Fig. 3. Al-
though the free-electron Drude model is over simplified
[29], the optical sum rule is still valid for strongly cor-
related materials [30]. Furthermore, here we study the
itinerant carriers created by above-gap photo-excitation
with low pump fluences. The transient optical conduc-
tivity change can be well captured by the Drude fit (see
Fig. 1 (c)). Similar cases in strongly correlated materi-
als include cuprate superconductors [31, 32], iron-based
superconductors [33], and antiferromagnets with uncon-
ventional excitons [26, 34, 35], in which the Drude model
and/or the optical sum rule has been applied to analyze
photo-excited carriers.

For the T = 295 K case, both the linear component
and quadratic components are necessary to fit the fluence
dependence of the partial spectral weight (Fig. 3(a-c)).
The linear component is more significant in the 1.610
eV pumping case (Fig. 3(c)). At T = 7 K, the tran-
sient change in the partial spectral weight carries a purely
quadratic dependence on fluence for all excitation ener-
gies (Fig. 3(d-f)). The linear and quadratic components
of the transient partial spectral weight change at a fixed
excitation fluence are illustrated in Fig. 4.

We now discuss the implications of the fluence depen-
dence data. The linear fluence dependence of excited free
carriers, seen in the nonequilibrium response at T = 295

K, is characteristic of carriers generated through optical
transitions from below the charge-transfer gap to the con-
ducting states above the charge-transfer gap [28, 36, 37].
The linear component weakens with decreasing photon
energy, and becomes smaller than the measurement er-
rorbars in the 1.476 eV pumping case. Therefore, the
bandgap at T = 295 K is smaller than and close to 1.494
eV.

For T = 7 K, no linear fluence dependence is seen for
all pump energies, indicating that the bandgap at this
temperature is greater than 1.610 eV. Insulating or semi-
conducting materials commonly exhibit temperature de-
pendent energy gaps. The primary causes of this temper-
ature dependence are thermal expansion of the lattice’s
periodic potential and increased carrier-phonon interac-
tion with increasing temperature [36–40]. A tempera-
ture dependent bandgap is also in agreement with ear-
lier characterization of excitonic features: the spin-orbit-
entangled exciton peaks of NiPS3 shift to higher energies
with decreasing temperature below the Néel temperature
TN = 155 K [4–6, 22]. The spin-orbit entangled exciton
transition involves an exchange between the S 3p orbitals
and partially filled Ni 3d orbitals which comprise the
charge-transfer gap in NiPS3 [4, 9, 22]. As the bandgap
is larger than 1.610 eV at 7 K, and the exciton feature
peaks at 1.476 eV, we estimate the lower limit of the ex-
citon dissociation energy to be 134 meV, i.e. the energy
difference between the spin-correlated exciton and the
corresponding charge-transfer continuum [26, 41]. The
absorption onset blueshifts about 100 meV from room
temperature to 10 K [22], which agrees well with the en-
ergy difference of the bandgap from our estimation (close
to 1.494 eV at room temperature and greater than 1.610
eV at 7 K). Therefore, we expect that the bandgap at 7
K is close to 1.610 eV, and 134 meV is close to the exact
value of exciton dissociation energy for bulk NiPS3.

Finally, we discuss the origin of the quadratically ex-
cited carriers. In contrast to the large difference in lin-
early excited carriers, all pump energies at T = 295
K exhibit similar quadratically excited spectral weight,
as shown in Fig. 4. Strong absorption and conductiv-
ity at energies between 2.95 eV and 3.22 eV give va-
lidity to TPA as a driving mechanism for carrier gen-
eration [16]. In addition, angle-resolved photoemission
spectroscopy measurements of NiPS3 show unoccupied
bands with significant density of states available at en-
ergies above 2.3 eV [23]. The similar, large carrier den-
sities between all pump energies at T = 295 K would
indicate that the quadratically excited carriers were all
generated through the same TPA process which accesses
energy levels well above the energy of first conducting
states. The reduction of the quadratic component for
lower pump energies at T = 7 K is due to the strong
excitonic absorption features at 1.476 eV and 1.494 eV
below the Néel temperature. Additionally, the narrow-
ing of the 3.5 eV absorption peak with decreasing tem-
perature results in fewer TPA states for the lower transi-
tion energies [16]. A quadratic fluence dependence of the
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photo-excited carriers can also arise from exciton-exciton
annihilation [42, 43]. Note that the exciton feature disap-
pears close to the Neél temperature [4–6], therefore the
exciton-exciton annihilation mechanism is not relevant
for the quadratic fluence dependence at room tempera-
ture. Such a mechanism could be at play for the 7 K
case with 1.476-eV pumping. However, there is no signif-
icant difference in the quadratic partial spectral weight
at 7 K versus at 295 K, as shown in Fig. 4. In addi-
tion, the lifetime of the photo-excited carrier contribu-
tion to the change in spectral weight does not change
with temperature [25]. Therefore, the photo-excited car-
riers which carry a quadratic fluence dependence likely
share the same origin in the resonant and off-resonant
cases at 7 K and 295 K. Finally, a different origin of the
quadratic fluence dependence does not alter our conclu-
sions on the bandgap, estimated from the linear pump
fluence dependence data.

In conclusion, we use the pump fluence and wavelength
dependence of the photo-excited carrier density to iden-
tify the bandgap values and the exciton dissociation en-
ergy for NiPS3. The bandgap is close to 1.494 eV at
room temperature and near 1.610 eV at 7K. As the exci-
ton feature is seen at 1.476 eV, we estimate the exciton
dissociation energy to be close to 134 meV. These results

are vital to quantify the characteristics of the unconven-
tional spin-correlated exciton and to validate band struc-
ture calculations for NiPS3, which is a unique candidate
for future two-dimensional spintronic applications.
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