Long-lived population inversion in resonantly driven excitonic antiferromagnet

Jacob A. Warshauer,! Huyongqing Chen,' Daniel Alejandro Bustamante

Lopez,! Qishuo Tan,? Jing Tang,? Xi Ling,>%% and Wanzheng Hu

1,3,4, *

! Department of Physics, Boston University, 590 Commonwealth Avenue, Boston, MA 02215, USA
2 Department of Chemistry, Boston University, 590 Commonwealth Avenue, Boston, MA 02215, USA
3 Division of Materials Science and Engineering, Boston University,

590 Commonwealth Avenue, Boston, MA 02215, USA
4 Photonics Center, Boston University, 8 Saint Mary’s St., Boston, MA 02215, USA

Van der Waals magnets are an emerging material family for investigating light-matter interactions

and spin-correlated excitations.

Here, we report the discovery of a photo-induced state with a

lifetime of 17 ps in the van der Waals antiferromagnet NiPSs3, which appears exclusively with
resonant pumping at 1.476 eV in the antiferromagnetic state. The long-lived state comes with a
negative photoconductivity, a characteristic optical response of population inversion. Our findings
demonstrate a promising pathway to potentially achieve long-lived lasing at terahertz frequencies

in reduced dimensions.

Excitons are electron-hole pairs bound by Coulomb
attraction that broadly exist in condensed matter sys-
tems. Optically driven excitonic systems host a vast
range of compelling features, including intraexcitonic
resonances|1], the Hubbard exciton[2], exciton sensing of
coherent magnon[3], and spin-polarized spatially indirect
exciton[4]. The beauty of rich excitonic physics, however,
is eventually limited by the exciton’s lifetime before the
electron-hole recombination. Long-lived excitons are ap-
pealing for the realization of exciton condensation[5—7]
and optoelectronic device applications[8], making mate-
rials with long-lived excitonic states highly sought after.

Van der Waals magnets are an emerging material fam-
ily for investigating light-matter interactions and spin-
correlated excitations[9-19]. The discovery of an ultra-
narrow photoluminescence (PL) peak in the antiferro-
magnetic material NiPSs, identified as a spin-correlated
exciton state, opening up novel opportunities to study
coherent many-body excitons[9, 13, 20, 21]. The 330-
eV linewidth of the exciton peak in NiPS3[10, 11] is sig-
nificantly narrower than the typical sub-10 meV exciton
linewidth found in two-dimensional semiconductors[22—
24], which makes NiPS3 an ideal platform to investigate
the exciton dynamics. Apart from the ultra-narrow exci-
ton linewidth, the other fascinating character is the con-
nection between the exciton and magnetic ordering. The
exciton PL peak appears only in the antiferromagnetic
phase[10-12] and displays a splitting under the appli-
cation of an in-plane magnetic field[20, 25]. The exci-
ton peak is highly anisotropic with a temperature de-
pendence following the in-plane magnetic susceptibility
anisotropy|[11], and the exciton dispersion follows closely
the double-magnon dispersion[26], indicating a close re-
lationship between the exciton and the magnetic or-
der. Despite extensive interest in the ultra-narrow spin-
correlated exciton, there are no studies on resonant driv-
ing at exciton levels in NiPSs or other van der Waals
magnets in this family.
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Here we use resonant optical excitation to populate
the spin-correlated exciton state in the antiferromag-
net NiPS3. We probe the charge dynamics using time-
resolved terahertz (THz) spectroscopy, which has played
a major role in probing intra-exciton transitions[1, 2, 27].
By tuning the pump photon energy to two of the exci-
tonic features and an energy above the absorption onset,
we identify a distinct state tied to the spin-correlated ex-
citon with a lifetime of 17 ps. Further, we show that
the long-lived state exhibits a negative photoconductiv-
ity over the entire THz probe range, which we attribute
to population inversion involving the excitonic ground
state.

Millimeter-thick bulk single crystals of NiPS3 with a
Néel temperature (Tx) of 155 K were grown by the
chemical vapor transport method[10]. Within individ-
ual NiPS3 layers, the spins on the Ni lattice are anti-
ferromagnetically ordered along the b axis and form a
zigzag pattern along the a axis. Highly anisotropic exci-
ton features develop in the antiferromagnetic state[9-12].
Peak I, seen at 1.476 eV in the optical absorption (Fig-
ure 1(a)), is a spin-orbit-entangled exciton[9, 21]. This
exciton, probed by the PL, is highly polarized with the
largest signal along the b axis[10], where the spins are
antiferromagnetically ordered (Figure 1(a) inset). The
second sharp optical transition (peak IT in Fig.1(a)) is 22
meV above peak I and is identified as a magnon sideband
of the exciton peak I[9, 28].

Optical excitation at three selected frequencies was
used to drive NiPS3 out of equilibrium: (1) resonant
pumping of the exciton at 1.476 eV, (2) resonant pump-
ing of the magnon sideband of the exciton at 1.494 eV,
and (3) off-resonant pumping at 1.61 eV which is slightly
above the absorption onset[29] at 7 K. The shaded peaks
in Fig. 1(a) are the spectra of three excitation energies
used in this study. The pump beam polarization was par-
allel to the a axis of NiPS3. We performed time-resolved
THz spectroscopy to probe the dynamics of the driven
state. The THz probe reached the sample at normal in-
cidence in reflection geometry (Fig.1(b)). The probe po-
larization was set parallel to the b axis of NiPS3. Further
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FIG. 1. (a) Equilibrium absorption coeflicient @ at 4 K (data
from Ref.[9]), and three excitation spectra used in this study
(shaded peaks). (Inset) The PL intensity maximizes along
the b axis, where the spins on the Ni lattice are antiferromag-
netically ordered. (b) The transient state was probed by THz
pulses using normal incidence reflection.

details on the pump-probe measurement can be found in
the Supplemental Material [30].

We first present the spectrally-integrated transient dy-
namics. Figure 2(a) shows the time-domain pump-probe
response at 7 K with resonant excitation at peak I.
Here, AF is the pump-induced change in the reflected
THz field at the peak value, and E is the peak value
of the equilibrium THz waveform. After excitation, the
pump-probe signal reaches maximum and then decreases
to negative values, remaining negative for several tens
of picoseconds. Fitting over an extended time window
(Fig. S3) reveals two time constants of the transient re-
sponse. The sign-changing response is short-lived with
a lifetime of 0.2 ps, which is likely the time of exciton
formation[37]. The long-lived negative signal has a life-
time of 17 ps, which is on the same order as the lifetime
of the exciton[10, 11, 38]. In addition, an oscillatory re-
sponse is seen with a frequency of 1.2 THz (5.0 meV).
This corresponds to an out-of-plane magnon according
to the solutions to the Landau-Lifshitz—Gilbert equations
(Supplemental Material section S7 [30]) and agrees with
the magnon frequency observed by Raman scattering[20]
and THz emission[15, 39]. The lifetime of the magnon
signal is 70 ps according to our calculation, which fits
the THz time trace (Fig. 2(a) and Fig. S3).

The negative pump-probe response with a long lifetime
is unique to resonant pumping at peak I. As illustrated in
Fig. 2(b), when pumping at peak II (1.494 eV) or above
the absorption edge (1.610 eV) at the same base temper-
ature of 7 K, the pump-probe signals are nearly identical.
Only a positive response is seen, and the dynamics are
much shorter lived with a lifetime on the order of 3 ps
for both cases. A positive AE/E is not surprising for
optically excited insulator, as the pump photons above
the absorption onset can create hot carriers which en-
hance material’s reflectivity at THz frequencies. In the
antiferromagnetic state, pumping away from peak I also
leads to a significant reduction in the magnon signature,
similar to case of antiferromagnetic NiO[40].

We then demonstrate the temperature evolution of the
pump-probe dynamics. Figure 2(c) shows a set of pump-
probe overlap scans at various temperatures across Txn
= 155 K (see Fig. 2(d)) with the same excitation energy
of 1.476 eV. With increasing temperature, the exciton
peak red-shifts and broadens considerably at 70 K, be-
fore nearly disappearing at 130 K[9-12]. Accordingly,
the suppression in AE/FE significantly weakens from 7 K
to 70 K, and it is barely recognizable at 130 K. Addi-
tionally, the absorption onset also redshifts continuously
with increasing temperature so that at room temperature
1.476 eV is above the absorption onset[29]. Consistently,
a positive AE/FE is seen at room temperature with 1.476
eV pumping, similar to the off-resonant case at 7 K (Fig.
2(b)).

We now investigate the unique long-lived state by
the frequency-resolved optical response. Figure 3(a-d)
shows the time evolution of the light-induced change in
the complex optical conductivity, defined as Aco(w) =
o(w)transient _ 5 ((yyequilibrium = At the maximum response
(Fig. 3(a)), Aoy(w) is positive at low energies and be-
comes negative in between 6 and 10 meV, while Aoy (w) is
positive over the entire energy window. At later time de-
lays, Aoy (w) remains negative from 4 to 10 meV, while
Aocy(w) remains positive (Fig. 3(b-d)). The real and
imaginary part of optical conductivity can be fit simulta-
neously with a Drude term plus a Lorentz component
with a negative amplitude. A typical fit is shown in
Fig. 3(e). The Drude term gives a positive contri-
bution to Aoci(w) for all frequencies, and the inverted
Lorentz term brings o;(w) to negative values. Varying
the pump-probe time delay, the oscillator strengths for
the Drude and inverted Lorentz terms change with differ-
ent rates, while their widths remain constant (yPrde=1.5
meV and yorent?2=5 meV). Figure 3(f) plots the time
evolution of the Drude and Lorentz oscillator strengths.
The Drude oscillator strength wf) p can be fit with a single
exponential decay with a time constant of 2.4 ps. The
inverted Lorentz oscillator strength wZL reaches maxi-
mum at 2 ps then decays with 2 ps and 15 ps time
constants. The transient spectral weight, defined as
ASW =120 fwwf Ao (w) dw, in the range between 4 and
10 meV (open squares in Fig. 3(f)) qualitatively follows
the exponential fit for the spectrally-integrated response
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FIG. 2. (a) Pump-induced change in the THz electric field (AE/FE) with resonant pumping at peak I at 7 K. AE/E quickly
switches sign and remains negative for several tens of picosecond. Meanwhile, an oscillation with a frequency of 1.2 THz (left
inset) is seen, corresponding to a magnon mode (right inset). (b) At 7 K, when the pump frequency is tuned to peak II (1.494
eV, triangles) or to above the absorption onset (1.610 eV, squares), AE/FE is short lived and remains positive. (c¢) Temperature
evolution of AE/E with 1.476 ¢V pumping. (d) Néel temperature (155 K) characterized by the splitting of a 180-cm ™' Raman
phonon along the parallel (solid squares) and cross (open squares) polarization geometry[36].

presented in Fig. 2(a). A suppression in spectral weight
as a result of the negative Aoy is seen up to 30 ps. The
frequency-resolved optical response verifies that the over-
all pump-probe dynamics comes from two contributions
with different time scales. We are particularly interested
in the inverted Lorentz term, which is a non-thermal re-
sponse.

This unique non-thermal response disappears when
pumping away from peak I. Figure 3(g) shows the tran-
sient change of the complex optical conductivity with
pumping at peak II, which is about 20 meV above peak
I. In this configuration, Ao (w) remains positive over the
entire energy window, decreasing at higher probe ener-
gies, while Aos(w) peaks near 7 meV. This is charac-
teristic of a free-carrier Drude response (Fig. 3(h))[41].
Similar Drude behavior is seen for 1.476 eV pumping at
room temperature (Figure S5) where the exciton disap-
pears and the pump energy is above the absorption edge.
These frequency-resolved responses agree with the pos-
itive AE/E dynamics as shown in Fig. 2(b), thereby
verifying the high sensitivity of the transient state to the
excitation photon energy: as soon as the excitation en-
ergy is at or above the absorption onset, the Drude re-

sponse dominates.

We now explore possible origins of the long-lived state
with resonant pumping at peak I. As the negative Ao (w)
is only observed with the resonant excitation of peak I,
and the lifetime of this state is comparable to that of
the exciton lifetime[10, 11, 38], this response must come
from optical population of the 1.476 eV exciton level.
A negative Aoj(w) has been observed in other exciton
systems and was interpreted as stimulated emission from
population inversion of intraexcitonic levels[27]. At first,
a population inversion is formed by resonant excitation
by the optical pump, and then the THz probe photons
stimulate a coherent emission similar to the process of
lasing. In our case, the reflected THz peak field (Fig.
2(a)) encompasses multiple contributions including a co-
existent Drude term. We therefore focus on the negative
Ao (w) in the following discussion.

The population inversion picture is further verified
by the incident pump fluence dependence of the nega-
tive spectral weight, —ASW, which follows a threshold-
saturation behavior expected for population inversion be-
tween excited energy levels, as shown in the inset of Fig.
3(f) and Supplemental Material section S6 [30]. As each
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FIG. 3. (a-d) Resonant pumping at the exciton energy (peak I) results in a long-lived transient suppression in o1 and an
increase in o2. The solid circles present the data, and the red curves are fits. (e) The Drude and inverted Lorentz terms used
to fit the 2 ps data. (f) Time dependence of the fitting parameters at 7 K with 1.476 ¢V pumping. wi 1, and wf, p represent the
oscillator strength of the inverted Lorentz term and the Drude term, respectively. The thin solid lines are exponential decay
fits. A global wz represented by the optical spectral weight under Ao (w) in between 4 and 10 meV (ASW). The thick blue
line is a rescaled exponential fit used for AE/E. (Inset) Transient change in spectral weight as a function of incident pump
fluence at ¢t = 3ps. (g) Pumping at peak II results in positive Aoy and Aoz (solid triangles) which can be fit with a single
Drude term (red lines). (h) The Drude term used to fit g across a broader spectral region.

pump spectrum covers a relatively broad frequency range
with respect to the narrow exciton linewidth (see Fig.
1(a)), the exciton state (peak I) can be either the lower
or higher level of the population inversion state. Multi-
ple exciton states close to peak I have been predicted by
first-principles calculations[42, 43]. Additionally, shoul-
der peaks at closely spaced energies above the 1.476 eV
peak have been observed in photoluminescence and ab-
sorption measurements[9]. Therefore, our observation re-
flects a population inversion involving the 1.476 eV exci-
ton and another nearby exciton level. Note that the in-
verted Lorentz term in Ao (w) peaks at 5 meV, overlap-
ping with the magnon energy as shown in Fig. 2(a) inset.
One may speculate that the negative Aoy (w) comes from
a magnon-facilitated THz emission; however, this is not
likely the case because the suppression in Acj(w) has a
much broader energy width than the magnon feature[15].

We briefly comment on other possibilities which can
lead to a negative Aoq(w). In metallic systems such as
graphene, optical excitation leads to a dominant increase
in the scattering rate of the existing carriers[44, 45].
Here, NiPSj3 is insulating with no free-carrier response
at equilibrium. Similarly, we can rule out trion forma-

tion as the cause of the negative Aoj(w). Trions arise
from the pre-existing free carriers bound with the photo-
generated excitons[46], but there are no pre-existing free
carriers in our case. Finally, although a reduction of
the Lorentz oscillator strength of the absorption near
2.2 eV[47] can result in a negative Aoy (w) and a pos-
itive Aog(w) in the THz range, no significant changes
in the reflectivity near 2.2 eV was observed under similar
pumping conditions[16]. Further pump-probe studies are
needed to investigate the dynamics of the multiple exci-
tonic features near 1.5 eV under resonant excitations.

In conclusion, we discover a long-lived light-induced
state with negative photoconductivity in bulk NiPS3 by
resonant pumping at the exciton energy. We interpret
this as a population inversion state involving the exci-
tonic ground state. Our study provides new insights to
understand the nature of the spin-orbit-entangled exci-
ton and the fine optical features nearby, for which lim-
ited data and diverse interpretations exist[9, 10, 12, 20,
21, 26, 43]. The long-lived state is unique to resonant
pumping at the exciton level, while increasing the pump
photon energy by about 20 meV results in short-lived
free-carrier response. As the narrow-band optical excita-



tions used in this study are approachable for a wide range
of table-top time-resolved techniques and large scale fa-
cilities such as femtosecond X-rays from free-electron
lasers, our findings open up broad research opportunities
to explore long-lived excitonic phases in optically driven
nonequilibrium states. In particular, the long lifetime of
the spin-orbit-entangled exciton and the exciton-magnon
coupling in NiPS3 are appealing for exploring exciton
dynamics, exciton condensation and exciton-magnon in-
teractions in light-driven states. Furthermore, since the
exciton linewidth in NiPS3 remains narrow down to the
trilayer level[10], atomically-thin NiPSs can serve as a
building block for van der Waals heterojunctions or su-
perlattices to potentially achieve long-lived lasing at ter-
ahertz frequencies in reduced dimensions.
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S1. SAMPLE GROWTH AND OPTICAL CHARACTERIZATION

Single NiPS; crystals were synthesized using a chemical vapor transport method [1].
Precursors (the mole ratio of Ni:P:S = 1:1:3, in total of ~ 1 g) and transport agent (I, ~ 20
mg) were sealed into a quartz tube (pressure < 107> hPa) and placed in a two-zone furnace
at 650-500°C for a week. Raman and photoluminescenc (PL) measurements were conducted
on Horiba-JY T64000 with a liquid nitrogen cooled CCD camera. Signals were collected
through a x50 objective and dispersed by an 1800 gr/mm grating for Raman spectroscopy,
and by a 150 gr/mm grating for the PL measurement. A 532 nm laser generated by MSL-
FN-532 (CNI) was used as the excitation light. Samples were placed inside a cryostat for
temperature-dependent measurements. A linear polarizer and a half-wave plate were used

in the collective path for the PL. measurement.
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FIG. S1. Characterizing the Néel temperature from a Raman phonon. a, The 180
cm~! Raman phonon measured with the parallel-polarization configuration (left panel) and the
cross-polarization configuration (middle panel). The solid/open squares are the parallel/cross
polarization data. The solid lines are the fits. b, Below the Néel temperature, the 180 cm™!

phonon frequencies measured by two configurations separate.

Figure Sla shows the Raman phonon near 180 cm ™! measured with the parallel- and cross-
polarization configuration. This phonon is an optical indicator of the Néel temperature [2],

that the frequency difference measured with orthogonal polarization configurations increases



with decreasing temperature below Ty (Fig. S1b).

S2. OPTICAL-PUMP-THZ-PROBE MEASUREMENT

The pump photon energies were selected by bandpass filters from the output of a 1 kHz
35 fs Ti-Sapphire laser. The actual pump spectra are shown as shaded peaks in Figure 1(a).
The measured pulse duration for the parent laser pulse (centered at 1.55 eV) is 40 fs. The
measured pulse durations for the three excitation pulses are 172 fs (for 1.476 e¢V), 171 fs (for
1.494 eV) and 121 fs (for 1.610 eV) (Fig. S2).

1550 eV |
1610eV |
1.494 eV

1476 eV

= Center frequency (e¢V)| Pulse Duration (fs)
«
> 1.476 172
g 1.494 171
£
1.610 121
1.550 40

FIG. S2. Measured auto-correlation signal of pump pulse through narrow-band optical
filters. Figure, Raw auto-correlation signal (scatter) and Gaussian fit (solid line) for each pump
energy. Signal at 1.550 eV (black scatter) is the unfiltered pump pulse. Table, Pulse duration
calculated for each pump energy. The unfiltered pump pulse has a 60 nm bandwidth. Each other

pump energy is filtered using an 10 nm spectral width.

The incidence fluence was kept near 1 mJ/cm?. The pump beam polarization was parallel
to the a axis of NiPS3. Broadband THz pulses were generated by laser-ionized plasma from
the same 35 fs Ti-Sapphire laser. The reflected THz signal were detected by electrooptical
sampling in a 1 mm thick ZnTe crystal. A long-pass filter was used to remove the scat-
tered pump photons. The THz transient and the pump-induced change were simultaneously
measured by two lock-in amplifiers.

The normalized spectrally-integrated pump-induced change in the THz field amplitude
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FIG. S3. Spectrally-integrated response with resonant pumping at peak I. Normalized
pump-induced change in the THz electric field at 7 K with 1.476 eV pumping. This is the same

data set as Fig. 2a plotted over a broader time window.

(AE/FE) is shown in Fig. S3, which is the same data as Fig. 2a in the main text but plotted
over an extended time window. The magnon mode is seen as a fast oscillation of AE/E. A
17 ps lifetime is used to fit the negative AE/FE response, and a 70 ps lifetime is used to fit

the magnon oscillation.

S3. ESTIMATED PUMP-INDUCED HEATING

A basic model for absorbed energy from the pump laser source can be written as Ej =
$pA,(1—e~%), with ¢, as pump fluence, A, as pump spot area, &, as the penetration depth
at the pump frequency, and « being the absorption coefficient calculated from a fit to the
absorption edge.

We set the absorbed pump energy equal to the energy taken to increase from the starting

temperature Ty to the final temperature 77:

T
EC = | M.C,(T)dT (1)

To

where M, is the excited mass and C, is the heat capacity [3, 4]. Solving this for T} gives the

5



resulting temperature due to pump heating, as shown in Table S1. A significant pump-
induced heating and the weak THz reflection signal for insulating NiPSj3 challenge the

magnon detection, in particular for the 1.610 eV pumping case.

Pump energy (eV)|AT (K)

1.476 20
1.494 37
1.610 78

TABLE S1. Effective pump pulse heating of sample. Starting temperature Ty = 7 K.

S4. FREQUENCY-RESOLVED RESPONSE AND THE DRUDE-LORENTZ FIT

In the frequency-resolved optical pump and THz probe experiment, the light-induced
change of the complex THz electric field AE(w) is measured for each pump-probe time
delay 7. In the case where the pump penetration depth is orders of magnitude smaller than
the probe penetration depth, the measured AE(w) can be modeled as a signal coming from a
thin film of photo-excited layer on top of a semi-infinite layer which remains the equilibrium
optical properties [5]. In the case of normal incidence, the light-induced change in complex

optical conductivity at time delay 7 can be evaluated by:

S () — 1)

. 1 E(w)
AG(w,T) = (2)
377(5 ABEw,T) (1 =
) (1 —-n(w))+2

AE(w T) -
b, E(w)
THz electric field at time delay 7 normalized by the equilibrium THz electric field, and n(w)

where 9, is the pump penetration dept is the light-induced change of the complex
is the equilibrium complex refractive index. Since the equilibrium refractive index is nearly
featureless in the THz region [4], a frequency-independent equilibrium optical response was
used to evaluate the light-induced change in the complex optical conductivity. The NiPS;
samples used in this study are transparent in the THz region with a typical thickness of
0.4 mm. The pump penetration depths for all pump wavelengths are evaluated from the
equilibrium optical data [6, 7]. The results are shown in Table S2.

A Drude-Lorentz model was used to fit the transient changes in the optical conductivity

Aoy (w) and Aoy(w) simultaneously. In the Drude-Lorentz model [8], the complex optical
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Pump energy (eV)|T (K)|dp (um)
1.476 7 5.0
1.494 7 4.9
1.610 7 0.9
1.476 295 0.9

TABLE S2. Pump penetration depths.

conductivity is
2

FlyPh =3 3)

A i(w? — w?) + wly

where wfm- is the oscillator strength for the i-th Drude/Lorentz term, and w; (T';) is the center
frequency (scattering rate) for the Drude/Lorentz term. For the Drude term, w; = 0.

The light-induced change is defined as Ad(w) = 6(w)Pt — & (w)eduilibivm = For resonant
pumping at the exciton energy (peak I, 1.476 eV), we used Equ. 3 to fit Aoy (w) and Aoy (w)
simultaneously with one Drude term and one inverted Lorentz term. Here the inverted
Lorentz term has a negative wz. The results are shown in Fig. S4. For all other pumping
situations (Epump = 1.494 eV or 1.610 eV at T' = 7 K, or Epymp = 1.476 €V at T' = 295 K),

only one Drude term was used to fit Aoj(w) and Aoy(w) simultaneously.
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FIG. S4. Frequency-resolved transient changes in complex optical conductivity at 7

K. Resonant pumping at the exciton energy (peak I, 1.476 eV) results in a long-lived transient

suppression in o7 and an increase in oy. The solid circles present the data, and the red curves are

fits. For all time delays, Ao (w) and Aoy(w) are fit simultaneously with one Drude term and one

inverted Lorentz term.



S5. ROOM TEMPERATURE RESPONSE

Due to a strong temperature dependence of the 2.2 eV charge transfer gap [6, 9], the
absorption onset red-shifts with increasing temperature significantly. At room-temperature,
1.476 eV pumping is above the absorption onset [7]. Therefore, pumping at 1.476 eV induces
a large amount of hot carriers. Figure Sha shows the spectrally-integrated response, AE/E),
which is similar to Fig. 2b in the main text. Figure Shb-e illustrate the complex optical
conductivity change at various pump-probe time delays. In stark contrast to the 7 K data
(main text Fig. 2a), at room temperature the light-induced change Aoy (w) is always positive.
A single Drude term is used to fit Aoj(w) and Aoy(w) simultaneously for each time delay.

The Drude oscillator strength, w?

D> 1s shown in Fig. S5f. It is fit by a single exponential

decay with a 2 ps time constant. This is very close to the 2.4 ps lifetime of the Drude term
in the 7 K data. Note that at room temperature both the Drude scattering rate (the width
of the Drude peak in ¢;(w)) and the plasma frequency w, are significantly larger than the 7

K case, which is due to the red-shifted absorption onset.
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FIG. S5. Light-induced change in complex optical conductivity at 295 K with 1.476 eV
pumping. a, Spectrally-integrated transient response (open circles) with exponential fit (solid
line). b-e, All time delays show a Drude-like response with positive Aoy and positive Aoy. The
solid circles present the data, and the blue curves are fits. Only one Drude term is used in the fit.
f, Time dependence of the Drude oscillator strengths wgD used to fit b-e. The thin solid line is an

exponential decay fit.



S6. FLUENCE DEPENDENCE OF POPULATION INVERSION

A pump-induced negative photoconductivity in the THz energy regime is observed in
NiPS; when pumping at 1.476 eV. No suppression is seen at the lowest fluence measured,
and a saturating behavior is noted at higher fluences. We analyze this result with population
inversion between exciton levels using a simple four-level optical transition model. We model
the rate of change of level populations using Einstein coefficients for absorption, spontaneous
emission, and stimulated emission. In this system, the population inversion we describe
occurs between the first (E£7, population N;) and second (F», population Ns) excited levels.

The rate equation for the second excited level can be written as

dN:
d_152 = B1aNip(wi2) — BarNap(wiz) — A1 No 4 Boa Nop(woz) (4)

— BogNap(wo2) — Ao Ny — Bz Nop(was) + BsaNap(was) + AsaNs,

where Bg,_,p, ., is the Einstein coefficient for absorption of a photon with energy E;;; — E;

i1
inducing transitions to higher energy, Bp,_,p,_, is the Einstein coefficient for stimulated
emission leading to transitions to lower energy with the coherent emission of a photon,
Ap, g, , is the rate of spontaneous decay to lower energy level as a result of the spontaneous
emission of a photon, and p(w) is the energy density of the electromagnetic field [10].

We will model our system as a steady state due to the long lived nature of our observed
phenomena. In this case, we can take dNV;/dt = 0 and B;; = Bj; [11]. We also will take
advantage of the relatively closely spaced energies of the intraexciton transitions, allowing
our pump to excite all transitions from FEj to excited levels in this model. This system of
equations following from Equ. 4 allow us to find the rate conditions allowing population
inversion between exciton levels as well as the fluence dependence of the population inversion.

Population inversion between Fs and F; is defined as the condition Ny > N;. Assuming
similar Einstein coefficients of absorption, Ny > N; can be realized for rates of spontaneous
decay following Ay > Asi, Ajg. We find that the fluence dependence in this regime shows
a threshold at which population inversion does not occur below. Above this threshold,
population inversion should saturate with high fluence as fewer states are available at the
upper excited energy levels [10]. Using the simple model within this regime, we can fit the
fluence dependence of the suppression of spectral weight seen at 7 K when pumping with

1.476 eV (Fig. S6).
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FIG. S6. Transient change in spectral weight as a function of incident pump fluence.
Change in spectral weight at 3.0 ps pump-probe delay calculated by the integration of the transient
change in optical conductivity, ASW = 1% f:;)l Aoy (w)dw, over the energy region from wy = 3.81
meV to w; = 10.48 meV. The data was taken under 1.476 eV optical pumping at 7 K. Fluence
dependence follows the threshold-saturation behavior expected for population inversion between

excited energy levels.
S7. THEORETICAL CALCULATION ON THE MAGNON MODES

The Hamiltonian for NiPS; is

H= J1ZSi'Sj+J2 Z Si-S;+ Js Z Si'Sj+Z(DxSi2,x+DzSi2,z) (5)
(i,5) (@90 ({0 i

with x parallel to the aligned moment direction and z normal to both this direction and b; J
is the exchange interaction, with magnetic exchange up to the third-nearest neighbor (Fig.

S7), and D is the anisotropy strength.

The Hamiltonian can be rewritten as

H=JS-Sa+ Y (DS}, +D.S.) (6)

i€{1,2}
where J = J1 + 4]2 + 3J3

10



The Landau-Lifshitz-Gilbert equations are

ds, Vel ff Kel ff
_ S, x B — g (S, x B
dt 1+ Kel " Po S, | < (S x By )
where
1 OH 1
B = — — =B-—(JS, +2D,S,.,x+2D.,S, .z 8
Vel OS¢, Vel ( ’ +2) ®)

B is the external magnetic field, and 0,0’ € {1,2}, with ¢ # ¢’

If B = By, then the first-order corrections due to the magnetic field can be written in

the frequency domain as

SM(w) =0 (9)
51 (w) = 203D Dl gy (9b)
S0) = B () (90)
where A (w) = QF —w? +ikw, with frequency Q = 25h\/(D, — D,)(D, — J) and linewidth

k = 2kaSh(J + D, —2D,), such that S{) = S{!) = 0, S{") = 8§) = S{V, and S{) =
—st) =5,

Effective
J=h+4:+3]3

FIG. S7. The magnetic structure of NiPS3. Magnetic exchange up to the third-nearest neighbor

is shown.
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On the other hand, if B = Bz, then

SM(w) =0 (10a)
(1) _yelshiw w

50w) = 5o B(w) (10b)

S0() = T4 2 () (100)

where Aq(w) = Q3 — w? + ikw, with frequency Qy = 25h\/D,(D, — D, — J) and linewidth
k = 26aSh(J + D, —2D,), such that S{') = S§1) =0, S{) = —S§1) = 5}V, and S{!) =
S5 = st

Parameter| Value

S 1

J1 —2.6 meV
Jo 0.2 meV
J3 13.5 meV
J 38.7 meV
D, —0.01 meV
D, 0.21 meV
Kel 2.4 %1074

TABLE S3. Values for NiPS3 as given in Ref. [12].

%

FIG. S8. Low- and high-frequency magnon modes in NiPSj3. The ferromagnetic M = S1+S»
and antiferromagnetic L = S; — Ss vectors are shown. The low-frequency mode is characterized by
transient AM, and AL,, while the high-frequency mode has AM, and AL,. Here f| = Q2/(27) =
0.302THz, and f; = Q;/(27) = 1.411 THz.
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Therefore, the magnon has two eigenfrequencies, Q;/(27) = 1.411 THz and Q5/(27) =
0.302 THz (see Fig. S8) for the parameters in Table S3. Furthermore, it has a lifetime of
2/k = 7045 ps.
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