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Antiferromagnetic materials feature intrinsic ultrafast spin dynamics, making them ideal candidates for
future magnonic devices operating at THz frequencies. A major focus of current research is the
investigation of optical methods for the efficient generation of coherent magnons in antiferromagnetic
insulators. In magnetic lattices endowed with orbital angular momentum, spin-orbit coupling enables spin
dynamics through the resonant excitation of low-energy electric dipoles such as phonons and orbital
resonances which interact with spins. However, in magnetic systems with zero orbital angular momentum,
microscopic pathways for the resonant and low-energy optical excitation of coherent spin dynamics are
lacking. Here, we consider experimentally the relative merits of electronic and vibrational excitations for
the optical control of zero orbital angular momentum magnets, focusing on a limit case: the antiferromagnet
manganese phosphorous trisulfide (MnPS3), constituted by orbital singlet Mn?>* ions. We study the
correlation of spins with two types of excitations within its band gap: a bound electron orbital excitation
from the singlet orbital ground state of Mn>* into an orbital triplet state, which causes coherent spin
precession, and a vibrational excitation of the crystal field that causes thermal spin disorder. Our findings
cast orbital transitions as key targets for magnetic control in insulators constituted by magnetic centers of

zero orbital angular momentum.

DOI: 10.1103/PhysRevLett.130.076702

Magnets are central to modern advanced technologies,
for example, as bits in magnetic memories or as spin current
conductors in spintronic devices. Recently, the inclusion of
antiferromagnets into spin-based devices has garnered
much interest, as they offer faster intrinsic spin dynamics
and lower dissipation than the more commonly utilized
ferromagnets [1]. Lacking net magnetization, antiferro-
magnets must be manipulated through nonmagnetic drives,
such as electric currents and voltages [2,3], mechanical
strain [4,5], or light [6]. The latter, in the form of ultrashort
laser pulses, allows spin perturbation at diabatic timescales,
beating the intrinsic timescales even of antiferromagnetic
spin dynamics [7]. The light-spin coupling typically
involves excited states of the magnetic ion orbitals, either
virtually [8] or directly [9,10], by causing a transient
change of orbital angular momentum. This modifies the
spin-lattice coupling (e.g., through magnetocrystalline
anisotropy), and exerts a transient torque on the spins.
With the advent of intense low-frequency pulses capable of
resonant excitation of large amplitude optical phonons,
new approaches have become possible that target the spin-
lattice coupling not through orbitals, but instead through
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perturbation of the crystal field [11]—indirectly causing
dynamics of the orbital angular momentum.

The magnetic ions of many antiferromagnets lack orbital
angular momentum, either due to strong crystal field quench-
ing (e.g., Ni>* in an octahedral field), or because the ion has a
half-filled shell (e.g., Mn>*, Fe**, Ni*"). This raises the
question of whether, in such magnets, the most efficient
pathway to magnetic control should be via lattice or orbital
perturbation. We study the magnetic dynamics caused by
excited states of the crystal lattice and of the electron orbits
in manganese phosphorous trisulfide (MnPS3). This two-
dimensional antiferromagnet has recently attracted a lot of
attention with observations of long-distance magnon trans-
port [12], relativistic domain-wall dynamics [13], and giant
dynamical modulations of its optical nonlinearities [14].
Notably, this material has zero orbital angular momentum
due to the half-filled shell of the spin carrying Mn* ions,
which are in an orbital singlet ground state. Perturbative
sources of momentum are also minimal due to the very large
energy difference (1.9 eV) between the ground state and the
first excited state of Mn?>*. Additionally, the ligands are light

© 2023 American Physical Society
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Ultrafast optical spectroscopy of the magnetic order in single crystal MnPS;. (a) Schematic of the all-optical experimental
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setup, consisting of two incident beams: One to excite the material (green) and one to generate the second harmonic probe (red,
frequency w). The generated SHG (2w) is detected with a photomultiplier tube. Inset: To bring the system out of equilibrium, we excite
either d-d orbital transitions of the magnetic ions or in the phonon band. (b) The layered crystal structure, consisting of sulfur-
coordinated Mn?" ions conjoined by P,S¢~ molecules. (c) The magnetic structure of MnPS3, with N indicating the direction of the Néel
vector and z the normal to the crystal planes. (d) The temperature dependence of the second-harmonic intensity.

p-orbital ions and should contribute no substantial momen-
tum. Altogether, this casts MnPS; as an interesting limit-case
“orbital moment-free” antiferromagnet. We find that in this
material, optical excitation of bound electrons involving a
change of orbital moment can cause coherent spin precession,
whereas excitation of lattice vibrations leads to thermal spin
disordering.

We study a single crystal sample of MnPS; grown by
chemical vapor transport (detailed in Ref. [15]), approxi-
mately 10p m thick (see Supplemental Material S1 [16])
with a diameter of about 3 mm. This is a van der Waals
crystal with a layered two-dimensional crystalline and
magnetic structure [21] [see Figs. 1(b) and 1(c)], which
due to its small interplane magnetic exchange [22] retains
magnetic order down to a few layers [23,24]. Within the two-
dimensional layers, the manganese Mn>* ions are arranged
in a honeycomb lattice. Below a Néel temperature of
Ty =78 K a fully compensated antiferromagnetic Néel
ordered ground state forms [see Fig. 1(c)]. This results in
two collinear magnetic sublattices with oppositely ori-
ented magnetizations, their difference constituting the
antiferromagnetic order parameter—the Néel vector N.
A predominantly out-of-plane orientation of N is caused
by the magnetic dipole-dipole interaction [25]. Despite the
absence of magnetization, the magnitude of this order
parameter can be measured optically: The magnetic
point group of MnPS; breaks space inversion symmetry,

which allows for magnetic second harmonic generation
(MSHG) [23,26,27]. This amounts to emission of light at
frequency 2w in response to excitation at @, with the
emission intensity /°“ being quadratic in N [14]. Since
the crystal lattice itself has a center of inversion, there is no
crystalline contribution to second harmonic generation in
the dipole approximation. A small electric quadrupole
contribution is present but is more than one order of
magnitude smaller than the spin-induced electric dipole
emission causing MSHG. We confirm the sensitivity of SHG
to the magnetic order parameter by measuring its temper-
ature dependence [Fig. 1(d)] which shows a sharp onset of
signal at a temperature of 7y = 77.5 £ 0.5 K.

Below the optical band gap (2.96 eV) [28], MnPS; has
several absorption lines of different origin. We first con-
sider the absorption lines caused by transitions within the
Mn** ions. The ionic ground state °A, (13 ¢7) is an orbital
singlet (L =0) with five unpaired spins (S =5/2).
Because of the sulfide crystal field, the first excited state
is split into four states, with the lowest °T}, (13,¢,) being an
orbital triplet with S = 3/2 at an energy of 1.92 eV, well
below the optical gap [28]. Since this transition changes the
quantum numbers of the magnetic centers, we find it a
promising target for optical perturbation of the magnetic
order. This state can in fact be populated optically:
While prohibited by both spin- and parity-conserving
selection rules, this transition does carry a dipole moment
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due to coupling to locally symmetry-breaking optical
phonons [29].

To excite this orbital transition, we generate pulses with
photon energies in resonance with the transition energy,
using an optical parametric amplifier (TOPAS, Light
Conversion) seeded by an amplified Ti:sapphire laser
(Coherent Astrella, Ar =100 fs, f, = 1 kHz). We mea-
sure the ultrafast light-induced magnetic dynamics of the
material in a stroboscopic pump-probe experiment, using
MSHG as the magnetic probe [see Fig. 1(a)].

Figure 2(a) shows the intensity modulation of the MSHG
in response to excitation into the 4T 14 state [see Fig. 2(b)],
using an incident polarization at which the intensity was
maximal. The time-domain signals reveal oscillatory
dynamics at a frequency of 119 GHz (0.49 meV), which
coincides with the magnon energy gap as measured by
neutron scattering [21]. This magnon mode involves the
precession of antiferromagnetically oriented spins causing a
deviation of the Néel vector N from its equilibrium ori-
entation. Approaching the magnetic phase transition from
low temperatures [see Fig. 2(d)], we observe the mode
slowing down along with a reduction of the order parameter,
as is typical for soft modes in the vicinity of phase transi-
tions [30]. Surprisingly, the amplitude of the magnon
decays at a temperature rate much faster than both the
frequency and the magnetic order itself, and vanishes at
about 50 K, significantly lower than 7'y = 78 K [Fig. 2(c)].
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FIG. 2. Excitation of a magnon through orbital transitions.
(a) Pump-induced changes in the MSHG intensity in response to
excitation with photon energy 1.9 eV and a fluence of
0.9 mJ/cm?, for temperatures 15-60 K. Nonoscillatory back-
ground signal is subtracted. Raw traces and Fourier transforms
are available in Supplemental Material S3 [16]. (b) Single-
particle Mulliken notation view of the optical transition excited.
(c) Extracted oscillation amplitude, obtained through best fit to a
damped sine wave in panel (a). The amplitude is normalized on
the total MSHG intensity (black, right axis). (d) Best-fit oscil-
lation frequency (red, left axis) for each temperature, and the
damping time 7 (black, right axis), with a dotted line as guide to
the eye.

Furthermore, the oscillation lifetime markedly increases as
we approach this same sub-7T temperature [Fig. 2(d)], a
highly unusual behavior for magnons. These temperature
dependencies can arise either due to changes in the cross
section of the detection or excitation process, or in the
dynamical properties of the material itself. In support of the
latter, sub-T'y features have been observed in lattice vibra-
tions [31], elastic losses [15], spin correlations [32,33], and
magnetic susceptance [34]. Mounting evidence points to the
presence of critical behavior of the type usually associated
with the XY model. In this picture, the otherwise isotropic
Heisenberg system is pushed into the XY universality class
by a small in-plane anisotropy, in which bound spin
vortex pairs are predicted to form below a temperature
Txr =55 K < Ty [32,33]. Free vortices at T > T'g might
be connected to our observation of a rapid decrease of the
oscillation amplitude with temperature, and the damping
anomalies [Fig. 2(b)], as they significantly modify spin
correlations.

To confirm the resonant character of the magnon
excitation, we vary the photon energy of the excitation
pulse across the T, 4 resonance and monitor the amplitude
of the magnon mode. We observe a magnon amplitude only
when the photon energy lies within the *T, 4 absorption line,
whereas indications of magnetic dynamics are not observed
when exciting at energies below the orbital resonance
(0.89 eV and 0.95 eV), as shown in Fig. 3. The immediate
and phase-coherent spin dynamics launched via the exci-
tation of the orbital resonance points to a direct impact of
the excitation on the spins. The initial phase of the resulting
oscillations is close to zero, indicating that the spins
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FIG. 3. Pump photon energy dependence of the magnon

amplitude. (a) Time traces of the MSHG intensity changes in
response to excitation with pump pulses of central photon
energies in the range 0.88 eV to 1.97 eV, using constant fluence
of 0.9 mJ/cm? and adjusting for reflection losses (see Supple-
mental Material S7 [16]). Nonoscillatory background is sub-
tracted (see Supplemental Material S3 [16]), and the traces are
offset. Fluence dependence is given in Supplemental Material
S4 [16]. (b) The oscillation amplitude, obtained by a fit to a
Lorentzian centered at f = 120 GHz. To within noise, the
magnon is only excited at the orbital transition, visible as a
broad feature around 1.9 eV in the reflectance measurement
(shaded green; dotted line denotes extrapolation).
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oscillate about their equilibrium directions. This is expected
if the dynamics are initiated by an impulsive force,
consistent with the short lifetime of the 4Tlg state [line-
width of 35 fs, based on the linewidth in Fig. 3(b)] and
inconsistent with a thermal (displacive) excitation mecha-
nism [35]. Furthermore, we find that due to the small
absorption coefficient of the orbital transition [36], there is
minimal laser-induced heating of AT < 0.1 K in our
experiments (see Supplemental Material S5 [16]), and
thermal effects are only relevant at long timescales (see
Supplemental Material S6 [16]).

Our observation that an excitation pulse in resonance
with the “T,; , orbital state can cause spin precession agrees
well with demonstrations of selective optical control of
magnetism via optical excitation of d-shell transitions in
other antiferromagnets [10,37,38]. The spins in MnPS;,
while largely oriented out of plane, are rotated by a few
degrees into the plane due to a small easy-plane aniso-
tropy [39]. The excitation of electrons into 4Tlg, which
carries orbital angular momentum, will enable a transient
coupling of spin and orbital angular momentum. This, we
argue, is the cause of spin precession: Since the spins are
misaligned with respect to the crystallographic axes, and
consequently the orbitals, the sudden coupling of spin and
orbital angular momentum reorients the magnetic aniso-
tropy direction throughout the “T, o lifetime. This amounts
to an impulsive torque on the spin, and causes spin
precession, akin to previous observations in NiPS; [10].

Having demonstrated that excitation of an orbital tran-
sition leads to phase-coherent spin dynamics, we turn to
studying the effect of resonant lattice excitation on the
magnetic state of MnPS;. For the excitation of optical
phonons, whose energies are much lower than the orbital
transitions, we generate intense low-energy pulses: Using
two pulses produced by a pair of optical parametric
amplifiers, we perform difference frequency mixing in a
350 pm thick GaSe crystal. We measure a fluence of
9.4 mJ/cm? at the sample position. The highest-energy
phonon modes, of A, and B, symmetry (75 meV),
involve atomic motions within the ethanelike (stg‘)
complexes [40]. Importantly, these modes do not involve
motion of the Mn?t ions, and therefore preserve the
distance between the adjacent Mn?* ions, leaving their
magnetic dipole-dipole interaction unperturbed to first
order. Qualitatively, the coupling of phonons to spins
should then occur only via the crystal field experienced
by individual Mn?* ions.

Figure 4(a) shows the change in MSHG, AI*®, in
response to long-wavelength excitation, for three different
temperatures. Close to the transition temperature, we
observe a quenching of the MSHG signal, with an
exponential decay of about 30 ps. Note that this quenching
significantly exceeds the period of coherent spin precession
(8.4 ps), signifying thermally driven and phase-incoherent
spin dynamics. Furthermore, we find that the signal does
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FIG. 4. Magnetic quenching by phonon excitation. (a) Time
trace of the magnetic dynamics induced by phonon pumping at
three different temperatures. The inset illustrates the atomic
motions of this mode. (b) The change in MSHG measured at
the fixed time delay of 60 ps, as a function of temperature, in
resonance with the optical phonon. (c) The MSHG signal 60 ps
after excitation, measured as a function of pump photon energy at
75 K. Horizontal bars indicate the pump bandwidth. The data has
been scaled to account for reflection losses, as elaborated in
Supplemental Material S7 [16]. The absorption coefficient, based
on Fourier-transform infrared spectroscopy measurements of a
similar crystal of MnPS;, is shown in the background.

not recover completely between laser pulses, leading to an
accumulated offset in the signal at negative pump-probe
delay (amounting to a slightly elevated sample temper-
ature). This implies that the quenched state lasts for at least
one millisecond, until arrival of the next pulse. At lower
temperatures, however, this quenching vanishes almost
completely. We note that such heat accumulation was
not observed when exciting the orbital transition, further
confirmation that significant heating does not occur in that
case. To capture a detailed temperature dependence of the
quenching magnitude, we fix the pump-probe delay at
60 ps and track the pump-induced signal (AI’”) as the
sample is cooled down [see Fig. 4(b)]. The quenching
approaches zero at low temperatures and rises sharply close
to the Néel transition. This observation is a clear indication
that although the lattice excitation quenches the Néel order
in MnPS;, these changes are thermal in nature. Next, we
vary the pump photon energy, and track the total intensity
(I*”) of the MSHG at a fixed pump-probe delay of 0.6 ns,
shown in Fig. 4(c). Sufficiently close to the phonon band,
there is large magnetic quenching, while at higher energies
this does not occur, except around 150 meV where some
additional weaker absorption bands may exist. We thereby
conclude that the dynamics are mediated by the population
of optical phonons. The slow timescale of the quenching
dynamics, together with the dependence on the pump
photon energy, supports the thermal origin of the magnetic
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quenching. Indeed, we estimate the induced temperature at
70 K to be AT =7.4 K. This likely overestimates the
temperature shift, since some magnetic second harmonic
signal is still present at T = Ty — 7.4 K, but evinces the
stark difference between the orbital and the phonon
excitation.

Optical excitation of the crystal field environment, via
optical phonons, leads to slow thermal spin dynamics in
MnPS;. These dynamics are not phase coherent, and in this
sense optical phonons do not offer themselves as a tool for
magnetic control in this system. We argue that because of
the sphericity of the Mn?* electrons, there is no orbital
momentum to mediate a correlation between atomic dis-
placements and spin orientation. This is corroborated by an
isotropic magnetic susceptibility above the Néel tempera-
ture [41], and the low value of single-ion anisotropy of
Mn’* reported from electron spin resonance measure-
ments [25,42]. Consequently, perturbations of the crystal
field are largely decoupled from the spins. Instead, the
absorbed energy is likely dissipated into lower frequency
phonons that heat the lattice via anharmonic decay and
radiative damping. As the heat capacity of the crystal lattice
is generally much higher than that of the spin system, the
lattice acts akin to a bath whose temperature is promptly
increased, in turn melting the magnetic order [43]. These
conclusions are also in line with recent experiments on
yttrium iron garnet, where resonant phonon excitation also
leads to partial quenching of the ferrimagnetic order [44].
The long recovery time of the melted state could be
explained by a low value of interplane heat conduction
of MnPS;, typical for layered van der Waals crystals [45].
We remark that excitation of lower energy Raman-active
phonons, which specifically target atomic motions within
the super-exchange Mn-S-Mn bonds, might couple more
strongly to the magnetic order. While these modes could be
activated through rectification of the infrared-active
phonon [11,46], we see no evidence of this occurring in
our experiments. The weak structural correlation of the
infrared-active and Raman-active phonons in transition-
metal phosphorous trisulfides probably excludes their
coupling [40], so that electronic Raman scattering might
be a more feasible way to excite the low-energy phonons.

In summary, we consider the antiferromagnet MnPS;,
whose electrons have zero orbital angular momentum, and
drive distinct subsystems (magnetic Mn>* ions and crystal
lattice) out of equilibrium while probing the time evolution
of the magnetic system. Excitation of a singlet-triplet
orbital transition of the Mn>* electrons activates the
zone-center magnon, whereas lattice excitation leads to
quenching of spin order. We argue that the orbital singlet
Mn?* ground state prohibits spin-lattice coupling, but that
by bringing the magnetic ion out of the singlet ground state,
the electrons can interact with the lattice and experience a
transient magnetic anisotropy, evidenced by coherent spin
evolution. Our results indicate that in insulating magnets

with highly spherical magnetic ions, such as Mn>* and
Fe**, orbital transitions are the more viable paths to achieve
resonant optomagnetic control. Other in-gap states, such as
spin-coupled excitons, have been fruitful as excitation
targets for spin dynamics in other systems [47,48], and
should also be considered in MnPS; [36].

The datasets generated during the current study, and the
data presented in the figures, are available in a Zenodo
repository [49].
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