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Exciton-magnon splitting in the van der Waals antiferromagnet
MnPS; unveiled by second-harmonic generation
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Exciton-magnon pairwise excitation is promising to realize the direct and efficient photogeneration of
magnons, especially in low-dimensional materials with large quasiparticle scattering cross sections. Using
resonant second-harmonic generation spectroscopy, we identified exciton-magnon resonance in MnPS; with
possible splitting, in line with the exciton-induced modification of the magnon density of states based on
our Koster-Slater-type theory. The substantial exciton-magnon interaction, favored by symmetry, sheds light
on coherent cross control among charge, spin, and orbital degrees of freedom via quasiparticle correlations.
Additionally, a large linear magnetoelectric effect of excitons is observed.
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Recent discoveries of two-dimensional (2D) van der Waals
(vdW) antiferromagnets (AFMs) MPX; (M = Fe, Co, Ni,
Mn; X = S, Se) with intralayer antiferromagnetic orders have
brought antiferromagnetic spintronics to an unprecedented 2D
realm with significant correlation and quantum effects [1-4].
The Néel-type AFM MnPS; hosts many attractive physical
properties [5-9]. The reported linear magnetoelectric effect
indicates the cross correlation of its electronic and magnetic
systems [10]. Despite its potential as a superior 2D platform
for magnon-based optospintronics, the efficient generation
and control of magnons in MnPS; via ultrafast optical means
remains a central issue.

Magnons have been excited through the coupling between
spin and intermediary excitations such as on-site d — d tran-
sitions in MnPS3 and Zhang-Rice excitons in NiPS; [11-13].
However, such indirect excitation has less of a cross sec-
tion and is typically confined to the Brillouin zone center,
resulting in magnons with relatively low frequencies. On the
other hand, the exciton fine structures in these vdW AFMs
[4,14—17] manifest the fundamental role of quasiparticle cor-
relations. In particular, the exciton-magnon coupling revealed
by the magnon sideband in MnPS; [17] suggests a possi-
ble route of ultrafast photogeneration of magnons carrying
wave vectors throughout the Brillouin zone, by direct pairwise
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photoexcitation of a magnon and a counterpropagating exci-
ton. However, up to now, a fundamental understanding of the
magnon properties under such pair excitation in vdW AFMs
has been elusive.

Optical second-harmonic generation (SHG) is a powerful
tool for probing the magnetic symmetries in MPS; [18-22].
Using resonant SHG spectroscopy with symmetry analysis,
we reveal possible two-peak features in the exciton-magnon
spectra of MnPS3, showing distinct anisotropies. This obser-
vation suggests the potential splitting of magnon bands caused
by excitonic perturbations, as predicted by our Koster-Slater-
type theory of magnons. Such exciton-magnon splitting, not
observed in conventional 3D AFMs, underscores the presence
of a substantial exciton-magnon interaction. Furthermore, a
large magnetic-field-enhanced SHG at exciton resonance is
revealed, attributed to an excitonic linear magnetoelectric ef-
fect. These findings provide renewed understandings on the
correlation among quasiparticles in (quasi-)2D AFMs and
may lead to the efficient and coherent generation of multi-
mode magnons.

MnPS; has a monoclinic crystal structure with the space
group C2/m [Fig. 1(a)] [10,23,24]. In the antiferromagnetic
phase (Ty = 78 K), the magnetic moments of Mn?* ions (§ =
5/2) align at 8° to ¢* in the ac plane (¢* L a, b), with an-
tiferromagnetic coupling between nearest neighbors, leading
to the magnetic space group C2'/m [10,25]. The octahe-
dral (Oy) crystal field splits Mn>* 34> high-spin state into
multiple levels, including ®Aj,, *Ti,, *T5,, and degenerate
(*E,, *A1g), among others, with observed exciton fine struc-
tures in the 6A1g — 4Eg, 4A1g transition region, as shown in
the absorption spectrum adapted from Ref. [17] [Fig. 1(b)].
In our experiments, the incident fundamental wavelength was
adjusted to achieve resonance of the SH photon energy (27iw)
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FIG. 1. Experimental setup for resonant SHG spectroscopy.
(a) Crystal and magnetic structures of MnPS;. (b) d — d transitions
and exciton fine structures shown with an absorption spectrum. SH
photon energy was set to resonate with the exciton fine structures.
(c) Transmission SHG geometry with fundamental and SH light
paths normal to the ab plane. The optical excitation of excitons is
expected to excite two types of magnons in exciton-magnon states.

with the fine structures [Fig. 1(b)], in order to reveal the
symmetry/anisotropy of the excited states. A transmission
geometry was employed, where the incident polarization (P)
and the generated SH polarization (through an analyzer, A) are
defined by the angle ¢ relative to the a axis [Fig. 1(c)].

Figure 2(a) shows the SHG spectra acquired by varying
the incident wavelength from 920 to 950 nm (from 1.348
to 1.305 eV) with P || A, ¢ =0° at 3 K. No signal from
these exciton fine structures was observed when they were off
resonance, suggesting that the sharp peaks are purely from
coherent SHG processes rather than incoherent ones such as
two-photon luminescence. All the subsequent spectra were
acquired at a 940 nm central wavelength as it finds strong
resonances for the exciton and its sideband simultaneously.
The polarization dependence of the SHG spectra for P || A
is shown in Fig. 2(b). A single-peaked exciton-resonant SHG
with threefold symmetry is observed at 2.634 eV, denoted
as Ey. In stark contrast, the sideband ranging from 2.638 to
2.648 eV comprises at least two subpeaks exhibiting distinct
¢ dependences. As detailed in Fig. 2(c), spectra at ¢ = 0° and
60° reveal two major peaks in the sideband region, named
EM, and EM;, centered at ~2.644 and ~2.642 eV, respec-
tively, along with a minor peak E’ at ~2.638 eV and a weak
broad background BG.

The temperature dependence of the fine structures helps to
reveal their nature. Figure 2(d) shows the SHG spectra for P ||
A, ¢ = 0° and 60° acquired at temperatures from 3 to 30 K.
Peak E| is only discernible below 20 K, while the sidebands
survive up to 30 K. The peak positions for Ey, EM |, EM,,
and E’ are plotted against temperature in Fig. 2(e). In MnPS;3,
the magnon energy is known to decrease with increasing
temperature due to the weakened exchange interaction [26],
while the phonon energy remains mostly unchanged (less than
0.12 meV shift below 30 K [27]). Therefore, the obvious
redshifts of EM| and EM, with increasing temperature reveal
that they both have a magnon-sideband nature rather than a
phonon sideband. Furthermore, the nearly constant energy and
weak intensity of E’ indicate that it is most likely a phonon
sideband.
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FIG. 2. Exciton fine structures in resonant SHG spectra. (a) Fun-
damental wavelength dependence of SHG spectra acquired at 2 nm
intervals. 940 nm was chosen for the subsequent measurements.
(b) Incident polarization (P) dependence of SHG spectra with the
analyzer (A) set parallel to P. (c) SHG spectra at ¢ = 0° and 60° with
their components indicated. Four peaks Ey, EM{, EM,, E’ and one
background BG were resolved. Spectra in (a)—(c) were acquired at
3 K. (d) Temperature dependence of SHG spectra at ¢ = 0° and 60°.
(e) Temperature dependence of Ey, EM |, EM,, E' energy extracted
from (d).

A bipartite AFM without intersublattice interactions holds
sublattice exciton |E?, k) or magnon |M‘ k) eigenstates re-
siding on a single sublattice i (=a or b) with wave vector
k [28,29]. The optically observable exciton line is IE“(b), 0),
and the magnon sideband is an assembly of exciton-magnon
states |E?®) | +k; MY @ —k) (and that with the sign of k
flipped) formed by an exciton and a magnon on different
sublattices with opposite internal k. For Mn>* ions whose
d — d transitions involve a spin deviation [from S =5/2 to
S = 3/2, Fig. 1(b)], sublattice excitons derived from single-
ion excitations are parity and spin forbidden and only allowed
by weak magnetic dipole (MD) transitions. In comparison,
a compound exciton-magnon transition with canceled spin
deviations on different sublattices is simultaneously spin and
electric dipole (ED) allowed [30,31]. In real systems with
intersublattice interactions, exciton or magnon wave functions
can spread over neighboring sublattices, leading to the re-
laxation of parity/spin selection rules and the mixing of ED
and MD characters. In MnPS3, an exciton-magnon transition
is both ED and MD allowed for internal k across the Bril-
louin zone (Supplemental Material Sec. I B [32]). Therefore,
due to the near-flat exciton dispersion (Supplemental Material
Sec. I C [32]) and assuming weak exciton-magnon interac-
tions, the magnon sideband is anticipated to inherit mostly the
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spectral features of magnon density of states (DOS) exhibiting
a single peak (Fig. S3 [32]). The presence of two subpeaks
EM, and EM, [Figs. 2(b) and 2(c)] thus strongly indicates a
departure from the weak exciton-magnon interaction regime
in MnPS;.

To gain insights into the symmetry of the fine structures, we
present the rotational anisotropy (RA) of Ey, EM, and EM,
intensities under different magnetic fields in Figs. 3(a) and
3(b) (see also Fig. S4 [32] for other magnetic field conditions).
Notably, Ey demonstrates a substantial 70-fold enhancement
under £7 T for both H || b and H || a. At H = 0 [Figs. 3(a)
and 3(b) middle left panels], Ey displays nearly isotropic

J

ISH X

Here, o= xin + X3is Xo = Xin + X22s Xe = ~ X312+
Xii2> Xd = Xa11 = Xi11s Xe = X3 — Xizp» and xp = Xipp +
X312» where ijk and Xi’;k are the complex second-order non-
linear optical susceptibility tensors for ED and MD processes,
respectively. Note that C2’/m (for H = 0) and Cm (for H || b)
require x4, 5 = 0, leaving only x, ;. active, while C2" (for
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with |H |. The presence of antiferromagnetic domains does not
affect this analysis (Supplemental Material Sec. I F [32]).

The symmetric behavior of E( with respect to sign rever-
sal of H in Figs. 3(a) and 3(b) (left columns) is found to
arise from the equal changes in x,, for H || b and in x4,
for H || a (Fig. S5 [32]). This aligns well with the picture
that the initially weak MD nature of zero-field Ej is swiftly
overtaken by the strong ED component emerging under mag-
netic field, resulting in the substantial 70-fold enhancement
at £7 T. Exemplary spectra of the significantly enhanced Ej
peak in magnetic fields are shown in Fig. S7 [32]. Moreover,
this magnetic-field-induced ED SH photon is polarized per-
pendicular to H [Figs. 3(a) and 3(b) left columns], showing
almost the same |H| dependence for H || b and H || a. Such
a near-isotropic field dependence of SHG efficiency again
reflects the in-plane near-isotropic nature of E, as observed
in its zero-field SHG-RA patterns.

In stark contrast, both EM| and EM, respond asymmet-
rically to magnetic fields [Figs. 3(a) and 3(b) middle and
right columns]. Under H || b, the H asymmetry results from
the prominent field dependencies of x,, for EM; and EM>,
while for H || a, the main contributors to the H-asymmetric
pattern distortion of EM, and EM, are x,. (Fig. S5 [32]).
The coupling between magnetic field H || b (H || @) and x,p
(Xa.c) can be explained by their similar transformation proper-
ties, or the same irreducible corepresentations (ICRs), derived
from group theory (Supplemental Material Sec. I D [32]). The
asymmetric magnetic field dependences suggest the interfer-
ence between ED and MD processes of similar magnitudes in
both EM | and EM,, consistent with the earlier description of
their characteristics based on group theoretical considerations
(Supplemental Material Sec. I B [32]). Intriguingly, a closer

|(Xa 08> @ + xp8in% @ + x5 5in 20) 8in @ — (g 08> ¢ + xe sin’ ¢ — xesin2p)cosgl’, P LA.

threefold patterns, despite the broken threefold symmetry of
the magnetic space group C2'/m. This near-isotropic threefold
symmetry is consistent with the local Oy, crystal field of Mn?*,
thereby indicating the highly localized nature of the pure
exciton Ey. In contrast, both EM| and EM, present highly
anisotropic twofold patterns at H = 0, which is distinct from
the threefold local symmetry but well in line with the global
C2'/m symmetry of a monolayer/bulk, suggesting the wave
or extended nature of EM| and EM,.

The SHG-RA patterns in Figs. 3(a) and 3(b) are fur-
ther analyzed with the symmetry-adapted SH intensity
formula.

|(Xa OS> @ + x5 8in> @ + X7 50 20) COS @ + (x4 OS> + X, sin> @ — x. sin2¢)singl’, P || A,

ey

(

examination of the fitting parameters reveals that the rela-
tion Eq. (2) is constantly satisfied in the complex numbers

,C.a,¢,

conditions, and this is more evident in the circular polarization
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FIG. 3. Light polarization and magnetic field dependence of E,
EM, and EM,. (a), (b) Linear polarization SHG-RA patterns of
Ey, EM,, and EM, under H along the b and a axes. Patterns in
each column have a common scale bar. (c), (d) Circular polarization
SHG spectra under H along the b and a axes. L(R)/L(R): Circular
polarizations of fundamental/SH photons. All measurements were
carried out at 3 K.
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SHG spectra as in the following,

Xa = Xb ™ 2Xer  Xd — Xe X 2X;. ()

This relation serves as an informative clue for our symmetry
analysis of the exciton-magnon states.

Figures 3(c) and 3(d) show the circular polarization SHG
spectra under magnetic fields (see also Fig. S6 [32] for other
magnetic field conditions). The SH intensities in these cases
are given below:

|(Xa — Xb = 2%e) — i(xa — Xe — 2xp)*,  L/L,
e [(Xa — Xb — 2Xe) + i(xa — xe — 2x)1%  R/R,
SH .

[(Xa — Xb + 2%c) +i(xa — xe +2x)1%,  L/R,

|(Xa — xb +2%e) — i(xa — Xe +2x7)*,  R/L.
(3)

Here, L(R)/L(R) denotes the left-handed (right-handed) cir-
cular polarization for fundamental/SH light. Again, x4, r =
0 holds for both H =0 (C2'/m) and H || b (Cm). Remark-
ably, for EM, and EM, (2.638-2.648 eV), L/R and R/L
overlap and show almost no magnetic field dependence, and
L/L and R/R signals are constantly zero. This observation
confirms that Eq. (2) holds individually for EM| and EM>. In
contrast, Ey shows different peak intensities for the four po-
larization configurations at finite magnetic fields and exhibits
distinct field dependences, thereby indicating the breakdown
of Eq. (2) for the pure exciton (Supplemental Material Sec. I G
[32]). It is noteworthy that the magnetic space groups C2'/m,
Cm, and C2' impose no other constraints on the relation
among Xa,p,c.d,e, s than the vanishing of x4 ., r as H approaches
0. Equation (2) thus reflects the higher symmetry of the states
in EM| and EM,, which arises from the presence of equally
weighted '} and I'; ICR characteristics in each exciton-
magnon state (Supplemental Material Sec. I D [32]).

The overall similarities between EM; and EM, revealed
by SHG suggest that they should bear similar and related
physical origins, e.g., exciton-magnon states split from the
same source. To explain this behavior, we developed a Koster-
Slater-type theory for magnons on a Néel AFM honeycomb
lattice under the local influence due to a Frenkel exciton
(see Supplemental Material Sec. II [32] for detailed formu-
lations). For concreteness, we conceive a physical picture of
an exciton localized around an atomic site as the disturbance
to the spin Hamiltonian, which changes local spin magni-
tude (from 5/2 to 3/2) and exchange interaction (from J
to J +4J) in its vicinity [Fig. 4(a)]. The spin Hamiltonian
H=2 Z(l,m JimS1 - S,y only includes nearest neighbors due
to their dominant contribution [42].

By solving the Green’s function for the local cluster
directly influenced by the exciton, two types of magnon side-
bands appear. To see this, the spectral function tr[A(w)] with
the sublattices summed up for the two sidebands are shown
in Fig. 4(b) with varying §J values. The spectrum nearly
invariant with §J (green) corresponds to a quasifree magnon
band, while the other with a significant §J dependence (or-
ange) corresponds to a quasibound one as the resonance
occurs at an energy with finite DOS. The quasibound curve
originates from the unit cell containing the localized exciton,
while the quasifree one arises from the unit cell nearby (see
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FIG. 4. Theoretical calculation showing exciton-induced

magnon splitting in MnPS;. (a) A localized exciton perturbs the
spin magnitude (§) and exchange interaction (/). (b) Calculated
magnon spectral function with varying §J. The quasifree band shows
little variation, while the quasibound band exhibits a significant
shift and typically a broader profile. (c) 6J dependence of the
energy at the maximum points of the two bands. Agreement
between the EM,/EM, in the SHG spectra [Fig. 2(c)] and the
quasifree/quasibound bands in the calculation at §J ~ —0.25J can
be observed.

Supplemental Material Sec. II B [32] for details). In particular,
the narrower-dispersion quasifree band has a peak position
that matches the energy of EM, relative to Ej, while the
quasibound band has a similar broadened feature as EM,.
This correlation suggests a correspondence between the the-
oretically predicted quasifree and quasibound bands and the
magnon components of the experimentally observed EM | and
EM,, respectively.

As is clear from Figs. 4(b) and 4(c), 8J is decisive to
the splitting magnitude between the quasifree and quasibound
magnons. The generation of a Frenkel exciton from the Mn?*
high-spin ground state with half-filled d orbitals will cre-
ate unoccupied and double-occupied orbitals, which allow
ferromagnetic exchange processes with neighbors according
to Goodenough-Kanamori-Anderson rules, thereby reducing
the antiferromagnetic coupling in its vicinity and leading to
negative §J. A comparison between the theoretical spectral
functions and the SHG spectra implies a ~25% reduction of
local exchange interaction caused by an exciton. In addition,
the exciton-induced magnon splitting in MnPS3, not identified
in 3D AFMs, suggests a much stronger charge-spin-orbital
correlation in this (quasi-)2D AFM.

From a symmetry perspective, the large exciton-magnon
splitting in MnPS3 is associated with the shared transforma-
tion properties (ICRs) of excitons and magnons for all internal
k, fully unlocking their interactions, enabled by the material’s
specific site and global symmetry. This contrasts with the
typical 3D AFM MnF,, where exciton-magnon interactions
are much suppressed due to the lack of mutual ICRs in ex-
citons and magnons at the majority high-symmetry points.
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A full group theoretical discussion on the magnon splitting
and the related symmetry aspects of the exciton-magnon
SHG is provided in Supplemental Material Secs. I B and
ID [32].

Furthermore, as illustrated by the cartoon view in Fig. 1(c),
an exciton, efficiently generated by an incident photon, simul-
taneously excites a magnon from either of the two magnon
branches by conserving the momentum, and may lead to ul-
trafast multimode magnon control.

In addition, the nearly equal enhancement of Ey SHG ef-
ficiency under two orthogonal H directions [Figs. 3(a) and
3(b) left columns] is a probe for the ED-SHG-active static
electric polarization P, (P;) of the exciton, induced by the
static magnetic field H, (H,). The rotation of the exciton-
originated transition dipole with H is in agreement with the
linear magnetoelectric effect, denoted as P, = o;;H;, with
i,j=xy and oy, tye # 0, @ = 0ty = 0 for C2'/m [10],

thereby demonstrating the linear magnetoelectric effect of the
exciton.
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