THE JOURNAL OF

PHYSICAL CHEMISTRY

LETTERS

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCL

Magneto-Raman Study of Magnon—Phonon Coupling in Two-
Dimensional Ising Antiferromagnetic FePS;

Yu-Jia Sun, Jia-Min Lai, Si-Min Pang, Xue-Lu Liu, Ping-Heng Tan, and Jun Zhang*

Cite This: J. Phys. Chem. Lett. 2022, 13, 1533-1539

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Recently, the coupling between magnons (quanta of spin waves) and . ’
phonons (quanta of lattice vibrations) in two-dimensional (2D) antiferromagnet FePS; .
offers a myriad of applications ranging from spintronic devices to quantum information
technologies. However, the reported magnon—phonon coupling in the FePS; flake using
Raman measurements requires an ultrahigh magnetic field up to 30 T. Here, we investigate
the magnon—phonon coupling in FePS; by near-resonant magneto-Raman spectroscopy
under a relatively small magnetic field (IHyl < 9 T). Under near-resonant excitation, we find
more pronounced coupling effects that are absent in non-resonant excitation: three optical
phonons sensitive to the applied magnetic field are resolved, two of which show a frequency
anti-crossing coupling with magnon, while the other coupled phonon exhibits only a
polarization-coupled character without frequency anti-crossing. Besides, our polarized
Raman results also show the polarization transferring between coupled magnon—phonon
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modes. On the basis of a modified theoretical model, we can well explain the measured

Raman spectra.
D 1 agnon is a collective excitation of the spins with long-
range magnetic order in the magnetic materials." As a
result of the absence of a charge current, magnon transport
possesses extremely low energy consumption. Therefore,
magnonics has rapidly emerged as a novel technology, which
exploits the magnon transport to carry and process high-
frequency information on the nanoscale.” The coupling
between spin wave and lattice vibration (magnon—phonon
coupling) not only plays a crucial role in the dissipation of
energy from the magnon system but also is responsible for
many interesting phenomena, including the spin Seebeck effect
driven by the local non-equilibrium between phonons and
magnons,”* Cherenkov radiation of phonons by magnons,’
magnon—phonon Kasuya—LeCraw processes,’ and an_gular
momentum transferring between magnons and phonons.

In addition, new hybrid quasiparticles formed by the
coupling of magnons and phonons® are of great significance
to quantum information and quantum computing applica-
tions.” Previous studies mainly focus on the ferromagnetic
(FM) magnons with intrinsic resonant frequencies in the
gigahertz (GHz) range, where the observation of genuine
quantum effects needs liquid helium or even millikelvin
temperatures. In this particular temperature range, the energies
of coherently excited magnons and phonons are comparable to
the thermal energy kzT. In comparison to the FM magnons,
antiferromagnetic (AFM) magnons exhibit intrinsic resonant
frequencies in the terahertz (THz) range, which can easily
reach the quantum ground state even at room temperature.
Moreover, the high-frequency AFM magnons possess a much
faster speed of processing information, and the AFM ground
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state is more stable against external magnetic field
perturbations than the FM domains.® However, the coupling
between AFM magnons and high-frequency phonons has not
yet been well understood.

The discovery of atomically ultrathin van der Waals (vdW)
magnets brings new and exciting possibilities for exploring two-
dimensional (2D) magnetism."”"" The properties of magnons
in 2D magnetic systems win a new degree of freedom
connected with spin. One and two magnons have been
observed in several 2D magnets, such as MnPSe;, NiPS;, and
Crl;, which sensitively respond to the applied magnetic
field."”~" In 2020, the quasi-2D AFM magnon in FePS; was
first reported via magneto-Raman spectroscopy.'® Subse-
quently, Liu et al. and Vaclavkova et al. reported the direct
observation of hybrid magnon—phonon modes in 2D AFM
magnet FePS; by magnetic field-driven resonance, but a high
magnetic field up to 30 T is needed to observe the anti-
crossing magnon—phonon coupling signature in the eigen
spectrum.”'” In hybrid magnon—phonon elementary excita-
tion, the phonon dressed in the magnon cloud is related to the
spin of electrons, which could be largely renormalized by
resonant excitation as a result of electron—phonon coupling.
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Therefore, the resonant excitation could provide a more
underlying understanding of magnon—phonon coupling.

Here, we report a Raman spectroscopic study of an AFM
FePS; flake by magnetic field- and polarization-dependent
measurements under different excitation energies. We find that
the Raman-active mode at 122 cm™" appearing below the Neéel
temperature Ty (118 K) is an AFM magnon mode. At near-
resonant excitation (785 nm), we observe three optical
phonons, which are sensitive to the magnetic field. Two of
them are coupled to the magnon, forming the magnon—
phonon polarons, and the polarization of the other optical
phonon depends upon the magnetic field. The frequencies of
coupled phonons and magnons deviate significantly from those
of the bare magnon and phonons. In contrast to the uncoupled
phonons, the magnon and coupled phonons alter their
polarization dramatically with the magnetic field. By building
the coupled Raman tensor with a linear magnetic dependence,
the experimental polarization data can be well reproduced
theoretically. Our study opens a possibility for exploring many-
body interactions among the magnon, phonon, electron, and
photon.

Recently, the strong coupling between the magnon and the
phonon has been observed in 2D Ising AFM FePS;, which is of
great significance for the development of magnonic devices.®
Figure la shows the lattice structure of bulk FePS;. Iron (Fe)
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Figure 1. Lattice, spin structures, and coupled magnon—phonon
model of FePS;. (a) Schematic structure of the FePS; crystal, with top
and side views of the atomic lattice of the monolayer FePS; crystal.
Gray, pink, and yellow balls represent Fe, P, and S atoms, respectively.
(b) AEM structure on the honeycomb lattice of Fe**. The blue and
red arrows represent spin down and spin up, respectively. (c)
Microscopic model of the magnon (P,'), phonon (P;), and strong
magnon—phonon coupling in FePS; under an out-of-plane magnetic
field Hy. The red (blue) dotted circles represent spin-up (spin-down)
precessions. The black arrows represent the vibration directions of
Fe®* ions. The blue (black) dotted hexagon corresponds to the lattice
structure without (with) the magnetic field.

atoms surrounded by six sulfur (S) atoms and two phosphorus
(P) atoms form a honeycomb-like structure in the layer
plane,"® with the interlayer spacing (distance between the
center of two adjacent layers) being about 6.42 A. As shown in
Figure 1b, the spin moments of Fe** ions (S = 2) are ordered
in the zigzag FM chains as the temperature drops below Ty
(118 K), which exhibit both the intra- and interlayer AFM
couphng Ty of FePS; is almost independent of the layer
number.'” The microscopic model of the magnon—phonon
coupling under a high out-of-plane magnetic field, where the
frequency of the magnon is in resonance with the phonon, is
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shown in Figure lc. When the magnon is coupled to the
phonon, the spin of magnon will be transferred to the phonon
as a result of the strong magnon—phonon coupling and
conservation of momentum.

When the temperature of FePS; decreases below Ty, the size
of the unit cell along the ¢ direction becomes twice as large as
that in the paramagnetic phase as a result of the opposite spin
directions of consecutive layers in the AFM phase. The
renormalized unit cell results in the folding of the Brillouin
zone, which activates the non-center phonons Therefore,
four peaks marked as P;, P,, P;, and P,, respectively, can be
observed below Ty. In comparison to the Raman spectra
excited by 514 and 633 nm lasers (as shown in Figures S1 and
S2 of the Supporting Information), we found that the intensity
of P; is largely enhanced under near-resonant 785 nm
excitation, where the laser energy is close to the bandgap of
FePS; (1.5 eV),”" as shown in Figure 2a. In addition, a new
Raman mode (marked as N) at around 110 cm™" was observed
under 785 nm excitation when |Hyl > 2 T.

As shown in Figure 2a, as the out-of-plane magnetic field
increases from 0 to +9 T, the Raman mode P, at around 122
cm™ (3.7 THz) splits into two modes (marked as P,' and P2,
respectively). The same splitting can be observed with the
magnetic field along the —Z direction ranging from 0 to —9 T.
The magnetic field-induced splitting further demonstrates that
P, orlgmates from magnon, which is consistent with previous
reports.” Magnon is the collective motion in the interacting
spin systems with a sequence magnetic (ferromagnetlc,
ferrimagnetic, or antiferromagnetic) order as a result of various
excitations. The frequency of the AFM magnon under a
magnetic field is given by'°

oo = 7{(2Hg + HA)HA}1/2 + yH, (1)

where Hj is the exchange field, H, is the anisotropy field, H, is
the applied magnetic field, and y = gugp,/27h is the
gyromagnetic ratio. As shown in Figure 2b, according to the
linear fitting results using eq 1, the extracted slopes of P,' and
P,* branches are —0.99 and +0.99 cm™'/T, respectively, from
which we can estimate the effective g factor (g ~ 2.11) of the
magnon for the FePS; flake.

In the previous studies, P; was reported to manifest a
symmetric peak under 488 and 514 nm excitation.”'®"”'? In
fact, in our high-resolution Raman spectra, P; mode shows a
tiny asymmetric structure under 514 and 633 nm excitation
(Figures S1 and S2 of the Supporting Information), which can
be fitted by two Lorentz peaks. However, under the near-
resonant excitation (785 nm), these two modes (labeled as P’
and P;?) exhibit a more obvious asymmetric line shape, which
can only be fitted by two Gaussian peaks (Figure S4 of the
Supporting Information). This can be understood as the
spectral diffusion induced by electric field fluctuation when the
real electronic transition participates,”” leading to an
inhomogeneous broadening of the phonon line shape.”” The
frequencies of P;' and P;* both decrease with the magnetic
field ranging from 0 to +9 T. The frequency difference
between P;' and P;* remains a constant as 1.3 + 0.02 cm™,
indicating that they change synchronously with the magnetic
field. In addition, a new mode marked as N mode can be
observed under 785 nm excitation. Generally, resonant
excitation can active Raman forbidden phonons as a result of
strong electron—phonon coupling.”>**

According to eq 1, the frequencies of split magnons should
vary linearly with the magnetic field. However, as shown in
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Figure 2. Magnetic field dependence of magnon and phonon modes of the FePS; flake. (a) Magnetic field-dependent Raman spectra (below 132
cm™") of FePS; at 4 K under 785 nm excitation. The intensity of P; mode is reduced to 0.3 times the original data. (b) Strong magnon—phonon
coupling driven by a magnetic field. The dotted lines represent the frequencies of bare phonon and magnon modes. The solid lines represent the
fitting results of the magnon—phonon coupling. Experimental data are denoted by scatter points.

Figure 2b, our high-resolution Raman spectra under 785 nm
excitation show that the frequency of P,' deviates from the
predicted linear frequency (red dotted line) under the
magnetic field along the +Z direction, while the same
phenomenon can be observed for P,> under the magnetic
field along the —Z direction (blue dotted line). Considering
the frequencies of P;' and P,% they decrease with the small
magnetic field ranging from 0 to +9 T under 785 nm excitation
while remaining unchanged under S14 nm (green square
scatter points) and 633 nm (white square scatter points)
excitation. These experimental results illustrate that the low-
frequency magnon would interact with the P; phonon, and its
frequency thus would deviate from the linear frequency of the
bare magnon under the 785 nm excitation. Meanwhile, P;
features an obvious asymmetry and frequency shift under the
influence of the magnon. In comparison to the magnon—
phonon coupling in the FePS; flake recently reported through
the Raman measurements under the ultrahigh magnetic field
up to 30 T,*'” here, we can successfully observe the magnon—
phonon coupling under a relatively low magnetic field (9 T) by
near-resonant Raman spectroscopy. Because the magnon is the
precession of the electron spin, the magnon would be affected
by conduction electrons through the spin—orbit interaction
and electron—phonon scattering.”>*® The resonance excitation
would excite additional electrons and change the electron—
phonon coupling, which renormalizes the coupling between
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the magnon and phonon. Therefore, the magnon—phonon
coupling can be observed here at a small magnetic field under
near-resonant excitation. The energy dispersion when the
magnon (P,) and phonon (P5' and P;*) are strongly coupled is
given by®

1
=+ E[(wM -

wy + Wy

2

w* = o) + 4IM T

)

where " and @~ describe the energy dispersion of the two
anti-crossing bands induced by the strong coupling between
magnons and phonons, wy and @, are the frequencies of
magnons and phonons, respectively, and M, is the coupling
parameter. Under the magnetic field along the +Z direction,
the P; phonon, which vibrates perpendicular to the a—b plane
is coupled to the low-frequency magnon, as schematically
shown in Figure 1c. Specifically, the magnon coupled to the P;
phonon under the magnetic field along the +Z direction is P,’,
while that under the magnetic field along —Z direction is P,*
Using eq 2, the theoretical frequency of the strong magnon—
phonon coupling mode as a function of the magnetic field is
displayed in Figure 2b, which agrees well with our
experimental data. According to our fitting results, the
frequencies of bare phonons P;' and P;* can be determined
as 106.5 and 107.2 cm™, respectively. Meanwhile, we can
obtain the frequencies of bare magnons P,' and P, which
depend upon the magnetic field (H,) as 121 + 0.99H, (T)
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Figure 3. Polarization-dependent Raman spectra of P, P,, P;', and P32 (a) Intensity contour plot of P; under 0 and 9 T with @ ranging from 0° to
360°. 0 is the angle between the polarization directions of incident and scattered light when the polarization direction of scattered light is fixed.
Purple to red colors indicate the intensity variations from zero to maximum. (b) Intensity contour plot of P, under 0 T and that of P,' under 9 T.
(c) Intensity contour plot of Py under 0 and 9 T. Polar graphs of the intensity of (d) Py, (e) P,, (f) P;', and (g) P5 as a function of the polarization
angle €. The hollow circles represent the experimental data, and the solid curves are the corresponding fitting results. The dotted lines denote the

polarization angle 6 where the strongest Raman signal appears.

cm™!, and the magnitude of the coupling strength IM.| is
around 2.74 cm™' (82.1 GHz), being consistent with a recent
report.” Under 514 and 633 nm excitation, the frequencies and
line shape of P! and P, are independent of the magnetic field.
By comparing our experimental data to the theoretical results,
we found that the frequencies of bare phonons are very close
to those of P;' and P;* under the 514 nm excitation (green
square scatter points). As the excitation wavelength increases
to 633 nm, the frequencies of P;' and P,* slightly decrease
compared to the results under the 514 nm excitation but are
still independent of the magnetic field (white square scatter
points). Nevertheless, the frequencies of P;' and P,* excited
using a 785 nm laser show a significant red shift with the
increasing magnitude of the magnetic field, even though the
magnetic field is smaller than the reported critical magnetic
field (10 T).® In comparison to P;' and P;% the frequency of
the N mode does not shift with the magnetic field, but its
intensity change shows the same magnetic field-dependent
trend as the low-frequency magnon. This feature hints that the
N mode should be an in-plane vibration mode, whose vibration
direction is perpendicular to that of the magnon; therefore, the
interaction with the magnon changes its polarization rather
than its frequency. The magnetic field impaction on the
frequency of P; and the intensity of the N mode indicate the
interaction among the magnon, electron, and phonon, which
still requires further investigations.

In Figure 3a, the intensity and frequency of uncoupled
phonon P; both exhibit a period of 180° with € and are
independent of the magnetic field. The intensity of P,' under 9
T shows a more obvious period of 180° compared to the
intensity of P, under 0 T, as shown in Figure 3b. However, the
weakest intensity of P, under 0 T and that of P,* under 9 T
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appear at different angles 6. Moreover, the line width and line
shape of P,' also change significantly with the magnetic field.
P,' can be well-fitted with the Lorentzian line shape at 0°,
whereas a single Lorentzian function cannot fit the spectral
profile at 90°. Unlike the uncoupled phonon P,, the
polarization behavior of phonon P is more similar to that of
the magnon P,, as shown in Figure 3c. Additionally, the similar
behavior of their frequency and line shape varying with the
magnetic field further verifies the magnon—phonon coupling in
FePS,.

As shown in panels d—g of Figure 3, we plotted the polar
graphs of the intensity of P, P,, P;!, and P,* as a function of
the polarization angle of the incident light under 0 and 9 T.
The polar graph of the uncoupled phonon P, is independent of
the magnetic field, while that of the magnon P, and coupled
phonon P; rotate 20° and 50°, respectively, when the magnetic
field alters from 0 to 9 T. The polarization-dependent Raman
spectra of uncoupled P, and P,* under 0 and 9 T were also
measured, as shown in Figure S6b of the Supporting
Information. In our backscattering configuration, the polar-
ization directions of both the incident (e;) and scattered light
(e,) are in the x—y plane, with e; = (cos 0, sin €) and e, = (1,
0), where 6 is the angle between e, and e;. The intensity of the
scattering signal is related to the Raman tensors of the involved
modes: I  legR-¢/”. In comparison to the polar graphs of P,
and P; under 0 T, those rotate a specific degree under +9 T,
which indicates that the magnetic field would modulate their
Raman tensors. This can be understood if we revise the Raman
tensor with an applied magnetic field H, as”’

R =Ry _o+ HoRy (3)
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where Ry _, is the Raman tensor with Hy = 0 T and Ry is the

spin-dependent term. All of the experimental polarization-
dependent Raman intensity data can be well-fitted by I o lesR-
e/, and the fitting results are presented as the solid curves in
panels d—g of Figure 3. The bulk FePS; crystal belongs to the
C2/m symmetry group,”® with 30 irreducible zone center
phonon modes denoted by I" = 84, + 64, + 7B, + 9B,, where
A, and B, are Raman active modes. According to the polarized
Raman spectra at 0 T, P, and P, can be assigned as A, modes.
In the backscattering configuration, only 2 X 2 matrix elements
of the Raman tensors can be detected. The Raman tensors of

P, and P, can be described as A, = (8 2) With the applied

magnetic field Hy, the Raman tensor A, can be rewritten as
= (8 2) + Ho(‘cl: Z:) Because the polarization
planes of P, and P, do not rotate with the magnetic field,
we can conclude that Ry for P; and P, should be symmetric

with the form Ry = (ao_ dO )

According to the theory raised by Fleury and London,” the
magnon excitations in the magnetic ions with L = 0 ground
state are purely antisymmetric with the polarization of e, and
e;. In Figure 3, Py and P, can be observed when 6 varies from
0° to 360°, which indicates that the symmetry of magnons
deviates strongly from the above theory” and the Raman
tensors of the coupled magnon and phonon are more
complicated.'® In Figure 3e, we can find that the polarization
characteristic of P, without a magnetic field is similar to that of
the B, mode, whose Raman tensor merely contains the non-
zero off-diagonal elements. However, the presence of P, at 0°
demonstrates that its Raman tensor possesses non-zero
diagonal elements. Through fitting with eq 3, we found that
the possible Raman tensors of two P, peaks are the
combination of the forms of A, and B, modes.

_(r o), (13
Repa, =1 1) T M5 4
(0 2 13
Rean =1y o) ¥ M5 4

In comparison to the polar graph of P,, those of P;' and P;*
rotate 50° counterclockwise under 0 T and their polarization
anisotropy is weaker, as shown in panels f and g of Figure 3.
The results suggest that their Raman tensors are probably not
the combination of the A, and B, Raman tensors but include

the contribution of the Ei Ramargl tensor, in which all of the
matrix elements are not zero. Through fitting with eq 3, we
proposed that the possible Raman tensors for P;* and P,* are a
combination of A, and E, Raman tensors. The Raman tensors
of P;' and P,? can be determined as follows:

R _ (-2 0}, 015 018
SR W) %0.15 0.15

R (—1 2)+H 0.15 0.15
1 =

BE T 5 %0.15 0.15

(4
Rena, =1,

RAg

0 025 0.7
+ H,
—4 0.7 02§
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a1 ), [0 07
®E = 4 1) 7™ 07 025

It is worth noting that the polar graphs of the coupled phonon
P; and magnon P, can also be reproduced through other linear
combinations of the related Raman tensors, but the form of the
Raman tensor should be consistent with the above analysis. In
summary, according to the magnetic field-dependent polar-
ization Raman spectra, we demonstrate that the polarization
behaviors of the coupled magnon—phonon are significantly
different from those of the uncoupled modes.

In conclusion, we investigate the properties of hybridized
magnon—phonon quasiparticles in the AFM FePS; flake by
magneto-Raman spectroscopy. Under the near-resonant
excitation, the coupling between the phonon and magnon is
more pronounced than that under the non-resonant excitation.
Especially, we have found new phenomena: (1) we can resolve
the fine structures of phonon Py and find that both submodes
of Py can couple to magnon to form hybridized magnon—
phonon states. (2) A new phonon mode “N” is observed,
whose frequency does not alter with the magnetic field, but its
polarization depends upon the magnetic field, which indicates
that another polarization-coupled mechanism between the
magnon and phonon besides frequency anti-crossing possibly
exists. Moreover, we propose a possible Raman tensor form of
the coupled magnon and phonon under the magnetic field,
which can well explain the experimental data. Our results show
that the coupling between the magnon and phonon in 2D
AFM FePS; is rather sensitive under the resonant excitation,
which hints that the electron—phonon coupling could
contribute significantly to the magnon—phonon coupling.
Such a many-body system, which includes different elementary
excitations, like the phonons, magnons, electrons, and photons,
provides an attractive platform to study the emerging many-
body quantum effects for further researchers.
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