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Quasi-elastic scattering (QES) serves as a sensitive probe of slow spin fluctuations in low-dimensional
magnetic systems, multiferroics, and frustrated quantum magnets. Here, we investigate spin and lattice dynamics
in anion-substituted NiPS;_,Se, using temperature- and polarization-dependent Raman spectroscopy. Above the
Néel temperature, the Raman spectra in the cocircular polarization configuration show a QES response near
zero frequency, which is described by a Lorentzian profile. This QES is linked to paramagnetic spin fluctuations
and the associated energy density of spins, which are slightly suppressed with increasing Se content. Notably,
even inside the magnetically ordered state (below 50 K), we observe a strong enhancement of this QES signal,
indicative of persistent fluctuations of the ordered magnetic moments. Concurrently, spin-phonon coupling
manifests as an anomalous renormalization of phonon self-energy in certain phonon modes that couple strongly
to the magnetic ions, with their frequencies shifting systematically as Se concentration increases. These results
suggest that spin fluctuations and lattice vibrations remain strongly intertwined in NiPS;_,Se,, and that chemical
substitution provides a means to tune this spin-phonon coupling in van der Waals magnets.
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I. INTRODUCTION

Two-dimensional (2D) van der Waals magnets provide
prominent platforms for exploring quantum phenomena and
implementing novel spintronic functionality. In particular,
transition-metal thiophosphates MPX3; (M = Ni, Fe, Mn; X =
S, Se) exhibit exceptional magnetic and topological proper-
ties, hosting diverse spin models including Heisenberg, Ising,
and XXZ Hamiltonians with Néel or zigzag order [1-4].

NiPS; is an XXZ-type antiferromagnet that exhibits a
zigzag magnetic structure below Ty~ 155 K whereas MnPS3
(MnPSe3) behaves as a Heisenberg (XY-type) antiferromagnet
with Néel-type magnetic order below Ty~ 78 K (74 K) [1-3].
In contrast, FePSs is characterized as an Ising antiferromagnet
with a zigzag magnetic structure below 7y~ 120 K [4]. These
distinct magnetic ground states underscore the strong sensi-
tivity of the MPX; family to the choice of transition-metal
ion. In this context, both heterogeneous cation substitution
MM'PX;, where M and M’ are different transition metals,
and anion substitution MP(XX');, where X and X' repre-
sent different chalcogens, have been shown to tune their
magnetic, excitonic, and vibrational properties in mixed com-
pounds. For instance, even low levels of cation substitution in
Ni;_,Cd, PS5 [5] and Ni;_,Mn, PS5 [6], as well as anion sub-
stitution in NiPS;_,Se, [7], result in a significant quenching of
photoluminescence emission. Furthermore, such substitutions
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lead to the emergence of additional phonon modes while
simultaneously suppressing two-magnon excitations in the
mixed systems [8—10].

Singularly, variations in nonmagnetic atoms within mag-
netic lattices bring about several critical phenomena, resulting
from the interplay between competing magnetic interactions
among magnetic atoms, varying spin-orbit coupling strengths
between magnetic and chalcogen atoms, and differing degrees
of magnetic anisotropy [1,3,11]. The ensuing phenomena
can be effectively probed via quasi-elastic scattering (QES),
which arises from slow, low-energy fluctuations of spins or
energy density. Unlike coherent excitations such as magnons
or phonons, which involve finite energy transfer, QES occurs
with negligible energy shift, allowing it to probe dynamic
fluctuations rather than purely static magnetic order. Various
experimental techniques, such as neutron, x-ray, and Raman
scattering, can be employed to investigate QES. Among these,
Raman spectroscopy, particularly when combined with exter-
nal tuning perturbations such as temperature and pressure, has
proven to be a reliable, nondestructive choice of experiment
[12—-14]. Notably, recent studies have demonstrated that the
QES response in MPX3; compounds is highly sensitive to
the specific transition-metal ion (M), highlighting the role of
magnetic anisotropy and exchange interactions in governing
low-energy spin dynamics [15,16].

To gain a deeper understanding of the anion substitution
effect on slow, low-energy spin dynamics, we conducted
in-depth temperature- and polarization-dependent Raman in-
vestigations of NiPS;_,Se, (x = 0.03, 0.06, and 0.09). As
expected, we observe a QES above Ty, exhibiting Lorentzian
line shapes characteristic of spin energy density fluctuations.

©2025 American Physical Society
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Notably, this QES persists into the magnetically ordered
state, displaying anomalous behavior: the spectral profile de-
viates from a simple Lorentzian, and the quasi-elastic spectral
weight increases significantly, reflecting enhanced fluctua-
tions of the ordered magnetic moments. The quasi-elastic
response weakens with increasing Se substitution from x =
0.03-0.09, while phonon modes associated with magnetic
Ni?* ions exhibit anomalous softening or hardening below
Tx. This correlated spin and lattice dynamics demonstrate
tunable spin-lattice coupling through anion substitution in
NiPS;_,Se,.

II. RESULTS AND DISCUSSION
A. Raman scattering of NiPS;_,Se,

Details on sample growth and temperature-dependent un-
polarized and linearly polarized Raman measurements can be
found in our previous work [7]. For circularly polarized Ra-
man measurements, we installed two quarter-wave plates, one
in the incident light beam path and the other in the scattered
light beam path to generate either right-(oy) or left- circularly
(or) polarized light. A linear polarizer was placed in front
of the spectrometer to ensure a consistent Raman signal with
respect to the grating orientation.

Bulk NiPS; possesses a monoclinic structure with the point
group Cy;, and contains ten atoms per unit cell, resulting in
30 phonon excitations at the I point of the Brillouin zone
classified according to the irreducible representation: I'" =
8A, + 7B, + 6A, + 9B, [17,18]. In the linear parallel polar-
ization (XX) configuration, both A, and B, modes are Raman
active, while only B, modes are allowed in the cross lin-
ear polarization (XY) configuration. Within the semiclassical
approximation, the Raman scattering intensity of first-order
phonon modes is expressed as fiyy = |é..R.¢; |2, where R is the
Raman tensor, and ¢é; and &, represent the polarization vectors
of the incident and scattered light, respectively [19,20]. The
Raman tensors for the A, and B, phonons for the given point

a 0 d
symmetry group are represented as: R(Ag) = <0 b 0) and
d 0

c
0 e 0
R(Bg) = (S ? 5)

Using circular polarizations og =[1 —1i 0]/ V2 and
o, =111 O]/«/E, the Raman intensity of the A, mode is
given as Iy (oror) ~ |a + b|*/4 for the cocircular (ogrog)
configuration, and I (ogor) ~ |a—b|2 /4 for the cross-
circular (ogoy) polarization configuration. Previous linearly
polarized Raman studies on the MPXj3 family [21] have shown
a = b, suggesting that the A, modes are active only in the
cocircular configuration. Conversely, the Raman intensity of
the B, mode is given by IBg(aRo*R) ~ 0 for the cocircular
configuration and I (oror) ~ &2 for the cross-circular confi g-
uration, suggesting that the B, mode is predominantly allowed
in the cross-circular polarization channel.

Figure 1(a) shows the unpolarized Raman spectra of
NiPS;_,Se, collected at 3.5 K. The observed phonon excita-
tions in the frequency range of 80 — 650 cm ™! are labeled as
B’éi (k =1-5) and Ai, (i = 1-3), being in line with those for
the parent NiPS; [2,9,22]. The low-frequency B ~ 134 cm™"

and B§ ~ 180 cm~! modes are attributed to vibrations involv-

ing Ni** ions, while the phonon modes above 200 cm~! are

mainly associated with vibrations of the [P, Xs(X = S, Se)]*~
cluster. At low temperatures, particularly below Ty, the B§
mode splits into two distinct peaks with a separation en-
ergy of Aw~3cm~! at 3.5 K for x = 0.03. This splitting
is attributed to magnetic-order-induced symmetry breaking,
which lifts the threefold rotational symmetry of the lattice
[2]. As Se concentration increases from x = 0.03 to higher
Se content, the split peaks overlap for x > 0.03, see Fig. 1(c).
In contrast to linearly polarized Raman spectra [7], no split-
ting of B§ is observed under circularly polarized Raman
measurements. Rather, only a single peak appears in the
cross-circular configuration, see Fig. 1(b). B§ as well as other
phonon modes including the A;, (i = 1-3) phonon excitations
exhibit broadening with increasing Se substitution. For ex-
ample, Figs. 1(d) and 1(e) display clear broadening for the
A and A7 mode, respectively. In addition to the broadening,
all phonon modes systematically soften as the Se content
increases. Qualitatively, the reduction in vibrational frequen-
cies can be understood by the substitution of lighter S atoms
with heavier Se atoms, which increases the atomic mass and
reduces the lattice stiffness.

Furthermore, a relatively broad peak, compared to the
first-order phonon excitations in the 80 — 650 cm~! frequency
range, appears in the cocircularly polarized configuration.
This peak, labeled as R and centered at ~446 cm™!, is ten-
tatively assigned to A, symmetry. Additionally, in contrast
to the parent NiPSs3, two additional peaks P; ~ 354 cm™!
and P, ~ 524 cm™', gain spectral weight with increasing Se
concentration and are observed in the cocircularly polarized
configuration, see Figs. 1(a) and 1(b), indicating that their
origin is associated with the vibrations of the [PzSe(,]“’ clus-
ter in NiPSe;. A group of phonons, labeled as S1-S6 in
the frequency range of 685 —900cm™!, see Fig. 1(a), have
been identified as second-order phonon excitations in earlier
Raman studies [23]. These S1-S6 phonon excitations are ob-
served in the cocircular polarized configuration, reflecting that
these exhibit A, symmetry.

A broad continuum (marked by the blue shaded area),
appears in the cross-circularly polarized configuration and
is attributed to the two-magnon (2M) excitation [2,24], in-
dicating the B,/E, characteristics of the 2M excitation, see
Fig. 1(b). We note that in antiferromagnets, two magnons
can be created with a total spin angular momentum change
of AS =0, giving rise to a continuum of states involving
all possible pairs of magnons with opposite momenta. Fig-
ures 2(a)-2(c) display the thermal evolution of these 2M
excitations for NiPS;_,Se, (x = 0.03, 0.06, and 0.9) in the
frequency range of 5 —900cm™~'. With increasing tempera-
ture, the coherent 2M excitations, centered at finite energy,
gradually weaken and soften. In the high-temperature para-
magnetic state, the 2M signal evolves into a QES response,
reflecting incoherent slow spin fluctuations. A close look
reveals that this QES persists even within the magnetically
ordered state, which is distinct from Rayleigh scattering.

Further, to highlight the low-energy features, we first
obtain the Raman response x () from the raw Raman in-
tensity I(w) using the relation /(w) X”(a)) [n(w)+ 1] =
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FIG. 1. (a) Unpolarized Raman spectrum of NiPS;_,Se, (x = 0.03, 0.06, and 0.09) collected at 3.5 K in the frequency range of 5 —
900cm~!. The observed phonon excitations in a spectral range of 100 — 650cm™' are labeled as B;*5, A;ﬁ3, R, and P1-P2. The phonon
modes in the spectral range of 680 — 690 cm™! are labeled as S1-S6. The blue-shaded area corresponds to the two-magnon (2M) continuum.
(b) Circularly polarized Raman spectrum for x = 0.03, collected at 3.5 K, 200 K, and 300 K in cocircularly (orog; black) and cross-circularly
(ogoy; red) configurations. (c), (d), and (e) Raman spectrum of NiPS;_,Se, in the frequency range of 8 — 200 cm~!, 200 — 300 cm™!, and
300 — 450 cm~!, respectively. (f)-(h) Temperature evolution of the unpolarized Raman spectrum of NiPS;_,Se, in the frequency range of

80 —300cm~!.

X”(a)) [1 — e "@/kT] and then plot the Raman conductiv-

ity (X/a()‘”)) over the frequency range of 5 —50cm™' in

Figs. 2(d)-2(f). It is evident that the QES response becomes
systematically enhanced as the temperature is lowered from
300 K to 3.5 K for all compositions investigated. Addition-
ally, we notice that a peak centered around 30 cm™' appears
for x > 0.06 whose intensity increases with temperature but
vanishes abruptly above 50 K. However, this peak is not con-
sistently detected across all sample pieces, making its origin
unclear. It is worth noting that the appearance of peaks below
60 cm™! in NiPS; has been previously discussed in terms of
various scenarios, including spin gaps, breathing modes, and
translational-symmetry-broken excitations [2,25-27].

B. Quasi-elastic scattering and magnetic energy fluctuations

Next, we elaborate on the dynamical magnetic properties
and spin fluctuations by analyzing the QES. Generally, QES
arises from either spin diffusion or fluctuations in magnetic
energy densities. The first mechanism results in a Gaussian

line shape and is forbidden in perfect one-dimensional ma-
terials, while the latter mechanism leads to a Lorentzian line
shape [12] and is particularly relevant for magnetic materials
with non-negligible spin-phonon coupling. We observe the
QES in the low-frequency region (roughly below 40 cm™!) of
the Raman spectrum at higher temperatures, especially above
Tn, where it is well described by a Lorentzian function imply-
ing that the fluctuations in magnetic energy density provide a
dominant contribution. However, at lower temperatures within
the magnetically ordered phase, the QES response deviates
from the Lorentzian line shape and appears to transition into
a composite profile exhibiting both Lorentzian and Gaussian
characteristics, especially below 50 K. Circularly polarized
Raman measurements, shown in Fig. 1(b), suggest that the
QES response exhibits characteristics of A, symmetry.
Figures 3(a)-3(c) show the color contour maps illustrating
the evolution of QES spectral weight versus Raman shift
across a temperature range of 7= 3.5-330 K for x = 0.03,
0.06, and 0.09, respectively. We observe that the QES re-
sponse gains spectral weight with increasing temperature and
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FIG. 2. Temperature evolution of the unpolarized Raman spectrum of NiPS;_,Se, in the frequency range of 5 —900cm™! for (a) x =
0.03, (b) x = 0.06, and (c) x = 0.09. The blue-shaded area corresponds to the two-magnon (2M) continuum. (d)—(f) Raman conductivity of

NiPS;_,Se, (X”/a)) at a few selected temperatures for x = 0.03, x = 0.06, and x = 0.09, respectvily.

becomes significant above 7y in the paramagnetic phase. As
plotted in Fig. 4(a), the integrated spectral weight of the
QES response shows a slight decrease from 3.5 to ~ 50 K,
followed by a moderate increase between 50 K and ~ 120 K.
Upon further heating into the paramagnetic regime, a sharp
rise in spectral weight is observed. On the other hand, the
Raman conductivity x /e gains a significant spectral weight
below 50 K, which is quite unexpected because x /w is ex-
pected to be suppressed in the magnetically ordered phase in
conventional magnetic systems. Furtheremore, x /@ shows
a slight dependence in the temperature window from 50 K
to Tn. Above Ty, the spectral weight of Raman conductivity
increases with rising temperature. Nevertheless, the spectral
weight of the Raman conductivity below 50 K is significantly
larger than that at higher temperatures.

We note that in the magnetically ordered phase, conven-
tional long-wavelength spin waves are expected. However,
in addition to these well-defined magnons, Raman scattering
at Q ~ 0 can also probe slow fluctuations of the ordered
magnetic moments, particularly in low-dimensional antifer-
romagnets where frustration, anisotropy, or doping-induced
disorder are present. Accordingly, the observed QES signal
originates from overdamped, low-energy spin fluctuations that
persist even in the ordered state. Such fluctuations may arise
from competing exchange interactions or partial disruption of
spin order induced by Se substitution.

Furthermore, we recall that the QES and the associated
critical magnetic properties can be understood within the the-
oretical framework proposed by Reiter and Halley. According
to their theory, the scattering intensity at a finite temperature
for the two-spin scattering process can be expressed as [28,29]

o0 .
l(w) = / e "“'dt(E(k, 1)E*(k, 0)), (D
—00
where E(k,t) is the magnetic energy density. Consid-

ering the specific condition of the correlation function
(E(k,t)E*(k, 0)), Eq. (1) can be simplified to [29]

w C,.TDk?

— e~ho/ksT ()2 4 (Dk2)2 ’ 2)

I() o 5

where C,, is the magnetic specific, D is the thermal diffusion
constant D = K/C,, related to the magnetic contribution to the
thermal conductivity K. Further, Eq. (2) can be rewritten in

terms of the Raman conductivity ()

x () C,.,T Dk?
X

® w4 (DK @

We next deduce the dynamic Raman susceptibility (")
from the Raman conductivity using the Kramers-Kronig

relation: %" (¢ = 0, T) = %f_oooo %da) To derive x%",
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FIG. 3. Color contour maps of the QES spectral weight versus Raman shift and as a function of temperature for NiPS;_,Se, series (a) x =
0.03, (b) x = 0.06, and (c) x = 0.09. (d)—(f) Color contour maps for the temperature dependence of the Raman response [ x" o« I(w) /1 + n(w)]
versus Raman shift. (g)-i) Color contour maps for the temperature dependence of Raman conductivity (x* /w) versus Raman shift. Red vertical
dashed lines correspond to the Néel temperature (7y). The green line represents the fluctuations of ordered magnetic moments phase transition

temperature.

we adopted the upper cutoff frequency of ~50 cm™!, above
which the Raman conductivity shows no noticeable change
with further increase in frequency, while the lower cutoff
frequency was taken as ~5 cm~!. Figure 4(b) shows the %"
as a function of temperature and Se composition. For all
samples, we observe a sharp decrease in x¥" from 3.5 K
to 50 K, followed by a minimum around ~90, ~100 and
~120 K for x = 0.03, 0.06, and 0.09, respectively. Upon fur-
ther heating, x %" increases through 7y and eventually shows
the broad maximum-like behavior in the paramagnetic phase.
Overall, the x%" behavior resembles the static magnetic sus-
ceptibility data, as discussed in our work [7]. Unlike the
static magnetic susceptibility, the low-temperature rise of x "
in the magnetically ordered state arises from fluctuations of
the ordered magnetic moments [30-33]. Before proceeding,
we would like to comment that the QES exhibits a notable
decrease at elevated temperatures. This behavior arises from
two interrelated effects of Se substitution. First, Se substi-
tution weakens the in-plane vs. out-of-plane spin interaction
anisotropy due to altered Ni-S/Se-Ni superexchange path-
ways, promoting isotropic spin fluctuations. Second, chemical

disorders from Se incorporation may dampen paramagnetic
fluctuations through spin scattering at substitution sites.

Next, we deduce the magnetic specific heat, above Ty,
from the Raman conductivity using Eq. (3), and the results
are summarized in Fig. 4(c). For all samples, we observe a
decrease in the magnetic specific heat with a rise in tem-
perature. Figure 4(d) shows the temperature dependence of
the spin correlation length (§) above Ty obtained from the
Raman conductivity by taking the inverse of the FWHM of
the Lorentzian profile. We found that £ follows a tempera-
ture dependence trend similar to that of the magnetic-specific
heat.

C. Temperature-dependent Raman scattering intensity

Now, we turn to the temperature dependence of phonon
mode intensities. In magnetic materials, intensity variations
offer valuable insights into the role of spin degrees of freedom
in the Raman scattering process. Suzuki and Kamimura (SK)
proposed a theory to describe the phonon intensity in magnetic
materials. According to the SK theory, the temperature-
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FIG. 4. (a) Temperature dependence of the integrated QES spec-
tral weight. (b) Temperature dependence of the dynamic Raman
susceptibility, obtamed using the Kramers-Kronig relation XdY“(q =
0,7)=2[% X (‘" 2@D) 7. The peak centered around ~ 30 cm™! was
exluded whlle mtegratmg out the QES and dynamic Raman suscep-
tibility. The red vertical dashed line corresponds to the 7y. The green
shaded area marks the temperature regime where the fluctuations of
the ordered magnetic moment are enhanced. (c) and (d) Magnetic
specific heat and spin-correlation length as a function of temperature
extracted above Ty, respectively.

dependent phonon intensity is given as [34]

S-S

I(T)=(n+ 1)HR+M o

+ |K|2<S§)] 4)

Here, the coefficient M quantifies the spin-dependent con-
tribution to the Raman scattering intensity through spin-spin

correlations (S S ) between magnetic ions at the ith and
jth sites, while the coefficient R accounts for the spin-
independent contribution. The term |K]| (SZ) is related to
single-ion anisotropies and is usually neglected, as K is typi-
cally one or two orders of magnitude smaller than R and M.
Consequently, the SK formula can be simplified to

5[

o 5)

I(T) = ‘R—l—M

Figures 5(a)-5(c) present the color contour maps of the
Raman intensity versus Raman shift in the 80 — 200cm™!
range (left panel) and in the 200 — 300cm™' range (right
panel) across a temperature window of 3.5-330 K for the
x = 0.03,0.06, and 0.09 samples. The integrated intensities
of the B;,, B;, and A; phonons are plotted in Figs. 5(d)-
5(f). We observe that the Bgl, mode becomes more intense at

higher temperatures, particularly above Ty, while the B> mode
reaches its maximum intensity around 7y, and then gradually
weakens as the temperature rises above 7y. This intensity

behavior is distinct from that observed in other members of
the MPX; family, where a significant enhancement in phonon
intensity occurs below Ty [10,35-37]. However, the A; mode

and other phonon excitations above 200 cm ™', except for the
background peak around ~446 cm~!, gradually weaken with
increasing temperature from our lowest to highest recorded
temperature, see Figs. 1, 2, and 5.

It is worth noting that the SK theory predicts three types of
phonon intensity variations with temperature in ferromagnetic
and antiferromagnetic materials, depending on the relative
magnitudes of R/M. In antiferromagnetic systems, if the ratio
R/M lies between 0 and 1, the phonon intensity decreases
with temperature below Ty, while upon further heating above
T, the intensity increases. Our experimental intensity data for
Bg, are largely consistent with the aforementioned prediction.

However, on the other hand, the Bg mode becomes intense
around 7y, possibly due to the overlap of its split components.
Furthermore, for R/M < 0, the phonon intensity is expected
to decrease with increasing temperature, which aligns with our

experimental data for A i, and other phonon excitations above
200 cm™!.

D. Magnetic ordering effects and spin-phonon coupling

Next, we inspect the temperature dependence of the
phonon parameters. Figure 6 and Fig. 7 show the temperature-
dependent frequencies and linewidths of the Bk‘, Bﬁ, P1, A}g,
and A; phonon excitations in the NiPS;_,Se, series. For all
samples, we observe that phonon excitations above 200 cm ™!
exhibit softening and broadening with increasing temperature,
which can be understood within the framework of the three-
phonon anharmonicity model [38], which accounts for the
decay of an optical phonon into two lower-energy phonons
of opposite momentum. In this model, the temperature de-
pendence of the phonon frequency w(T) and linewidth I'(7)
is described by: o(T) = wp + A (1 + prn 1)and I'(T)=Ty+
B (1+ ﬁ), where x = hwy/2kgT and wy (I'g) is the fre-
quency (linewidth) of the phonon at 0 K. The coefficients
A and B are fitting parameters characterizing the strength
of the anharmonic phonon-phonon interactions. The solid
red lines in Fig. 7 represent the fitted curves based on this
model, which shows a good agreement with the experimen-
tal data. This consistency suggests that the anharmonicity
effect provides an adequate explanation for the observed
temperature-induced softening and broadening of the high-
frequency phonon modes. However, in contrast to the phonon
excitations above 200 cm™!, the temperature-dependent fre-
quencies of the lower-energy B; and Bﬁ modes deviate from
the conventional anharmonicity-driven temperature depen-
dence below Ty [see Fig. 6(a) and 6(c)]. This deviation is
further accompanied by a linewidth maximum around 140 K
for the B; mode and 100 K for the Bg mode [see Fig. 6(b)
and 6(d)], suggesting the involvement of additional mecha-
nisms beyond simple three-phonon anharmonicity. It is worth
recalling that spin-phonon coupling plays an important role in
renormalizing the phonon self-energy parameters in magneti-
cally ordered systems.

Within the spin-phonon coupling mechanism, the tem-
perature dependence of the phonon frequency is written as
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FIG. 5. 2D color contour maps of intensity as a function of temperature and frequency for (a) x = 0.03, (b) 0.06, and (c) 0.09 of the series,
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to the eye. Red vertical dashed lines correspond to the Ty.

[39.40] Awgpph = wsppn(T) — wp = A(S; - S;), where ey is
the bare phonon frequency in the absence of spin-phonon
coupling, and A is the spin-phonon coupling constant, which
quantifies the interaction strength between phonons and spins
in the materials. In this framework, the bare phonon fre-
—
quency is renormalized by the spin-spin correlations (?i - 8;)
through spin-phonon coupling A. Within the mean-field ap-
proximation, the spin-spin correlations (3 . 5;) can be

approximated as (?,- . 5;) = —S8%¢(T), where S is the spin
of the magnetic ions and ¢(7') is the magnetic order pa-
rameter. Near the transition temperature, the order parameter
follows a power-law behavior ¢(T) =1 — (TT—N)y, where y
is the critical exponent associated with the magnetic phase
transition.

For x = 0.03, we observed the anomalous hardening in
the B2 mode below Ty, see Fig. 6(c), which likely originates
from the spin-phonon coupling [41,42]. With increasing Se
concentration, i.e. x > 0.03, a renormalization in slope is
observed, suggesting that chalcogen substitution modulates
the spin-phonon coupling strength. Similar to B§, anoma-

lous hardening or softening is also observed in the BA', mode
below Ty, see Fig. 6(a). These results are consistent with
the temperature-dependent QES components, Raman con-
ductivity, and the spectral weight of the dynamic Raman
susceptibility. All of these quantities weaken, especially at
higher temperatures with an increase in Se concentration.
We note that spin-phonon coupling and QES are intrinsi-
cally interconnected: stronger spin-phonon coupling leads

to more pronounced QES, as lattice distortions induced by
spin-phonon interactions can, in turn, drive magnetic spin
fluctuations, or vice versa.

III. CONCLUSIONS

To summarize, we have investigated low-energy mag-
netic excitations and lattice dynamics in anion-substituted van
der Waals antiferromagnets NiPS;_,Se, using temperature-
and polarization-dependent Raman spectroscopy. A clear
quasi-elastic scattering signal is detected in the cocircular
polarization channel, whose Lorentzian line shape above the
Néel temperature is attributed to spin energy density fluctu-
ations in the paramagnetic phase. Below Ty (~ 50 K), the
quasi-elastic spectral weight intensifies and deviates from the
Lorentzian profile, indicating enhanced fluctuations of the
magnetic moment even in the ordered phase. Concurrently,
phonon modes involving Ni** exhibit anomalous shifts below
Tn, providing strong evidence of spin-phonon coupling. The
systematic evolution of the quasi-elastic response and phonon
anomalies with increasing Se concentration (x = 0.03, 0.06,
0.09) highlight the importance of dynamic spin correlations
in the ordered phase and demonstrate the chemically tuned
spin fluctuations.
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