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We report the temperature and composition dependence of static magnetic susceptibility and Raman spec-
troscopic measurements on van der Waals antiferromagnets Ni,_,Fe,PS;. The end members NiPS; and FePS;
feature XY - and Ising-like magnetism, respectively, enabling chemical tuning of magnetic anisotropy and spin
correlations. Ni;_,Fe,PS; shows a turnover from the XY to Ising anisotropy through x & 0.1. Although the XY
anisotropy is rapidly suppressed on introducing Fe content, two-magnon scattering evidences the slow repression
of short-range magnetic correlations deep inside the Fe-rich side. Counterintuitively, the two-magnon signal
undergoes less renormalization of its energy with increasing x despite the larger spin number and enhanced
classical magnetism. The disparate static and dynamic magnetic behaviors indicate the emergence of an exotic

spin state in alloy van der Waals magnets.
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I. INTRODUCTION

Dimensionality plays a key role in determining the mag-
netic and electric properties of materials. In this vein,
magnetic van der Waals (vdW) materials stand out because
magnetic planes are separated by a vdW gap. This gap ef-
fectively hinders superexchange paths between the layers,
making them an ideal two-dimensional (2D) system. As such,
vdW magnets offer a conspicuous platform to obtain a funda-
mental understanding of low-dimensional magnetism and to
implement ultrathin spintronic device [1-6]. An overwhelm-
ing issue in this field is to tailor their physical properties
by chemical, electrical, mechanical, and optical engineering
towards achieving future applications.

Among magnetic vdW materials, MPX3 (M = transition
metal and X = S,Se) constitutes a versatile class in that these
isostructural compounds accommodate three representative
spin models: Ising, XY, and Heisenberg Hamiltonian [7—14].
MPXj3; (monoclinic space group C2/m) forms a layered hon-
eycomb lattice of the metal M ions [8,15]. From a viewpoint
of magnetism, FePS; realizes a S = 2 Ising antiferromagnet
with Ty = 123 K [16,17], MnPS; is a § = 5/2 Heisenberg
antiferromagnet with Ty = 78 K [18], and NiPS3 is a § =
1 XXZ-type antiferromagnet below Ty = 158 K [13,19,20].
FePS; and NiPSj; share zigzag-type magnetic structures, while
MnPS; has a Néel-type magnetic ordering [21,22]. The Néel-
type magnetic structure of MnPS; induces time and spatial
symmetry breaking, bringing about a linear magnetoelectric
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effect that persists down to the ultrathin limit [23]. On the
other hand, the persistence of Ising-like magnetic order down
to monolayer FePS; enables an in-depth understanding of the
Onsager and the Mermin-Wigner theorem [14,24,25]. This is
in sharp contrast to the suppression of long-range magnetic
order in the monolayer NiPS; that is tied to the Berezinskii-
Kosterlitz-Thouless (BKT) transition predicted for a 2D XY
spin system [12,26,27]. The isostructural family MPS3, har-
boring the aforementioned three spin models, raises exciting
prospects to explore exotic magnetic states through substitu-
tion of the cation M compositions.

Along this motivation, a distinct series of alloys (Ni, Fe,
Mn)PS; have been investigated [28-33]. It was reported that
spin-flop transition is extremely sensitive to an alloy compo-
sition in Ni;_,Mn,PS3. The strong x dependence is ascribed
to single-ion anisotropy involving trigonal distortions. The
magnetic phase diagram for Mn;_,Fe,PS; encompasses a
spin-glass and reentrant spin-glass state around 0.3 < x <
0.7. The competition between the Néel- and zigzag-type or-
dering may be responsible for the spin-glass transition. Unlike
Mn,_,Fe PS5, a series of Ni;_,Fe PS5 exhibits a smooth
evolution of the magnetic ordering temperature. The salient
feature is that the Ising anisotropy changes abruptly to the
XX Z-type anisotropy at x &~ 0.1 [33]. As mentioned above,
FePS; and NiPS; possess the identical zigzag magnetic or-
dering, defying the occurrence of magnetically disordered
states. Thus Ni;_,Fe,PS3 is a promising system to address
unconventional spin dynamics associated with bond frustra-
tion. We stress that although its static magnetic properties are
well investigated, little is known about dynamical fluctuations
and spin correlations resulting from the competition between
easy-plane and easy-axis anisotropies.

©2021 American Physical Society
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FIG. 1. Magnetic susceptibilities of Ni;_,Fe,PS; as a function of temperature measured at an external field of 1 T parallel (red) and
perpendicular (black line) to the ab plane for (a) x = 0, (b) x = 0.3, (c) x = 0.42, (d) x = 0.5, (¢) x = 0.8, and (f) x = 1. The vertical axes
have the same scale for ease of comparison. The blue dashed lines mark the magnetic transition temperature 7y. The inverse triangles on top
of the maximum of the magnetic susceptibilities denote the short-range ordering temperature 7*. The inset in (a) is a zoom of the magnetic

susceptibility.

In the present work, we track magnetic correlations of
Ni;_.Fe,PS; (x =0, 0.3, 0.5, 0.8, and 1) as a function of
temperature and composition. As a nondestructive spectro-
scopic technique, Raman spectroscopy is suitable for probing
magnetic excitations through a double spin-flip process in
antiferromagnets [34-36]. A thermal and composition depen-
dence of two-magnon Raman scattering enables us to identify
anomalous behaviors of short-range spin correlations that are
incommensurate with x-dependent static magnetism.

II. EXPERIMENTAL DETAILS

The high-quality layered Ni;_,Fe,PS; single crystals were
grown by a chemical vapor transport method using iodine as
a transport agent. Initially, the polycrystalline powders were
synthesized by the solid-state synthesis process under high
vacuum conditions. The high-purity starting materials of iron
(99.999%), nickel (99.999%), phosphorus (99.999%), and
sulfur powder (99.999%) were weighted at a stoichiometric
ratio and then sealed into the quartz tube with a diameter
of 22 mm with 10~* Torr pressure. The mixed compounds
were heated and ground twice at 400 and 600 °C to make a
single-phase compound. The 200 mg iodine was added into
the polycrystalline samples and sealed by the tube dimension
of 20 x 22 x 400 mm? with 10~ Torr. The tube was kept for
growth at a two-zone furnace with the temperature range of
600-700 °C for 200 h. After completing the growth process,
the furnace temperature was reduced to room temperature at
arate of 2°/min. The quartz tube was broken inside an argon-
filled glovebox and collected good-quality single crystals.

The dc magnetization and magnetic susceptibility were
measured as a function of temperature in an applied mag-
netic field of uoH =1 T using a superconducting quantum
interference device vibrating sample magnetometer (SQUID-
VSM, Quantum Design). Raman scattering measurements
were carried out in backscattering geometry with a micro-
Raman spectrometer (XperRam200VN, NanoBase) equipped
with an air-cooled charge-coupled device (Andor iVac Cam-
era) and a holographic transmission diffraction grating
(1800 grooves/mm). As an excitation source, we used a laser
of the excitation line A = 532 nm (DPSS SLM). The laser
beam with P = 100 W was focused on a few-micrometer-
diameter spot on the surface of the crystals using a x40 mag-
nification microscope objective. Rayleigh scattering was re-
jected to a lower cutoff frequency of 15 cm ™! using a notch fil-
ter. For temperature-dependent Raman experiments, the sam-
ples were mounted onto a liquid-He-cooled continuous flow
cryostat by varying a temperature between 4.3 K and 400 K.

III. RESULTS AND DISCUSSION
A. Magnetic susceptibility and magnetization

Before proceeding, we mention that the static magnetic
properties of Ni;_,Fe,PS; have been reported in early works
[29,33]. Nonetheless, it will be advantageous to rediscuss the
static magnetic susceptibility x (7)) and magnetization M (H)
for ease of the following comparison between static and dy-
namical magnetic behaviors.

In Fig. 1, we present the temperature and composition
dependence of x(T) of Ni;_,Fe,PS; (x =0, 0.3, 0.42, 0.5,
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0.8, and 1) measured at an external field of uoH = 1 T parallel
(red) and perpendicular (black) to the ab plane. Our x (T) data
are in good agreement with the previously reported data [33].
With increasing x (Fe concentration), x (T') is systematically
enhanced up to x = 0.8 and then shows a slight decrease. In
addition, the broad maximum [inverse triangle in the inset of
Fig. 1(a)] observed in x = 0 turns into a sharp peak above
x = 0.3, reflecting a switching of magnetic anisotropies be-
tween x = 0 and x = 0.3.

Next, we take a close look at the temperature dependence
of x(T). In the paramagnetic state of NiPS3, x(7T') features
the broad maximum at 7,,x &~ 220 K (=1.6Ty), which is a
hallmark of short-range spin correlations. The high-T x(T) is
larger for poH || ab than uoH L ab, indicative of in-plane (or
X X Z-like) magnetic anisotropy. As the spin-spin correlations
are present over the whole measured temperature, we cannot
make the Curie-Weiss analysis extract magnetic parameters.
On approaching Ty, x.»(T") drops rapidly with the inflection
point (vertical dashed line), while x.(T) is weakly 7 de-
pendent. The x.(T) < x.(T) behavior in the magnetically
ordered state confirms an easy-plane-type anisotropy. More
than 30% of Fe substitution for Ni amplifies a classical mag-
netic behavior, inferred from the fact that the round maximum
becomes sharp and the separation between Tp.x and Ty is
drastically reduced. Besides, the x > 0.3 compositions bear
the same Ising-type magnetism, namely, x.(T) > x.(T) in
the high-T regime and x.(T) < xu»(7T) in the antiferromag-
netically ordered state. On a qualitative level, the observed
rapid repression of the low-dimensional magnetic correla-
tions is ascribed to the combined effects of an increased spin
number (S = 1 — S = 2), switching anisotropy (XXZ —
Ising), and chemical pressure. In particular, the chemical
pressure increases interlayer interactions and modifies a de-
gree of the trigonal distortion of (Fe/Ni)S¢ octahedra and
spin-orbit coupling responsible for zero-field splitting. Re-
markably, a previous study of Ni;_,Fe,PS; unveils that the
anisotropy switching takes place even at a lower concentration
x =0.1[33].

To identify magnetic transitions, we take a first derivative
of x(T') with respect to temperature. As evident in Figs. 2(a)
and 2(b), dx/dT shows a sharp peak at Ty. We plot the
extracted Ty vs x in Fig. 2(c). With increasing x, Ty undergoes
a systematic decrease from 162 Katx = 0to 110 Katx = 0.8
and then shows an upturn to 119 K at x = 1. The essentially
same x evolution of 7y has been reported in the literature
[29,33], forming the minimum 7y around x =~ 0.7. As such,
deviation from linear extrapolation in Ty between the two end
materials should not be ascribed to sample inhomogeneities.
Rather, this intrinsic behavior alludes to the existence of an-
other ingredient, which fine-tunes magnetic interactions and
anisotropies. As possible origins, we mention the chemical-
pressure-induced trigonal distortions and the generation of
Ni-Fe pairs whose magnetic behavior differs from Ni-Ni and
Fe-Fe pairs. Shown in Fig. 2(d) is the temperature and com-
position dependence of the magnetic anisotropy defined as
x1/xy- Forx =0, x./x; < 11in the high-T regime confirms
the XY -like character of the Ni>* magnetic moments. In com-
bination with Ref. [33], our data showcase that the magnetic
anisotropy changes from an XY -like to Ising-like anisotropy
(x1/x) > 1) above Ty at x > 0.1. The temperature evolution
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FIG. 2. First derivative of the magnetic susceptibility (d x /dT)
with respect to temperature for (a) woH L ab and (b) poH || ab.
(c) Néel temperature (7y) vs Fe concentration (x) determined by a
peak of d x /dT . (d) Temperature and composition dependence of the
magnetic anisotropy defined as a ratio of x, to xj.

of the local spin anisotropy becomes the most pronounced
around x ~ 0.42.

Figure 3 presents the M(H) curves of Ni;_,Fe,PS; mea-
sured at T = 2 K for uoH L ab and puoH || ab. Overall, the
low-field M (H )s display a linear field dependence as expected
for antiferromagnets. With increasing Fe substitution, the
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FIG. 3. Field-dependent magnetization of Ni,_,Fe,PS; (x =0,

0.3, 0.42, 0.5, 0.8, and 1) for (a) uoH L ab and (b) poH || ab. The
temperature was fixed to 7 = 2 K.
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FIG. 4. Raman spectra of Ni,_,Fe,PS; (x =0, 0.3, 0.5, 0.8, and
1) at (a) T =300 K and (b) T = 10 K measured in cross (ab) po-
larization. B; (i = 1-5) labels symmetry-allowed B, phonon modes.
The asterisks denote forbidden A, modes, which become intense in
the magnetically ordered state of Fe-rich samples. Three ZF; (i =
1-3) represent zone-folded phonons and M stands for one-magnon
excitation.

in-plane M| (H) is systematically enhanced in the measured
low-field range, being consistent with the increment of Ising-
type anisotropy with x. On the other hand, the out-of-plane
M (H) features an intriguing x dependence. The low-field
M, (H) first increases up to x = 0.5 and then decreases
towards x = 1. This trend coincides with the composition
dependence of x /x plotted in Fig. 2(d). Thus we conclude
that the Ising anisotropy is the largest around x & 0.5, alluding
to a nontrivial role of chemical pressure in modulating the
magnetic anisotropy.

B. Phonon excitations

In Fig. 4, we compare Raman spectra of Ni;_,Fe,PS;
measured at 7 = 300 K and 10 K in (ab) polarization. We
have chosen this cross-polarization scattering configuration to
maximize information about magnetic excitations. We refer
to the previous Raman works for the complete assignments
and full descriptions of phonon modes in other polarizations
[12-14,37-44]. We further comment that the end members
NiPS; and FePS; have intensively investigated to understand
fundamental magnetism in the 2D limit. Spectral changes
induced by magnetic ordering are mainly monitored as a
function of layer number and temperature. For the Ising-like
vdW antiferromagnet FePSs, a long-range magnetic order is
retained down to a single layer [14,40,43]. In contrast, long-
range magnetic ordering vanishes in the monolayer regime
of mechanically exfoliated NiPS3, being consistent with a
BKT transition [13]. However, the thermal evolution of mag-
netic correlations is hardly addressed in relation to magnetic
anisotropy, which is the focus of this study.

According to the factor group analysis, we expect a total of
15 irreducible representation of Raman-active phonon modes
Iraman = 8Ag(xx) + 7Bg(xy). We note that only the B, modes
are symmetry allowed in the cross polarization. Out of the
anticipated 7B, phonons, we could identify five B, modes,
labeled B; (i = 1-5), for the stoichiometric compounds NiPS3
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FIG. 5. Fe-substitution dependence of the phonon frequencies at
10 K. For the mixed samples, the B, phonons exhibit two- or three-
mode behavior.

and FePS;. Two weak peaks marked by the asterisks are
ascribed to the symmetry-forbidden A, modes stemming from
leakage of polarization, local strain, or stacking disorders.
For FePS3, with lowering temperature below Ty, the two A,
modes become pronounced and the zone-folded ZF mode is
split into four peaks. The three ZF; (i = 1-3) peaks are spin-
order-induced phonon modes arising from the Brillouin-zone
folding by a magnetic superstructure [13]. The M peak is
assigned to one-magnon scattering [43]. In the intermediate
mixed compounds, one or two phonon peaks are newly acti-
vated for each B; mode (see Fig. 5). In addition to the phonon
excitations, we observe a broad magnetic background, which
shows a notable temperature and composition dependence.
With increasing x, the magnetic Raman signal shows a red-
shift and a reduction in its intensity (see the next section for
details).

In Fig. 5, we detail the composition dependence of the
phonon frequencies below 300 cm~! measured at 10 K. The
phonon modes B; (i = 2-5) involve vibrations of the (P,Sg)*~
unit, which is located in the center of the (Ni/Fe) honey-
comb lattice [40,43]. On the other hand, the low-frequency
B; mode contains motion of the metal M>* ion. As such, the
low-frequency modes are largely affected by the metal cation
Ni?* /Fe?* substitution. Indeed, with decreasing frequency
and increasing x, the redshift becomes pronounced. The soft-
ening phonon frequency with increasing x is linked to the fact
that the Ni** ion is heavier than the Fe?* ion. Consistently, the
lattice constants contract 1-2% preferentially in the ab plane
with decreasing x [29,33].

In addition, the intermediate mixed compounds entail ad-
ditional phonon modes. Specifically, the B3 and B, phonons
are split into two peaks and the By and B, modes are split into
three peaks. The two-mode behavior is naturally expected for
alloys since the same normal modes of the two end members
are distinct in their frequencies. However, the three-mode
splitting raises the possibility that local bonding geometries,
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FIG. 6. Normalized intensity of the 380 cm~! A, mode as a function of temperature and composition. The shaded gray area denotes the
temperature interval, in which spin-dependent Raman scattering is observed. The solid lines are fits to the expression _gs(7) ~ |A + B[1 —

(%)]V |2 as described in the text.

stacking disorders, and magnetic environments are slightly
modified under chemical substitution. Thus Raman-inactive
or symmetry-forbidden phonons may be activated and doubly
degenerate modes may split [45]. We further note that the
zone-folded phonons and one-magnon mode are discernible in
the low-temperature spectrum for x > 0.3. The Raman spec-
trum of NiPS3 shows no evidence of one-magnon scattering.
The spin-dependent Raman scattering seems to be appreciable
only for the Fe?* containing compounds.

Next, we pay our attention to the 380 cm™~! A, mode,
which is originally symmetry forbidden, yet appears due to
phonon-mode leakage. We can use the 380 cm™! mode as
a local probe of antiferromagnetic ordering [12,40,43]. The
phonon parameters (phonon frequency and linewidth) cannot
be reliably traced due to their weak intensity. In consideration
of this situation, we restrict ourselves to the integrated inten-
sity as plotted in Fig. 6. For all x > 0.3, the phonon intensity
exhibits an abrupt increase with the onset of the Néel temper-
ature (indicated by gray shadings). In spin-dependent Raman
scattering [46], the increasing Raman intensity is given by
the square of the spin correlation function, I;_gs(7T) ~ |A +
B[l — (TLN)]V |2, by assuming a phenomenological expression
of the spin-spin correlation (S;-S;1;) ~[1 — (%)]V. The
phenomenological parameter y is scattered around the val-
ues of 2.0-4.9, bearing no concrete physical meaning. Here,
A (gauging nonmagnetic contribution) and B are constants.
For FePS;, the nonmagnetic contribution is negligibly small
with A ~ 0.1. With increasing Ni concentration, the spin-
dependent scattering intensity weakens with A ~ 0.5-0.6.
The diminishing spin-dependent contribution with decreasing
x 1is partly ascribed to a decreasing spin number (§ =2 —
S = 1). However, the lacking systematic trend may be due to
local strains inevitably occurring in alloy compounds, which
affect a phonon scattering intensity.

C. Two-magnon Raman scattering

‘We now turn to the Raman response of two-magnon (2M)
excitations and will expound their temperature and composi-
tion evolution. In antiferromagnets, the 2M spectrum arising
from double spin-flip processes conveys information about

spin dynamics and the energy scale of exchange interactions
[34,47].

As shown in Fig. 7(a), the T = 10 K magnetic spectrum
of NiPS;3 exhibits a rather symmetric line shape positioned
around wyy = 546 cm™!. With increasing temperature, the
magnetic spectrum broadens and shifts to lower energies.
For low-dimensional magnets, the 2M spectrum persists well
above the ordering temperature as it mainly reflects the tem-
perature dependence of short-wavelength magnon energies
and lifetimes [48]. With increasing Fe content [Figs. 7(b)—
7(e)], wam of the 2M scattering shifts to 394 cm~! at x =
0.8. The well-resolved magnetic continuum at low tempera-
tures vanishes for the pristine FePS;. At room temperature,
the coherent magnetic excitation progressively evolves to a
quasielastic response with increasing x. In Figs. 7(f)-7(j), we
present the color contour plots of the 2M scattering inten-
sity in the T — w plane after subtracting the phonon peaks
from the raw spectra. The temperature and composition trend
becomes evident. On heating toward Ty, the lower-cutoff en-
ergy wiower Undergoes an order-parameter-like softening. We
deduce the Néel temperature T+ by extrapolating wiower tO
0 cm™! (horizontal dotted line). We note that the low-energy
spectral weight is dictated by long-wavelength magnons,
while the peak intensity by short-range magnons. The latter
enables us to introduce another characteristic temperature 7*
(horizontal dotted line), at which the 2M maximum turns
into a quasielastic response. We find that the larger the spin
number (Fe content) is, the stronger are the changes of spectral
weights at an energy scale of 7y-.

To comprehend the thermal damping of the 2M spectra,
we resort to the Fleury and Loudon theory of describing mag-
netic Raman scattering in Mott insulators [34]. In a nutshell,
light can excite magnons in pairs through the virtual elec-
tron hopping process similar to exchange interactions. In this
exchange-scattering mechanism, thus, the Raman operator
is proportional to a spin Hamiltonian R o< ) ; ;Si-S;. The
Fleury and Loudon mechanism provides a natural rationale for
the vanishing 2M signal in FePS; since the Ising-like Hamil-
tonian H oc 3, ;7 - S5 commutes with the Raman operator
R o ), ;S; - S5 with bond-dependent polarization term, that
is, [H, R] = 0. In the classical treatment, the 2M peak energy
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FIG. 7. Temperature- and composition-dependent Raman spectra of Ni,_,Fe,PS; for (a) x = 0, (b) x = 0.3, (c) x = 0.5, (d) x = 0.8, and
(e) x = 1 measured in (ab) polarization. (f)—(j) Contour plot of the two-magnon scattering intensity in the temperature-Raman-shift plane after
subtracting phonon peaks. The horizontal dotted lines denote the Néel temperature 7y« and short-range ordering temperatures 7*, which are
identified from a thermal evolution of the low-energy cutoff and the peak energy.

wym allows the estimation of the exchange coupling constant
by the relation Zi Ji(2z;S — 1), where J; is the exchange
constant, z; is the number of neighboring spins, and S is the
spin quantum number. Given that a J; — J3 spin Hamiltonian
provides the minimal model of NiPS; (S = 1), the 2M peak
position way = 546 cm~! corresponds to 5(J; + J3), yielding
Ji +J;3 = 13.6 meV. Here, the number of the nearest and
third-nearest neighboring spins are z; = z3 = 3. Noticeably,
the obtained value is comparable to J; = —3.8 meV and J3 =
13.8 meV [20], although the 2M peak alone is insufficient to
determine each J;. By assuming that woy = 461 cm™! is the
average of 70% Ni-Ni pairs and 30% Fe-Fe pairs (neglecting
Ni-Fe pairs), we obtain J; + J3 = 3.25 meV for FePS;. The
reduction of J; in FePS3 accounts for the concomitant narrow-
ing and softening of the 2M spectral weight with x. We further
comment that, if the 2M scattering is allowed due to residual
terms, its spectral weight would appear below 250 cm™!

In Fig. 8(a), we plot the normalized 2M frequency of
Ni;_,Fe,PS; (x =0, 0.3, 0.5, and 0.8) vs reduced temper-
ature T /Ty. For NiPSs, the magnon-pair spectral weight is
renormalized by ~15% at Ty, typical for 2D § = 1 antifer-
romagnets [48]. With increasing Fe content (spin number),
the peak-energy renormalization is reduced to 10%. A similar
tendency is seen above Ty. This is at odds with the common
wisdom that the renormalization and damping of the 2M
spectral weight becomes stronger as the dimension and spin
number increase. Unlike the thermal renormalization of the
2M parameters, the short-range magnetic correlations (called
paramagnons) persist to higher temperatures with increasing
Ni substitution. This seemingly inconsistent observation im-
plies that the alloy compounds cannot be described by the
simple mixture of S =1 XXZ and S = 2 Ising spin Hamil-
tonians. In the intermediate compositions, Ni-Fe bond pairs
are present in addition to Ni-Ni and Fe-Fe pairs, which may

(a) (b) (c)
2
— x=0.8 L) -O- Tyum 1550 -
M é §:3§ 250 5 -@- Ty Raman —O ;*//?: )éi(::nan
= @ x=0 AN -O T (M) Py N
~ A\ ‘\\‘ -A- 7' Raman 500 3
SE g 200} . - W 2M peak % g
~ "y 3 X
= Ada, ~ l Jaso &
= 00 PRy
~ O 150 'Q‘ ‘é. 3
= ,
- ° pe N
g : %9 &30 Qlaco
X S s R i S s
0O 05 1 15 2 25 0 02 04 06 08 1 0 02 04 06 08 1
T/Ty X X

FIG. 8. (a) Normalized two-magnon energy vs normalized temperature for x = 0, 0.3, 0.5, and 0.8. The vertical dashed line marks the Néel
temperature. (b) x dependence of the Néel temperature and short-range ordering temperatures 7y and 7* determined by the static magnetic
susceptibility x (7') and Ty« and T* by the two-magnon scattering. The two-magnon peak energy (black squares) is correlated with the thermal
damping temperature of the two-magnon peak (red circles). (c) Ratio T* /Ty extracted from the x (7') and Raman data as a function of x.
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introduce bond frustration. At present, nothing is known about
the character of Ni-Fe exchange interactions, which may lead
to an exotic magnetic state, deserving future investigations.
In Fig. 8(b), we summarize the Néel and short-range or-
dering temperatures extracted from the x (7") and 2M Raman
data. It is evident that 7Ty deduced from y (7)) goes hand in
hand with the 2M Raman-determined transition temperature
Tn+. The small underestimate of 7y« by the Raman spectra
is due to the uncertainty of tracking the complete thermal
destabilization of long-wavelength magnons in the vicinity of
Tn. We note that w;y (black squares) is inextricably correlated
with the thermal damping of short-wavelength magnons. In
stark contrast, the short-range ordering temperature 7 reveals
a disparity between the static and dynamic probes. To show-
case this trend, we plot the ratio 7* /Ty vs x in Fig. 8(c). We
observe that T* /Ty based on the x (7 ) data shows the quick
suppression through x = 0.3, while 7x- derived from the Ra-
man data exhibits a rather gradual decrease to x = 0.8. This
suggests that the short-range spin correlations are slowly di-
minished with increasing high-spin Fe>* content, although the
static magnetism is quickly switched to an Ising-like behavior.

IV. CONCLUSION

We have conducted a systematic magnetic susceptibility
and Raman spectroscopic study of quasi-2D vdW materials
Ni;_.Fe,PS;. These alloy compounds enable chemical tuning
of easy-plane and easy-axis anisotropies by Fe-for-Ni substi-
tution.

The static magnetic data reveal that an XY -like anisotropy
is switched to an Ising-like one upon introduction of Fe con-

centration as small as 10%, if combined with Selter’s data
[33]. The sharp maximum of x(7) and the small separa-
tion between the long-range ordering temperature 7y and the
short-range ordering temperature 7* advocate that classical
magnetism dictates Fe-rich samples. Unexpectedly, dynamic
magnetism based on two-magnon Raman scattering shows a
distinct x evolution. Short-range magnetic correlations near
the Brillouin zone boundary are rather gradually suppressed
against the Fe-for-Ni substitution. More strikingly, the thermal
renormalization of the two-magnon energy is obviously re-
duced with x despite the quick repression of XY -like quantum
fluctuations. Taken together, a small amount of chemical sub-
stitution stabilizes quickly the Ising-like magnetism against
the XY -like magnetism. On the other hand, the dynamic mag-
netism pertaining to short-range correlated spins is not quickly
quenched in the presence of competing Ising- and XY -like
interactions despite the classical magnetism that prevails. We
call for future investigations on understanding the origins of
disparate static and dynamic magnetic behaviors and the pos-
sible emergence of an exotic spin state in alloy vdW magnets.
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