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Tuning the robust magnetic properties in MPS; (M = Mn, Fe, and Ni) by proximity-induced
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‘We have demonstrated the possibility to control the otherwise robust magnetic properties of transition-metal
phosphorus trisulfides (Mn/Fe/NiPS3) in their heterostructures with Weyl semimetallic MoTe, which can be
attributed to the Dzyaloshinskii-Moriya (DM) interactions at the interface of the two materials. While the
DM interaction is known to scale with the strength of the spin-orbit coupling (SOC), we demonstrate using
experiments on heterostructures with a variety of substrates (underlayers) hosting variable SOC and electronic
density of states (DOS) that the effect of DM interaction strongly varies with the electronic DOS of the
SOC-hosting layer as well as the spin orientation and degree of anisotropy associated with the magnetic layer.
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I. INTRODUCTION

Controlling the quantum many-body interactions is the
key to discovering emergent phenomena and exploring po-
tential technological applications. This may be achieved by
the influence of various stimuli like the effect of reduced
dimensionality [1], the application of an electric or a magnetic
field [2], ultrafast laser pulses [3], proximity to suitable sub-
strates, etc. [4,5]. The proximity effect, in two-dimensional
(2D) layered materials, may be induced by creating appro-
priate heterostructures. Engineered heterostructures of 2D
materials is one of the ways to effectively control the quan-
tum many-body interactions. The 2D layered magnets exhibit
novel magnetic properties wherein heterostructure engineer-
ing could introduce effects of broken-inversion symmetry as
well as spin-orbit and Dzyaloshinskii-Moriya (DM) interac-
tions, thus resulting in new exotic ground states. Examples of
such ground states are topologically protected spin textures
like skyrmions and chiral domain walls [6-10], which can
have novel spin-orbitronic and storage applications [11,12].

Transition-metal phosphorus trisulfides (MPS;, M = Mn,
Fe, and Ni) are a class of such van der Waals materials that
host antiferromagnetic (AFM) ground states at low tempera-
tures [13,14]. The AFM ground state exhibits different spin
dimensionalities (viz., n = 1, 2, and 3) due to the presence
of an axial or planar anisotropy or in the absence of any
anisotropic element [15] which may be described by the Ising
(e.g., FePS3), XY (e.g., NiPS3), and Heisenberg (e.g., MnPS3)
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Hamiltonians, respectively [13]. Engineered heterostructures
of magnetic layered materials with high spin-orbit coupled
systems like topological materials have the potential to con-
trol the quantum interactions, unraveling a variety of exotic
phenomena at their interfaces [4,16,17]. We have performed a
comprehensive study on the heterostructures of various MPS3
compounds (M = Mn, Fe, and Ni) with the topological Weyl
semimetal 7;-MoTe, that serves as an excellent platform for
exploring the rich interfacial phenomena like the Rashba ef-
fect, DM interactions, and the effect of spin orientations and
dimensionalities on their properties.

Raman spectroscopy is a nondestructive characterizing tool
for low-dimensional crystals that can provide information
about the sample’s structure, phonon properties, couplings
between the various degrees of freedom, and many-body
interactions involving low-energy excitations [18-20]. The
magnetic ordering in a material affects the phonon properties
due to spin-phonon interactions [3,21] or magnetoelastic cou-
plings, and these signatures can be observed through Raman
scattering. Therefore, Raman measurements are very well
suited for the detection of spin ordering in low-dimensional
magnets [22-24], especially, for micrometer-sized flakes and
heterostructures where standard bulk measurement techniques
like superconducting quantum interference device—vibrating-
sample magnetometer are not very suitable.

Here, we bring out the robustness [22-24] of the mag-
netic ordering in MPS3; compounds (M = Mn, Fe, and Ni)
to flake thickness. Our measurements on MPS;/MoTe,
heterostructures demonstrate a strong suppression of the mag-
netic ordering for MnPS; and FePS3, whereas no observable
effects on NiPS3, which could have its origin in the spin,
orbit, and charge couplings at the interface mediated by DM

©2024 American Physical Society
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interactions. More importantly, the interfacial interactions re-
veal strong sensitivity to the low-energy electronic density of
states of the nonmagnetic layer (substrate or underlayer) as
well as the orientation of the spins and the degree of magnetic
anisotropy in the magnetic layer. Our observations are sup-
ported by extensive experiments on heterostructures of MPS3
with Sb,Tes;, Au, and Cu with varying spin-orbit coupling
(SOC) and electronic density of states.

II. EXPERIMENTAL DETAILS

Single crystals of MnPS;, FePS;, and NiPS; were
micromechanically exfoliated using the standard Scotch
tape technique to obtain thin nanoflakes of the materials
on SiO,/Si substrates. Additionally, heterostructures with
MoTe, and Sb,Te; (on SiO,/Si substrate) were prepared by
a dry transfer technique under a microscope using a custom-
built 2D transfer system. Further, gold- and copper-supported
samples were also prepared by the similar standard microme-
chanical exfoliation technique on the substrates of SiO,/Si
predeposited with Au and Cu, respectively. A detailed de-
scription of the various samples and their preparation is added
in the Supplemental Material [25] (see Note 1 and Fig. S1).
The corresponding thicknesses of the samples have been
determined through atomic force microscopy measurements
shown in Supplemental Material [25] (Note 1, Figs. S2-S8).
Raman measurements were performed using a HORIBA HR
Evolution spectrometer with a 532-nm excitation laser. Low-
temperature measurements were performed in a LINKAM
heating stage for the NiPS; samples, and in a closed-cycle He
cryostat (AttoDRY 1000) for the MnPS3 and FePS; samples.

III. RESULTS

The MPS; compounds possess a monoclinic crystal struc-
ture, as shown in Fig. 1(a), with a space group of C2/m
[26,27]. The transition-metal M atoms form a honeycomb
structure where each M atom is coordinated to 6 S atoms in a
trigonal symmetry, thereby forming an MS¢ octahedron with
its trigonal axis perpendicular to the basal plane of the crystal.
The S atoms are further bonded to 2 P atoms above and below
the M plane arranged in the shape of a dumbbell.

The MPS; compounds undergo a transition from the para-
magnetic (PM) to the AFM phase, as reported earlier [13],
at the corresponding Néel temperatures (7y’s) of 80, 115,
and 150 K for MnPS;, FePS3, and NiPS;, respectively, as
can be seen from their magnetization data shown in Fig. 1(b)
(see Note 2 of Supplemental Material [25] for more details).
Though the MPS3; compounds are isostructural, they exhibit
contrasting spin structures in their respective AFM phases, as
shown in Figs. 1(c)-1(e), middle panels, based on the choice
of transition-metal atom (Mn, Fe, or Ni). Both MnPS;3 and
FePS; have their magnetic moments oriented out of plane
(parallel to the trigonal axis of the MS¢ octahedra) [28-30].
NiPSs, on the other hand, has all the magnetic moments
oriented in plane (perpendicular to the trigonal axis of the
MS¢ octahedra) along the a axis in its AFM phase [31].
Furthermore, while MnPS; shows antiferromagnetic order-
ing with respect to the nearest neighbors in the honeycomb
lattice formed by the Mn>" ions, FePS; and NiPS; give

the appearance of two antiferromagnetically ordered chains
of ferromagnetically ordered Fe?*/Ni** ions [26,28,31,32].
However, unlike NiPS; (and MnPS3), FePS; exhibits uniden-
tical magnetic and crystallographic unit cells [28].

The AFM transition in the MPS; compounds has been
reported to result in spin-lattice coupling of selected phonons
across the 7y [14,22-24]. The Raman spectra of all three
compounds are nearly identical in their paramagnetic phase,
recorded at 300 K [refer to Figs. 1(c)-1(e), top panels)].
The modes are labeled as M;—Mg (for MnPS3), F,—F¢ (for
FePS3), and N|—Njg (for NiPS3), respectively. Some of these
modes respond to the antiferromagnetic transitions of MPS3
(M = Mn, Fe, and Ni) at low temperatures. The most promi-
nent Raman signatures of these AFM transitions are depicted
in the bottom panels of Figs. 1(c)-1(e). The M; phonon
[Fig. 1(c), bottom panel] of MnPS3 shifts from ~156 cm™"
in the PM phase (represented by white vertical dashed line)
to ~151 cm™! in the AFM phase (represented by blue vertical
dashed line). While for FePS3, the F; mode [Fig. 1(d), bottom
panel] splits into sharp peaks (F;, and Fjp) below the Ty [22],
in NiPS3, the N, mode [Fig. 1(e), bottom panel] shows a
clear departure from the anharmonic behavior below Ty due to
spin-phonon coupling. The onset of the spin-phonon coupling
is identified as the AFM spin-ordering temperature [33]. For a
detailed description of these features and additional evidence
of the AFM transition using Raman measurements, refer to
Note 2 of the Supplemental Material [25].

Figure 2 shows the AFM ordering temperature for various
flakes and heterostructures of MnPS3, an isotropic Heisen-
berg magnet. From the contour maps in Fig. 2(a), it can
be clearly observed that the AFM ordering takes place at
~80 K for all four flakes of MnPS; of different thicknesses
(250, 118, 14, and 5 nm, respectively) supported on SiO,/Si
substrate (Note 2 in Supplemental Material [25]). This is
consistent with various recent experimental and theoretical
reports [24,34]. The weak dependence of the Ty on the flake
thickness may be attributed to the weak interlayer coupling
in MnPS3 [32]. We have investigated the heterostructures of
MnPS; with MoTe,, which transforms to the 7; phase, a
Weyl semimetallic phase, at low temperatures below ~250 K
[35-37] (Note 3 in the Supplemental Material [25]). It is
interesting to see that the proximity to the Weyl semimetallic
T;-MoTe, suppresses the Ty of the MnPS; flakes consid-
erably. Further, it is also observed that the suppression is
different for different thicknesses of MnPS5. The bulk ex-
foliated flake of MnPS; of thicknesses ~300 nm shows a
suppression of the Ty from ~80 to ~35 K, while for the
144-nm-thick flake, the Ty shifts down to below 5 K, in
the corresponding heterostructures with 7;-MoTe,. For the
MnPS; flake of thickness ~14 nm on T;-MoTe,, the Raman
signatures are too weak to resolve due to its lower cross
section (as shown in Fig. S16 of Supplemental Material [25]).
Nonetheless, the data on the ~14-nm-thick flake suggest a
complete suppression of the AFM phase. (See Note 4 in the
Supplemental Material [25].) In order to understand the origin
of the suppression, we have further performed experiments on
MnPS; heterostructures with a range of different underlayers
of topological and nontopological materials with a wide va-
riety of SOC strengths and electronic density of states. The
results obtained are summarized in Fig. 2(b). While experi-
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FIG. 1. (a) The crystal structure of MPS; (M = Mn, Fe, and Ni). (b) The temperature variation of magnetic susceptibilities (x) and the
respective temperature derivatives (dx /dT) (shown in insets; unit: emu g~ Oe~! K~!) for MnPS;, FePS;, and NiPS; bulk single crystals.
(c)—(e) The Raman spectra obtained in the paramagnetic and antiferromagnetic phases of MPS; (M = Mn, Fe, and Ni). The spin structures in
the AFM phase and the most prominent Raman signatures are shown below the corresponding Raman spectra.

ments performed on flakes of varying thickness directly on
Si0,/Si substrate showed no change from the reported bulk
Ty value ~80 K, strong suppression was observed for all the
flakes supported on T;-MoTe, (type-II Weyl semimetal with
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strong SOC), Sb,Te; (topological insulator with strong SOC),
gold (metallic with strong atomic SOC), and copper (metallic
with poor atomic SOC). Furthermore, the suppression was
observed to be stronger for thinner flakes of MnPSs;.
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FIG. 2. (a) The color maps show the intensity profile of the M, phonon across the magnetic phase transition for MnPS; flakes of various
thickness on SiO,/Si substrate and in heterostructures with 7;-MoTe,. The dashed horizontal lines mark the corresponding Néel temperatures.
(b) The obtained Néel temperatures of MnPS; in heterostructures of various thicknesses of MnPS; with varying underlayers (substrates)

(Si0,/Si, MoTe,, Sb,Te;, Au, and Cu).

Figure 3(a) shows the contour maps corresponding to two
different thicknesses of FePS3 (Ising-type AFM) on SiO,/Si
substrate and two heterostructures with 7;-MoTe, as under-
layer. It can be clearly observed that the 7y (temperature
where the F, and Fy;,, features disappear and the asymmetric
F; mode appears instead) for FePS; flakes of thickness ~50
and ~10 nm on SiO, /Si substrate are measured to be ~110 K,
again pointing out its insensitivity to the flake thickness. The
heterostructures of FePS; and 7T;-MoTe, with two different
thicknesses (~50 and ~23 nm) of the FePSj layers exhibited
a suppression of the 7y to ~80 K for the 50-nm-thick flake
of FePS; and to ~75 K for the 23-nm flake on T;-MoTe,.
This is consistent with the observation of suppression of Ty in
MnPS;.

Figure 3(b) shows the temperature dependence of the N,
mode of NiPS; (an XY-type AFM), for various flakes and
corresponding heterostructures with 7;-MoTe,. The flakes of
thicknesses 44, 33, and 12 nm supported on SiO,/Si substrate
exhibit Ty of ~150 K, implying its invariance with the thick-
ness. It is interesting to observe that unlike MnPS3; and FePSs,
the introduction of T;-MoTe; underlayers shows no consider-

able changes in the magnetic ordering temperature (7y) with
respect to the flakes directly on the SiO,/Si substrate. The
observations on NiPS; are in sharp contrast to those in the
case of MnPS; /FePS; discussed above.

IV. DISCUSSION

Our primary observations are (i) the strong suppression of
the AFM phase of MnPS3; and FePSs; in their heterostructures
with T;-MoTe, which are otherwise robust to their flake thick-
ness, while (ii) the AFM phase in NiPS3 remains robust even
in its heterostructures with 7;-MoTe,. We will now discuss
these findings and their possible origin.

As predicted by Mermin-Wagner-Hohenberg theorem
[38,39], magnetic ordering is prohibited in 2D isotropic
Heisenberg magnets. However, the presence of magnetocrys-
talline anisotropy in the 2D MPS; systems brings magnetic
ordering into existence, as discussed in Note 5 of the Sup-
plemental Material [25,40]. It may be noted that Neal et al.
[41,42] have recently demonstrated an intriguing symmetry
crossover from C2/m to P31m in Mn/FePS3, but absent in
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FIG. 3. (a) The color maps show the intensity profile of the F; phonon across the magnetic phase transition for FePS; flakes of various
thickness on SiO,/Si substrate and in heterostructures with 7;-MoTe,. The dashed horizontal lines mark the corresponding Néel temperatures.
(b) The color maps show the intensity profile of the N, phonon across the magnetic phase transition for NiPS; flakes of various thickness
on SiO,/Si substrate and in heterostructures with 7;-MoTe,. The N, phonon clearly shows deviations (represented by solid blue line) from
anharmonic trend (represented by solid black lines). The onsets of the deviations are measured as the Néel temperatures for the corresponding

flakes of NiPS; and are marked by the dashed vertical lines.

NiPS3, as the crystals are thinned down from bulk to thin
layers. However, such a symmetry crossover was observed to
have no relation to the magnetic ordering phenomena as is ev-
ident from the thickness insensitivity of the Néel temperatures
for all three compounds [22-24]. Chittari et al. [43] using
ab initio calculations have predicted a transition from the
semiconducting AFM to a metallic FM phase in MPS; com-
pounds by means of charge doping and application of strain.
While the coupling between the magnetic layer and the MoTe,
underlayer in the reported heterostructures is strong (refer to
Supplemental Material [25], Note 7 and Ref. [44]), the re-
quired charge doping for a transition from the semiconducting
AFM to a metallic FM phase is of the order of ~10'* cm™2
[43], which is unlikely to be achieved by mere diffusion across
the interfaces with the underlayers (substrates) in the absence
of a strong bias voltage (as is the case in our experiments). On
the other hand, the application of strain is typically expected
to result in frequency shifts of phonons with respect to the
unstrained phonons. Notably, our experiments show no appre-
ciable shift in the phonon frequencies or any dependence on

the MnPS; flake thickness (Fig. S17 in Supplemental Mate-
rial [25]). Therefore, possibilities like reduced dimensionality,
symmetry crossover, charge doping, and strain may be ruled
out in our experiments, as discussed further in Supplemental
Material [25] (Notes 5 and 6 and Figs. S17 and S18). Instead,
we argue that the DM interaction arising from the SOC of the
underlying substrate is the principal driving mechanism.

The magnetic interactions between neighboring spins of
the MPS; compounds may be described by the following
Hamiltonian [13]:

H= -2 Z {JL(Siijx +SiySiy)
+ J) (SixSjx + SiySjy) + ASE} + Hom, ¢))
HDM = Dij.(Si X SJ) (2)

Here, J, and J) represent the perpendicular and paral-
lel exchange interactions between the spins S; and Sj,
while A represents the single-ion anisotropy induced by
the axial distortion. The last term in Eq. (1) captures the
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FIG. 4. Schematic representation of the Dzyaloshinskii-Moriya
interactions in (a) magnetic thin films with spins oriented out of
plane (e.g., MnPS; and FePS3) and (b) magnetic thin films with spins
oriented in plane (e.g., NiPS3).

Dzyaloshinskii-Moriya (DM) interaction and is expanded
in Eq. (2). While the first two terms support a collinear
arrangement of neighboring spins, the Hpy prefers a per-
pendicular arrangement [11,45,46]. However, a nonzero DM
interaction requires SOC as well as the absence of inversion
symmetry.

The bulk MPS; (M = Mn, Fe, and Ni) crystals, on account
of their monoclinic structures, preserve the inversion sym-
metry and, therefore, DM interactions are absent. However,
the exfoliated thin flakes of MPS; break the inversion sym-
metry at their interfaces and are ideal platforms to introduce
DM interactions [11]. In particular, the breaking of inversion
symmetry at the interface of a heterojunction can give rise to
momentum-dependent spin split dispersions as a consequence
of Dresselhaus- or Rashba-type SOC [11,47], which in turn
lead to significant DM interactions at the interfaces of mag-
netic heterojunctions [48,49], particularly in the presence of
low-energy charge carriers, i.e., in metallic and semimetallic
substrate. Recent angle-resolved photoemission spectroscopy
measurements revealed that Au and Cu possess Rashba SOC
[50,51]. Furthermore, the topological substrates (underlayers)
T;-MoTe, and Sb,Te; inherently host strong SOC. There-
fore, in all our measurements on the thin flakes of MPS;
(M = Mn, Fe, and Ni) supported on underlayers (substrates)
of Ty-MoTe,, Sb,Tes, Au, and Cu, due to the broken-inversion
symmetry and the presence of SOC, the DM interaction must
be introduced at their interfaces. This is very significant as
the DM interaction is supposed to be dominant at the vicinity
of the interface (where the inversion symmetry is broken),
thereby introducing a plausible dependence of the magnetic
interactions on the flake thickness. The competition between
Heisenberg and DM interaction terms induces a canting of the
perfectly antiparallel spins in an AFM [Fig. 4(a)], resulting
in weakening of the AFM ordering, thereby explaining the
suppression of the AFM phase in the investigated Mn/FePS;
thin flakes. It is important to note that the DM interactions
would be dominant for the spins in the vicinity of the interface
with the nonmagnetic layer and not necessarily in the entire
bulk of the flake. Notably, we can rule out the contribution
of Ruderman-Kittel-Kasuya-Yosida (RKKY) effect, mediated
through free carriers, on the DM interactions due to the
wide-gap semiconducting nature of MPS; [43]. Interestingly,
few recent studies have reported the magnetic properties and
ordering temperatures in AFMs to be strongly affected by
modifications of the surface magnetism [52-54]. The DM

interactions in our experiments similarly affect the magnetic
ordering at the interfacial surface of the magnetic layer, which
in turn is likely to affect the magnetic ground state of the entire
bulk flake. An exact calculation of the surface magnetism
effects on the magnetic properties is crucial to shed further
light on the mechanism, which is beyond the scope of this
work.

Our results also bring out certain traits of the interfacial
DM interactions observed in the 2D magnetic MPS;3 thin
films, as explained next.

A. Effect of spin orientation associated with the magnetic layer

The DM interaction energy between two spins S; and §;,
as described by Eq. (2), clearly invokes a dependence on
the spin orientations. For the heterostructures, the DM vec-
tor D;; (= —Dj;) = n x r;j lies in the plane of the interface
between the magnetic and the nonmagnetic layer, while n and
r;j are the normal to the interface and the distance between
the spins, S; and S;, respectively [11]. It is evident from the
above expression that the DM interactions would be drasti-
cally different for the out-of-plane and the in-plane spins, as
illustrated schematically in Fig. 4. While for the out-of-plane
spins, the DM interactions result in the canting of the spins
towards each other along a direction perpendicular to their
separation (r;;) and the normal (n) to the surface, the DM
interactions would vanish for the in-plane spins (which are
coplanar with the D;; vector). This explains why the introduc-
tion of T;-MoTe, suppresses the AFM ordering temperature
for MnPS; and FePS; (spins oriented out of plane), while
NiPS; (spins oriented in plane) remains unaffected. Interest-
ingly, while we observe a complete suppression of AFM phase
for flakes of appreciably thick (~144 nm) MnPS; layers,
the FePS; flakes of relatively thinner (~23 nm) layers do
not undergo a complete suppression of the AFM phase upon
incorporation of the MoTe, underlayer. This may be attributed
to the fact that MnPSj3 exhibits a nearly isotropic Heisenberg-
type interaction (J; = J, ), while FePS3 shows an anisotropic
Ising-type behavior (J; # J) [13]. Therefore, randomization
of the spins in MnPS3; would cost less energy as compared
to FePSs, which has a stronger out-of-plane anisotropy. As
opposed to the results obtained for MnPS; and FePS;, we
observed that NiPS; flakes (which have their spins oriented
in plane) showed no appreciable changes in the 7y in the
heterostructures with T;-MoTe,.

B. Effect of the density of electronic states
in the nonmagnetic underlayer

We also observe that despite having similar thicknesses
(~60 nm), the MnPS3 flake on Cu shows stronger suppression
of AFM ordering compared to a similarly thick flake on Au
[Fig. 2(b)]. This we attribute to the higher density of states
associated with Cu as compared to Au [55]. Given the sub-
stantial suppression on Cu substrate (with negligible atomic
SOC) as well as Au (with substantial atomic SOC), we think
the electronic density of states plays the primary role in the
suppression of the magnetic interactions as compared to the
spin-orbit coupling.
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V. CONCLUSION

In summary, we have prepared heterostructures of van der
Waals antiferromagnet MPS; (M = Mn, Fe, and Ni) with
T;-MoTe,, Sb,Tes;, Au, and Cu. We have observed (i) a
layer-dependent suppression of the otherwise robust magnetic
ordering which has been attributed to the presence of strong
DM interactions at the interface, (ii) the strength of DM in-
teractions varies with (a) the low-energy electronic density
of states of the SOC-hosting nonmagnetic underlayer, and
(b) the spin orientation and the degree of anisotropy associ-
ated with the antiferromagnetic overlayer. We believe that our
extensive study will be vital to create tailor-made magnetic
states through interface engineering for potential spintronic
and spin-orbitronic applications.
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