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In this paper we report a detailed ESR spectroscopic study of the single-crystalline samples of the van der
Waals compounds M2P2S6 (M2 = Mn2, MnNi, Ni2), performed at an excitation frequency of 9.56 GHz, in a
broad range of temperatures above the magnetic order, and at different orientations of the magnetic field with re-
spect to the sample. Analyzing temperature and angular dependencies of the resonance field and of the linewidth
of the Mn2P2S6 compound we have observed a significant change of the spin dynamics from the dominance of
the 3D-like fluctuations close to the magnetic order to a relative increase of the 2D-like spin fluctuations at higher
temperatures. Such a behavior, which is opposite to the development of the low-D signatures in the previously
studied Cr2Ge2Te6 compound, can be explained by the difference in the type of magnetic order in Mn2P2S6 and
Cr2Ge2Te6. On the other hand, MnNiP2S6 compound exhibits angular dependencies of the linewidth typical for
the system with 3D-like spin correlations in the whole measurement temperature range, however the 2D-like
correlations can be seen in the temperature dependencies of the resonance field and the linewidth. Ni2P2S6, in
turn, does not show any 2D signatures. This suggests that varying the Ni content in (Mn1−xNix )2P2S6 one can
control the exchange interaction, possibly also in the third dimension.
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I. INTRODUCTION

Within the recent years layered magnetic van der Waals
(vdW) materials attracted considerable attention in the field of
fundamental science as well as in the applied research due to
their natural tendency to exhibit a low-dimensional behavior.
By virtue of the vdW interaction, which does not build up
chemical bonds and thus only weakly couples atomic layers
together, even in a bulk vdW material such low dimensionality
is often strongly pronounced in physical properties [1]. This
enables these materials to demonstrate new fundamental phys-
ical phenomena and, therefore, opens a possibility for their
application in next-generation spintronic devices [2–6].

Particularly interesting subfamily of these compounds
is represented by the transition metal (TM) tiophosphates
M2P2S6 where M stands for a TM ion [7,8]. Here the crys-
tallographic ab plane hosts the spins of M ions, which are
arranged on a two-dimensional (2D) honeycomb spin lat-
tice [9]. Due to the high flexibility of the choice of the M
ion, it is possible to control the magnetic properties, which,
in turn, allows realization of different Hamiltonians in the
M2P2S6 family. For instance, if a system with M = Mn can
be described by the Heisenberg antiferromagnetic exchange
with an easy-axis magnetic anisotropy term [10–14], which
stabilize the antiferromagnetic order at TN ≈ 77 K, then in

*These authors contributed equally to this work.

the case of M = Fe the antiferromagnetism is found to be of
the Ising type [10,15,16]. A compound with M = Ni exhibits
a more complex behavior, which possibly can be explained
by the anisotropy of the Heisenberg exchange of the XXZ
type [10,12,13,16–18]. In this case the magnetic order sets
in at TN ≈ 158 K, which is the highest in this series. Inter-
estingly, in our previous paper we have shown that Ni2P2S6

exhibits a 3D-like spin dynamics rather then 2D-like in both
magnetically ordered and paramagnetic states, which could be
the result of a significant interlayer coupling [19]. Since low
dimensionality in layered vdW materials is the key property,
the study of its signatures and understanding of its dependence
on the sample composition are very important.

In this paper we present the results of a detailed X-band
(ν = 9.56 GHz) electron spin resonance (ESR) spectroscopic
study of single crystalline samples of Mn2P2S6, MnNiP2S6,
and Ni2P2S6 carried out in a broad range of temperatures
above the magnetic order. The ESR method, enabling a direct
access to the electronic spin system, was recently success-
fully applied for studies of several magnetic van der Waals
compounds providing important insights into the peculiari-
ties of their spin dynamics [4,20–34]. Here we show that
signatures of the low dimensionality, seen in the character-
istic angular dependence of the ESR linewidth, are present
only in the Mn2P2S6 compound. Interestingly, this material
shows a development of the 2D behavior upon increasing
temperature starting from the temperature T ∼ 150 K and up
to the room temperature, which is opposite to the development

2475-9953/2023/7(1)/014003(9) 014003-1 ©2023 American Physical Society

https://orcid.org/0000-0001-6645-8944
https://orcid.org/0000-0001-8598-3920
https://orcid.org/0000-0002-8250-3861
https://orcid.org/0000-0001-9006-9797
https://orcid.org/0000-0003-2147-2616
https://orcid.org/0000-0003-2408-8628
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.7.014003&domain=pdf&date_stamp=2023-01-17
https://doi.org/10.1103/PhysRevMaterials.7.014003


Y. SENYK et al. PHYSICAL REVIEW MATERIALS 7, 014003 (2023)

of the low-D signatures in Cr2Ge2Te6 [23], which is also a
layered van der Waals magnet, however, with the ferromag-
netic order stabilizing at a temperature TC ≈ 61−66 K. The
MnNiP2S6 compound exhibits angular dependencies of the
linewidth typical for the system with 3D-like spin correlations
in the whole measurement temperature range; however, the
2D-like correlations can be seen in the temperature depen-
dencies of the resonance field and the linewidth. Ni2P2S6,
in turn, does not show any 2D signatures. Bearing in mind
the sensitivity of the characteristic angular dependence of the
linewidth to the short-wavelength antiferromagnetic fluctua-
tions, our finding suggests that an increase of the Ni content in
(Mn1−xNix )2P2S6 increases the exchange interaction, which
is possibly extended to the third dimension, i.e., along the
direction normal to the crystallographic ab plane.

II. EXPERIMENTAL DETAILS

Single crystals of Mn2P2S6, MnNiP2S6, and Ni2P2S6 stud-
ied in this paper were grown using chemical vapor transport
method. Details of their growth, crystallographic, compo-
sitional, and static magnetic characterization are described
in Refs. [12,16]. Note, that the experimental value xexp in
(Mn1−xNix )2P2S6 for the nominal MnNiP2S6 compound is
found to be xexp = 0.45, considering an uncertainty of ap-
proximately 5% [12]. The ESR measurements were carried
out at a microwave frequency of ν = 9.56 GHz using Bruker
X-band ESR spectrometer. The magnetic field H was swept
from 0 to 9 kOe. Samples were placed in a 4He-gas flow cryo-
stat (Oxford Instruments) allowing temperature measurements
between 4 and 300 K. The experimental setup was equipped
with a goniometer for angular dependent measurements. All
the recorded spectra are field derivatives of the microwave
power absorption.

The measured spectra consist of a single line, which have
been fitted with the field derivative of the Dysonian function
[35,36],

dD

dH
= dD+

dH
+ dD−

dH
; x∓ = 2

H ∓ Hres

�H
;

dD∓
dH

∝ 2

�H

(
1 − x2

∓
(1 + x2∓)2

sin(φ) − 2x∓
(1 + x2∓)2

cos(φ)

)
. (1)

Here, D is the Dysonian line shape function where ∓Hres

is the resonance field, negative or positive, �H is the full
width at half maximum. The first term in brackets in Eq. (1)
is the dispersion part of the spectra and the second term is
the absorption part of the spectra. The contribution with the
negative resonance field dD−

dH is necessary to correctly fit broad
lines. Parameter φ represents the instrumental mixing effect of
absorption and dispersion parts. In the cases of Mn2P2S6 and
MnNiP2S6 a very good fit of the Eq. (1) to the measured data
showed that the mixing was negligible (φ = 0). Therefore, the
line shape was Lorentzian, i.e., given by the pure absorption
term in Eq. (1). From the fit, �H and Hres values were ob-
tained.

For a precise alignment of the sample in the magnetic field
parallel to the ab plane and perpendicular to the ab plane,
the angular dependence of the resonance field Hres(θ ) and the
linewidth �H (θ ) was used.

III. THEORETICAL FRAMEWORK

In the canonical theories describing the implications of the
electron spin dynamics in low-dimensional magnets on the
characteristics of the ESR response, that are reviewed, e.g., in
Ref. [37], the spin system is parameterized by the Hamiltonian
comprising the Zeeman interaction HZ, the isotropic Heisen-
berg exchange Hiso, and the weaker anisotropic magnetic
couplings such as the dipole-dipole (d–d) Hd−d interaction
and the symmetric anisotropic exchange (pseudodipolar) in-
teraction Haniso,

HZ = gμB

∑
i

H · Si, (2)

Hiso = J
∑
i �=j

Si · Sj, (3)

Hd−d =
∑
i<j

g2μ2
B

[
Si · Sj

r3
ij

− 3(Si · rij )(Sj · rij )

r5
ij

]
, (4)

Haniso =
∑
i �=j

Si · A · Sj. (5)

Here, J is the isotropic exchange constant and A is the ten-
sor of the symmetric anisotropic exchange. Under the ESR
resonance conditions the circular polarized microwaves of the
frequency ω0 couple to the transverse magnetization M+ of
the electron spin ensemble precessing at the Larmor frequency
ωL = ω0, which causes absorption of electromagnetic energy.
If only isotropic interactions (2) and (3) were present, the
absorption line would be a delta function since both HZ and
Hiso commute with M+, i.e., M+ is a conserved quantity under
these conditions. In contrast, anisotropic interactions (4) and
(5) do not commute with M+ causing broadening of the ESR
signal. Usually its width can be treated as a sum of two
contributions [38,39],

�H = �H (T ) + �H (T → ∞). (6)

�H (T → ∞) in Eq. (6) stands for the angle and temperature
independent part corresponding to the linewidth in the infinite
temperature limit, whereas �H (T ) is the temperature and an-
gular dependent contribution. It is a product of two terms, the
T -dependent and isotropic part, which incorporates the spin
dynamics and the angular part, which reflects the symmetry
of the spin lattice and the symmetry of the interactions.

Specifically, assuming a dipolar-like symmetry of the
anisotropic part of the interaction �H (T ) can be expressed in
terms of the spectral densities of the spin correlation functions
�̃(ω) at low frequencies ω < J/h̄ as [37]

�H (T ) = ω2
d

[
F 2

0 �̃(0) + 10F 2
1 �̃(ω0) + F 2

2 �̃(2ω0)
]
. (7)

Here, ωd is the dipolar coupling constant, the first term in
brackets is the contribution from the secular part of the d–d
interaction that connects the Si and Sj states for which the
total magnetization Mz = ∑

i Sz does not change (�Mz = 0),
while the second and the third terms are due to the nonsecular
part of the d–d interaction with �Mz = ±1 and �Mz = ±2,
respectively, [40] all weighted by the respective geometrical
coefficients F0,1,2 [41].

The specific type of the angular part of Eq. (7) depends
on the details of the spin fluctuation spectrum. In the layered
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spin systems with strong interlayer couplings the spin self-
correlation function decays rapidly on the timescale of J−1h̄.
At such short times spin fluctuation modes with all wave vec-
tors q contribute to the fluctuation spectrum and summing the
geometrical coefficients in Eq. (7) over all wave vectors yields
the angular dependence of the type �H (T ) ∝ (cos2 θ + 1),
where θ is the angle between the field vector H and the normal
to the spin plane [38,41]. If the spin planes are decoupled,
correlations can retain for much longer time manifesting in
a long diffusive tale of the spin self-correlation function at
t > J−1h̄ for both FM and AFM type of intraplane exchange.
Since the low q modes have the longest lifetimes they domi-
nate in this regime. For q → 0 the geometrical coefficients in
Eq. (7) simplify to [41,42]

F 2
0 = (3 cos2 θ − 1)2, (8)

F 2
1 = sin2 θ cos2 θ, (9)

F 2
2 = sin4 θ. (10)

Since the secular part of the d–d interaction makes the dom-
inant contribution to the linewidth [first term in Eq. (7)],
its angular dependence acquires roughly the form �H (T ) ∝
(3 cos2 θ − 1)2 [41].

If the spins interact predominantly antiferromagnetically,
lowering the temperature would result in a 3D long-range
AFM order of the layered spin system at a finite TN due to
the residual interlayer coupling, or the substantial magnetic
anisotropy. An enhancement of the short-wavelength AFM
spin fluctuations at the ordering q vector by approaching TN on
expense of the long-wavelength (q → 0) fluctuations would
result in the change of the type of the angular dependence
from (3 cos2 θ − 1)2 towards (cos2 θ + 1) [41]. In contrast, in
the case of the ferromagnetic interaction, the (3 cos2 θ − 1)2

type of dependence may become even more pronounced by
approaching the magnetic phase transition due to the enhance-
ment of the long-wavelength FM spin fluctuations.

IV. EXPERIMENTAL RESULTS

A. Mn2P2S6

X-band spectra of Mn2P2S6 at various temperatures for
magnetic field applied parallel and perpendicular to the crys-
tallographic ab plane are shown in Figs. 1(a) and 1(b),
respectively. As can be seen in the figures, approaching the
ordering temperature TN ∼ 77 K [12] the intensity of the spec-
tra drastically reduces and the linewidth increases due to the
growing correlations and the opening of the antiferromag-
netic (AFM) excitation gap at low temperatures [14,20,22],
as expected for the magnetically ordered materials. The dis-
appearance of the ESR signal in this case can be used for the
estimation of TN .

In Fig. 2, the temperature dependence of the linewidth and
the resonance field, obtained according to Sec. II [Eq. (1)],
are shown for both orientations H ‖ ab plane and H ⊥ ab
plane. With decreasing temperature the Hres value for H ‖ ab
orientation (inset in Fig. 2) remains practically constant down
to a temperature of about 100 K, then there is a shift of the line
due to the development of the AFM spin correlations, static on
the ESR time scale. For the H ⊥ ab configuration the line shift
is visible in the whole measurement temperature range. As
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FIG. 1. Temperature dependence of the Mn2P2S6 ESR spectra at
a fixed excitation frequency ν = 9.56 GHz for H ‖ ab plane (a) and
H ⊥ ab plane (b).

for the linewidth, for the H ⊥ ab orientation it decreases with
lowering the temperature down to approximately 100 K and
below this temperature it starts strongly increasing towards
the ordering temperature. For the H ‖ ab orientation, above
200 K the linewidth remains constant. With further lowering
the temperature it slightly decreases down to approximately
100 K and demonstrates an increase below 100 K similar to
the H ⊥ ab orientation.

In order to get insights on the linewidth anisotropy at
different temperatures (Fig. 2) we have measured angular
dependence of the ESR spectra at various temperatures. The
obtained dependencies of the linewidths are presented in

FIG. 2. Mn2P2S6: Temperature dependence of the linewidth at
ν = 9.56 GHz for H ‖ ab plane (closed circles) and H ⊥ ab plane
(closed squares). The respective temperature dependence of the res-
onance field is shown in the inset. Differently colored temperature
ranges indicate four regimes of the spin dynamics discussed in
Sec. IV A.
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FIG. 3. Mn2P2S6: Angular dependence of the linewidth at
ν = 9.56 GHz at four different temperatures: 80 K, 100 K, 200 K,
and 300 K. Solid-red lines are fits to the data as described in the text.

Fig. 3. At a temperature of 80 K, which is close to the
AFM transition, �H (θ ) is proportional to the (cos2(θ ) + 1)
dependence, where θ is the angle between the applied mag-
netic field and the direction normal to the ab plane, i.e.,
the spin plane. As explained in Sec. III, such an angular
dependence is typical for spin systems arranged in three-
dimensional lattices with a noticeable anisotropic coupling
[37,41], or in two-dimensional lattices with a significant inter-
layer coupling, which renders them quasi-three-dimensional.
At a temperature of 100 K the �H (θ ) dependence is very
weak. At higher temperatures of 200 and 300 K �H (θ ) has a
characteristic minimum close to the angle of θ = 55◦, which
is a signature of the low-dimensionality of the spin system
(Sec. III). These two dependencies can be fitted with addi-
tional contribution of the form proportional to (3 cos2(θ ) −
1)2, which is accounted for in the phenomenological total
angular dependence of the linewidth �H (θ ) = C2 (cos2(θ ) +
1) + C4 (3 cos2(θ ) − 1)2 + C0 (solid lines in Fig. 3). Note,
that this simplified equation does not provide precise weights
of different contributions, but rather serves as an indicator of
the prominence of the 2D correlations. As a result, we ob-
serve, that at 300 K the contribution to the angular dependence
of the linewidth due to low dimensionality is stronger than
that at 200 K. Interestingly, such an evolution of the angular
dependence of the ESR linewidth with changing temperature
was observed in Mn2P2S6 compound by Okuda et al. [20],
which supports our finding.

Thus, the �H (T, θ ) dependencies presented in Figs. 2 and
3 enable to determine four regimes of the spin dynamics
highlighted in Fig. 2: (i) T < TN – long-range magnetic order;
(ii) TN < T <∼ 100 K—strong dominance of the quasistatic
on the ESR time scale correlations of a 3D-like character;
(iii) ∼100 K < T < ∼ 150 K almost isotropic regime, repre-
senting a crossover from 3D- to 2D-like dynamics; and (iv)
T >∼ 150 K growing prominence of the correlations of a
2D-like character.
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FIG. 4. Mn2P2S6: Angular dependence of the resonance field
Hres at ν = 9.56 GHz at four different temperatures: 80 K, 100 K,
200 K, and 300 K. Dashed-red lines are fits to the data as described
in the text.

In addition to the angular dependence of the linewidth
�H (θ ), the angular dependence of Hres at various temper-
atures was measured. At all temperatures it is given by
Hres(θ ) ∝ cos2(θ ) (Fig. 4). Interestingly, even at the highest
measurement temperature, the resonance fields still show a
pronounced angular dependence, which suggests a g-factor
anisotropy [14] and a presence of static on the ESR time
scale local magnetic fields due to 2D correlations seen in the
angular dependence of the linewidth at these temperatures.
The latter is also suggested by the gradual increase of the
resonance field with decreasing temperature measured for the
H ⊥ ab configuration (inset in Fig. 2).

B. MnNiP2S6

Characteristic X-band ESR spectra of MnNiP2S6 for a
wide range of temperatures are presented for both H ‖ ab
and H ⊥ ab orientations in Figs. 5(a) and 5(b), respectively.
Similarly to the Mn2P2S6 sample, the temperature of the
vanishing of the ESR signal can be used for the estimation
of the ordering temperature for this particular sample. As a
result we get a value of TN , which is equal to or less than
∼60 K. It agrees well with the value of TN ∼ 57 K obtained
from the measurement of the temperature dependence of the
susceptibility χ at H = 1000 Oe for the H ⊥ ab configura-
tion, performed on the same sample.1

The linewidth evolution with temperature for two mag-
netic field orientations observed for the MnNiP2S6 compound

1Note, that various studies have reported different values of TN for
MnNiP2S6 compound, for instance it amounts to 12 K in [57], 38 K
in [12], 41 K in [58] and 42 K in [13]. Such a variation in TN could be
due to a stochastic distribution of Mn and Ni ions on the 4g Wyckoff
sites of the crystal structure, and due to small variations of the real
Mn/Ni content.
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FIG. 5. Temperature dependence of the MnNiP2S6 ESR signal at
a fixed excitation frequency ν = 9.56 GHz for H ‖ ab plane (a) and
H ⊥ ab plane (b).

is somewhat different from the one observed for Mn2P2S6

(Fig. 6). A shallow minimum for both orientations H ‖ ab
and H ⊥ ab occurs at T ∼ 175 K, which is higher than that
for Mn2P2S6. Upon further reduction of temperature the
linewidth increases likely due to the growing 2D correlations.
Note that the linewidth at each temperature is several times
larger than in the case of the pure Mn2P2S6 compound. The
inset of Fig. 6 shows the temperature evolution of Hres for
MnNiP2S6. The rapid decrease of Hres before reaching the or-
dering temperature is related to the development of AFM spin
correlations, static on the ESR time scale. At temperatures
higher than 90 K, Hres for both orientations of the magnetic
field progressively changes as a function of temperature. This
could be due to the static on the ESR timescale fields, resulting
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FIG. 6. MnNiP2S6: Temperature dependence of the linewidth at
ν = 9.56 GHz for H ‖ ab plane (blue circles) and H ⊥ ab plane (red
squares). The respective temperature dependence of the resonance
field is shown in the inset.
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FIG. 7. MnNiP2S6: Angular dependence of the linewidth at
ν = 9.56 GHz at four temperatures: 80 K, 100 K, 200 K, and 300 K.
Solid-red lines are fits to the data as described in the text.

from the short range 2D correlations present up to the highest
measurement temperature of 300 K.

The angular dependence of the linewidth �H (θ ) for
MnNiP2S6 reveals a pure (cos2(θ ) + 1) type at all mea-
sured temperatures (Fig. 7). This suggests a strong dominance
of the three-dimensional spin correlations seen in the ESR
linewidth in the whole measurement temperature range, which
is in contrast to the Mn2P2S6 compound. Since, nevertheless,
signatures of the two-dimensionality are observed in the tem-
perature dependence of the resonance field and the linewidth,
the absence of the characteristic (3 cos2(θ ) − 1)2 dependence
in the angular dependence of the linewidth is possibly due to
an increased isotropic exchange interaction (Sec. III), which
could be induced by the Ni ions present in MnNiP2S6.

The angular dependencies of Hres for MnNiP2S6 at four
temperatures are presented in Fig. 8. At higher temperatures
of 300 and 200 K they can be well fitted by the Hres(θ ) ∝
cos2(θ ) dependence, whereas at lower temperatures of 100
and 80 K the Hres(θ ) dependencies progressively deviate from
∼ cos2(θ ), suggesting a more complicated type of magnetic
order possessing a symmetry, which is different from an easy-
axis biaxial AFM in Mn2P2S6.

C. Ni2P2S6

X-band ESR spectra of Ni2P2S6 were measured for both
H ‖ ab [Fig. 9(a)] and H ⊥ ab (not shown) orientations at
temperatures above TN . The spectra were fitted with the
function given in Eq. (1). In contrast to the Mn2P2S6 and
MnNiP2S6 cases, here the obtained fits show some deviations
from the measured spectra. The deviations are resulting likely
from the extremely small intensities and the large linewidths
of the ESR lines in the case of the Ni2P2S6 sample. The
linewidth at any temperature is larger than that in Mn2P2S6

and MnNiP2S6 compounds. The small intensity increases the
signal to noise ratio, and the linewidth, that is larger than
the resonance field results in the violation of the resonance
condition, which might cause the distortion of the line shape.
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Nevertheless, the dependence of the linewidth as a function
of temperature resulting from the fit can be used for the
comparison with the other samples; however, one has to bear
in mind large error bars. As can be seen in Fig. 9(b), close to
TN the ESR linewidth of Ni2P2S6 increases with decreasing
temperature, which is visible for both magnetic field orienta-
tions, H ‖ ab and H ⊥ ab. Taking into account the error bars,
the difference between the linewidth measured for different
directions of the magnetic field is quite small, which, together
with results of the study of the high frequency/field ESR on
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ESR signal at a fixed excitation frequency ν = 9.56 GHz for H || ab
plane orientation. Dashed-red lines are the fits using the function
described in Eq. (1). (b) Temperature dependence of the linewidth
at ν = 9.56 GHz for H ‖ ab plane (blue circles) and H ⊥ ab plane
(red squares).

this compound [19], allows to conclude on the absence of the
signatures of 2D-like spin fluctuations in Ni2P2S6 compound.

V. DISCUSSION

Comparing Mn2P2S6, MnNiP2S6, and Ni2P2S6 samples,
first of all, it is found that the ESR linewidth in the param-
agnetic state above TN progressively increases with increasing
the Ni content. In contrast to Mn2+ with the half filled 3d
electronic shell, and a small admixture of the excited state
4P5/2 into the ground state 6S5/2, the ground state of the Ni2+

ion in the octahedral environment [9] is a spin triplet with the
higher lying orbital multiplets, admixed through the spin-orbit
coupling [43]. Such a second-order spin-orbit coupling effect
enhances a sensitivity of the Ni spin (S = 1) to the small
differences in the local environment. As has been shown in
Ref. [19], due to the sizable interaction of Ni spins, causing
the exchange narrowing effect, variation of the local environ-
ment should yield a change of the effective g factor value.
The disorder, resulting from stochastic mixing of two mag-
netically inequivalent ions in MnNiP2S6 compound, therefore,
could explain the increase of the linewidth. However, if such
disorder would play a major role in the determination of the
linewidth, then the largest linewidth should be observed in
the MnNiP2S6 compound, which is not the case. Another
possible source of the broadening of the line is the anisotropy
of the exchange interaction (Sec. III). In the case of symmetric
anisotropic exchange [Eq. (5)], the linewidth is proportional to
A2/(|J|) [44,45], where A ∝ (�g/g)2J [46], yielding

�H ∝
(

�g

g

)4

J. (11)

Here �g = |g − 2| is the deviation of the average g factor
from the free electron spin only value caused by the spin-orbit
coupling. According to Ref. [19], in the Ni2P2S6 compound
�g amounts to ∼0.166. In Mn2P2S6 one can try to estimate
�g from the resonance fields for H ‖ ab and H ⊥ ab at 300 K,
assuming that the shift of the resonance field is given only
by the spin-orbit coupling effect, which likely would give an
overestimated value. In this case for Mn2P2S6 �g is about
0.016, which is comparable to the values found in other
Mn-doped tiophosphates [47,48]. Similar estimation of the g-
factor shift for MnNiP2S6 compound yields a value of 0.019.
The observed general trend of increasing �g with increasing
Ni content suggests that the anisotropy of the exchange inter-
action might have a substantial contribution to the linewidth
in the paramagnetic state [Eq. (11)].

Interestingly, this is not the only effect that Ni substitu-
tion has on the spin dynamics of the title compounds. In the
Ni2P2S6 compound three dimensionality of the spin lattice is
suggested by the small anisotropy of the linewidth and by
the results reported in Ref. [19]. The MnNiP2S6 compound
does not show signatures of the 2D correlations in the angu-
lar dependencies of the linewidth in the whole measurement
temperature range, although such correlations can be seen in
the temperature dependence of the resonance field and the
linewidth. The pure Mn compound Mn2P2S6 shows signatures
of the 2D-like spin dynamics in the angular dependence of
the linewidth. However, they become visible only at high
temperatures, i.e., far away from the ordering temperature.
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This, first, suggests that the magnetic order itself is of a 3D
nature, provided by the magnetic anisotropy and the nonzero
interplane interaction, which was also observed in, e.g., lay-
ered vdW magnetic topological insulators [34]. In order to
suppress this interaction, it is apparently necessary to increase
the temperature. This behavior is opposite to the one, which
is found in another representative of magnetic vdW materials,
Cr2Ge2Te6 [23]. There an enhancement of the 2D-like spin
fluctuations was observed upon decreasing the measurement
temperature, and was found strongest in the paramagnetic
state close to the magnetic ordering temperature. Such a con-
trasting behavior in Cr2Ge2Te6 and Mn2P2S6 is likely related
to the difference in the type of magnetic order, being easy-axis
ferromagnetic in the former [23], and easy-axis antiferromag-
netic (with some anisotropy in the ab plane) in the latter case
[14,22], respectively. As explained in Sec. III, in the case of
a 3D long-range AFM order an enhancement of the short-
wavelength AFM spin fluctuations at the ordering q vector by
approaching TN on expense of the long-wavelength (q → 0)
fluctuations hinders the observation of the 2D spin dynamics
in the angular dependence of the linewidth [41]. In contrast,
in the case of the ferromagnetic interaction, the 2D corre-
lations may become even more pronounced by approaching
the magnetic phase transition due to the enhancement of the
long-wavelength FM spin fluctuations.

Previously, the critical behavior of Mn2P2S6 both in the
magnetically ordered state at T < TN and also above TN was
studied by nuclear magnetic resonance (NMR) spectroscopy
[49–52] and neutron scattering [11,53,54]. Regarding the
paramagnetic state at T > TN, which is in the focus of the
present paper, the static critical behavior probed by the tem-
perature dependent measurements of the 31P NMR Knight
shift [51,52] and by the analysis of the magnetic correlation
length by the neutron scattering [53] suggests a 2D character
of the spin correlations in Mn2P2S6. This is also supported by
the observation of the broad maximum of the static suscepti-
bility at T ≈ 118 K > TN [12], expected for the 2D systems
[37,55]. The dynamic critical behavior assessed by the anal-
ysis of the temperature dependence of the 31P spin-lattice
relaxation in Mn2P2S6 implied the mean-field behavior. On
the other hand, the dynamical critical neutron scattering in-
dicates that the critical dynamics is completely confined to
the ab planes above T ∼ 105 K described at best with the
2D anisotropic Heisenberg model with a crossover to the 3D
Heisenberg behavior by approaching TN [53]. This is con-
sistent with the above discussed angular dependence of the
ESR linewidth in Mn2P2S6 showing a qualitatively similar
crossover.

The absence of such 2D signatures in the angular depen-
dence of the ESR linewidth of the MnNiP2S6 compound, and
the absence of any 2D correlations in Ni2P2S6 suggest that
an increase of the Ni content in (Mn1−xNix )2P2S6 enhances
the isotropic exchange interaction, possibly also in the third
dimension, i.e., along the c-axis. Indeed, a recent study of
the magnetic dynamics of Ni2P2S6 with inelastic neutron
scattering reveals from the analysis of the spin wave disper-

sion a substantially stronger interlayer exchange interaction
as compared to Mn2P2S6 [56]. At first glance one would
expect that the increased exchange interaction as a function
of Ni content should also increase the ordering temperature
TN in (Mn1−xNix )2P2S6. However, this is not the case as the
smallest TN is found in the MnNiP2S6 compound [12,13].
Such a suppression of TN despite a stronger magnetic ex-
change could be explained by the increased disorder due to
the stochastic mixing of the magnetically inequivalent Mn and
Ni ions, and by the competition of two different types of order
in pure Mn2P2S6 (out-of-plane Néel type AFM) and Ni2P2S6

(in-plane zigzag type AFM) [13].

VI. CONCLUSIONS

In summary, we have performed a detailed ESR spectro-
scopic study of the single-crystalline samples of the van der
Waals compounds Mn2P2S6, MnNiP2S6, and Ni2P2S6, the
members of the family of TM tiophosphates. The measure-
ments were carried out at an excitation frequency of 9.56 GHz,
in a broad range of temperatures above the magnetic order,
and at different orientations of the magnetic field with re-
spect to the sample. By analyzing the temperature dependence
of the resonance field and of the linewidth of the Mn2P2S6

compound we have determined several regimes of the
spin dynamics. Interestingly, the angular dependence of the
ESR linewidth measured at high temperatures T >∼ 150 K
showed signatures, which are characteristic for the 2D spin
correlations. In contrast to the previously studied magnetic
vdW compound Cr2Ge2Te6 [23], Mn2P2S6 shows a devel-
opment of the 2D behavior upon increasing temperature,
which we attribute to the difference in the type of magnetic
order in these compounds. The MnNiP2S6 compound, on
the other hand, shows signatures of 2D correlations only in
the temperature dependencies of the resonance field and the
linewidth. Ni2P2S6, in turn, exhibits temperature and angular
dependencies of the linewidth typical for the system with 3D-
like spin correlations in the whole measurement temperature
range. Our study, therefore, suggests that an increase of the Ni
content in (Mn1−xNix )2P2S6 suppresses the low-dimensional
spin dynamics at temperatures above the magnetic order due
to the increase of the exchange interaction, possibly also in
the third dimension. Understanding of the details of such
compositional dependence of the magnetic exchange calls for
theoretical modeling.
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