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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 M,P,S¢ (M, = Mn,, MnNi, Ni,), 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 Mn,P,S¢ 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 Cr,Ge,Tes compound, can be explained by the difference in the type of magnetic order in Mn,P,S¢ and
Cr,Ge, Teg. On the other hand, MnNiP,Ss 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. Ni,P,Sg, in
turn, does not show any 2D signatures. This suggests that varying the Ni content in (Mn,;_,Ni, ),P,S¢ 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
M,P,S¢ 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
M,P,S¢ 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 Ty ~ 77K, then in
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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 Ty =~ 158 K, which is the highest in this series. Inter-
estingly, in our previous paper we have shown that Ni,P,Sg
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
(v = 9.56 GHz) electron spin resonance (ESR) spectroscopic
study of single crystalline samples of Mn,P,S¢, MnNiP,Sg,
and NiyP,S¢ 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 Mn,P,S¢ compound. Interestingly, this material
shows a development of the 2D behavior upon increasing
temperature starting from the temperature 7 ~ 150K and up
to the room temperature, which is opposite to the development
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of the low-D signatures in CryGe,Teg [23], which is also a
layered van der Waals magnet, however, with the ferromag-
netic order stabilizing at a temperature 7 ~ 61—66 K. The
MnNiP,S¢ 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. Ni,P,Sg,
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
(Mn;_,Ni,),P,S¢ 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 Mn,P,Sg, MnNiP,Sg, and Ni,P,S¢ 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 X, in
(Mn;_,Ni,),P,S¢ for the nominal MnNiP,S¢ 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 v = 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 *He-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],

dp_dp. b W
dH =~ dH dH' T AH
D i( k- Sy cos(¢)> (1)
dH I+ a+¢ﬁ

Here, D is the Dysonian line shape function where FFH;.s
is the resonance field, negative or positive, AH 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 ~ is necessary to correctly fit broad
lines. Parameter ¢ represents the instrumental mixing effect of
absorption and dispersion parts. In the cases of Mn,P,S¢ and
MnNiP,S¢ a very good fit of the Eq. (1) to the measured data
showed that the mixing was negligible (¢ = 0). Therefore, the
line shape was Lorentzian, i.e., given by the pure absorption
term in Eq. (1). From the fit, AH and H, 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 H.s(6) and the
linewidth AH (8) 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 His,, and the weaker anisotropic magnetic
couplings such as the dipole-dipole (d—d) H4_q4 interaction
and the symmetric anisotropic exchange (pseudodipolar) in-
teraction Haniso»
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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 wy couple to the transverse magnetization M, of
the electron spin ensemble precessing at the Larmor frequency
wr, = wy, 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 H; 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],

AH = AH(T)+ AH(T — 00). ©6)

AH(T — o0) in Eq. (6) stands for the angle and temperature
independent part corresponding to the linewidth in the infinite
temperature limit, whereas AH (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 AH (T') can be expressed in
terms of the spectral densities of the spin correlation functions
[(w) at low frequencies w < J/h as [37]

AH(T) = 0j[FyT(0) + 10F? T (wp) + FT Quwo)]. (7)

Here, wq 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 S; and S; states for which the
total magnetization M, = »_. S, does not change (AM, = 0),
while the second and the third terms are due to the nonsecular
part of the d—d interaction with AM, = =1 and AM, = %2,
respectively, [40] all weighted by the respective geometrical
coefficients Fp 12 [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~'A.
At such short times spin fluctuation modes with all wave vec-
tors g contribute to the fluctuation spectrum and summing the
geometrical coefficients in Eq. (7) over all wave vectors yields
the angular dependence of the type AH(T) o (cos>6 + 1),
where 0 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~'1 for both FM and AFM type of intraplane exchange.
Since the low ¢ modes have the longest lifetimes they domi-
nate in this regime. For ¢ — 0 the geometrical coefficients in
Eq. (7) simplify to [41,42]

F} = (3cos’ 6 — 1)%, ®)
F12 = sin® @ cos? 6, O]
F} =sin*6. (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 AH(T)
(3cos? O — 1)% [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 7y due to
the residual interlayer coupling, or the substantial magnetic
anisotropy. An enhancement of the short-wavelength AFM
spin fluctuations at the ordering g vector by approaching Ty on
expense of the long-wavelength (¢ — 0) fluctuations would
result in the change of the type of the angular dependence
from (3cos?> 0 — 1)? towards (cos? @ + 1) [41]. In contrast, in
the case of the ferromagnetic interaction, the (3 cos>6 — 1)?
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. MIlszSﬁ

X-band spectra of Mn,P,S¢ at various temperatures for
magnetic field applied parallel and perpendicular to the crys-
tallographic ab plane are shown in Figs. 1(a) and I1(b),
respectively. As can be seen in the figures, approaching the
ordering temperature Ty ~ 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 Ty.

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 L ab
plane. With decreasing temperature the H,.s 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 _L ab configuration the line shift
is visible in the whole measurement temperature range. As
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FIG. 1. Temperature dependence of the Mn,P,S¢ ESR spectra at
a fixed excitation frequency v = 9.56 GHz for H || ab plane (a) and
H L ab plane (b).

for the linewidth, for the H L 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 L 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
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FIG. 2. Mn,P,S¢: Temperature dependence of the linewidth at
v = 9.56 GHz for H || ab plane (closed circles) and H L 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. Mn,P,S¢: Angular dependence of the linewidth at
v = 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, AH(#) is proportional to the (cos>(8) + 1)
dependence, where 6 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 AH(#) dependence is very
weak. At higher temperatures of 200 and 300 K AH(0) has a
characteristic minimum close to the angle of 8 = 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(8) —
1)2, which is accounted for in the phenomenological total
angular dependence of the linewidth AH(0) = G, (cos?(0) +
1) + Cs (3cos?(0) — D2+ Cy (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 Mn,P,S¢ compound by Okuda et al. [20],
which supports our finding.

Thus, the AH(T, 0) dependencies presented in Figs. 2 and
3 enable to determine four regimes of the spin dynamics
highlighted in Fig. 2: (i) T < Ty — long-range magnetic order;
(i) Ty < T <~ 100 K—strong dominance of the quasistatic
on the ESR time scale correlations of a 3D-like character;
(i) ~100K < T < ~ 150K almost isotropic regime, repre-
senting a crossover from 3D- to 2D-like dynamics; and (iv)
T >~ 150K growing prominence of the correlations of a
2D-like character.
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FIG. 4. Mn,P,S¢: Angular dependence of the resonance field
H,s at v =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
AH(9), the angular dependence of H. at various temper-
atures was measured. At all temperatures it is given by
H,es(0) o cos?(0) (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 L ab configuration (inset in Fig. 2).

B. MnNiP,S¢

Characteristic X-band ESR spectra of MnNiP,Ss for a
wide range of temperatures are presented for both H || ab
and H L ab orientations in Figs. 5(a) and 5(b), respectively.
Similarly to the Mn,P,S¢ 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 Ty, which is equal to or less than
~60 K. It agrees well with the value of Ty ~ 57K obtained
from the measurement of the temperature dependence of the
susceptibility x at H = 1000 Oe for the H L ab configura-
tion, performed on the same sample.'

The linewidth evolution with temperature for two mag-
netic field orientations observed for the MnNiP,Sg compound

'Note, that various studies have reported different values of Ty for
MnNiP,S¢ 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 7y 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 MnNiP,S¢ ESR signal at
a fixed excitation frequency v = 9.56 GHz for H || ab plane (a) and
H L ab plane (b).

is somewhat different from the one observed for Mn,P,S¢
(Fig. 6). A shallow minimum for both orientations H || ab
and H L ab occurs at T ~ 175K, which is higher than that
for Mn;,P,S¢. 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 Mn,P,Sg compound. The
inset of Fig. 6 shows the temperature evolution of H,. for
MnNiP,S¢. The rapid decrease of H..s 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, H,s 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. MnNiP,Ss: Temperature dependence of the linewidth at
v = 9.56 GHz for H || ab plane (blue circles) and H L ab plane (red
squares). The respective temperature dependence of the resonance
field is shown in the inset.
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FIG. 7. MnNiP,Ss: Angular dependence of the linewidth at
v = 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 AH(6) for
MnNiP,Sg reveals a pure (cos?(6)+ 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 Mn,;P,S¢ 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 cos?(8) — 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 MnNiP,Sg.

The angular dependencies of Hs for MnNiP,S¢ at four
temperatures are presented in Fig. 8. At higher temperatures
of 300 and 200 K they can be well fitted by the H.s(0)
cos?(#) dependence, whereas at lower temperatures of 100
and 80 K the H,.(#) dependencies progressively deviate from
~ cos?(#), suggesting a more complicated type of magnetic
order possessing a symmetry, which is different from an easy-
axis biaxial AFM in Mn,P,S¢.

C. Ni,P,S,

X-band ESR spectra of Ni,P,S¢ were measured for both
H || ab [Fig. 9(a)] and H L ab (not shown) orientations at
temperatures above Ty. The spectra were fitted with the
function given in Eq. (1). In contrast to the Mn,P,S¢ and
MnNiP,S¢ 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 Ni,P,S¢ sample. The
linewidth at any temperature is larger than that in Mn,P,Se
and MnNiP,Sg 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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FIG. 8. MnNiP,Ss: Angular dependence of the resonance field
H,s at v =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.

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
Ty the ESR linewidth of Ni,P,S¢ increases with decreasing
temperature, which is visible for both magnetic field orienta-
tions, H || ab and H L 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

(@) Hilab-plane - .1 (b)
o9 —u—H L ab-plane
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Absorption derivative (arb. units)

25 | IS EErETEr ArSrErArS SrSErara ST
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FIG. 9. Ni,P,Ss: (a) Temperature dependence of the Ni,P,S¢
ESR signal at a fixed excitation frequency v = 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 v = 9.56 GHz for H || ab plane (blue circles) and H L ab plane
(red squares).

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

V. DISCUSSION

Comparing Mn,;P,S¢, MnNiP,S¢, and NiyP,Sg samples,
first of all, it is found that the ESR linewidth in the param-
agnetic state above Ty progressively increases with increasing
the Ni content. In contrast to Mn>* with the half filled 3d
electronic shell, and a small admixture of the excited state
4Ps, into the ground state °Ss 2, the ground state of the Ni**
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 (§ = 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 MnNiP,S¢ 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 MnNiP,S¢ 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
A?/(|J|) [44,45], where A o (Ag/g)*J [46], yielding

Ag 4
AH <?) J. (11)

Here Ag = |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 Ni,P,S¢ compound
Ag amounts to ~0.166. In Mn,;P,S¢ one can try to estimate
Ag from the resonance fields for H || aband H L 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 Mn,P,S¢ Ag 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 MnNiP,S¢ compound yields a value of 0.019.
The observed general trend of increasing Ag 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
NiP,S¢ 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 MnNiP,S¢ 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 Mn,P,S¢ 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,
Cr,Ge,Teg [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 Cr,Ge, Teg and Mn,P,S¢ 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 g vector by
approaching 7y on expense of the long-wavelength (¢ — 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 Mn,P,S¢ both in the
magnetically ordered state at 7 < Ty and also above Ty was
studied by nuclear magnetic resonance (NMR) spectroscopy
[49-52] and neutron scattering [11,53,54]. Regarding the
paramagnetic state at 7 > Ty, which is in the focus of the
present paper, the static critical behavior probed by the tem-
perature dependent measurements of the 3'P 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 Mn;,P,S¢. This is also supported by
the observation of the broad maximum of the static suscepti-
bility at 7 ~ 118 K > Ty [12], expected for the 2D systems
[37,55]. The dynamic critical behavior assessed by the anal-
ysis of the temperature dependence of the *'P spin-lattice
relaxation in Mn;,P,S¢ 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 ~ 105K described at best with the
2D anisotropic Heisenberg model with a crossover to the 3D
Heisenberg behavior by approaching 7y [53]. This is con-
sistent with the above discussed angular dependence of the
ESR linewidth in Mn,P,S¢ showing a qualitatively similar
CrOSSOVer.

The absence of such 2D signatures in the angular depen-
dence of the ESR linewidth of the MnNiP,S¢ compound, and
the absence of any 2D correlations in Ni,P,S¢ suggest that
an increase of the Ni content in (Mn;_,Ni,),P,S¢ 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 Ni,P,S¢ with inelastic neutron
scattering reveals from the analysis of the spin wave disper-

sion a substantially stronger interlayer exchange interaction
as compared to Mn,P,Sg [56]. At first glance one would
expect that the increased exchange interaction as a function
of Ni content should also increase the ordering temperature
Ty in (Mn;_,Ni,),P>S¢. However, this is not the case as the
smallest 7y is found in the MnNiP,S¢ compound [12,13].
Such a suppression of 7y 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 Mn;P,S¢ (out-of-plane Néel type AFM) and Ni,P,Sg
(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 Mn,;P,S¢, MnNiP,Se, and NiyP,Sg, 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 Mn,P,S¢
compound we have determined several regimes of the
spin dynamics. Interestingly, the angular dependence of the
ESR linewidth measured at high temperatures 7 >~ 150K
showed signatures, which are characteristic for the 2D spin
correlations. In contrast to the previously studied magnetic
vdW compound Cr,Ge,Teg [23], Mn,P,S¢ 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 MnNiP,Ss compound, on
the other hand, shows signatures of 2D correlations only in
the temperature dependencies of the resonance field and the
linewidth. NiyP;,Sg, 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 (Mn;_,Ni,),P,S¢ 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.

ACKNOWLEDGMENTS

This work was supported by the Deutsche Forschungsge-
meinschaft (DFG) through Grants No. KA 1694/12-1, No.
AL 1771/8-1, and No. AS 523/4-1, and within the Collab-
orative Research Center SFB 1143 “Correlated Magnetism—
From Frustration to Topology” (Project Id 247310070), and
the Dresden-Wiirzburg Cluster of Excellence (EXC 2147)
“ct.qmat-Complexity and Topology in Quantum Matter”
(Project Id 390858490), as well as by the UKRATOP-project
(funded by BMBF with Grant No. 01DK18002).

014003-7



Y. SENYK et al.

PHYSICAL REVIEW MATERIALS 7, 014003 (2023)

[1] V. L. Pokrovsky and G. V. Uimin, Theory of two-dimensional
magnets, in Magnetic Properties of Layered Transition Metal
Compounds, edited by L. J. de Jongh (Springer Netherlands,
Dordrecht, 1990), pp. 53-104.

[2] B. Huang, G. Clark, E. Navarro-Moratalla, D. R. Klein, R.
Cheng, K. L. Seyler, D. Zhong, E. Schmidgall, M. A. McGuire,
D. H. Cobden er al., Layer-dependent ferromagnetism in a van
der Waals crystal down to the monolayer limit, Nature (London)
546, 270 (2017).

[3] C. Gong, L. Li, Z. Li, H. Ji, A. Stern, Y. Xia, T. Cao, W. Bao, C.
Wang, Y. Wang et al., Discovery of intrinsic ferromagnetism in
two-dimensional van der Waals crystals, Nature (London) 546,
265 (2017).

[4] M. M. Otrokov, L. I. Klimovskikh, H. Bentmann, D. Estyunin,
A. Zeugner, Z. S. Aliev, S. GaB, A. U. B. Wolter, A. V.
Koroleva, A. M. Shikin et al., Prediction and observation of an
antiferromagnetic topological insulator, Nature (London) 576,
416 (2019).

[5] Y. Gong, J. Guo, J. Li, K. Zhu, M. Liao, X. Liu, Q. Zhang,
L. Gu, L. Tang, X. Feng et al., Experimental realization of an
intrinsic magnetic topological insulator, Chin. Phys. Lett. 36,
076801 (2019).

[6] S. Yang, T. Zhang, and C. Jiang, van der Waals mag-
nets: Material family, detection and modulation of mag-
netism, and perspective in spintronics, Adv. Sci. 8, 2002488
(2021).

[71 R. Brec, Review on tructural and chemical properties of
transition-metal phosphorus trisulfides MPS3, Solid State Ionics
22,3 (1986).

[8] V. Grasso and L. Silipigni, Low-dimensional materials: The
MPX; family, physical features and potential future applica-
tions, Riv. Nuovo Cim. 25, 1 (2002).

[9] F. Wang, T. A. Shifa, P. Yu, P. He, Y. Liu, F. Wang, Z. Wang,
X. Zhan, X. Lou, F. Xia, and J. He, New frontiers on van der
Waals layered metal phosphorous trichalcogenides, Adv. Funct.
Mater. 28, 1802151 (2018).

[10] P. A. Joy and S. Vasudevan, Magnetism in the layered
transition-metal thiophosphates MPS; (M = Mn, Fe, and Ni),
Phys. Rev. B 46, 5425 (1992).

[11] A. R. Wildes, B. Roessli, B. Lebech, and K. W. Godfrey, Spin
waves and the critical behaviour of the magnetization in MnPS3;,
J. Phys.: Condens. Matter 10, 6417 (1998).

[12] Y. Shemerliuk, Y. Zhou, Z. Yang, G. Cao, A. U. B. Wolter,
B. Biichner, and S. Aswartham, Tuning magnetic and trans-
port properties in quasi-2D (Mn;_,Ni, ),P,Ss single crystals,
Electron. Mater. 2, 284 (2021).

[13] Z. Lu, X. Yang, L. Huang, X. Chen, M. Liu, J. Peng, S. Dong,
and J.-M. Liu, Evolution of magnetic phase in two-dimensional
van der Waals Mn;_,Ni,PS; single crystals, J. Phys.: Condens.
Matter 34, 354005 (2022).

[14] J. J. Abraham et al., arXiv:2301.04239.

[15] D. Langon, H. C. Walker, E. Ressouche, B. Ouladdiaf, K. C.
Rule, G. J. McIntyre, T. J. Hicks, H. M. Rgnnow, and A. R.
Wildes, Magnetic structure and magnon dynamics of the quasi-
two-dimensional antiferromagnet FePS;, Phys. Rev. B 94,
214407 (2016).

[16] S. Selter, Y. Shemerliuk, M.-I. Sturza, A. U. B. Wolter,
B. Biichner, and S. Aswartham, Crystal growth and
anisotropic magnetic properties of quasi-two-dimensional
(Fe,_,Ni,),P,S¢, Phys. Rev. Mater. 5, 073401 (2021).

[17] A. R. Wildes, V. Simonet, E. Ressouche, G. J. McIntyre, M.
Avdeev, E. Suard, S. A. J. Kimber, D. Lancon, G. Pepe,
B. Moubaraki, and T. J. Hicks, Magnetic structure of the
quasi-two-dimensional antiferromagnet NiPS;, Phys. Rev. B
92, 224408 (2015).

[18] D. Lancon, R. A. Ewings, T. Guidi, F. Formisano, and A. R.
Wildes, Magnetic exchange parameters and anisotropy of the
quasi-two-dimensional antiferromagnet NiPS;, Phys. Rev. B
98, 134414 (2018).

[19] K. Mehlawat, A. Alfonsov, S. Selter, Y. Shemerliuk, S.
Aswartham, B. Biichner, and V. Kataev, Low-energy excitations
and magnetic anisotropy of the layered van der Waals antiferro-
magnet Ni,P,Sg, Phys. Rev. B 105, 214427 (2022).

[20] K. Okuda, K. Kurosawa, S. Saito, M. Honda, Z. Yu, and
M. Date, Magnetic properties of layered compound MnPSs,
J. Phys. Soc. Jpn. 55, 4456 (1986).

[21] P. A. Joy and S. Vasudevan, Magnetism and spin dynamics in
MnPS; and pyridine intercalated MnPS;: An electron paramag-
netic resonance study, J. Chem. Phys. 99, 4411 (1993).

[22] M. 1. Kobets, K. G. Dergachev, S. L. Gnatchenko, E. N.
Khats’ko, Y. M. Vysochanskii, and M. I. Gurzan, Antiferro-
magnetic resonance in Mn,P,S¢, Low Temp. Phys. 35, 930
(2009).

[23] J. Zeisner, A. Alfonsov, S. Selter, S. Aswartham, M. P. Ghimire,
M. Richter, J. van den Brink, B. Biichner, and V. Kataev, Mag-
netic anisotropy and spin-polarized two-dimensional electron
gas in the van der Waals ferromagnet Cr,Ge,Teg, Phys. Rev.
B 99, 165109 (2019).

[24] S. Khan, C. W. Zollitsch, D. M. Arroo, H. Cheng, I
Verzhbitskiy, A. Sud, Y. P. Feng, G. Eda, and H. Kurebayashi,
Spin dynamics study in layered van der Waals single-crystal
Cr,Ge,Teg, Phys. Rev. B 100, 134437 (2019).

[25] C. L. Saiz, M. A. McGuire, S. R. J. Hennadige, J. van Tol, and
S. R. Singamaneni, Electron spin resonance properties of Crl;
and CrCl; single crystals, MRS Adv. 4, 2169 (2019).

[26] R. C. Vidal, A. Zeugner, J. I. Facio, R. Ray, M. H. Haghighi,
A. U. B. Wolter, L. T. Corredor Bohorquez, F. Caglieris,
S. Moser, T. Figgemeier, T. R. F. Peixoto, H. B. Vasili, M.
Valvidares, S. Jung, C. Cacho, A. Alfonsov, K. Mehlawat,
V. Kataev, C. Hess, M. Richter et al., Topological Electronic
Structure and Intrinsic Magnetization in MnBi,Te;: A Bi,Te;
Derivative with a Periodic Mn Sublattice, Phys. Rev. X 9,
041065 (2019).

[27] J. Zeisner, K. Mehlawat, A. Alfonsov, M. Roslova, T. Doert, A.
Isaeva, B. Biichner, and V. Kataev, Electron spin resonance and
ferromagnetic resonance spectroscopy in the high-field phase of
the van der Waals magnet CrCl;, Phys. Rev. Mater. 4, 064406
(2020).

[28] C. L. Saiz, J. A. Delgado, J. van Tol, T. Tartaglia, F. Tafti, and
S. R. Singamaneni, 2D correlations in the van der Waals fer-
romagnet CrBr; using high frequency electron spin resonance
spectroscopy, J. Appl. Phys. 129, 233902 (2021).

[29] S.R. Singamaneni, L. M. Martinez, J. Niklas, O. G. Poluektov,
R. Yadav, M. Pizzochero, O. Yazyev, V, and M. A. McGuire,
Light induced electron spin resonance properties of van der
Waals CrX; (X = Cl, I) crystals, Appl. Phys. Lett. 117, 082406
(2020).

[30] L. Ni, Z. Chen, W. Li, X. Lu, Y. Yan, L. Zhang, C. Yan, Y. Chen,
Y. Gu, Y. Li et al., Magnetic dynamics of two-dimensional itin-
erant ferromagnet Fe;GeTe,, Chin. Phys. B 30, 097501 (2021).

014003-8


https://doi.org/10.1038/nature22391
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/s41586-019-1840-9
https://doi.org/10.1088/0256-307X/36/7/076801
https://doi.org/10.1002/advs.202002488
https://doi.org/10.1016/0167-2738(86)90055-X
https://doi.org/10.1007/BF03548909
https://doi.org/10.1002/adfm.201802151
https://doi.org/10.1103/PhysRevB.46.5425
https://doi.org/10.1088/0953-8984/10/28/020
https://doi.org/10.3390/electronicmat2030020
https://doi.org/10.1088/1361-648X/ac7a80
http://arxiv.org/abs/arXiv:2301.04239
https://doi.org/10.1103/PhysRevB.94.214407
https://doi.org/10.1103/PhysRevMaterials.5.073401
https://doi.org/10.1103/PhysRevB.92.224408
https://doi.org/10.1103/PhysRevB.98.134414
https://doi.org/10.1103/PhysRevB.105.214427
https://doi.org/10.1143/JPSJ.55.4456
https://doi.org/10.1063/1.466094
https://doi.org/10.1063/1.3272560
https://doi.org/10.1103/PhysRevB.99.165109
https://doi.org/10.1103/PhysRevB.100.134437
https://doi.org/10.1557/adv.2019.241
https://doi.org/10.1103/PhysRevX.9.041065
https://doi.org/10.1103/PhysRevMaterials.4.064406
https://doi.org/10.1063/5.0051651
https://doi.org/10.1063/5.0010888
https://doi.org/10.1088/1674-1056/ac0e25

EVOLUTION OF THE SPIN DYNAMICS IN THE ...

PHYSICAL REVIEW MATERIALS 7, 014003 (2023)

[31] L. Alahmed, B. Nepal, J. Macy, W. Zheng, B. Casas, A.
Sapkota, N. Jones, A. R. Mazza, M. Brahlek, W. Jin et al.,
Magnetism and spin dynamics in room-temperature van der
Waals magnet FesGeTe,, 2D Mater. 8, 045030 (2021).

[32] T. Sakurai, B. Rubrecht, L. T. Corredor, R. Takehara, M.
Yasutani, J. Zeisner, A. Alfonsov, S. Selter, S. Aswartham,
A. U. B. Wolter, B. Biichner, H. Ohta, and V. Kataev,
Pressure control of the magnetic anisotropy of the quasi-two-
dimensional van der Waals ferromagnet Cr,Ge,Tes, Phys. Rev.
B 103, 024404 (2021).

[33] A. Alfonsov, J. I. Facio, K. Mehlawat, A. G. Moghaddam, R.
Ray, A. Zeugner, M. Richter, J. van den Brink, A. Isaeva, B.
Biichner, and V. Kataev, Strongly anisotropic spin dynamics
in magnetic topological insulators, Phys. Rev. B 103, L180403
(2021).

[34] A. Alfonsov, K. Mehlawat, A. Zeugner, A. Isaeva, B. Biichner,
and V. Kataev, Magnetic-field tuning of the spin dynamics
in the magnetic topological insulators (MnBi,Te,)(BiTes),,
Phys. Rev. B 104, 195139 (2021).

[35] G. Feher and A. F. Kip, Electron spin resonance absorption in
metals. i. experimental, Phys. Rev. 98, 337 (1955).

[36] F. J. Dyson, Electron spin resonance absorption in metals. II.
Theory of electron diffusion and the skin effect, Phys. Rev. 98,
349 (1955).

[37] H. Benner and J. Boucher, Spin dynamics in the paramag-
netic regime: NMR and EPR in two-dimensional magnets, in
Magnetic Properties of Layered Transition Metal Compounds,
edited by L. de Jongh (Kluwer Academic Publishers, Dordrecht,
1990), pp. 323-378.

[38] D. L. Huber, Critical-point anomalies in the -electron-
paramagnetic-resonance linewidth and in the zero-field relax-
ation time of antiferromagnets, Phys. Rev. B 6, 3180 (1972).

[39] M. S. Seehra, Role of anisotropy in the critical-point anomaly
in EPR linewidth of MnF,, Phys. Rev. B 6, 3186 (1972).

[40] C. Slichter, Principles of Magnetic Resonance, Springer Series
in Solid-State Sciences (Springer, Berlin, 1996).

[41] P. M. Richards and M. B. Salamon, Exchange narrowing
of electron spin resonance in a two-dimensional system,
Phys. Rev. B 9, 32 (1974).

[42] H. Benner, Experimental evidence for spin diffusion
in the quasi-two-dimensional Heisenberg paramagnet
(C,Hs5NH;),MnCly, Phys. Rev. B 18, 319 (1978).

[43] A. Abragam and B. Bleaney, Electron Paramagnetic Resonance
of Transition Ions (Oxford University Press, Oxford, 2012).

[44] R. Kubo and K. Tomita, A general theory of magnetic resonance
absorption, J. Phys. Soc. Jpn. 9, 888 (1954).

[45] V. Kataev, K.-Y. Choi, M. Griininger, U. Ammerahl,
B. Biichner, A. Freimuth, and A. Revcolevschi, Strong

Anisotropy of Superexchange in the Copper-Oxygen Chains of
Lajy Ca,Cup Oy, Phys. Rev. Lett. 86, 2882 (2001).

[46] T. Moriya, Anisotropic superexchange interaction and weak
ferromagnetism, Phys. Rev. 120, 91 (1960).

[47] E. Lifshitz and A. H. Francis, Analysis of the ESR spectrum
of manganese(Il) impurity centers in the layered compound
cadmium phosphide sulfide (CdPS;), J. Phys. Chem. 86, 4714
(1982).

[48] S. Sibley, A. Francis, E. Lifshitz, and R. Clément, Magnetic
resonance studies of intercalated, two-dimensional transition
metal chalcogenophosphate lattices, Colloids Surf. A 82, 205
(1994).

[49] C. Berthier, Y. Chabre, and M. Minier, NMR investigation of
the layered transition metal phosphorus trichalcogenides and
the intercalation compounds LiyNiPS;, Solid State Commun.
28, 327 (1978).

[50] S. Torre and J. Ziolo, Spin dynamics and magnetic properties of
two-dimensional systems MPX; from *'P NMR and relaxation,
Phys. Rev. B 39, 8915 (1989).

[51] A. P. Dioguardi, S. Selter, U. Peeck, S. Aswartham, M.-L.
Sturza, R. Murugesan, M. S. Eldeeb, L. Hozoi, B. Biichner,
and H.-J. Grafe, Quasi-two-dimensional magnetic correlations
in Ni,P,S¢ probed by 3p NMR, Phys. Rev. B 102, 064429
(2020).

[52] F. Bougamha, S. Selter, Y. Shemerliuk, S. Aswartham, A.
Benali, B. Biichner, H.-J. Grafe, and A. P. Dioguardi, 3'p NMR
investigation of quasi-two-dimensional magnetic correlations in
T,P,Se¢ (T = Mn, Ni), Phys. Rev. B 105, 024410 (2022).

[53] A. R. Wildes, H. M. Rgnnow, B. Roessli, M. J. Harris, and
K. W. Godfrey, Static and dynamic critical properties of the
quasi-two-dimensional antiferromagnet MnPS;, Phys. Rev. B
74, 094422 (2006).

[54] A. Wildes, H. Rgnnow, B. Roessli, M. Harris, and K. Godfrey,
Anisotropy and the critical behaviour of the quasi-2D an-
tiferromagnet, MnPS;, J. Magn. Magn. Mater. 310, 1221
(2007).

[55] L. J. D. Jongh and A. R. Miedema, Experiments on simple
magnetic model systems, Adv. Phys. 50, 947 (2001).

[56] A. R. Wildes, J. R. Stewart, M. D. Le, R. A. Ewings, K. C.
Rule, G. Deng, and K. Anand, Magnetic dynamics of NiPS3,
Phys. Rev. B 106, 174422 (2022).

[57] R. Basnet, A. Wegner, K. Pandey, S. Storment, and J. Hu,
Highly sensitive spin-flop transition in antiferromagnetic van
der Waals material MPS; (M = Ni and Mn), Phys. Rev. Mater.
5, 064413 (2021).

[58] Y. Xiao-Bing, C. Xing-Guo, and Q. Jin-Gui, Synthesis and
magnetic properties of new layered Ni,Mn,_,PS; and their
intercalation compounds, Acta Chimica Sinica 69, 1017 (2011).

014003-9


https://doi.org/10.1088/2053-1583/ac2028
https://doi.org/10.1103/PhysRevB.103.024404
https://doi.org/10.1103/PhysRevB.103.L180403
https://doi.org/10.1103/PhysRevB.104.195139
https://doi.org/10.1103/PhysRev.98.337
https://doi.org/10.1103/PhysRev.98.349
https://doi.org/10.1103/PhysRevB.6.3180
https://doi.org/10.1103/PhysRevB.6.3186
https://doi.org/10.1103/PhysRevB.9.32
https://doi.org/10.1103/PhysRevB.18.319
https://doi.org/10.1143/JPSJ.9.888
https://doi.org/10.1103/PhysRevLett.86.2882
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1021/j100221a015
https://doi.org/10.1016/0927-7757(93)02622-L
https://doi.org/10.1016/0038-1098(78)90434-9
https://doi.org/10.1103/PhysRevB.39.8915
https://doi.org/10.1103/PhysRevB.102.064429
https://doi.org/10.1103/PhysRevB.105.024410
https://doi.org/10.1103/PhysRevB.74.094422
https://doi.org/10.1016/j.jmmm.2006.10.347
https://doi.org/10.1080/00018730110101412
https://doi.org/10.1103/PhysRevB.106.174422
https://doi.org/10.1103/PhysRevMaterials.5.064413

