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Abstract. The anisotropic susceptibility of the layered antifervomagnet NiPS: (T = 155 K)
has been measured between 45 K and 650 K. The system may be described by the effective
spin Hamiltonian H = DS?Z - Z,-j Ji;8; « 8, with the quadratic single-ion anisotropy terms
introdncing anisoiropy in an otherwise isotropic situation. The exchange J and single-ion
anisotropy parameter [ were determined from an analysis of the anisotropic susceptibility data
for two different models: (i) the Oguchi model, in which a pair of spins chosen at random is
treated exactly while its interactions with the rest of the crystal are approximated by a mean field
and (it) the correlated effective field {CEF} approximation developed by Lines, which reduces the
many-body problem to a single-particle, non-interacting ensemble form, by the introduction of
static iemperature-dependent correlation parameters, which are evaluated by forcing consistency
with the fluctuation-dissipation theoretn. It is found that the CEF approximation is superior to
the Qguchi model in describing the susceptibility of NiPSs. The exchange and crystal field
parameters for the CEF approximation are J/k = —53.0 K; D/k = 16.1 K; g| = 2.05 and
g1 =2.13.

1. Introduction

There has been continuing interest in low-dimensional magnetic systems, because of the
variety of phenomena that they exhibit [1,2]. Among the known low-dimensional systems,
the layered transition metal chalcogenophosphates, MPX; (M = Mn, Fe, Ni and X = S,
Se) are rather unique; they represent one of the few known layered systems in which
both magnetic and crystallographic lattices are two dimensional (2D). Unlike most other
2D magnetic systems, wherein magnetic layers are separated by diamagnetic layers, in the
transition metal thiophosphates, the MPX; layers are separated by a van der Waals gap.
The presence of the gap rules out super-exchange pathways and since the inter-layer metal—
metal distance is of the order of ~ 6.5 A, direct exchange too would be negligible; the
chalcogenophosphates are hence nearly ‘perfect’” 2D magnetic systems, with the metal ions
forming a honeycomb arrangement within the Iayer. An interesting consequence of the
van der Waals gap is that it is possible to intercalate a wide variety of guest molecules
and ions as in the case of transition metal dichalcogenides. Subsequent to intercalation
there are considerable changes in magnetic behaviour [3-6]. An obvious prerequisite to
understanding these changes is a quantitative evaluation of the exchange and crystal field
parameters of the host. In this paper we have attempted to do this for NiPSs, from an
analysis of the susceptibility data.

NiPS; like the other transition metal thiophosphates orders antiferromagnetically at low
temperatures [7,8]. These materials are ionic insulators, the transition metal d electrons
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localized and atomic like and the d electron manifold adequately described in the weak-
field limit of crystal field theory [9].

An interesting feature of magnetism in the transition metal thiophosphates is that the
anisotropy in the magnetism is strongly dependent on the metal ion. The anisofropy in the
transition metal thiophosphates has been shown to originate from crystal field effects [3],
as a consequence of the zero-field splitting of the M2+ ion d levels [10], due to the trigonal
distortion of the MSg octahedra. Thus in the case of NiPS;, the *Aj, ground state of an
octahedrally coordinated Ni%* is split under the combined action of the trigonal distortion
and spin—orbit coupling, to give a doublet and a singlet separated by D.

The effective spin Hamiltonian which describes the system is

H=—ZJS,--SJ+Z:DS§‘; ()
ij i

with D introducing anisotropy in an otherwise isotropic situation.

In this paper we report an analysis of the anisotropic susceptibility of NiPS;. In
low-dimensional systems such as NiPSs; it is well known that spin correlations persist at
temperatures much higher than Ty [1] and consequently the simple mean field approximation
(MFA), which completely ignores these correlations, is likely to be a poor approach. At the
same time the zero-field splitting of the Ni>* d levels, which is of the order of £T', makes
it difficult to apply more refined theories [11]. In analysing the susceptibility, we have
used two different models which try and incorporate an element of spin correlation,while
at the same time retaining the simplicity of the molecular field approximation. The two
are (i) the Oguchi molecular field [12, 13} in which a pair of spins chosen at random from
the crystal is treated exactly while the coupling of this pair with the rest of the spins
in the crystal is approximated by an effective field and (ii) the correlated effective field
{CEF) developed by Lines [11], in which the effective field felt by an ion is approximated
by the sum of the ensemble average of the rest of the spins and a term proportional to
the instantaneous deviation of the spin from its own ensemble value. The temperature-
dependent proportionality constant appearing in the latter term, which is a measure of the
static correlations, is determined by forcing the model to be consistent with the fluctuation—
dissipation theorem.

The susceptibility for an § = 1 ion with uniaxial quadratic anisotropy has been derived
for the above two models. The zero-field splitting parameter D and the exchange integral
J were evaluated by fitting the theoretical expression to the experimental susceptibilities.

In 2D magnetic systems wherein exchange is isofropic or has an XY anisotropy,
transittons to long-range order arise as a consequence of weak 3D inter-layer coupling
(e.g. dipolar coupling). In such situations, it is unlikely that models which are used to
describe the 2D high-temperature susceptibility would be able to predict the correct transition
temperatures.

2. Experimental details

NiPS: was synthesized from the corrresponding elements and single crystals grown by
chemical vapour transport using excess sulphur as the transporting agent [3].

Magnetic susceptibility measurements were made on a Faraday magnetic balance.
Temperatures in the range 45-300 K were obtained using a closed cycle cryostat (Air
Products). Measurements in the temperature range 300-650 K were performed using a high-
temperature furnace assembly. The susceptometer was calibrated using Hg [Co(NCS),] as
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a standard. The crystals were suspended from the balance by an arrangement similar to that
reported in [14]. The arrangement allowed the measurements of susceptibilities for different
crientations of the crystal with respect to the field. The susceptibilities reported are for two
directions—the field parallel and perpendicular to the trigonal axis. The trigonal axis in
NiPS; is perpendicular to the layers.

The susceptibilities were corrected for the diamagnetic as well as the temperature-
independent paramagnetic (TIP) contributions. The TIP contributions for the Ay, ground
state of Ni*t is given by 8Nu2/10 Dq [15]. Optical absorption studies [9] had reported a
10 Dq value of 8900 cm™! for NiPSs. The TIP coatribution is thus 0.235 x 10~ emu mol !,

3. Resulis and discussion

The temperature variation of the susceptibility of NiPS; for the two directions—parallel
and perpendicular to the trigonal axis—is shown in figure 1. The data are identical to the
results obtained from measurements made on a vibrating sample magnetometer [8]. In the
paramagupetic phase (T > 155 K) 1 > xj, whereas below Ty = 155 K it may be seen that
the magnetization axis of the antiferromagnetic state is perpendicular to the trigonal axis.
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Fipure 1. Magnetic susceptibility of NiPS; single crystals parallel (x)) and perpendicular ()
to the trigonal axis as a function of temperature. The solid lines are the fit of the anisotropic
susceptibility expression in the Oguchi model (equations (5} and (6)) for J/k = —66.9 K;
D/k =163 K; gy =2.06 and g, = 2.14. The broken lines are the anisotropic susceptibilitics
calculated in the MF approximation for the same value of the exchange and crystal field
parameters as in the Oguchi approximation.

The anisotropy in the susceptibilities is a consequence of the zero-field splitting of the
3A2g ground state of Ni%+ by the trigonal distortion. The fact that x, > x directly implies a
splitting of the ground-state triplet into a lower singlet and an upper doublet (figure 2). The
isolated ion may be represented by the Hamiltonian H = DS,?Z. For NiP33, D is positive.

The anisotropy is weak since the splitting of the 3A,, state by the trigonal field is an indirect
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effect, arising from the spin—orbit coupling of the *Ag, state with the higher-lying 3ng state,
whose degeneracy is lifted by the trigonal distortion, The exchange parameter J and the
zero-field splitting D were estimated over the entire temperature range of the experimental
susceptibility, within the Oguchi model as well as the correlated effective field theory of
Lines.
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Figure 2. The splitting of the I's (*4,  Figure 3. The Zeeman splitting for an Ni** dimer in an external

and 3T25) for ad® ion under the influence  field applied parallel and perpendicular to the trigonal axis. The D

of a trigonal field, A is the crystal-field and J values are those which give the best fit to the Oguchi model

splitting and D is the zero-field splitting, (D/k = 16.3 K; F/k = —66.9 K), The labelling of the states is as
referred to in the appendix,

3.1. Oguchi model

This is one of the simpler models which incorporates an element of spin correlations into
the MFA. Interactions between neighbouring magnetic ions are treated exactly while the
interactions of the pair with the rest of the lattice are approximated by a molecular field.
The magnetic Hamiltonian for such a pair is

H = D[S?, + 52,1 — 2J[SES% + (87 S5 + STS5)] — Hzsoman

Hazeeman = 5B H(SE + S5) — Lg1 BHEH(ST + 5§ + 87 + 55). ()
In equation (2) z, ||, coincides with the trigonal axis and

Hyr = H® + Hoy,

where Hogy (the field is due to all the other magnetic ions) is proportional to the
magnetization

2(z — 1)J M,

HAOgu = Ngf ﬁz

A=[, L. 3
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As the pair was chosen at random, its average magnetic moment per atom must be the
same as that of any other pair and consequently the same as that of the entire crystal. We
require, for consistency, that the magnetization along any axis A be

M, = Nglﬁ%. {4)

The derivation of {S))dimer and {S) )dimer for an Ni%* pair (§; = S» = 1) with single-ion
quadratic anisotropy terms is straightforward. The energies of the dimer (see the appendix)
in the field were obtained by treating the Hyzesman in equation (2) as a perturbation. The
energy diagram for an S = I dimer in an external field is shown in figure 3.

The average spin moments {S))gimer are calculated from the pair partition function,
Z, =3, e”%/*T according to the relation

kT é1n Zs,

{32 dimer of oH .
The expressions for (Sy} and (S,} are given in the appendix. The magnetization along
the different axes may be obtained by substitution of {Si}dimer in equation (4) and zero-
field directional susceptibilities, M, /H, o, may be obtained by rearranging the terms. The

expressions for the susceptibilities are

o = M1 _ Neif® 4et/=DIKT 4 gHIT 4 | »
#UTHO T TRT | GU.D.T) — 2z ~ D(I/RT)(4e¥ D14 + &7/ 1)
M NglB*F(J,D,T
Xogut = = 8.F ) (6)

HY ~ GW,D,T)—2(z— )JF(LD.T)
G(J, D, T) = 264J~D/RT + 234.1/!:7' +2+ cJ’+y/k'I' + c!—y/kT + e—D/'kT

2
F(J, D, T) = D—l(_ze4J—D/kT +ze41/kr T ~D/RT) + 3C2 (C4J'ﬁcT J'+Y/kT)

3¢t AJFET  T=pfRT
+ m(ﬁ [ )

The parameters C and p have been defined in the appendix. The J, D, gy and
g1 parameters were determined for the Oguchi model by fitting the expressions to the
experimental data using the method of least squares. The best fits, shown in figure 1 as the
full lines, are for J/k = —66.9 K, D/k =163 K, gy =2.06 and g, = 2.14. In the fitting
program J, D and g were floated. g, is related to g by the relation g, = gy + 2D/| A |
{16]. The value of | A [=~ 280 cm™' was taken from [9].

For comparison, the MFA suceptibilities are shown as the broken lines in figure 1. The
expression for the MFA susceptibility is

X1
N ™
M T T — 220 XY/ N2 B2

where xf are the isolated ion susceptibilities [10] and are
o _ NgiB® (2kT/D)(1 — e~ P/HT)

- 8
XL=r 1 + 2~ DIAT ®

and
o NGB 2o o
=% T4 2e BT
It may be seen from figure 1 that, as expected, the Oguchi model improves upon the
MFA.
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3.2. Correlated effective field

The CEF formalism proposed by Lines [11] is ideally suited for systems wherein the magnetic
Hamijltonian can be written in the form

H= HCF + Hexchangc- (10)

Hep is the Hamiltonian in the absence of exchange.

This has been employed with reascnable success in analysing the susceptibility of
the one-dimensional RbFeBr; [17] and RbFeCl; [18] where, as in the present case,
Hee = Y, DSE. In the case of the isotropic Heisenberg lattice where D = 0 and the orbital
angular momentum is completely quenched, the results of the CEF model tally exactly with
the results of the random phase Green function approximation [11). The CEF model attempts
to reduce the many-body problem to a single-body, non-interacting ensemble form, by the
introduction of static temperature-dependent spin correlation parameters ot (A =| or 1),
which are evaluated by forcing consistency with the fiuctuation—dissipation theorem.

In this model, the correlated effective field for the ith spin, S;, is obtained by replacing
each §; in equation (1) by the sum of two contributions, one its ensemble average {S;}, the
other a term proportional to the instantaneous deviation of S; from its own averaged value

() ie.
St — (S}) + (S} — (S} (11)

Corresponding to this replacement, the effective Hamiltonian for the ith spin in the
high-temperature paramagnetic phase is

HOeff) = D(S )Zzﬂ Ashy2, (12)

In the presence of an applied field H? in the direction A

H(eff) = H(eff) — gﬁHos*+221,§sﬁ(<s* oM{SH). (13)

The field-dependent ensemble averages are obtained by treating the last two terms in
equation (13) as a perturbation on H?(eff). The field-dependent ensemble averages are

KT(S(gY*)n = HgB(S} : S + 20 (@) — & THOS @) a (S 2 5o (14)

where S(g)} and J(g) are the Fourier transforms of the corresponding lattice quantities and
the momentum g belongs to the first Brillouin zone.
The colon product ensemble average is defined by

SJ\. SJ-
Aoghy e
(S: 'Sl )U ;pﬂ(snnsnn—PZkTmZ?hlE _E, ) (15)

S}, are the matrix elements of the Ath component of the ith spin between the nth and
mth eigensiates, E, and E,, are the eigen energies of the respective levels and p, is the
density matrix. The susceptibility defined by x*(q) = N {S(g)*}/H may be written as

kT x:(q)* = g2B*{St : 1o + UHg) (16)
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where

20 (q) — o JO)U(S : SN2
kT —2[J(g) — a* J(O)](S} : SM)o”

UM = a7
From the fluctuation theorem we have Zq U{(g) = 0 [11] which allows the complete

determination of the correlation parameters, a*. Once & is obtained the uniform static
susceptibility directly follows as

NgiBX(S} : 8o

A
kT =227 (0)(1 — *){(SF : §M)o

X0

(18)

where z is the coordination number around the central metal ion.

For an antiferromagnet (AFM) the Néel temperature—the temperature at which the
stageered susceptibility, x (g = g"; g* is the antiferromagnetic ordering vector) diverges—
may be calculated in the CEF model as the temperature at which the denominator of equation
(18) goes to zero for ¢ = ¢g*. Noting that for an AFM J(¢*) = —J(0) it follows that the
Néel temperature, Ty, is

kT = 227 (0)(1 4+ o*) (S} : SMa. 19)

The susceptibilities of NiPS; were calculated using equation (18}, after evaluation of
the o parameters from equation (17). The equations for a* involve a summation over the
Brillouin zone. We have used the special ‘k” point scheme of Chadi and Cohen [19] for
obtaining the averages over the Brillouin zone. For NiPS; where the Ni** ions form a
honeycomb lattice the 6k point set obtained by Cunningham [20] for a 2D hexagonal lattice
was used. The equations for a! and o' obtained from equation (17) are not independent
and the solutions were obtained numerically.

Below Ty the CEF suscepiibilities have to be reformulated to account for the AFM
ordering [21]. For a two-sublattice collinear AFM the CEF susceptibility is given by

Ngip(St: She
kT — 227 (0)(1 + a*){S} : Sty

X6 = (20)

where the o* parameters are obtained from the solution of equation (17) after an appropriate
change of sign.

The colon products {S* & 5Ho in equation (15) for Ni** were evaluated from the eigen
values and functions of Hes [22]. They are, for D' = D — zJ (ol — &l)

9a-D'1kT
. oy _
(s!': ho = s @1)

_ 2ADRTY L — e D)

.ol

The best fits were obtained by a non-linear least-squares fitting of equation (18) to the
experimental susceptibility and are shown as solid lines in figure 4. The best fit was for a
value of D/k = 16.1 K; J/k =—58 K; gy =2.05 and g = 2.13.

The calculated 2D susceptibility diverges at 260 K since the denominator in equation
{18) goes to zero. This temperature, however, has no thermodynamic significance and
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Figure 4, The anisotropic magnetic susceptibilities of NiPS; single crystals, parallel () and
perpendicular (¥ ) to the trigonal axis, as a function of temperature. The solid lines are the
fit of the anisotropic susceptibility expressions of equation (18) and equation (20} in the CEF
approximation for J/k = —58 K; D/k = 16.1 K; g) = 2.05 and g, = 2.13. The broken lines
are the anisotropic susceptibilities calculated in the Oguchi approximation for the same values
of J, D, g| and g, as in the CEF approximation.

should not be compared with the experimental 7y, since magnetic ordering in the weakly
XY anisotropic NiPS; arises as a consequence of weak inter-layer coupling. Below 260 K
equation (20) was used to calculate the susceptibility. Since the in-layer symmetry of the
low-temperature-ordered magnetic lattice is the same as that of the crystallographic lattice
[3] the same set of 6k points was used for computing the Brillouin zone averages. Inter-
layer coupling was accounted for by a molecular field. It may be seen from figure 4 that a
reasonable fit is obtained between 200 K and Tyy. Below Ty the fit is extremely poor and an
approach using spin waves is likely to be a better approximation, but is beyond the scope of
the present work. It is interesting to note that the temperature at which the CEF susceptibility
diverges, 260 K, corresponds to the temperature of the experimental x... This temperature
may be interpreted as the temperature at which the in-layer staggered susceptibility is a
maximum. Although the high-temperature fits in the CEF and Oguchi models {figures I and
4) are comparable, the CEF achieves the same quality of fit for a lower value of J. This
may be clearly seen in figure 4, where the broken line is the susceptibility calculated in the
Opguchi model, using the J, D and g values which gave the best fit for the CEF. The CEF
formalism is superior to the Oguchi model in being able to account for short-range spin
correlations; however, it (0o underestimates antiferromagnetic correlations near ... The
Oguchi model could in principle be improved, by considering clusters larger than a dimer
for the evaluation of the effective field; this however is not particularly easy [13]. The
CEF has the additional advantage of being computationally simple and consequently may be

easily extended to systems with magnetic Hamiltonians more complicated than the present
one.
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4. Conclusions

The anisotropic susceptibilities of the layered antiferromagnet NiPS; (Ty = 155 K) have
been measured between 45 K and 650 K. The susceptibilities show a weak XY anisotropy in
the high-temperahure paramagnetic phase with x: > x|, where xy is the susceptibility when
the external field is along the trigonal axis (perpendicular to the layer). Below Ty x > x..
The system may be described by the effective spin Hamiltonian H = DSZ, — ¥,  4ijSi- 8},
with the quadratic single-ion anisoiropy terms introducing anisotropy in an otherwise
isotropic situation. The exchange J and single-ion anisotropy parameter D were determined
from an analysis of anisotropic susceptibility data for two different models: (i) the Oguchi
model in which a pair of spins chosen at random is treated exactly while their interactions
with the rest of the crystal are approximated by a mean field and (ii) the correlated effective
field (CEF) approximation developed by Lines which reduces the many-body problem to a
single-particle, non-interacting ensemble form, by introducing static temperature-dependent
correlation parameters, which are evaluated by forcing consistency with the fluctuation—
dissipation theorem. Analytical expressions of the anisotropic susceptibilities have been
derived for the Oguchi model. It is found that the CEF approximation is superior to the
Oguchi model in being able to account for short-range antiferromagnetic correlation and
hence gives a better description of the susceptibility in NiPS;. The exchange and crystal
field parameters for the CEF approximation are J/k = —58.0 K; D/k =16.1 K; g3 =2.05
and g = 2.13.

Appendix. {S))} for an Ni** dimer with quadratic single-ion anisotropy terms

The energics and wavefunctions of the Ni2* dimer in the absence of a field (Hy=H, =0)
in equation (2) are given in table Al.

Table ALl. y = [(37 — D¥ + 8J DIV ©f = —242D/[(97 + D + 3y)? + 8D%)Y/2 and
Ca = (9J + D+ 3p)/[(9F + D 4+ 3y)® + 80712,
Wavefunctions Energles
Y2 =1, 21) Ept = Eg2 = —6J + 2D
Y34 = (1 0. £1)+ | £1,00) Epy = Egsa=—-6/+D
¥s=C 21000+ [ 1, =1+ | =1, )+ C15U0.0- [ 1,-1)= | =1, 1)) Eys=-3/+D~y
Vo7 = (1 0. £1)= | £1,0)) Eog = Eq7=~2J + D
Y3=501-1)-1-11) Epg =—2J +2D

Yo = 1221000+ | 1, =)+ | =L 1N+ C25(10.0= | 1, =1)= | =L.1))  Eog=-3/+D+y

{S: ) dimer Were calculated by treating the Zeeman terms in equation (2) as a perturbation.
When the field is along the z direction (H) # 0, H, = 0) the eigen values and eigen
functions are obtained from first-order perturbation theory. They are listed in table A2.

When the field is along the x or y direction (Hj, 5 0, H = 0) the first-order perturbation
energies are zero since $, does not commute with the Hamiltonian and the energies are
evaluated using second-order non-degenerate perturbation theory. The energies are tabulated
in table A3.
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Table A2,

Ey=—0J 42D ~2g8Hen
Ey=~6J+2D+22 8 s
Ey=—6J+D—g8Hex
Ey =—6J+ D+ g BHeyr
Es=-3]+D-y

Eg= =2 L D - g BHest
E7=-2]+D+gfHex
Ex==-27+2D
Eg==3J4+D+4y

Table A3

£) =By =—6J+2D+ g} B2 H D™
2 2

Ey = Ey=—6J+D—-gl g HL (D" + g}% 37?%-2-;)
3512 s Ch
e
Eg=E7=~2J+D—-glfHLD"!
Eg =~2J +2D + gl g HYD"!
33 B2 HECT

34y

Es=-3]@D—y+

Eg=-3J+D+y+

The ensemble average of the spin moment of the dimer (S;)amer is given by

kT §InZ,
np SH

(S} dimer = (A1)

g
7 = -E,/kT
;c

where E are the energies of the dimer in the applied field. For a small value of H.g
second-order terms in A may be dropped and the expression for {5, }dimer i8

_ 2gyBH) (4eM DT 4 g/AT 4 1)

. A2

{.S1) dimer T GU.D.T) (A2)
where

G(J, D, T) — 264J-D/k1' + zc4f/kr + 2+ e.f-l-y{kT + e.f-y/k]" + B—D/k.'r

2e.BH\F(J, D, T)

S Vimer = A3

( .L}du'ner G(J, D, T) ( )
wherein

2
F(J, D, T) o D—i[__284J—D[kT o+ 2641,”.’7' o] - e—D/kT] 4L Bjczy (e‘ufkr - ef'f'}’/k?')

3C2
+ 1 (/AT _ o7-¥/kTy.
34y
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