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Abstract. The magnetic phase diagram for MnPB established, and then explored with
regard to Zn substitution at the Mn sites. This allows construction of the temperature/applied-
field/dilution phase diagram. Furthermore, it is concluded that second- and third-nearest-
neighbour interactions are important in determining the magnetic behaviour of the system.

1. Introduction

The behaviour of two-dimensional (2D) magnetic systems has received a great deal of
attention [1]. Theoretically, problems that are difficult in three dimensions often become
more tractable in two dimensions. The classic example is the Onsager solution to the 2D
rectangular Ising model [2]. Thus, the study of low-dimensional magnets allows these
models to be experimentally realized, and gives new insights into fundamental phenomena.
In the study of 2D antiferromagnets, systems such 26R% where X may be Rb or K and
Y maybe be Mn, Co, Ni for example [1, 3, 4] are most commonly studied. In addition,
the parent materials of copper—oxygen-based superconductors are often 2D antiferromagnets
[5]. In all of these cases the 2D lattice is square. Manganese thiophosphatez, NB1BS
honeycomb-lattice material, and therefore opens up new and unusual possibilities for study.
In this paper, we construct and explore the temperature/applied-field/magnetic dilution
phase of MnPg& It is a layered, quasi-two-dimensional Heisenberg antiferromagnet with,
at low applied fields, a small anisotropy causing the moments to point ip-tlection—
perpendicular to the layer planes. Thedll temperatureTy, is 78 K at low fields
(H, < 40 kOe, whereH, is applied in thez-direction) [6]. Crystallographically, it
is a monoclinic structure with space grodf2/m and lattice parameters = 6.077 A,
b = 10524 A, ¢ = 6.796 A and 8 = 107.35°, so thec-axis is not quite parallel to the
z-direction. In the layers, manganese atoms form a honeycomb lattice, with each manganese
neighboured by three manganese atoms and thygmaiPs [7]. Each layer is sandwiched
within a pair of sulphur layers. These three-layer structures are then held together by Van der
Waals forces between adjacent sulphur layers. The distance between manganese layers and
the associated complex exchange path are the factors that give rise to the two-dimensional
magnetism exhibited by MnRBSnd other transition metal thiophosphates.
Each manganese atom is antiferromagnetically link&g i ~ 8-10 K) [8, 9] to its
three intraplanar nearest neighbours, and ferromagnetically linked to its interplanar nearest
neighbours [6] (figure 1). The best current estimate of the ratio of interplafarto
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Figure 1. The spin structure of MnRS Arrows denote spin directions.

intraplanar first-neighbour exchangé;) is of the order of 1/400 [10]. Previous results
include an estimate of 2/5 [9], but these measurements are more doubtful. Sg MrieS
useful approximation to a 2D magnet.

In this paper, we will present the phase diagram of Mn&Sa function of temperature,
field and dilution of the magnetic atoms by means of substitution of a non-magnetic species,
in this case zinc. Zinc was chosen because ZnBf the same structure, with lattice
parameters that are very similar to those of MaP8. Mn.Zn, P is explored in [8],
which establishes that the Curie—Weiss temperature is a linear functigrsafjgesting that
Zn does substitute randomly in the system. It also establishes that the system’s susceptibility
can be effectively explained using high-temperature series expansiongfeater than the
percolation value, and fitted by adding in a Curie correction whenbelow the percolation
value. This correction scales with Thus, the susceptibility arising from antiferromagnetic
order is still significant fore less than the critical concentration.

2. Sample preparation and apparatus

Samples of Mpzn;_,PS were prepared fox = 1, 0.95, 0.8, 0.65, 0.5 and 0.3 using a
vapour-transport method. Stoichiometric quantities of 99.99% pure elements were sealed in
a quartz tube under1078 Torr of argon. The 18 cm tube was then placed in a two-zone
furnace, with the temperature varying smoothly from 700 to 680along the length of

the tube. This produced a mass of transparent green crystals of hexagonal habit, typical
dimensions being 5 5 x 0.1 mm. X-ray diffraction and microprobe analysis confirmed the
structure and composition.

Measurements were taken using a Quantum Design MPMS-7 SQUID magnetometer,
capable of applying fields from70 to 470 kOe and temperatures of 2 to 350 K. Samples
were mounted with the planes either horizontal, if the parallel susceptibyjtywas to
be measured (with the-axis approximately parallel to applied field{ = H,), or with
the planes vertically oriented, for measurementsyof (with the c-axis approximately
perpendicular ta& = H,y).
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Figure 2. The parallel susceptibility of MnPSas a function of temperature at different applied
fields, H,.

3. MnPS;

Initial investigations confirmed thafy = 78 K for MnPS when the applied fieldH,
was either parallel to the moment direction (perpendicular to the layers) or perpendicular
to the moment direction. Initial measurements were taken in fields of 100, 600 and
10000 Oe, and demonstrated little variation across fields, and showed only minor differences
between field-cooled and zero-field-cooled runs. Maximum susceptibilities were typically
7x107°% emu g, and any variations in magnitudes could be accounted for by uncertainties
in the sample masses. Figure 2 shoywsversusT at different fields applied along the
spin direction(H = H,). Ty is determined from the discontinuity in the first derivative
(0M/dT)y. The hump at 120 KT ~ (3/2)Ty) is characteristic of the persistence of
short-range order within the planes of a 2D magnet [1]. Fitting the high-temperature series
expansion of Rushbrooke and Wood [11] to these data gave a nearest-neighbour exchange of
J1/k = 8.1 K, with excellent reliability and in excellent agreement with recent results [8].
The negative gradient o, as T increases from zero can be attributed to spin
waves [12].
These measurements show that the susceptibility behaves like the parallel susceptibility
(x;) of an ordered antiferromagnet at small, with its positive temperature dependence,
to a x . -behaviour at high fields where the susceptibility shows a much weaker and slightly
negative temperature dependence. This indicates a spin flop taking plate~att5 kOe
at low temperatures. This is graphically illustrated in the runs carried out between 45 and
60 kOe, where the susceptibility showga-shape at low temperatures and becomes more
xj-like asTy is approached. The point on tiyeversusT curve where the gradient takes on
its most negative value gives the temperature of the spin flop at that field, as this is where
the moments are changing orientation most rapidly. THi}g,increases a§ increases, a
result which will be shown in greater detail when spin-flop curves are discussed.
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Figure 2 also shows thdty maintains considerable consistency across fields. This is
not unexpected, as measurements must be taken very close to the critical point if critical
behaviour is to be seerfy did not vary appreciably, even in experiments with the applied
field very close to the value taken on b, in the vicinity of Ty. Theories of the
magnetic phase diagram [13, 14] suggest hashould decrease markedly nddr = H,y,
as atH,, the anisotropy, which gives rise to the ordering, is suppressed by the external
field. However, in an imperfect 2D magnet, ordering can also arise through the interplanar
coupling or distant-neighbour interactions. Thus, despite the lower dimensionality, no large
reduction inTy is seen. In [15], a second magnetic order, with spins lying parallel to the
b-axis, was observed abov@,. This suggests a small in-plane anisotropy, which could
also be responsible for maintaining order.

When a magnetic fieldd, is applied parallel to the easy axis—parallel with the
anisotropy direction—there will be two competing interactions—the anisotropy, denoted
DS?, and the Zeeman energy(x. — x;)H? [13]. For smallH., the moments will remain
in the z-direction. But as the Zeeman energy increases with field, the two terms will come
to be equal. The field at which this happens is the spin-flop figlgd, ThereforeH,,
can give the anisotropy. This anisotropy is the result of competing single-ion and dipolar
anisotropies, with the dipolar effects being the stronger [9, 17].

At the spin-flop field, the moments flop from the antiparallel Ising-like antiferromagnetic
(AF) arrangement in which they are perpendicular to the planes, to an antiparallel spin-flop
(SF) arrangement within the planes, as the magnet is now an easy-plane magnet due to an
effective change in the sign of the anisotropy. The spins, however, are still Heisenberg
spins. A Kosterlitz—Thouless bound vortex phase [16] is unlikely in MnPShis is
because of interplanar and possible next-nearest-neighbour interactions, and the possibility
of a preferred direction within the planes [10, 15], all of which may allow the flopped phase
to order in a truly long-range fashion. This agrees with the obsegyegersusT data at
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Figure 3. Spin-flop curves for MnP$at various temperatures. The fits to the soliton theory
are shown as solid lines.
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high fields in whichy, behaves like a true transverse susceptibility.

Measurements were made of magnetic moment veksuat constant temperature for
temperatures varying fro 5 K to Ty. A typical series of such runs can be seen in figure
3. The response can be seen to be linear with field, and then to increase rapidly before
again reaching a linear regime. What is happening is that initially the spins are parallel
to the applied field. Té 5 K curve in figure 2 showg, at this temperature to be very
small—hence the small gradient of ttié versusH, curve for H, < H,;. But asH,
increases, as noted above, the spins flop into the plane. As they are now perpendicular to
the applied field, they show g, -response, which figure 2 shows is much stronger—hence
the larger gradient of th&/ versusH, curve for H, > H,y. As noted above, the spin-flop
field increases with temperature, as expected givenyhat y; is decreasing.

The spin flops in figure 3 show considerable width—10 kOe—greater by an order of
magnitude than widths due to demagnetizing effects or the applied field being at a small
angle to thez-direction [13]. This is evidence of the two dimensionality smearing out the
transition. Because of the high order of the transitidig, is found by taking the maximum
in the derivative(oM /9 H) 7.

Fitting the H,s versusT data thus obtained allowed an extrapolation to be made to find
H,y (T = 0), which was found to be 45 kOe. This is different from the values obtained in [9]
of 36.6 kOe and in [18] of 38 kOe. This value is larger by approximately 20%. However,
the value showed consistency across samples from different crystal growth runs, and the
analysis of the samples could find nothing amiss. Furthermore Hpidits well into the
H,y versus magnetic dilution data discussed in section 4. The reason for the discrepancy is
unclear.

The spin-flop curves can be fitted by a soliton theory [1, 13]. In this theory, the spin-
flop phase is nucleated by domain walls, as within a wall the spins change orientation,
and so there will be spins lying in the planes even at low fields.HASs increased, the
domain wall width diverges—the ratio of flopped to unflopped phase increases. Therefore,
this theory can lead to a prediction for the magnetization as a function of field at a given
temperature. Reference [13] gives

212 1/2
M,y = 852 H ! -1 1
/ X1 |:7'[kBT|D(1— Hz,z/Hszf)|l/2:| q (1)

which leads to the magnetization being given by
M = Msol (Hz < Hsf)
M = XJ_HZ — M, (Hz > Hsf)

where M, is the contribution of the spins in a static domain wall to the magnetization.
g~ is a domain wall density/; is the nearest-neighbour exchange a@his the spin. As
we can findD from H,; and the susceptibilities can be measuged, is the only unknown.
This allows a useful test of the theory. The solid lines in figure 3 show the results of fitting
(2) to various spin flops. In the fiy and a background term linear iH, are the only
variable parameters. The soliton fit assumes Mats due solely to spins in the domain
walls. The linear term allows for the response of spins in the domains themselves. This
is necessary, as unpaired spins are possible in a honeycomb lattice due to the odd number
of nearest neighbours. All of the other values are taken from previous experiments, and as
can be seen the resulting fit is quite acceptable, an encouraging sign of consistency.

The fit givesg~! ~ 0.003, at 5 K—a reasonable figure [13], given tlgatneasures
the distance in lattice spacings between domain walls and that typical values aréod0
K2MnF,4 [1]. Note that the fit is useful until quite close to the spin flop itself. The coefficient

&)
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of the linear term changed from>910-6 emu g for H, < H,; to 4 x 10°° emu g* for

H. > H,y, indicating that not all of the magnetization is due to the domain walls. Unpaired
spins within domains are the likely cause, as this agrees with the larger susceptibility for
the perpendicular arrangement.
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Figure 4. The magnetic phase diagram of MnPSSF, AF and P denote spin-flop, anti-
ferromagnetic and paramagnetic phases respectively.

Figure 4 shows the phase diagram derived for pure MnPEhis agrees in general
with the theoretical diagram (figure 4, inset) [13]. However, in the experimental €ase,
remains more constant with field. It appears to decrease by just one degree in the vicinity
of Hys, rather than retreating to zero. The true extent may well be masked by SQUID
resolution, because if the spin-flop line is truly bifurcating, the gap between the two lines
after bifurcation may be unmeasurable until temperatures well in excess of the temperature
of the bicritical point,Tzcp, are reached.

The dotted line in figure 4 gives the phase diagram with a field applied perpendicular to
the c-axis. As anisotropy is being reinforced by the applied fidld, there is no spin-flop
line, and therefore little detail to observe. It can be noted that for neither orientation could
the SQUID apply a field close enough to the saturation field to cause the SF/paramagnetic
(SF/P) line to bend back towards tlig-axis. An estimate for the saturation fielH,,, can
be obtained from the anisotropy and exchange [13], and is found tell®x 10° Oe—far
beyond any possible SQUID measurement. Similar calculations give the exchange field,
H,, as 09 x 10° Oe and the anisotropy field{,, as 1 kOe, givingr = H,/H, ~ 1x 1073,
agreeing with the statement that MnfiS very close to being a Heisenberg system.

4. MngZn1_,PS;

Measurements similar to those described above were repeated=d.95, 0.8, 0.65, 0.5
and 0.3. Figure 5 showg, againstT for the dilutions that showed a phase transition. The
figure shows that the hump in the susceptibility7at> Ty vanishes progressively with
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Figure 5. x plotted against for different values ofx.

decreasingr, demonstrating the breakdown of correlations within the planesx At0.5
there is a strong paramagnetic behaviour for srialas now many of the spins no longer
belong to the infinite cluster. The types of order appear to remain the same as in the pure
material, although neutron scattering is needed to prove or disprove this.

The phase diagram far = 0.5 is shown in figure 6. Fat = 0.3, no ordering occurred.

40 '
-+ TN (H - Hz)
X Hsf(H = Hz)
- 30T pit '
g | Ty (H = H,)

v 20 t +

10 +

Figure 6. The magnetic phase diagram of Y§ZnosPSs.
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Again, the dotted line gives th#,, phase diagram. Becausexat= 0.5 the anisotropy is
greatly reducedf,, enhances the ordering interaction, and serves to incrEasg a rate
of 3.6 x 10° K Oe™? for H,, > 25 kOe.

An increase in the size of the critical region can be seen. While the material is now
dilute and random, critical-region broadening requires macroscopic inhomogeneities. The
results from [8] suggest that truly random examples of,¥m_,PS can be produced.

And for the samples used here, XRD and microprobe experiments demonstrate that no
such inhomogeneities exist in the material. Therefore, either the transition is sensitive to
local inhomogeneity—unlikely given that correlation lengths diverge at a phase transition—

or some other effect is at work. Reduced effective dimensionality could also broaden the
phase transition, but there is little evidence to support this hypothesis. The question remains
unresolved.

Random-field effects [4] could also affect the width of the critical region. However, the
expected history dependence in the susceptibility has not been observed. If the dependence
is weak, this could be masked by the high paramagnetic background. This background
is the result of a large number of isolated magnetic atoms and clusters existing at small
x. This limitation could be overcome using neutron scattering, as it probes the magnetic
Bragg peaks directly. Alternatively, if second- and third-nearest-neighbour (nnn and 3nn
respectively) interactions are significant, they could act to smooth the random-field effects.
These effects would then become negligible until very high dilutions are reached, at which
the magnetic order itself will have broken down. Figure 6 demonstrates that it is the SF
line that bifurcates at the BCP. This is not always the case [19], and demonstrates that
MnosZngsPSs is a good approximation to a 2D system. Whether the bifurcation behaviour
depends on Zn content cannot be established with the resolution of the SQUID. Neutron
scattering experiments in high fields may be necessary.

H,; at low T still has the positive temperature dependence observed earlier, but the
maximum is reached at a relatively lower temperature. This is because the dilution reduces
the correlation length, resulting in the earlier onset of critical fluctuations. This also helps
to explain the breadth of the critical region.

Of great interest is the very presence of order foroW#EngsPS. The critical
concentration for site dilution in a honeycomb lattice with nearest-neighbour interactions is
pe(s) = 0.7 [20]. Thus if Mn.Zn;_,PS were describable by a nearest-neighbour exchange
only, it should not order fox = 0.5. Reference [20] shows that for 3nn interactions, where
J1 = Jo = J3, p.(s) = 0.3. Our results show order gt = x = 0.5 and none ak = 0.3.

This suggests thaf, and J3 are significant but, as expected, weaker thian This also
agrees with the small reduction Ty at Hy in the pure material—nnn and 3nn interactions
may well act to maintain the ordering.

Our figure of Ty = 54 K for x = 0.8 agrees very well with [8], which reports the same
value from using a Faraday balance. That the continuance of order f010.7 has not
been noted in [8] is understandable, as the lowest temperature explored is 30 K. Also, a
large paramagnetic signal appears at high dilution.

5. The 3D phase diagram

These results can be collected into a temperature/applied-fig)éd{lution magnetic phase
diagram for MRZn,_,PS (figure 7). Here, the enclosed region is the antiferromagnetic
region. Above the top surface is the spin-flop phase, and climbing to large erfdugh
would bring about a high-order phase transition to a paramagnetic aligned state. Coming
out of the page, the system enters into a disordered paramagnetic state due to increasing
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/

Figure 7. The temperature/applied-field/(= H.)/dilution phase diagram for MiZn;_,PSs.

temperature, while to the right it enters paramagnetism due to lack of magnetic atoms.
The shape of th&y versusx curve for low field is projected onto thEy—x plane. Ty
obeys a linear decrease withuntil approximatelyx = 0.7 (the nn percolation threshold)
is reached and then proceeds to accelerate towards zero, reaching it for between 50 and
70% Zn.
According to [13] the SF and AF/P boundaries in figures 4 and 6 can be fitted to

Tv(H) H2\"
Ty©0) (l - H@-) ©

where the term on the right-hand side is a measure of the effective anisotropy. These fits
were performed, varying only, and using the maximum value &f;;. The fits forx =1

andx = 0.5 can be seen as the full lines in figures 4 and 6 respectively. xFer 1,

0.8 and 0.5 was found to be 0, 0.03 and 0.05 respectively, and so gives a measure of
the broadening of the critical region away from a logarithmic dependénce 0) of Ty

on the effective anisotropy. Allowing for the temperature dependendé;afthe fits are
acceptable, again demonstrating the 2D nature of Mip_,PS;.

6. Conclusions

We have constructed thE/H,/x phase diagram for MiZn;_,PS. From this work, we
conclude that MnP$is a good approximation to a 2D Heisenberg antiferromagnet with
small Ising-like anisotropy.

The soliton theory put forward in [1, 13] appears useful in describing the spin-flop
transition, although it breaks down in the critical region, probably due to a field dependence
in g~1. Furthermore, the spin-flop phase is a true LRO state, although this is to be explored
further.

Also, care must be taken when analysing results, as a nearest-neighbour model does not
appear to be sufficient. Interactions up to 3nn at least appear to be important in dealing
with the magnetic properties.
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