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Abstract

Nanostructured NiS was prepared by inclusion into anodic alumina templates. The resultant
particles were found to be stoichiometric and highly crystalline. The particles displayed small

particle superparamagnetism, and a low temperature (at 48 K (7)) spin-freezing phenomenon
(a spin-glass) and higher temperature (170 K) thermal blocking of small particle magnetic
moment fluctuations were both observed for the first time for a sulfide material. Very unusually,
these NiS materials are quite distinct from antiferromagnetic nanoparticulate sulfide materials,
as they display a high temperature ferromagnetic-like phase. The saturation magnetization, the

remanent magnetization, the coercivity and the ferromagnetic mass susceptibility were
measured as 0.58 emu g~' (at 100 K), 0.19 emu g~!, 219.5 Oe (at 170 K) and

~900 x 107% emu Oe~! g~ ! respectively and these are consistent with a moderately strong
ferromagnetism. The materials had an unexpectedly high Curie temperature of 390 K. The
decrease of the saturation magnetization value at 30 K suggests that the ferromagnetic response
is a surface phenomenon and the high coercivity of the paramagnetic component well above T,

suggests that the core can be described as superparamagnetic.

1. Introduction

In this paper we report unusual magnetic properties of NiS
nanoparticles and suggest that NiS may have technological
importance as a ferromagnetic semiconductor. Metal
sulfides can have considerable advantages compared to
metals and oxides, combining mechanical and thermal
robustness with additional chemical stability particularly in
hydrothermal conditions and, therefore, can be easier to
prepare in non-aggregated nanoparticulate form. Many of
the metal sulfides show interesting electrical and magnetic
properties (essentially because of broad sulfur bands) with
a wide range of semiconducting and metallic compounds
known [1]. The magnetic properties of the spinel ferrimagnetic
semiconductors [2] and mineral phases such as pyrrhotite [3]
have attracted interest for device technologies. EuS is a low
temperature ferromagnetic sulfide that has attracted interest
as a possible spin filter [4]. However, apart from the few
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established sulfide ferrimagnetics [1] the sulfides only show
interesting magnetic properties at very low temperatures where
spin-glass and blocking effects could be important and where
the dynamic nature of these phenomena would, by necessity,
lead to irreproducibility in performance [5]. One means of
evolving a new class of useful sulfide magnetic materials
is to use size control to generate superparamagnetism and
ferromagnetism in classically antiferromagnetic materials [6].
This is common for metallic and oxide systems but has only
been sparingly applied for sulfide systems, particularly so for
non-ferrous systems where bacteria-mediated synthesis has
been used [7].

Recently, we observed an unusual low temperature
blocking effect in MnS nanoparticles [8]. Here, for
the first time we report a nanoscale sulfide system that
demonstrates high temperature ferromagnetism together with
low temperature superparamagnetism and associated blocking
and spin-glass effects. The ferromagnetism is of moderate
strength such that lightly ground NiS loaded membranes

© 2010 IOP Publishing Ltd  Printed in the UK
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Figure 1. (A) XRD data from the NiS filled AAO templates. (B) and (C) Ni 2p and S 3s photoelectron spectra from the NiS—AAO.

were strongly attracted to a magnet. Ferromagnetism
is unexpected as bulk «-NiS material is known to have
a low temperature antiferromagnetic semiconductor to a
paramagnetic metallic phase transition at 263 K [9]. Recent
studies of nanoparticulate «-NiS suggest strong size effects
and paramagnetic behaviour [10]. A very weak ferromagnetic
behaviour was also observed (saturation magnetization of
1.2 x 107* emu g’l [10]) and the data are consistent with
superparamagnetism.

2. Experimental details

Aggregated nanoparticles of «-NiS were formed in the AAO
pores by inclusion and subsequent decomposition of a novel
nickel ethyl xanthate single source precursor within an anodic
alumina (AAO) membrane template (Whatman International
Ltd, Anodisc, nominal pore diameter = 0.2 um). The xanthate
precursor (nickel ethylxanthate (Ni[(S,COEt),]TMEDA) was
synthesized as manganese precursor described earlier [8]). The
precursor was decomposed in supercritical CO, at 450 °C,
at 4000 psi for 90 min within a steel cell containing
the AAO membrane [11]. The recovered membrane was
washed and polished to remove surface materials. The
sulfide formed has an apparent stoichiometry of NiS as
indicated by x-ray fluorescence spectroscopy (XRF, Siemens
SX Pico) and energy dispersive x-ray analysis (EDAX, Oxford
Instruments INCA). Thermal analysis during decomposition of
the precursor also indicated the formation of stoichiometric

NiS. Besides Ni, S, Al, O no other peaks were visible in
EDAX or XRF indicating contamination of the sample was
negligible. Stoichiometry, chemical composition and structure
were further confirmed by powder x-ray diffraction (XRD,
PANalytical MRD) and x-ray photoelectron spectroscopy
(XPS, Vacuum Science Workshop). Transmission electron
microscopy data were collected on a JEOL JEM-200FX
operating at 200 kV. Magnetization measurements were
performed using a commercial SQUID (superconductor
quantum interference device) magnetometer (MPMS XL,
Quantum Design).

3. Results

Figure 1(A) shows a typical diffractogram that can be readily
indexed to the hexagonal structure of «-NiS. (JCPDS, No. 02-
1280). Two minor features (*) can be indexed to the (300)
and (131) planes of rthombohedral millerite 8-NiS (JCPDS,
No. 86-2280). No peaks from impurities such as Ni, NiO,
and non-stoichiometric nickel sulfide phases were detected.
Least squares analysis of the diffraction pattern indicates
unit cell parameters of a9 = by = 0.3415 and ¢y =
0.5351 nm. The measured cell parameters are consistent with
stoichiometric «-NiS as the ¢( value is particularly sensitive to
non-stoichiometry [12]. Ni 2p3/2 and S 3s XPS features are
shown in figures 1(B) and (C). The peak area analysis gives a
Ni:S atomic ratio of 1.0 (£0.025) consistent with XRD data.
The shape and position (855.3 eV) of the Ni 2p peaks are
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Figure 2. TEM images of typical NiS nanostructures obtained from the SCF method.
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Figure 3. ® Zero-field-cooled (ZFC) and m field-cooled (FC)
magnetic moment versus temperature plots for a NiS-AAO sample at
an external magnetic field of 500 Oe. The inset is a magnification of
the moment measured in ZFC conditions.

entirely consistent with «-NiS as are the S 3s (230.9 eV) and
S 2p (161.5 eV) features [13].

TEM images reveal the nanoparticulate nature of the
templated included material. Figure 2(A) shows an image of
NiS nanowire-like moieties released by oxide dissolution of
the alumina. Figure 2(B) shows the central part of a nanowire.
The wires are made up of nanoparticles around 20-25 nm in
diameter. XRD would suggest a larger particle size but this
is because quite dense NiS is formed as a uniform thickness
coating (~25 nm) at the pore wall.

Temperature dependencies of magnetization of the -
NiS filled membranes as measured at H = 500 Oe are
shown in figure 3 for zero-field-cooled (ZFC) and field-cooled
(FC) conditions. These curves show temperature dependence
atypical of either a simple paramagnetic or antiferromagnetic
material and are strongly reminiscent of data collected for
NiO nanoparticles [14] except for the presence of a strong
ferromagnetic-like component with high Curie temperature
(Tc). At around 300 K bifurcation of the Mzgc and Mpc
curves can be observed. The separation of the curves may

reflect low temperature blocking effects [15] (see below) or
strong interparticle interactions that lead to an interaction
field effect greater than the applied field [16]. Interparticle
interactions do play an important role in this system because if
the alumina is dissolved in KOH to leave a only a distribution
of small particles, the magnetic effects seen for the membrane
sample were much reduced. The magnetization present at
300 K indicates a permanent magnetic moment. At lower
temperatures the Mzrc and Mgc curves are not reflective of
simple paramagnetism or superparamagnetism. In particular,
on the Myzgrc curve two distinct maxima can be observed at
T, = 48 K (a well-resolved peak) and at 7, = 170 K
(a broad and weak maximum). The feature at 7} can be
better resolved on the background subtracted data (figure 3,
inset). In NiO these features have been explained in terms
of a low temperature spin-freezing phenomenon (a spin-glass)
and a higher temperature feature which represents thermal
blocking of small particle magnetic moment fluctuations and
can be described by classic Néel superparamagnetism [17].
The broadness of the 170 K feature is probably associated
with the distribution of particle sizes (which can also be
seen in the TEM images) within the sample (resulting in
an anisotropic distribution of activation energies) and the
relatively high blocking temperature (7;) is related to strong
interparticle interactions [18]. Modelling of amorphous metal
alloy nanoparticles (systems where these effects were first
observed) [15] suggest that the blocking is associated with the
particle core whilst the spin-freezing is related to a shell of
surface spins [15, 19, 20]. The freezing of spin-states is also
associated with a plateau region of Mgc curves [16, 21-23]
and this can be clearly seen in figure 3. Bulk NiS is an
antiferromagnetic material and, by analogy with NiO, one
might expect similar behaviour. To our knowledge this is the
first time the combination of spin-glass and core blocking have
been observed in a sulfide material.

What differentiates the NiS from the NiO and other
bulk antiferromagnetic nanoparticulate sulfide materials is
the presence of a high temperature ferromagnetic-like phase.
This is explored further in M versus H data shown at
several temperatures in figure 4. No magnetization saturation
has been observed in magnetic fields up to 6 kOe in
the whole temperature range indicating the presence of a
paramagnetic component. At all recorded temperatures the
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Figure 4. Magnetic hysteresis loops of NiS loaded AAO membrane at (A) 10, (B) 30, (C) 70 and (D) 170 K.
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Figure 5. (A) Paramagnetic susceptibility versus reciprocal temperature. (B) and (C) plots of coercivity and saturation magnetization
(emu g~') versus temperature respectively. Lines in A and B are guides for the eye. The line in the inset to (C) is a fit to data (see text).

curve reflects a mixture of linear paramagnetic-like and
hysteretic ferromagnetic-like contributions (above 70 K).
The ferromagnetic component displays hysteresis which

is symmetrical about zero field.
ferromagnetic components can be separated by subtraction of
a linear component from slopes at relatively high field. Thus, a

The paramagnetic and
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paramagnetic mass susceptibility measured at high field (xyr)
and a saturation magnetization (Ms) can be derived. xyr plots
versus reciprocal temperature (figure 5(A)) are consistent with
the Curie law proving paramagnetism in these particles. The
value of xpr at 10K, 118 x 107% emu Oe ™! g~! is significantly
larger than reported in other NiS nanoparticles (about 0.1 X
1076 [10], 30 x 107° [24], 50 x 107 [25] emu Oe~! g~ 1).

The well-defined hysteresis in the M—-H curves is
present at all temperatures up to 170 K and shows no
shifts or irregularities through the temperature range studied
indicating the absence of exchange bias effects [26]. The
lack of any detectable exchange bias effect suggests that
the majority of the sample is not antiferromagnetic and the
particles are below the superparamagnetic size limit [15, 16].
Derived coercivity values (H.) and saturation magnetization
versus temperature are plotted in figure 5(B) and (C). The
observed saturation, the remanent magnetization (M; =
0.19 emu g !), the relatively large value of H. even at T;
(H. at 170 K = 219.5 Oe), the invariance of Mg with
temperature and a value of ferromagnetic mass susceptibility
(~900 x 107% emu Oe~! g~ ') all suggest that the particles are
ferromagnetic. Plots of Mg versus temperature (figure 5(C))
show a decrease in Mg below 30 K that can be associated with
the spin-glass transition and implies that the ferromagnetism
is a surface effect. Fitting of the data from 30 to 170 K
with a Brillouin function (S = 1) suggests a 7, around
390 K (figure 5(C)). We note that this fit is based on only
a few points and should be viewed as an estimate only
with a possible error of around 475 K. However, this
is substantially higher than might be expected (see below).
The marked increase in H. below 170 K is consistent
with the observed blocking temperature, since below T;, the
paramagnetic particles are constrained from alignment in the
field. Plotting H. versus 1/T (figure 5(B) inset) allows
determination of the high temperature limit of the coercivity
(=190 Oe) and this indicates the paramagnetic contribution to
the coercivity at 170 K (7p) is 29 Oe and this is consistent
with the assignment of a superparamagnetic contribution as
H. and H, should decrease to zero above the blocking
temperature [6].

4. Discussion

Room temperature ferro/ferrimagnetism combined with super-
paramagnetism in nanoparticles has been observed in, e.g.,
Pd [27], Ge [28] and NiO [12] amongst others. Very weak
low temperature ferromagnetism/paramagnetism has been ob-
served in a-NiS platelets [10] and B-NiS tubes [25] but block-
ing and spin trapping have not been reported. There has been
one report of moderate ferromagnetism in «-NiS nanoparticles
with a M, value of 0.11 emu g~' (low temperatures were not
investigated) but the sulfide was produced in strongly reducing
conditions and the presence of additional peaks in XRD pro-
files suggests that the presence of non-stoichiometric or metal
phases can not be ruled out. It is generally accepted that spin-
glass (surface shell) combined with blocking effects (core) can
be explained by a core—shell particle model. The decrease of
the My value at 30 K suggests that the ferromagnetic response

is a surface phenomenon and the high coercivity of the para-
magnetic component well above Ty, suggests the core can be
described as superparamagnetic. This is qualitatively similar
to the work reported on Pd nanoparticles [27] and indeed H.,
M;, Ms and the susceptibility of the ferromagnetism reported
here is quite close to the Pd values.

The origin of magnetism in these materials is still
poorly understood. Bulk NiS does exhibit paramagnetism
in the bulk and above a transition temperature it changes
from a antiferromagnetic semiconductor into paramagnetic
metallic state [29]. The phase transition temperature (7;)
is reduced by pressure and nickel deficiency [10] but the
presence of blocking and spin effects would suggest that
the paramagnetism observed here is properly described as
superparamagnetism arising from uncompensated spins in
small particles. Note that all the magnetic data were collected
below the 7; (263 K) of stoichiometric «-NiS. The surface
ferromagnetism is less easily described and may originate from
surface atom coordination changes, band structure or lattice
changes. The band structure of NiS is not well understood
but is clear that lowest unoccupied bands and highest filled
bands are in close proximity [30] and evidence for Ni 3d—
S 2p hybridization has been reported [31]. Surfaces changes in
this band structure might allow uncompensated surface spins
to develop. Of course, these are relatively large particles and
one might expect surface effects to be small. However the
system is complex and surface effects may originate from (A)
interparticle spacing and related effects or (2) although the ratio
of surface atoms to bulk atoms is relatively small it is probably
better to think about surface unit cells and bulk unit cells, and
this ratio is much larger.

In conclusion, evidence for unusual magnetism in NiS
particles is given. Whilst of scientific interest it may also be of
significant technological importance because of the possibility
of creating room temperature magnetic semiconductors for use
in spintronics applications [32].
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