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ABSTRACT: The presented work shows a synthesis route to
obtain nanoparticles of the hexagonal α-NiS phase and core−shell
particles where the same material is grown onto previously prepared
Au seeds. In the bulk, this nickel sulfide phase is known to exhibit a
metal−insulator type phase transition (MIT) at 265 K which
drastically alters its electrical conductivity. Since the produced
nanoparticles show a localized surface plasmon resonance (LSPR) in
the visible range of the electromagnetic spectrum, the development
of their optical properties depending on the temperature is
investigated. This is the first time an LSPR of colloidal nanoparticles
is monitored regarding such a transition. The results of UV−vis
absorbance measurements show that the LSPR of the particles can
be strongly and reversibly tuned by varying the temperature. It can
be switched off by cooling the nanoparticles and switched on again by reheating them above the transition temperature. Additional
to the phase transition, the temperature-dependent magnetic susceptibility of α-NiS and Au-NiS nanoparticles suggests the presence
of different amounts of uncompensated magnetic moments in these compounds that possibly affect the optical properties and may
cause the observed quantitative differences in the LSPR response of these materials.

■ INTRODUCTION

At room temperature, α-NiS (Ni1−xS) is a metastable metallic
nickel sulfide phase crystallizing in the hexagonal NiAs
structure.1 By cooling the material to temperatures below
260−270 K, a reversible first-order phase transition can be
triggered.1 Along with this transition, the electrical con-
ductivity of the sample is drastically reduced (the specific
resistivity changes from about 10−5 to 10−3 Ω cm), and the
magnetism of the bulk material changes from paramagnetic to
antiferromagnetic, whereas the structure of the hexagonal
system is only slightly altered.2 The a and c lattice parameters
are increasing by 0.3 and 1%, respectively, while the volume of
the unit cell increases by 1.3%.1,3 In contrast to most other
metal−insulator transition materials (e.g., Ti2O3, V2O3, and
VO2),

4 the low-temperature phase of α-NiS is not an electrical
insulator or semiconductor but a poorly conducting metal
instead.2 Since the high-temperature phase is a well-conducting
metal, nanoparticles of this material should show a localized
surface plasmon resonance (LSPR). This has already been
shown for different metallic nickel sulfide phases such as Ni3S2
and Ni3S4.

5 It is therefore interesting to investigate the LSPR
of α-NiS nanoparticles and its dependence on the temperature.
In this work, a synthesis to produce α-NiS as well as Au-α-NiS

(Au-NiS) core−shell nanoparticles is developed and the

obtained particles are characterized in colloidal solution

using temperature-dependent optical spectroscopy. In the

case of α-NiS, only optical reflectivity measurements on the

bulk material have been conducted so far.6 To the best of the

authors’ knowledge, an optical investigation of an LSPR in the

visible regime of the electromagnetic spectrum in combination

with a metal−insulator type transition or an analysis of a

plasmonic material showing such a transition in colloidal

solution has not been reported yet. The only other studies of

this type, which were conducted very recently, were working

with films of VO2 particles with diameters larger than 70 nm,

showing infrared LSPR signals.7−9
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■ METHODS

Materials. Hydrogen tetrachloroaurate trihydrate (HAuCl4·
3H2O, 99.99%) and nickel chloride hexahydrate (NiCl2·6H2O,
99.9%) were obtained from abcr. Borane tert-butylamine
complex (BBA, 97%), methanol (MeOH, 99.9%), and 1,2,3,4-
tetrahydronaphthalene (97%) were obtained from Alfa Aesar.
Acetone (99.7%), chloroform (99.8%), eicosane (99.5%),
ethanol (EtOH, >98%), hydrochloric acid (HCl, 37%), nitric
acid (HNO3, 69%), 1-octadecene (ODE, 90%), oleylamine
(OLAm, 70%), thiobenzoic acid (TBA, 90%), and toluene
(99.7%) were obtained from Sigma-Aldrich. Sodium carbonate
(Na2CO3, 98%) was purchased from VWR Chemicals.
Synthesis of Nickel Thiobenzoate (NiTB2). The syn-

thesis of NiTB2 was done according to a previous study.10

Briefly, Na2CO3 (1.06 g) was dissolved in distilled water (20
mL) before TBA (2.35 mL) was added to the solution, which
turned yellow and was stirred for 30 min afterward. Then
NiCl2·6H2O (2.38 g) dissolved in distilled water (20 mL) was
added to the reaction mixture, which was subsequently stirred
for 60 additional min. The dark red product was precipitated
by centrifugation (1 min, 3773g) and washed several times
with distilled water and EtOH before it was dried under
vacuum and finally stored under inert conditions.
Synthesis of α-NiS Nanoparticles. The synthesis was

adapted and modified from a known procedure.11 NiTB2 (82
mg) was dissolved in OLAm (0.8 mL) by stirring at 40 °C for
2 h. The resulting solution was then injected into OLAm (4
mL), which was previously degassed under vacuum for 2 h at
100 °C, at 200 °C under an Ar flow. After 1 min of reaction
time, the mixture was cooled down and toluene (5 mL) was
injected. The nanoparticles were precipitated once via the
addition of MeOH (5 mL) and subsequent centrifugation (10
min, 3773g). They were then redispersed and stored in toluene
(8 mL). The whole process was conducted under inert
conditions.
Synthesis of Small Au Nanocrystals (AuNCs). The

synthesis of small quasi-spherical gold nanocrystals was carried
out via the reduction of tetrachloroaurate in the presence of
OLAm.12 HAuCl4·3H2O (0.2 g) was dissolved in a mixture of
1,2,3,4-tetrahydronaphthalene (10 mL) and OLAm (10 mL).
The solution was cooled to 0 °C. A freshly prepared solution of
BBA (87 mg) in 1,2,3,4-tetrahydronaphthalene (1 mL) and
OLAm (1 mL) was injected into the reaction mixture. The
solution was stirred for two additional hours. Afterward, the
AuNCs were precipitated by the addition of acetone (≈ 140
mL), centrifuged (5 min, 5000g), and dispersed in toluene.
This cleaning step was repeated. Finally, the product was
redispersed and stored in toluene. The average diameter of the
AuNCs in the obtained highly monodisperse samples varies
from batch to batch and usually lies between 4 and 6 nm.
Smaller AuNCs can be produced using increased reaction
temperatures (e.g., 40 °C for diameters <3 nm).
Synthesis of Large AuNCs (>6 nm). For the preparation

of larger AuNCs, a seed-mediated growth approach was used
and modified.13 For the synthesis of 10 nm gold nanocrystals, a
solution of previously prepared AuNCs (≈ 6 nm diameter, 30
mg) was dispersed in a solution of HAuCl4·3H2O (100 mg) in
ODE (10 mL) and OLAm (10 mL). The temperature was
increased to 80 °C within 10 min and was held for an
additional two hours. The product was precipitated by the
addition of acetone, centrifuged (5 min, 5000g), and dispersed
in toluene. This solution was used for a consecutive second

growing step in HAuCl4·3H2O (320 mg) in ODE (27 mL) and
OLAm (27 mL). After cleaning via precipitation with acetone
and centrifugation (5 min, 5000g), the particles were collected
in toluene. For the preparation of AuNCs with different
diameters, the amount of gold precursor and/or the number of
growing steps can be varied.

Synthesis of Au-NiS Core−Shell Particles (Exemplary
Amounts for 6.1 nm Cores with a 4.6 nm Shell). The
solvent of the AuNC dispersion (600 μL, particle concen-
tration: 6.8 × 10−7 mol/L) was evaporated, the nanoparticles
were redispersed in toluene (100 μL) and OLAm (0.5 mL),
and the resulting solution was transferred into a syringe.
Meanwhile, NiTB2 (15 mg) was dissolved in OLAm (250 μL)
by stirring at 40 °C for 2 h. This mixture was filled into a
second syringe. Then, the content of the first syringe was
injected into OLAm (4 mL), which was previously degassed
under vacuum for 2 h at 100 °C, at 150 °C under an Ar flow.
Subsequently, the solution inside the second syringe was added
to the reaction mixture in a dropwise manner. After 1 min of
further reaction time, the solution was cooled down and
toluene (5 mL) was added. The product was precipitated via
the addition of MeOH (5 mL) and centrifugation (10 min,
3773g) and finally redispersed and kept in toluene (8 mL). All
steps during the synthesis were done under inert conditions.
The thickness of the shell can be tuned by varying the amount
of the seed particles or the NiTB2 depending on the diameter
of the chosen core nanocrystals.

Electron Microscopy. Transmission electron microscopy
(TEM) measurements were conducted using a FEI Tecnai G2
F20 employing a field emission gun operated at 200 kV. The
nanoparticles were cleaned by precipitation with methanol and
redispersion in chloroform. The resulting solution was then
drop-casted onto carbon-coated copper grids (300 mesh) by
Quantifoil.

Elemental Analysis. The gold and nickel mass concen-
trations of the particle dispersions were determined via atomic
absorption spectroscopy (AAS) using a Varian AA 140
spectrometer. Aliquots of the stable dispersions were taken,
the solvent was evaporated, and the resulting residue was
dissolved in aqua regia. The resulting solution was diluted with
deionized water, and the atomic absorption was measured and
related to the values of separately prepared calibration
solutions with known Au or Ni mass concentrations. In the
case of the Au-NiS nanoparticles, only the Ni mass
concentration was used since the presence of Ni disturbs the
measurement of Au with this device.

Optical Spectroscopy. For the acquisition of optical
absorbance spectra, a Cary 5000 UV−vis/NIR spectropho-
tometer by Agilent Technologies was used in transmission
mode. The sample dispersions were diluted with additional
toluene and measured in high-performance quartz glass
cuvettes with a path length of 1 cm by Hellma Analytics. In
the case of the low-temperature measurements, a cryostat
OptistatCF by Oxford Instruments was mounted into the
device to enable the necessary temperature control via cooling
with liquid nitrogen. After reaching each measurement
temperature, a waiting time of 10 min was implemented in
order to obtain a stable temperature in the cuvette. The
dispersions were kept under an inert atmosphere during the
whole process.

SQUID Magnetometry. Solid-state magnetic susceptibility
measurements on polycrystalline powders of α-NiS and Au-
NiS nanoparticles were performed on a Cryogenic Ltd. closed-
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cycle SQUID magnetometer at temperatures between T = 4
and 300 K with external magnetic fields of Hext = 1 and 5 kOe.
The measurements were executed with a field warming
sequence starting at T = 4 K after zero-field or field cooling
to the base temperature. Additional isothermal magnetization
measurements on both compounds with external magnetic
fields up to Hext = 70 kOe were also executed at selected
temperatures. The samples were prepared in gelatin capsules
(size 4) by Plano. Before and after the addition of the sample a
droplet of Eicosan (∼10 mg each) was filled into the capsules
to prevent movement or orientation of the material in the
magnetic field. The particle synthesis had to be scaled up
drastically (×7 and ×10 for the α-NiS and Au-NiS synthesis,
respectively) in order to produce enough material for the
measurements. To remove the organic ligands, the obtained
nanoparticle dispersions were washed once by precipitating
them with methanol and afterward redispersed in chloroform.
The resulting solution was then added dropwise into the
capsule, while the chloroform evaporated over time and was
therefore removed from the sample. In this way, amounts of
21.9 and 18.6 mg of the α-NiS and Au-NiS sample could be
deposited in the capsules, respectively. The Au-NiS sample
contained approximately 17.3 mg of α-NiS and 1.3 mg of Au
according to a combined AAS and TEM analysis. The
diamagnetic background signal of a gelatin capsule including
a droplet Eicosan (19.0 mg) and mounted in a straw was
experimentally determined (χ0 = −3.10 × 10−8 emu G−1) and
subtracted from the raw magnetization data. The experimental
data were further corrected for the overall diamagnetism of the
investigated molecules using an approximation for this
contribution, i.e., χD = −0.5M × 10−6 cm3 mol−1, with M
describing the (unitless) molar mass of the given molecule.14

X-ray Diffraction (XRD). XRD measurements were
performed with a Bruker D8 Advance device in reflection
mode. It was operated at 40 kV and 40 mA using Cu K-alpha
radiation. The sample preparation was done analogously to the
preparation for the TEM measurements. The nanoparticle
dispersions in chloroform were drop-casted onto single
crystalline silicon sample holders.

■ RESULTS AND DISCUSSION
Nickel sulfide nanoparticles were synthesized from a single-
source precursor (NiTB2) in an organic medium (oleylamine),
which also provided the surface ligands for the particles. Figure
1A shows an exemplary TEM overview image of the obtained
nanocrystals. They have a quasi-spherical shape, which tends to

be somewhat elongated in one axis due to the hexagonal crystal
structure of the nickel sulfide. The average diameter of the
particles is 16.8 nm ±1.8 nm, and the corresponding narrow
size distribution is displayed in Figure 1B. To confirm that the
correct nickel sulfide phase has been synthesized, XRD
measurements were conducted. The results are shown in
Figure 1C, and it is obvious that nanocrystals of the hexagonal
α-NiS phase have been obtained.
Previous studies have shown that other nickel sulfide

materials tend to easily grow onto gold seed particles to
form core−shell nanostructures.5,15 Since gold nanoparticles
shall be used as plasmonic reference material in this work and
these kinds of plasmonic core−shell structures tend to have
optical properties, which are dominated by the shell materi-
al,5,16 this was also tested in the case of α-NiS in order to
diversify the used materials. Gold nanocrystals (AuNCs) of
varying sizes were therefore synthesized. TEM overview images
and absorbance spectra of these can be found in Figure S1 of
the Supporting Information. Using the AuNCs as seed
material, a method to grow Au-NiS core−shell structures was
developed and resulted in the nanoparticles shown in Figure 2.
It can be seen that core−shell nanoparticles with narrow size-
distributions can be obtained for various different seed
diameters. The thickness of the α-NiS shell can be readily
controlled by changing the amount of NiTB2 used in the
synthesis. The XRD pattern in Figure 2E shows that both Au
and α-NiS are present in the respective sample of large core−
shell particles. In the case of the smaller nanoparticles, only Au
could be found in the XRD analysis due to its larger scattering
cross-section if any reflections could be detected at all. This is
due to the small size of the nanocrystals and in line with the
results of previous studies on nanoparticles of different nickel
sulfide phases.5,17 The results of these XRD measurements and
a general optical analysis of these samples can be found in
Figures S2 and S3 of the Supporting Information, respectively.
In order to investigate the temperature-dependent optical

properties of the successfully synthesized α-NiS nanostruc-
tures, UV−vis absorbance measurements of diluted samples in
toluene were conducted using a cryostat to cool the dispersions
down to 235 K, which is well below the transition temperature
of bulk α-NiS (265 K).2 Spectra at different temperatures
during the cooling and subsequent reheating of the samples are
shown in Figure 3. AuNCs were used as a plasmonic reference
material (Figure 3A,B). It can be observed that with decreasing
temperature, the absorbance of their LSPR maximum at 523
nm is rising, which is the expected outcome.18 Due to the

Figure 1. TEM overview image (A) of an exemplary sample of α-NiS nanoparticles and the corresponding size distribution (B). The average
diameter of the particles is 16.8 nm ±1.8 nm. (C) X-ray diffraction pattern of the same sample. The obtained crystal phase is hexagonal NiS (α-NiS,
PDF card no. 03-065-0395) with no observable impurities.
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smaller influence of lattice phonons at low temperatures (less
electron−phonon scattering), the damping of the plasmon is
weaker, which in turn leads to a more pronounced band in the
absorbance spectrum.18 This process is reversible, and the
original LSPR intensity is retained upon reheating the sample
to room temperature. In the case of Au-NiS core−shell
nanoparticles where the same AuNCs were used as seed
particles for the growth of a 4.5 nm α-NiS shell (Figure 3C,D),
the LSPR maximum is broader and hypsochromically shifted
compared to the pure AuNCs. This can be explained by the
fact that the plasmonic properties of the particles are
dominated by the shell material, whose LSPR maximum is

located further toward the UV regime as it is also the case for a
few other metallic nickel sulfide phases (cf., the spectra of pure
α-NiS in Figure 3E,F).5,15 Upon cooling the Au-NiS sample, a
similar behavior (i.e., a slight increase of the LSPR absorbance
with decreasing temperature) is observed until a temperature
below 250 K is reached. Then a sudden drop of absorbance at
short wavelengths and an increase at long wavelengths are
visible. This trend is also reversible upon reheating the
dispersion, but the reversal of the change below 250 K happens
here at higher temperatures. The 240 K spectrum is identical
to the one taken at 250 K during reheating (this hysteresis will
be investigated in Figure 4 in more detail). For pure α-NiS

Figure 2. TEM overview image of different Au-NiS core−shell nanoparticle samples (A−D). It can be seen that the synthesis works using different
core sizes and also that it is possible to tune the thickness of the α-NiS shell around the same Au cores (C and D). (E) XRD pattern of the sample
depicted in part A. Reflections of the large gold cores can be observed as well as reflections that are attributed to the nickel sulfide shell.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c08412
J. Phys. Chem. C 2021, 125, 26635−26644

26638

https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08412?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08412?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08412?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08412?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c08412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


particles of a similar diameter compared to the core−shell
structures (16.8 nm ±1.8 and 15.2 nm ±1.5 nm, respectively),
a different temperature dependence of the spectra is observed
(Figure 3E,F). At room temperature, the LSPR, which is very
similar to that of the Au-NiS particles, shows a broad
absorbance shoulder reaching into the UV regime. It drops
in intensity when the sample is cooled. Here, the change is a
lot larger than the usual temperature dependence of an LSPR,

which can be seen by comparing the spectra to the respective
ones of Au and Au-NiS nanocrystals. This trend continues
until temperatures below 250 K are reached and no further
change is observable. Yet, at these temperatures, the behavior
of the LSPR is similar to the one of the core−shell particles
since the pure nanoparticles also show a hysteresis where the
250 K spectrum during the reheating is identical to the 240 K
spectrum. Also, in this case, if the temperature is raised even

Figure 3. UV−vis absorbance spectra of (A,B) Au nanocrystals, diameter 6.1 nm ±0.6 nm; (C,D) Au-NiS core−shell particles, diameter 15.2 nm
±1.5 nm; and (E,F) α-NiS nanoparticles, diameter 16.8 nm ±1.8 nm at different temperatures. The panels on the left show the evolution of the
spectra while the samples are cooled down, while on the right, the absorbance during the reheating of the nanoparticle solutions is observed.
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further, the LSPR band is almost completely regained. It is
possible that waiting for a longer time and measuring again
would lead to a full recovery of the spectrum. Alternatively, it is
also possible that a small part of the sample precipitated during
the cooling and subsequent reheating processes, which each
took several hours, and was therefore permanently removed
from the optical path in the spectrometer resulting in the
reduced absorbance at 295 K. Either way, the optical density of
the pure α-NiS sample is apparently strongly and reversibly
tunable in this manner.
To shine further light on the development of the spectra at

lower temperatures, Figure 4 shows the absorbance of α-NiS
and Au-NiS particles (equivalent to the respective samples
displayed in Figure 3) at 400 and 1000 nm measured for a
larger number of temperatures. It is obvious that the optical
density (OD) of α-NiS at a wavelength of 400 nm drops
significantly faster at temperatures below 250 K than above
until a minimum is reached at about 240 K. The OD at 1000

nm also decreases at first, but once 242 K are reached it starts
to increase again slightly. This leads to the conclusion that the
phase transition of α-NiS starts at 250 K and is completed at
around 240 K. Since the metallic character of the material is
drastically reduced with the transition, the LSPR vanishes. If
the low-temperature phase of α-NiS, which can be
characterized as a very poorly conducting metal,2 still displays
an LSPR, it could theoretically be expected to appear deep in
the IR part of the electromagnetic spectrum between
wavelengths of 2000 and 10000 nm due to its low free charge
carrier density of 1020−1021/cm3.19 However, the investigation
of these wavelengths was unfortunately not possible with the
setup used in this work.
The determined temperature range for the transition could

be due to the size distribution of the particles or different
amounts of defects present in the particles (presumably due to
a small Ni deficit). Generally, the reason why the transition
temperature is slightly lower than in the bulk material (265 K)
is the larger amount of defects present in the nanocrystals,
which by their nature have a large surface-to-volume ratio
where surface atoms can be treated as defects too. According
to the literature, a transition temperature between 240 and 250
K would still correspond to a composition of Ni0.99S or an even
smaller Ni deficit.20 At both investigated wavelengths, the
change of the absorbance starts to turn back once a
temperature of 250 K is reached during the reheating of the
sample, which likely means the phase transition is being
reversed as well. The decrease in absorbance accompanying a
decreasing temperature above 250 K should therefore be
caused by something else (see the discussion of the magnetic
susceptibility measurements).
In the case of the Au-NiS core−shell particles, the

absorbance at 400 nm rises with decreasing temperature
until a temperature of 245 K is reached and it starts to drop.
Along with this change, the absorbance at 1000 nm starts to
increase. Both processes are only reversed once a temperature
of 250 K is reached during the reheating of the sample. Above
260 K, the optical densities at both wavelengths are completely
identical to the ones measured during the cooling of the
particle dispersion. The change is therefore 100% reversible.
Thus, it can be assumed that both particle types show a

phase transition at 240−250 K displaying a slight hysteresis
between the values determined by the cooling and reheating
steps of the experiment. The difference in the total decrease of
the LSPR signal compared to the pure α-NiS particles could
partly be explained by the remaining charge carrier density
provided by the gold cores of the Au-NiS core−shell
nanoparticles.
It has been shown for bulk α-NiS that the metal−insulator

transition at Tc ≈ 265 K is attended by a sharp magnetic phase
transition from an (itinerant-electron) antiferromagnet below
and a Pauli-paramagnetic metal above Tc, indicated by the
observation of a small and only slightly temperature-dependent
magnetic susceptibility in both regimes.20,21 Therefore, to
further characterize the physical and optical properties of the
different α-NiS systems, complementary magnetic suscepti-
bility measurements were conducted at temperatures between
T = 4 and 300 K with an external magnetic field of Hext = 1
kOe. The syntheses of the samples used for these magnetic
measurements were identical as for the samples used for the
optical spectroscopy (vide supra); however, the syntheses had
to be scaled up 7−10 times (for a full characterization of the
thusly obtained particles, see Figure S4 in the Supporting

Figure 4. Optical density (OD) of dispersions of pure α-NiS
nanoparticles (A) and Au-NiS core−shell particles (B) at 400 and
1000 nm during the cooling and reheating of the respective samples.
It can be seen that during cooling, the OD at 400 nm decreases
drastically in the case of the pure particles. The process seems to be
reversible and also shows a hysteresis. For the Au-NiS particles, this
hysteresis also exists but the OD does not drop (it increases instead)
until a temperature below 245 K is reached. In both cases, the OD at
1000 nm increases at lower temperatures while also displaying a
hysteresis. 235 K was the lowest achievable temperature with the used
setup limited by the used solvent toluene.
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Information). In contrast to the bulk α-NiS material, the
magnetic susceptibility of the α-NiS and Au-NiS nanoparticles
studied here revealed a Curie-like temperature dependence
(see Figure 5), suggesting that the magnetic susceptibility is

now predominantly related to a paramagnetic contribution.
This qualitative result, and in particular the collapse of the
antiferromagnetically long-range ordered state, is in accord
with similar measurements on other nanoscale α-NiS systems
where no antiferromagnetically long-range ordered state was
achieved, and predominant paramagnetic contributions to the
magnetic susceptibility were observed.22−24

However, it should be noted here that the measurement of
the magnetic susceptibility is an integral measurement of the
magnetization of a macroscopic sample, and hence, it cannot
be safely ruled out that for parts of the sample an
antiferromagnetically ordered state is also formed but super-
imposed by a larger and strongly temperature-dependent
paramagnetic contribution. Therefore, to further confirm the
presence of predominating paramagnetic contributions on the
magnetic susceptibility, supplementary isothermal magnet-
ization measurements on α-NiS were conducted at temper-
atures of T = 50, 235, and 300 K (cf. Figure S5 in the
Supporting Information), consistently exhibiting a decreasing
magnetic susceptibility (χ = ∂M/∂H) with increasing temper-
ature. Contrarily, for an antiferromagnetically long-range
ordered state (with external magnetic fields below the spin-
flip transition), an increasing ∂M/∂H progression with rising
temperature would be expected, while the Pauli spin-
susceptibility is temperature independent in first order.
For a qualitative discussion of the magnetic properties of the

α-NiS and Au-NiS nanoparticles, the temperature-dependent
effective magnetic moment (μeff) per Ni atom was determined
(using a simple Curie approximation with Teffμ χ∼ ) and
plotted in Figure 6. The displayed measurements were
conducted starting at T = 4 K with a field-warming sequence
after field or zero-field cooling to the base temperature,
respectively.
Both compounds show similar behavior. Compared with the

spin-only value of μeff = 2.83μB (which is expected for a single
ion S = 1, Ni(2+), 3d8 paramagnetic high-spin center), the

effective magnetic moment at T = 300 K of μeff ≈ 0.94μB per
Ni atom is considerably reduced, indicating that strong
antiferromagnetic (AF) correlations are still acting between
an unknown number of (paramagnetic) Ni centers. These AF
correlations are attributed to the strong AF (<90°) super-
exchange interaction along the c-axis of hexagonal α-NiS,
which was also discussed to explain the magnetic structure of
the antiferromagnetically long-range ordered state in the bulk
α-NiS material.2,21 Consistently, a declining effective magnetic
moment with decreasing temperature is observed for both
investigated compounds; however, the progression with
temperature is more pronounced for α-NiS, leading to a low-
temperature (T → 0) value for Au-NiS of ∼0.7μB and for α-
NiS of ∼0.5μB. Regarding the larger surface-to-volume ratio for
the Au-NiS nanoparticles, it can be speculated that
uncompensated magnetic (Ni) moments located in the
(surface) shell of the nanoparticles are the source of this
(temperature-independent) paramagnetic moment, while the
magnetic moments that are located deeper in the shell (or in
the core volume of pure α-NiS) exhibit stronger AF
correlations and do not contribute to the magnetic
susceptibility at low temperatures (T → 0).
Another difference between both investigated α-NiS systems

is visible in the field cooled (FC) and zero-field cooled (ZFC)
measurements. While for Au-NiS particles (that carry a gold
core), both curves are superimposed, the FC and ZFC curves
markedly differ for pure α-NiS below T ≈ 250 K, suggesting
the presence of uncompensated magnetic moments that are
located in the core volume of the α-NiS nanoparticles. To find
further experimental evidence, the magnetic susceptibility
measurements on α-NiS and Au-NiS particles were repeated
with a larger external magnetic field of Hext = 5 kOe. The
results are shown in Figure S6 in the Supporting Information
and revealed only a weak magnetic field dependence for the FC
and ZFC curves (i.e., μeff

FC − μeff
ZFC ≈ constant for Hext = 1 and 5

kOe), indicating that a magnetic field-induced spin canting
effect can be ruled out as the major source for the different FC
and ZFC behavior of α-NiS and Au-NiS. However, a spin
canting due to magnetic anisotropy25 and, alternatively,
interparticle interactions23 may also contribute to thermal

Figure 5. Molar magnetic susceptibility versus temperature of α-NiS
(gray symbols) and Au-NiS (yellow symbols) nanoparticles recorded
between T = 4 and 300 K with an external magnetic field of Hext = 1
kOe. The measurements were conducted with a field warming
sequence after zero-field cooling.

Figure 6. Effective magnetic moment (per Ni atom) versus
temperature of α-NiS and Au-NiS nanoparticles recorded between
T = 4 and 300 K with an external magnetic field of Hext = 1 kOe. The
measurements were conducted with a field warming sequence after
field cooling (FC, dark gray and dark yellow symbols) or zero-field
cooling (ZFC, gray and yellow symbols), respectively.
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hysteresis effects, but unfortunately a reliable conclusion
appears not yet possible based on the available data.
Finally, at low temperatures (T ≈ 10 K), a distinct maximum

of the temperature-dependent effective magnetic moment is
observed for both investigated materials, indicating that
ferromagnetic (FM) correlations become relevant at these
temperatures. Again, regarding the magnetic structure of
hexagonal bulk α-NiS, the increasing low-temperature
magnetic susceptibility can be attributed to the weak
ferromagnetic (nearly 90°) superexchange interaction along
the ab-plane of α-NiS (leading to the ferromagnetic alignment
of Ni atoms within the ab-plane of bulk α-NiS).2 Alternatively,
a similar “low-temperature anomaly” was also reported for the
magnetic susceptibility of other nanoscale α-NiS systems, and
spin-frustration (or a spin-glass phase) associated with
uncompensated magnetic moments located in the surface
shell of the nanoparticles23 and/or superparamagnetic blocking
behavior together with a considerable magnetic field
hysteresis23,24 were discussed. The isothermal magnetization
measurements of α-NiS and Au-NiS nanoparticles recorded at
T = 4 K are shown in Figure S7 in the Supporting Information,
revealing that for α-NiS a clearly resolved hysteresis is not
achieved. However, indications of a small FM contribution can
be anticipated and in particular also for the isothermal
magnetization at an elevated temperature of T = 300 K (cf.
Figure S5 in the Supporting Information). Together with a
considerable magnetic field dependence of the effective
magnetic moment of α-NiS (cf. Figure S6 in the Supporting
Information), this anticipated FM contribution is probably
associated with a small ferromagnetic impurity (presumably Ni
metal) and not with the α-NiS nanoparticles. For the Au-NiS
sample, the isothermal magnetization at T = 300 K exhibits the
expected (paramagnetic) linear M(H) progression (cf. Figure
S5 in the Supporting Information), while at T = 4 K a small
magnetic field hysteresis (with a low coercitivity field of ∼185
Oe) is found, which is in accord with similar measurements on
other nanoscale α-NiS systems.22−24

In conclusion, the magnetic susceptibility of the investigated
compounds revealed some similarities, i.e., (1) a Curie-like
magnetic susceptibility (suggesting the presence of uncompen-
sated magnetic moments in these materials), (2) the presence
of AF correlations that are observed over the full temperature
range, and (3) a low-temperature anomaly (at T ≈ 10 K) that
is attributed to weak FM correlations or spin-frustration. Some
differences are also obvious, i.e., (1) a marked discrepancy of
the field and zero-field cooled temperature-dependent
magnetic susceptibility, which is relevant only for the α-NiS
compound (suggesting that uncompensated magnetic mo-
ments in the core volume of the nanoparticles are involved),
(2) a larger value of the magnetic susceptibility in the low-
temperature limit (T → 0) for Au-NiS, indicating a larger
number of uncompensated magnetic moments located in the
surface shell of Au-NiS than for α-NiS nanoparticles, and (3) a
small magnetic field hysteresis that was observed for Au-NiS at
T = 4 K, while a clearly resolved hysteresis was not achieved at
the same temperature for α-NiS. Since the spectroscopic
measurements revealed a significant change of the optical
properties at characteristic temperatures between T = 240 and
250 K associated with a metal−insulator-like transition, the
investigation of the magnetic properties was insofar surprising
that the magnetic susceptibility revealed a paramagnetic regime
in first order without a distinct anomaly in the relevant
temperature range. However, assuming that the presence of

uncompensated magnetic moments, and in the case of α-NiS
presumably those that are located in the core volume of the
individual nanoparticles, also impairs the mobility of the free
charge carriers and therefore the intensity of the LSPR, it could
possibly explain the decline of the optical absorbance spectra of
the α-NiS particles above their (optical) transition temper-
ature.

■ CONCLUSIONS
Synthesis procedures to obtain monodisperse α-NiS and Au-
NiS core−shell nanoparticles, which show an LSPR in the
visible regime of the electromagnetic spectrum, were
developed. When the particles are cooled down to 240−250
K, a reversible change to the optical spectra, likely associated
with the phase transition of α-NiS, is triggered. In the case of
the pure nickel sulfide, there is an additional effect which,
according to the measurements of the magnetic susceptibility,
could be due to the presence of uncompensated magnetic
moments that are presumably located in the core volume of
the individual nanoparticles. Here, the observed change in
optical density is quite drastic making this an interesting
switchable material for various plasmonic applications (e.g.,
fluorescence enhancement applications or sensory applica-
tions). In the future, the temperature of the transition could be
raised (possibly even above room temperature) or decreased in
accordance with the specific demands of an application by
doping the α-NiS with other metals like iron or cobalt,
respectively.26
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