
INTRODUCTION

Transition metal Ni sulfides represented by NiS and
NiS2 are important materials to study physics of the
systems involving strong electron correlation, for
instance, the metal-insulator transition, the mechanism
responsible for which has been a subject of great inter-
est [1-3]. Rb2Ni3S4 dealt here is one of a series of lay-
ered ternary Ni sulfides A2Ni3S4 (A = K, Rb, Cs) [4],
having a substantially flat-bands immediately below the
Fermi Level [5]. The recent photoemission spec-
troscopy has revealed that Rb2Ni3S4 is a moderately cor-
related, strongly p-d hybridized system [6].

The crystal structure of this system was reported to
be a face centered-orthorhombic structure with the spa-
ce group Fmmm [7]. The characteristic feature is that Ni
ions constitute a Kagome lattice sandwiched by two S
honeycomb lattices so as to form stacked packages (fi-
gure 1) [8]. Each Ni ion is located at the center of the S4

squares, which link together to form six-membered
rings. Motivated by the interest in this crystal structure
for transition metal Ni sulfides, the present author's
group performed a study of magnetic and electronic
properties of Rb2Ni3S4. As a result, Ni2+ on the present
Kagome lattice was found to take a low-spin state being
non-magnetic. However, the specimens of single crystal
grown by the flux method was found to be very weak
ferromagnetic exclusively under washing off the flux
with water [5]. This finding is very interesting, because
layered structures of Alkali metal compounds can be
sensitive to intercalation. Superconductivity was recent-
ly discovered in NaxCoO2⋅n(H2O) [9], where the water

intercalation in the layered structure can play an impor-
tant role. In addition, a flat-band of the electronic state
on Kagome lattice has been known to be able to derive
ferromagnetism [10].

Therefore, it is important to investigate the influen-
ce of water on Rb2Ni3S4 for obtaining a comprehensive
understanding of the magnetic and electronic properties
of this layered Ni sulfide and to clarify the effect of
Co2+-doping on the host Rb2Ni3S4 for examining a flat-
band magnetism on real substances. In the present study
we attempted to derive ferromagnetism in Rb2Ni3S4

through both an immersion treatment of single crystals
and the local spin density approximation (LSDA) band
structure calculation on Co-filling control for Rb2Ni3S4.
The experimental results show that the water-immersion
enhances residual magnetic moments. The theoretical
results predict that one-third substitution of Co for Ni
demonstrates a half metallic ferromagnetism.

EXPERIMENTAL

Single crystals of Rb2Ni3S4 were grown by a flux
method starting from Rb2CO3 (99%), Ni (99%), and S
(99%), mixed in the ratio of 5:1:12 mole. The mixture
was put in an Al2O3 99.8% alumina crucible and heated
in a combustion tube with flowing argon gas. The fur-
nace was heated at 9°C/min to 850°C, held at this tem-
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perature for 3 hours and then cooled to room tempera-
ture by furnace cooling. In order to remove the flux, the
surface of the crystal was mechanically peeled off with-
out using water. In the present study, in order to know
the influence of water on specimens of Rb2Ni3S4, some
of obtained specimens were immersed into water for
different time, and then dried in vacuum for the same
time. The samples were in the shape of shiny thin foil
approximately 10×10×0.015 mm so as to reflect quasi-
two-dimensional layer crystals.

Specimens of Co-doped Rb2Ni3S4, that is, Rb2

(CoxNi1-x)3S4 (0 < x < 1), were also grown by a flux
method starting from Rb2CO3 (99%), Co (99%), Ni
(99%), and S (99%), mixed in the ratio of 5 : x : 1-x : 12
mole. Various range of x (0 < x < 1) was attempted for
preparation. Other details of preparation for Rb2

(CoxNi1-x)3S4, that is, temperature condition and so on,
were same to that for Rb2Ni3S4. In order to remove the
flux, the surface of the crystal was also mechanically
peeled off without using water. The samples were also
in the shape of shiny thin foil approximately 8×8×0.015
mm so as to reflect quasi-two-dimensional layer crys-
tals. The level of Co-substitution was estimated mag-
netically by fitting to 1/χ (T) plot, as described here-
after. This is because the amount of Co ion was small,
and therefore scanning electron microscopy (SEM) ana-
lysis, the resolution of which was approximately 1 % in
molar ratio of atomic existence, failed to obtain confi-
dent values of Co concentration. The obtained molar
ratio of Co ion to total Rb, Co, Ni, and S ions were typ-
ically less than 1 %.

X-ray diffraction patterns were taken at room tem-
perature with a Philips PW1700 diffractometer to con-
firm the identity of specimens. The monochromatized
X-ray source Cu Kα1 λ = 1.540     and Cu Kα2 λ =
= 1.544     was employed. In the measurements, a speci-
men in sheet was placed on a plane measuring stage.
Since scanning plane is perpendicular to a plane of
specimen, diffraction patterns of sheeted specimens
were limited to the reflections mainly from the Miller

planes perpendicular to the scanning plane. A calculated
pattern of X-ray diffraction for Rb2Ni3S4 was obtained
by applying the crystallographic data of Rb2Ni3S4, that
is, the space group Fmmm [7] and lattice constants
a = 9.901    , b = 13.606    , and c = 5.861    [7], to Crys-
talDiffract [11].

All magnetic measurements were performed using
a SQUID magnetometer (Quantum Design MPMS XL).
The magnetic susceptibilities were measured at 1000 G,
and the magnetizing processes as a function of external
field up to 7 T were measured at 2 K. In all measure-
ments, magnetic fields were applied parallel to the
b axis.

Resistivity measurements were performed at tem-
perature from 1.8 K to 773 K. Different sample holders
were used according to the temperature range. The spec-
imens were prepared in two ways for measuring the
resistivity perpendicular and parallel to the b axis of the
crystals. For the measurement parallel to the b axis, Au
was evaporated on each side of the (010) surface of the
specimen, and for the measurement perpendicular to the
b axis, Au was evaporated on the same side of the (010)
surface with an interval of approximately 1 mm. Ag
wires were fixed on the respective electrodes with Ag
paste.

The density of states (DOS) for Rb2CoNi2S4:
Rb2(CoxNi1-x)3S4 (x = 0.33), was calculated in terms of
the full-potential linearized augmented plane-wave
(FLAPW) method based on the local spin density
approximation (LSDA) by the present author (Usuda).
The reported lattice constants a = 9.901   , b = 13.606    ,
and c = 5.861    [7] were used in the calculation. There
is no literature on the atomic position parameters of Rb
and S atoms, but Cs2Ni3Se4 belongs to the same space
group as Rb2Ni3S4, and hence we evaluated their appro-
priate values from the data of Cs2Ni3Se4 [7] on the basis
of the similarity of the crystal lattice. The muffin-tin
radii of Rb, Co, Ni, and S were set to be 3.0, 2.3, 2.3, and
1.8 a.u., respectively. The Rb (4p)6(5s)1, Co (3d)7(4s)2,
Ni (3d)8(4s)2, and S (3s)2(3p)4 electrons were treated as
valence electrons. In these calculations, 365 k points
were used in the irreducible Brillouin zone, which cor-
respond to 2048 k points in the first Brillouin zone.

RESULTS AND DISCUSSION

The crystal qualities of the specimens prepared
were examined by X-ray diffraction. The sample
dependence of X-ray diffraction patterns is shown in
figure 2. Diffraction from the planes perpendicular to
the b axis was mainly observed. Since the diffraction
peaks assigned to (131), (262), and (191) were observed
in the figure owing to their strong intensity, a small
amount of misaligned crystallites may be involved.
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Figure 1.  Stacked package of Rb2Ni3S4. Ni ions constitute a
Kagome lattice layer which is perpendicular to the b axis.



As shown in figure 2, the diffraction angles of all
samples agree well with each other, and no significant
lines indicating the presence of an impurity phase was
found in either. Thus, the water cannot play a significant
role in modifying the crystal structure or producing con-
taminations. However, the diffraction line width in dif-
fraction profiles becomes broader depending on the pro-
longed immersion. For example, the full-width in half-
maxima (FWHM) in (020) reflection, which appeared
around 2θ = 12.98° in figure 2, was evaluated to
∆2θ = 0.09°, 0.18°, and 0.31°, with respect to specimen
without water, immersed for 5 hours, and immersed for
10 hours, respectively. Thus, it is suspected that water
molecules intercalate into the interstitial between
stacked packages and partially disturb the lattice com-
mensurability.

Experimental results of the immersion dependence
of the magnetic properties in Rb2Ni3S4 are shown in fi-
gures 3 and 4. In figure 4, the magnitude of magnetiza-
tion of the sample immersed into water for 300 minutes
is divided by 10 for the purpose of illustrative view.

As shown in figure 3, the magnetic susceptibility
increases with decreasing temperature, and the magni-
tude of the magnetization develops with increasing

immersion time. As shown in figure 4, the residual mag-
netic moments, which are very small (on the order of
about 1/100 to 1/1000 in comparison with the moment
2.28 µB of Ni2+ with S = 1 spin), and the magnetic hys-
teresis are observed for the samples immersed into
water.

Water-induced and Co-filling control induced ferromagnetism in Rb2Ni3S4
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Figure 2.  X-ray diffraction patterns of prepared specimens of
Rb2Ni3S4. The patterns of calculation, a specimen without
water, a specimen immersed into water for 5 hours, and a speci-
men immersed for 10 hours are represented in the lowest panel,
second lower, third lower, and the upper, respectively.

Figure 3.  The plots of magnetization vs. temperature. Sample
dependence of magnetization at 1000 G. The temperature
dependence of magnetization for samples immersed into water
for varying time is shown.

Figure 4.  The plots of magnetization vs. magnetic field. Samp-
le dependence of magnetization at 2 K. M vs. H curves for the
samples immersed into water for various hours are represented.
The magnitude of magnetization for 300 min is divided by 10.



As previously described, since there is not any sig-
nificant impurity in each sample immersed into water,
those magnetic features are not ascribed to be due to the
presence of magnetic impurities. According to the
experimental results of X-ray diffraction, the samples
immersed into water have broader diffraction lines.
Therefore, it can be understood that lattice distortions
may occur in places, and that the defects of Rb and/or S
may present. Because, if there are some lattice distor-
tions and some defects of S, the square planar coordina-
tion of sulfur can be destroyed, and then magnetic
moments of Ni can appear, and if there are some defects
of Rb, there is a possibility that total charge balance of
Rb2Ni3S4 is modified, and then magnetic moments of Ni
can appear owing to a possible change in the valence of
Ni.

On a reflection on the presence of Kagome lattice
layers, Rb2Ni3S4 can have a flat band mainly consisting
of Ni 3d bands below the Fermi level [5]. Since Ni 3d
bands below the Fermi level have high density of states,
there is a possibility that ferromagnetism is induced by
controlling the filling at Ni site. Here, in order to exam-
ine such ferromagnetism in Rb2Ni3S4, the effect of Co
substitution for Ni was studied based on the LSDA band
structure calculation to.

Figure 5 shows a result of the LSDA band structure
calculation for Rb2CoNi2S4: Rb2(CoxNi1-x)3S4 (x = 0.33).
It can be understood that the density of states (DOS) of
the majority spins in Rb2CoNi2S4 has no states around
the Fermi level, whereas the DOS of the minority spins
has states around the Fermi level. Therefore, this system
is expected to behave as half metal. In addition, bands

immediately below the Fermi level in the majority spins
and bands across the Fermi level in the minority spins
are mainly consist of Ni 3d and Co 3d bands. In partic-
ular, the bands around the Fermi level in the minority
spins are mainly consist of Co 3d bands. Therefore, this
filling controlled system is expected to behave as ferro-
magnetism which is mainly derived from Co 3d spin.

In order to induce ferromagnetism in Rb2Ni3S4, we
also attempted partial substitution of Co2+ for Ni2+ expe-
rimentally.

Figure 6 shows the magnetic susceptibility as a
function of temperature in specimens slightly doped
with Co2+. As shown, magnetism emerges paramagneti-
cally and the magnetic susceptibility obeys the Curie
law: χ(T) = α + C/T, where α is a constant including the
diamagnetic susceptibility and C is the Curie constant
represented by C = N µB

2peff
2/3kB [(peff

2 = g2/S(S + 1)].
Therefore, the doped Co2+'s behave like magnetic ions
with localized moments, where the amount of them
marked in figure 6 was estimated by fitting the observed
χ(T) to the above χ(T), assuming Co2+ to be in a low
spin state (g value and S are assumed to be 2 and 1/2,
respectively). The field dependence of magnetization
M(H) for specimens at 4 K are shown in figure 7, where
the letters (A), (B), and (C) correspond to those in fi-
gure 6. Fittings to the Brillouin function: M(H) = Npb

µBBS(H) (pb = gS), were done to estimate the effective
magnitude of pb for the doped Co2+. The obtained data
on pb for (A), (B), and (C) are 0.84, 0.86, and 0.74,
respectively. Since these values can confirm the low
spin state Co2+, but are rather smaller than the nominal
value of 1, some reductions in the magnitude of the spin
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Figure 5.  The density of states (DOS) of Rb2CoNi2S4. Energy is measured from the Fermi level denoted by the vertical broken line.



moment may occur due to a possible enhancement of
the antiferromagnetic spin correlation at low tempera-
tures. Within these doping rates, we could not observe
any residual moments which indicate the presence of
ferromagnetic moments.

We also measured electric resistivity for the
Co-doped samples in order to attempt to find the pre-
sence of metallic phase. In figure 8, the semilogarithmic
plot of the temperature dependence of the specific resis-
tivity ρ(T) of 4 % Co-doped sample is shown for these
parallel (ρ ) and perpendicular (ρ ) to the b axis. As
can be seen in figure 8, both ρ and ρ data show the
same behavior as a semiconductor with an activation
energy of 0.4 eV in the range above room temperature.
Since the gross feature is characteristic of a typical
extrinsic semiconductor, the conductivity in the region
below room temperature has an extrinsic origin, which
is probably ascribed to a defect state due to the presence
of faults in sulfur or rubidium. The activation energy in
the region above room temperature is accordingly
attributed to an intrinsic origin. The observed
anisotropy in ρ, where ρ is larger than ρ , may reflect
the two-dimensional characteristic of the crystal. In this
Co-doping ratio of 4 %, we could not observe half
metallic behavior that was predicted according to the
LSDA band structure calculation.

CONCLUSIONS

The influence of water on magnetic behavior in sin-
gle crystals grown by the flux method was studied for
Rb2Ni3S4. Specimens immersed into water showed fer-
romagnetic behavior, a residual magnetic moments of
which grow with the increase of immersion time. The

influence of Co-doping on Rb2Ni3S4 was also studied in
terms of the local spin density approximation (LSDA)
band structure calculation together with the Co2+ doping
experiments. The calculation showed that the Co substi-
tution for Ni allows deriving novel ferromagnetic
behavior of the half metallic ferromagnetism. However,
the experimental results of Co2+ doped samples up to 7%
showed that the partially substituted systems still
remain to have localized paramagnetic and semiconduc-
tive features.

Water-induced and Co-filling control induced ferromagnetism in Rb2Ni3S4
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Figure 7.  The M vs. H curve of Co-doped samples at 4 K.

Figure 8.  The log ρ vs. 1/T curve of a Co-doped sample.
Figure 6.  The M/H vs. T curve of Co2+ doped samples, where a
field of 0.1 T is applied.
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FERROMAGNETISMUS Rb2Ni3S4 VYVOLANÝ
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Studovali jsme vliv hydratace na magnetické chování
monokrystalù Rb2Ni3S4 vypìstovaných z taveniny, které jsou ze
své podstaty nemagnetické, protože obsahuje nízkospinový Ni2+

v møížce kagome. Vliv dopování Rb2Ni3S4 kobaltem jsme stu-
dovali rovnìž pomocí kvantovì chemických výpoètù pásové
struktury v aproximaci lokální spinové hustoty (LSDA).
Zbytkové magnetické momenty jsme zjistili ve vzorcích po
jejich ponoøení do vody v závislosti na dobì ponoøení. Výpoèet
pásové struktury LSDA naznaèuje, že zámìna Co za Ni
umožòuje vznik nového magnetického ferromagnetického
chování.


