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Observation of ferromagnetic ordering in a stable «-Co(OH), phase grown on a MoS, surface
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Because of the potential application of Co(OH), in a magnetic cooling system as a result of its superior
magnetocaloric effect many people have investigated magnetic properties of Co(OH),. Unfortunately, most of
the works have been carried out on the §-Co(OH), phase due to the fact that the «-Co(OH), phase is very unstable
and continuously transformed into the stable §-Co(OH), phase. However, in the present work, using a MoS,
sheet as a two-dimensional template, we have been able to synthesize a stable «-Co(OH), phase in addition to a
B-Co(OH), phase by varying the layer thickness. It is seen that for thinner samples the g phase, while for thicker
samples o phase, is grown on the MoS, surface. Magnetic measurements are carried out for the samples over the
temperature range from 2 to 300 K and it is seen that for the B phase, ferromagnetic ordering with fairly large
coercivity (1271 Oe) at 2 K is obtained instead of the usual antiferromagnetism. The most interesting result is
the observation of ferromagnetic ordering with a transition temperature (Curie temperature) more than 100 K
in the -Co(OH), phase. Complete saturation in the hysteresis curve under application of very low field having
coercivity of ~162Oe at 2 K and 60 Oe at 50 K is obtained. A thin stable «-Co(OH), phase grown on MoS,

surface with very soft ferromagnetic ordering will be very useful as the core material in electromagnets.
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I. INTRODUCTION

It is well known that transition-metal hydroxides exhibit
interesting and unusual magnetic behavior [1-5]. In particular,
Co(OH), is formed to be very useful in magnetic cooling
systems because of its superior magnetocaloric effect (MCE)
[6,7]. In general, Co(OH), is crystallized into a hexagonal
layered type structure with two polymorphs «-Co(OH), and
B-Co(OH),, in which B-Co(OH), possesses a brucitelike
structure with a = 3.1 A, c=4.6 A, and the octahedral with
divalent Co contains sixfold coordinated by hydroxyl ions
share edges to produce two-dimensional (2D) charge neutral
layers stacked one over the other along the ¢ axis. However,
a-Co(OH), consists of slightly positively charged layers with
intercalated charge balancing anions (CH;COO~, CI—, CO;%-,
and NOy, etc.), [8-10] to restore the charge neutrality. As
a result, in the case of a-Co(OH),, interlayer separation
increases substantially and can have a value 7-27 A according
to the size of charge balancing anions. Therefore, with this
marked change in lattice spacing of the ¢ axis and critical
interface chemistry, the magnetic property changes drastically
in the two structures of « and 8 phases.

Out of two phases, S-Co(OH), is stable, however, the
«-Co(OH), phase is metastable and after formation, the o
phase is transformed continuously to a 8 phase [8,9]. As
far as magnetism is concerned, the 8 phase is known to be
an antiferromagnetic [6,7,11-15] in nature but the interlayer
interaction diminishes with an increase in interlayer separation
as in the case of the o phase [1,15]. So far many reports
on magnetism in Co(OH), are available in the literature but
most of them are on the B8 phase where its magnetic and
magnetocaloric effects are concerned. They investigated the
phase transition in 8-Co(OH), from the antiferromagnetic to
weak ferromagnetic state with application of external magnetic
field at low temperature [6,7,13,14]. Also the magnetocaloric
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effect associated with magnetic phase transition has been
reported [6,7]. In this case we are able to grow the ultrathin
B-Co(OH), phase on the MoS, surface, which shows complete
ferromagnetic behavior with high coercivity. By varying the
thickness of the 8-Co(OH), phase on the MoS, surface, we
are able to tailor its magnetic saturation at low concentration.
Till now all the -Co(OH), phase synthesized are poorly
crystalline in nature and have a turbostratical disorder along
the ¢ axis where the layers are randomly oriented [8—11]. This
prevents creation of a stable «-Co(OH), phase. Because of
an unstable o phase, magnetic results in «-Co(OH), have not
yet been reported. Therefore, to synthesize stable -Co(OH);
on the MoS,; surface to investigate its magnetic properties is a
real challenge. In the previous works [16—18] we have reported
many interesting magnetic results on transition metals and their
hydroxides grown on graphene and MoS, surfaces. Exploiting
the interface interaction, in the present work, we have been
able to synthesize a stable o-Co(OH), phase considering
MoS, as a two-dimensional template. The thickness has been
controlled by changing the concentration of the Co precursor.
We have prepared four samples with different concentrations
of Co precursor keeping the MoS, concentration constant. It
is seen that for lower concentrations the 8-Co(OH), phase is
grown while for higher concentrations the «¢-Co(OH), phase
is grown. The most interesting result is the synthesis of stable
«-Co(OH), layers using the MoS, sheet as a 2D template.
The magnetic measurements are carried out on all the samples
over the temperature from 2 to 300 K. Because of charge
transfer [16] from S to Co the usual antiferromagnetic nature
has not been obtained in the case of a thin layered 8-Co(OH),
phase grown on the MoS, surface; rather perfect ferromagnetic
ordering with fairly large coercivity of 1271 Oe is observed in
this case.

As the a-Co(OH), phase grown on the MoS, sheet is very
stable for a higher concentration of Co precursor, we have been
able to investigate the detailed magnetic properties in this thin
layered «-Co(OH), sample. Perfect ferromagnetic saturation
under very low magnetic field (<1000 Oe) with coercivity of
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~162 Oe at 2 K is observed. The coercivity as usual changes
with increasing temperature. It is to be mentioned that the
as-grown stable a-Co(OH), phase shows soft ferromagnetism
with very low coercivity which will be very useful as the core
material in an electromagnet.

II. EXPERIMENTAL SECTION
A. Synthesis

For preparation of samples, ammonium molybdate
tetrahydrate [(NH4)sMo070,4.4H,0] (81.0-83.0%), thiourea
[(NH2),CS] (99.0%), and cobalt (II) acetate [Co(CH3COO),]
were purchased from Sigma-Aldrich. In the first step, we
prepared the MoS, sheet using a technique reported elsewhere
[16]. In the second step, S0 mg of as-prepared MoS, was
dispersed in 100 ml of DMF (N,N-dimethyle formamide)
taken in a 250-ml beaker followed by ultrasonic vibration
for 2.5 h. The resulting dispersion was stirred in a magnetic
stirrer at a constant temperature at 80° C. In another beaker,
an aqueous solution of cobalt acetate was prepared at room
temperature. Then the cobalt acetate solution was added drop
by drop within the dispersed MoS, in DMF at a temperature
of 80° C under constant stirring. The reaction continued to 1 h
at a constant temperature of 80° C under stirring conditions.
The reaction precipitation was collected and washed several
times by deionized water and finally a hydrothermal reaction
was carried out within a Teflon lined stainless-steel autoclave
for 24 h at a temperature of 200° C. The final product was
washed by deionized water followed by acetone and alcohol
and the product was dried at 60° C for 6 h. We prepared four
different samples of Co(OH),/MoS, composite by varying the
concentration of Co(OH), precursor designated as S6, S12,
S18, S30 for the 6, 12, 18, and 30 mg of cobalt precursor (i.e.,
cobalt acetate) respectively for a constant amount (50 mg) of
MOSz.

B. Characterization

For characterization of the as-prepared samples, we per-
formed powder x-ray diffraction (XRD) using a Bruker D8
advance diffractometer, Da Vinci model. Fourier transform
infrared (FTIR) spectroscopic measurement was carried out
using a Nicolet Magna IR 750 system. UV-VIS absorption
spectra were measured using a Cary UV 5000 spectrophotome-
ter. Atomic force microscopy (AFM) measurement was done
using the Asylum Research MFP-3D Origin system. Raman
spectroscopy measurement was carried out by a JYT6400
micro-Raman spectrophotometer. X-ray photoelectron spec-
troscopy (XPS) was investigated by a OMICRON-0571 sys-
tem. Transmission electron microscopy (TEM) measurement
was studied by a JEOL-2011 high-resolution transmission
electron microscope. For magnetic measurements we have
used a superconducting quantum interference device magne-
tometer, Quantum Design MPMS XL 5.

1. X-ray diffraction and Rietveld refinement

Structural (lattice parameters) and microstructural (particle
size and rms lattice strain) characterization of the as-prepared
samples were done by using Rietveld refinement analysis [19]
of the powder x-ray diffraction (XRD) pattern using MAUD 2.55
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FIG. 1. XRD-Rietveld refinement patterns of samples S6, S12,
S18, and S30. Black lines represent experimental curve, red lines are
fitted curves, the green lines represent the residue (subtracted value of
experimental and theoretical data), and the vertical line “|” at the very
bottom represents the theoretical Bragg positions for all the phases
present [purple is for MoS,, green is for 8-Co(OH),, and blue is for
a-Co(OH),].

version software [20]. Powder XRD profiles of all samples
shown in Fig. 1 were taken from 10° to 80° with a step size of
0.02° at a scan rate of 5 sec/step. The wavelength of the x ray
used was 1.54 A (Cu K, line). For fitting the observed data with
the calculated data we used here the Marquardt least-squares
refinement procedure. For estimating the crystalline size and
lattice strain of all samples we used here the pseudo-Voigt
profile fitting function. The quality of fitting was determined by
using the well-known formula with goodness of fitting (GOF)

GOF = “”' where, Ry, and Ry, are the weighted residual
error and ‘the expected error respectlvely and are defined as
= [%]' /2 Rexp = [&X Sl )2] , where I, and I.

are the experimental and calculated data respectively, w; is the
weight, N is the number of experimental observations, and P
is the number of fitting parameters. All parameters have been
refined until convergence of the quality factor, i.e., the value
of GOF becomes very close to 1.0.

From the XRD data, it is seen that for lower concentration of
the Co precursor (samples S6 and S12) the 8-Co(OH), phase is
formed. However, for higher concentration (samples S18 and
S30), the «-Co(OH), phase is formed on the MoS, surface. The
volume fractions of MoS, and 8-Co(OH), for samples S6 and
S12 have been estimated from Rietveld analysis as 99.66%,
0.34% and 96.09%, 3.91% respectively. However, for samples
S18 and S30, the volume fraction of MoS, and «-Co(OH),
phases have been estimated as 51.41%, 48.59% and 50.51%,
49.49% respectively. It is also noticed in the XRD data that
the o-Co(OH), phase shows much stronger peaks compared
to the f-Co(OH), phase because of higher thickness with a
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TABLE I. Different structural and microstructural parameters obtained from Rietveld analysis of Co(OH),/MoS, composites for two
different polymorphs of Co(OH),.

Cell length (A)

Sample Crystalline phases  Volume fraction (%) a c Particle size (nm) Lattice strain (x107®) GOF
S6 MoS, 99.66 + 0.81 3.121 £0.001 12.633 £0.011 108.07 £ 0.01 9.82 £0.01 1.08
B-Co(OH), 0.34 +£0.07 3.173 £0.001  4.640 £+ 0.001 10.49 £ 0.11 6.20 £ 0.03
S12 MoS, 96.09 + 0.49 3.116 £0.001 12.351 + 0.001 97.15+0.01 7.39 +£0.01 1.59
B-Co(OH), 3.91+0.01 3.143 £0.001  4.822 4+ 0.001 9.61 +£0.01 9.56 +0.01
S18 MoS, 51.41+0.84 3.095 +£0.001 12.441 &+ 0.004 129.34 £3.75 8.30 £0.03 1.15
a-Co(OH), 48.59 +0.01 3.148 £ 0.010 26.108 +0.016 12.14 £2.25 4.924+0.04
S30 MoS; 50.51+0.93 3.101 £0.001 12.638 +0.016 106.98 +2.77 5.34 £ 0.04 1.32
a-Co(OH), 49.49 +0.01 3.170 £ 0.002 26.453 +0.030 9.14 £2.37 3.27+0.01

larger number of layers. As obtained from the analysis the
crystal structure symmetry of the MoS, phase is hexagonal
and the space group is P63/,mc. All the parameters obtained
from Rietveld analysis are summarized in Table I. For fitting
the XRD data we have used ICSD database nos. 1010993 and
1010267 and JCPDS card no. 37-1492 and 51-1731 [21].

2. Fourier transform infrared spectroscopy measurement

To distinguish between « and 8 phases and to understand
the structural configuration of the as-prepared samples we have
performed Fourier transform infrared (FTIR) spectroscopy
measurement. From the FTIR spectra as shown in Fig. 2(a),
it is seen that there are several characteristic signatures of
the different functional groups present in the samples. The
broad spectra between 3322 and 2680 cm™! correspond to O-H
stretching vibration which is present in the case of all samples.
In the region near 1401 and 968 cm~! there are two dips which
correspond to the O-H bending mode and are also present in all
the samples. The Co-OH stretching vibration mode has been
identified near 648cm™! and the Mo-S stretching vibration
mode appears around 476 cm™! [22]. In the case of samples
S18 and S30, there are two additional dips near 1712 and
1273 cm~! which correspond to C = O stretching vibration and
C-O stretching vibration of the carbonyl group respectively
[22,23]. These two additional dips are absent in the case of
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samples S6 and S12. The presence of C = O and C-O stretching
vibration modes indicates the existence of extra acetate ions in
the @-Co(OH), phase. The excess charge balancing acetate
anions are intercalated in between two «-Co(OH), layers.
With this intercalation of extra acetate ions the interlayer
separation between two parallel Co(OH), layers is increased
in the case of the o phase which has also been verified by
XRD Rietveld analysis, where the lattice parameter ¢ along
the vertical direction is increased. In the case of samples S6
and S12, the absence of spectra near 1712 and 1273 cm~!
indicates that there are no acetate anions intercalated within
the sample which shows a pure 8-Co(OH), phase.

3. UV-visible spectroscopy measurement

To investigate the presence of Co’' in tetrahedral and
octahedral configurations to differentiate « and B phases
we have performed UV-visible spectroscopic measurement.
In the UV-visible profile as shown in Fig. 2(b), we get
several peaks among which the peak positions near 284, 330,
400, 448, 618, and 666 nm correspond to the MoS, phase
[24,25], which is present in all samples. The two humps
near 500 and 530 nm correspond to Co** in the octahedral
configuration [26] found in samples S12, S18, and S30.
However, another two humps near 590 and 640 nm correspond
to Co®" in the tetrahedral configuration [26] found only in
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FIG. 2. (a) FTIR transmittance spectra, and (b) UV-vis absorbance spectra of samples S6, S12, S18, and S30.
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FIG. 3. High-resolution TEM images and the lattice planes of
the samples (a) S6, (b) S12, (c¢) S18, (d) S30, (e) microstructure of
composite material, and (f) Raman spectra of MoS, samples.

samples S18 and S30. Therefore, S12 has a pure 8-Co(OH),
phase with octahedral peaks whereas S18 and S30 have both
octahedral and tetrahedral peaks because of the presence of the
a-Co(OH), phase. In the case of sample S6 no significant peak
or hump is observed due to Co?* sites other than the MoS,
characteristic peaks. The reason behind this is the amount of
Co(OH), with respect to MoS; is quite low in this case.

4. TEM image analysis

The morphology of the growth structure of the as-prepared
samples has been investigated using transmission electron
microscopy. In the case of the S6 sample we observed (001)
crystal planes with lattice spacing 2.77 A as shown in Fig. 3(a),
which are of 8-Co(OH), phase. In the case of the S12 sample
we got a (100) plane with crystal lattice spacing of 2.77 A along
with (001) plane with spacing 4.65 A as shown in Fig. 3(b),
which are also of §-Co(OH), phase. In the case of the S18
sample we got a (104) plane with spacing 2.74A along with
a (012) plane with spacing 4.0 A as shown in Fig. 3(c), which
corresponds to the @-Co(OH), phase. In the case of the S30
sample we got a (104) plane with spacing 2.74A along with
a (012) plane with spacing 4.0 A as shown in Fig. 3(d), which

PHYSICAL REVIEW B 96, 214433 (2017)

also corresponds to the «-Co(OH), phase. In the case of S18
and S30 samples because of overgrowth of the a-Co(OH),
layer, several randomly oriented (104) and (012) planes are
observed, as shown in Figs. 3(c) and 3(d). This (012) plane
is also observed in the XRD profile and hence confirms the
presence of the «-Co(OH), phase. The MoS, sheet used as a
template was in the mesoscopic scale, though it is very difficult
to understand the dimension of a single sheet as sheets overlap
each other and form a continuous sheet.

5. Thickness measurement by AFM and Raman analysis

The thickness of the Co(OH), layer grown on the MoS;
surface has been measured by atomic force microscopy
(AFM). In the case of the S30 sample, the average thickness
of Co(OH), layers grown on the MoS, surface is found to
be about 14 nm as shown in Fig. 4(a). In the case of the
S18 sample, the thickness is obtained as 8.87 nm as shown
in Fig. 4(b). For « phases, i.e., for S30 and S18 samples,
Co(OH), has larger interlayer separation and consequently
larger thickness, because of the intercalated charge balancing
anions present between the layers. However for  phases
(samples S6 and S12) the average height is very small
compared to o phases as shown in Figs. 4(c) and 4(d). For
the S12 sample, the average height is 3.31 nm as found from
AFM analysis. While for the S6 sample, there are only a few
layers of Co(OH), and the thickness is very small (1.55 nm)
as shown in Fig. 4(d). So from AFM analysis we can estimate
the thickness of the phases of Co(OH), grown on the MoS;
surface and they vary with the change in concentration of the
Co precursor.

To find the layer thickness of MoS, we have performed
Raman spectroscopy. In the Raman spectra of MoS,, the shift
of the A, mode occurs as a function of layer number however
the E'5, mode shifts in the opposite direction because of
stacking induced structural changes. The bifurcation between
Ajgand E ]2g increases with increase of layer number [27]. In
our case, the bifurcation of two modes (A, and E lzg) starts at
about 26.53 cm™~! which indicates the layer number of MoS,
is more than 10.

6. X-ray photoelectron spectroscopy measurement

Analyzing the x-ray photoelectron spectroscopy (XPS)
profile of a typical sample, we get an estimation of the ionic
state of the elements present in the Co(OH), /MoS, composite
and at the same time we get an idea of charge transfer from the
S 2p to Co 3d orbital at the interface. In the overall XPS profile
as shown in Fig. 5(a), there are three peaks of Mo at binding
energies of 230.7, 395.7, and 413.2 eV which correspond to
Mo 3d, 3 p3/2, and 3 py /, orbitals respectively. An intense peak
has been observed at 163.2 eV which corresponds to the S 2p
of the MoS, phase [28] as shown in Fig. 5(f). There are two
other intense peaks of binding energies 780.7 and 796.96 eV
corresponding to Co 2p3/, and 2py, states of the Co(OH),
phase [29] respectively as shown in Fig. 5(b). Another small
peak in the low-energy range at 105.7 eV corresponds to the
Co 2s orbital. The strong peak at 533.2 eV corresponds to O
1s associated with the OH™ group of Co(OH); [29] as shown
in Fig. 5(c). If minutely observed it can be found that the
binding energy of S 2p increases from 162.40 to 163.20 eV as
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FIG. 4. AFM images with height profiles of the samples (a) S30, (b) S18, (c) S12, and (d) S6.

compared with the literature [28], while that for Co 2p3,, and ~ we get a direct evidence of the change in orbital energies and
2pi1» decrease from 781 to 780.70 eV and 797.80 to 796.96 hence charge transfer from S to Co. The delocalized outermost
eV respectively [29]. The change in binding energies obtained  electrons of the S 2p orbital are partially transferred to Co
from XPS analysis is also tabulated in Table II. From the 3d via “d-p” mixing [16,30,31]. We have explain this part
reference value of the binding energy of S 2 p and Co 3d orbital elaborately in a later section.

(a) 1" (b) Co2p3/2 (C) N
: Co2p1/ | /\

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)
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FIG. 5. XPS profile of Co(OH),/MoS, (a) in full range view, and (b) high-resolution scan of Co 2p orbital, (c) O 1s, (d) Mo 3p, (e) S 2s
and Mo 3d, and (f) S 2p orbital.
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TABLE II. Shift in binding energy of orbitals from XPS profile.

Binding energy (eV)
Element Orbitals Experimental value Standard value Shift in binding energy (due to charge transfer) (eV)
S 2p 163.20 162.40 +0.80
Co 2p3p 780.70 781.00 —0.30
2pip 796.96 797.80 —0.84

III. RESULTS AND DISCUSSION

A. Structural analysis

For S6 and S12 samples, 5-Co(OH), has been formed how-
ever for higher concentration, i.e., for S18 and S30 samples we
get ¢-Co(OH), phase. 8-Co(OH), is the stoichiometric phase
and has a brucitelike structure in which there are Co>* ions
octahedrally coordinated with hexagonal packing of hydroxyl
ions [8,9], whereas «-Co(OH), is in a general metastable phase
and has a crystal structure of isostructural hydrotalcitelike
structure consisting of positively charged Co(OH),_, layers
intercalated with different charge balancing anions (e.g.,
acetate, chlorite, nitrate, carbonate, excess hydroxyl, etc.)
[8-11]. In a-Co(OH),, there are vacant octahedral sites and
each vacancy is capped by two tetrahedral coordinated divalent
Co”* ions on opposite sides of the layer. The positively charged
a-Co(OH); in the form of Co(OH),_, make a charge balance
forming a hydrogen bond and/or van der Waals force with
excess water or acetate anions intercalated between two layers
of Co(OH),_, and stacked together (Fig. 6). In the case of S6
and S12 samples, the amount of cobalt precursor is quite low
with respect to the MoS,. This is why the charge-neutral layer
B-Co(OH), is formed, whereas in the case of the S18 and S30
samples there is a huge amount of cobalt precursor along with
acetate ions, which may cause the charge-neutral agent for the
formation of @-Co(OH),.

B. Magnetic analysis
1. Magnetic interaction in $-Co(OH),/MoS, phase

To investigate the magnetic properties of B-Co(OH), and
a-Co(OH), phases grown on a MoS; sheet we have carried

Charge balancing anion
Mo

FIG. 6. Schematic diagram of (a) «-Co(OH),/MoS,, and (b)
B-Co(OH),/MoS, composite. Hydrogen and water molecules are
omitted for clarity.

out the magnetic measurements over the temperature range
from 2 to 300 K in a fixed magnetic-field strength of 50 Oe.
The susceptibility (x) vs temperature (7) curves in zero-
field-cooled and field-cooled conditions (ZFC and FC) for
the sample S6 are shown in Fig. 7(a). Two peaks are obtained
in the ZFC curve. One is near 10.07 K and the other is at 114.2
K. The first one is for the 8-Co(OH), phase [6,7,12,13] and
the second one is for the defect state of MoS,. And there is a
paramagnetic tail below 5 K. The magnetic hysteresis (MH)
curve for this sample shows a ferromagnetic behavior at the
low-temperature regime as shown in Fig. 7(b). Below 5 K, a
competition between paramagnetic and ferromagnetic nature
is noticed in the MH curve. As a result, perfect saturation is
not observed however we have seen a ferromagnetic saturation
at 10 K. In case of 20 and 60 K, we have seen a diamagnetic
nature because of the high mole percentage of MoS, with
respect to the §-Co(OH), phase and the magnetic behavior of
MoS, dominates over the magnetic behavior of 8-Co(OH),
and as a whole it shows diamagnetic nature.

In the case of the S12 sample, there is only one peak in the
ZFC curve near about 10.36 K which is due to the 8-Co(OH);
phase [6,7,12,13] as shown in Fig. 7(c) and there is also a
bifurcation between the ZFC and FC curves which indicates
the ferromagnetic behavior with coercivity in the MH loop
[Fig. 7(d)]. The MH curve shows ferromagnetic saturation up
to 10 K. After the transition temperature at 10.36 K the sample
shows paramagnetic behavior. We have fitted the 1/x vs T
curve with the Curie-Wiess law % = %, as shown in the inset
of Fig. 7(c) and we get the Curie constants ® = 10.34 K and
C =3.63 x 10~*emuKg~! Oe~! (Table IV). For this sample,
using the relation N = 1\]{; 34 (N4 is the Avogadro number, My,
is the molecular weight, and M is the total mass of the sample
after preparation), the total Co>* ions present per gram of the
sample N is obtained as 1.41x 102, For Co?t, the g value is

taken as 2.191 [32]. Using the formulas C = I;’T’f and p? =

gzuzBS(S + 1) we get the value of average spin as S = 1.17.
And using the formula Mg = Ngup(S) we have calculated
the saturation magnetization as Mg = 3.38 emu/g Oe whereas
the experimental value obtained from asymptote of the MH
curve with T — 0K is Mg =2.52emu/gOe (Table V). In
B-Co(OH), Co** situated at the center of each octahedral
and each octahedral coordinates each other by the corner O
atom and forms an octahedral layer type structure. In each
lateral octahedral, all spins are in the same direction but the
alternate direction in the interlayer octahedral. As a result, the
B-Co(OH), shows the antiferromagnetic coupling in the bulk
phase [6,7,12,13]. But when it grows on the MoS, sheet then
charge transfer [33—37] occurs from sulfur to cobalt resulting
in a reduction of spins in the layer of cobalt octahedra adjacent
to MoS,. This causes a net magnetic moment in the case

214433-6



OBSERVATION OF FERROMAGNETIC ORDERING IN A ...

PHYSICAL REVIEW B 96, 214433 (2017)

8x10° 0.3+
(a) —a—Z7ZFC (b)
——FC o2
6x10° =
= 3 014
S o
E 4x10 1 ‘q:: 0.0
< g
Rl =-0.1-
0.2
04
o so 100 150 200 280 30 o y ' :
20000  -10000 0 10000 20000
Temperature (K) Magnetic field (Oe)
C s| « Exptdata 2.54
( )4x10'3- z Ix10 —Theo data —=—ZFC (d)20 K
£ FC 04 — 5K
85“04 154 — 10K
. ] o
23x10°] | = S 1.0-
En 0 5 os]
= 15 30 45 =
E -3 -3 5 0.0
5 2x10° 4x10 —ZFC 2 —2K
g £ sk —
x —-FC E0-0.5 _y//"
4 2x10° -1.0+
1x10° 1.5
}L 0 2.0 %
04 = i A 2.54 -1500 -750 750 1500
T T T T T T T T T L) T T
50 100 150 200 250 300 -40000 -20000 0 20000 40000

Temperature (K)

Magnetic field (Oe)

FIG. 7. Magnetization curves. (a) ZFC and FC for sample S6. (b) MH loop for sample S6. (c¢) ZFC and FC curves for sample S12. Insets
show the 1/x vs T curve and enlarged view of the ZFC-FC curves in low-temperature regime. (d) MH loops of sample S12. Inset shows the

enlarged view of the coercivity values.

of this layer of Co(OH), phase grown on the MoS, sheet.
The coercivity values extracted from the hysteresis curves
at different temperatures are summarized in Table III, from
which the highest value of coercivity is obtained as 1271 Oe at
temperature 2 K. From the parameters obtained from Rietveld

refinement shown in Table I, it is clear that in the case of the S12
sample, the lattice strain for the as-grown B-Co(OH), phase
on MoS, is quite high because of pinning of surface spins
along the ¢ axis, which results in the significant enhancement
of coercivity in the thin layer of 8-Co(OH), [38—44].

TABLE III. Comparison of coercivity values at different temperatures

Sample Temperatures (K) Forward coercivity (Oe) Reverse coercivity (Oe) Average coercivity (Oe)
2 156 146 151
5 190 219 204
S6 10 233 183 208
20 272 386 329
60 195 288 241
2 1266 1277 1271
S12 5 265 264 264
10 7 7 7
2 176 173 174
5 176 173 174
S18 10 175 170 172
15 168 171 169
20 164 162 163
50 135 133 134
2 162 163 162
S30 10 137 135 136
20 112 110 111
50 60 59 60
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2. Magnetic interaction in ¢-Co(OH),/MoS; phase

In the case of the S18 sample, the ZFC curve shows
only one peak at 108 K as shown in Fig. 8(a), which is
due to the -Co(OH), phase. The inset of Fig. 8(a) shows
a very small paramagnetic tail in both the FC and ZFC
curves, because of which the MH curve does not show
perfect saturation at very low temperature, i.e., below 5 K, as
shown in Fig. 8(c). With increasing temperature the saturation
occurs immediately along with a small amount of coercivity
as shown in the inset of Fig. 8(c). This indicates the soft
ferromagnetic nature of the sample. We fita 1/ x vs T plot with
Curie-Wiess law Xl = % [Fig. 8(b)] and we get the Curie
constants ® = 117.99 K and C = 7.79x10~* emuKg~' Oe ™!
(Table IV). For this sample, using the relation N = %}i” , the
total Co”* ions present per gram of the sample N is obtained
as 2.09x10%°. For Co?>* we have taken the g value as 2.191
[32]. Using the formulas C = 1;17’;2, and 2 = g2u3S(S + 1),
we get the value of the average spin as S = 1.48. And
using the formula Mg = Ngup(S) we have calculated the

TABLEIV. Parameters obtained from linear fit to the Curie-Weiss
law.

saturation magnetization as Mg = 6.35emu/g Oe, whereas
the experimental value obtained from the asymptote of the
MH curve as T — 0K is Mg = 5.30emu/g Oe (Table V). In
the case of «-Co(OH),, there are Co>" octahedra along with a
number of Co?* tetrahedra with the charge balancing anion (in
our case it is an acetate ion) [45] along the ¢ axis and because
of some amount of excess water intercalated between two
layers of Co(OH),, the effective ¢ axis is much higher than
the B-Co(OH), phase [1,15,45]. And the antiferromagnetic
coupling between two interlayer Co>* octahedra diminishes
largely with a net ferromagnetic order [15]. But because of
the large c axis, the strength of the ordering is not so large
compared to the f-Co(OH), phase. In this regard it is to be
mentioned that so far ferromagnetic ordering in «-Co(OH),
has not yet been reported because of the metastability of the
phase. In fact, the as-grown «-Co(OH), phase is transformed
into a stable 8-Co(OH), phase because of the metastability.
However, in the present case for higher concentrations of the
Co precursor the «-Co(OH), phase grown on MoS; the surface
is stable enough to investigate the ferromagnetic ordering with

TABLE V. Calculated average spin value and saturation magne-
tization data.

® (K) C (emuKgm™'0e™")

Saturated magnetization (emu/g Oe)

Sample  Value  Standard error Value Standard error Sample Spin value Calculated value Experimental value
S12 10.34 0.26 3.63x107* 4.08x1076 S12 1.17 3.38 2.52
S18 117.99 2.06 7.79x10~* 2.80x1073 S18 1.48 6.35 5.30
S30 116.95 0.99 1.07x1073 3.02x1073 S30 1.49 8.68 7.24
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low coercivity and perfect saturation in the hysteresis curves.
It is also to be noted that the «-Co(OH), phase behaves like a
soft ferromagnet with very low coercivity up to 100 K.

In the case of the S30 sample we get stable «-Co(OH),
phase and we get a soft ferromagnetic nature similar to sample
S18. In the ZFC curve only one peak is at 85.68 K as shown in
Fig. 8(d), which is because the «-Co(OH), phase is observed.
There is a bifurcation between the ZFC and FC curves at
116 K which indicates a ferromagnetic ordering down to this
temperature. In this case we get saturation of the MH curves in
all temperatures (from 2 to 50 K) at a very low applied magnetic
field [as shown in Fig. 8(d)] indicating the soft ferromagnetic
nature in this sample. After fitting by Curie-Wiess law the
same as before we get the Curie constants ® = 116.95K and
C =1.07x107% emu Kg‘;/ ([)we_l (Table IV). For this sample,

A

using the relation N = =4—, the total Co** ions present
My

per gram of the sample N is calculated as 2.84x10%.
For Co?*, the g value is taken as 2.191 [32]. Using the
expressions C = 1;/7’;2 and p? = g*u%S(S+1) we get the
value of average spin as § = 1.49 and we have calculated
the saturation magnetization as Mg = 8.68 emu/g Oe whereas
the experimental value obtained from asymptote of the MH
curveas T — 0K is Mg = 7.24 emu/g Oe is very close to the
calculated value (Table V). In the case of the S30 sample, the
amount of a-Co(OH), is much higher than the S18 sample.
Because of this reason we get saturation in the MH curves for

a lower value of magnetizing field. The coercivity values as

PHYSICAL REVIEW B 96, 214433 (2017)

obtained at different temperatures for samples S18 and S30
are summarized in Table III.

IV. CONCLUSION

In summary, two different polymorphs of Co(OH), phases
are grown on the MoS, surface. By tuning the concentration
of the cobalt precursor, stable «¢-Co(OH), and B-Co(OH),
phases are achieved. A high transition temperature along
with complete ferromagnetic saturation is observed for
«-Co(OH),/MoS, composite due to intercalation of charge
balancing anions in the cobalt hydroxide phase, while for
the 8-Co(OH), phase on MoS,, a high amount of coercivity
along with ferromagnetic saturation is obtained. The results
are explained on the basis of charge transfer from MoS, to
Co(OH), which is also experimentally verified by calculation
of average spin magnetic moment. These materials with
very low coercivity can be treated as soft ferromagnetic
materials which have potential application as core material
in electromagnets.
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