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Abstract

It is well known that cobalt exhibits polymorphism, i.e., the co-existence of both the /¢p and fce phases. In particular, the method
of synthesis and other thermodynamic conditions is known to play a crucial role in determining the particular phase of cobalt. In
this work, we have compared the phase composition of the cobalt nanoparticles synthesized using two different solvents (water)
and ethanol (Co@C). XRD measurements confirm the existence of fcc phase in commercial cobalt nanoparticles (Co@A), co-
existence of fcc and hcp phases in Co@B, while the existence of the scp phase in Co@C. We have studied these cobalt
nanoparticles using *°Co internal field nuclear magnetic resonance (IFNMR) for verification of phase composition. Our studies
reveal that the Co@ A has fcc as a major phase with minor quantity scp phase. Co@B exhibits approximately equal amount of fcc
and Acp phase while Co@C exhibits /cp as a major phase with minor fec phase. Our SEM micrograph studies confirm that the
cobalt particles have spherical shape in the fcc phase. The cobalt particles exhibit both spherical and dendrite morphology
confirming the co-existence of fcc and hcp phases, while the sample with pure /cp phase exhibits the dendrite morphology.
Our studies also throw light on understanding the effect of solvent in the phase formation of the cobalt nanoparticles.

Keywords *°Co IFNMR - NMR line shape analysis - Cobalt nanoparticles - Solvent viscosity - Phase composition

1 Introduction

In recent years, ferromagnetic metallic (FM) nanoparticles
have found potential applications in optical, magnetic, elec-
tronic, and catalytic materials [1, 2]. In practice, there are
different approaches to synthesize the metallic nanoparticles.
Depending on the kind of materials to be synthesized, various
methods such as thermal decomposition [3], micro-emulsion
technique [4], metal salt reduction [5], thermal and
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sonochemical reduction [6] have been employed. Method of
synthesis is known to play a vital role in the formation of
various phases of FM materials. The presence of various
phases in materials is interesting and can be visualized
through various available spectroscopic techniques. In the
present study, we have taken up the study of cobalt system,
which is ferromagnetic and exhibits polymorphism. It is well
known that at normal conditions, bulk cobalt crystallizes in
two phases: hexagonal closed packing (4cp) and face-centered
cubic (fcc) [7]. The striking difference between these two
phases is stacking of atoms, i.e., in fcc, it is ABCABC while
in Acp cobalt, it is ABABAB [8]. Earlier studies on cobalt
systems revealed that the synthesis conditions affect the phase
formations and lead to either single or mixed phases. Hence,
one has to consider three important parameters while synthe-
sizing the cobalt particles by controlling (i) the synthesis tem-
perature, (ii) chemical environment (solvents), and (iii) crys-
tallite size of the cobalt particles [9]. It is found that a single
exclusive phase formation is probable when low-temperature
methods are employed, while the combination of phases is
probable when high-temperature methods are adopted.
Dinega et al. [10] have concluded that low activation energy
for formation of the stacking faults is responsible for the
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existence of both the phases in the sample under high-
temperature crystallization conditions, such as melting crystal-
lization and evaporation condensation. Further, they also sug-
gested that low-temperature solution chemistry methods yield
exclusively single phase of cobalt [10]. O’Shea et al. [11] have
reported that the stability of the phase of cobalt depends on the
size of the particle, reduction atmosphere, and temperature.
Kitakami et al. [9] have synthesized cobalt nanoparticles and
found that depending on the particle size either it exists in fcc
(less than 20 nm) or Acp (above 40 nm). Both the phases are
preferred if the particle size is between 20 and 40 nm [9].
Cobalt powders synthesized via wet chemical route are gener-
ally not thermodynamically stable which enhances the possi-
bility of formation of multiphase (fcc and Acp). In view of all
these discussions, it appears that the synthesis of exclusive
phases of cobalt is a bit cumbersome. In addition, to avoid
the oxidation and agglomeration, nanoparticles must be capped
during the reaction which can be achieved with the help of inert
gases and the surfactants. Among different synthesis methods,
metal salt reduction through co-precipitation process is faster,
economical, and cleaner. In the present work, we have chosen
an alternate synthesis method instead of the conventional
methods which uses argon atmosphere or Teflon-lined stain-
less steel autoclave [12]. This modified synthesis method is
discussed in the experimental section.

In this work, we have estimated the composition of differ-
ent cobalt nanoparticles using *°Co internal field nuclear mag-
netic resonance (IFNMR) technique and compared the results
with the XRD measurements. Further structural and magnetic
properties are determined using a scanning electron micro-
scope (SEM) and vibrating sample magnetometry (VSM)
techniques.

2 Experimental
2.1 Synthesis of the Sample

We have synthesized the Co metal nanopowders using co-
precipitation method by designing a simple air exhausting
device which avoids the requirement of an inert atmosphere.
All the chemicals were of analytical grade and used for this
preparation without further purification. In a typical synthesis
[13], 1 g of CoCl,'6H,0 dissolved in 50 ml of de-ionized
water or ethanol at room temperature. Two milliliters of poly-
ethylene glycol was added to the above solution as a surfac-
tant. The solution was stirred using a magnetic stirrer to obtain
a homogeneous solution. NaOH solution was prepared in an-
other beaker by dissolving 5 g of NaOH pellets in 20 ml of de-
ionized water. NaOH solution and 10 ml N,H4-H,O were
added step by step into the above precursor solution. This
mixture was vigorously stirred and heated to 80 °C in a con-
trolled setup. In order to avoid the air, the reaction was carried
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out in a flask having a side neck outlet which is connected to
pipe immersed in water. The gases and vapors released during
the reaction were bubbled into this beaker. The solution was
maintained at the synthesis temperature for 45 min. The
resulting black precipitate was filtered and washed with etha-
nol several times to remove the unreacted chloride ions and
then dried in vacuum at 50 °C for 2 h. This method has yielded
two samples for corresponding water and ethanol solvent.
Further, we have also procured a commercial carbon-
encapsulated cobalt sample (99.99% pure form, M/S Sigma-
Aldrich) which is labeled as Co@A. The sample prepared
with water as a solvent is labeled as Co@B and the other with
ethanol is labeled as Co@C.

2.2 Characterization of the Samples

XRD is a powerful technique to elucidate the structure and
phase of any materials. However, it may be difficult if the size
of the particles is in nano range. Sometimes, XRD pattern
analysis for cobalt has complications when the sample has
both fce and hcep phases co-existing, yield three and six peaks,
respectively. However, the peaks observed at 26 = 44° and 76°
of fcc and hcp almost overlap with each other leading to the
ambiguous conclusion to arrive at the exact exclusive phase
composition. Further, XRD peaks broaden and intensity di-
minishes, when the particle size reduces to nanometer scale or
below, making them hard to observe. Hence, to circumvent
these issues, we have relayed on IFNMR results which seems
to throw light on phase identification and quantification [14].

IFNMR uses the internal field present at the nuclei for
lifting the degeneracy of the energy levels. The condition
for resonance in NMR is given by

g=20 (1)

27

where v is the gyromagnetic ratio of the given NMR nuclei
(Hz/T), His the hyperfine field experienced by the NMR
active nuclei in tesla, f'is the resonance frequency in MHz.
There are only few IFNMR active nuclei (57F e, >’Co, *'Ni
etc.,) with different gyromagnetic ratios and their correspond-
ing NMR signals lie in the frequency range of ~20-750 MHz.

Specifically for cobalt, earlier reports revealed that in
the /cp phase, the >°Co nuclei experience slightly higher
internal field (21.8 T) compared to that of fcc-phase
(21.13 T) [15-17]. The gyromagnetic ratio of >’Co is
10.102 x 10° Hz/T. Accordingly, one can expect different
NMR signals corresponding to zcp (>219 MHz) and fcc
(>212 MHz) phases of cobalt [14, 15, 18]. Typically,
NMR signals of the two phases separated by ~7 MHz.
Moreover, >°Co being 100% abundant leads to detect and
distinguish even the smallest contribution from each phase
to the system.
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In order to verify the phase purity of the cobalt sample and
to authenticate our synthesis procedure, X-ray diffraction
measurement has been carried out using an X’ Pert PRO,
PAN analytical diffractometer with Cu-K, radiation (A=
0.154 nm). Surface morphology of the synthesized particles
is measured using field emission scanning electron microsco-
py (Zeiss make). The room temperature magnetic hysteresis
loops of the powder samples were obtained (at +£2 T) using a
“Quantum design” Magnetic Property Measurement System
(MPMS). **Co NMR of all the samples is studied using
IFNMR spectrometer which is assembled in the lab and the
details of the same can be found elsewhere [19]. NMR signals
in all the samples have been observed using spin echo se-
quence (71/2-t-71). We have used a 7/2 pulse of width 1.0 ps
and the delay between the two pulses is 20 ps. The 71/2 pulse is
optimized for the highest NMR spin-echo amplitude. The sig-
nals are recorded by measuring the spin echo amplitude as a
function of frequency (in steps of 0.5 MHz) over the range
200-240 MHz. The quality factor Q of the probe circuit is
maintained constant over the entire scanned range of
frequencies.

3 Results and Discussions
3.1 XRD Measurements

XRD measurements of all the three samples are represented in
Fig. 1. From the figure, one can notice that the sample Co@A
has XRD peaks corresponding to only the fcc-phase (in agree-
ment with the ICSD data), while the sample Co@B has XRD
peaks corresponding to both fcc and Acp phases. On the other
hand, Co@C has XRD peaks corresponding to only the Acp
phase. One more striking observation in Co@B is that the
XRD peak due to (200) plane corresponding to fcc phase
reveals a slightly broadened and shift in the peak position
compared to the pure phase which can be attributed to the

Co@A A » )
b QO@B *AaJ A Vst tionitas
co@C U A
ICSD fcc l T mj
ICSD hcp %?l % i %
20 30 40 50 60 70 80 90
20 (°)

Fig. 1 The XRD patterns of the three different cobalt nanoparticles

presence of hcp stacking faults in the material which is in
agreement with the similar observation of Andreev et al.
[20]. The crystallite size (also known as coherent domain size)
‘D’ is calculated from the XRD using Debye-Scherer formula,

0.9\

- (3 cosf @)

where [ is the full width of half maximum in (26), 0 is the
corresponding Bragg angle, A =0.154 nm. The crystallite
sizes for the Co@A and Co@C samples are calculated with
reference to the peak at angle at ~44°. The average crystallite
sizes for Co@A and Co@C samples are found to be ~21 nm
and ~ 35 nm, respectively. On the other hand, the crystallite
size for Co@B sample having both the phases is calculated
separately at the peaks ~42° and ~48° (hcp signature peaks)
and 52° peak (fcc signature peak). These calculations show
that average crystallite sizes for 4cp phase in Co@B samples
are found to be ~30 nm ~ 34 nm, respectively, while the
average crystallite size for fcc phase is found to be ~26 nm.

The several crystallites of cobalt at a given annealing tem-
perature will agglomerate to form particles of various sizes
[21, 22]. Depending on the size of the particles, different
phases will result according to the observation of Kitakami
et al. [9]. SEM micrographs are used to estimate the particle
size and the details of which are discussed in the next section.
It should be noted that XRD technique is unable to quantify
the presence of minor phases in all the three samples.

3.2 SEM Measurements

Figure 2a—c shows the surface morphology for Co@A,
Co@B, and Co@C samples, respectively. Cobalt nanoparti-
cles in Co@A agglomerate in the spherical structure. It is
noteworthy that earlier reports also suggest that pure fcc cobalt
nanoparticles exist in the spherical shape [23, 24]. The cobalt
particles in Co@B sample exist mostly in the spherical shape
along with the minor quantity of flower-shaped dendrites.
Cobalt particles in Co@C sample appear as leaf-like dendrite
shape. Similar morphology for Acp cobalt is reported by Zhu
et al. [25]. Hence, it is important to consider the surface mor-
phology as one of the parameters in the growth of the cobalt
nanoparticles. Thus, qualitatively, one can observe the mor-
phological changes in all three samples.

The particle size estimated for each micrograph is giv-
en on the right side of the each image. The estimated
average particle size corresponding to Co@A is less than
30 nm, which can be attributed to fcc phase. On the other
hand, the micrographs of Co@B and Co@C show the
average size of particles to be in the range 30-60 nm
and 40-100 nm, respectively, which may be attributed to
mixed phase and the exclusive /icp phase.

@ Springer
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Fig. 2 SEM micrograph for all the three cobalt samples. Co@A consists
of only spherical shape that contains major fcc phase. Co@B consists of
both spherical shape and flower dendrite shape that coexists with almost

XRD and SEM analysis leads to a conclusion that in
Co@A, the coherent domain size is same as particle size. On
the other hand, in Co@B, both small and larger particles are
simultaneously co-exist, confirming the presence of smaller
particles exhibiting single domain while the larger particles
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equal amounts of fcc and hcp phases. Co@C which has leaf like dendrite
consists of major scp phase

having multidomain particles. Co@C analysis also confirms
the existence of single as well as agglomerated particles. A
correlation between the particle size below which it exists in
single domain (known as critical radius) and the correspond-
ing magnetization is discussed in the next section.
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Fig. 3 a M versus H loops for the cobalt samples measured at RT. b Remanence and coercivity for the cobalt samples

3.3 Magnetic Measurements

Magnetic hysteresis loops for all the samples are shown in
Fig. 3, which shows that the saturation magnetization (M)
values for Co@A, Co@B, and Co@C samples are ~9.92 x
10° Am™', 8.44 x 10° Am ', and 7.46 x 10° Am ", respective-
ly. The observed My values are used to calculate the critical
radius () of the particles, below which they exist as the single
domain particles, using the relation [26],

9
Fe = i 3)
poM's

where 7 is the domain wall energy of the cobalt (7.46 x
107 Im ™), 1o is the permeability of free space, and My is
the saturation magnetization. The calculated .. values are tab-
ulated in Table 1. From the table, it is clear that the critical
radius for the Co@A is smaller, while for Co@C, it is higher.
The critical size estimated in the present study for the fcc
phase is less than the previously reported values [27, 28],
however much higher than the values estimated by the Kittel
et al. [29]. The higher value of critical radius in our case is
mainly due to the lower Mg values, compared to the M values
of bulk cobalt particles (1.7 x 10° Am ") considered by Kittel
etal. [29]. The coercive (H,) and the remanence fields (H,.) are
given in columns 4 and 5 of Table 1. The smaller values of H,.
and H, confirm the soft ferromagnetic nature of the cobalt
nanoparticles. However, the H. of Co@A (205 gauss) is
higher than Co@C (158 gauss), which could be due to the
presence of single domain particles.

The important factor in determining the phase of the cobalt
is “anisotropy constant (K,)”, the dependence of magnetic
properties on the direction of the applied field with respect
to the crystal lattice [30, 31]. The anisotropy constant is cal-
culated using the relation [26],

K, = HaptoMs 4)
2

where H,, is the anisotropy field obtained by extrapolating the
M versus H graph for each sample as shown in Fig. 3. The
calculated anisotropy constant is given in column 7 of Table 1.
The estimated values of anisotropy constant for Co@A (fcc)
and Co@C (hcp) phases are ~28 x 10* J/m® and ~39 x 10* J/
m?, respectively, which are in good agreement with the earlier
reports [32, 33]. The anisotropy constant for the Co@B (fcc
and hep) is ~37 x 10* J/m?. This variation of anisotropy con-
stants is responsible for the various percentage of phase com-
position observed in the present cobalt nanoparticles.

3.4 Effect of Solvent and Temperature on the Phase
Composition

It is well known from the literature that the chemical environ-
ment plays a very important role in obtaining the particular
phase of the cobalt nanoparticles [9, 10, 23, 25]. Cobalt nano-
particles in the present studies were synthesized using a facile
chemical route [13, 34]. Zhu et al. [25] have discussed the
formation of cobalt nanoparticles with the help of following
steps of chemical reactions,

Table 1 Parameters obtained from M versus H loop for the cobalt samples

Sample Saturation magnetization Critical radius Coercive field Remanence field Anisotropy field Anisotropy constant
(M) (Am'") < 10° (r.) (nm) (H,) (T) (H,) (Am)x10°  (H,) (T) (K.) (m )< 10*

Co@A 9.92 55 0.0205 1.79 0.46 28

Co@B 8.44 73 0.0370 2.38 0.68 37

Co@C 7.46 99 0.0158 0.69 0.8 39
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Co** + solvent—Co(solvent)*" (5)
Co(solvent)*" + mN2H4—>Co(N2H4)i1Jr + n(solvent)  (6)
Co(NyHy)2t + OH —Co + Ny + (m=1)NaHy + Hy0 (7)

It is evident from the above equations that the solvent plays
a significant role in the formation of the cobalt nanoparticles.
Presence of hydrazine hydrate initiates the formation of the
cobalt nanoparticles. The initial nucleating seeds will not have
any specific preference for crystallographic phases; hence,
simultaneous phases can be present. Further, the specific
phase largely depends on the temperature. By tuning the syn-
thesis temperature, the initial phase of the nucleating seeds can
be monitored. After the initiation of the nucleation process, the
growth mechanism can be controlled by the solvents [35]
which selectively controls the surface energy of the different
crystallographic phases [25]. Further, the viscosity of the sol-
vent affects the reaction rate, the size, phase, and morphology
of'the cobalt nanoparticles. The high viscous solvents relative-
ly hinder the formation spherical cobalt nanoparticles instead
leads it to grow in a particular direction (anisotropic growth)
leading to a formation of the leaf-like dendrite shape. On the
other hand, a low viscous solvent offers less steric hindrance
resulting in a growth of the cobalt particles. Moreover, the
presence of surfactant minimizes the surface energy of the
growth particle leading to a formation of the spherical
particles.

It is well known that the Acp phase of bulk cobalt is more
stable at low temperature (< 350 °C); however, the experimen-
tal results often show a mixture of fcc and Acp phase in nano-
particles prepared by chemical synthesis route. The low acti-
vation energy for the formation of stacking faults results in the
formation of the mixed phase. Considering these facts, we
have maintained the initial synthesis temperature at 80 °C.
For Co@B, some cobalt ions are first reduced to cobalt atoms
which further leads to the nucleation process. Remaining co-
balt ions in the solutions help in the growth of particles.
However, reaction speed is higher in water (less viscous
8.9 x 10~* PaS) compared to ethanol leading to the formation
of mixed phases [36, 37]. For Co@C, ethanol is used as a
solvent. Due to its high viscosity (109.5 x 10~* PaS), ethanol
solvent allows the cobalt nanoparticles to unidirectional
growth leading to a formation of the dendrite shape (2D
growth). The high value of anisotropy observed for Co@C
sample also supports this argument. The phase verification
of these cobalt nanoparticles is done using *’Co IFNMR stud-
ies which are discussed in the next section.

3.5 %°Co IFNMR

Figure 4a—c shows the optimum NMR spectra of three different
cobalt samples (Co@A, Co@B, and Co@C) measured at room
temperature (RT). From Fig. 4, one can observe that there are
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Fig. 4 >°Co IFNMR spectra measured at room temperature for a Co@A
(major fee phase), b Co@B, ¢ Co@C (major icp phase). Each spectrum is
deconvoluted to five sub-peaks as shown in the spectra. The black dot
represents the experimental data, the green line represents the grain
boundaries, blue line corresponds to the fcc domain wall, cyan
corresponds to the fce single domain, wine represents the #cp domain
wall, and black line corresponds to the /cp single domain particles.
Redline corresponds to the cumulative curve

two major peaks around ~213 and ~220 MHz, another three
minor peaks ~210 MHz, ~217 MHz, and ~224 MHz. These
peaks are deconvoluted using Gaussian fits and are assigned
following the interpretation made in the earlier reports [13, 15,
35]. It is well known that ferromagnetic materials are bestowed
with domains which are separated by the domain walls [29].
The behavior of the domain wall and domains are different for
the applied radiofrequency (RF) field [38]. Based on the re-
sponse of the domain wall and domains to RF, one can easily
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distinguish their respective contributions to the total NMR sig-
nal amplitude. The applied RF field induces oscillations in the
electronic moments of the ferromagnetic materials resulting in
an RF component of the hyperfine field. Hence, one can expect
an enhanced NMR signal both from domain and domain walls.
However, the extent of RF enhancement is different for the
domain (10? times) and domain wall (10° times) [38]; corre-
spondingly, the induced NMR signal voltage at the probe is
also different, leading to the variation in the intensities [39].
The response of the electronic moments (spins) for the applied
RF in the domain walls is high as they are less pined than the
electronic moments in the domains. Hence, for a given applied
RF, the effective RF experienced by the domain wall is greater
compared to the domains, which results in the higher NMR
echo signal from domain walls compared to the domains.
Due to this difference in the responses of the domains and
domain walls, we have measured the NMR spectra at the opti-
mum RF power levels (for maximum echo signal at a given
NMR frequency). The variation of the RF power for optimum
NMR signal as a function of frequency (in steps 0.5 MHz) is
given in the Fig. 5. As discussed in the introduction, the internal
field of the fcc and hcp domain walls is 21.10 T and 21.80 T,
with the corresponding resonance frequencies are being ~
213 MHz and ~ 220 MHz, respectively [15]. Hence, these sig-
nals are assigned to the fcc domain wall and Acp domain wall,
respectively. Further, Gossard et al. have experimentally shown
that the single domain cobalt nanoparticles resonate at ~
217 MHz [40]. The higher value of this resonance frequency
for single domain particles due to the addition of a
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Fig.5 Variation of RF power as a function of applied frequency for three
different cobalt samples

demagnetizing field to the existing hyperfine field [27].
Similarly, the NMR signal observed around ~224 MHz was
assigned to the Acp single domain particles. Sort et al. assigned
the NMR signals observed between 205 and 210 MHz to the
grain boundaries [41].

Following the above discussions, we have assigned the
deconvoluted NMR signals centered ~210 MHz to the grain
boundaries and the peaks centered around 213 MHz and
217 MHz to fce domain wall and the fec single domain particles,
respectively. Other two peaks centered around 220 MHz and
224 MHz were assigned to the 4cp domain wall and the Acp
single domain particles, respectively. Similar assignments of
NMR peaks are also done for Co@B and Co@C. The area under
each curve assigned above is calculated and tabulated in Table 2
for all the three samples. From the table, one can notice that all
the three samples have different line shapes, indicating the con-
tribution from different phases from their domain wall, domains,
and grain boundaries. Further, it is also observed that the area
under the peaks and their sum in each spectrum represent the
percentage of each phase present in the individual sample.

From the Table 2, it is apparent that Co@A has ~ 80% fcc
phase, ~8% of hcp phase, and remaining contribution from
grain boundaries. Similarly, Co@B has ~50% of the hcp
phase, ~43% of the fcc phase, and the remaining contribution
from the grain boundaries. Finally, Co@C has ~77% of the
hep phase, ~20% of the fcc phase, and the remaining contri-
bution from the grain boundaries. Thus, from *°Co IFNMR
studies, we can conclude that sample prepared using water
(Co@B) as a solvent has almost equal percentage of both
the phases, while the sample prepared using ethanol
(Co@B) as a solvent has a major amount of /cp phase (~
77%) and ~20% of fcc phase. Commercial cobalt (Co@C)
sample prepared using the decomposition of cobalt carbonyl
(mentioned by the manufacturer) contains ~80% of the fcc
phase. Thus, **Co IFNMR line shape analysis represents a
quantitative estimation of the percentage of phase composi-
tion in any ferromagnetic samples containing abundant NMR
active nuclei.

3.6 Compositional Analysis: a Comparison
Between NMR and XRD

The deconvoluted components from the NMR line shape
show that fcc is a major phase in the Co@A, whereas
Co@B has an equal contribution from the fcc and scp phase.
The Co@C has the majority of the 4cp phase. As mentioned
earlier, [IFNMR technique is based on the local hyperfine field
experienced by the NMR active nuclei (cobalt). The high val-
ue of the gyromagnetic ratio of the nuclei (~ 10.09 x 10° Hz/
T) and its abundance (100%) makes it more sensitive tech-
nique in determining the phase composition. Moreover, the
experimentally observed difference between fcc and hcp
phases (Af= 7 MHz) supports the better resolution of the

@ Springer
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Table2  Contribution to NMR signals from the different phase components measured at room temperature. The standard error in the decomposition of
the NMR spectra is <+ 5%
Sample a Sample b Sample ¢

Peak assignment Frequency (MHz) Area % Frequency (MHz) Area % Frequency (MHz) Area %
Grain boundaries 210.0 12.30 209.4 07.50 2103 03.40
fece domain wall 213.0 46.89 2134 32.30 213.1 12.64
fee single domain 217.0 33.23 216.7 10.28 216.6 07.14
hep domain wall 220.7 04.89 220.0 24.68 219.2 40.21
hep single domain 2234 02.69 224.5 25.24 222.7 36.61

NMR technique. In the present work, the frequency scan is
carried out in steps of 0.5 MHz with an RF pulse width of
1 ps. This implies that the bandwidth covered in each set
frequency is ~1 MHz. Thus, a clear resolution between the
two phases is evident. But still, we observe a minute contri-
bution to the NMR signal from the fcc phase in scp and vice
versa which establishes the percentage of mixed phases which
have helped us in estimating the percentage contribution of
various phases. At this juncture, it should be noted that the
XRD technique is not sensitive for such a small contribution.
In view of the above arguments, the existence of the lower
component of zcp in sample Co@A and fcc in sample Co@C
is revealed by NMR but not observed in XRD. It is well
known that at high frequencies, a higher population difference
is maintained in accordance with the following equation,

DA
N_+ = KT (8)

where V.. is the number of spins in the lower levels and N_ is
the number of spins present in the higher level,  is the gyro-
magnetic ratio of the NMR active nuclei in Hz/T, H;/is the
hyperfine field/applied field, K is the Boltzmann constant in
J/K, and T is the temperature in K. This further enhances the
sensitivity of NMR technique over XRD. Hence, a compari-
son of NMR line shape analysis with XRD results shows that
the latter gives a qualitative presence of the various phases,
while NMR gives the quantitative estimation of the phase
composition with a better accuracy, which serves as a compli-
mentary technique for NMR active magnetic materials.
Furthermore, from the present results, one can also con-
clude that it is impossible to synthesize an exclusive single
phase of the cobalt nanoparticles. However, one can tune the
phase composition using different synthesis techniques.

4 Conclusions

In the present work, we have synthesized the cobalt nanopar-
ticles via co-precipitation method using two different solvents
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water (Co@B) and ethanol (Co@C). The XRD measurements
show that Co@A (commercially procured carbon-
encapsulated cobalt nanopowder) exists in fcc cobalt phase.
Co@B shows the existence of both fcc and hcp phases, while
the Co@C exhibit only the 4cp phase. The SEM morphology
studies for Co@A show the presence of spherical particles,
while the Co@B shows the presence of both spherical and
flower dendrite shape. The sample prepared using ethanol as
solvent exhibits only the leaf-like dendrite shape. *’Co
IFNMR studies confirm that the existence of major phase in
Co@A is fce, co-existence of both fec and hcp in Co@B and
existence of major Acp phase in Co@C. From these analyses,
we conclude that the final phase composition of the cobalt
largely depends on the synthesis conditions like chemical en-
vironment, solvents, temperature etc., which alters the size
and surface morphology of the cobalt particles. The high vis-
cous solvent like ethanol favors the formation unidirectional
growth (dendrite shape) of the particles leading to cp phase
of the cobalt and the low viscous solvents result in the rapid
growth of spherical cobalt nanoparticles resulting in the for-
mation of both fcc and Acp phase.
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