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Nanomaterials with unique structures and exotic magnetic phenomena are always intriguing; however,
the direct correlation of structural and magnetic ordering up to a few nanometers remains critical. We
report structural and magnetic properties of sol-gel grown Co;_,Ni,TeO4 (x = 0, 0.5 and 1) nano-
particles. An increase in the calcination temperature leads to the enhancement of the particle size and
structural ordering. This is accompanied by changes in the magnetic interactions as well. Calcination at
lower temperatures retains the short-range non-crystalline structure and superparamagnetic behavior,
while calcination at higher temperatures results in long-range ordering in both the crystal and magnetic
structures. Superparamagnetic to antiferromagnetic ordering observed from temperature- and field-
dependent magnetization is attributed to the changes in structural ordering. This study presents a hew
family of nanomaterials displaying stable magnetic order up to ~6 nm, where the magnetic properties
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Introduction

Technological advances for subsequent generation devices have
escalated the research at the nanoscale as an unprecedented
change in nanostructures’ structural, electronic, and vibration
properties has been evidenced due to the quantum confine-
ment effect and/or increase in surface to volume ratio.'”
Depending on their properties, such nanostructures have been
found to be suitable for different applications.>* Interest in
magnetic nanostructures has been boosted in the past few
decades by virtue of their potential in diverse fields, such as
ultrahigh-density recording,” medical diagnostics,’ catalysis,”
and sensors.® Apart from the properties mentioned above, the
magnetic behavior of the nanostructures also differs from that
of their bulk counterparts. This is because size reduction to a
nanometric scale strongly rearranges the magnetic moment/
domain. Thus, exploring magnetic materials of varying sizes is
essential and can reveal novel promising applications.

The manifestation of magnetic properties in nanostructures
has been reported for several systems, such as GdAl,,® Ni(OH),,"°
La;_,S1,Co0;,'" and perovskite manganite R; _,A,MnOj; (R = La,
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can be uniquely controlled by changing the structural ordering.

Pr, Sm etc., and A = Ca, Sr, Ba, and Pb)."*** For example, GdAl,
nanocrystallites displayed broadening in the ferromagnetic (FM)
transition, rather than shift, with a decrease in nanocrystallite
size along with superparamagnetic behavior for smaller nano-
crystallites (~18 nm) below 30 K.° Ni(OH), nanoparticles of
average size ~ 8 nm, on the other hand, displayed paramagnetic
behavior at higher temperatures and a paramagnet to ferro-
magnet transition with a decrease in temperature.'® Moreover,
for one of the most studied and applied compounds, Fe,O3, both
coercivity and remanence were found to approach zero at a
particle size of ~19.3 nm.? Though the size-dependent magnetic
interaction has already been investigated, a direct correlation
among particle size, crystallographic structural ordering, and
magnetic properties is lacking.

Recently, nanostructured transition metal tellurates/tellur-
ides have come into the limelight as potential candidates for
energy applications."*"> Moreover, cobalt-based tellurates/tell-
urides display intriguing magnetic behavior, such that
CoTeO0,," CoTe,'® Co,Te;0g,"” and Co;TeO'®' either show
weak FM or antiferromagnetic (AFM) transition in polycrystal-
line form. However, the effect of calcination temperature on the
crystallization and the particle size-dependent magnetic prop-
erties of telluride nanoparticles has not yet been studied.
Therefore, from the application point of view, it is interesting
to take up a system, such as CoTeO,, and study the effects of
substitutions and preparation conditions, such as calcination
temperature, on the particle size and magnetic field properties.
In the present work, sol-gel-grown Co;_,Ni,TeO, (x = 0, 0.5,
and 1) nanoparticles with different sizes are studied to
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Fig. 1 The room temperature X-ray diffraction patterns of pristine and calcined (a) CTO, (b) CNTO, and (c) NTO showing increases in the crystallinity as

the calcination temperature is increased.

investigate their structural and magnetic properties. Following
detailed microstructural and structural analysis, the correlation
of structural ordering and magnetic interactions is explored
with varying calcination temperatures.

Experimental
Synthesis

Co, _,Ni, TeO, (x = 0, 0.5 and 1) compounds were prepared by a
sol-gel method using the initial compounds of Co(NO3),-6H,0,
Ni(NOs),-6H,0, and H,0,Te-2H,0. The constituent compounds
were taken and mixed in distilled water using a magnetic stirrer
for 3 h. Post stirring, each solution was dried on a hot plate at
80 °C. The dried powder of each composition was divided into
three parts and kept for calcination at different temperatures
for different durations (Table S1, ESIt). Hereafter, CoTeOy,,

L1100 nm L1100 nm

= 900 °C

Fig. 2 The TEM-EDS mapping of pristine and calcined (400 °C and 500 °C) CTO.

L1100 nm
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Coy 5Niy sTeO,, and NiTeO,, (MTO; M = Co, Co/Ni, and Ni),
are referred to as CTO, CNTO, and NTO, respectively.

Instrumentation

The room-temperature X-ray diffraction (XRD) patterns were
recorded on well-ground specimens using a PANalytical X-ray
diffractometer. The scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) data were collected using
a Field Emission Gun FEG-SEM (JEOL JSM-7600F FEG-SEM).
Transmission electron microscopy (TEM) measurements were
carried out using a JEOL JEM2200FS EFTEM/STEM instrument.
Selected area electron diffraction (SAED) was performed by
FEG-TEM. Magnetic moments versus temperature and mag-
netic field were measured using a SQUID vibrating sample
magnetometer (VSM). The magnetic measurements were car-
ried out in zero-field cooling (ZFC) and field-cooling warming

L1100 nm L1100 nm

L1100 nm L1100 nm
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Fig. 3 (a) Temperature-dependent magnetization at 100 Oe for (a—c) CTO, (d—f) CNTO and (g—i) NTO for pristine and calcined (400 °C and 500 °C)

compounds along with the corresponding modified Curie—Weiss fitting at 100 Oe ZFC (insets).

(FCW) processes. In the ZFC process, the specimen was cooled
down to 2 K (from 300 K) in the absence of a magnetic field and
then a field was applied. The data were collected during
warming. In the FCW process, the specimen was cooled in the
presence of a magnetic field and the data were collected during
warming without switching off the applied magnetic field.

Results and discussion

The room temperature XRD patterns of the pristine (as-
prepared) MTO and those calcined at 400 and 500 °C are shown
in Fig. 1(a—c). The non-crystalline nature of the pristine and
low-temperature calcined (400 °C) MTOs is evident from the
broad peaks of the patterns. However, crystallinity is found to
enhance as the temperature is increased to 500 °C. This

3146 | Phys. Chem. Chem. Phys., 2023, 25, 3144-3150

observation corroborates a recent study, wherein a single
crystalline phase is obtained at a calcination temperature of
600 °C."* Thus, the transformation of short-range structural
ordering (i.e., non-crystalline structure) to long-range structural
ordering (crystalline structure) is observed with the increase in
calcination temperature. EDS spectra of each compound at
different calcination temperatures (Fig. S1(a-i), ESI{) and
corresponding atomic percentages (Table S2, ESIt) suggest
the elemental homogeneity of the grown nanomaterials.>
Fig. S2(a-i) (ESIt) shows the high-resolution SEM images for
pristine Co; ,Ni,TeO, (x = 0, 0.5 and 1) compounds along with
their calcined counterparts. The morphology of these nano-
structures is found to be spherical in nature. An increase in
nanoparticle size and its crystallinity with the increase in
calcination temperature is evident. Moreover, the SEM images
of the pristine compounds (Fig. S2(a, d and g), ESIT) show that

This journal is © the Owner Societies 2023
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nanoparticles are not well separated, whereas these nano-
particles start to separate with the calcination temperature
(Fig. S2(c, f and i), ESIf). The TEM-EDS mapping (Fig. 2)
for pristine and calcined CTO nanoparticles further shows the
homogeneous distribution of Co, Te, and O elements.
The calculated elemental atomic percentages also follow the
elemental atomic percentages as found from SEM-EDS. The
particle sizes of the CTO compounds, as inferred from TEM
(Fig. S3, ESIY), show an average size of ~3 nm for the pristine
compound, whereas an increase in average size from ~10 to
~25 nm with the increase in the calcination temperature from
400 °C to 500 °C is noted. The average particle sizes for all
compounds are given in Table S3 (ESIY).

The magnetization as a function of temperature (M-T) in
100 Oe is measured for the pristine nanoparticles and their
calcined counterparts. M-T plots of CTO are shown in Fig. 3(a—c).
Fig. 3(a) shows magnetization behavior of the pristine com-
pound, wherein no signatures of magnetic ordering are found
down to 5 K. To estimate the possible existing magnetic correla-
tions, the inverse susceptibility of the same is fitted using the
Curie-Weiss law,

% =% * CIT — Ocw) 1)

where y, is the independent magnetic susceptibility, C is the
Curie constant, and fcw is the Curie-Weiss temperature. The
fit is shown in the inset of Fig. 3(a). The fit resulted in a
paramagnetic Curie-Weiss temperature of —37.6 K and an
effective magnetic moment of 4.1ug. Although the pristine
compound does not seem to order magnetically down to 5 K,
a negative fcw (= —37.6 K) signifies AFM correlations of the
spins. Despite magnetic correlations, the magnetic order might
be prevented by the lack of atomic ordering in their respective
atomic/Wyckoff positions due to the non-crystalline nature of
the pristine compound. As the calcination temperature
increases, the negative 6w is found to increase from —36.7 K
(pristine) to —58.4 K (for 400 °C). An increase in negative Oy is
understood to correlate with the crystallinity enhancement at
elevated calcination temperatures. This indicates that the mag-
netic ordering is stabilized with the increase in crystallinity.
The compound calcined at 400 °C (Fig. 3(b)) exhibits a sharp
peak at 8.9 K, at which the bifurcation of ZFC and FCW also
onsets. Inferring from the negative paramagnetic Curie-Weiss
temperature, the observed transition results from the AFM
behavior with a Néel temperature of Ty = 8.9 K. A further
increase in calcination temperature has led to an enhanced Ty
from 8.9 K (400 °C) to 43.5 K (500 °C). Such an enhancement is
supported by the increased fcw, indicating strong AFM inter-
actions in the nanoparticles. For CNTO, the pristine compound
exhibits a negative Ocw but does not order magnetically down to
5 K (Fig. 3(d)). However, it exhibits AFM order below 39.1 K
when calcined at 400 °C (Fig. 3(e)) and 42.7 K when calcined at
500 °C (Fig. 3(f)). Similarly, the pristine NTO does not order
magnetically down to 5 K (Fig. 3(g)), whereas for calcined
specimens, Ty is found to be 5.5 K (400 °C: Fig. 3(h)) and
6.1 K (500 °C: Fig. 3(i)). The particulars of the calcination
temperatures, Ty and Ocw, and the effective magnetic moments
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Table 1 Magnetic transition temperature (Ty), Curie—Weiss temperature
(Bcw), and effective magnetic moments (uer) of CTO, CNTO and NTO
compounds at different calcination temperatures

Calcination temperature Tx (K) Ocw (K) ter (ug fu.™1)
CTO

Pristine — —37.6 £ 0.1 4.13 £ 0.01
400 °C 8.9 —58.4 £ 0.1 4.91 £ 0.01
500 °C 43.5 —74.1 £ 0.2 5.02 = 0.01
CNTO

Pristine — —32.5+ 0.1 3.21 £ 0.01
400 °C 39.1 —55.3 £ 0.5 4.24 £ 0.02
500 °C 42.7 —61.8 £ 0.6 4.02 £ 0.02
NTO

Pristine — —34.4+0.2 2.84 + 0.01
400 °C 5.5 —62.7 £ 0.5 3.32 £ 0.02
500 °C 6.1 —125.2 £ 0.7 3.41 £ 0.02

are detailed in Table 1. The observed variation in the effective
magnetic moments of each CTO compound could be related to
the crystalline nature of these compounds.

Fig. 4 shows the isothermal magnetization versus magnetic
fields (M-H) measured at 2, 100, and 300 K. The measurements
were carried out in the ZFC process. M-H curves were recorded
in five quadrants (0 - 70 - 0 - —70 —» 0 — 70 kOe) by
sweeping the magnetic field. For the sake of clarity and to be
precise, we discuss the first quadrant of M-H data. Fig. 4(a—c)
shows the curves for CTO. Pristine CTO exhibits an almost non-
linear behavior with a non-saturating magnetic moment of
about 12.5 emu g~ ' under the influence of 70 kOe. However,
in the paramagnetic state, i.e., at 100 and 300 K, the M-H curves
are linear. Though the 2 K isotherm is still non-linear for a
400 °C calcined CTO, it is linear for a 500 °C calcined com-
pound indicating the AFM behavior. A quasi-non-linear beha-
vior with excess non-saturating magnetic moment is attributed
to the non-crystalline nature of the pristine and 400 °C calcined
compounds. A similar nature is observed in the CNTO and NTO
compounds, as shown in Fig. 4(d—f) and (g-i), respectively. The
M-H data of MTO commonly reveals the stable magnetic order
with the improvement of the crystallinity as the calcination
temperature is increased.

Fig. 5 shows the schematic diagram of the morphological,
structural, and magnetization behavior of MTO with calcination
temperature, summarizing the transition of the magnetic inter-
action from superparamagnetic to AFM because of the change in
short-range structural ordering to long-range structural ordering.
It is evident that the pristine nanoparticles are non-crystalline in
nature, while the calcination at high temperature induces the
long-range crystalline order as indicated by the horizontal arrow
in Fig. 5. Under H = 0, these nanoparticles show superparamag-
netic behavior and the presence of a magnetic field tries to bring
an overall magnetic order by orienting the spins of the individual
nanoparticles in the field’s direction. As a result, soft FM-like
behavior is observed in the magnetization vs. magnetic field
isotherms of these non-crystalline pristine nanoparticles of
MTO. The origin of net magnetic moment in these compounds
could be due to the uncompensated Co®*/Ni** ions at the surface

Phys. Chem. Chem. Phys., 2023, 25, 3144-3150 | 3147
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Fig. 4 Field-dependent magnetization at 2, 100 and 300 K for (a—c) CTO, (d—f) CNTO, and (g—i) NTO for pristine, 400 °C and 500 °C calcined compounds.

of the particles. However, as shown in Fig. 4(a, d and g), a linear
M-H is due to paramagnetic behavior. A weak FM behavior at
low temperatures and paramagnetic behavior at high tempera-
tures in these nano-sized pristine compounds can be understood
in terms of blocked spins (in the superparamagnetic state)
overcoming the energy barrier using the thermal energy at high
temperatures (NiO,>' CuO** and MnO>?). In contrast, the calci-
nated crystalline nanoparticles of MTO show AFM order under
H = 0. The strong AFM coupling is evident from the linear
magnetization isotherms at 2 K. Overall, a transition from
superparamagnetic (pristine and non-crystalline) to AFM (calci-
nated and crystalline) is reported for these MTO nanoparticles.

This study particularly correlates the observed magnetic
behavior with non-crystalline to crystalline structural transition
as a function of particle size.”***> The key difference between
the observed magnetic behavior is that no two atomic sites
are equivalent in a non-crystalline structure, whereas many

3148 | Phys. Chem. Chem. Phys., 2023, 25, 3144-3150

macroscopic directions may be equivalent in crystalline nano-
structures. Thus, this new class of nanomaterials provides
excellent control over magnetic behavior via particle size and
crystallographic structural ordering, not recounted so far.
Moreover, since applications of magnetic materials rely on the
stable magnetic order, the magnetic anisotropy energy along
certain directions becomes comparable to the thermal energy
with the reduction in particle size, forcing nanoparticles to lose
their stable magnetic order and become superparamagnetic.>® In
contrast, the current work presents a novel class of materials that
display stable magnetic order in nanoparticles of size ~6 nm
(Table S3, ESIY).

Conclusions

In summary, Co;_,Ni,TeO, (x = 0, 0.5, and 1) nanomaterials
with different particle sizes are prepared by a sol-gel method

This journal is © the Owner Societies 2023
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and their structural and magnetic interactions are investigated.
Microstructural and structural data evidence the increase in
particle size and long-range structural ordering with the calci-
nation temperature. These nanomaterials exhibit different
magnetic interactions with different calcination temperatures.
Calcination at lower temperatures shows the short-range non-
crystalline structure and superparamagnetic behavior, while
calcination at higher temperatures exhibits long-range ordering
in both the crystal and magnetic structures. Noted direct
correlation between structural ordering and magnetic inter-
actions via temperature and field-dependent magnetization
measurements presents a new family of nanomaterials with a
unique structure and magnetic property control.
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