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structural and magnetic
characterization of the b-CoTe nanophase
synthesized by a novel mechanochemical method†

Marcelo Augusto Malagutti,a Kelli de Fátima Ulbrich,a V. Z. C. Paes,b J. Geshevb

and Carlos Eduardo Maduro de Campos *a

This work reports an unprecedented mechanochemistry synthesis of b-CoTe and its systematic

characterization through X-ray powder diffraction (XRPD), transmission electron microscopy (TEM), and

magnetometry techniques. The mechanical alloying produced the desired material within 6 h along with

minor impurities, showing good stabilization for higher milling times (15 h) and long-term storage. XRPD

characterization employed the Rietveld profile fitting analysis with fundamental parameters analysis in

a direct convolution approach, giving the material's structure and microstructure information. For the

spherical shape, the diameter mass average of the crystallites furnished values around 13 nm with 1.1% of

microstrain. The double-Voigt procedure also modeled a triaxial ellipsoid shape for the crystallite size

and obtained a surface-weighted average value for its volume around 150 nm3. TEM images confirmed

the nanometric size visually and showed the crystallites to aggregate in large particles hundreds of

nanometers in size. Measuring hundreds of supposed crystallite sizes, we could achieve a numerical

distribution of their sizes with an average of 16 nm. The magnetization analysis performed both

experimentally and via numerical simulations showed that b-CoTe is predominantly superparamagnetic

with a magnetic domain size compatible with the double-Voigt one.
1. Introduction

The search for transition metal chalcogenides (TMC) materials'
synthesis methods has drawn considerable attention during the
last decades due to their broad application in material science.
Their chemical and physical properties, enhanced by nano-
metric scale fabrication, make them suitable for applications in
several areas of science like catalysis1 (especially water electro-
catalysis2), energy store and conversion,3 solar cells,4 and elec-
tronic devices.5 Among the different types of synthesis methods,
mechanochemistry has been in the ascendant in this decade. In
this approach, mechanical energy through milling (shocks and
shear from grinding/milling tools) can facilitate chemical
reactions. Also, mechanochemistry is recognized to be a “green”
method as it does not use solvents and its syntheses are per-
formed in a controlled atmosphere near room temperature.
Beyond that, the experimental procedures are easy and
straightforward: their techniques apply material grinding to
reduce sample grain sizes and augment homogeneity,
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increasing chemical activation. These procedures have been
explored since the beginnings of human existence6 and were
shown to be of quite simple use until modern mechanical
alloying techniques started to be developed in the 1960s.7 TMCs
have been explored by this method in many recent reports as
reviewed by Baláž et al.8

TMC materials which have not been subject to mechano-
chemistry investigation include the Co–Te alloys, especially the
b-CoTe phase (a hexagonal nickeline-type structure). Explora-
tion of the phase diagram via mechanochemistry has not yet
been reported and is our current objective for the 1 : 1 stoichi-
ometry. The calculation of the phase diagrams method (CAL-
PHAD) has recently been used to perform its thermodynamic
assessment using available experimental data in the literature9

from other synthesis methods. The b-CoTe phase and g-CoTe2
phase (marcasite-type) are described in this diagram, although
the 1 : 2 stoichiometry presents a polymorphism with the
pyrite10 and BaSi2-type structures.11 The b-CoTe materials
proved to have a homogeneity range from 55.4–64.2 at% Te at
high temperatures, this wide range is explained by the Co
vacancy defect mechanism, which adds another term for Co-
vacancies' interactions in the grand partition function and
corrects the phase diagram.12 All these phases present a eutectic
solid–liquid phase transition at a temperature of about 1288 K.

In the literature, the b-CoTe phases featured one of the
lowest chemical shis of the TMCs and the lowest effective-
RSC Adv., 2021, 11, 5027–5034 | 5027
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charge for Co. The inter- and intra-binding of Te–Te is short and
furnished a low c/a ratio for the hexagonal cells.13 The Seebeck
coefficient is negative, also presenting a Curie–Weiss-like
behavior for magnetic susceptibility14,15 at high temperatures
and hard ferrimagnetism at temperatures below 40 K. All these
properties came from thermal synthesized materials,11,16 in
almost perfect bulk single crystals.

Due to these properties, the b-CoTe phase produced by sol-
vothermal routes has been applied for biomolecular detection
devices and has detected uric acid and adenine in human
purine, which can indicate symptoms of diseases like gout and
Parkinson's when in excess.17 The properties which had the
most inuence were the good conductivity of these materials
and the quantum connement effect due to their size. Similar
TMC materials, regarding their composition, have already been
tested for biomolecular detection devices by this research
group, examples are NiTe2 for morin detection18 and Ni3�xTe2
applied to dopamine and adrenaline detection,19 all produced
via mechanochemistry. So, the exploration of b-CoTe for these
applications could be possible in the future. The phase is also
considered a semiconductor with a band gap equal to 2.05 eV,
which made viable the photo-reduction process using this
phase and visible light to convert carbon dioxide into methane,
showing its applicability for air cleaning.20

Many techniques can produce better quality nanostructures
but are oen more complicated and high cost (e.g. exfoliation
and ion milling21). Mechanochemistry, in this regard, offers
a good alternative to lower production costs since it involves
a single-step procedure (the milling) to react the initial reagents
with a great difference in melting points, it does not use toxic
catalytic materials as solvothermal routes do, and it can be
easily scaled-up by bigger millers.8

For these reasons of applicability and ease of synthesis,
a novel synthesis of the b-CoTe phase through a mechano-
chemistry route, produced in a single-step procedure, is re-
ported in this article. Here, pure elementary powders of Co
and Te were used as the reagents in high-energy ball milling at
room temperature and in an Ar atmosphere. The character-
ization procedures employed were X-ray powder diffraction
(XRPD) and transmission electron microscopy (TEM), together
with magnetic characterization through hysteresis loops, eld
cooling (FC), and zero eld cooling (ZFC) measurements.
Rietveld analysis was employed for XRPD via a direct convo-
lution approach, tting the peak prole with a conventional
fundamental parameter approach (FPA) to obtain structural
and microstructural information about the nanomaterial.
Also, a double-Voigt (DV)22 approach retrieved information
about crystallite size (CS) anisotropy, showing an effective
triaxial ellipsoidal modeling for the shape. All these analyses
employed the total pattern analysis solution (TOPAS) so-
ware.23 TEM allowed the counting of the visualized crystallites,
showing a number average crystallite distribution. Our
magnetization analysis, both experimental and through
numerical simulations, allowed the determination of certain
ferromagnetic and superparamagnetic characteristics of our
samples.
5028 | RSC Adv., 2021, 11, 5027–5034
2. Experimental section
2.1. Synthesis

The reagents used in the synthesis were elementary micro-
metric powders: Co (Sigma-Aldrich, 99.9+% purity) and Te
(Sigma-Aldrich 99.99% purity). These elements were mixed in
a vial with 65 mL capacity in the atomic proportion of 1 : 1,
together with nine steel balls: three of 12.7 mm of diameter and
six of 6.35 mm. The total mass used as the reagent was 3.1 g
with a ball-to-powder ratio (BPR) equal to 10 : 1. The mecha-
nochemical synthesis was performed in a High Energy Ball Mill
SPEX 8000, using 1425 cycles a minute. All the preparation was
realized in an Ar atmosphere to avoid oxidation. For every 3 h of
milling time, about 0.100 mg of the material was shed out and
stored in microtubes of 2 mL each for further characterization
procedures. These are the standard parameters and procedures
when dealing with TMCs in our lab, as can be seen in our recent
publications,24–26 hence they are used for this synthesis as well.

A second batch was produced and conrmed the reproduc-
ibility of the synthesis. All the samples studied were stored from
the day of their synthesis up to about 300 days (>10 months) in
small plastic microtubes closed to the air and kept at room
temperature (RT). The samples were regularly re-examined by
XRPD and the results attested to their long-term storing
stability.
2.2. Characterization

Five techniques were implemented for the materials charac-
terization: XRPD, selected area electron diffraction (SAED),
imaging by TEM, vibrating sample magnetometry (VSM), and
the physical properties measurement system (PPMS). The
conventional Rietveld method was used to perform XRPD data
analysis with the DV approach in the TOPAS soware.

2.2.1. X-ray powder diffraction. The Panalytical X'pert Pro
X-ray diffraction system was responsible for XRPD laboratory
measurements using a Bragg–Brentano reection geometry. In
it, the powder material was placed in a zero-background silicon
sample holder with dimensions of 16 mm in diameter and
0.2 mm in depth. The X-ray source was an ordinary Cu target
tube with generator settings of 45 kV and 40 mA. The system
optics used Soller slits of 0.04 mm, which were present in the
incident and diffracted beams. The anti-scatter and divergent
slits used were of 1� and 0.5� in angular size, respectively. A
graphite monochromator reduced the Kb radiation and was
placed at the diffracted beam to prevent uorescent radiation.
The X'Celerator RTMS detector was responsible for collecting
the output signal. Generally, the room temperature measure-
ments took ve scans from 10� to 150� in 2q with steps of 0.5�

for each 240 s. The use of a knife reduced the air scattering
contribution but decreased the maximum range of data
collection from 150� to 90� due to physical limitations.

The Rietveld analysis was accomplished by the TOPAS suite
of programs, starting from structure models obtained in the
ICSD Database.27 The description of the background function
used the Chebyshev 8th polynomial order. Lorentzian and
Gaussian distributions modeled the phase peak proles for CS
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Diffractograms obtained by XRPD showing the samples'
evolution with milling time. The tick markers represent the Bragg
reflections, red stands for the b-CoTe, blue for Fe, magenta for Co, and
black for CoO. No background subtraction was performed. (b) Phase
weight percentages of the materials' elements against time. The colors
represent the same phases from the previous graph ticks. The b-CoTe
structural and microstructural parameters with milling time evolution.
(c) Close-packing ratio evolutionwith time. (d) The occupational factor
of the Co atom retrieved by Rietveld at different milling times. (e)
Average crystallite size (black) and microstrain (blue) also obtained via
TOPAS.
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and microstrain (MS), respectively. These functions were
convoluted with the experimental and emission proles ach-
ieved by the simple axial mode and the Holzer Ka and Kb

models,28 respectively, which were retrieved by tting
measurements of a LaB6 sample standard.29 A DV approach
calculated the CS anisotropy with the triaxial ellipsoid modeling
using the TOPAS macro in the ref. 22. Thermal dislocation
parameters used isotropic models for all the atoms, keeping
atomic coordinates xed.

2.2.2. Structural and microstructural XRPD analysis. Space
group indexation occurred through a comparison of the exper-
imental data with database information from the Inorganic
Crystal Structure Database (ICSD).27 Amatch was found with the
hexagonal CoTe P63/mmc (ICSD card number 53090) and the
predominant phase. Unwanted phases matched as Co P63/mmc
(ICSD 44990), CoO C12/m1 (ICSD 17013), and Fe Im�3m (ICSD
64998). The crystal information le (.cif) was inputted into
TOPAS to rene the structure and to obtain the microstructural
information. The crystal data of the sample milled for 15 h
without a knife, using the FPA and the preceding space group
furnished b-CoTe lattice parameters of a¼ b¼ 3.8949(2)�A and c
¼ 5.3809(4) �A, a volume of 70.70(1) �A3, a calculated density of
8.7642(9) g cm�3, Rp and Rwp of 2.28% and 2.94% respectively,
and a goodness of t (GoF) of 1.80 from 1556 data points. The
domain size mass average is 12.58(8) nm using a Lorentzian
peak prole. The isotropic MS reached 1.1% (e0 ¼ 0.2%), using
a Gaussian peak prole and a Gaussian distribution for the
deformations.

2.2.3. TEM, HRTEM and SAED. Imaging by TEM and SAED
was carried out on a JEOL JEM-1011 machine with a maximum
magnication of 600 000 times and 100 kV of electron acceler-
ation voltage. JEMS30 electron microscopy simulation soware
is responsible for the simulation of electron diffraction data
using the rened structure obtained by Rietveld.

2.2.4. Magnetic measurements. The magnetization (M)
hysteresis loop measurements were performed via a Microsense
EV9 system with a magnetic eld, H, ranging from �20 kOe to
20 kOe at 300 K with a sample mass of approximately 10 mg.
Further measurements used a PPMS from Quantum Design
Dynacool, measuring M � H curves with an amplied range
from �40 kOe to 40 kOe at different temperatures, from 300 to
10 K. Magnetization behavior was obtained by using the ZFC/FC
protocol with an applied magnetic eld of 100 Oe.

3. Results and discussion
3.1. Structural and microstructural characterization

Fig. 1(a) shows the experimental XRPD patterns of the Co50Te50
samples obtained for different processing (milling) times. The
majority phase corresponded to the b-CoTe accompanied by
a tiny quantity of residuals of Co and CoO (unreacted materials)
and Fe. Here one can observe that for 3 h of milling time, it is
hard to identify any phase but aer 6 h, b-CoTe peaks appeared
and are notably the predominant phase in the material.
Unfortunately, CoO presents a peak around 60� and Co appears
near 45�, as seen in Fig. S1–S4 of the ESI.† Fe powder was
detected aer 12 h of milling and was caused by contamination
© 2021 The Author(s). Published by the Royal Society of Chemistry
from the collisions of the balls with themselves and the recip-
ient walls, generating wear of the milling tools and introducing
atoms of Fe into the powders. It is hard to quantify its correct
phase percentage in the sample because of its crystallographic
and chemical similarity with Co structures, although the prole
t is not well t without adding it (Fig. S5†). For CoO, one can
understand it to be related to air inltration in the synthesis
and its mixture with unreacted Co. Also, ref. 13 detected the
presence of CoO by thermal synthesis, showing that it is not
only a problem of this kind of synthesis. The presence of CoO is
very insignicant, reaching 3% for the 15 h-milled sample.

The a-TeO2 phase is also present in the initial granular Te
reagent as observed in the XRPD measurements (Fig. S6†). The
material was easily ground using a mortar and a pestle to
increase the XRPD statistics, a process that could provoke
a reaction with the air and cause this contamination. The
RSC Adv., 2021, 11, 5027–5034 | 5029
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presence of oxides in the initial reagents also could explain the
existence of the CoO. The Te XRPD pattern did not present
perfect statistics because of the nature of the material, so the
quantication of absolute values obtained there could be
imprecise, although a-TeO2 is present in the sample. Ref. 31
demonstrates that the oxidized reagents may form another
composite with mechanical alloying but they do not alter the
phase formation of the TMC alloy.

Information about the sample structure and microstructure
was obtained through a conventional FPA t of the diffracto-
gram peaks, furnishing along with it the mass phase percent-
ages evolution presented in Fig. 1(b). Regarding the b-CoTe
phase XRPD peaks, no visual difference can be seen in the
patterns over time, meaning that it was very stable aer 6 h.
Fig. 1(c) presents the close-packing ratio (CPR) for the hexag-
onal structure with milling time, which showed a decrease in the
transition from 6 h to 9 h and that stability was reached aer then.
The occupation factor for the Co atom was rened, which reached
values of 0.86 as shown in Fig. 1(d). Fig. 1(e) gives the evolution of
the microstructural parameters of b-CoTe with milling time,
showing that the average CS decreased a little with milling time
and microstrain showed no signicant variation, remaining at
around 1.1% for milling times over 6 h. So, one can interpret that
the physical mechanisms of milling (cold welding, fracturing, and
rewelding) are not yet in a steady-state at 15 h of milling.

The b-CoTe phase obtained by mechanochemistry proved to
be very stable for 200 days, as shown in Fig. S7.† The XRPD
pattern did not change and the same goes for the structural and
microstructural parameters, except for a very small variation of
the parameters within 77 days, which could be attributed to the
method of characterization itself.

The reproducibility of the b-CoTe nanophase synthesized by
the novel mechanochemical method was conrmed by
preparing a second batch, the XRD pattern of which is shown in
Fig. S8.† The phases identied were the same as for the rst
batch with almost the same b-CoTe phase content and micro-
structural parameters. The only difference observed was that
the Fe and Co reections were slightly more distinguishable
when compared to the rst batch.

Table 1 shows a comparison between this work and others
regarding the unit cell results. Here, one can see that the CPR is
low if compared to the ideal hexagonal structure (1.633), indicating
that the crystal structure is composed of atoms more closely
packed and loosely connected planes.13 All works cited present
Table 1 Lattice parameter comparison between other published structu
due to the wide range of homogeneity of this kind of material

Work Lattice parameter a (�A) Lattice

Ref. 20 3.75–3.88 5.35–5.
Ref. 13 3.893 5.371
Ref. 14 3.874 5.375
Ref. 15 3.85 5.131
Ref. 11 3.888 5.378
Ref. 16 3.890 5.373
This work (15 h-sample) 3.895 5.3809

5030 | RSC Adv., 2021, 11, 5027–5034
similar c/a values and ours do not diverge. According to M. Schur
et al.,13 the shortest Te–Te distance has a value below the sum of
two Te2� ionic radii, meaning bonding takes place with these
chalcogenides which reduces the CPR.

Also, CoSe32 was synthesized using the same milling equip-
ment and ball-to-powder ratio, in a different stoichiometry
(3 : 1), achieving the P63/mmc phase within 72 h of milling,
presenting a c/a of 1.53, way higher than this work. Although no
occupational factor is rened in this paper, the appearance of this
phase for high milling times, in a completely different stoichi-
ometry, can be justied by the high quantity of defects that
mechanochemistry can introduce in the sample, thus augmenting
the number of vacancies of the Co atoms so characteristic to form
these kinds of TMC nickeline structures. With the 1 : 3 stoichi-
ometry33 for the Co–Se within 3 h of milling, the hexagonal phase
could be identied and showed underestimated values for CS of
about 7 nm, reaching amass phase percentage of 60%with 70 h of
milling time. Although the chalcogenides changed from Te to Se,
the structures seemed to repeat themselves.
3.2. Double-Voigt crystallite size anisotropy modeling

Effective modeling of the size and shape is also possible
through the use of a macro for TOPAS developed by J. Neubauer
et al.34 This strategy employed the DV approach and used the
Lorentzian and Gaussian integral breadths for size parameter
calculations, correlating it with the Scherrer equation for mean
apparent size. Along with various possible morphologies, here the
triaxial ellipsoid shape is used for the CSmodeling due to its better
agreement. The 15 h-milled sample renements resulted in the
shape presented in Fig. 2, plotted using the Mathematica so-
ware35 and the radii in the gure caption, representing a ‘true’ CS
of 5.249 nm (the cubic root of the volume). These values cannot be
compared with the previous results since their denitions are
different: the rst approach measures the CS diameter mass
average and the last uses a surface-weighted average. The Rwp value
reduced by 0.16% but GoF was reduced by 0.1%, adding just one
parameter if compared to the conventional approach.
3.3. Transmission electron microscopy

The microscopy images showed that the crystallites are aggre-
gated into larger nanometric particles with irregular shapes and
are of a few hundred nanometers in size. The aggregation of the
crystallites took place through the cold-welding mechanism
res of the b-CoTe phase. Some works use out of stoichiometry phases

parameter c (�A) Volume (�A3) Close-packing ratio (c/a)

99 69.05–72.41 1.384–1.606
70.49 1.380
69.86 1.387
65.86 1.33
70.41 1.383
70.41 1.381
70.70 1.381

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Crystallite size anisotropy modeled with a triaxial ellipsoid.
Values are rx¼ rz¼ 2.855 nm and ry¼ 4.310 nm. R-values: Rwp of 2.78%
(Rp 2.11%) and GoF 1.702.
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(competing with fracture mechanisms), inherent to the
mechanical alloying process. Its visualization is presented in
Fig. 3(a) with its magnied portion displayed in Fig. 3(b). These
images conrm the particles to have smaller constituents.
Using these, one can alsomeasure the CSs according to Fig. 3(c),
Fig. 3 (a) TEM 100 kV image of the Co50Te50milled for 15 h. (b) Magnified
sample showing the crystallite sizes. (d) SAEDmeasurements modeledwit
represent the b-CoTe. The hkls of each peak are above them.

© 2021 The Author(s). Published by the Royal Society of Chemistry
showing a variety of sizes in the image from 4.6 nm to 15.2 nm.
A count using 291 supposed crystallites within 8 pictures fur-
nished the distribution presented in Fig. 4 together with the
average and distribution. According to Mittemeijer & Scardi,36

the number weighted column heights obtained by TEM make
a comparison between the Rietveld weight average CS impossible,
despite the values being in the same order of magnitude. Also,
surface-weighted averages are impossible to match with numerical
ones, meaning that the comparison with the above method is not
comparable as well. The aggregation could also make it difficult to
visualize the CSs and the values for the average size obtained by
this technique were probably not very accurate.

In Fig. 3(d), the SAED pattern revealed typical Debye rings
that attested to the polycrystalline character of this nano-
crystalline material. The Debye ringmodeled by JEMS presented
an excellent match for the plane spacing retrieved by Rietveld.
Only one peak did not correspond to the b-CoTe phase and is
presumed to be from the Co or Fe phase due to its location. No
CoO was visible in this measurement, probably because of its
small quantity in the sample.
3.4. Magnetic measurements and simulation results

The descending branches of themagnetization hysteresis loops,
obtained through VSM at 300 K for the Co50Te50 samples with
different milling times, are displayed in Fig. 5. Fig. S9† also
shows these loops for the 15 h-milled sample, together with
their temperature variations measured down to 10 K via PPMS.
image corresponding to the green square. (c) Another picture from the
h JEMS. The white ring was fitted for the Co/Fe phase, and the red rings

RSC Adv., 2021, 11, 5027–5034 | 5031
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Fig. 4 Histogram of CS counts in the TEM images for the 15 h-milled
sample and its fit according to a log-normal distribution. The average
was 16 nm with a standard deviation of 8.7 nm. The number of crys-
tallites used was 291 with sizes varying from 2 nm to 53 nm. The boxes'
sizes used 5.4 nm of width.
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Although all curves exhibit some hysteresis (a small yet nonzero
remnant magnetization and coercivity, HC), these certainly
present features characteristic of disordered systems consisting
of predominantly superparamagnetic (SPM) grains i.e., at
sufficiently high temperatures, their magnetizations are ther-
mally agitated, allowing them to rotate away from the respective
equilibrium directions and towards that of H. The average size,
hdi, of the SPM particles and the sample's saturation magneti-
zation, MS, are obtained by tting the experimental magneti-
zation curves taking into account both ferromagnetic (FM) and
SPM contributions.37,38 Given that each tting curve is a super-
position of the SPM and FM parts, the method also yields the
coercivity value of the FM phase, HFM

C .
Fig. 6 shows the three parameters, hdi,MS andHFM

C , obtained
from the simulations for different milling times of Co50Te50 at
300 K, and for different measurement temperatures for the 15
Fig. 5 Symbols: descending branches of theM�H loops obtained at 300
lines are the respective fitting curves.

5032 | RSC Adv., 2021, 11, 5027–5034
hour milled sample (the value of the other parameter used, i.e.,
the width of the log-normal grain-size distribution, was kept
constant, equal to 1.5). The majority of these parameters
present monotonous variations with both milling time and
temperature, except for hdi and MS as functions of the milling
time. The value of hdi increased by �53% and that of MS

decreased by �67% from 3 h to 9 h of milling. For greater
milling times, hdi and MS present a weak gradual decrease,
while HFM

C steadily reduces with the milling time, where more
than twofold shrinking from 3 h to 15 h was estimated. All these
parameters vary monotonously with the measurement temper-
ature. However, while HFM

C decreases exponentially, hdi and MS

change in a linear manner – a small decrease of MS and an
increase of hdi.

The variation of hdi with T can be understood by bearing in
mind that hdi, estimated from our magnetization curves'
ttings, represents a “magnetic” size, i.e., that of an entity
which is SPM at the measurement conditions. Very small
interacting grains tend to agglomerate, which is also facilitated
by thermal agitation at higher temperatures where only great
(polycrystalline with weakmagnetic anisotropy) clusters are FM,
contributing to HFM

C . With the decrease of T, the number of
magnetically-frozen grains with smaller hdi and stronger
anisotropy (and thus higher HFM

C values) increases, reected in
the great increase of HFM

C when T decreases.
A ZFC/FC pair of curves, measured upon application of

a magnetic eld of 100 Oe, was traced for the Co50Te50 15 h-milled
sample, for temperatures ranging between 5 K and 300 K
(Fig. S10†). Due to theH-value beingmuch lower than the system's
anisotropy eld at 300 K (estimated to be of �3 kOe), there is
signicant splitting between the FC and ZFC curves, there is no
temperature region with reversible magnetization rotation as well
as no indication to the existence of the SPM blocking temperature.

As seen in Fig. 6 and S9,† there is good agreement between
model and experiment, indicating rather weak or absent FM
intergrain interactions. For their evaluation, we employed the
recently-developed dMR interaction plots technique.39 The
method is based on measuring a recoil loop, where H is cycled
K via VSMmeasurements for Co50Te50 with differentmilling times; the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Parameters estimated from the magnetization hysteresis loops'
simulations for different milling times of Co50Te50 (left panels) at 300 K
and for different measurement temperatures (right panels) for the 15
hour milled sample. Panels (a) and (b): the mean size of the SPM part of
each sample; (c) and (d): total saturation magnetization; (e) and (f):
coercive field of the respective ferromagnetic part. The lines are
merely guides for the eye.
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between the maximum positive magnetic eld and a smaller
eld, called recoil eld, HR. Here, we constructed dMR plots for
recoil loops with HR y HC, traced at 300 K for the samples with
different milling times. These plots, each normalized to the
value ofM obtained at H ¼ 18 kOe of the respective recoil loops,
are shown in Fig. 7. For H ( 4 kOe, all dMR(H) values exhibit
negative deviations which, in uniaxial-anisotropy systems, are
normally ascribed to a dipolar-like behaviour, stabilizing the
demagnetizedmagnetic coupling state. However, the inset of Fig. 7
reveals these interactions in our system to be very weak, given the
very small dMR amplitude value as compared to the major loop
Fig. 7 dMR interaction plots, obtained from recoil loops with recoil
fields equal to the respective coercive field value at 300 K, of Co50Te50
samples for different ball-milling times. The inset gives the dMR plot
with the greatest amplitude together with the descending branch of
the corresponding major loop.

© 2021 The Author(s). Published by the Royal Society of Chemistry
magnetization (theoretically, the amplitude of such a plot may
reach a value twice as high as MS). Thus, our analysis reveals that
the coupling between the FM grains is practically negligible, i.e.,
their aggregation is insignicant. It is worth mentioning that the
FM contribution could also be related to the presence of a small
amount of elemental Fe, Co or CoO in the samples.

4. Conclusions

The b-CoTe phase was synthesized successfully by the mechan-
ical alloy of pure elemental reagents, using a single-step proce-
dure that resulted in 93% of its mass phase percentage aer 6 h
of milling. The reproducibility and stability of the b-CoTe nano-
phase were veried and attested. TEM and XRPD results showed
the crystals to be nanometric in size with TEM recording an
average of 16 nm in diameter and a mass diameter average of
about 13 nm being retrieved by the Rietveld FPA. The DV anisot-
ropy approach for the CSs resulted in a surface-weighted ‘true’ CS
average of 5.2 nm using a triaxial ellipsoid shape for modeling. No
comparison between these numbers was possible due to their
different nature. The values of the close-packing ratio proved to be
smaller if compared to the ideal hexagonal structure but agreed
with literature values. The occupational factor renement revealed
86% of site occupancy for Co. Future studies should be produced
to check for the suitable mechanochemistry stoichiometry that
forms a pure phase for b-CoTe. Numerical simulations allowed us
to estimate the average size of the SPM (b-CoTe phase) particles
and the sample's saturation magnetization MS by tting the
experimental magnetization curves, also taking into account the
ferromagnetic contribution.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

We are grateful to the Brazilian agencies CNPq (grants 421747/
2016-1, 310175/2016-0, 305796/2016-0, and 150535/2019-8) and
CAPES (M. A. M. Master and K. F. U. PhD Scholarships) for
nancial support. The XRPD, VSM and TEM/SAED/EDS
measurements were performed at Laboratório de Difração de
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