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ABSTRACT

Purpose: The paper presents the results of phase composition and magnetic properties
of Mo-Ni-Ti-C nanostructured powders. The aim of this research is understanding the
correlation between key magnetic properties and the parameters that influence them in the
nanostructured powders from Mo-Ni-Ti-C system.

Design/methodology/approach: The powder samples were synthesised using modified
sol-gel method. Obtained powder were subjected for composition and magnetic properties
in a wide temperature range by means of Electron Paramagnetic Resonance (EPR) and
magnetic susceptibility measurements. To study the phase composition X-ray diffraction
were performed. The morphology of the powders were investigated by scanning electron
microscopy (SEM).

Findings: Different kinds of structural and magnetic phases have been found in the
investigated compounds, e.g. (Mo, Ti)C, C, Ni. It was found that such different phases
create different kinds of magnetic interactions, from paramagnetic, antiferromagnetic
up to superparamagnetic. Significant magnetic anisotropy has been revealed for low
temperatures, which lowers with temperature increase. Moreover, non-usual increasing of
the magnetization as a function of temperature was observed. It suggests, that overall long-
range AFM interaction may be responsible for the magnetic properties.

Research limitations/implications: For the future work explanation which phases in
Mo-Ni-Ti-C system are responsible for different kinds of magnetic interactions are planned.

Practical implications: The composition of different kinds of phases may be controlled
to tune magnetic properties of the nanostructured Mo-Ni-Ti-C systems.

Originality/value: In this study, for the first time Mo-Ni-Ti-C nanostructured samples were
prepared with different kinds of structural and magnetic phases, creating different kinds of
magnetic interactions, from paramagnetic, antiferromagnetic up to superparamagnetic-like.
The latter seems to be formed due to the presence of magnetic nanoparticles and long-
range antiferromagnetic interactions dominating in the whole temperature range.
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1. Introduction

Nanostructural materials have often unique chemical,
structural, electrical, and magnetic properties [1-8], with
potential applications including: information storage, color
imaging, bioprocessing, magnetic refrigeration and
ferrofluids [9-15]. The materials exhibit unique type of
disorder, with very-low-energy regions (crystallites)
existing at the expense of higher-energy boundary,
interface, or surface regions. Magnetic nanoparticles and
nanostructured studies combine a broad range of synthetic
and investigative techniques from physics, chemistry, and
materials science.

Molybdenum carbides, like Mo,C, MoC,_, bi-carbide
type (Mo,Ti)C, TiC/MoC and MoC/Mo,C ,,core-shell”
type composites [16-21], due to their important, recently
uncovered magnetic properties, pose unknown yet
knowledge capability about magnetism in materials.
Recently, permanently growing interest is attached to
(Mo, Ti)C composites (stable solution on the basis of Ni)
due to their specific chemo-mechanical properties
[18,20,22-32].

The object of our research in the paper are
nanostructured powders belonging to a Mo-Ni-Ti-C
system, that comprise richness of crystallic and magnetic
phases being a source of different magnetic interactions
like paramagnetism, ferromagnetism, antiferromagnetism
and superparamagnetism. The interactions appear at
different temperature ranges while their supremacy
depends on a kind of substrates used in the synthesis. The
aim of the paper is understanding the correlation between
key magnetic properties and the parameters that influence
them in the nanostructured powders from Mo-Ni-Ti-C
system.

2. Materials and methodology

The following Mo-Ni-Ti-C samples were prepared and
investigated for their phase composition and magnetic
properties [33] (Tab. 1).
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Table 1.
Samples, their composition and investigations

Phase content ~ Average size

Sample Cheml? ?l after of (Ti,Mo)C
No. composition . .
synthesis  crystallites, nm

. (Mo, Ti)C +

1 Mo, Ti, C graphite (C) 40
(Mo, Ti)C +

2 Mo, Ti, Ni, C  graphite (C) 100
+ 3wt.% Ni
(Mo, Ti)C +

3 Mo, Ti, Ni, C  graphite (C) 100
+ 40wt.% Ni

Phase content was analyzed using XRD method based
on PW3040/60 X'Pert Pro of PANalytical B.V. An average
crystallite sizes were calculated by the Scherrer's formula
[31]. The morphology of nanopowders was analyzed by
Scanning Electron Microscopy (SEM) apparatus of
HITACHI SU.

Magnetic resonance experiment was performed by
using conventional X-band Bruker ELEXSYS E 500 CW-
spectrometer operating at 9.5 GHz with 100 kHz magnetic
field modulation. The first derivative of the absorption
spectra has been recorded as a function of the applied
magnetic field within a 0-1.4 T range. Temperature
dependences of the spectra were recorded by using Oxford
Instrument ESP helium-, nitrogen-flow cryostat in a range
of 3-300 K.

The static (dc) magnetic susceptibility measurements
were carried out using a Quantum Design MPMS XL—7
magnetometer (SQUID) with EverCool Magnetic Property
Measurement System. The temperature range was 4-300 K
and magnetic fields up to 70 kOe in field cooling (FC) and
zero field cooling (ZFC) regimes.
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3. Results

3.1. XRD measurements

As one can see from Figure 1 the nanostructured
powders are multiphase. The analysis of phase composition
performed by XRD method indicated presence the carbide
of (Mo, Ti)C type, graphite, while in case of samples No. 2
and 3 also nickel (Ni). The peak intensity of nickel
increased significantly with increasing amount of nickel in
the powder

o - graphite
@ - nickel
2 ° A - (Mo. Ti)C
T ) °
401 o A
[=
3
3
AJ__S_ﬁL
10
e
1

20 40 60 80 100 120
Pasition/ 2Theta

Fig. 1. The XRD patterns of nanostructured powders:
sample 1, 2 and 3

3.2. SEM investigations

Figures 2, 3 and 4 show SEM images of the nano-
structured samples. As can be seen the powders are
inhomogeneous and multiphase as was concluded above
from XRD measurements.

SU70-ZUT 20.0kV 4.5mm x100k SE(U,LA1S)

Fig. 2. Morphology of the sample No. 1. (Mo-Ti-C sytem)
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Fig. 3. Morphology of the sample No. 2. Mo-Ni-Ti-C
system (3 wt.% of Ni)

Fig. 4. Morphology of the sample No. 3. Mo-Ni-Ti-C
system (40 wt.% of Ni)

3.3. EPR results

Figure 5 show asymmetric and broad EPR resonance
lines, measured for sample No. 2 (Fig. 5a, T~ 54-140 K)
and No. 3 (Fig. 5b, T~ 80-300 K). The first set of the lines
(sample No. 2, Fig. 5a) is cantered at about 170 mT and
average EPR linewidth is equal to about 350 mT, while the
second one (sample 3, Fig. 5b) significantly changes its
resonance positions from 210 mT to 250 mT with
increasing temperature. An average EPR linewidth is equal
to 315 mT. The sophisticated shape of the recorded lines
indicates that the EPR resonance signal is a superposition
of several signals originating from different sources (at
least two). It suggests that there are a few different
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magnetic centers in Mo-Ni-Ti-C sample, forming a few
different magnetic phases.
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Fig. 5. Temperature dependence of EPR spectra registered
for Mo-Ni-Ti-C system: a). sample No. 2, b). sample No. 3

Moreover, the intensity of the spectra increases with
increasing temperature, which is an unusual feature. We
have analysed the spectra calculating their integral intensity
by double integration of the absorption curves (EPR
susceptibility, ygpr). The linewidth and position, g, of the
resonance lines were calculated too. The temperature
dependence of the integral intensity, width and the g-factor
of the resonance lines for sample No. 2 are presented in
Figure 6, upper (a), middle (b) and lower panels (c),
respectively.
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Fig. 6. Temperature dependences of the integral intensity
(a), width (b) and position of the EPR resonance lines (c)
for sample No. 2 (3-300 K)

As one can see the temperature dependence of integral
intensity reveals the presence of some complex magnetic
interactions in the Mo-Ni-Ti-C sample. It can be divided
into three regions: a) from 4 to 40 K, b) from 40 to 230 K
and c) above 230 K (see Fig. 6a). The linewidth remains
almost constant during heating the sample from 3 K up to
160 K, with an anomaly at the temperature of 60 K, and
then starts to decrease linearly as the temperature rises (see
Fig. 6b). The temperature dependence of the g-factor
behaves similarly (see Fig. 6¢). The integral intensity of
the Mo-Ni-Ti-C sample behaves according to the Curie-
Weiss law in the low temperature region (up to ~ 40 K).
The obtained Curie temperature is equal to ® = -7.0 = 1.5
K. A negative sign of the Curie temperature indicates the
dominance of antiferromagnetic (AFM) interactions in the
low temperature region.

The increase in the integral intensity of the EPR line at
high temperatures region (above 230 K) suggests the
dominance of EPR signals originating from transition metal
ions, for example Ti’*, revealing also AFM interaction.
The increase and next decrease of the integral intensity
appear in the middle range of temperature (40-230 K).
It may indicate an occurrence of superparamagnetism
phenomenon in the sample, with a blocking temperature
of about 160 K. The above EPR spectra proved that the
Mo-Ni-Ti-C sample contains different magnetic phases.
We detected a wide range of magnetic interactions across
paramagnetism, (anti)ferromagnetism and superpara-
magnetism.

In Figure 7 the temperature dependences of the integral
intensity, width and the g-factor of the resonance lines for
sample No. 3 are presented in upper (a), middle (b) and
lower (c) panels, respectively. They were registered in the
temperature range 80-300 K. As one can see the integral
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intensity (EPR susceptibility, Fig. 7a) increases with
increasing temperature. This is completely inconsistent
with  Curie-Weiss  relation expected for simple
paramagnetic species. A similar increase of the relation
was reported in [35] and explained by forming of
ferromagnetic agglomerates. An increasing of EPR integral
intensity in case of Mo-Ni-Ti-C system could be explained
by a similar mechanism. As the materials doped with
transition metal ions (Ti’", Ni*") are expected to possess a
long-range antiferromagnetic (AFM) interactions between
magnetic species [36], an increase in temperature causes
destroying of overall AFM order and ferromagnetic (FM)
imperfection of the structure appears. Additional discussion
of this question will be presented later in the paper, after its
supplementation with SQUID measurement results.

Intensity (a.u.)

T T T T T T Y
20 120 150 180 210 240 270 300

Temperature (K)

Fig. 7. Temperature dependences of the integral intensity
(a), width (b) and position of the EPR resonance line (c) for
sample No. 3 (80-300 K). Solid lines reflects Boltzmann
curves fitted to the measured points

The linewidth of the EPR lines remains constant and
equal to 315 mT with increasing temperature up to 150 K
and next decreases (Fig. 7b). The resonance field is shifted
from g=3.2 for 80 K to g=2.7 for 300 K (Fig. 7c), which
means the shifting in magnetic field position of resonance
line from 210 to 250 mT. The EPR magnetic susceptibility
continuously increases with temperature increase for
sample No. 3, as compared to sample No. 2, for which this
increase is non-monotonic. Other temperature dependences
are very similar for both samples 2 and 3.

3.4. Magnetization measurements
In Figure 8 temperature dependence of magnetic

susceptibility measurements are presented for sample No. 2.
Figure 9 shows hysteresis loops for the same sample
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registered at 52 K and 150 K. Two temperature ranges one
can recognize in Figure 8: 4-25 K and 25-300 K. With
temperature increase from 4 K one can observe decrease the
magnetic susceptibility according to Curie-Weiss law (inset
in Fig. 8). Calculated Curie temperature is equal to: ® =-1.6
+ 0.2 K and ® = -4.6 + 0.5 K for FC and ZFC regimes,
respectively. The negative sign of Curie temperature
indicates on domination of AFM-like interactions in the
temperature range 4-25 K. In a temperature range 25-300 K
the magnetization increases up to reaching a broad
maximum at ~240 K and next decreases up to room
temperature. Such behaviour of the temperature dependence
of magnetic susceptibility suggests the presence of
superparamagnetism phenomenon in the Mo-Ni-Ti-C sample
with blocking temperature at ~ 240 K. One can notice large
difference between ZFC and FC magnetization branches for
sample 2, which decreases with temperature increase. It
points out on the presence of strong magnetic anisotropy. In
Figure 8 we have plotted also temperature dependence of the
integral EPR intensity (curve No. 2) versus temperature (see
Fig. 6a). The dependence increases with increasing
temperature from 25 K, next reaches maximum at about 150
K and decreases up to 240 K, where it reaches minimum.
Above ~250 K it increases again with temperature
increasing. The dependence is something different from
temperature dependence of magnetic susceptibility measured
from magnetization measurements (Fig. 8, curves 1, 2),
although general shape is similar. Discrepancies observed in
Fig. 8 are due to differences in technical conditions of
measurements between EPR and SQUID spectroscopy. The
shapes of hysteresis loops are completely different when
measured for 52 K and 150 K, indicating on different kinds
of magnetic interactions dominating in these temperature
ranges (Fig. 9). Coercive and remnant fields are 80 Oe, 35
Oc and 1.8%10° emu, 1.5%10° emu, measured at
temperatures 52 K and 150 K, respectively.

In Fig. 10 magnetizations results are presented for
sample No. 3. In Fig. 11 hysteresis loops are presented for
the same sample registered at 90 K, 160 K and 290 K. Two
temperature ranges one can recognize in Fig. 10: 4 - 55 K
and 55 — 300 K, similarly as in Fig. 8, but the ranges are
something different. Therefore the sample No. 3 should has
different composition compared to sample 2. Also
differences between values of magnetization measured in
FC and ZFC regimes are larger (about ten times) compared
to sample No. 2. It means much higher magnetic anisotropy
of sample 3. With temperature increase from 4 K one can
observe decrease of magnetization, according to Curie-
Weiss law (inset in Fig. 10). Calculated Curie temperature
is equal to: ® =-21.8 £ 1.0 K and ® =-6.5 + 0.4 K for FC
and ZFC regimes, respectively. Negative value of Curie
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temperature indicates on domination of AFM-like
interactions in temperature range 4-55 K. The strange of
AFM interactions (Curie temperature) is much higher
compared to sample No. 2. In temperature range 55-300 K
the magnetization increases up to reaching broad maximum
at ~210 K and next decreases up to room temperature. Such
temperature dependence of magnetic susceptibility suggests
presence of superparamagnetism phenomenon in the
Mo-Ni-Ti-C sample with blocking temperature at ~ 210 K.
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Fig. 8. Magnetic susceptibility of sample 2 measured in FC
(2) and ZFC (1) regimes in magnetic field H=1000 Oe.
Curve 3 reflects integral intensity, ygpr, of EPR spectra
(Fig. 6a). Inset shows magnetization ZFC curve in
temperature range 4-25 K. Solid line represents fit to Curie-
Weiss law
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Fig. 9. Hysteresis loops measured for sample No. 2 at a
temperatures a). 52 K and c). 150 K. Fig. 9b) and 9d).
shows enlargements of the loops near zero field measured
at 52 K and 150 K, respectively
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Fig. 10. Magnetic susceptibility of sample 3 measured in
FC and ZFC regimes in magnetic field H=1000 Oe. Inset
shows magnetization enlarged in temperature range 4-55 K.
Solid line represents fit to Curie-Weiss law

The increase of magnetic susceptibility with increasing
temperature (Fig. 10) could be explained by appearing of
AFM structure in the investigated samples. According to
earlier reports concerning similar kind of steel [35], such
materials possess specific magnetic composition. In these
materials minority of FM components occur as an
imperfection in overall AFM structure. Thus, AFM
ordering is destroyed with increasing temperature and
overall magnetization is enhanced. This phenomenon may
be due to the presence of magnetic nanoparticles in Mo-Ni-
Ti-C samples.

The results of hysteresis loops measurements recorded
at a temperature of 160 K (below blocking temperature)
and 290 K (above blocking temperature) for sample 3
(Fig. 11) show that magnetic hysteresis appear in the
investigated sample both below and above blocking
temperature.

The hysteresis loops are very thin. They have low
coercive field and remnant parameters. Coercive and
remnant parameters measured at T=90 K we calculated as:
H.=~37 Oe and B=10¥10" emu (Fig. 11). For higher
temperatures the values decrease (see Fig. 11) with
temperature decrease. The presence of hysteresis loop is
strong evidence of (anti)ferromagnetic interaction
occurring in a sample. However, it should be noticed that
appearing of magnetic hysteresis and (anti)ferromagnetic
interaction does not disprove existence of superpara-
magnetism phenomenon. The Mo-Ni-Ti-C sample is built
of few magnetic phases that show: a) paramagnetic
properties, dominating from helium temperatures up to
a temperature of 55 K, b) superparamagnetic properties,
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dominating in the temperature range 55-300 K and
c) ferromagnetic properties, observed at temperatures
above 55 K.
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Fig. 11. Hysteresis loops measured for sample No. 4 at
temperatures of 90 K (3), 160 K (2) and 290 K (1). Inset
shows enlargement of hysteresis loops for magnetic fields
near zero value
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Fig. 12. Temperature dependences of magnetic properties
of sample No. 1 (curves 1, 2 and 3) and sample No. 2
(curves 4 and 5). Curve No. 3 shows EPR integral
intensity, ygpr, calculated for sample No. 1

To confirm the dependence of magnetic properties of
Mo-Ni-Ti-C systems on phase composition we present in
Figure 12 results of magnetic measurements for two
samples presented in Table 1 (curves 1, 2,3 for sample
No. 1 and 4, 5 for sample No. 2, respectively). As one can
see changes in magnetic susceptibility of both samples are
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much less than these observed for samples No. 3.
Moreover, there is not observed a difference between
magnetization in FC and ZFC regimes. High magnetic
anisotropy is absent in case of samples 1 and 2. EPR
investigations (curve 3 for sample No. 1) confirm magnetic
properties obtained based on magnetization measurements.

4. Conclusions

The results obtained in the present study lead to the
following conclusions

e The magnetic susceptibility and EPR measurements
confirm the presence of magnetic ions (Ti*" and Ti*") in
Mo-Ni-Ti-C samples, forming different magnetic
phases, as e.g. (Mo,Ti)C, C, Ni. They create different
magnetic interactions like:

a) paramagnetism,
b) antiferromagnetism and ferromagnetism,
C) superparamagnetism.

e The Mo-Ni-Ti-C samples are magnetically dense. They
contain nanoparticles, that may form agglomerates.

e It seems that different phases are responsible for
paramagnetism and antiferromagnetism in the samples.

e Nanoparticles may be responsible for superpara-
magnetism.

e Selection of different phases allow to influence
magnetic properties of the investigated system and
create fixed, dominating kind of magnetic interactions.
Appropriate choice of magnetic phases can play a
fundamental role in further, practical applications of
Mo-Ni-Ti-C systems.
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