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EPR  STUDY  OF  Ti-Si-C-N  SYSTEM
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Abstract. Nanocrystalline (TiC
x
 + SiC)/C (sample 1) and TiC

0.3
N

0.7
 + SiC + Si

3
N

4
 (sample 2)

materials were prepared by the non-hydrolytic sol-gel method. Sample 2 was obtained from
sample 1 by annealing in an NH

3
 atmosphere at 1623K. It was composed of aggregates of cubic

SiC+TiC
x
N

1-x
 nanoparticles (10 to 30 nm in size) with a small amount of Si

3
N

4
 nanofibers. A very

narrow electron paramagnetic resonance (EPR) line arising from magnetic localized centers
could be observed in both samples. An analysis of the temperature dependence of the EPR
parameters (g-factor, linewidth, integrated intensity) unveiled the existence of three different tem-
perature ranges. At low temperature, in particular, spin reorientation processes plausibly influ-
encing the character of magnetic interaction were registered. The thermal annealing, on the
other hand, was recognizable as a modifier of magnetic transition within the nanocomposite, as
well as of the prevailing interaction mechanism for each major temperature regime. The model
of exchange coupled two spin systems (localized defects and conduction electrons) in the bottle-
neck regime was applied to explain the observed behavior of the EPR signal.

1. INTRODUCTION
The ternary nanomaterial system Ti-Si-C has been
attracting intense interest recently, especially for
exploring different binary (TiC, SiC) or ternary
(Ti

3
SiC

2
, Ti

5
Si

3
C

x
) nanocomposite phases [1-5]. Ti-

tanium carbide (TiC) is a metallic compound, in
which the electrical charge is transported via con-
duction electrons, with such outstanding physical
properties as high hardness, a high melting point,
and low thermal conductivity [6-13]. TiC

x
 titanium

carbide is nonstoichiometric; the carbon-to-metal
ratio can be changed in a wide range (x~0.47-0.97)
without any influence on the structure [14]. Titanium-
carbide-related composites exhibit physical prop-

erties suitable for application in metallurgy, espe-
cially involving tribological processes or manufac-
turing of protective coatings for cutting tools.

The spectroscopic properties of the above
nanomaterial system studied by the electron para-
magnetic resonance (EPR) method have shown the
existence of two paramagnetic centres in titanium
carbides covered by carbon. One is understood to
be arising from trivalent titanium ions and the other
from conduction electrons or magnetic localized
centres [15-17]. Additional magnetic measurements
have shown a coexistence of ferromagnetic and
superconducting states [18]. The presence of even
a very small density of magnetic clusters or agglom-
erates embedded in a titanium carbide matrix could
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Fig. 1. XRD spectra of: a) (TiC+SiC)/C(graphite) before annealing (sample 1), and b) ternary system TiC
0.3

N
0.7

+ SiC + Si
3
N

4
 obtained by annealing (sample 2).

has a significant influence on the physical proper-
ties of these materials. It could improve their me-
chanical properties which could indeed be favourable
for metallurgical applications.

In this report, the EPR technique was employed
to study the carbon-hosted  nanocrystalline (TiC

x
 +

SiC)/C and TiC
0.3

N
0.7

 + SiC + Si
3
N

4
 samples, ob-

tained by a sol-gel method, over an extended tem-
perature range (4-130K), in order to probe the pres-
ence of charge transfer interactions and monitor
molecular dynamics, as well as the possibility of
ferromagnetism.

2. EXPERIMENTAL

The
 
nanocrystalline

 
powder

 
samples

 
of (TiC

x
+SiC)/C

were prepared using a non-hydrolytic sol-gel organo-

titanium precursor technique [19]. (TiC
x
+SiC)/C

(sample 1) was obtained without annealing, whereas
(TiC

0.3
N

0.7
+Si

3
N

4
+SiC)/C (sample 2) was obtained

after thermal annealing of sample 1 in an ultra-clean
NH

3
 atmosphere at 1623K. During the annealing,

the free carbon content was lowered from 18 to 0.6
wt.%. Before annealing the size of TiC and SiC
nanocrystallites was in the range from several up to
15 nm but crystallites larger than 20 nm were also
noticed very rarely. It was observed that free carbon
in the (TiC

x
 + SiC)/C samples had a graphite struc-

ture but it was not known if it formed a matrix for
nanocrystallites or created some other structures,
e.g. carbon cages.

X-ray diffraction (XRD) measurements, by means
of a copper X-ray tube (λ = 1.5406 Å) operating at a
high voltage of 40 kV and at a current-level of 40
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Fig. 3. EPR spectra at various temperatures of: a)
sample 1, and b) sample 2.

Fig. 2. SEM picture of TiC
0.3

N
0.7

 + SiC + Si
3
N

4

(sample 2).

mA, were performed for sample characterisation (Fig.
1). The average crystallite size was estimated ac-
cording to the Sherrer formula: t = 0.9λ/Bcosθ,
where t was an average grain size, B was the width
of the XRD peak at half intensity, λ was the X–ray
wavelength, and θ

B
 was the peak angle.

The measurements of the temperature evolution
of the EPR spectra of the samples, containing about
20 mg sample powder and placed in 4 mm diam-
eter quartz tubes, were obtained by a conventional
X-band (ν = 9.4 GHz) Bruker E 500 spectrometer,
with a 100 kHz magnetic field modulation. The mea-
surements were carried out in the range from room
temperature down to the liquid helium point, with a
∆T=±1.0K stability by means of an Oxford cryogenic
system.

3. RESULTS AND DISCUSSION

The XRD measurements for sample 2 showed a
transformation from (TiC

x 
+ SiC)/C to (TiC

0.3
N

0.7 
+

Si
3
N

4 
+ SiC)/C system (Fig. 1) and this process elimi-

nated partially free carbon and expectedly permit-
ted better corrosion resistance for this
nanocomposite. Scanning electron microscopy
(SEM) images (Fig. 2) indicate that sample 2 is
composed of aggregates of cubic SiC+TiC

x
N

1-x

nanoparticles with an addition of a small amount of
Si3N4 nanofibres. Using the HRTEM method it was
found that the size of TiC

0.3
N

0.7
 and SiC nanoparticles

was in the range from 10 to 30 nm, while the aver-
age Si

3
N

4
 fibre diameter was 50 nm (distributed in

the range of 10-90 nm). The length of these fibres
was dispersed in a wide range from several nm up
to several hundred ìm.

Fig. 3 presents the EPR spectra of samples 1
and 2 registered at different temperatures in the 4-
130K range, at the same spectrometer conditions
and normalized to a unit sample mass. A narrow
line dominates the spectra and at 130K it is cen-
tered at g = 2.0029(2) with peak-to-peak linewidth
∆H

pp 
= 0.27(1) mT and at g = 2.0032 with ∆H

pp 
=

0.15(1) mT for samples 1 and 2, respectively.
A lineshape analysis shows a slight asymmetry

of the resonance line, thus deviating from a pure
Lorentzian function. This asymmetry could be ex-
plained by the presence of a weak anisotropy and/
or a relatively broad resonance background of a very
low amplitude. However, the linewidth of the EPR
line, which directly reflects the change in the spin-
lattice relaxation rate and most importantly the dy-
namic averaging of the g-anisotropy [20], hardly
changes in the investigated temperature range, sug-
gesting a different origin of the observed effect.

Sample 2 produced a more intense EPR signal
than sample 1. This could indicate that the thermal
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Fig. 4. Temperature dependence of the EPR parameters for samples 1 and 2: a) g
eff

 factor, b) peak-to-peak
linewidth ∆H

pp
.

Fig. 5. Plot of ln(∆H
pp

) vs. ln(δH
r
) for samples 1 and 2. Characteristic temperatures are indicated.

annealing process plays a significant role in the for-
mation of additional paramagnetic centers. The in-
crease in the numbers of paramagnetic centers was
estimated to be about 9% as deduced from the ra-
tio A

1
∆H 2

1
/A

2
∆H 2

2
 at high temperature, with A

EPR
(T)

being the line peak-to-peak amplitude and ∆H
pp

 the
peak-to-peak linewidth. Indeed, after the thermal
annealing more carbon must have been attached to
the nanoparticles in sample 2.

Both samples, on the other hand, showed a
rather similar temperature dependence of their EPR
spectra. Titanium carbide or nitride was not, in gen-
eral, found to produce such a kind of signal. After
sample carburization it formed a TiC-related and
connected with conduction electrons narrow,
Dysonian-like spectrum of the localized magnetic
centers [16]. Fig. 4 presents the obtained tempera-
ture dependence of two important EPR parameters:

the geff-factor and the peak-to-peak linewidth (∆H
pp

),
in the range of 4-130K, for samples 1 and 2. The
g

eff
-factor for sample 2 is smaller than for sample 1

at least above 20K. It decreases with a temperature
decrease in both samples, with a noticeable change
observed about ~60K for sample 1 and ~50K for
sample 2 (Fig. 4a). The approximate temperature-
rate of change for the geff-factor is ∆g/∆T~5.3·
10-6 K-1 (130 – 60 K) and ∆g/∆T~9.8 ·10-6K-1 (50 –
4K) for sample 1, and ∆g/∆T~9.6·10-6K-1 (130 – 50K)
and ∆g/∆T~1.3·10-5K-1 (40 – 3.8K) for sample 2.
Concerning sample 2, the above gradient is (in com-
parison to the situation for sample 1) greater by fac-
tor of 1.85 and 1.33 for the high and low tempera-
ture regime, respectively. We believe that the com-
petition between magnetic interaction, spin order-
ing and spin freezing processes could be respon-
sible for such behavior of the g-factor.
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Fig. 6. Temperature dependence of the integrated intensity I
EPR

(T), and the inverse integrated intensity
I
EPR

(T) for sample 1 (a), and sample 2 (b). The straight lines in Fig. 2b are the best fits for the Curie-Weiss
law at high temperatures.

The linewidth of a narrow EPR line, which would
directly reflect any variation in the spin-lattice relax-
ation, is increasing strongly with a temperature de-
crease in the corresponding temperature interval and
anomalies are observed at about ~80K and ~50K
(Fig. 4b). It should be noticed that the linewidth is
smaller for sample 2 than for sample 1 in a high
temperature range, above 50K. A sharp change of
the linewidth at some temperatures pertains to the
behavior similar to frustration of magnetic systems,
with the resonance line broadening connected to
the onset of a magnetic order at a high-temperature
region [21,22]. A decrease in the g-factor and the
linewidth was observed for multiwall carbon
nanotubes after electron irradiation and this effect
was similar to what was registered for our sample
subjected to thermal annealing [20]. The model of
an exchange coupled system of localized defects
and conduction electrons was used successfully to
explain the observed magnetic behavior of that sys-
tem [20].

The EPR line narrowing due to thermal anneal-
ing suggests that the exchange interaction for
sample 2 is stronger. A large number of localized
spin centers and a small number of conduction carri-
ers in the polycrystalline graphite (or carbon
nanotubes) could be coupled by a strong exchange
interaction, giving a single Lorentzian-like EPR line
[20]. In many fullerides a very narrow EPR line aris-
ing after extensive aging in air [23] has been ob-
served, contrasted to a finding of ours [24]. In previ-
ous investigations of our group [16] titanium car-
bide encapsulated in carbon has already exhibited

a narrow EPR line with a Dysonian lineshape,
whereas the ternary nanomaterial from system Ti-
Si-C-N has displayed Lorentzian lineshape. This is
probably due to the lowering number of the conduc-
tion electrons. Unexpected jumps observed at cer-
tain temperatures for linewidth, g-factor and inte-
grated intensity (e.g. at 40K in linewidth for sample
2) could be yet some more evidence of a magneti-
cally inhomogeneous state. A short range magnetic
order, confined to distinct spatial regions could cause
a sharp variation of the EPR parameters and inhibit
a long-range magnetic order. Similar behaviour was
observed for paramagnetic centres in quite different
compounds – in ternary vanadates [25,26].

To reveal different temperature ranges of relax-
ation processes, a double logarithmic plot of
linewidth ∆H

pp
 versus a shift of resonance field  δH

r 
=

H
r
(T)-H

r
(∞) has been proposed (see Fig. 5). Here

H
r
(∞) is the resonance field in a very high tempera-

ture limit. Any detected change of slope on this type
of figure should be a sign of a relaxation type varia-
tion in the observed samples. A plot of this type is
often made for superparamagnetic particles with a
statistical distribution of shapes and sizes [27]. For
that particular system a simple relationship between
δH

r
 and ∆H

pp
 is expected: δH

r
 ~ (∆H

pp
)n, where n = 2

for partially oriented and n = 3 for randomly oriented
particles. In case of our samples the value of n is
not expected to carry the same physical meaning,
but a change of its value might indicate a change of
the relaxation mechanism. Closer scrutiny of Fig. 5
reveals the existence of three temperature ranges.
The limiting temperatures are 77K and 23K for
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sample 1 and 85K and 50K for sample 2, separat-
ing the intermediate range from high and low tem-
perature ranges. The lower the temperature the
steeper the slop of ∆H

pp
(δH

r
) dependence. A com-

parison of both samples shows that the intermedi-
ate temperature range for sample 2 is narrower (35K
against 54K) and shifted to higher temperatures rela-
tive to sample 1.

Figs. 6a and 6b show the temperature depen-
dence of the EPR integrated intensity (I

EPR
(T)) and

its inverse for both samples. As the EPR integrated
intensity, defined as the area under the absorption
resonance curve, is proportional to the imaginary
part of the complex magnetic susceptibility, the Curie
or Curie-Weiss type dependence of I

EPR
(T) might

be expected. For both samples, two clear different
regimes of Curie–Weiss temperature evolution could
be recognized: the high and low temperature ranges,
identified previously in Fig. 5. In the intermediate
range the spread of experimental points is too large
or they do not follow the Curie-Weiss law. The fit-
ting of I

EPR
(T) to the Curie-Weiss law, C/(T - Θ), with

C the Curie constant and Θ the Curie-Weiss tem-
perature, shows the presence of a positive Curie-
Weiss temperature for both samples: Θ = 13(2)K
and Θ = 31(2)K for samples 1 and 2, respectively in
the high temperature range. For a low temperature
range the same value of Θ = 4(1) was calculated for
both samples. Such a positive value of Θ indicates
the presence of essential ferromagnetic interactions
between the localized magnetic centers, stronger
in case of sample 2.

In the follow-up, the results of the model of the
exchange coupled two systems of localized defects
and conduction electrons in a bottleneck regime will
be applied to explain the EPR results of our investi-
gations [20]. A comparison of the EPR effects of
electron irradiation on carbon nanotubes and ther-
mal annealing on our sample shows remarkable simi-
larities: the EPR signal intensity increases, the g-
factor linewidth decreases. Although there are two
different spin systems present in the investigated
samples, there is only one EPR line because the
two systems are strongly exchange coupled. A con-
sequence of the bottleneck regime is the supremacy
of only one spin system in the overall behavior – the
one with the dominating contribution to the mag-
netic susceptibility. In this way, conduction elec-
tron spins dominate at high temperatures while lo-
calized spins dominate at low temperatures. Fig. 7
presents the relation between the g

eff
-factor and the

integrated intensity of the EPR line at very low tem-
peratures for both samples and could be taken as
evidence in favor of this supposition. The presented

Fig. 7. Dependence of g
eff

-factor on the EPR inte-
grated intensity for samples 1 and 2 in low tem-
perature range. The solid lines are the best fits to
the experimental points.

dependence is a straight line with the same slope
for both samples evidencing the presence of the
same spin system in these materials producing the
EPR line in this temperature range.

4. CONCLUSIONS

Magnetic nanomaterial samples from the Ti-Si-C-N
system, obtained without and with NH

3
-atmosphere

thermal annealing, were studied through the 4-130K
range using the EPR technique. With the decreas-
ing temperature, the g

eff
–factor decreased for both

samples, exhibiting a greater temperature gradient
for sample 2 in both high and low temperature re-
gimes. The occurrence of these two regimes for each
sample was attributed to a spin reorientation pro-
cess competing with fundamental magnetic inter-
actions and critical temperature matrix–nanophase
freezing phenomena. The narrow EPR line linewidth
increased versus the decreasing temperature more
rapidly for sample 2, giving an indication that mag-
netic interaction within the system gained intensity
after annealing. Furthermore, sharp linewidth
changes for sample 2 at some temperatures pointed
to the frustration-like behavior of the magnetic sys-
tem there. As regards the EPR integrated intensity
temperature evolution from 130 down to 4K, two in-
dividual distinct Curie–Weiss law regimes were ob-
servable for each sample, with positive Curie–Weiss
characteristic temperature (correspondingly higher
for sample 2 in high temperatures), compatible with
effective ferromagnetic interactions between local-
ized magnetic centers. To explain the observed EPR
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thermal behavior of both samples the model of the
exchange coupled two systems of localized defects
and conduction electrons in the bottleneck regime
was proposed. The EPR spectra reflected the domi-
nating role of the conduction electrons in high tem-
perature region, while the localized spins dominated
in the low temperature range.
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