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CHAPTER 10

EPR  and  FMR  of  SiCN  Ceramics  and  SiCN
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Abstract: Silicon nitro carbide, SiCN, exhibits excellent high-temperature properties.
It can withstand temperatures of up to 1800° C, which is superior to those of Si, SiC
and  Si3N4.  Magnetic  composites,  as  well  as  electrically  conductive  ceramics  on  the
basis of SiCN, can be developed. Therefore, SiCN constitutes a new class of materials
for high-temperature electronics. SiCN ceramics, doped with the transition metal ions
exhibiting  superparamagnetic  features  are  promising  in  building  high-temperature
magnetic  and  pressure  sensors.  EPR  (electron  paramagnetic  resonance)  and  FMR
(ferromagnetic  resonance)  techniques  can  provide  important  information  on  the
properties  of  SiCN  and  its  magnetic  derivatives,  in  conjunction  with  structural,
magnetic  and  electric  measurements.  In  the  present  work,  EPR  signals  due  to
sp2–hybridized carbon-related dangling bonds were recorded over the 4 - 300 K range.
SiCN ceramics consist of nanoparticles of SiCN and a free carbon phase. The two EPR
signals, which were only resolved at the higher frequencies of W (95 GHz) and G (170
GHz) bands are due to carbon-related dangling bonds present as (i) defects on the free-
carbon  phase  and  (ii)  within  the  bulk  of  SiCN  ceramic  network.  SiCN  magnetic
ceramics, doped with the Fe ions were synthesized at different pyrolysis temperatures
in  the  range  600°  -  1600°C.  Several  magnetic  phases  in  SiCN/Fe  composite  are
detected by EPR/FMR technique. The main sources of magnetism in these samples are:
(i) superparamagnetic nanoparticles of Fe3Si, (TC = 800°C), (ii) nanoparticles of Fe5Si3
(TC = 393°C), which appear above 1000°C in single-domain state and (iii) nanoparticles
of Fe70SixC30-x (620°C).
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INTRODUCTION

Contemporary  electronics  widely  uses  silicon  carbide  MEMS  (Micro-  Electro-
Mechanical Systems) technology (SiC-MEMS). SiC is a semiconductor with good
mechanical  and  thermal  stability,  and  a  wide  band-gap  for  stable  electronic
properties at elevated temperatures [1]. However, the processes associated with
the fabrication of SiC-MEMS have been known to be time-consuming, costly and
technically  very  challenging.  A  new  class  of  polymer-derived  ceramic,  which
essentially consists of Silicon Carbon Nitride (SiCN), was proposed recently. A
starting  material  for  SiCN  synthesis  is  a  liquid  polymer,  which  can  be  easily
shaped  using  micro-moulds  or  microphotolitography,  and  this  is  one  of  the
advantages of SiCN. The commercial precursor CERASET™ (KiON group AG)
(polyureasilazane)  for  the  synthesis  of  SiCN  ceramics  is  available.  The  liquid
polymer is cross-linked at 400°C in nitrogen gas flow to create a solid transparent
polymer, whose free-standing forms are then pyrolyzed, yielding a black-colored
ceramic,  which  can  withstand  temperatures  above  1800°C  [2,  3].  This  SiCN
ceramic exhibits outstanding creep, hardness and oxidation resistance, which are
superior to those of Si, SiC and Si3N4.

Electrically conductive SiCN polymer-derived ceramics were developed by Liew
et al. [4], and its conductivity was further modified by boron-doping (SiBCN) or
Al-doping  (SiAlCN)  [5].  It  is,  thus  possible  to  produce  complex  isolator-
conductive  material  structures  and  develop  new  MEMS-SiCN  technique.  The
addition of polymers, containing different magnetic transition metal ions, to initial
silazane precursor leads to the formation of superparamagnetic SiCN ceramics,
which  can  be  used  as  magnetic  sensors  [6].  SiCN  ceramics  possess  excellent
piezoelectric properties [7] and can be used in pressure sensors. The investigation
of SiCN ceramics and its conductive and magnetic derivatives is of great interest
for developing high-temperature sensor applications [8, 9]. Formation of the free-
carbon phase, which influences physical properties, was investigated in polymer-
derived SiCN ceramics in detail [10 - 14].

Li et al. [15] exploited FTIR, Raman and XRD techniques for the investigation of
SiCN  ceramics  obtained  by  pyrolysis  from  CERASET™  precursor.  It  was
observed that  the free C phase is  formed owing to  fast  heating upon pyrolysis.
Latest  molecular  dynamics  simulations  show  that  aromatic  bonded  carbon  (C)
ions are described by graphene network structure in the SiCN ceramics [16]. The
existence of free C in SiCN structure and its ordering affect both mechanical and
electrical features of polymer-derived SiCN ceramics, remarkably.

The  EPR  investigations  on  SiCN  and  SiBCN  ceramics  derived  from  non-
commercial  polymer  precursors  were  reported  [11  -  13,  17].  The  origin  of  the
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EPR line observed in a-C:H, turbostratic carbon, multiwall carbon nanotubes and
irradiated multiwall carbon nanotubes, possibly related to the free C phase, was
also studied [18 - 20]. Multifrequency EPR technique was applied at 9.6, 95 and
170 GHz to study SiCN ceramics at different temperatures from 4 K up to 300 K
[21]. The intense EPR line was observed in this ceramics, which are ascribed to
carbon-related sp2-dangling bonds [21]. Latest verification of such identification
of this EPR signal was obtained [22, 23]. The EPR signal in UV-irradiated SiCN
films was associated with nitrogen-related dangling bonds [24]. The EPR signals
in  SiCN  films  were  ascribed  to  sp2-carbon-related  dangling  bonds,  threefold-
coordinated Si dangling bonds and the trapped holes at Si atom, as it was found
by Savchenko et al. [25].

It  is  possible  to  tailor  the  magnetic  properties  of  polymer-derived  SiCN/Fe
composites from paramagnetic to superparamagnetic, and then to ferromagnetic,
with a variation of synthesis conditions, pyrolysis temperature, silazane precursor
and  Fe-containing  precursor.  Superparamagnetic  features  of  SiCN/Fe  and
SiCN/Mn  ceramics  could  be  used  to  construct  spintronic  devices  [26,  27],
exploited  at  extremely  high  temperatures.  Magnetic  Fe-doped  SiCN  ceramics
(SiCN/Fe) can be synthesized by adding different Fe-containing compounds to the
initial polymer precursor. The SiCN ceramics synthesized at T > 1000°C possess
good  thermal/mechanical  features  for  high-temperature  and  high-pressure
applications. SiCN ceramics doped with Mn (SiCN/Mn) can also be synthesized
by adding different Mn-containing polymers to the initial precursor. Such SiCN
ceramic composites are very promising for MEMS applications. Therefore, SiCN
ceramics have been extensively investigated in the past few years [2 - 25, 28 - 30].
They are composed of nanoparticles having the mean size of 1.3 nm [11, 12, 28].
The  crystallization  and  formation  of  such  SiCN  nanoparticles  started  above
1300°C as found by small angle X-ray scattering (SAXS) [11]. The existence of
carbon  nanoparticles  was  verified  by  the  intensity  ratio  of  D  and  G  bands  in
Raman  spectra  for  the  samples  pyrolyzed  at  1000°C  [13].  The  size  of  carbon
nanoparticles is also about 1 nm [11, 13]. The nanostructure of SiCN ceramics,
consisting of  free  C phase and SiCN ceramic network,  plays  a  very significant
role in the magnetization of SiCN/Fe materials, as considered below. The free C
phase can be organized in the so-called “cage” structure, as it was suggested for
SiCO ceramics [29, 30]. The SiCN/Fe nanocrystalline structure is composed of
different nanoparticles of various sizes. The magnetic coupling of the Fe magnetic
moments  inside  little  nanoparticles  than  gives  rise  to  the  superparamagnetism.
These Fe-containing nanocrystallites can exhibit ferromagnetic behavior if their
size is large enough. Recently great attention was paid to the synthesis and the
investigations  of  SiCN  polymer  derived  ceramics  doped  with  iron-containing
compounds  [6,  31  -  49].  Saha  et  al.  [31]  firstly  obtained  polymer-derived
magnetic SiCN/Fe ceramic composites from CERASET™ solution using Fe2O3
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powder.  SiCN  ceramics  with  the  addition  of  ferrocene  were  synthesized  by
Dimitru  et  al.  [32,  33].  The  superparamagnetic  behavior  of  SiCN/Fe  magnetic
ceramics  was  also  observed  by  Li  et  al.  [34,  35].  SiCN/Fe  ceramics  was
investigated  by  FMR/EPR,  IR  and  Raman  spectroscopy,  XRD  and  by
measurements  of  magnetic  features  by  Andronenko  et  al.  [49].  FMR/EPR
spectroscopy was utilized successfully to separate various types of magnetisms in
SiCN/Fe ceramics, revealing at least three of them:

ferromagnetic nanoparticles of Fe5Si3Cx,i.
ferromagnetic clusters distributed in the free C phase and, probably,ii.
new Fe-containing nanocrystallites can appear at pyrolysis temperature aboveiii.
1250° C and FMR/EPR spectra reflect such transformation.

Several kinds of Fe-containing crystallites,  such as α-Fe, Fe3Si and Fe5Si3  were
found  in  SiCN/Fe  composites  [46  -  48].  Recent  investigations  of  magnetic
properties  of  polymer-derived  SiCN/Fe  ceramics  clearly  show  their
predominantly superparamagnetic behavior with blocking temperature from 20 K
[6] to 100 K [34, 35], the absence of coercive fields, remanent magnetization and
rather wide distribution of nanoparticle sizes.

Yan  et  al.  [37]  found  that  Mn5Si3  nanocrystallites  determine  the  magnetic
properties  of  polymer-derived  SiCN/Mn composite  obtained  by  the  addition  of
Mn metal powder to liquid CERASET™. This result agrees with the conclusion
that  Mn5Si3Cx  nanoparticles  are  the  main  source  of  magnetism  in  SiCN/Mn
composites,  synthesized  by  the  use  of  manganese  (II)  acetylacetonate  [50].

The EPR technique can be applied successfully to study magnetic SiCN ceramics
activated with transition metal ions. It is the purpose of this review to summarize
the results  of  EPR investigations of  carbon-related dangling bonds in polymer-
derived  SiCN  nanoceramics  at  several  frequencies,  as  high  as  170  GHz.
Furthermore, this review will report the results of the EPR/FMR investigation on
SiCN/Fe and SiCN/Mn ceramics obtained from liquid polyureasilazane precursor
[21,  49,  50],  to  present  detailed  data  on  the  origin  of  the  various  sources  of
magnetism  contributed  in  these  ceramics.

SYNTHESIS AND STRUCTURE

The fabrication procedure of SiCN ceramics is described elsewhere [2, 3]. Liquid
polymer precursor CERASET™ (polyureasilazane) was crosslinked at 400°C for
60  min  to  fabricate  transparent  solid  polymers.  Thereafter,  the  crosslinked
polymer  was  pyrolyzed  at  temperatures  of  1000°,  1050°,  1100°,  1150°  and
1200°C  under  nitrogen-gas  flow  to  yield  solid  ceramic  samples.  The  aim  of
pyrolysis  was  to  exclude  the  C  excess  in  the  form  of  CH4  molecules  and  to
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precipitate free C, resulting in the incorporation of some amount of C ions into the
mixed  tetrahedra  Si(C1-xNx)4.  The  composition  of  SiCN  ceramics  pyrolyzed  at
1100° C was determined to be SiC0.74N0.67; 30 wt % of C was in the free C phase as
derived by elementary chemical  analysis  and relative intensity of  NMR signals
from the free-C and bound C ions.

SiCN/Fe Ceramics

The  samples  of  magnetic  SiCN/Fe  ceramics  were  prepared  by  utilizing  liquid
polyureasilazane (CERASET™) precursor [49], to which 5-10 wt % of Fe (III)
acetylacetonate was added. To fabricate a transparent dark-red solid polymer, the
samples  were  cross-linked  at  400°C  for  90  min.  Thereafter,  the  cross-linked
polymer was pyrolyzed at T = 600°C-1600°C in N gas flow. The composition of
polymer-derived  ceramics,  as  derived  from  elementary  chemical  analysis,  was
determined to be SiC0.68N0.41 at pyrolysis temperatures of 1100°C. The content of
N decreased to 0.15 at high pyrolysis temperatures, accompanied by 30 wt % of C
in the free C phase. The amount of Fe content determined by neutron-activated
analysis of SiCN/Fe composite was to be of 0.2 wt %. The X-ray powder patterns
for SiCN samples synthesized in this way at various pyrolysis temperatures were
discussed by Andronenko et al. [49]. These X-ray patterns were similar to those,
obtained for pure SiCN ceramics [51, 52] synthesized at 1450°C. The presence of
peaks due to Fe5Si3 particles having a hexagonal structure was revealed in high-
resolution  X-ray  patterns  [53].  A  weak  peak  owing  to  α-Fe  particles  was  also
detected.

SiCN/Mn Ceramics

The  samples  of  magnetic  SiCN/Mn  ceramics  were  prepared  [50],  using  liquid
polyureasilazane (CERASET™) precursor, with an addition of 1 wt % of Mn (II)
acetylacetonate  Mn(C5H7O2)2.  The  thermal  treatment  was  fulfilled  in  the  same
way as for SiCN/Fe ceramics [50].

PURE SICN: EPR OF CARBON RELATED DANGLING BONDS

A Bruker X-band (9.6 GHz) EPR spectrometer (ER-200D) equipped with oxford
helium gas-flow temperature controller  at  Concordia University was utilized to
measure  the  EPR  spectra  in  the  different  SiCN  ceramics  in  the  temperature
interval from 4 K to 300 K [21]. The EPR spectra measured at T = 295 K in SiCN
samples, pyrolyzed at different temperatures, are shown in Fig. (1).
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Fig. (1). EPR spectra of C-related dangling bonds in the different SiCN ceramics at 295 K. The inset shows
W-band (95 GHz) EPR spectrum at 295 K. Reused from [21] with the Permission from AIP Publishing LLC.

Room-temperature EPR studies of pure SiCN samples were also performed at W-
band (95 GHz) and G-band (170 GHz) at  Cornell  University.  Only one intense
EPR signal at g = 2.0027±0.0001 was detected at room temperature at X-band for
all  investigated  samples.  The  g-value  was  measured  using  2.2-Diphenyl-
1-Picrylhydrazyl  (DDPH) as  a  reference  sample.  NMR Bruker  gaussmeter  was
used  for  the  magnetic  field  calibration  for  all  investigated  SiCN  samples.  The
obtained  g-value  proved  unambiguously  that  the  observed  EPR  line  in  the
investigated samples is caused by C-related defects [54, 55], rather than that from
the Si dangling bonds (g = 2.005) [55].

The exchange narrowing of EPR linewidth (0.07 mT) was found for pure SiCN
samples  synthesized  at  1150°C  and  1200°C  at  X-band  frequencies  and  was
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explained by the increase of the spin concentration of dangling bonds emerged in
the free C phase. Moreover, the spin concentration of the carbon dangling bonds
is unchanged in the samples as there is no oxidation process and the H atoms are
completely  removed  (above  1150°C),  as  confirmed  by  chemical  analysis.  This
narrow EPR signal can be utilized as a g-marker at X-band. The dependences of
the X-band EPR linewidth and wt % of H content versus pyrolysis temperature
are represented in Fig. (2).

Fig. (2). The plot of the EPR linewidth and hydrogen content depending on the pyrolysis temperature of the
samples. Reused from [21] with the Permission from AIP Publishing LLC.

The 95-GHz, W-band and EPR spectrum at 295 K agreed with that recorded at X-
band,  whereas  the  G-band  (170  GHz)  room-temperature  spectrum  showed  the
existence  of  second,  less  intense  signal  with  larger  g-factor,  which  can  be
associated with the shoulder revealed in X-band spectra at 4 K. The EPR spectra
in  the  temperature  interval  of  4-295  K  for  the  SiCN  ceramics  have  mostly
Lorentzian lineshape. The visible deviation from Lorentzian lineshape at X-band
found for the samples pyrolyzed at 1150°C and 1200°C, can be interpreted by the
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overlapping of two EPR signals, which were distinguished at G-band. This takes
place  when  a  minimum of  one  signal  overlaps  with  the  maximum of  the  other
signal.  Total  EPR  lineshape  of  these  two  overlapping  signals  turned  out  to  be
similar to Dysonian lineshape [56] at X- and W-bands.

A “shoulder” on the EPR line recorded at 4 K on the sample of SiCN pyrolyzed at
1150° C was observed and assigned to another EPR line, also related to carbon-
related dangling bonds with g  = 2.0032. They both decreased with a rise of the
pyrolysis temperature, assuming that the amount of dangling bonds enhances with
removing  more  H  ions.  The  increase  in  the  spin  concentration  of  the  dangling
bonds results in the formation of the clusters and finally in exchange narrowing of
the  EPR  line.  The  spin  concentration  of  the  dangling  bonds  was  evaluated  by
comparison  of  the  EPR  signal  integral  intensity  with  that  of  a  “strong-pitch”
standard  sample  with  known  spin  concentrations  at  X-band  frequencies.  The
average number of spins was found to be of 1018 per cm3 in all SiCN samples.

The  EPR  lineshape  was  revealed  to  be  almost  symmetrical  for  the  samples
pyrolyzed at T < 1100°C. The linewidth at W-band for the sample synthesized at
1100°C is 0.32 mT at 295 K, which is twice larger than observed at X-band (=
0.14 mT). For the samples synthesized at 1150°C and 1200°C, two EPR signals
were resolved at G-band with g = 2.0027 ± 0.0001 and g = 2.0032 ± 0.0002 which
have different intensity and linewidth. The enhancement in the linewidth at higher
frequencies  can  be  explained  by  g-strain  broadening,  which  becomes  apparent
with frequency increase.

The intense EPR signal at g = 2.0027 is caused by the dangling bonds that exist in
the  surface  defects  of  the  free  C phase,  while  the  less  intense  EPR signal  with
slightly higher g-factor (2.0032) is from the carbon-related dangling bonds that
exist in the Si-C-N tetrahedra. The temperature-independent g = 2.0027 is similar
to the g-value observed for glassy graphite samples caused by the high density of
localized states at the Fermi level [18]. At the same time, it is far from the EPR
signals  at  g  =  2.018,  2.02  and  2.012,  which  were  observed  in  planar  graphite
phase [18],  turbostratic  carbon [19]  and multiwall  carbon nanotube phase [20],
correspondingly, and have ordered networks. Therefore, it was assumed that the
SiCN  ceramics  under  investigation  do  not  contain  ordered  C  networks.
Alternatively, the EPR line with g = 2.0032 can be assigned to sp3-carbon related
dangling bonds, associated with bulk “free” carbon phase.

Temperature Variation of the EPR Linewidth and Estimation of Exchange
Interaction

The EPR linewidth has strong temperature dependence as represented in Fig. (3)
for  X-band.  The  temperature  dependence  of  the  EPR  linewidth  in  the  liquid-



EPR and FMR of SiCN Frontiers in Magnetic Resonance, Vol. 1   205

helium  temperature  range  was  well  described  by  the  exchange  interactions  in
amorphous materials between carbon dangling bonds as deduced by Misra [57].
Accordingly,

(1)

In this expression, A′, B′, C′ are constants and T is the temperature. The second
term describes the linewidth broadening due to exchange coupling between spins
modulated  by  vibrations  via  the  spin-orbit  coupling  of  the  spins.  This  linear
contribution (B′) is negligible for the EPR linewidth in pure SiCN. The third term
here, represents the contribution to the linewidth due to cross-relaxation wherein,
an electron spin relaxes by simultaneous transitions between its energy levels and
that of an exchange-coupled pair.

The value of antiferromagnetic interaction (J) was rather large, as it was found by
fitting to EPR linewidth data, being anywhere from –12.5 to –15.1 K, as listed in
Table 1, which also contains the values of the parameters A´, B´ and C´.

Fig. (3). Temperature variation of the EPR linewidth in the different SiCN ceramic samples. The circles, solid
squares and triangles designate experimental data; the lines are fitting to eq. (1) using the parameters listed in
the Table 1. Reused from [21] with the Permission from AIP Publishing LLC.

ΔB = A′ + B′*T+C′/(1 + exp(J/T)).  
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Table 1. Parameter fitting to eq. (1). Reused from [21] with the Permission from AIP Publishing LLC.

Pyrolysis temperature A´ (mT) B´ (mT/K) C´ (mT) J (K)

1000º C 0.02±0.01 -0.0002±0.0002 0.74±0.05 -15.1±0.05

1100º C -0.06±0.02 -0.0002±0.0002 0.55±0.05 -13.2±0.05

1150º C -0.01±0.01 -0.0002±0.0002 0.27±0.05 -12.5±0.05

EPR  STUDY  OF  SICN/FE  AND  THE  TRANSFORMATIONS  AT
VARIOUS PYROLYSIS TEMPERATURES

EPR/FMR Spectra of SiCN/Fe Ceramics

An X-band (~9.5 GHz) Bruker ER-200D SRC EPR spectrometer equipped with
the nitrogen-flow Bruker variable temperature assembly was utilized to study the
SiCN/Fe  ceramic  samples  in  the  temperature  range  77-350  K  [49].  Fig.  (4)
represents room-temperature EPR spectra of the different samples synthesized at
various temperatures.

Fig. (4). The plot of Fe FMR/EPR spectra depending on the pyrolysis temperature of the SiCN/Fe samples
measured at 295 K. Reproduced from [49] with the Permission from Springer.
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The FMR signals, belonging to Fe-containing ferromagnetic crystalline particles,
were observed in SiCN/Fe composites. Similarly to SiCN ceramics, narrow EPR
line  due  to  dangling  bonds  was  also  observed.  Numerous  transformations  of
SiCN/Fe ceramics were found from the temperature behavior of these EPR/FMR
lines, namely, the dependencies of the linewidth and double-integrated intensity
of  the  first-derivative  EPR/FMR  signals  on  the  pyrolysis  temperature.  The
explanation  of  the  different  EPR/FMR  lines  can  be  presented  as  follows.

(a) Narrow EPR signal caused by dangling bonds with g = 2.0027. The double-
integrated  intensity  (per  1  mg)  of  the  first-derivative  line  owing  to  sp2  carbon
dangling bonds with g-value of 2.0027 is presented in Fig. (5a). Fig. (5b) shows
the  dependence  of  the  EPR  linewidth  on  the  pyrolysis  temperature  for  the
different  samples.

Fig. (5). Dependence of the double-integrated intensity (a) and EPR linewidth (b) of the first-derivative EPR
line from dangling bonds on pyrolysis temperature measured in the different SiCN/Fe samples. Reproduced
from [49] with the Permission from Springer.



208   Frontiers in Magnetic Resonance, Vol. 1 Misra and Andronenko

The peak-to-peak  width  of  EPR line  from dangling  bonds  in  SiCN/Fe  samples
pyrolyzed at 1100°C, was found to be larger (0.24 mT and 0.53 mT for 1 and 10
wt. % iron acetylacetonate, respectively) than that in the pure SiCN samples (0.12
mT), pyrolyzed at 1100°C. The dipole-dipole couplings between carbon dangling
bonds and Fe3+ ions can be the reason of the linewidth increase.

(b) Fe3+ related EPR signal at g ~ 2.0. The dependence of the double integral of
the first-derivative EPR signal (per 1 mg), on the pyrolysis temperature is shown
in  Fig.  (6).  The  peak-to-peak  linewidth  of  the  first-derivative  EPR  signal  as  a
function of the pyrolysis temperature is presented in Fig. (7).

Fig. (6). The plot of the double-integrated intensity of Fe FMR/EPR line depending on pyrolysis temperature
of the SiCN/Fe samples: a) for the signal with g ~ 10 ; b) for the broad signal with g~ 2.0. Reproduced from
[49] with the Permission from Springer.
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It  has  been  shown in  Fig.  (4)  that  this  line  composes  of  two  overlapped  broad
signals  (B1 and B2)  with  different  linewidths  for  the  samples  pyrolyzed in  the
temperature range of 950°C- 150°C.

The linewidth of  the  EPR signal  B1 varies  considerably with  temperature.  The
maximum  width  for  EPR  signal  B1  was  observed  for  the  SiCN/Fe  sample
pyrolyzed  at  1000°C  (Fig.  7a).  Whereas,  the  only  linewidth  of  the  B2  signal
slightly  increases  (see  Fig.  7b).

Fig. (7). The plot representing the Fe FMR/EPR linewidth at room temperature depending on the pyrolysis
temperature of the SiCN/Fe samples: a) for the signal with g ~ 10; b) for the broad signal with g ~ 2.0 (filled
circles and filled squares indicate the two coincided lines). Reproduced from [49] with the Permission from
Springer.
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The  shape  of  line  B1  corresponds  to  the  EPR  line  of  the  assembly  of
superparamagnetic  particles  diluted  in  the  diamagnetic  matrix,  as  shown  by
Kliava  et  al.  [58].

A  correlation  between  the  double-integrated  intensity  of  the  EPR  signal  of
dangling bonds depending on the pyrolysis temperature, and the double-integrated
intensity of the FMR signal that occurs at g ~ 2.0 was observed, as shown in Figs.
(5a and 6b).

As  the  double-integrated  intensity  of  EPR  signal  related  to  dangling  bonds  is
proportionate to the amount of free C phase in SiCN ceramics, we could suppose,
that  these  magnetically  ordered  Fe  ions  are  incorporated  into  the  free-carbon
phase. The characteristics of the EPR lines from the different SiCN/Fe samples
synthesized at various temperatures can be described as follows.

(i) The Fe ions are in the paramagnetic state in the SiCN samples synthesized at
temperatures 600°C-800°C, when SiCN samples are still “preceramized”. Their
magnetization is rather small, as confirmed by the low magnitude of the double-
integrated intensity of EPR signal.

(ii) The double-integrated intensity of the first-derivative Fe-related line increases
for the SiCN/Fe samples synthesized at T  = 800°C-1150°C, though the total Fe
content is unchanged. This assumes that the increase of the Fe magnetic moment
is caused by the formation of magnetically ordered Fe-containing nanocrystallites.

(iii) The double-integrated intensity of the wide signal at g ~ 2.0 reduced for the
SiCN/Fe samples pyrolyzed above 1150°C. However,  a third narrow Fe signal,
centered  at  g  ~  2,  appeared  in  this  sample,  assuming that  a  part  of  the  Fe  ions
transfers to a new magnetic structural state.

(iv) The double-integrated intensity of the broad EPR signal at g ~ 2.0 increased
again  for  the  SiCN/Fe  samples  pyrolyzed  at  T  =  1400°C-1500°C  as  it  follows
from  Fig.  (6b).  The  reason  is  that  EPR  signal  with  g  ~  10  vanishes  at  these
temperatures and the Fe ions, preliminarily incorporated in the Fe5Si3 crystallites,
start to contribute to the EPR signal at g ~ 2.0.

(c)  The  EPR  signal  at  g  ~  10.0.  This  signal  is  caused  by  the  formation  of
ferromagnetic  crystallites,  which  arise  in  the  SiCN  ceramics  at  the  pyrolysis
temperature of 950°C. It totally vanished for the samples pyrolyzed at 1430°C and
above.  These  magnetic  crystallites  reveal  ferromagnetism  rather  than
superparamagnetism,  for  which a  smaller  size  of  the particle  by order  of  SiCN
ceramics grain (1.3 nm), is necessary. As shown below, it is probable that these
ferromagnetic  crystallites  are  Fe5Si3  nanoparticles,  which  follow  from  its  low
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value of Curie temperature (TC = 393 K) [59]. Note that the Curie temperature of
Fe3Si,  the  other  possible  nanocrystallite,  is  much  higher,  TC  =  800  K  [60],
therefore, probably only the EPR line near g = 2.0 can be related to such kinds of
compounds.

(d) The weak EPR signal at g ~ 2.0. This line emerges only in SiCN/Fe samples
pyrolyzed at T > 1215°C when the crystallization of SiCN network takes place.
The  linewidth  of  this  signal  is  rather  narrow,  being  about  10  mT.  It  vanishes
totally in the samples pyrolyzed at T > 1485°C. It can be assigned to the Fe3+ ions
incorporated  in  Si3N4  nanocrystallites,  which  begin  to  crystallize  at  1200°C,  as
revealed by XRD analysis.

(e)  The  samples  pyrolyzed  above  1500°  C.  No  EPR signals  from the  Fe3+  ions
were observed in these samples, owing to the evaporation of Fe ions from SiCN
ceramics at T > 1530°C, corresponding to the iron melting temperature.

Temperature Dependence of Fe3+ EPR Lines

(i) The EPR line at g ~ 10. The double-integrated intensity (per 1 mg) of the first-
derivative EPR line and the peak-to-peak width of the EPR line from the SiCN
ceramic sample pyrolyzed at 1100°C in the temperature interval 77 - 350 K are
shown in  Figs.  (8a  and  8b),  correspondingly.  As  it  follows from Fig.  (8a),  the
double-integrated  intensity  of  this  signal  vanished  at  about  380  ±  10  K.  The
behavior of EPR linewidth is also consistent with the temperature variation of the
magnetic moment of the ferromagnetic Fe5Si3 particles with the Curie temperature
of 393 K. It can be proved by fitting with the following formula obtained for the
temperature  (T)  variation  of  the  FMR  linewidth  of  impurity  centers  in
ferromagnetic  sample  [61]:

(2)

The fit to eq. (1) gave the following values ΔB0 = (22.0 ± 1.0) mT, P = (0.52 ±
0.05) × 103 K0.7×mT, and TC = (393 ± 5) K. The Curie temperature, obtained from
this fitting, is the same as TC = 393 K determined for Fe5Si3 [59].

The  linewidth  expression  described  by  eq.  (2)  is  explained  as  follows.  A
significant contribution to FMR linewidth in ferromagnetic samples is caused by
the magnetization fluctuations M close to the Curie temperature.

As  the  magnetization  shifts  the  resonance  position,  magnetization  fluctuations
cause the resonance signal broadening. Thus, following the theory of second order
phase  transition  [62]  and  applying  the  scaling  theory  [63],  the  mean-square

ΔB = ΔB0 + P|Tc – T|-0.7  
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magnetization  fluctuations  can  be  expressed  as:

(3)

here, χ is magnetic susceptibility, V is volume and TC is Curie temperature.

Fig. (8). Temperature variation of the double-integrated intensity (a) and the FMR/EPR linewidth of the first-
derivative FMR/EPR line (b) (Reproduced from [49] with the Permission from Springer): a) for the signal at
g  ~  10.;  b)  for  the  signal  at  g  ~  2.0.  The solid  lines  correspond to  the  fitting results  with  the  parameters
reported in the text.
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Hence,  the  fluctuation  M  is  inversely  proportionate  to  the  square  root  of  the
temperature deviation from the Curie point (Tc) [62]. The EPR linewidth, ΔB, is
proportionate to the mean square of magnetization fluctuations M resulting in eq.
(2).

(ii)  The  intense  EPR  line  at  g=2.065±0.001.  This  signal  does  not  reveal
considerable temperature dependence. Its linewidth can be described by the linear
expression: ΔB(T) = ΔB0 + P1·T, where ΔB = (89.0 ± 2.0) mT and P1 = (–0.056 ±
0.008) mT/deg. It is supposed here that the Fe ions are in the superparamagnetic
state, confirmed by the following facts.

(a) The g-factor is 2.065.

(b) The temperature variation of double-integrated intensity follows, within the
range of measurement error, the Curie law in this temperature range of 77-350 K.

(c) The double-integrated intensity, being proportional to its magnetic moment,
rises  significantly  with  the  enhancement  of  the  pyrolysis  temperature  of  the
SiCN/Fe  samples  (T  >  1000°C).

(d) The Fe ions content in the SiCN/Fe samples remain unchanged; therefore, this
increase in the double-integrated intensity can only be caused by the formation of
the magnetically ordered Fe-containing nanocrystallites.

The  investigation  of  the  bulk  magnetization  of  SiCN/Fe  ceramics  using  a
vibration sample magnetometer is very helpful along with the study of collective
magnetic  moments  using  the  EPR/FMR method.  The  magnetization  versus  the
magnetic field of some SiCN ceramic samples was studied at 295 K in a magnetic
field of up to 2.2 T. Almost no hysteresis or remanent magnetization was found in
the  investigated  samples  [49].  The  coercive  field  decreases  for  the  SiCN/Fe
samples  synthesized  at  700°C  from  about  15  mT  to  zero  for  the  samples
synthesized  at  1200°C-1500°C.  The  SiCN/Fe  samples  definitely  exhibit
superparamagnetic behavior. Large coercive fields for SiCN/Fe samples prepared
at 700°C can be due to ferromagnetic α-Fe particles. The temperature variation of
the magnetization at the magnetic field of 0.1 T was studied in the interval of 150
- 700 K as represented in Fig. (9).

It  was  clearly  observed  from  this  dependence  that  there  were  two  various
contributions to the magnetization of SiCN/Fe sample synthesized at 1215ºC: the
ferromagnetic contribution having the phase-transition temperature of TC = 390 K,
and the superparamagnetic contribution, obeying the Curie law.
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Fig.  (9).  Temperature  variation  of  the  magnetization  measured  in  SiCN/Fe  samples  prepared  at  various
temperatures at 0.1 T. Reproduced from [49] with the Permission from Springer.

The  obtained  Curie  temperature  (390  K)  is  due  to  Fe5Si3,  as  confirmed  by  the
EPR/FMR  experiments.  The  low-field  FMR  line  was  observed  only  in  the
SiCN/Fe  sample  pyrolyzed  above  950ºC,  that  corresponds  well  to  Si-Fe  phase
diagram [64] for Fe5Si3 formation.

The  magnetic  transition  at  620  K  was  revealed  for  the  SiCN/Fe  ceramics
synthesized  at  1485ºC,  which  is  related  to  a  new  ferromagnetic  phase,  most
probably,  Fe70SixC30-x  phase  with  TC  =  620  K  [65].  No  peculiarities  in  the
dependence of magnetization on temperature near 490 K, the Curie temperature
for Fe3C nanoparticles, were observed [66]. It implies that no such Fe-containing
particles were formed in SiCN/Fe. The variation of saturation magnetization with
the pyrolysis temperature is analogous to that of the dependence of the double-
integrated  intensity  of  the  low-field  EPR  signal.  Hence,  the  main  part  of  the
magnetization  in  SiCN/Fe  ceramics  is  caused  by  the  nanoparticles  of  Fe-
containing  crystallites,  very  likely  to  those  of  Fe5Si3.

EPR/FMR STUDY OF SICN/MN CERAMICS

An X-band EPR Bruker ER-200D SRC spectrometer equipped with nitrogen-flow
Bruker variable temperature assembly was utilized to study the SiCN/Mn ceramic
samples [50]. The SiCN/Mn samples pyrolyzed at 1100°C were investigated. The
EPR/FMR  signals  measured  at  various  temperatures  from  77  to  350  K  are
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represented  in  Fig.  (10).

Fig. (10). Temperature dependence of the first-derivative signals. Here A and B designate the FMR and EPR
lines, correspondingly. Reproduced from [50] with Permission from Springer.

FMR lines

The FMR signal (A) centered at ~ 65.0 mT with a linewidth of ~ 80.0 mT was
observed in this SiCN/Mn sample at T = 295 K. The intensity of this signal rises
with a decrease in temperature. It represents a structure on the low-field side with
a decrease in temperature. This signal is caused by the ferromagnetic particles of
the Mn5Si3Cx  distributed over the SiCN/Mn sample.  Additionally,  the EPR line
(B)  was  observed,  situated  at  ~340.0  mT  with  almost  constant  EPR  linewidth
(~35.0 mT), which is due to Fe-containing superparamagnetic nanoparticles. The
variation of the double-integrated intensity of the absorption line (per 1 mg) and
the peak-to-peak linewidth of the first-derivative EPR/FMR signal are presented
in the temperature interval 77 - 350 K in Fig. (11a) and Fig. (11b), respectively.

Critical  temperature  as  determined  from  the  FMR  line  A.  The  area  under  this
absorption line, which was obtained by double integration of the first-derivative
absorption curve, decreased monotonically from 290 K to the highest temperature
of  observation  (350  K)  as  seen  from  Fig.  (11a).  This  integral  intensity  is
proportionate to the magnetization of the ferromagnetic particles of Mn5Si3Cx in
SiCN/Mn.  The  FMR  linewidth  of  signal  A  was  described  by  Eq.  (2)  [61]
exhibiting the temperature (T) dependence. The fit yields the values: ΔB0 = (23.0
± 1.0) mT, P = (0.26 ± 0.03) × 103 K0.7×mT, and TC = 363 ± 2 K. A significant
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contribution  to  the  FMR  linewidth  in  ferromagnetic  samples  is  caused  by  the
magnetization fluctuations, M, close to the Curie temperature, as explained for the
FMR line in SiCN/Fe. The behavior of the FMR line in SiCN/Mn agrees with the
temperature  variation  of  the  magnetization  of  the  ferromagnetic  Mn5Si3Cx
particles.  The  Curie  temperature  of  360  K  corresponds  to  this  chemical
composition,  as  derived  from  the  Mn-Si-C  phase  diagram  [67,  68].

Fig. (11). Temperature dependence of the double-integrated intensity of first-derivative EPR/FMR line (a)
and peak-to-peak first-derivative EPR/FMR linewidth (b) for the signals A and B. The solid line is fitting
using the parameters, listed in the text. Reproduced from [50] with Permission from Springer.

EPR Lines

EPR lines were observed due to the two species as described below.

(i) EPR signal from the dangling bonds. The sharp, narrow signal with g = 2.0026
is caused by the carbon-related dangling bonds. Its EPR linewidth, e.g. 0.14 mT
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for the sample with 1 wt % of Mn(C5H7O2)2 in the SiCN/Mn sample, was turned
out to be slightly larger than those in the pure SiCN samples, e.g. 0.12 mT in pure
SiCN samples synthesized at 1100°C [21]. The dipole-dipole couplings between
C-related dangling bonds and the Mn2+ ions in the SiCN/Mn ceramics can be the
reason for the additional contribution to the linewidth.

(ii) The EPR signal owing to Mn superparamagnetic species (B). This quite broad
signal is centered at ~340.0 mT (g = 2.05 ± 0.01). The position of this line and
linewidth do not change in the temperature range 77 – 350 K. The EPR linewidth
is ~ 35.0 mT. This EPR signal is caused by the superparamagnetic particles of the
Mn-containing  compound  and  it  corresponds  to  the  EPR  line,  calculated  by
Kliava et al.  [58] for an assembly of superparamagnetic particles diluted in the
diamagnetic matrix.

However,  A  and  B  lines  correspond  to  different  Mn-containing  compounds,
because  their  temperature  dependencies  are  quite  different  from  each  other.

Only SiCN/Fe samples pyrolyzed at 1100°C were investigated here and therefore
additional  investigations  are  highly  desirable  for  deeper  understanding  of
magnetic  transformations  of  SiCN/Mn  ceramics  depending  on  pyrolysis
temperature.

CONCLUDING REMARKS AND DISCUSSION

A.  Undoped  SiCN.  The  most  significant  characteristics  of  the  EPR  spectra  in
undoped  SiCN  samples  are  as  follows:

(i) The two observed EPR signals are caused by C-related sp2-dangling bonds:

(a)  more  intense  EPR  signal  at  g  =  2.0027  relates  to  the  free  C  phase  at  the
surface;

(b) less intense EPR signal at  g  = 2.0032 which was well  resolved at 170 GHz
relates to the bulk of SiCN ceramic network

(ii) The EPR linewidth declines with a rise in pyrolysis temperature of a sample.
This is due to exchange narrowing, which enhanced with the increase of a number
of  carbon-related  dangling  bonds.  This  number,  in  its  turn,  increases  with  the
increasing pyrolysis temperature due to the removing of hydrogen ions.

(iii)  The  EPR  linewidth  increases  strongly  with  decreasing  temperature  in  all
samples.  The  antiferromagnetic  interaction  among  dangling  bonds  in  these
samples  as  estimated  from  the  temperature  variation  of  the  EPR  linewidth  is
found  to  be  rather  strong,  between  –12  and  –15  K.
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(iv) The X-band EPR line, detected in pure SiCN samples pyrolyzed at 1150°C
and 1200°C, is stable and very narrow. Therefore, they can be a prospective spin-
probe at room temperature.

B. SiCN/Fe. The most important features of the SiCN/Fe samples are as follows.

(i) The SiCN/Fe ceramic samples, which consist of nanoparticles, pyrolyzed in the
temperature range 600°C- 1580°C, were investigated by EPR/FMR.

(ii) Three different states of Fe3+ ions were revealed in SiCN/Fe samples:

(a) The ordered and amorphous free C phases exist in the SiCN/Fe samples, as
well as the transformation from the paramagnetic to superparamagnetic state was
observed  in  the  sample  pyrolyzed  at  temperatures  600°C-800°C  and  950°C-
1150°C,  correspondingly.

(b)  Fe5Si3  particles  are  characterized  by  ferromagnetic  behavior.  The  EPR line
corresponding to this phase emerges in the SiCN/Fe samples synthesized at 950°C
and vanishes in the samples synthesized at 1400°C.

(c) The third type of Fe3+ ions exhibits the narrow signaling at g ~ 2.0, revealed
only in the samples pyrolyzed at T > 1200°C. They are possibly incorporated into
the Si-C-N nanocrystallites. These lines vanish in the SiCN/Fe samples pyrolyzed
at T > 1530°C.

(iii). The techniques of EPR/FMR and magnetic measurements provide sufficient
data  on  the  characteristics  of  the  SiCN/Fe  nanoparticles  and  show  that  this
material  can  be  exploited  for  MEMS  applications.

C.  SiCN/Mn.  The  most  significant  features  of  the  SiCN/Mn  samples  are  as
follows.

(i)  The  FMR  and  magnetization  data  show  that  SiCN/Mn  samples  exhibit
ferromagnetic or superparamagnetic behavior and they do not show paramagnetic
behavior,  which  is  due  to  the  individual  Mn  ions  in  spite  of  the  rather  small
concentration of Mn (~0.2%).

(ii)  Ferromagnetic  particles  of  Mn5Si3Cx,  or  other  composites,  are  formed upon
pyrolysis.  At  the  same  time,  superparamagnetic  clusters  can  be  formed  if  the
particle size is less than 5 nm. The two various species of Mn ions are:

(a)  nanoparticles  associated  probably  with  SiCN  network,  which  manifests
themselves  by  the  broad  EPR  signal  at  g  ~  2.0.  The  magnetization  of  these
particles is almost temperature-independent in the investigated temperature range;
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(b) the nanoparticles, which relate to the formation of SiCN network (Mn-Si-N-C)
mainly due to the formation of Mn5Si3Cx nanoparticles, as derived here from the
temperature  variation  of  the  low-field  FMR  line.  These  particles  reveal  a
transition from ferromagnetic to paramagnetic phase at 363 K, corresponding to
the Mn5Si3Cx compound.
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