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bstract

e-doped SiC bulk ceramics were fabricated by hot-pressing, and their magnetic and electronic properties were investigated. Si1−xFexC (x  ≤  0.04)
amples having a zincblende crystal structure exhibited ferromagnetic hysteresis at room temperature with the saturation magnetization increasing
ith x. X-ray diffraction measurements revealed the creation of a Fe3Si phase in the samples with its density increasing with x. The samples were

ound to be p-type semiconductors with a hole concentration (electrical resistivity) of ∼1019 cm−3 (∼100 �  cm) at room temperature. The observed

agnetic properties of the samples are mainly ascribed to the presence of ferromagnetic Fe3Si crystallites. The high carrier concentration of the

amples likely implies the existence of acceptors due to individual Fe3+ occupation of the Si sites in the lattice. The randomly distributed Fe3+ ions
epresent a minor contribution to the magnetization of the samples through the formation of magnetic polarons with the carriers.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Silicon carbide (SiC) has a variety of applications ranging
rom structural materials to electronic devices because of its
nique combination of properties such as high thermal stability,
igh thermal conductivity, variable electrical resistivity, good
echanical strength and corrosion resistance.1–20 The potential

pplications of SiC include heat exchangers, fusion reactors,
as-turbine components, pressure sensors and optical mirrors.
iC-based electronic devices can be fabricated to operate under
xtreme conditions such as high temperature, high power and
igh frequency, thus, they are suitable for applications in air-
rafts and space vehicles.

SiC is known to have many possible crystal structures (poly-
ypes) along with a wide band-gap spectrum covering the
isible–ultraviolet range, 2.4, 3.0, 3.3 and 3.4 eV for 3C, 6H, 4H
nd 2H, respectively.21 The semiconducting properties of SiC
re achieved through the creation of carriers by impurity doping

uch as N and P for electrons (n-type) and B and Al for holes
p-type).1,10,19 So far, electrical resistivity as low as 10−3 �  cm
as been obtained by N doping in zincblende SiC (3C-SiC).22
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y doping with some magnetic impurities, SiC ceramics may
xhibit characteristic magnetic properties as well as a decrease
n electrical resistivity.

Relatively little attention has been paid to the doping of 3d
ransition metal (TM) elements in SiC, which can induce fer-
omagnetism through spin–spin interactions between the TM
ons and the carriers. A study based on mean-field theory23 pre-
icted that some TM-doped semiconductors composed of light
lements such as O, N and C occupying the anionic sites can
xhibit ferromagnetism at room temperature or higher. Encour-
ged by the theoretical prediction, semiconductors such as GaN
nd ZnO with large band-gap energies (∼3 eV) have been fre-
uently adopted as hosts for doping TM elements such as Cr,
n, Fe, Co and Ni.24

Only a few studies related to TM doping of SiC materials have
een reported to date. Song et al.25 synthesized Fe-doped 6H-
iC powders that exhibited ferromagnetic behavior above room

emperature. Wang et al.26 observed ferromagnetism persist-
ng near room temperature in a Mn-doped 4H-SiC film. Takano
t al.27,28 observed ferromagnetic ordering in Mn-doped 3C-SiC
ingle crystals. A theoretical investigation of Fe-doped 4H-SiC
y Los et al.29 predicted that paramagnetic and ferromagnetic

tates might coexist as temperature increases. The covalent dis-
ance between Fe and C atoms may be an important factor
or determining the preferred magnetic state in SiC polytypes.

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.11.037
mailto:ywkim@uos.ac.kr
dx.doi.org/10.1016/j.jeurceramsoc.2011.11.037


1 opean Ceramic Society 32 (2012) 1149–1155

A
i
a

t
i
w
t
w
d
t
e
m

2

I
a
O
n
r
�
0
m
s
2

S
J
p
a
w
S
w
u
o

1
n
a

3

o
3
a
t
a
i
a
1
r

b
x

8

12
2K

0

4

-8

-4  x=0.01
 x=0.02
x=0.03

806040200-20-40-60-80

-12
 x=0.04

Applied Field (kOe)

12

300K

4

8

-4

0

 x=0.01
 x=0.02

-12

-8

M
ag

ne
tiz

at
io

n 
(e

m
u/

cm
3 )

M
ag

ne
tiz

at
io

n 
(e

m
u/

cm
3 )

x= 0.03
 x=0.04

-80 -60 -40 -20 0 20 40 60 80
Applied Field (kOe)

(a)

(b)

F
s

i
m
c
z
A
s
x
p
t
i
m

p
A
b
c
r
e
t
6
o
c

150 K.J. Kim, Y.-W. Kim / Journal of the Eur

lso, ferromagnetic properties recently reported for neutron-
rradiated 6H-SiC single crystals were attributed to defects such
s divacancies (VSiVC) created by the irradiation.30

In this study, Fe-doped SiC (Si1−xFexC) ceramics were syn-
hesized and their magnetic and electronic properties were
nvestigated. Structural properties of the prepared bulk samples
ere investigated by X-ray diffraction (XRD) and scanning elec-

ron microscopy (SEM). The magnetic properties of the samples
ere investigated using a superconducting quantum interference
evice (SQUID) method. Hall measurements were taken for
he samples to determine their semiconducting properties. The
xperimental results suggest that Fe doping can provide both
agnetic moments and carriers to zincblende SiC ceramics.

. Experimental

The Fe-doped SiC samples were prepared by hot pressing.
n order to fabricate the ceramic samples, commercially avail-
ble �-SiC (grain size ∼0.3 �m, Betarundum, Ibiden Co. Ltd.,
gaki, Japan) and Fe powders (grain size 5.0–8.0 �m, Inter-
ational Specialty Products, Inc., Wayne, USA) were used as
aw materials. Four different batches were prepared containing
-SiC, Fe, and C powders with Fe compositions (x) of 0.01,
.02, 0.03 and 0.04 in the formula Si1−xFexC. The batches were
illed in ethanol for 24 h using SiC grinding balls. The milled

lurry was dried, sieved, and hot-pressed at 1850 ◦C for 1 h under
0 MPa at atmospheric pressure under argon.

The hot-pressed samples were polished and analyzed using
EM and electron probe microanalysis (EPMA, JXA-8500F,
EOL, Tokyo, Japan). The crystal structures of the samples were
robed by XRD using Cu K�  radiation. The magnetic hysteresis
nd temperature-dependent magnetization curves of the samples
ere measured using SQUID (MPMS5, Quantum Design Inc.,
an Diego, CA, USA). The electronic properties of the samples
ere investigated by Hall measurements at room temperature
sing the van der Pauw method under an external magnetic field
f 10 kOe.

Some hot-pressed samples were leached at 80 ◦C for 5 h using
6% hydrochloric acid for removing Fe3Si phase.31 The mag-
etic hysteresis of the samples was measured again using SQUID
t room temperature.

. Results  and  discussion

Fig. 1(a) and (b) exhibits magnetic hysteresis (MH) curves
f the Fe-doped SiC samples measured using SQUID at 2 and
00 K, respectively, with the external magnetic field (H) being
pplied parallel to the sample plane. The MH curves imply
he persistence of ferromagnetic behavior at room temperature
lthough the magnetization intensity of the sample at 300 K
s reduced compared to that at 2 K. The magnetization values
t 300 K for H  = 70 kOe are reduced by 33%, 23%, 25% and
7% compared to those at 2 K for x  = 0.01, 0.02, 0.03 and 0.04,

espectively.

The samples with low Fe content (x  = 0.01 and 0.02) showed
etter magnetization saturation at high H  compared to those for

 = 0.03 and 0.04. The effective magnetic moment of each Fe

c
t
n
a

ig. 1. Magnetic hysteresis curves of Fe-doped zincblende SiC (Si1−xFexC)
amples measured using SQUID at (a) 2 K and (b) 300 K.

on for x = 0.01 and 0.02 deduced from the observed saturation
agnetization at 2 K is 0.9 �B if all the Fe ions are assumed to

ontribute equally. On the other hand, the high-field magneti-
ation for x = 0.03 is only slightly larger than that for x = 0.02.
t low H  below 40 kOe, the magnetization for x  = 0.03 is even

maller than that for x = 0.02. Furthermore, the MH curves for
 = 0.03 and 0.04 show more divergent behavior at high H  com-
ared to those for x  = 0.01 and 0.02. The observed difference in
he MH curve shape between the two groups of samples might
mply some difference in microstructure between these, which

ay be related to the magnetic properties.
Fig. 2 exhibits the XRD patterns of the polycrystalline sam-

les, indicating the 3C (zincblende) structure (JCPDS 29-1129).
s x increases, a new peak appears at about 2θ  = 45.3◦ as denoted
y the arrow. This peak is identified as the (2 2 0) peak of the
ubic Fe3Si phase (JCPDS 45-1207). Fe3Si is known to be fer-
omagnetic below the Curie temperature, TC = 823 K,32 thus, its
xistence is quite likely to influence the magnetic properties of
he samples. The Fe3Si phase was also detected for Fe-doped
H SiC powders25 and crystals.33 The concurrent appearance
f the Fe3Si-related XRD peak and the change in the MH-
urve shape between x = 0.02 and 0.03 likely indicates that the
hange in magnetic behavior is due to a significant increase in

he Fe3Si content between the two Fe compositions. Ferromag-
etism observed in Mn-doped 3C-SiC single crystal was also
scribed to the formation of Mn5Si2:C clusters.28
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Fig. 2. XRD patterns of Si1−xFexC samples.

Typical fracture surfaces of the samples are shown in Fig. 3.
ostly transgranular fracture is observed in all samples and

he grain size increased with increasing x. It seems that the
dded Fe formed a liquid during sintering and resulted in SiC
rain growth. In order to accelerate grain growth of SiC in the

resence of liquid Fe, SiC should have some solubility in liquid
e. Rein and Chipman34 reported the free energy of SiC from

ts solubility in Fe, indicating the possibility of a SiC solution in
t
a

Fig. 3. SEM images of Si1−xFexC samples: (a) x = 0
 Ceramic Society 32 (2012) 1149–1155 1151

iquid Fe. Fig. 4 shows dot mapping results for Fe obtained by
PMA on the samples with x  = 0.01 and 0.04. It is evident that

he distribution of Fe is not uniform but well concentrated in
articular grains in both samples, supporting the Fe3Si segrega-
ion observed on XRD. Thus, the addition of Fe into SiC caused
iC grain growth during sintering and segregated as Fe3Si by
eacting with SiC during cooling. Comparing the distribution
f the Fe-segregated spots, the x  = 0.04 sample (Fig. 4(b)) had

 spot density more than four times higher than that of x  = 0.01
Fig. 4(a)), supporting the interpretation of the MH result.

Hall measurements revealed that the samples were p-
ype semiconductors with hole concentrations of 2.2 × 1019,
.4 ×  1019, 2.3 ×  1019 and 1.9 ×  1019 cm−3, respectively, for

 = 0.01, 0.02, 0.03 and 0.04. The values of the corresponding
lectrical resistivity are 0.5, 2.0, 1.9 and 1.3 �  cm, respec-
ively, for x  = 0.01, 0.02, 0.03 and 0.04. Considering the large
and-gap energy of zincblende SiC, the observed carrier concen-
ration (∼1019 cm−3) and resistivity (∼100 �  cm) are significant
nough to suggest the formation of acceptor levels due to indi-
idual Fe substitution into the zincblende lattice sites. According
o a total-energy calculation result on 3d  TM-doped zincblende
iC,35 the Si sites are strongly preferred substitution sites for

he TM elements over the C sites. In Fe-doped SiC, the Fe ions
ubstituting the Si sites are likely to take a valence of +3 with

 partially filled d-shell of configuration d5,25 and these can act
s acceptors.

The substituted Fe3+ ions having five d  electrons are also
ion between the TM and surrounding C atoms is likely to induce
 larger ligand-field splitting between e- and t2-states of the d

.01, (b) x = 0.02, (c) x = 0.03 and (d) x = 0.04.
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Fig. 4. Compositional maps of Si1−xF

hell than their respective spin-splitting, leading to a preference
or the low-spin state. Thus, for Fe3+(d5) ion-substituted Si sites,
our majority- and minority-spin e-states are filled first, and then

 majority-spin t2-state is filled by the fifth electron. Such an
lectronic configuration leads to a net magnetic moment per Fe

on of 1 �B. If the Fe3+(d5) ion is in the high-spin state, the
xpected magnetic moment is 5 �B. Thus, the observed mag-
etic moment per Fe ion of 0.9 �B for the samples implies a

F
i
t

amples: (a) x = 0.01 and (b) x = 0.04.

reference for the low-spin state of the Fe d shell. For Fe3Si, a
agnetization measurement gives 0.86 �B per atom.36

Thus, the observed magnetization of the samples (Fig. 1) can
e ascribed to two origins: ferromagnetic Fe3Si crystallites and
erromagnetic alignment of individual magnetic moments of the

e3+ ions randomly substituting the Si sites of the sample. Two

nteraction mechanisms are likely to be responsible for the lat-
er: the Ruderman–Kittel–Kasuya–Yosida (RKKY) interaction
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Fig. 5. Temperature dependence of the magnetization of Si1−xFexC (x = 0.01
and 0.03) samples measured by SQUID under zero-field-cooled conditions and
an external magnetic field of H = 500 Oe.

Fig. 6. XRD patterns of Si1−xFexC (x = 0.02 and 0.04) samples after hydrochlo-
ric acid-leaching. Note the removal of Fe3Si peaks.
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Fig. 7. SEM images of Si1−xFexC samples after hydroc
 Ceramic Society 32 (2012) 1149–1155 1153

nd bound magnetic polaron (BMP) models.23,24 The RKKY
nteraction needs free carriers in high density for the alignment
f individual magnetic moments, while the BMP needs local-
zed carriers. Song et al.,25 based on their experimental results
n Fe-doped 6H-SiC powders, concluded that the Fe3Si phase
n the samples is not the only origin for the observed ferromag-
etism and suggested the RKKY mechanism as another possible
eason. The estimated carrier density for effective RKKY inter-
ction is ∼1021 cm−3 for SiC,25 which is ∼102 times larger than
hat of the present Fe-doped samples. Thus, the carrier-related

agnetization of the samples is attributed to the formation of
MPs.

In Fig. 5, the temperature-dependent magnetization (zero-
eld-cooled) data, M(T), for the x  = 0.01 and 0.03 samples
easured using SQUID under an external field of 500 Oe are

ompared. As expected from the existence of the ferromagnetic
e3Si phase in the samples, the M(T) curves do not approach
ero near 350 K where the Curie temperatures for SiC-based
agnetic semiconductors are expected to be located. The val-

es of M(T) of ∼0.4 and ∼0.9 emu/cm3 near 350 K for x  = 0.01
nd 0.03 samples (∼60% of the maximum values), respectively,
re attributed to the Fe3Si crystallites. The observed decrease in
agnetization with decreasing temperature in the low tempera-

ure region (below ∼100 K for x  = 0.01 and ∼200 K for x = 0.03)
mplies a transition to the spin-glass phase.37,38

Therefore, the major contribution to the observed magneti-
ation is ascribed to the ferromagnetic Fe3Si crystallites in the
e-doped SiC samples. The BMPs are likely to provide a minor
ontribution to the magnetization of the sample.

In order to decouple the contributions of the ferromagnetic
e3Si crystallites and the BMPs, Fe3Si crystallite phase from Fe-
oped SiC (Si1−xFexC) samples (x  = 0.02 and 0.04) was removed
y hydrochloric acid leaching.31 Fig. 6 shows XRD patterns for
he x  = 0.02 and 0.04 samples after the leaching process. It is seen
hat the Fe3Si-related peak at 2θ  = 45.3◦ disappeared completely.
ig. 7 shows SEM images of the x = 0.02 and 0.04 samples after

he leaching process. The comparison of Fig. 7 with Fig. 3(b) and
d) indicates that the ferromagnetic Fe3Si phase acted as a bond-
ng phase between SiC grains. By removing the bonding phase,

he fracture mode changed from mostly transgranular to mostly
ntergranular fracture. In Fig. 8, the MH curves for x  = 0.02 and
.04 samples measured after the acid-leaching are compared

hloric acid-leaching: (a) x = 0.02 and (b) x = 0.04.
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ig. 8. Comparison of MH curves of x = 0.02 and 0.04 samples before and after
cid-leaching measured using SQUID at 300 K.

ith those before the leaching. The magnetization intensities at
 = 70 kOe of the acid-leached samples were reduced compared

o those before the leaching by 75% and 56% for the x  = 0.02
nd 0.04 samples, respectively. Thus, the comparison of SEM,
RD and MH results between the samples before and after the

cid-leaching confirms the existence of segregated Fe3Si phase
n the Fe-doped SiC samples with its density increasing with the
e content. Also, the residual magnetization in the samples after

he leaching is interpreted as mainly due to the contribution of
he BMPs to the ferromagnetism.

.  Conclusions

Bulk Fe-doped SiC ceramics with a zincblende structure
xhibited ferromagnetic behavior at room temperature. The
RD and magnetic hysteresis results for the samples indicate

he formation of a ferromagnetic Fe3Si phase with its density
ncreasing with x. The samples showed p-type conductivity
ith a hole concentration of ∼1019 cm−3 at room tempera-

ure, mainly attributable to Fe substitution into the Si sites.
he observed magnetization of the Fe-doped SiC ceramics is
ainly attributed to the Fe3Si crystallites. Additionally, the
inor contribution from the Fe3+ ions to the magnetization is

ikely through the formation of magnetic polarons bound with
he holes.
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