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Defect-induced magnetism is firstly observed in neutron irradiated SiC single crystals. We demon-

strated that the intentionally created defects dominated by divacancies (VSiVC) are responsible for the

observed magnetism. First-principles calculations revealed that defect states favor the formation of local

moments and the extended tails of defect wave functions make long-range spin couplings possible. Our

results confirm the existence of defect-induced magnetism, implying the possibility of tuning the

magnetism of wide band-gap semiconductors by defect engineering.
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It is well known that localized magnetic moments and
the coupling between them are two indispensable factors
to induce long-range spin ordering in solids, exhibiting
ferromagnetism (FM), antiferromagnetism (AFM), ferri-
magnetism, etc. The local spins usually come from the
elements containing the partially filled 3d or 4f subshells,
where the electron configuration favors the high-spin states
according to the Hund’s rule. The coupling strength be-
tween the spins depends on the exchange integral that is
sensitive to the separation of the spins. Coupling over a
large separation is possible as evidenced by diluted mag-
netic semiconductors, where the concentrations of 3d met-
als are only several percents. The itinerant carriers are
thought to play a role in mediating spin orientations be-
tween magnetic atoms. Recently, more interest has focused
on the magnetism in wide band-gap (WBG) semiconduc-
tors as the Curie temperatures can be attained at around
room temperature (RT) by dopings, which is important for
applications in spintronics [1–7]. Limited solubility of
3d metals in WBG semiconductors, however, often leads
to the precipitation of second phases, thwarting the at-
tempts to get the unambiguous experimental results [2,8].
So, study on the low solubility regime is preferred. Yet, the
separation of contributions to the observedmagnetism from
magnetic elements and other sources still remains difficult.

On the other hand, there has been increasing evidence
that traditional magnetic elements are not the sole source in
inducing intrinsic magnetism; for a recent review see
Ref. [9]. RT FMs were observed in highly oriented pyro-
lytic graphite (HOPG) [10–12], in Al doped SiC [13], in Li
doped ZnO [14], and in various nanosized compounds
[15,16] that are otherwise nonmagnetic in their bulk states.
Theoretical studies revealed that the local moment can
form from defects and the extended tails of their wave
functions mediate long-range magnetic coupling [17–22].

In this Letter, we provide convincing experimental evi-
dence that defects can induce magnetism in clean single
crystals. The results on the magnetic properties of 6H-SiC
single crystals containing intentionally created defects by
neutron irradiations under various doses are reported. It is
demonstrated that defects, most of which are VSiVC, are the
origin to the observed magnetism by carefully ruling out
other possible sources and comparing the results with that
of their pristine counterparts. First-principles calculations
confirm that local moments are due to the defect sp states
and the couplings are very long-range. Our study not only
verifies the previous theoretical predictions [18–20,22] but
also shows the possibility of tuning the magnetization of
WGB semiconductors by defect engineering.
Commercially available 2 in semi-insulating p-type

6H-SiC (0001) wafer (TankeBlue, Beijing) was cut into
pieces with dimensions of 10� 5� 0:33 mm3 for per-
forming neutron irradiations. The measurement of the
x-ray rocking curve confirmed the high crystalline quality
of the wafer [full width half maximum (FWHM) is
21.6 arcsec]. The total concentration of main magnetic
impurities (Fe, Co, Ni, Cr, and Mn, etc.) measured by sec-
ondary ion mass spectroscopy is below 3� 1014 cm�3.
Other main impurities are B (5:66� 1017 cm�3),
Al (1:33� 1016 cm�3), N (2:99� 1017 cm�3), and V
(7:82� 1015 cm�3). Under a temperature less than
50 �C, the irradiations were carried out with neutrons at a
dose rate of 2:65� 1013 n=cm2 s and the dose rate due
to thermal neutrons and fast neutrons were 2:0�
1013 n=cm2 s and 6:5� 1012 n=cm2 s, respectively.
Samples were divided into four groups and irradiated for
varying durations, corresponding doses in the ranges of
1:91� 1017–2:29� 1018 n=cm2. Each piece was irradi-
ated only once and pristine pieces taken from the same
wafer were kept for the purpose of comparison.
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We first examined the crystallinity of the samples after
neutron irradiations. Raman spectra in Fig. 1(a) show that
the patterns of 6H-SiC crystals irradiated by varying neu-
tron doses are similar to that of the pristine one. There are
no other SiC polytypes or secondary phases detected under
the sensitivity of Raman characterization. The main differ-
ence among the patterns is the decrease in intensity for
each mode with increasing irradiation dose. Figure 1(b)
displays the relative intensity variation of the folded lon-
gitudinal optical (FLO) mode given by (1� I=I0) vs irra-
diation dose, where I0 and I are the intensities of the peak
measured in the pristine and irradiated samples, respec-
tively. Such a change in relative intensity suggests the
existence of defects or lattice damages [23] in the irradi-
ated samples though there is no noticeable change in
FWHM of x-ray rocking curves.

To investigate the defect types and their concentrations
created by the neutron beam, we performed a series of
measurements by positron annihilation lifetime spectros-
copy (PALS). A lifetime spectrum is a linear combination
of exponential functions corresponding to different anni-
hilation sites. As a rule, we fit all the measured spectra into
an exponential function of three components. A long life-
time of about 2000 ps corresponding to annihilations at
voids or sample surface is found to be very small in its
fraction as usual [24] and we do not consider it in the
following analysis. The fitted two remaining positron life-
times �1, �2, and the fraction of the longer lifetime (�2)
component I2 as functions of irradiation dose are shown in
Fig. 2. It is found that the lifetimes �1 and �2, taking values
of 130� 14 ps and 239� 20 ps, are independent of irra-
diation dose, while I2 is closely correlated with irradiation
dose. The lifetime value of 130� 14 ps, similar to the
prior experimental [25–27] and theoretical values [28], is
attributed to the bulk lifetime of 6H-SiC. The positron
trapping center at 239� 20 ps, close to 253� 4 ps [25]
and 225� 11 ps [27], is defect related and corresponding
to defects dominated by VSiVC in p-type 6H-SiC crystals.

The dependence of I2 on irradiation dose reveals that the
concentration of VSiVC increases with the increasing irra-
diation dose, in accordance with the Raman scattering data.
The PALS measurements show that VSiVC is created by
neutron irradiations and confirm that its concentration is
enhanced by increasing dose. In our case, the concentration
of VSiVC was roughly estimated to be 4:3� 1017 cm�3 at
the largest dose of 2:29� 1018 n=cm2 assuming that the
pristine crystal’s concentration is 4:1� 1016 cm�3 [27].
The magnetization measurements were performed with

a superconducting quantum interference device vibrating
sample magnetometer which features a sensitivity of
10�7 emu. Figure 3(a) shows the variations of magnetiza-
tion with applied field in the range of �5 KOe<H <
5 KOe at 5 K. It is noticed that only diamagnetic (DM)
features can be observed in the pristine sample. After a low
dose irradiation of 1:91� 1017 n=cm2, the sample’s DM
features are becoming weaker and a minor hysteresis loop
can be seen in low magnetic field range. With increasing
irradiation dose, the magnetic order gradually enhances
and DM M-H features further weaken, accompanied by
an anticlockwise rotation of the hysteresis loops. Finally, at
a dose of 2:29� 1018 n=cm2, a distinct hysteresis loop
with ferromagnetic features as indicated in Fig. 3(b)
can be clearly seen and the saturation magnetization
reaches 1� 10�4 emu=g, which is �23 times larger than
4:3� 10�6 emu=g, the maximum value possibly induced
by the magnetic impurities in the used SiC crystals in this
study. Even at 300 K, hysteresis loop can still be observed
as shown in Fig. 3(c) with saturation magnetization of
about 2� 10�5 emu=g. (Note that the FM is not homoge-
neously distributed but probably exists in domains. The
magnetization values obtained by dividing the magnetic
moment by the total mass do not correspond to the ex-
pected intrinsic values.) The observed hysteresis loops
demonstrate that intrinsic magnetism is definitely induced
by neutron irradiations.

FIG. 1 (color online). (a) Raman spectra from 100 cm�1 to
1000 cm�1 for irradiated and pristine SiC samples. (b) The
relative intensity of the FLO mode versus irradiation dose. The
dashed line is a guide to the eyes.

FIG. 2. Fitted results of �2 (a), �1 (b) and I2 (c) as functions of
irradiation dose. �1 and �2 are found to be independent of dose.
I2 is proved to have positive correlation with dose. The dotted
line shows the average values in (a) and (b) while is a guide to
the relationship between I2 and irradiation dose in (c).
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The similar variations of the divacancy concentration
and the saturation magnetization with increasing irradia-
tion dose suggest that the magnetism in neutron irradiated
6H-SiC is closely associated with VSiVC. To understand the
origin of the observed magnetism, we carried out first-
principles calculations based on spin-polarized density-
functional theory. All the calculations were performed by
using the generalized gradient approximation in the form
of the Perdew-Burke-Ernzerhof function [29], which was
implemented in the Vienna ab initio simulation package
[30]. Self-consistent field calculations were performed us-
ing projector augmented wave pseudopotentials with the
cutoff energy set to 310 eV [31]. A supercell consisting of
4� 4� 1 unit cells of 6H-SiC containing one axial VSiVC

[Si95ðVSiÞC95ðVCÞ], corresponding to a defect concentra-
tion of 0.5%, was built for calculations. (Note that this
structure is studied only for obtaining the relationship
between magnetism and defects and shall not be consid-
ered to represent a realistic distribution of defects.)
The calculated spin-resolved density of states (DOS) of
the 192-atom supercell [see Fig. 4(a)] shows that each
neutral VSiVC yields a magnetic moment of 2:0�B, con-
sistent with the previous report [32]. Using this value, the
numbers of the moments involved in FM and paramagnet-
ism related to VSiVC were estimated to be 3:5� 1016 cm�3

and 6:7� 1017 cm�3, respectively. The total number

7:0� 1017 cm�3 agrees with the estimated number of
moments (8:6� 1017 cm�3) created by VSiVC based on
PALS measurements, confirming the correlation of the
magnetism with the divacancies. The spin-polarization
energy, which is defined as the energy difference between
the spin-polarized and spin-unpolarized states, was calcu-
lated to be 1.90 eV suggesting the spin-polarized state
stable well above RT [19]. The spin polarization induced
by the neutral VSiVC leads to a 0.50 eV splitting between
the majority- and minority-spin states. It should be pointed
out that the splitting energy correction is not included here
due to the consistency between the current calculation and
the observation [33]. Figure 4(b) shows the charge density
isosurface of defect states associated with a neutral VSiVC

in the 192-atom supercell. It demonstrates both the local-
ized nature and the extended tails of the defect wave
functions beyond the supercell, similar to the calculated
results in vacancy-containing III-nitrides [19].
The extended tails of the defect wave functions will

induce the long-range coupling between the moments
caused by VSiVC. Following the calculating scheme by
Dev et al. [19], we doubled the size of the supercell by
putting two 192-atom cells side by side and attempted to
study the magnetic coupling (FM or AFM) between the
VSiVC-induced local moments. (Note that this antiferro-
magnetic structure is designed only for obtaining the

FIG. 3 (color online). (a) The magnetization (in units of
1 emu ¼ 10�3 Am2) measured at T ¼ 5 K as a function
of magnetic field (1 Oe ¼ 103=4� Am�1) in the range
�5 KOe<H < 5 KOe for irradiated and pristine SiC samples.
(b) The magnified hysteresis loop for the sample with dose of
2:29� 1018 n=cm2 at T ¼ 5 K. (c) The magnetic signals with
(black) and without (red) the DM contribution in low magnetic
field range for the sample with dose of 2:29� 1018 n=cm2 at
T ¼ 300 K.

FIG. 4 (color online). (a) Spin-resolved DOS of a neutral
VSiVC in a 192-atom SiC supercell. The spin polarization leads
to a splitting between two kinds of spin states. (b) Isosurface
charge density plot (isovalue is 0:02 e= �A3) of the total spin states
about a neutral VSiVC in a 192-atom SiC supercell, showing both
the localized nature and the extended tails of the defect wave
functions. Si atoms are shown in yellow and C atoms in gray.
Arrows indicate the location of VSiVC.
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magnetic interaction.) The energy difference between
the antiferromagnetic and ferromagnetic phases is
EAFM � EFM ¼ 8J0S

2 according to the nearest-neighbor
Heisenberg model, where J0 is the nearest-neighbor mag-
netic coupling and S is the net spin of the defect states. A
negative J0 means that AFM is energetically favored and
otherwise FM favored. As shown in Table I, the neutral
VSiVC couple antiferromagnetically with a separation
of adjacent divacancies 12.3 Å. While for (þ 1, þ1) and
(� 1, �1) charge states, we obtain ferromagnetic cou-
plings with the identical separation. The varying values
of J0 for different charge states represent the different
localized levels of the wave function, while the much
larger value of J0 for (� 1, �1) charge state suggests
that the electronic structure is more delocalized.
Charging the divacancies is found to be favorable
for promoting the magnetic coupling between the
VSiVC-induced local moments. In our case, charging is
probable as B acceptors and N donors with a level of
�1017 cm�3 exist in the samples, with former’s concen-
tration a little bit higher. In addition, if the charge concen-
tration is less than the divacancy density, this means that
VSiVC will be partially charged. Charged VSiVC and neutral
VSiVC side by side may exist in some domains. We calcu-
lated the exchange interaction and found J0 is�19:1 meV
for (0, þ1) and 9.8 meV for (0, �1) if assuming that the
spins of VSiVC are all the same in this case, suggesting
partially charged divacancies also favor inducing spin
ordering. The strong antiferromagnetic interaction for
(0, þ1) charge state implies VSiVC charged by this way
is not significant, if any, in our samples.

So far, we have studied the magnetic properties of semi-
insulating p-type 6H-SiC with neutron irradiations. Many
other techniques, including proton irradiation, ion implan-
tation, electron bombardment, quick quenching, etc.,
might also alter the concentration or charge state of defects
in SiC crystals, and hence induce the magnetization. In
fact, some of the techniques have been successfully used to
induce FM in HOPG [10–12]. It will be very interesting to
obtain magnetic SiC and other WBG semiconductors with
transition temperatures around or even above RT by these
techniques.

In conclusion, we carefully study the defects and mag-
netism in 6H-SiC single crystals irradiated by varying
doses of neutrons. VSiVC are found to dominate in defects
in crystals after irradiations. Our results unambiguously

verify that defects can induce magnetism. The localized
nature of the defect sp states foster the formation of local
moments whereas the extended tails of the defect wave
functions induce the long-range coupling between the mo-
ments caused by VSiVC. The results show the possibility of
tuning the magnetization of SiC and other WBG semi-
conductors through defect engineering.
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TABLE I. Magnetic coupling between VSiVC-induced local
moments in 6H-SiC. The coupling is antiferromagnetic between
two neutral VSiVC. Upon charging the defects entirely, the
coupling becomes ferromagnetic.

Charge state EAFM � EFM (meV) J0 (meV)

(0, 0) �78:8 �9:8
(þ 1, þ1) 16.8 8.4

(� 1, �1) 68.2 34.1
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