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Undoped and V-doped 6H–SiC single crystals have been grown by the physical vapor transport method. The V

concentration is determined to be 3.76×1017 at/cm3 and 6.14×1017 at/cm3 by secondary ion mass spectrometry for low

V-doped and high V-doped SiC samples, respectively. The undoped 6H–SiC shows diamagnetism, while the V-doped

6H–SiC exhibits weak ferromagnetism. The lower V-doped sample shows stronger ferromagnetism compared to that

of the higher V-doped sample. However, the structural characterization indicates that the lower V-doped SiC has a

relative poor crystalline quality. It is found that both V dopants and defects are essential for introducing ferromagnetic

exchange in V-doped SiC single crystals.
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1. Introduction

Diluted magnetic semiconductors (DMSs) such

as InAs,[1] GaAs,[2] GaN,[3] and ZnO[4] doped with

3d transition metals have attracted a lot of attention

in recent years due to their potential applications in

spintronics. Although the Curie temperature, near

or above room temperature, has been observed in a

number of DMSs, there remain some issues that are

still controversial: (i) the doped-transition metals and

their compounds may precipitate and form a so-called

“secondary phase”, which will contribute to the ob-

served ferromagnetism; (ii) room-temperature ferro-

magnetism is often observed in polycrystalline thin

films and nano-particles, but not in single crystal ma-

terials. Such ferromagnetic materials are not regarded

as the real DMSs because there are lots of defects

in the surface or the interface between the polycrys-

talline thin films and nano-particles;[5] (iii) the fer-

romagnetism mechanism of DMS is still controver-

sial. Typical theories such as the carrier mediated

double exchange model,[6] the mean-field theory,[7]

the Ruderman–Kittel–Kasuya–Yosida theory,[7] and

bound magnetic polarons (BMPs)[8] have been pro-

posed. It has been proposed that a single crystal

semiconductor doped with non-magnetic elements is

an ideal system to solve the above issues.

SiC is an important wide band gap semiconduc-

tor with a high breakdown field, high thermal con-

ductivity, and excellent carrier transport properties.

It is also a potential candidate for DMSs. Los[9] and

Zhou et al.[10] theoretically predicted that 3d tran-

sition metals doped SiC could behave like ferromag-

netism. Room-temperature ferromagnetism was ob-

served in Cr-,[11] Mn-,[12] Fe-,[13] and Co-doped[14]

SiC. V is regarded as a good dopant because metal-

lic V[15] and VC[16] compounds are non-ferromagnetic

materials. Up to now, few studies have focused on

the V-doped 6H–SiC single crystals. In this paper, we

perform an in-depth study on the magnetic proper-

ties of V-doped 6H–SiC single crystals and focus on

the relationship between the crystalline properties and

ferromagnetism.

∗Project supported by the Young Scientists Fund of the National Natural Science Foundation of China (Grant No. 51002176) and

the Innovation Programs of the Chinese Academy of Sciences (Grant No. KJCX2-EW-W10).
†Corresponding author. E-mail: xcliu@mail.sic.ac.cn

c⃝ 2012 Chinese Physical Society and IOP Publishing Ltd
http://iopscience.iop.org/cpb　http://cpb.iphy.ac.cn

067503-1



Chin. Phys. B Vol. 21, No. 6 (2012) 067503

2. Experimental details

Semi-insulating 6H–SiC ingots were grown by the

physical vapour transport (PVT) method with Si-

face (0001) seed crystals at ∼2500 K. High-purity

(≥99.99%) SiC and VC powders were used as raw

materials with a nominal weight ratio in order to in-

troduce different V concentrations. The ingots were

sliced into wafers of about 450-µm thick and then

both sides were lapped and polished, and finally were

washed using the standard RCA technique. Typical

wafers were chosen and cut into small pieces for the

next measurement. The 6H–SiC samples with nom-

inal non-, low-, and high-V contents were labeled as

S1, S2, and S3 in the following text and figures. The

V concentration was measured by secondary ion mass

spectrometry (SIMS, CAMECA IMS-4F). The sam-

ple was bombarded by 8-keV oxygen ions in an area

of about 300 µm ×300 µm with a depth of about

3 µm. The magnetic properties were performed on

a Quantum Design vibrating sample magnetometer

(VSM) at room temperature. The electrical properties

were measured by a Hall effect measurement system

(Lakeshore 7704A) using four-point Van Der Pauw

configuration. The Raman spectroscopy was used on

a Renishaw Invia Raman microscope with a 514-nm

laser. The crystalline qualities were characterized by

high resolution X-ray diffraction (HRXRD, Bruker D8

Discover) operating at 40 kV and 40 mA. The carbon

K edge X-ray absorption spectra (XAS) of SiC single

crystals were measured at the National Synchrotron

Radiation Laboratory (NSRL, U19 station) using the

total electron yield (TEY) mode in a vacuum environ-

ment of 1.5× 10−7 Pa.

3. Results and discussion

The magnetization as a function of applied field

(M–H) curves of S1, S2, and S3 are shown in Fig. 1.

The diamagnetic signals from the SiC matrix are sub-

tracted from the raw curves for samples S2 and S3. A

typical diamagnetic behaviour is seen for S1, while a

hysteresis loop is observed for S2 and S3. Especially

for S2, it shows a clear hysteresis loop with a coercive

field (Hc) of ∼ 0.01 T. It can be seen that the satura-

tion magnetization of S2 is much stronger than that

of S3. We perform a curve of the magnetization as a

function of temperature (M–T ) with an applied field

of 0.05 T for S2 as shown in the inset of Fig. 1. The

magnetization remains 1.2 × 10−4 emu/g even when

the temperature is increased to 300 K, which indi-

cates that the Curie temperature of S2 is above room

temperature. The magnetic properties imply room-

temperature ferromagnetism in the V-doped SiC sin-

gle crystal. The V concentrations in S1, S2, and S3

are < 5.0× 1013, 3.76× 1017, and 6.14× 1017 at/cm3,

respectively, which are determined by SIMS.

Fig. 1. Room-temperature M–H curves of S1, S2, and S3

with the inset showing M–T curve of S2 with an applied

field of 0.05 T.

The crystalline properties of S1, S2, and S3 were

measured by a Raman spectroscope with an excited

laser of 514 nm at room temperature. The Raman

shift spectra shown in Fig. 2, are divided into a low

vibrating region of 150 cm−1–530 cm−1 and a high vi-

brating region of 530 cm−1–1030 cm−1. The peaks

located at 151.0, 266.4, 504.1, 515.0, 767.7, 789.2,

and 965.9 cm−1 correspond to the folded transverse

acoustic (FTA) modes, folded transverse optic (FTO)

modes, folded longitudinal acoustic (FLA) modes,

and folded longitudinal optic (FLO) modes,[17] respec-

tively. All of these peaks are consistent with the stan-

dard Raman spectra of 6H–SiC. No peaks correspond-

ing to impurities or other SiC polytypes are observed,

which indicates that the as-grown SiC crystals are a

monotype of 6H–SiC. The crystalline properties were

also characterized by HRXRD rocking curves. Figure

3 shows the HRXRD rocking curves of S1, S2, and S3.

The inset shows the survey scan curve of S3. There are

only (006) and (0012) diffraction peaks at 2θ = 35.60◦

and 2θ = 75.90◦. No other peak corresponding to

impurities is observed. The HRXRD results indicate

that all the samples are hexagonal 6H–SiC single crys-

tals, which is consistent with the Raman results. The

(006) diffraction peaks of S1, S2, and S3 were scanned

in rocking curve mode with a fixed diffraction angle

at θ = 17.80◦. Multi-peaks are clearly seen in the

rocking curves of S1 and S2, while there is no obvious
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shoulder-peak in the diffraction curve of S3. In addi-

tion, the full widths at half maximum (FWHM) of S1

and S2 are both much larger than that of S3. This

implies that S1 and S2 each have a relatively poor

quality crystalline structure compared with S3. Some

defects such as micro-pipe, VSi–VC, dislocation, etc.,

may exist.[18,19]

Fig. 2. Raman spectra of S1, S2, and S3.

Fig. 3. HRXRD rocking curves of S1, S2, and S3, with

the inset showing the survey curve of S3.

Figure 4 shows the normalized XAS spectra of

S1, S2, and S3 in a photon energy range from 280 eV

to 320 eV. For the carbon K edge absorption region,

the excited photoelectrons show a transition from the

core states (C 1s) to unoccupied final states (p-like

final states above the Fermi level) according to the

dipole-transition selection rule. Two regions can be

divided into two subregions based on the XAS spec-

tra: i) one is 280 eV to 285 eV, which contains peak

A; ii) the other is 285 eV to 320 eV, which contains

peaks B, C, D, E, and F . It can be seen that peak

A is located at 284.8 eV. This is a typical π* excit-

ing resonance peak of a C=C chemical bond gener-

ally observed in graphite,[20] which is attributed to

electron transition from 1s to anti-bonding states (sp2

hybridization states). Peaks B, C, D, E, and F are

located at 288.2 eV, 292.0 eV, 294.6 eV, 298.6 eV, and

302.8 eV, respectively. They are σ* exciting resonance

peaks and are attributed to electron transition from 1s

to the anti-bonding states (sp3 hybridization states) of

a C–Si or C–V chemical bond.[21,22] Especially, there

are 1s to σ* transitions in C=C bounds contributing

to the peak B and C in the latter region.[23] Com-

pared with the XAS spectrum of S1, the XAS spectra

of S2 and S3 show the peaks D, E, and F . This indi-

cates that the number of σ* empty orbitals is increased

when the V dopants are introduced. In addition, the

intensity of S2 is much stronger than that of S3, which

means that the sp3 hydration is reduced with the in-

crease in V concentration.

Fig. 4. XAS spectra of S1, S2, and S3.

The magnetic properties indicate that undoped

SiC shows diamagnetism, while V-doped SiC exhibits

ferromagnetic behaviour. The ferromagnetism com-

ing from secondary phases such as metallic V, VC,

and other compounds can be excluded from the V-

doped SiC system. Thus we can conclude that the

observed room-temperature ferromagnetism is the in-

trinsic property of the V-doped 6H–SiC. Carrier me-

diated double exchange and BMPs theories are often

used to explain the ferromagnetism in ZnO- and III–

V-based DMSs. The former is suitable for a high

carrier concentration system, while the latter is of-

ten used for a low carrier density system. It is

found that the resistivity and electron density of V-

doped 6H–SiC single crystal is > 1.0× 108 Ω·cm and

< 1.0 × 1015 cm−3, respectively. Therefore, the V-

doped SiC is a typical semi-insulating material and

the ferromagnetic exchange cannot be mediated by

free carriers. Maier et al.[24] and Bickermann et al.[25]

reported that there exist three kinds of chemical va-

lence states of V in a 6H–SiC single crystal: V3+, V4+,
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and V5+. The outer cell electronic configurations of

V3+, V4+, and V5+ are 3d2, 3d1, and 3d0, respectively.

Hence, only V3+ and V4+ will make contributions to

the ferromagnetic exchange. Although the V concen-

tration of S2 is lower than that of S3, the saturation

magnetization of S2 (lower V concentration) is larger

than that of S3 (higher V concentration). This inter-

esting result suggests that besides the V3+ and V4+

ions, other spin polarons may exist that contribute to

the ferromagnetism in a V-doped SiC single crystal.

Liu et al.[26] and Li et al.[27] reported that divacancies

(VSiVC) will contribute to the ferromagnetism in the

6H–SiC single crystal. It is suggested that the defect

state favours the formation of local moment and the

extended tail of defect wave function makes the long-

range spin coupling possible. In this paper, Raman

and HRXRD studies indicate that the crystalline qual-

ity of S2 is worse than that of S3. It can be concluded

that both the V dopants and defects are important for

introducing ferromagnetic exchange into the V-doped

SiC system.

4. Conclusion

Undoped and V-doped 6H–SiC single crystals

were grown by the PVT method. Room-temperature

ferromagnetism was observed in a V-doped SiC single

crystal. The V-doped SiC shows semi-insulating be-

haviour with the resistivity > 1.0 × 108 Ω·cm. The

V concentrations are < 5.0 × 1013, 3.76 × 1017, and

6.14 × 1017 at/cm3 for undoped, low V-doped, and

high V-doped SiC, respectively. Low V doping leads to

stronger ferromagnetic behaviour, however, the crys-

talline quality characterizations measured by HRXRD

and Raman spectroscopy indicate that low V doping

has a relatively poor crystalline quality. It is found

that both V dopants and defects are essential for in-

troducing ferromagnetic exchange into the V-doped

SiC single crystal, and the ferromagnetism may be

mediated by defects. However, more efforts are nec-

essary to clarify the relationship between ferromag-

netism and defects in SiC-based DMS material.

References

[1] Ohno H, Munekata H, Penney T, Vonmolnar S and Chang

L L 1992 Phys. Rev. Lett. 68 2664

[2] Su P, Gong M, Ma Y, Gao B, Shi R Y, Chen C, Shi T F,

Cao X C, Meng X H and Luo D S 2011 Acta Phys. Sin.

60 027105 (in Chinese)

[3] Salmani E, Benyoussef A, Ez-Zahraouy H and Saidi E H

2011 Chin. Phys. B 20 086601

[4] Xiao Z L and Shi L B 2011 Acta Phys. Sin. 60 027502 (in

Chinese)

[5] Chen S J, Suzuki K and Garitaonandia J S 2009 Appl.

Phys. Lett. 95 172507

[6] Garcia M A, Ruiz-Gonzalez M L, Quesada A, Costa-

Kramer J L, Fernandez J F, Khatib S J, Wennberg A,

Caballero A C, Martin-Gonzalez M S, Villegas M, Briones

F, Gonzalez-Calbet J M and Hernando A 2005 Phys. Rev.

Lett. 94 217206

[7] Dietl T, Ohno H, Matsukura F, Cibert J and Ferrand D

2000 Science 287 1019

[8] Coey J M D, Venkatesan M and Fitzgerald C B 2005 Nat.

Mater. 4 173

[9] Los A V 2007 Phys. Rev. B 76 165204

[10] Zhou J, Li H M, Zhang L J, Cheng J, Zhao H F, Chu W

S, Yang J L, Luo Y and Wu Z Y 2011 J. Phys. Chem. C

115 253

[11] Jin C G, Wu X M, Zhuge L J, Sha Z D and Hong B 2008

J. Phys. D: Appl. Phys. 41 035055

[12] Tang J, Liu Z L, Ren P, Yao T, Yan W S, Xu P S and

Wei S Q 2010 Acta Phys. Sin. 59 4774 (in Chinese)

[13] Song B, Chen X L, Han J C, Jian J K, Bao H Q, Li H,

Zhu K X, Wang W Y, Wang G, Zuo H B, Zhang X H and

Meng S H 2010 J. Phys. D: Appl. Phys. 43 415002

[14] Song B, Chen X L, Han J C, Jian J K, Li H, Bao H Q,

Zhu K X, Zuo H B, Zhang X H, Wang W Y and Meng S

H 2010 Solid State Commun. 150 1840

[15] Liu S H, Hsu H S, Venkataiah G, Qi X, Lin C R, Lee J

F, Liang K S and Huang J C A 2010 Appl. Phys. Lett. 96

262504

[16] Lin S H, Chen Z M, Liang P, Jiang D and Xie H J 2010

Chem. Phys. Lett. 496 56

[17] Nakashima S and Harima H 1997 Phys. Status Solidi A

162 39

[18] Janzen E, Ivanov I G, Son N T, Magnusson B, Zolnai Z,

Henry A, Bergman J P, Storasta L and Carlsson F 2003

Physica B 340 15

[19] Chen B Y, Shi E W, Chen Z Z, Li X B and Xiao B 2008

Jpn. J. Appl. Phys. 47 4491

[20] Kim K J, Lee H, Choi J H, Lee H K, Kang T H, Kim B

and Kim S 2008 J. Phys.: Condens. Matter 20 225017

[21] Chang Y K, Hsieh H H, Pong W F, Tsai M H, Dann T

E, Chien F Z, Tseng P K, Chen L C, Wei S L, Chen K H,

Wu J J and Chen Y F 1999 J. Appl. Phys. 86 5609

[22] Johansson L I, Owman F, Martensson P, Persson C and

Lindefelt U 1996 Phys. Rev. B 53 13803

[23] Ray S C, Bao C W, Tsai H M, Chiou J W, Jan J C, Ku-

mar K P K, Pong W F, Tsai M H, Wang W J, Hsu C J,

Okpalugo T I T, Papakonstantinou P and McLaughlin J

A 2004 Appl. Phys. Lett. 85 4022

[24] Maier K, Muller H D and Schneider J 1992 Proceedings

of the 16th International Conference on Defects in Semi-

conductors, Parts 1–3 83 1183

[25] Bickermann M, Weingartner R and Winnacker A 2003 J.

Cryst. Growth 254 390

[26] Liu Y, Wang G, Wang S C, Yang J H, Chen L A, Qin

X B, Song B, Wang B Y and Chen X L 2011 Phys. Rev.

Lett. 106 087205

[27] Li L, Prucnal S, Yao S D, Potzger K, Anwand W, Wagner

A and Zhou S 2011 Appl. Phys. Lett. 98 222508

067503-4


