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The electronic structures and magnetic properties of the Cu and N codoped 3C-SiC system have been investigated by
the first-principles calculation. The results show that the Cu doped SiC system prefers the anti-ferromagnetic (AFM) state.
Compared to the Cu doped system, the ionicities of C—Cu and C-Si in Cu and N codoped SiC are respectively enhanced
and weakened. Especially, the Cu and N codoped SiC systems favor the ferromagnetic (FM) coupling. The FM interactions
can be explained by virtual hopping. However, higher N concentration will weaken the ferromagnetism. In order to keep
the FM interaction, the N concentration should be restricted within 9.3% according to our analysis.
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1. Introduction

Compared with the conventional semiconductors, the di-
luted magnetic semiconductors (DMSs), in which the cations
are substituted by transition metal (TM) ions, have attracted
a great deal of attention due to their promising applications
in spintronics.!"?! The DMSs with high Curie temperature
and inherent ferromagnetism are preferred for applications.
Among those systems, SiC-based DMSs have been frequently
studied in the last few decades due to the outstanding proper-
ties of SiC. Although many researchers have reported the mag-
netic behaviors of SiC-based DMSs, the results are not com-
pletely consistent with each other. For instance, Azri et al.l’!
pointed out theoretically that Mn-doped SiC has different mo-
ments at different Mn sites. Applying the ab initio method,
Elzain et al.'*! found that the Fe doped SiC is magnetic when
the Fe atoms are at the interstitial sites. Syvijirvi et al.l! fab-
ricated ferromagnetic Mn doped 4H-SiC by the chemical va-
por deposition method. Theodoropoulou et al.!®! also prepared
Mn and Fe doped 6H-SiC with high Curie temperature and
without secondary phase. However, Stromberg et al.!”) pre-
pared Fe doped 6H-SiC by the pulsed laser deposition (PLD)
method and found super-paramagnetic cluster FeszSi. In or-
der to exclude the FM TM-based second phases, the doping
with non-TMs in SiC may be a good choice. In fact, Lin et
al.'® have explored the magnetic properties of Al doped 4H-
SiC by the first-principles calculation. Liu et al.”! revealed
that local surface magnetism can be induced in SiC by non-
metal dopants, and the magnetism diminishes gradually and
finally disappears with doping depth. Both theoretical and ex-
perimental reports!!%-1?! have revealed that irradiation can in-
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duce magnetism in SiC. The defects induced ferromagnetism
also has been observed in SiC,!3-151 which puzzles the un-
derstanding of ferromagnetism. Moreover, the co-doping with
TM and non-metal elements may be an effective method mak-
ing the DMSs FM.[11" All possible Cu-based second phases
are nonmagnetic,!!’! and thus Cu may be a good dopant can-
didate for SiC.!'8-201 In this paper, we performed the first-
principles calculations to study the electronic structures and
magnetic properties of the (Cu, N) co-doped 3C-SiC system
and provided a feasible method to make the SiC-based DMSs
FM.

2. Computational details

The calculations were performed by using the
CASTEP package with a plane-wave basis set and ultra-
soft pseudopotentials.”’!l A plane-wave cutoff energy of
500 eV was used throughout, and the convergence criterion
was 107 eV for self-consistent calculations. The Brillouin
zone integrations were performed with a I"-centered 6x6x6
Monkhorst-Pack k-points mesh[??! for the primitive cell and a
2x2x2 mesh for the 2x2x2 (64-atom) supercell. The atomic
coordinates for all the doped configurations have been opti-
mized until the atomic forces are smaller than 0.01 eV/A. The
exchange—correlation functional was treated with the Perdew—
Burke—Ernzerhof (PBE) formulation of the generalized gradi-
ent approximation (GGA).!?3! With these choices, the relaxed
3C-SiC crystal structure parameter of a = 4.308 A is in good

agreement with the experimental value.
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3. Results and discussion

First, we studied the optimal doped sites for Cu and N. In
thermodynamic equilibrium, the concentration of impurities,

defects, or complexes is given by the expression!>*!

C= NiitesNeonfig exp(—Ef/kBT)7

where Ng;jies 18 the number of sites in the lattice to which the
defect can be incorporated, Neonfig is the number of equiva-
lent configurations in which the defect can be incorporated, Ef
stands for the formation energy, kg is the Boltzmann constant,
and T is the temperature. As summarized in Table 1, C is sub-
stituted by N (N@C) and Si by Cu (Cu@Si) with lower for-
mation energies, which may be attributed to the optimal doped

sites and are in good agreement with other reports. [>3-26]

Table 1. Formation energies at different doping sites for N and Cu.

N@Si
-1.37

Ne@C Cu@Si Cu@C
-7.20 4.46 4.88

Doped site

Formation energy/eV

Next, we investigated the electronic structure of Cu doped
SiC at Si site. In 3C-SiC, the four C atoms near the Cu atom
have a regular tetrahedron structure with 7; symmetry. From
the point view of group theory, the degenerated defect state
splits into the a-singlet with lower energy and the t-triplet with
higher energy due to the polarity crystal field.[>”) The Mul-
liken population as shown in Table 2 reveals that the C—Cu
length is increased, and the ionicity is enhanced compared
with that of C-Si. The five electrons come from the Cu, and
four neighboring C atoms occupy the defect states. The a-
singlet is fully occupied by two electrons, while the t-triplet
is partially occupied by the other three electrons. Such elec-
tron configuration of a2t3+t9 leads to a net local moment of
3 ug, where “4” and “—
spectively. The calculated results imply that the defect states

29

mean spin-up and spin-down, re-

introduced by Cu are in the band gap of SiC, as shown in the
band structure of Siz;CuCs, (Fig. 1). Figure 1 indicates that
the t; states are non-degenerated and all occupied; and the
t_ states are also non-degenerated but unoccupied. The elec-
tron occupation calculated is in accordance with that analyzed
by the group theory. Figure 2 gives the total density of states
(DOS) and projected DOS (PDOS). It shows that the intro-
duced defect states mainly come from the Cu-d electrons.

Table 2. The Mulliken population of different configurations.

Configuration ~ Atom  Charge Bond  Population  Length/A
Si 1.26 C-Si 0.75 1.896
SizC
B c  -126
Cu 0.82 C—Cu 0.36 2.037
Siz CuCsp Si 1.26 C-Si 0.75 1.896
C -1.26
Cu 0.76 C—Cu 0.30 2.034
Si3;CuCy N N -1.11 N—S.l 0.50 1.921
Si 1.26 C-Si 0.76 1.898
C -1.26

Energy/eV

Fig. 1. The band structure of Siz; CuCs,, the horizontal line at 0 eV is
the Fermi level.
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Fig. 2. The total DOS of Si3;CuCs; and PDOS of Cu and C. The verti-
cal line at 0 eV is the Fermi level.

The magnetic interactions between the Cu@Si defects
were then investigated. We calculated the total energies of
SiC supercell containing two Cu@Si in FM and AFM states.
The total energy difference AE = Epy — Eapm is 239 meV,
meaning that the magnetic coupling of the Cu@Si defects is
AFM. For Cu@S§i, the defect state occupation is aztitg. The
ty states are all occupied, and thus cannot accommodate other
electrons with spin-up; while the t_ states are un-occupied,
and thus can hold other electrons with spin-down. Therefore,
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the AFM interaction is allowed as shown in Fig. 3(a), which is
similar to the mechanism revealed in other reports. >8]

()
Fig. 3. The electron configurations and schematic exchange mech-
anisms of defect states in (a) Si3CuCsp, (b) Si3;CuCs3N, and (c)
Siz; CuCsoNa.

To make the Cu doped SiC DMSs FM, another defect
should be introduced. We studied the electron structure of
one Cu and one N codoped SiC (Si3;CuCs3N). The structure
model is shown in Fig. 4 (for this doped system, Cu is at site
1, N is at site 2). As shown in Fig. 5(a), the codoped system
is spin-polarized near the Fermi level, and the calculated mag-
netic moment is 2 ug. Figures 5(b) and 5(c) indicate that the

magnetic moment is mainly contributed by Cu-p, Cu-d, and
C-p states. The doped N offers one more electron than C, but
it has no contribution to the moment as shown in Fig. 5(d).
When the N is doped into the system, we found that the ionic-
ities of Cu—C and C-Si are respectively enhanced and weak-
ened, while the covalency of C—Si becomes stronger compared
with that of the undoped system, as shown in Table 2. In ad-
dition, the N atom has one more electron than the C atom
and favors the C sites. The electron configuration of defect
states of Cu and N codoped SiC should be aztitl , resulting in
a local moment of 2 g from the viewpoint of group theory.
Figure 6 gives the band structure of the Cu and N co-doped
system. It shows that three t orbits are below the Fermi level

Fig. 4. The structural model used in calculations. Big balls denote Si
atoms, and little balls denote C atoms. The doped Cu is at site 1, and
the doped N is at sites 2, 3, and 4.
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Fig. 5. (a) The total DOS of Cu and N co-doped SiC (Si3; CuC3N), (b) PDOS of Cu, (c) PDOS of C near Cu, and (d) PDOS of N.

The vertical line at 0 eV is the Fermi level.
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and all occupied, one t_ orbit is occupied, while the other two
t_ orbits are unoccupied above the Fermi level. Such elec-
tron occupation of defect states will lead to a local moment of
2 up. The calculated results consist with the analysis from the
group theory. The magnetic interactions between such local
moments are also investigated. The FM ordering is 185 meV
more stable than the AFM ordering. On the other hand, for
the electron configuration aztitﬂ, the t_ states are partially
occupied by one electron, and can hold other electrons with
the same spin orientation. Therefore, the FM coupling is al-
lowed. The FM interactions can be explained by the virtual
hopping model as shown in Fig. 3(b). In order to evaluate the
FM magnetic coupling strength, we used the simple and pow-
erful Heisenberg model.[>7-30-311 According to the Heisenberg
model, the nearest-neighbor magnetic coupling parameter Jy
is evaluated by the equation AE = Epy — Eapm = 741052,
where S is the net spin. For the Curie temperature, we used
the equation |AE| = |Epm — Eapm| = 5k TP based on the
mean field theory, where n is the degree of freedom in the
system (n = 6 for a polyatomic system), kg is the Boltzmann
constant, and 7c is the Curie temperature. From Table 3, it is
found that the ferromagnetism is favorable even at room tem-
perature for the co-doped system.

Energy/eV

Fig. 6. The band structure of Siz; CuC3 N, the horizontal line at 0 eV is
the Fermi level.

In order to clarify the effect of N content on the FM inter-
actions between local moments, we studied the electron struc-
tures and magnetic properties of the two N atoms and one Cu
codoped system in the 64-ion supercell corresponding to the N
concentration of 6.2% (Si3; CuC3pNy). For this doped system,
the Cu atom is at site 1, and the N atoms are at sites 2 and 3, as
shown in Fig. 4. As shown in Fig. 7, the DOS of Si3; CuC3pN;
is similar to that of Siz;CuC3 N, except that the Fermi level

shifts up compared to that of Si3;CuCs;N. Moreover, the elec-
tron occupation near the Fermi level is unsymmetrical, which
means that the system has a moment, and the calculated mo-
ment is 1 ug. The N atom has one more electron than the C
atom, the electron configuration of the defect states of the Cu
and two N atoms codoped SiC should be a2t3+t2,, resulting in a
local moment of 1 ug, which is consistent with our calculated
results. The FM coupling is 151 meV more stable than the
AFM one. On the other hand, for the electron configuration
aztit%, the t_ states are partially occupied by two electrons,
which can hold another electron with the same spin orienta-
tion. Therefore, the FM coupling is also allowed as shown in
Fig. 3(c). To evaluate the FM magnetic coupling strength, the
coupling parameter Jy is also evaluated. As listed in Table 3,
Jo = 151, suggests that the FM ordering is stable even at room
temperature.

If we continued to increase the N concentration, the
electron occupation of defect states would be aztiti for

Si31CuCy9N3, as shown in Fig. 8. The t; and t_ states are
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Fig. 7. The total DOS of Siz;CuC3pN; and Si3;CuC3N, the vertical
line at 0 eV is the Fermi level.

2

Energy/eV

Fig. 8. The band structure of Siz; CuCy9N3, the horizontal line at 0 eV
is the Fermi level.

Table 3. The electron structures, AE = Ery — Earm, Jo, and magnetic coupling of different systems.

System Electron structure AE /meV Jo/meV Curie temperature/K Coupling
Si3;CuCsy a2t t" 239 —26.56 - AFM
Si3;CuC3 N a3t -185 46.25 704 FM
Siz; CuC30N, a2t 151 151 583 FM
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fully occupied, which cannot result in moments, and therefore
there is no magnetic coupling. Therefore, in order to keep the
FM coupling, the N concentration should be restricted within
9.3%. Our results could provide a vital clue for making the
SiC FM with higher Curie temperature by the Cu and N co-
doping.

4. Conclusion

We have investigated the electronic structures and mag-
netic properties of the Cu and N codoped SiC system by using
the first-principles calculation. Our results show that the Cu
doped SiC system prefers the AFM interaction. After dop-
ing with N, the ionicities of C—Cu and C-Si are respectively
enhanced and weakened. More importantly, the Cu and N
codoped SiC systems tend to be ferromagnetic. The FM inter-
actions can be explained by the virtual hopping model. How-
ever, higher N concentration will weaken the ferromagnetism.
Actually, in order to keep the FM coupling, the N concentra-
tion should be restricted within 9.3% according to our analy-
sis.

References

[1] Dietl T, Ohno H, Matsukura F and Cubert D 2000 Science 287 1019

[2] Ohno H 1998 Science 281 951

[3] Al Azri M, Elzain M, Bouziane K, Chérif S, Declémy A and Thomé L
2013 J. Appl. Phys. 113 17C305

[4] Elzain M, Al-Harthi S, Gismelseed A, Al-Rawas A, Yousif A, Widatal-
lah H and Al-Barwani M 2014 Hyperfine Interact 226 281

[5] Syvijarvi M, Stanciu V, Izadifard M, Chen W M, Buyanova I A,
Svedlindh P and Yakimova R 2004 Mater. Sci. Forum 457-460 747

[6] Theodoropoulou N, Hebard A F, Chu S, Overberg M E, Abernathy C
R, Pearton S J, Wilson R G, Zavada J M and Park Y D 2002 J. Vac. Sci.
Technol. A 20 579

[7]

[8]
[9]

[10]

[11]
[12]

[13]

[14]

[15]
[16]
(17]
(18]
[19]
[20]

[21]
[22]
[23]
[24]
[25]
[26]
[27]
(28]

[29]
(30]
[31]

096108-5

Stromberg F, Keune W, Chen X, Bedanta S, Reuther H and Miicklich
A 2006 J. Phys.: Condens. Matter 18 9881

Lin X L and Pan F C 2014 J. Supercond. Nov. Magn. 27 1513

LiuLZ, Wu XL, Liu XX, Xiong S J and Chu P K 2014 J. Phys. Chem.
C 118 25429

Wang Y T, Chen X L, Li L, Shalimov A, Tong W, Prucnal S, Munnik
F, Yang Z R, Skorupa W, Helm M and Zhou S Q 2014 J. Appl. Phys.
115 17C104

Zhou R W, Liu X C, Wang H J, Chen W B, Li F, Zhou S Y and Shi E
W 2015 AIP Advances 5 047146

He X J, TanJ, Zhang B L, Zhao M W, Xia HH, Liu X D, He Z T, Yang
X M and Zhou X T 2013 Appl. Phys. Lett. 103 162409

Wang Y, Li L, Prucnal S, Chen X, Tong W, Yang Z, Munnik F, Potzger
K, Skorupa W, Gemming S, Helm M and Zhou S 2014 Phys. Rev. B 89
014417

Wang Y, Liu Y, Wendler E, Hiibner R, Anwand W, Wang G, Chen X,
Tong W, Yang Z, Munnik F, Bukalis G, Chen X, Gemming S, Helm M
and Zhou S 2015 Phys. Rev. B 92 174409

Pan F, Yang B, Lin X, Li H and Chen H 2015 J. Supercond. Nov. Magn.
28 1617

Lin X, Yan S, Zhao M, Hu S, Yao X, Han C, Chen Y, Liu G, Dai Y and
Mei L 2010 J. Appl. Phys. 107 033903

Lee J, Choi I, Shin S, Lee S, Lee J, Whang C, Lee S, Lee K, Baek J,
Chae K and Song J 2007 Appl. Phys. Lett. 90 032504

Zhou L, Li H, Zhang L, Cheng J, Zhao H, Chu W, Yang J, Luo Y and
Wu Z 2011 J. Phys. Chem. C 115 253

Zhao C, Zhen C, Li Y, Ma L, Pan C and Hou D 2012 Solid State Com-
mun. 152 752

Zheng H, Yan Y, Lv Z, Yang S, Li X, Liu J, Ye B, Peng C, Diao C and
Zhang W 2013 Appl. Phys. Lett. 102 142409

Perdew J P, Burke K and Ernzerhof M 1996 Phys. Rev. Lett. 77 3865
Monkhorst H J and Pack J D 1976 Phys. Rev. B 13 5188

Perdew J P and Zunger A 1981 Phys. Rev. B 23 5048

Van de Walle C G and Neugebauer J 2004 J. Appl. Phys. 95 3851
Miao M S and Lambrecht W 2003 Phys. Rev. B 68 125204

Miao M S and Lambrecht W 2006 Phys. Rev. B 74 235218

Zhao M, Pan F and Mei L 2010 Appl. Phys. Lett. 96 012508

Lin X, Yan S, Zhao M, Hu S, Han C, Chen Y, Liu G, Dai Y and Mei L
2011 Phys. Lett. A 375 638

Dev P, Xue Y and Zhang P 2008 Phys. Rev. Lett. 100 117204

Lin X, Pan F and Chen H 2015 J. Supercond. Nov. Magn. 28 3065

Li X, Dai Y, Ma Y and Huang B 2014 Phys. Chem. Chem. Phys. 16
13383


http://dx.doi.org/10.1126/science.287.5455.1019
http://dx.doi.org/10.1126/science.281.5379.951
http://dx.doi.org/10.1063/1.4798481
http://dx.doi.org/10.1007/s10751-013-0946-y
http://dx.doi.org/10.4028/www.scientific.net/MSF.457-460. 747
http://dx.doi.org/10.1116/1.1465447
http://dx.doi.org/10.1116/1.1465447
http://dx.doi.org/10.1088/0953-8984/18/43/010
http://dx.doi.org/10.1007/s10948-013-2458-z
http://dx.doi.org/10.1021/jp507221d
http://dx.doi.org/10.1021/jp507221d
http://dx.doi.org/10.1063/1.4860659
http://dx.doi.org/10.1063/1.4860659
http://dx.doi.org/10.1063/1.4919611
http://dx.doi.org/10.1063/1.4824306
http://dx.doi.org/10.1103/PhysRevB.89.014417
http://dx.doi.org/10.1103/PhysRevB.89.014417
http://dx.doi.org/10.1103/PhysRevB.92.174409
http://dx.doi.org/10.1007/s10948-014-2930-4
http://dx.doi.org/10.1007/s10948-014-2930-4
http://dx.doi.org/10.1063/1.3289721
http://dx.doi.org/10.1063/1.2431765
http://dx.doi.org/10.1021/jp105121y
http://dx.doi.org/10.1016/j.ssc.2012.02.001
http://dx.doi.org/10.1016/j.ssc.2012.02.001
http://dx.doi.org/10.1063/1.4800562
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1103/PhysRevB.23.5048
http://dx.doi.org/10.1063/1.1682673
http://dx.doi.org/10.1103/PhysRevB.68.125204
http://dx.doi.org/10.1103/PhysRevB.74.235218
http://dx.doi.org/10.1063/1.3291562
http://dx.doi.org/10.1016/j.physleta.2010.11.016
http://dx.doi.org/10.1103/PhysRevLett.100.117204
http://dx.doi.org/10.1007/s10948-015-3136-0
http://dx.doi.org/10.1039/c4cp01512f
http://dx.doi.org/10.1039/c4cp01512f

	1. Introduction
	2. Computational details
	3. Results and discussion
	4. Conclusion
	References

