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1. Introduction

Possibility to employ the spin of electrons for controlling electronic device operation has
long been envisaged as a foundation for future extremely low power amplifying and logic
devices, polarized light emitting diodes, new generation magnetic field sensors, high
density 3D magnetic memories, etc. (Gregg et al., 2002; Zutié¢ et al., 2004; Bratkovsky, 2008).
While metal-metal and metal-insulator spin-electronic (or spintronic) devices have already
found their application as hard drive magnetic field sensors and niche nonvolatile
memories, diluted magnetic semiconductors (DMSs), i.e. semiconductors with a fraction of
the atoms substituted by magnetic atoms, are expected to become a link enabling integration
of spin-electronic functionality into traditional electron-charge-based semiconductor
technology. Following the discovery of carrier-mediated ferromagnetism due to transition
metal doping in technologically important GaAs and InAs III-V compound semiconductors
(Munekata et at., 1989; Ohno et al., 1996), a wealth of research efforts have been invested in
the past two decades into investigations of magnetic properties of DMSs. Ferromagnetic
semiconductors were, of course, not new at the time and carrier-mediated ferromagnetism, a
lever allowing electrical control of the magnetic ordering, had also been demonstrated albeit
only at liquid helium temperatures (Pashitskii & Ryabchenko, 1979; Story et al., 1986). The
achievement of the ferromagnetic ordering temperature, the Curie temperature T¢, in excess
of 100 K in (Ga, Mn) As compounds was a significant step towards practical semiconductor
spintronic device implementation. A substantial progress has been achieved in increasing
the ordering temperature in this material system and Tc as high as 180 K has been reported
(Olejnik et al., 2008). (Ga, Mn) As has effectively become a model magnetic semiconductor
material with its electronic, magnetic, and optical properties understood most deeply among
the DMSs. Still, however, one needs the Curie temperature to be at or above room
temperature for most practical applications.

Mean-field theory of ferromagnetism (Dietl et al., 2000; Dietl et al., 2001), predicting that
above room temperature carrier-mediated ferromagnetic ordering may be possible in certain
wide bandgap diluted magnetic semiconductors, including a family of Ill-nitrides and ZnO,
had spun a great deal of interest to magnetic properties of these materials. The resulting
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flurry of activities in this area led to apparent early successes in fabricating the DMS
samples exhibiting ferromagnetism above room temperature (Pearton et al., 2003; Hebard et
al.,, 2004). Ferromagnetic ordering in these samples was attributed to formation of
homogeneous DMS alloys which, however, was in many cases later refuted and explained
differently, by, for instance, impurity clustering, at the time overlooked by standard
characterization techniques. Much theoretical understanding has been gained since then on
the effects of exchange interaction, self-compensation, spinodal decomposition, etc. Given
that various effects may mimic the “true DMS” behaviour, a careful investigation of the
microscopic picture of magnetic moments formation and their interaction, as well as
attraction of different complementary experimental techniques is required for a realistic
understanding and prediction of the properties of this complex class of materials.

Silicon carbide is another wide bandgap semiconductor which has been considered a
possible candidate for spin electronic applications. SiC has a long history of material
research and device development and is already commercially successful in a number of
applications. The mean field theory (Dietl et al., 2000; Dietl et al., 2001) predicted that
semiconductors with light atoms and smaller lattice constants might possess stronger
magnetic coupling and larger ordering temperatures. Although not applied directly to
studying magnetic properties of SiC, these predictions make SiC DMS a promising
candidate for spintronic applications.

Relatively little attention has been paid to investigation of magnetic properties of SiC doped
with TM impurities, and the results obtained to date are rather modest compared to many
other DMS systems and are far from being conclusive. Early experimental studies evidenced
ferromagnetic response in Ni-, Mn-, and Fe-doped SiC with the values of the Curie
temperature Tc varying from significantly below to close to room temperature
(Theodoropoulou et al., 2002; Syvéjarvi et al., 2004; Stromberg et al., 2006). The authors
assigned the magnetic signal to either the true DMS behaviour or to secondary phase
formation. Later experimental reports on Cr-doped SiC suggested this material to be
ferromagnetic with the Tc ~70 K for Cr concentration of ~0.02 wt% (Huang & Chen, 2007),
while above room temperature magnetism with varying values of the atomic magnetic
moments was observed for Cr concentration of 7-10 at% in amorphous SiC (Jin et al., 2008).
SiC doped with Mn has become the most actively studied SiC DMS material. Experimental
studies of Mn-implanted 3C-S5iC/Si heteroepitaxial structure (Bouziane et al., 2009), of C-
incorporated Mn-Si films grown on 4H-SiC wafers (Wang et al., 2007), a detailed report by
the same authors on structural, magnetic, and magneto-optical properties of Mn-doped SiC
films prepared on 3C-SiC wafers (Wang et al., 2009) as well as studies of low-Mn-doped 6H-
SiC (Song et al., 2009) and polycrystalline 3C-SiC (Ma et al., 2007) all suggested Mn to be a
promising impurity choice for achieving high ferromagnetic ordering temperatures in SiC
DMS. Researchers recently turned to studying magnetic properties of TM-doped silicon
carbide nanowires (Seong et al., 2009).

Theoretical work done in parallel in an attempt to explain the available experimental data
and to obtain guidance for experimentalists was concentrated on first principles calculations
which are a powerful tool for modelling and predicting DMS material properties. Various ab
initio computational techniques were used to study magnetic properties of SiC DMSs
theoretically. Linearized muffin-tin orbital (LMTO) technique was utilized for calculating
substitution energies of a number of transition metal impurities in 3C-SiC (Gubanov et al.,
2001; Miao & Lambrecht, 2003). The researchers found that Si site is more favourable
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compared to C site for TM substitution. This result holds when lattice relaxation effects are
taken into account in the full-potential LMTO calculation. Both research teams found that
Fe, Ni and Co were nonmagnetic while Cr and Mn possessed nonzero magnetic moments in
the 3C-SiC host. Calculation of the magnetic moments in a relaxed supercell containing two
TM atoms showed that both Mn and Cr atoms ordered ferromagnetically. Ferromagnetic
ordering was later confirmed for V, Mn, and Cr using ultrasoft pseudopotential plane wave
method (Kim et al., 2004). In another ab initio study, nonzero magnetic moments were found
for Cr and Mn in 3C-SiC using full potential linearized augmented plane wave (FLAPW)
calculation technique and no relaxation procedure accounting for impurity-substitution-
related lattice reconstruction (Shaposhnikov & Sobolev, 2004). The authors additionally
studied magnetic properties of TM impurities in 6H-SiC substituting for 2% or 16% of host
atoms. It was found that on Si site in 6H-SiC Cr and Mn possessed magnetic moments in
both concentrations, while Fe was magnetic only in the concentration of 2%. Ultrasoft
pseudopotentials were used for calculations of magnetic moments and ferromagnetic
exchange energy estimations for the case of Cr doping of 3C-SiC (Kim & Chung, 2005). In a
later reported study (Miao & Lambrecht, 2006) the authors used FP-LMTO technique with
lattice relaxation to compare electronic and magnetic properties of 3C- and 4H-SiC doped
with early first row transition metals. Spin polarization was found to be present in V, Cr,
and Mn-doped SiC. The authors of (Bouziane et al., 2008) additionally studied the influence
of implantation-induced defects on electronic structure of Mn-doped SiC. The results of the
cited calculations were also somewhat sensitive to the particular calculation technique
employed.

Here, we attempt to create a somewhat complete description of SiC-based diluted magnetic
semiconductors in a systematic study of magnetic states of first row transition metal
impurities in SiC host. Improving prior research, we do this in the framework of ab initio
FLAPW calculation technique, perhaps one of the most if not the most accurate density
functional theory technique at the date, combined with a complete lattice relaxation
procedure at all stages of the calculation of magnetic moments and ordering temperatures.
Accounting for the impurity-substitution-caused relaxation has been found crucial by many
researchers for a correct description of a DMS system. We therefore are hopefully
approaching the best accuracy of the calculations possible with the ground state density
functional theory. We analyze the details of magnetic moments formation and of their
change with the unit cell volume, as well as of the host lattice reconstruction due to impurity
substitution. Such analysis leads to revealing multiple magnetic states in TM-doped SiC. We
also study, for the first time, particulars of exchange interaction for different TM impurities
and provide estimates of the magnetic ordering temperatures of SiC DMSs.

2. Methodology and computational setup

2.1 SiC-TM material system

Crystal lattice of any SiC polytype can be represented as a sequence of hexagonal close-
packed silicon-carbon bilayers. Different bilayer stacking sequences correspond to different
polytypes. For example, for the most technologically important hexagonal 4H polytype, the
stacking sequence is ABAC (or, equivalently, ABCB), where A, B, and C denote hexagonal
bilayers rotated by 120° with respect to each other (Bechstedt et al., 1997). The stacking
sequence for another common polytype, the cubic 3C-SiC, is ABC. Although in all SiC
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polytypes the nearest neighbours of any Si or C atom are always four C or Si atoms,
respectively, forming tetrahedra around the corresponding Si or C atom, there are two types
of the sites (and layers) in SiC lattice, different in their next nearest neighbour arrangement
or the medium range order. The stacking sequences for these different sites are ABC and
ABA, where in the former the middle layer (layer B) has the cubic symmetry (sometimes
also called quasi-cubic if one deals with such layer in a hexagonal polytype), while in the
latter the symmetry of the middle layer is hexagonal (Bechstedt et al., 1997). There are only
cubic layers in 3C-SiC, while other common polytypes such as 4H and 6H contain different
numbers of both hexagonal and cubic layers. We will show below that site symmetry plays
crucial role in TM d-orbital coupling and, therefore, ferromagnetic ordering temperatures of
SiC DMSs.

Diluted magnetic semiconductor material systems usually have TM impurity concentrations
of the order of several atomic per cent. Such concentrations, although very high for typical
semiconductor device applications, are essential for securing efficient exchange interaction
between TM impurities and thus achieving high ordering temperatures needed for practical
spintronic device operation. In our calculations of the magnetic properties of SiC DMSs the
effective TM impurity concentrations range from about 4% to 10%. Substitutional TM
impurity in the host SiC lattice is assumed to reside at the Si sites in the SiC crystal lattice.
The choice of the substitution site preference can be made according to the atomic radii
which are much closer for Si and TM than for C and TM and, therefore, much smaller lattice
distortion would be required in the case of Si site substitution. Results of prior studies of the
TM substitution site preference (Gubanov et al., 2001; Miao & Lambrecht, 2003) support this
intuitive approach.

It is important that the Fermi level position in a semiconductor system with diluted TM
doping of several per cent is defined by the TM impurity itself, unless another impurity is
present in the system in a comparable concentration. In other words, in such a DMS system,
TM impurity pins the Fermi level and defines its own charge state and charge states of all
other impurities. From the computational point of view this is, of course, automatically
achieved by the self-consistent solution for the state occupation. If one were to vary the TM
impurity charge state independently, this would require co-doping with a comparable
amount of another donor or acceptor. On the other hand, reducing TM concentration to the
typical heavy doping levels of, say, 101 cm= would result in an “ultradiluted magnetic
semiconductor”, where an efficient exchange interaction would be hindered by large
distances between the transition metal atoms, and this latter case is not considered here.
Calculations of formation energies of different charge states of first row TM impurities in
SiC (Miao & Lambrecht, 2003; Miao & Lambrecht, 2006) in their typical DMS concentrations
indicate that they are expected to form deep donor and acceptor levels in the SiC bandgap,
and be in their neutral charge states. This means that, contrary to the case of, for example,
GaAs, TM impurities in SiC do not contribute free carriers which could mediate exchange
interaction between the TM atoms.

2.2 Supercells

In this work, magnetic properties of TM-doped SiC are studied for 3C (Zincblende) and 4H
(Wurtzite) SiC polytypes. We start with calculations of the lattice parameters and electronic
structure of pure 3C- and 4H-SiC. The primitive cell of pure cubic 3C-SiC consists of single
silicon-carbon pair. Another way of representing this type of lattice is with a sequence of
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hexagonal close-packed Si-C bilayers with the ABC stacking sequence. In that case the unit
cell consists of 3 Si-C bilayers or 6 atoms. Both cells are, of course, equivalent from the
computational point of view and must produce identical results. The unit cell of 4H-SiC
consists of 4 Si-C bilayers or 8 atoms.

Then, the lattice parameters, electronic structure and magnetic properties are calculated for
3C- and 4H-SiC doped with TM impurity. In the calculations, to model the lattice of doped
single crystal SiC, we employ the supercell approach. For a doped semiconductor, the
minimum lattice fragment (the supercell), needed to model the material, includes one
impurity atom, while the total number of atoms in the supercell is inversely proportional to
the impurity concentration. For only one TM atom in the supercell, the solution sought will
automatically be a ferromagnetically-ordered DMS (in case a nonzero magnetic moment is
obtained on TM atoms), as the solution is obtained for an infinite lattice implicitly
constructed from the supercells with identically oriented magnetic moments. This is
convenient and sufficient for establishing the trends for achieving spin polarization in the
SiC-TM system. Investigation of true (energetically more preferable) magnetic moment
ordering type requires larger supercells with at least two TM atoms with generally different
directions of their magnetic moments.

(b) (c)

Fig. 1. Supercells of TM-doped (a) 3C-SiC and (b) 4H-SiC, and (c) in-plane TM atom
placement used in the calculations of magnetic moments and properties of different
magnetic states. TM, Si, and C atoms added by periodicity and not being part of the
supercells are shown having smaller diameters compared to the similar atoms in the
supercells. Layers with the hexagonal and quasicubic symmetries in 4H-SiC are marked by h
anc ¢, respectively.

Investigation of the magnetic moment formation and related lattice reconstruction in SiC
doped with TM impurities is done using SisCoTM and Si;1C12TM supercells, containing a
total of 18 and 24 atoms for 3C- and 4H-SiC, respectively. These supercells are shown in
Fig. 1. Impurity atoms are placed in the centres of the adjacent close-packed hexagons, so

that the distance between them equals \/5 a. In the c-axis direction, the distance between

TM atoms is equal to one 3C or 4H-SiC lattice period (3 or 4 Si-C bilayers). The resultant
impurity concentration calculated with respect to the total number of atoms is about 4 % in
the case of 4H-SiC and about 5% in the case of 3C-SiC. As already mentioned, such
concentrations are typical for experimental, including SiC, DMS systems.
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Calculations of SiC DMS ordering temperatures require adding another TM impurity atom
to the supercells. These supercells are shown in Fig. 2. In the case of 3C-SiC, we study
magnetic ordering for two different spatial configurations of TM impurities in the SiC
lattice. First, we simply double the 3C-SiC supercell shown in Fig. 1 in the c-direction so that
the two TM atoms are at the distance of 14.27 a.u., while TM concentration is kept at 5 at %
(Fig. 2 (a)). Next, we return to the original SisgCoTM supercell and introduce an additional
TM atom as the nearest neighbor to the TM atom in the Si-TM plane (Fig. 2 (b)). The distance
between the TM atoms in this case equals to 5.82 a.u. and their effective concentration is
approximately 10%. Such TM configuration can also be thought of as a simplest TM
nanocluster in SiC lattice. For Mn-doping, which we identify as the most promising for
obtaining high temperature SiC DMS, we additionally study substitution of a pair of TM
atoms at different, hexagonal and cubic, 4H-SiC lattice sites with varying distances between
the impurities and impurity electronic orbital mutual orientations (Fig. 2 c-e). We show that
the strength of exchange coupling and the Curie temperature depend not only on the
distance between TM atoms but also significantly on the particular lattice sites the
impurities substitute at.

Fig. 2. SiC-TM supercells containing two TM atoms, which are used in the calculations of
DMS ordering types and temperatures. Supercells (a) and (b) correspond to 3C-SiC, while
supercells (c)-(e) correspond to 4H-SiC. TM, Si, and C atoms added by periodicity and not
being part of the supercells are shown having smaller diameters compared to the similar
atoms in the supercells. Layers with the hexagonal and quasicubic symmetries in 4H-SiC are
marked by & anc ¢, respectively.

2.3 Computational procedure

In contrast to earlier studies of magnetic properties of TM-doped SiC, the calculations are
done for the supercells with optimized volumes and atomic positions, i.e. with both the local
and global lattice relaxations accounted for. As we will show below, not only the FM
ordering temperature, but also the value and even the existence of the magnetic moments in
TM-doped semiconductor sensitively depend on the semiconductor host lattice structure
and its reconstruction due to impurity substitution. Furthermore, it will be shown that
multiple states with different, including zero, magnetic moments can be characteristic for
SiC DMSs (and, perhaps, the other DMS systems as well). The different states correspond to
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different equilibrium lattice configurations, transition between which involves
reconstruction of the entire crystalline lattice. The reconstruction and the transition between
the states may either be gradual or the states can be separated by an energy gap with the
energy preference for either the magnetic or nonmagnetic state. The width of the energy gap
between the different states varies across the range of impurities.

In the procedure, which is used for finding the optimized supercells, total energies are
calculated for a number of volumes of isotropically expanded supercells. Additionally, at
each value of the volume, the supercells are fully relaxed to minimize the intra-cell forces.
Total energy-volume relationships for the relaxed supercells are then fitted to the universal
equation of state (Vinet et al., 1989), and the minimum of the fitted curve corresponds to the
supercell with the equilibrium volume and atomic positions in one of the magnetic states
peculiar to that particular DMS. The supercells with such optimized equilibrium volumes
and atomic positions are then used in the calculations of the DMS magnetic moments and
ordering temperatures.

SiC DMS ordering type, either ferromagnetic (FM) or antiferromagnetic (AFM), and the
corresponding values of the Curie or Néel critical temperatures are estimated from the total
energy calculations for supercells containing a pair of TM impurities with their magnetic
moments aligned in parallel (FM) or antiparallel (AFM). Employing the Heisenberg model,
which should describe the orientational degrees of freedom accurately, for the description of
the magnetic ordering, one can use the difference AE,,, .., between the total energies of the

FM- and AFM-ordered supercells for estimating the value of the Curie or Néel temperature
in the framework of the mean-field model using the following expression:

T ——_L AE

C kB FM-AFM / (1)

where kp is the Boltzmann constant. For the negative total energy difference
AE,,. .y between the FM and AM states, the energy preference is for the FM state and (1)

provides the Curie temperature value. When AE,,, ,., is positive, the ground state of the

DMS is AFM and the negative value of the critical temperature can be interpreted as the
positive Néel temperature.

We note that the total energies of the FM and AFM states entering equation (1) are those of a
simple ferromagnet and a two-sublattice Néel antiferromagnet models, describing only the
nearest neighbour magnetic moment interactions. Taking into account the next neighbour
interactions may result, particularly, in more complex, compared to the simple FM or AFM
state, magnetic moment direction configurations. Using larger supercells with more TM
atoms and taking into account more terms in the Heisenberg Hamiltonian would allow
going beyond the model given by (1) and make the estimate of Tc more accurate. This,
however, would lead to significantly larger computational resource requirements and is
beyond the scope of the present work. The use of the simplest model is justified by the fact
that usually the more long-range interactions of magnetic moments are noticeably weaker
than the interactions between the nearest neighbours due to the rather localized nature of
electronic shells responsible for the magnetic properties of TM atoms, as we will see below.
It is important that, since the calculations are done in the framework of the ground state
density functional theory, only direct TM-TM exchange mechanisms can be accounted for in
this case. Another important type of exchange interaction which, for example, is peculiar to
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Mn-doped GaAs, namely free-carrier-mediated exchange, requires attraction of different
computational techniques for its modelling. We also note that since the calculated FM and
AFM total ground state energies in (1) are defined by the electronic density distribution,
which also defines the corresponding magnetic moment values, one can in general expect
magnetic moments to be different in the FM and AFM states (see Table 3 and discussion
below).

According to Eq. (1), the difference in the total energy values between the FM and AFM
states corresponding to a Curie or Néel temperature change of, say, 50 K is about 14 meV
per pair of TM atoms (per supercell). The accuracy of the total energy calculations needs to
be better than this and per atom accuracy requirement, which is usually specified in the total
energy calculations, is more strict for larger supercells or, equivalently, smaller impurity
concentrations; this also means that critical temperature estimations for DMSs with smaller
TM concentrations are typically prone to larger errors. Additionally, as will be evident from
the discussion below, we need to resolve magnetic and nonmagnetic solutions which are
close on the energy scale, and thus the accuracy of the calculations needs to be higher than
at least the differences in energy between these solutions. To satisfy these accuracy
requirements we perform both stringent convergence tests with respect to all parameters
influencing the calculations and choose the corresponding settings for the self-consistent
calculations convergence criteria.

The calculations are performed using the FLAPW technique (Singh & Nordstrom, 2006)
implemented in the Elk (formerly EXCITING) software package (Dewhurst et al., 2004).
Exchange-correlation potential is calculated using the generalized gradient approximation
according to the Perdew-Burke-Ernzerhof model (Perdew et al., 1996). The muffin-tin radii
are set at 2.0 a.u. for Si and TM atoms and 1.5 a.u. for C atoms. The APW basis set includes
150 plane waves per atom. Within the atomic spheres, spherical harmonic expansions with
angular momentum up to 8 are used for the wave function, charge density, and potential
representation. Local orbitals are added to the APW basis set to improve convergence and
accuracy of the calculations. The self-consistent calculations are performed for 12 (Fig. 1,
Fig. 2 (b)), 6 (Fig. 2 (a)), 8 (Fig. 2 (c)) and 10 (Fig. 2 (d) and (e)) reciprocal lattice points in the
irreducible wedge of the Brillouin zone and are considered converged when the RMS
change in the effective potential is less than 10-¢ and the total energy error is within 0.1
meV /atom.

To check the computational setup, lattice constants of undoped 3C-SiC were obtained using
the optimization procedure described above. The calculated unit cell volume was found to
be equal to 70.19 a.u.3/atom. This is in an excellent agreement with the experimental value
of 69.98 a.u.3/atom (Bechstedt et al., 1997) confirming the effectiveness of the lattice
optimization procedure used. Calculated indirect bandgap of 3C-SiC of about 1.62 eV is
below the experimental value of approximately 2.3 eV. Such bandgap underestimation is
known to be a problem of the ground state density functional theory, in particular when
LDA or GGA exchange-correlation functionals are used. Other carefully constructed
exchange-correlation functionals may rectify the problem somewhat (Sharma et al., 2008).
We, however, warn the reader from taking the DFT bandgap values literally.
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3. Multiple magnetic states of TM-doped SiC

3.1 Magnetic moment formation and lattice reconstruction

We begin the discussion of different magnetic states, which can be created by a TM impurity
in SiC, with the case of Fe-doped SiC. Calculated total energies of (Si, Fe) C supercells as a
function of the supercell volume for 3C- and 4H-SiC are presented in Fig. 3 (a). Two
equilibrium solutions were found for the total energy - supercell volume dependencies, one
of which is characterized by a nonzero supercell magnetic moment, while in the other the
supercell is nonmagnetic. The magnetic state possesses a larger total energy, while the
nonmagnetic state is the ground state in Fe-doped 3C- and 4H-SiC. The total energy
difference between the nonmagnetic and magnetic states at equilibrium volume is
approximately 33 meV/atom in 3C-SiC and 20 meV/atom in 4H-SiC. Magnetic moment of
Fe in the magnetic state changes approximately linearly from about 1.9 to 2.3 x4, per Fe in

the range of the volumes from about 68 a.u.3/atom to 78 a.u.3/atom (see Fig. 5 below). It is
important to note that the two solutions were not obtained in a constrained magnetic
moment calculation. Rather, the calculations converge to the magnetic solution if starting
from a sufficiently expanded lattice. The nonmagnetic solution is obtained in the lattice with
the unit cell volume approximately corresponding to undoped SiC. Both total energy -
supercell volume curves are obtained by using the solution at each volume value as the
initial approximation for the next one. Thus, we let the calculations naturally follow the
underlying physical processes.

0.08
FM
0.15- T 50k (4 cutic
g o N1M98A (4H hexagonal)
S g 0.064 1.89A
© ©
> 0.10 >
3 E F;\/.IQSA (3C and 4H cubic)
> >, 0.04- N1M90A (4H hexagonal)
% g 1.89A
c c '
LLJ 0.05- o \ Pure SiC
I S 0.02 V. 1.89A
2 P \ »
0.001 % Py 4H-SiC_ h_exagonal
0.00- o e
65 70 75 80 1.85 1.90 1.95 2.00 2.05
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(a) (b)

Fig. 3. Total energy - supercell volume dependencies for Fe-doped 3C- and 4H-SiC in the
nonmagnetic and magnetic states (a). Fe-C bond length relaxation in the different states for
C atom above Fe atom at the hexagonal lattice site in 4H-SiC (b). The inset shows
tetrahedron relaxation details in different SiC polytypes and at lattice sites with different
symmetries.

Crystal lattice of (Si, Fe) C DMS in its magnetic state is significantly reconstructed compared
both to (Si, Fe) C in its nonmagnetic state and to undoped SiC. Lattice relaxation of the
(Si, Fe) C supercell in its nonmagnetic state is minimal compared to undoped SiC. It is
important that the magnetic state cannot be reached by increasing the magnetic moment
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from zero while gradually expanding the lattice: different atomic and electronic structures
are characteristic of the two states, which are separated by an energy gap. The average per
atom volume in the magnetic state is approximately 1 % larger compared to the
nonmagnetic state, while this difference is mostly due to the expansion of the tetrahedra
formed by four C atoms around the Fe atoms; this expansion was found to be reaching 10
volume percent. Furthermore, TM bond length changes turn out to be different for different
carbon atoms in the tetrahedra around Fe impurities. The relaxation additionally depends
on SiC polytype and lattice site the impurity substitutes at. For example, for Fe at the
hexagonal site in 4H-SiC, the relaxation in the magnetic state strongly affects C atom which
is above the Fe atom in the c-axis direction, while the other three atoms in the tetrahedron
shift noticeably less. This is illustrated by Fig. 3 (b). At the cubic sites in 4H-SiC and in 3C-
SiC (in 3C-SiC all lattice sites possess cubic symmetry) the relaxation is nearly equilateral
and C atoms in the elemental tetrahedra around Fe atoms shift more or less the same
distance. The inset in Fig. 3 (b) presents the details of the elemental tetrahedron relaxation
for Fe substituting at the lattice sites with different symmetries in 4H- and 3C-SiC. We thus
conclude that TM-impurity-induced lattice reconstruction, which self-consistently defines
the electronic and magnetic configuration of the DMS, depends not only on TM atom’s
nearest neighbors, which are the same for all SiC polytypes and inequivalent lattice sites,
but also noticeably on the long-range stacking sequence.

Total energy - supercell volume dependencies for Mn-, Cr-, and V-doped 3C-SiC are
presented in Fig. 4. Similarly to the case of (Si, Fe) C, SiC DMSs with these substitutional
impurities can again be in either the nonmagnetic or magnetic state. However, the
relationship between the two states is the opposite of that in (Si, Fe) C with the magnetic
state lying lower on the energy scale and thus being energetically favorable. At the
equilibrium volume the energy gap between the two states changes from a small value of 12
meV/atom in the case of V doping to 18 meV/atom in (S5i, Mn) C and 45 meV/atom in
(Si, Cr) C. The higher the energy gap between the states, the more “stable” the magnetic
state is against thermal fluctuations. If, as we suggest below, magnetic-nonmagnetic state
mixing takes place at nonzero temperatures, the average magnetic moment in (Si, Cr) C may
be expected to be closest to its calculated zero temperature value.

Magnetic moments as a function of the supercell volume behave in a different manner for V,
Cr and Mn (see Fig. 5). While the former two change only slightly in the range of the
average volumes from 68 to 78 a.u.3/atom, magnetic moment of Mn experiences a steep
increase from 1.5 y;; at 68 a.u.3/atom and then almost saturates at approximately 2.5 x, for

the larger values of the atomic volume. Such behavior of the magnetic moments can be
related to the differences in the nature of the electronic orbitals of the TM atoms, the degree
of their hybridization with the surrounding dangling bonds and, therefore, to the influence
of the electronic structure of the host lattice. The same factors influence relaxation of the
lattice as it approaches equilibrium after the impurity substitution. For instance, in (Si, V) C
and (Si, Cr) C, the relaxation is mostly absorbed by the tetrahedra of four carbon atoms
around the TM impurity, similarly to the case of (Si, Fe) C. For Mn-doped SiC there are
noticeable changes in Si atom positions in the layers other than impurity substitution layer.
For all three impurities, the equilibrium average lattice volume is larger for the magnetic
state of the crystal, compared to the nonmagnetic state, while in the nonmagnetic state
relaxation is, again, small compared to pure SiC.
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dependencies for 3C-SiC doped with Mn, Cr, atom for different TM impurities
or V. The Eror(V) curves for different substituting in 3C-SiC. Vertical lines mark
impurities are brought to the same energy equilibrium volume for each particular
scale for easy comparison of the energies in DMS.
the nonmagnetic and magnetic states.

Nickel and cobalt exhibit yet another behavior in the SiC matrix, different from that
demonstrated by the other TM impurities. We found that for (Si, Co) C and (Si, Ni) C the
magnetic and nonmagnetic solutions are very close on the energy scale. In the range of the
supercell volumes from 68 to 78 a.u.3/atom the difference between the solutions is not
greater than just a few meV/atom, which is close to the accuracy of our calculations, so that
we can state that the two solutions coincide. Both (Si, Co) C and (Si, Ni) C are practically
nonmagnetic in their equilibrium lattice configurations, with the magnetic moments of
about 0.02 x,; /TM atom. The magnetic moments go up noticeably as (Si, Ni) C or (Si, Co) C

lattice is expanded reaching almost 0.4 x; /Ni and more than 0.5 u, /Co at the average

atomic volume of 78 a.u.3/atom (see Fig. 5). Thus, in the case of Co and Ni substitution,
transition from the practically nonmagnetic to a magnetic state occurs gradually, in contrast
to Mn, Cr, V, and Fe-doped SiC, where the two states are separated by a significant potential
step/barrier. Average equilibrium per atom volumes for both Ni- and Co-doped SiC are
practically equal to those of pure SiC, however, host lattice reconstruction due to Ni and Co
substitution turns out to be rather pronounced. The expansion of the tetrahedra around the
impurity atoms reaches 3% for (Si, Co) C and is as large as 10% in (Si, Ni) C at the
equilibrium volumes. This local relaxation is compensated by the corresponding changes in
other, primarily Si, atom positions so that the average per atom lattice volume remains
almost equal to that in pure SiC. As the lattice of (Si, Ni) C or (Si, Co) C is further expanded
away from the equilibrium, which is accompanied by the magnetic moment growth, the
tetrahedra containing Co or Ni atoms expand even further, with their relative (to pure SiC
with the same unit cell volume) volumes reaching 13% for Ni and 4% for Co at the average
volume value of 78 a.u.3/atom. At the same time, relaxation of the rest of the supercell
reduces with the Si atoms returning to the positions characteristic to pure material,
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indicating that these atoms provide the supercell rigidity preventing the TM-C tetrahedra
from expanding further and the TM atoms from possibly reaching the high-spin state.

TM species AE oy s Moy My
(meV/atom) (45 /TM) (1 /TM)
\Y% -12 0.74 0.45
Cr -45 1.63 1.39
Mn -18 2.09 1.39
Fe 33 1.92 0.42
Co 0 0.03 0.03
Ni 0 0.02 0.02

Table 1. Properties of TM-doped 3C-SiC: total energy differences between ferromagnetic and
nonmaghnetic states, AEy,, ,,,; magnetic moments at the equilibrium cell volume in the FM

state, Mo; average over the states magnetic moment at room temperature and equilibrium
cell volume, My, estimated assuming that the energy relationship between the FM and NM
states remains the same as at zero temperature and using Boltzmann distribution function
for calculation of the occupation probabilities.

3.2 Magnetic-nonmagnetic state relationship and mixing

Our calculations show that, similarly to what was known as a peculiarity of certain
transition metals and alloys (Moruzzi & Markus, 1988; Moruzzi et al., 1989; Wassermann,
1991; Timoshevskii et al., 2004), TM-doped SiC can exist in one or another of the states
differing in their structural and electronic properties, and in particular with the TM
impurities possessing either zero or a nonzero magnetic moment. The states are
characterized by significant differences in the lattice geometry, electronic density
distribution, and thus chemical bond structure. As a result, coupling of the substitutional
transition metal impurity electronic orbitals to the surrounding host atoms in the different
states varies depending both on the substitution atom electronic structure and on the
electronic configuration of the surrounding dangling bonds as well as more distant atoms in
the lattice. In turn, substitution of a host atom by a TM atom results in SiC lattice
reconstruction, which self-consistently defines the electronic and magnetic configuration of
the impurity and SiC-TM DMS material. Transition between the different states can be
gradual, such as in the case of (Si, Ni) C and (Si, Co) C, or the states can be separated by an
energy gap - (Si, V) C, (Si, Fe) C, (Si, Mn) C, (Si, Cr) C, and the width of the gap varies for
different impurities and SiC polytypes. It is not unreasonable to suggest that such multistate
nature could also be peculiar to the other DMS material systems. Below in Fig. 6 we present
partial densities of states for the nonmagnetic and magnetic configurations for the example
of Mn-doped 3C-SiC. Clearly, the DOS spectra are completely different and while in the
magnetic case the state filling is half-metallic with no occupancy in the minority spin
channel, in the nonmagnetic case the DOS is not polarized at all and Mn d-electrons
symmetrically fill the majority and minority states creating zero net magnetic moment.
Below we provide a detailed analysis of DOS spectra of SiC doped with different TM
impurities and deduce the exchange mechanisms responsible for the magnetic ordering in
each particular case.
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Fig. 6. Partial densities of states of Mn-doped 3C-SiC in its (a) ferromagnetic and (b)
nonmagnetic states. Origin of the energy axis corresponds to the Fermi level position.

It is interesting to note that the magnetic state of SiC DMS is always realized in a lattice
which is noticeably expanded compared to the nonmagnetic state (see discussion above),
and one can therefore rather simplistically state that the TM atom “needs” more space for
itself in the host lattice to acquire a magnetic moment. If the magnetic state is not the ground
state of the DMS ((Si, Fe) C is an example), experimental realization of the magnetic state,
which is a required prerequisite for spintronic device operation, may be achieved by either
changing the lattice geometry in, for example, the lattice expanded due to ion implantation,
or by making the magnetic state favourable by applying magnetic field under a high
temperature equilibrium growth conditions. In the latter case, the magnetic state of the TM
atoms leads to the corresponding lattice reconstruction, while nonequilibrium rapid lattice
cooling to the point where the atom mobility is low could “freeze” the lattice in its magnetic
state. If the magnetic state is the ground state it can of course be achieved under equilibrium
growth conditions.

It is important to remember that calculations presented here were performed in the
framework of the ground state density functional theory and describe SiC DMS material
system at zero temperature conditions. At a nonzero temperature, the free energy of the
crystal will additionally contain entropy terms with contributions due to both atomic
position fluctuations and, in the magnetic case, due to the magnetic moment magnitude and
direction fluctuations. Since configurational and magnetic fluctuations are due to similar
thermal disordering processes, per atom values of the entropy terms quantifying
fluctuations at these degrees of freedom of different nature should be of about the same
order of magnitude. The experimental standard molar entropy values are equal to 16.5
J/mol K for hexagonal SiC and 16.6 J/mol K for cubic SiC (Lide, 2009). A simple estimate
using these values yields the magnitude of the room temperature configuration disorder
entropy of about 50 meV/atom. This exceeds the energy gap between the nonmagnetic and
magnetic states for all impurities that we study and, consequently, at a high enough
temperature the relationship between the two solutions can, in principle, change. This, for
example, may lead to the magnetic state (ferromagnetic or antiferromagnetic) becoming
energetically favourable, compared to the nonmagnetic state, in the case of Fe in SiC, for
which the ground state solution is nonmagnetic. This possibility of changing the state
preference may explain the magnetic response reported in several experimental studies of
Fe-doped SiC (Theodoropoulou et al., 2002; Stromberg et al., 2006).
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Furthermore, the fact that the magnetic and nonmagnetic solutions are separated by an
energy gap comparable to room temperature thermal energy, allows us to suggest that a
new equilibrium mixed state with a certain distribution of TM atoms between the magnetic
and nonmagnetic states, and an average over this distribution magnetic moment, may be
created at a nonzero temperature. Such state mixing may, in addition to other effects,
explain the smaller, compared to calculated, values of the experimentally observed magnetic
moments reported for GaN- and SiC-based DMS materials (Park et al., 2002; Lee et al., 2003;
Singh et al., 2005; Bouziane et al., 2008). Somewhat similar mixed states can be realized in
glasses where multiple unstable and easily thermally activated local atomic configurations
exist. In these configurations atoms can occupy, with nearly equal probabilities, one of the
several quasi-equilibrium positions and there exist a nonzero probability of tunneling
transitions between these configurations (Anderson et al, 1972). If a mixed
magnetic/nonmagnetic state is created, the average TM magnetic moments in this case will
be lower compared to the purely magnetic case (Cf. Table 1). This leads to a reduction of the
effective internal magnetic field stabilizing the magnetic order, which in turn means that the
magnetic order will become weaker against thermal fluctuations or, equivalently, the mean-
field Curie temperature will be reduced. Detailed analysis of the effects of state mixing and
disorder is, however, rather involved and is beyond the scope of this study.

4. Magnetic ordering and critical temperatures

4.1 Magnetic coupling strength and range

We now turn to the calculations of the total energy of the ferromagnetic and
antiferromagnetic states of the SiC-TM supercells containing a pair of TM atoms. We do not
consider Co and Ni doping here, as magnetic moments of these impurities are practically
zero at the equilibrium cell volume and are also rather small even in a significantly
expanded lattice (Cf. Fig. 5). The strength of the exchange coupling and the values of the
Curie or Néel temperature are estimated using the energy difference AE,, ., between the

FM and AFM states according to Eq. (1) above. We also note that the calculations of the total
energy of the FM- and AFM-ordered supercells again, as in the case of magnetic moment
calculations above, included a full inhomogeneous relaxation procedure. Since the FM and
AFM states are in general characterized by different electronic density distribution and, self-
consistently, atomic bond structure, we found accounting for the relaxation to be very
important for an accurate calculation of the magnetic coupling strength and ordering
temperatures. By separately relaxing the FM and AFM-ordered supercells we additionally
find that magnetic moments in these two states are, in general, different.

SiC-TM FM-AFM energy differences and the corresponding values of the Curie or Néel
temperature are summarized in Table 2 for TM substitution in 3C-SiC (supercells in Fig. 2
(@) and (b)). In the magnetic state, SiC DMS with substitutional Cr, Mn, and V orders
ferromagnetically, while (Si, Fe) C orders antiferromagnetically. The strength and spatial
extent of the exchange interaction vary significantly over the TM impurity range. For Cr the
strength of magnetic coupling and, correspondingly, the Curie temperature drop from very
high values in the nearest-neighbor arrangement to almost negligible values when the
impurities are separated by two Si-C bilayers. There is even a change of sign and the
interaction becomes antiferromagnetic in the latter case, however, such small FM-AFM
energy difference values are comparable to the accuracy of our calculations and thus the
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values of the coupling energy and the Curie temperature can safely be considered to be zero.
In contrast to Cr, Mn impurity exchange interaction is, although somewhat weaker, less
dependent on the distance between impurity atoms. Similarly to the stronger, compared to
Cr, volume dependence of Mn magnetic moments, this can be explained by the fact that in
the case of Mn, an additional d-electron starts filling the antibonding f, orbitals, the
symmetry of which is the reason for their delocalized nature and longer range exchange
interaction (see Fig. 7 and a detailed discussion below). On the contrary, in (Si, Cr) C d-
electrons fill the strongly localized nonbonding e orbitals, which explains the short ranged
albeit strong exchange in (Si, Cr) C DMS. Thus, for a reasonable impurity concentration of
5% and a uniform impurity distribution, the Curie temperature of Mn-doped 3C-S5iC DMS
reaches 316 K, which makes this material a good candidate for achieving room temperature
DMS behaviour. In the nearest-neighbour arrangement, with a much shorter Mn-Mn
distance, the Curie temperature of (Si, Mn) C is comparable to the former case, which can be
justified by a different mutual orientation of the electronic orbitals of Mn atoms and also by
the fact that there is an about 15% reduction of the magnetic moments of Mn atoms in this
configuration. In the case of V, the latter effect is even stronger and magnetic moments are
completely quenched for V atoms as the nearest neighbors, so that the material becomes
nonmagnetic. As mentioned above, we found magnetic coupling energy AE., .., and the

corresponding critical temperature values to be strongly dependent on the supercell
relaxation in both the FM- and the AFM-aligned magnetic moments. The dependence is
particularly strong in the cases where the exchange coupling is long-ranged, such as in
(51, Min) C, while lattice relaxation involves a large number of supercell atoms, not just the
nearest neighbours as in, for example, (Si, Fe) C or (Si, Cr) C. This once again points out the
importance of accounting for lattice relaxation in the calculations of magnetic properties of
TM-doped semiconductors.

TM species AEpy apv (meV/cell) Mean-field T¢ (K)
dim=1427au drmy=582au. drv=1427au dmn=5.82a.u.
Cr 5 -222 -19 859
Mn -82 -92 316 357
\ -23 0 88 0
Fe 107 221 -412 -854

Table 2. Total energy differences between the ferromagnetic and antiferromagnetic states
AE arv and mean-field values of the critical temperature Tc for TM-doped 3C-SiC,

calculated using Eq. (1) for two different distances between TM impurities dmv (Fig. 2. (a)
and (b)). Negative AE,, .n,and positive Tc is characteristic of the FM ordering, while for

AFM ordering AE., .. is positive and Tc¢ is negative, the latter can be interpreted as the

positive Néel temperature.

We also note that the exchange coupling energy values AE,, ., although larger than the
energy differences between the (ferro)magnetic and nonmagnetic states AE,, ,,, for the

same impurities, cannot be compared to them directly. The exchange coupling energy,
which is used in the corresponding mean-field Curie temperature expression, is the total
energy difference between the FM- and AFM-ordered supercells containing a pair of TM
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atoms. This is the amount of energy needed to flip the spin of one of these atoms and thus
change magnetic ordering of the supercell from FM to AFM or vice versa; therefore, this
energy is counted per supercell. The second quantity AE., ,,, is the amount of total energy

needed to reconstruct the entire supercell (or the entire crystalline lattice) in such a way that
the TM atoms in this lattice acquire or lose their magnetic moments. The reconstruction
involves every atom in the supercell or lattice and therefore this quantity is counted per
atom. If both the FM-AFM and FM-NM energy differences are brought to the same scale (per
atom or per supercell) for comparison, the first difference becomes in all cases smaller than
the second, indicating that the FM-AFM energy difference can be thought of as an additional
“small splitting” of the corresponding magnetic state. Therefore, while for example the
antiferromagnetic state of Fe atoms is more favourable compared to the ferromagnetic state,
the total energy corresponding to either the FM or the AFM state is still significantly larger
compared to the nonmagnetic state, which makes the nonmagnetic state the ground state in
(Si, Fe) C.

4.2 Mechanisms of exchange interaction in SiC-TM

Understanding the nature of exchange coupling in DMS is an important problem in
magnetic materials. As has been pointed out in (Belhadji et al., 2007), certain characteristic
features of the DMS densities of states can be used not only for identification of the
exchange mechanisms responsible for magnetic coupling but also for predicting the
coupling strength and range. Due to the interaction with the crystal field in a tetrahedral
lattice environment, such as in 3C-SiC lattice (the symmetry of 4H-SiC is lower than that of
3C-SiC), substitutional TM impurity d-orbitals form the so-called e and t, states creating
localized energy levels in the semiconductor forbidden band or resonances in one of the
allowed bands. The e and t, states, due to the different spatial distributions of their
electronic clouds, experience different degrees of hybridization with the surrounding
dangling bonds and thus the electrons filling these states experience different degrees of
localization. The nature of the states TM d-electrons fill will determine the strength and
range of exchange interaction between the d-electrons. In order to illustrate the details of
TM state occupation, we calculated partial densities of states of V, Cr, Mn, and Fe in 3C-SiC.
The nature of the particular impurity states is easiest to analyze in this polytype due its
purely tetrahedral symmetry. In the other polytypes, such as in 4H-SiC, the Tq symmetry
breaks, however, due to the short range tetrahedral environment the states will still
approximately have the e or t; character. Thus, the analysis we present below is applicable to
4H-SiC as well. Partial densities of states for different TM impurities in 3C-SiC showing the
impurity states of different nature are presented in Fig. 7.

When V substitutes for Si in SiC lattice, two of the three d-electrons completely fill the
bonding t, states, while there is another d-electron half-filling the majority e-states. In such
situation, when the Fermi level is in the middle of an impurity band, the energy is gained by
aligning atomic spins in parallel. This leads to broadening of this band and shifting of the
weight of the electron distribution to lower energies. This is Zener's double exchange
mechanism which leads to ferromagnetism (Sato et al., 2004; Akai, 1998). The width of the
impurity band and thus the energy gain due to double exchange scales as the square root of
impurity concentration and is linear in the hopping matrix element between the
neighbouring impurities. This square root dependence implies that the Curie temperature
increases quickly already at small impurity concentrations and then almost saturates as a
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function of impurity concentration. Another mechanism characteristic to the electronic
structure of (Si, V) C DMS is hybridization between the e and ¢, states of the majority spin
channel. This hybridization results in the filled e states shifting to lower energies. The resulting
energy gain additionally stabilizes ferromagnetism by superexchange (Sato et al., 2004; Akai,
1998). This energy gain scales linearly with the impurity concentration and is proportional to
the square of the hopping matrix element between the e and f, states, which is relatively small
due to the localized nature of the e orbitals. An additional consideration following from the
Heisenberg model is that rather small magnetic moment of V leads to a reduction of the
exchange interaction between V atoms and, as a result, to a relatively small Tc. Localized
nature of the nonbonding e-states is another reason for the reduction of Tc in (Si, V) C DMS.

In Cr-doped SiC there is an additional d-electron in the e-states and the Fermi level falls
between the majority e and antibonding f, bands, the former being fully filled and the latter
being empty. No energy can be gained by broadening the filled e impurity band and,
therefore, double exchange is not important in this case. Hybridization between the e and t,
states of the majority spin channel again, as in the case of (Si, V) C, results in the energy gain
from filled e states shifting to lower energies and thus ferromagnetism is due to
superexchange. The localized nature of the e orbitals and resulting quick fall-off of the
exchange interaction with the TM-TM distance are the reasons for the strong concentration
dependence of the ordering temperature in (Si, Cr) C (Miao & Lambrecht, 2006).
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Fig. 7. Partial densities of states of TM impurities in 3C-SiC. Origin of the energy axis
corresponds to the Fermi level position.

One more electron per TM in (Si, Mn) C is in the majority channel antibonding f, state and
the Fermi level falls within the > band. Thus, the double exchange kicks in again leading to
ferromagnetism. Contrary to the case of (Si, V) C, however, the exchange interaction is
between d-electrons in the less localized #; states, which results in a weaker TM-TM distance
dependence and a more extended nature of the exchange. Ferromagnetic superexchange
interaction due to the coupling between the majority e and almost empty t, states, although
weaker than in (Si, Cr) C, because of the larger energy difference between these states,
provides an additional stabilization of the ferromagnetic state in (Si, Mn) C. Another
mechanism, which is characteristic to the electronic structure of (Si, Mn) C and which acts in
competition with the double exchange, is the antiferromagnetic superexchange (Belhadji et
al, 2007). The wave functions of the majority e and t states hybridize with the
antiferromagnetically aligned e and ¢, states of the opposite spin channel. As a result, the
lower in energy states are shifted to even lower energies and the higher states are shifted to
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higher energies. The energy is gained by reduction of the energy of filled states. The
mechanisms of ferromagnetic and antiferromagnetic superexchange interactions are similar;
whether the parallel or the anti-parallel alighment will be more energetically favourable
depends on the strength of hybridization of states in the same and in the opposite spin
channels. The double-exchange-stabilized ferromagnetic state is more favourable if the
Fermi level lies well within the impurity band, while the energy gain due to superexchange
is larger when the Fermi level lies between the bands of the same or opposite spin channels
or near the band edges (Belhadji et al., 2007). In (Si, Mn) C, the hybridization of the majority
and minority e states is weak because of their localized nature and relatively large energy
difference between the two. Hybridization between the t, states is stronger, but only a small
fraction of these states is filled, so in (Si, Mn) C double exchange wins stabilizing
ferromagnetism.

In Fe-doped SiC, there is again a competition between the ferromagnetic double exchange
and antiferromagnetic superexchange mechanisms. However in this case, the Fermi level is
close to the top of the majority bands and separates the majority and minority bands. The
energy gain due to double exchange is reduced because of the nearly complete filling of the
antibonding majority t, band. At the same time, the superexchange becomes more dominant
due to the stronger hybridization between the e and f, bands in different spin channels. This
explains why (Si, Fe) C orders antiferromagnetically.

Recalling that the calculations are performed for the ground state of the DMS, we note that
only direct exchange mechanisms can be accounted for in our model. At a nonzero
temperature and if a sufficient concentration of free carriers is created in the DMS, carrier-
mediated exchange can also be important. Depending on the concentrations of TM and
other impurities and the details of the material atomic and electronic structure, different
exchange channels may play different roles in stabilizing an ordered magnetic state. In
particular, different free carrier and TM atom concentrations may result in RKKY-type
exchange interactions of different signs and having an oscillating character depending on
the distance between magnetic TM impurities. Contribution of this carrier-mediated
exchange may favour ferromagnetic, antiferromagnetic or spin-glass-like order (the latter is,
however, specific for nonuniform TM impurity distributions). The resulting effective
magnetic ordering will depend on the relative strengths of the direct and carrier-mediated
exchange interactions.

5. Room temperature ferromagnetism in Mn-doped SiC

Having identified Mn as the most promising doping choice for achieving room temperature
ferromagnetism in SiC DMS, we now turn to a detailed investigation of magnetic properties
of various “flavours” of (Si, Mn) C DMS, i.e. with Mn substituting in different SiC polytypes
and at lattice sites with different symmetries thus producing different mutual spatial
configurations of Mn atoms (and, consequently, of their magnetic moments). In addition to
the supercells in Fig. 2 (a) and (b), for which this was done in the previous section, we
calculate the total energy differences AE, ., between the FM- and AFM-aligned states
and the corresponding Curie temperature values for the supercells shown in Fig. 2 (c-e). We
then compare the results for all the 3C- and 4H-SiC crystal structures.

The results of the calculations are summarized in Table 3. One can see that for most of the
configurations the strength of the exchange interaction is sufficient to lead to above room
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temperature ferromagnetic ordering. As one could expect, there is a significant dependence
of the exchange coupling strength on the substitution lattice site so that in some cases, such
as for 4H-SiC with Mn atoms above each other in the c-axis direction (Fig. 2 (c)), the
exchange is weaker although the impurity separation is relatively small. This lattice
structure demonstrates the lowest Curie temperature, significantly below room
temperature. Magnetic moments of substitutional Mn in this case are larger, closer to the
atomic limit. For diagonally arranged impurities, either at the hexagonal or at the cubic sites
in 4H-SiC (structures (d) and (e) in Fig. 2), exchange interaction becomes significantly
stronger. In contrast to the 4H-SiC structure of Fig. 2 (c), in 3C-SiC the coupling between
vertically arranged atoms (Fig. 2 (a)) is fairly strong with the corresponding value of the
Curie temperature exceeding room temperature. According to the discussion above, Mn d-
electrons in 3C-SiC occupy partially filled anti-bonding f, states. The symmetry of these
states provides a significant coupling with the surrounding atoms and results in the
extended range of exchange interaction between Mn atoms. This is in contrast to, for
example, SiC-Cr, where d-electrons occupy strongly localized non-bonding e-states, while
the anti-bonding #, states are empty, which leads to the very short-ranged albeit strong
exchange and low Curie temperature. As already mentioned, although in 4H-SiC the Ty
symmetry no longer applies, the d-states still have the e- or t-like character and the
particulars of their filling and local bonding remains the same.

SiC-TM crystal structure Minimum AE oy aru Mean-field Magnetic

(Ct. Fig. 2) distance (meV/cell) Tc (K) moments
between Mn (Eq. (1)) FM/AFM
atoms (a.u.) (us/Mn)

(a) 3C-SiC, impurities above  14.27 -82 316 2.18/2.05

each other

(b) 3C-SiC, impurities as 5.82 -92 357 1.70/1.53

nearest neighbours in-plane

(c) 4H-SiC, c-site, impurities ~ 9.59 -53 205 2.36/2.24

above each other

(d) 4H-SiC, c-site, diagonal 11.61 -142 550 2.28/2.04

impurity arrangement

(e) 4H-SiC, h-site, diagonal 10.18 -104 403 2.29/2.04

impurity arrangement

Table 3. Energy differences between the FM- and AFM-ordered supercells, the
corresponding values of the Curie temperature and magnetic moments of Mn atoms in
different configurations in 3C- and 4H-SiC.

Although the general rules apply both to 3C- and 4H-SiC, there still is a difference between
the polytypes as becomes evident from the significant Curie temperature differences. Due to
the different medium- and long-range order, the wave functions of Mn t>-like states, which
are responsible for the exchange coupling between the TM atoms, are oriented differently
with respect to each other in the different polytypes. Charge densities corresponding to Mn
anti-bonding t, states in 3C-5iC, which were visualized in (Miao & Lambrecht, 2006), clearly
illustrate that in this polytype d-electron wave function lobes are distributed approximately
along the Mn bonds to the surrounding C atoms and extend significantly beyond the nearest
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neighbours. Charge density isosurfaces of filled anti-bonding Mn states, corresponding to
an equal value of this quantity, are shown in Fig. 8 for two different 4H-SiC FM-ordered
supercells of Fig. 2 (c) and (d), demonstrating the smallest and largest ordering
temperatures, respectively. Calculations show that the spatial distribution of these orbitals
in 4H-SiC is somewhat different compared to 3C-SiC, with the more localized nature for the
vertical impurity configuration (Fig. 2 (c)) explaining the lower value of the Curie
temperature for this configuration in 4H-SiC despite the shorter distance between Mn atoms
compared to the diagonal configuration (Fig. 2 (d)). The total energies of the supercells with
the impurities substituting at the hexagonal sites are about 13 meV/atom lower compared
to the case of the impurities at the cubic sites, making the former configuration more
energetically favourable. However, in real DMS materials at high enough temperatures
impurity atoms will be distributed among the sites with the hexagonal and cubic
symmetries creating a new state with the magnetic properties averaged over the different
configurations. As mentioned above, Mn-doped SiC can also exist in the nonmagnetic state,
which is characterized by different crystal lattice structure and is at zero temperature
separated from the magnetic state by an energy gap (Cf. Fig. 4). The energy gap is
comparable to the thermal energy at room temperature and, therefore, the nonmagnetic
state may also mix in at a nonzero temperature.
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Fig. 8. Charge density isosurfaces for  Fig. 9. Partial densities of states of Mn in 4H-
impurity states of Mn atoms substituting  SiC, calculated for the crystal structure
at quasicubic sites in 4H-SiC in (a)  shown in Fig. 2 (d) in its (a) ferromagnetic
vertical and (b) diagonal configurations  and (b) antiferromagnetic states. Origin of the
corresponding to the supercells shown in  energy axis corresponds to the Fermi level

Fig. 2 (c) and (d). position.

Another interesting observation following from Table 3 is that Mn magnetic moments are in
all cases smaller in the AFM-ordered supercells compared to the FM-ordered supercells.
Relating this fact to the partial densities of states of Mn in the FM and AFM states shown in
Fig. 9, one can conclude that in the AFM-ordered supercell the half-metallic behaviour is lost
and the minority states become partially occupied, which leads to the reduction of the DOS
polarization. Recalling the Heisenberg expressions for the energies of the FM and AFM
states, one can perhaps also argue that the reduction of the magnetic moments in the AFM
state and their increase in the FM state can be one of the factors stabilizing the FM state in
the SiC-Mn DMS.
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6. Concluding remarks and outlook

We presented a study of structural, electronic, and magnetic properties of SiC doped with
first row transition metal impurities. For this we used density functional theory FLAPW
calculation technique which is probably one of the most accurate first principles techniques
to date. One of the primary results that we have established is that SiC DMSs can exist in
either a magnetic or nonmagnetic state. The different states are characterized by
substantially different equilibrium crystal lattice structures. Lattice reconstruction compared
to pure SiC is typically significant when SiC DMSs are in the magnetic states, while in the
nonmaghnetic state the reconstruction is relatively minor. For V, Cr, Mn, and Fe doping the
states are separated by an energy gap which needs to be overcome in order to change the
state from nonmagnetic to magnetic and vice versa. At zero temperature, the magnetic state
is energetically favourable in V-, Cr-, and Mn-doped SiC, while for Fe doping the
nonmagnetic state is the ground state. The energy differences between the magnetic and
nonmaghnetic states vary from impurity to impurity and are also different in different SiC
polytypes, being in many cases comparable to thermal energy at room temperature. On the
other hand, in Ni- and Co-doped SiC the two states practically coincide, while the magnetic
moments are close to zero in equilibrium lattice and gradually increase as the lattice is
expanded. We argue that at a nonzero temperature the relationship between the two states
of SiC DMSs can change due to the free energy entropy term. Furthermore, we speculate
that a mix of the magnetic and nonmagnetic states is possible, which would change the
average magnetic moment of the system and self-consistently its magnetic order. Such
existence of multiple magnetic states may be peculiar to the other DMS material systems as
well.

The values of magnetic moments, exchange interaction strength and range vary significantly
across the range of impurities studied. While magnetic moments of Ni and Co grow
noticeably starting from very small values at equilibrium unit cell volume, they are still
rather small (~0.5 x;) even in a significantly expanded lattice. Even though the calculated

lattice parameters correspond to zero temperature conditions, given the values of thermal
expansion coefficient of SiC (Taylor & Jones, 1960), such larger lattice volumes cannot be
reached by thermal expansion at practical temperatures. Thus Ni- and Co-doped SiC can be
considered practically nonmagnetic and will likely not be suitable for spin injection or other
spin-electronic applications. V, Cr, Mn, and Fe can exist in high-spin states in SiC matrix. We
found that magnetic Fe in SiC orders antiferromagnetically, while the rest of the impurities
order ferromagnetically. Small magnetic moments of V atoms and localized nature of d-
orbitals in (Si, V) C prevent this DMS from reaching high ordering temperatures. Magnetic
interaction between Cr atoms was found to be strong but short-ranged, so that (Si, Cr) C is
also not expected to exhibit high ordering temperatures at reasonable Cr concentrations, at
least if only the direct exchange mechanism is responsible for the ordering. On the other
hand, Mn-Mn interaction, although not as strong, was found to be relatively weakly
dependent on the interatomic distance. The resulting mean-field Curie temperature was
estimated to be above room temperature even for the case of the relatively modest Mn
doping of 5%. Exchange interaction was found to be strongly dependent on the spatial
distribution of Mn in SiC lattice with the value of the Curie temperature reaching 550 K in
one of the atomic configurations.

Given the long-range character of Mn-Mn exchange interaction in SiC host, among the TM
impurities Mn is perhaps the most promising candidate for achieving room temperature
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DMS behaviour. The analysis of the band structure of (Si, Mn) C suggests that ferromagnetic
coupling in Mn-doped SiC is mostly due to Zener’s double exchange, which is related to the
fact that the Fermi level in (Si, Mn) C lies within a Mn impurity band in the gap. This result
is reliable in the sense that there is no spurious resonance of Mn levels in the allowed bands.
The latter is often a problem due to the notorious underestimation of the bandgap by
DFT+LDA or DFT+GGA and, as a result, the source of a mistakenly assumed long-range
carrier-mediated exchange in, for example, diluted magnetic oxides such as Mn-doped ZnO
(Zunger et al., 2010 and references therein). Such incorrect placement of TM levels within
the allowed bands leads to the creation of a hostlike delocalized orbital that promises long-
range exchange interaction (similarly to the classic case of (Ga, Mn) As (MacDonald et al.,
2005; Sato et al., 2010), where the highest Curie temperatures to date were confirmed for the
“true DMS” material and where Mn impurities serve as a source of both magnetic moments
and valence band holes, the latter mediating magnetic moment interaction via an RKKY-
type Zener’s kinetic p-d exchange mechanism). Thus, the electronic structure of (Si, Mn) C is
rather different from that of (Ga, Mn) As and more resembling that of wide bandgap
(Ga, Mn) N DMS (Sato et al., 2007) with the Fermi level within an impurity band in the gap.
Still, however, we find the remarkably long range interaction between Mn atoms in SiC
leading to the Curie temperature values being safely above room temperature.

It is of course important to keep in mind the approximations imposed by the use of the
Heisenberg and mean-field models for the description of the SiC DMS system. In particular,
many-electron effects, which may be important in the case of narrow impurity bands, if
taken into account, may lead to an improvement of the Curie temperature estimations. For
disordered systems one may need to additionally take into account the problem of exchange
interaction percolation, as in this case the mean-field model tends to overestimate Curie
temperature values for low impurity concentrations. Such overestimation, however, may
not be as pronounced in the case of the longer-range exchange, which is demonstrated by
substitutional Mn in SiC. On the other hand, introduction of free carriers in order to achieve
free-carrier-mediated exchange, which is usually sufficiently long ranged and could further
stabilize the FM state in SiC DMS, may only turn out possible by co-doping with a shallow
impurity in addition to a TM, since TM levels in SiC are expected to be deep donors and
acceptors (Miao & Lambrecht, 2006). Shallow impurity concentration will need to be
comparable to the TM concentration to overcome compensation and produce a sufficient
concentration of free carriers. This entails further reconstruction of the host lattice and is
subject to solubility difficulties. Given the very high, compared to those typical to
semiconductor devices, TM concentrations which are usually required for achieving the
needed exchange coupling efficiency, one will likely need to resort to nonequilibrium
growth and doping. Co-doping may become another alternative for increasing TM solubility
(Pan et al., 2010). The strong influence of the substitution site and lattice relaxation on
magnetic properties of SiC DMS also suggests that magnetic properties of such materials are
expected to be very sensitive to the growth and processing conditions and point out the high
importance of a careful experimental approach to their synthesis.

Rather scarce experimental data available for SiC DMSs do not, unfortunately, allow to
judge conclusively on how accurate our predictions are. In a recent communication (Jin et
al., 2008) 10% Cr-doped amorphous SiC was reported to be ferromagnetic above room
temperature with the average magnetic moment of 0.27 u,. Although Cr concentration of

10% approximately corresponds to the Si;CoCr;, supercell for which we obtained a large
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value of the ordering temperature, it should be kept in mind that effectively this result was
obtained for the nearest neighbour dimers. As the magnetic interaction was found to drop
off quickly beyond the nearest neighbours, for a random impurity distribution it would
likely not percolate throughout the lattice. Although the authors reported their samples to
exhibit hole conductivity, it may have been due to residual impurities or defects in the
material since, according to the calculations (Miao & Lambrecht, 2006), both Cr donor and
acceptor levels are deep in the gap and cannot be the source of free carriers. Nevertheless,
the existence of free holes may have led to an additional, hole-mediated exchange
interaction playing the role in stabilizing ferromagnetism at larger distances between the
impurities. At least some of the experimental studies of Fe-doped SiC reported
ferromagnetic DMS behaviour in Fe-implanted 6H-SiC (Theodoropoulou et al., 2002;
Stromberg et al, 2006). Our calculations reveal nonmagnetic ground state and
antiferromagnetic ordering in the magnetic state of (Si, Fe) C. Such discrepancy may be
explained by several factors. First, as we already mentioned, state preference may change at
nonzero temperatures. Second, our calculations were done for the TM impurities in the SiC
lattice distributed either homogeneously or in the nearest neighbour pair configuration.
Various other substitution TM configurations are possible and, as has been shown in (Cui et
al., 2007) for (Ga, Cr) N DMS, different nanocluster complexes, including substitutional and
interstitial TM atoms, as well as the other lattice defects, not only may be more favourable
for formation compared to the homogeneous or random impurity distributions, but also can
significantly alter magnetic properties of the DMS such as the ordering type and
temperature. Various impurity complexes can coexist in a statistical distribution, further
complicating the physical picture. Contribution of secondary phases to the magnetic signal
can also not be ruled out completely (Stromberg et al., 2006).

SiC doped with Mn received more attention from the experimentalists compared to the
other SiC DMSs and the reported promise of this impurity for obtaining high Curie
temperatures is in-line with our conclusions. Most of the authors reported ferromagnetic
ordering close to or above room temperature in Mn-doped SiC. These reports include
ferromagnetism with the Curie temperatures of around 250 K in 5% Mn-implanted 6H-SiC
(Theodoropoulou et al., 2002), low-Mn-doped polycrystalline 3C-SiC (Ma et al., 2007) and
single crystalline 6H-SiC (Song et al., 2009). Tc around 300 K was reported for Mn-Si films
synthesized on top of 4H-5iC and for Mn-diffused 3C-SiC (Wang et al., 2008). It should be
stressed, however, that conclusions on the magnetic ordering and critical temperatures
cannot be reliable if they are made using only magnetisation data, which is often the case.
Lessons that have been learned in the last years suggest that the complex nature of DMS
materials requires using a broad range of complementary techniques for an unambiguous
all-around description of the material in-hand. Only such approach will allow avoiding
possible pitfalls the experimentalist can encounter. Future theoretical work should also
include studies of co-doping, impurity complexes and, perhaps, disorder to be able to
provide an even more accurate guidance for the experimentalist. Recent detailed
investigation of structural, magnetic and magneto-optical properties of thin Mn-doped SiC
films (Wang et al., 2008) and investigation of Mn-defect complexes in 3C-SiC (Bouziane et
al., 2008) are the first step towards understanding the nature of SiC DMSs, where impurities
and defects constitute a significant portion of the crystal lattice atoms.

According to science historians, Wolfgang Pauli some 80 years ago said regarding
impurities in semiconductors: “One shouldn’t work on semiconductors, that’s a filthy mess;
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who knows whether any semiconductors exist.” Modern semiconductor technology, which
few these days can imagine the life without, managed to make an exquisite use of these once
troublesome impurities. Will the researchers and technologists be able to continue the
success story by integrating magnetism and harnessing the spin? We hope that the
presented analysis of the magnetic states of SiC DMSs and the tendencies that were
established may serve as a “road map” and motivation for experimentalists for
implementing magnetism in silicon carbide, one of the oldest known semiconductors.
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