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Nature of stable and metastable states of the electronic structure of
vacancy threads on the surface of silicon carbide
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A system containing silicon vacancies on the surface of SiC-3C silicon carbide has been studied by the density
functional theory. It is shown that the initial state of a system with a zero magnetic moment is metastable. The Si
atom on the vacancy thread is a strong centre of attraction for electrons, despite their Coulomb repulsion. Therefore,
it is advantageous for an electron from a weakened carbon atom in the C—C bond to tunnel to a silicon atom in
the Si—C bond and thereby reduce its length from 1.96 Ato 1.92 A. Relaxation of the elastic energy of the Si—C
bond provides a decrease in the total energy by 0.29 eV. During tunnelling, the electron reverses its spin, doubling
the total magnetic moment. Thus, the negative Hubbard correlation energy of electrons (negative-U) is realized in
the system. In the presence of an external magnetic field, electrons can tunnel through any closed loop of vacancy

threads, ensuring the diamagnetism of this material.
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Unique physical, mechanical, and electrical properties
make silicon carbide (SiC) one of the most promising
wide-gap semiconductors [1,2]. Since both silicon and
carbon are group IV elements, SiC has certain features that
A?B® and A’BS crystals are lacking. Specifically, silicon
vacancies Vg in SiC have a magnetic moment, which in
itself distinguishes this semiconductor from others [1]. In
addition, the SiC surface also differs greatly in its properties
both from the surfaces of A’B® and A®B> crystals and from
the surfaces of Si and C crystals. For example, the surfaces
of silicon Si(111) and diamond C(111) with the (1 x 1)
reconstruction are antiferromagnetic [3], while the surfaces
of 3C-SiC(111) and 3C-SiC(111) with the (1 x 1) recon-
struction are, on the contrary, ferromagnetic. Presumably, it
is the silicon vacancies in SiC that are responsible for the
anomalous magnetic susceptibility, diamagnetic properties,
and terahertz emission of SiC containing Vg [4-6], since
ideal SiC without Vg; does not have these properties.

It is very hard to create Vg; in SiC, since the approximate
formation energy of uncharged Vg is 8eV [7], while the
formation energy of carbon vacancies V( is approximately 2
times lower. Only V¢ are formed if one tries to produce
vacancies in SiC thermally. Therefore, Vg in SiC are
obtained through irradiation with high-energy particles: both
electrons [8] and neutrons or protons [9]. A large number of
unwanted defects form in this case, and the concentration
of Vg still remains very low [8]. A fundamentally new
approach to SiC production was proposed in [10]: cubic SiC
is formed through a chemical reaction of a Si crystal with
carbon monoxide gas (CO). When 3C-SiC is synthesized by
this method, silicon vacancies are one of the intermediate
reaction products that are essential to the growth of a
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SiC film. The method was developed to a significant
extent in [11,12] with the aim of obtaining an even greater
concentration of silicon vacancies and increasing the 3C-SiC
layer thickness. Since the approximate formation energy of
silicon vacancies in a Si crystal is 3.3 eV [13], a large number
of vacancies form near the surface when a Si crystal is
heated in vacuum to a temperature on the order of 1300°C
within several minutes. If a thin layer of silicon on its surface
is converted at this point into 3C-SiC in a chemical reaction
with CO gas

2Si(crystal) + CO(gas)=3C-SiC(crystal) + SiO(gas) T,

(1)
a certain fraction of vacancies in silicon are transformed
into Vg in 3C-SiC [11,12]. Following the completion of
Si—CO reaction, a certain fraction of formed vacancies are
»sealed” in the SiC layer, but most of them merge into pores
in silicon under the SiC film. Since the diffusion of CO
gases into the reaction zone and SiO from the reaction zone
proceeds largely through vacancies, the diffusion coefficients
increase by approximately two orders of magnitude. This, in
turn, leads to an approximately order-of-magnitude increase
in resulting thickness of the SiC layer (compared to the
thickness obtained using the method [11]). However,
regardless of whether SiC samples were obtained by the
method [10] or synthesized by the method [11,12], they
all contain a certain concentration of silicon vacancies V;,
which leads to the emergence of a number of unusual
phenomena: anomalous magnetic susceptibility, diamagnetic
properties, and Aharonov-Bohm and de Haas—van Alphen
quantum effects manifested at room temperature. In
addition, they emit electromagnetic waves in the terahertz
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Figure 1. Metastable state of a vacancy thread in the (110) direction on the 3C-SiC(111) surface with the (2 x 1) reconstruction. Voids
formed by silicon vacancy Vs are represented as translucent spheres. Si—C bonds in Pandey chains are highlighted in red; the magnetic
moment is zero. A color version of the figure is provided in the online version of the paper.

range [4-6]. The aim of the present study is to establish
possible reasons for the emergence of these properties in
3C-SiC containing Vg in density-functional-theory (DFT)
calculations [14].

Let us note first that silicon vacancies Vg in 3C-SiC
interact with each other in a highly anisotropic manner. It
can be shown using the DFT method [14] that they repel
each other in all directions except (110) [15]. In direction
(110) Vi; are attracted to each other even if they have the
same charge [15]. This strong attraction is attributable to the
formation of new C—C carbon bonds, which reduce greatly
the elastic energy of a crystal. There are three equivalent
(110) directions in 3C-SiC, and it is along these directions
that Si atoms are positioned. The angle between these
directions is 60°. Owing to this attraction, Vg; are arranged
in threads in the (110) directions with alternating Si atoms
and Vg;, namely ...—Si—Vg—Si—Vg—Si—.... Moreover,
the density functional method reveals that Vg are attracted
very strongly to the surface of a 3C-SiC crystal. Calculations
in the present study were performed using the plane-wave
Medea-VASP code with pseudopotentials based on the pro-
jector augmented waves (PAW) method [14]. The surface
was characterized by a supercell 21.4 x 6.16 x 21.1 Ain
size containing an atomic SiC core (slab) with three layers
of atoms (64 C atoms and 64 Si atoms) and a vacuum
gap above with a thickness of 12A. Periodic boundary
conditions were set in all three directions in the supercell.
The vacuum gap is needed to isolate the surface from
artificial interaction with the core through periodic boundary
conditions along the z axis [14]. The removal of one of
two Si atoms along the y axis (i.e., every second atom)
is equivalent to the formation of a vacancy thread along
the y axis, which corresponds to the (110) direction of a
3C-SiC crystal. Thus, the approximate distance between
vacancy threads in directions x and z is 22 A, which is
a fine model for non-interacting threads. Minimization of

the energy of this system provides an opportunity to study
the properties of a vacancy thread on the 3C-SiC. surface.
The PBE functional in the spin-polarized approximation was
used to calculate the system energy [14]. A Monkhorst—
Pack [14] k-point grid was used for integration over the
Brillouin zone. The distance between points was less than
0.2 A~!, which ensured high accuracy of calculations of the
magnetic properties of the system. In the present study, Vi
are considered to be uncharged, which corresponds to high-
resistance (undoped) Si from which 3C-SiC was grown.
Figure 1 shows the studied system with a vacancy thread
on the 3C-SiC surface, which is obtained by minimizing
the total energy. For definiteness, only the C-surface of
3C-SiC (i.e., 3C-SiC(111)) was investigated in the present
study. The results for the silicon surface are very close. As
the energy is minimized, the (2 x 1) surface reconstruction,
which corresponds to the energy minimum for numerous
crystals with a diamond-like structure [16], is established.
This approach provides an opportunity to examine energy
Vsi as a function of distance to the SiC C-surface, but this
requires the use of larger supercells. Figure 2 shows the
dependence of energy of a system with one vacancy Vs;
(vacancy thread in the (110) direction) on the distance
between the vacancy and the C-surface of 3C-SiC. The
points in this figure corresponding to distances 0, A, and
2hy (ho = 2.52 A is the SiC layer height) were calculated
directly with the use of supercells, and point 10k, was
estimated using a similar model with an infinite distance
from Vg to the surface. It is evident that vacancy threads
are attracted very strongly to the crystal surface. Therefore,
a large number of vacancies are likely to assemble into
threads on the 3C-SiC surface at a SiC growth temperature
on the order of 1200°C. Let us emphasize that the initial
state of the vacancy thread on the 3C-SiC surface has zero
magnetic moment, since additional 7 bonds form between
Si and C atoms with dangling bonds on the (2 x 1) surface.
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Figure 2. Dependence of the energy of a system with one

vacancy Vs (vacancy thread in direction (110), Fig. 1) on the
distance from Vs; to the 3C-SiC(111) surface; hy = 2.52 A is the
SiC primitive cell size. The system with Vg on the 3C-SiC(111)
surface corresponding to Fig. 1 was taken as the zero point.

These 7 bonds form zigzag lines called Pandey chains [17],
which eliminate the very possibility of forming a magnetic
moment. The bonds in these chains are shown in red
in Fig. 1.

The results of DFT calculations in the present study
demonstrate that this state of the electron subsystem without
a magnetic moment is metastable. A stretched Si—C
bond located directly in a vacancy thread may become
shorter if an additional electron is localized on it. This

leads to partial relaxation of the elastic Si—C bond energy,
and the energy gain may be greater than the Coulomb
repulsion energy of electrons. Calculations reveal that this is
exactly what happens in SiC containing vacancy threads of
uncharged Vgi. The solution with magnetic moment u = 0
is not the only one; there is also a solution with magnetic
moment y = 2up, where up is the Bohr magneton. The
energy of the latter solution, which is found by choosing a
suitable initial approximation of the electron wave function,
is AE = 0.29¢eV lower than the energy of the metastable
solution. Calculations of the electron localization function
(ELF) [18] in this system demonstrate that an electron
tunneled from a C atom involved in the formation of the
C—C bond to a Si atom in a vacancy thread (Fig. 3):

Si + C" = Si™ +C" +AE. 2)

In the initial metastable state without a magnetic moment,
the length of this bond was Ig;_co = 1.96 A; in the final
stable state with u =2ug, it is Is_c; = 1.92A (for
comparison, the Si—C bond length in unstressed SiC is
lsi_.c = 1.89 A). Since the lengths of other bonds change
to a much smaller extent, the main change in elastic
energy is associated with this Si—C bond. It should be
emphasized that when an electron tunnels from C to Si,
its spin is reversed, doubling the magnetic moment value.
The tunneling distance of an electron is 3.75 A, which is
approximately 2—3 times shorter than its characteristic de
Broglie wavelength. The magnetic moment density in the
stable state is shown in Fig. 3; the shortened Si—C bond
is highlighted in green. The magnetic moment regions
correspond fully to a p electron of both Si and C atoms,
which indicates clearly that it is the p electron involved in
hybridization that is tunneling.

Figure 3. Region of localization of the magnetic moment in a vacancy thread in a stable state with 4 = 2 ug. The regions with a magnetic
moment density of 0.15¢/A> are highlighted in blue. The arrow indicates the direction of electron tunneling Si° + C® — Si~ + C* over a
distance of 3.75 A with a simultaneous spin reversal. The relaxed Si—C bond is highlighted in green, and Si—C bonds in Pandey chains
are highlighted in red. A color version of the figure is provided in the online version of the paper.
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Figure 4. Closed loop on the SiC surface in the form of an
equilateral triangle with a side of 6.16 Aand silicon vacancies at the
vertices. In the stable state, the total magnetic moment is 3.9 ug
(spin up). The regions with spin up and a magnetic moment
density of 0.2¢/A® are highlighted in blue, and the regions with
spin down and a magnetic moment density of 0.1 /A% are shown
in green. One Si atom and seven C atoms with their p electrons
having a magnetic moment are involved in tunneling of an electron
(or electrons) along the Vs triangle. A color version of the figure
is provided in the online version of the paper.

The tunneling time interval may be estimated using the
formula
h 6.6-1071%eV s

At ~ —

1015
AE 0355V 23-1075s. (3)

The obtained value is approximately two orders of magni-
tude smaller than the elastic oscillation time of a Si—C bond.
Therefore, it may be assumed that the energy exchange
between an electron and a Si—C bond proceeds without
dissipation. It should be noted that the possibility of a
dissipationless energy exchange between an electron and
elastic bonds in a crystal has been discussed by Bagraev as
early as in 1989 [19].

Since three identical (110) directions form a grid of
straight lines intersecting at an angle of 60° on the SiC(111)
surface, Vs may form closed loops on the surface, such as
triangles, hexagons, quadrangles, trapezoids, etc. Figure 4
shows the simplest case with three Vg corresponding to an
equilateral triangle with a side of 6.16 A. Calculations reveal
that this case is the one corresponding to the minimum
energy for three vacancies. One Si atom and seven C atoms

are involved in a complex manner in electron tunneling; the
approximate magnetic moment is 3.9 ug, and the total en-
ergy gain is 0.81 eV. If an external magnetic field is present,
electrons may start to tunnel through these eight atoms (in
a triangle), compensating for this field. To conclude, let us
estimate magnetic susceptibility y of the studied material. If
we assume that electrons in an external magnetic field tun-
nel without dissipation along a closed loop on the surface,
the magnetic susceptibility of this layer with a thickness of
0.25nm and a density of 3.2 g/cm? will correspond to that of
an ideal diamagnetic material (i.e. —1/(4)). Accordingly,
the susceptibility of a 25-nm-thick SiC film with its surface
containing 10 % of regions with closed loops of vacancies is
x~—1073(3.2-4m) 'em3/g ~ —2.5- 1073 cm?/g, which
is very close to the experimental data [5] converted to
a film thickness of 25nm; i.e., the diamagnetism of SiC
with vacancy threads on the surface is approximately
100 times stronger than the diamagnetism of pure SiC
(—2.7-1077 cm?/g).

Thus, it was demonstrated via density-functional-theory
calculations that SiC containing silicon vacancies supports
tunneling of an electron from a C atom in a C—C bond
to a Si atom involved in the formation of a stretched
Si—C bond in a vacancy thread on the SiC surface. The
reduction in elastic Si—C bond energy ensures electron—
electron attraction despite the Coulomb repulsion (this effect
is sometimes called the Hubbard attraction or negative
Hubbard correlation energy, negative-U) [20]. Presumably, it
is this suppression of electron repulsion through the elastic
Si—C bond energy that induces the Aharonov-Bohm and
de Haas—van Alphen quantum effects observed at room
temperature in SiC containing Vs;.
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