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Magnetic susceptibility of hybrid SiC/Si structures synthesized by

coordinated atomic substitution method
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The static magnetic susceptibility of SiC/Si hybrid structures grown by the method of coordinated substitution

of atoms (MCSA method) at different synthesis times has been measured. The static susceptibility of the samples

under study was carried out by using the Faraday method on the Faraday Balance setup based on the MGD 312 FG

spectrometer. The results showed that all SiC/Si structures, regardless of the time of their synthesis, are diamagnets

(χ < 0), and the absolute of their magnetic susceptibility, measured at room temperature, is more than three orders

of magnitude higher than the absolute values of the magnetic susceptibility of both silicon and silicon carbide. As

a result of the structural studies of both the SiC layer it was found that the main contribution to the diamagnetism

of the hybrid structure is made by the transition layer at the SiC/Si interface. It was found that this layer consists

of twin ordered layers located parallel to the interface boundary in the (111) plane with a period of 0.252 nm with

a triple periodicity, i. e. with an interval of 0.756 nm. Quantum mechanical calculations have shown that these

twinned ordered layers contain ordered ensembles of silicon vacancies located along the 〈11̄0〉 direction.

Keywords: magnetic susceptibility, diamagnetism, silicon carbide on silicon, silicon vacancies, terahertz radiation,

nanostructures.
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1. Introduction

This study is a continuation of the papers [1–3]. The pro-

cesses of crystal structure evolution and surface properties

of single-crystalline Si during its chemical transformation

into an epitaxial SiC layer were studied in these papers.

Si was chemically transformed into SiC by the method

of coordinated substitution of atoms (MCSA) developed

in a series of works, the main provisions of which are

summarized in a number of reviews [4,5]. MCSA method

is based on the reaction of the interaction of gaseous

carbon monoxide (CO) with the surface of single-crystalline

silicon at a certain temperature, pressure, and flow rate

of CO. One of the silicon atoms is removed as a result

of this reaction, volatilizing with the SiO molecule, and

the other, which is in the Si crystal lattice, combines with

carbon CO. In doing so, a vacancy is formed in the silicon

cell. A distinctive feature of this reaction, which allows the

growth of highly refined silicon carbide layers on the silicon

surface, is that it proceeds in three stages separated by time,

unlike the reactions used in classical methods of growing of

SiC on Si [6–8].

A detailed description of the changes occurring during

the formation of the SiC/Si structure and the associated

significant changes in a number of physical properties of

SiC/Si hybrid heterostructures can be found in Refs. [1–3].
They can be briefly described as follows:

− on Si substrates of p- and n-types of conductivity, the

processes of SiC formation proceed in a similar manner;

there are only slight differences in the kinetics of the

chemical transformation of Si into SiC;

− in SiC films grown on both Si(111) substrates of

p-type of conductivity and Si(111) substrates of n-type of

conductivity, only compressive elastic strains are formed

during the synthesis process; however, the films synthesized

on Si(111) substrates of p-type of conductivity are elasti-

cally more compressive compared to those synthesized on

Si(111) substrates of n-type of conductivity;

− elastic strains in the SiC film are significantly depen-

dent on SiC synthesis time, having a maximum value at the

beginning of synthesis (1min of synthesis) and completely

relaxing by 40th minute of synthesis;

− significant changes are undergone in the optical proper-

ties of the films, in particular, there are significant changes

in the photoluminescence and ellipsometric spectra.
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Significant changes in the microstructure of SiC/Si sam-

ples were also confirmed by scanning electron microscopy

(SEM).
SiC/Si(111) hybrid structures grown by the coordinated

atom substitution method were found to be diamagnetic

in Ref. [9]. Moreover, the SiC/Si structures, possess

significantly larger absolute values of magnetic susceptibility

χ(T, H), both compared to the magnetic susceptibilities

of silicon χ(T, H) = −0.228 · 10−6 cm3/g at 300K [10]
and silicon carbide χ(T, H) = −0.265 · 10−6 cm3/g at

300K [10]. Moreover, magnetic susceptibility hysteresis was

found in SiC/Si samples in weak magnetic fields at room

temperature in Ref. [9], which is not observed in either

silicon or silicon carbide.

Therefore, the aim of this paper was to measure the

static magnetic susceptibility of SiC/Si structures and inves-

tigate it as a function of synthesis time of SiC/Si hybrid

structures. In addition to the data we have previously

obtained by scanning electron microscope in Ref. [3] along
with measurements of the magnetic susceptibility of the

SiC/Si structure, we analyzed in this paper both the SiC

films themselves and their interfaces by high-resolution

transmission electron microscopy (HR TEM).

2. Materials and methods

Magnetic susceptibility measurements were performed on

the same samples of SiC/Si hybrid structures whose struc-

ture evolution was investigated and described in Ref. [3].
The SiC films studied in Ref. [3], were grown on the

surface of facets (111) of Si wafer of p- and n-type of

conductivity over the following times: 1; 3; 5; and 40min.

The method for synthesizing such structures is described

in Ref. [3]. Here, we only briefly describe the main steps

of SiC/Si synthesis. Before growing of SiC the surface of Si

wafers was cleaned from possible organic impurities, foreign

micro-particles, metal ions and anions. A layer of silicon

oxide was removed from the surface of Si wafers, and then

the surface was passivated with hydrogen as required to

obtain a highly refined SiC layer on Si according to the

technique described in Ref. [11]. SiC was grown at 1270 ◦C

in an atmosphere of a mixture of CO and SiH4 gases

with flow rates of QCO = 12ml/min and QSiH4
= 3ml/min.

The total gas mixture pressure of CO and SiH4 during

growth was PCO+SiH4
= 360Ra. The synthesis process at

each of the time intervals (1, 3, 5, 40min) was conducted

simultaneously on substrates of both p-type and n-type of

conductivity, i. e., substrates were kept in the reactor under

the same growth conditions.

The static magnetic susceptibility of the samples was

measured using the Faraday method. This method, used to

study the magnetic properties of weakly magnetic materials,

is based on the use of special scales with electromagnetic

compensation. This method is based on measuring the inter-

action force of a sample of mass m with an inhomogeneous

external magnetic field. The relationship between the value

of the specific static magnetic susceptibility χ(T, H) and the

measured force F(T, H) acting on a sample placed in a

magnetic field gradient is defined by the expression

χ(T, H) = F(T, H)/(mH dH/dz ).

The external magnetic field gradient dH/dz is created

by the special shape of the magnet pole tips. The shape

of the pole tips ensures that the value of the product

H dH/dz remains constant in the entire volume occupied

by the sample. For measurements, the samples under study

were placed in a quartz cup connected to the scales by a

quartz suspension. The force F(T, H) acting on the sample

was found as the difference of the magnetic field interaction

force with the sample placed in the cup and the force acting

on the empty cup under the same experimental conditions.

The experimental setup was calibrated using a reference

sample, magnetically pure indium phosphide with a mag-

netic susceptibility of χ(T, H) = −0.313 · 10−6 cm3/g.

Measurements were performed on a Faraday Balance fa-

cility based on the MGD 312 FG, FG spectrometer at room

temperature in the range of magnetic fields of 1.5−4 kOe.

The sweep of the external magnetic field in the experiment

was performed with steps 5, 10, and 200Oe. The

microstructure of the SiC/Si layers was investigated by high-

resolution transmission electron microscopy (HR TEM).

3. Experimental results

For convenience in presenting the results, we denote the

SiC/Si samples as follows. The chemical symbols denote the

chemical structure of the sample, the numbers denote the

synthesis time in minutes, and the Latin letters p and n
respectively denote the conductivity type of the silicon

substrate. For example, the number SiC/Si-1p means that

the SiC layer was grown on Si of p-type of conductivity and

its synthesis continued for 1min.

Figure 1 shows the results of magnetic susceptibility

measurements of SiC/Si structures synthesized during:

1, 3, 5 and 40min.

Figure 1 shows that the magnetic susceptibility behavior

of SiC samples grown on Si of p- and n-types of conductivity
are significantly different from each other, and the obtained

dependences have a very curious feature. First, the

magnetic susceptibility of all, without exception, SiC/Si

samples is negative, i. e. all SiC/Si samples are diamagnetic.

Second, the functional dependences of the specific magnetic

susceptibility of SiC samples grown on Si of p- and n-types
of conductivity are almost mirror images of each other.

The maximum, absolute value of magnetic susceptibility is

possessed by the SiC/Si sample synthesized on a Si substrate

of p-type of conductivity for 40min. The magnetic suscep-

tibility of a similar sample but synthesized on a Si substrate

of n-type of conductivity is half as large. An inversion of the

obtained dependencies is observed at low synthesis times of

SiC samples grown on Si of p- and n-type of conductivity.

The absolute susceptibility value of the SiC sample grown
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Figure 1. The dependences of the magnetic susceptibility of

SiC/Si samples grown on Si(111) surface on the synthesis time;

on the vertical axis magnetic susceptibility values taken with the

opposite sigh are plotted; on the horizontal axis — values of

synthesis time; dots in the figure indicate the synthesis times of

the samples.

on Si of n-type of conductivity for 1min is greater than

the SiC sample synthesized on Si of p-type of conductivity

for the same time. SiC samples obtained on Si substrates

of p- and n-types of conductivity during 3min synthesis

have close magnetic susceptibility values. The magnetic

susceptibility of the SiC sample grown on Si substrate

of p-type smoothly increases its diamagnetism with the

increase of synthesis time, tending to saturation. In contrast,

the diamagnetism of the SiC sample grown on Si substrate

of n-type decreases and saturates after forty minutes of

synthesis. As already mentioned, the diamagnetism of the

studied samples is characterized by much larger values of

magnetic susceptibility than silicon and silicon carbide.

The magnetic susceptibilities of SiC/Si hybrid structures

are comparable in order of magnitude to magnetic suscep-

tibilities of polycrystalline graphite with magnetic suscep-

tibility of χ(T, H) = 3.0 · 10−6 cm3/g at 289K [10,12]. It

should be noted that we characterized the diamagnetism

of the SiC layer by averaging the magnetic susceptibility

value over its mass. However, if the main diamagnetic

contribution is made only by a small part of the layer

formed in a certain way, its magnetism will be described

by a significantly larger value of the magnetic susceptibility.

4. Discussion and analysis of results

The experimental data obtained are very interesting from

two points of view. First, the following legitimate question

arises. What is the reason for such a strong diamagnetic

response of structures to an external magnetic field. Second,

the nontrivial dependence of the magnetic susceptibility on

the growth time of hybrid SiC/Si structures is surprising.

The analysis of the time evolution processes conducted

in Ref. [3] showed that differences in the kinetics of

the formation and growth are still observed during the

transformation of Si into SiC on Si substrates of p-type and

on Si substrates of n-type although proceeding in a similar

manner. Thus X-ray diffraction [2] studies have shown that

there are no elastic deformations at all synthesis stages in

SiC films grown on Si substrates of n-type of conductivity.

In contrast, SiC films synthesized on Si substrates of p-type
of conductivity during 1min are elastically compressed. The

elastic stresses also completely relax in SiC structures grown

on Si substrates of p-type of conductivity with the increase

of the synthesis time. At the same time, the pore density

(based on scanning microscopy data in Ref. [3]), in the

Si substrate of p-type, exceeds the pore density in the

n-type substrate in case of SiC synthesis during 40min.

However, all the basic properties of SiC/Si films, namely

optical (measured by ellipsometry, Raman spectroscopy,

and photoluminescence spectra), surface properties, i. e. re-

construction, layer thicknesses, and pore densities in SiC/Si

structures, generally change symbate with each other.

It should be noted that if SiC films were grown on Si

using a standard method, such as the CVD [6–8], then the

growth process would increase the thickness of the films,

while the film properties themselves remain unchanged.

Everything is different in the case of SiC grown on Si by

the method of coordinated substitution of atoms (MCSA).
A solid SiC layer is formed in less than minute in case

of growth by this method. Further synthesis of the layers,

leads only to changes in the composition and structure of

the SiC/Si interface and the structure of the diffusion zone

in the silicon substrate. It is the structure of the SiC/Si

boundary that, in our opinion, determines the unusual

behavior of the specific magnetic susceptibility dependences

shown in Figure 1. It was found in Refs. [13,14] that a thin

intermediate layer with dielectric permittivity corresponding

to a half-metal is formed at the 3C-SiC(111)/Si(111)
interface. It was also suggested in Refs. [13,14] that so-

called partial dislocations are formed at the SiC/Si interface,

leading to the formation of stacking faults with interlayers

of densely stacked hexagonal phases (4H-SiC and 6H-SiC)
located in the main phase of cubic silicon carbide [3].

The magnetic susceptibility measurement data and the

results obtained in Ref. [9] led us to realize the need for

a more thorough analysis of the SiC/Si interface by high-

resolution transmission electron microscopy (HR TEM).
The same SiC/Si samples with the numbers SiC/Si-Tp
and SiC/Si-Tn, in which the letter T denotes the synthesis

time of the samples, were used for structure studies by

TEM. This paper for saving space presents the HR TEM

images of the layer structure and electron diffraction images

of the interface of SiC/Si hybrid structures grown at times at

which the most significant changes in magnetic susceptibility

are observed, i. e. at 1, 3, and 40min. Thin layers were

prepared from these samples, across the growth axis in the

〈11̄1〉 direction, for further investigation by TEM techniques.

Physics of the Solid State, 2025, Vol. 67, No. 4
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Figure 2. HR TEM cross-section and electron diffraction patterns of the interfacial interface of SiC/Si-1n and SiC/Si-1p samples;

(a) — sample of SiC/Si-1n, (b) — selected area electron diffraction (SAED) patterns recorded from a section of the interface of this

substrate; (c) — sample SiC/Si-1p, (d) — selected area electron diffraction (SAED) patterns recorded from a section of the interface of a

given substrate.

Figures 2−4 shows the HR TEM images of the layer

structure and electron diffraction images of the interface

of SiC/Si hybrid structures grown on substrates of n-
and p-type of conductivity for 1, 3, and 40min.

The white dashed line in Figure 2, a is the line showing

the interface between Si and the twin transition layer SiC;

orange arrows indicate stacking faults running parallel to the

SiC/Si boundary; white arrows indicate stacking faults lying

at an angle of 54.75◦ to the SiC/Si boundary. Twinning

reflections from
”
triple periodicity“ are indicated by blue

arrows in Figure 2, b; the twinning axis is indicated by a

blue line; red dashed lines are drawn along the reflexes

of the main SiC matrix; blue dashed lines mark the

twinning; Si and SiC reflexes are indicated by green arrows,

respectively. Light bands of weak intensity connecting the

main reflexes in two directions are tractions caused by

stacking faults; orange arrows indicate tractions parallel to

the SiC/Si boundary (corresponding to the orange arrows

in Figure 2, a); white arrows indicate the streaks oriented

at the angle of 54.75◦ (corresponding to the white arrows

in Figure 2, a). The white region in Figure 2, c highlights

the
”
triple periodicity“ stacking faults located in the SiC

layer and oriented at an angle of 54.75◦ to the SiC/Si

boundary; the blue region highlights the
”
triple periodicity“

stacking faults located in the SiC layer and oriented parallel

to the SiC/Si boundary; the green region highlights the

Moire pattern formed by superposition of two disoriented

Si crystal lattices; the green arrows in the Figure 2, d

indicate additional reflections formed around the main Si

reflections from superposition of two Si lattices; low-

Physics of the Solid State, 2025, Vol. 67, No. 4
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Figure 3. HR TEM cross-section images and selected area electron diffraction (SAED) patterns recorded from patterns of the interfacial

interface of the SiC/Si-3n and SiC/Si-3p samples; (a) — sample SiC/Si-3n, (b) — selected area electron diffraction (SAED) patterns

recorded from a section of the interface of this substrate; (c) — sample SiC/Si-3p, (d) — selected area electron diffraction (SAED)
patterns recorded from a section of the interface of a given substrate; the green circles in Figure 3, b separate the main Si reflections, from

the brighter reflections of the
”
double diffraction“.

intensity reflections from twinning of the main matrix are

shown by white and blue arrows, respectively.

The electron diffraction pattern on Figure 3, d is acquired

using the
”
selective aperture“ from the region highlighted

by the blue circle in the TEM image of Figure 3, c; the

white double arrow indicates streaks along the SiC reflexes

located in one direction only, which correspond to stacking

faults oriented at an angle of 54.75◦ .

The stacking faults in the interfacial boundary region

are clearly visible on the HR TEM images of the end

chips of the interface of SiC/Si sample SiC/Si-1n shown

in Figures 2−4. Electron diffraction shows the presence

of cubic phase of 3C-SiC in the carbide layer, in addition to

the main reflexes there are less intense reflexes from twins

of phase of 3C-SiC, and also there is a system of streaks

in two directions (light bands of weak intensity connecting

the main reflexes), corresponding to stacking faults. The

triple periodicity is observed in the form of bands running

parallel to the interface boundary in the SiC layer closer to

the substrate boundary. In the electron diffraction pattern,

in addition to the primary SiC reflections, twin reflections

from
”
triple periodicity“ are visible (marked by blue arrows;

the twinning axis is indicated by a blue line). Red dashed

lines are drawn along the reflections of the main SiC matrix,

while the twin is marked by a blue dashed line. In addition

to reflexes from twins in SiC, we observe streaks (light

bands of weak intensity connecting the main reflexes) in

two directions, such streaks are caused by stacking faults

oriented parallel to the SiC/Si boundary). They are indicated

Physics of the Solid State, 2025, Vol. 67, No. 4
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Figure 4. HR TEM cross-section images and electron diffraction patterns of the interphase boundary of the SiC/Si-40n and SiC/Si-40p
samples; (a) — SiC/Si-40n sample, (b) — selected area electron diffraction (SAED) patterns recorded from a section of the interface of

this substrate; (c) — sample SiC/Si-40p, (d) — selected area electron diffraction (SAED) patterns recorded from a section of the interface

of a given substrate; white arrows (Figure 4, (b)) indicate the presence of stacking faults oriented at an angle of 54.75◦ to the interface.

Orange arrows indicate stacking faults oriented parallel to the SiC/Si interface; white arrows indicate stacking faults oriented at an angle

of 54.75◦ to the SiC/Si interface.

by orange arrows. Streaks oriented at an angle of 54.75◦ are

indicated by white arrows.

The pattern of the interface structure shown in these fig-

ures is similar to the pattern, of the 3C-SiC layer structure,

given in Ref. [15]. Epitaxial films of cubic 3C-SiC, which

was grown by molecular beam epitaxy (MBE) on the

surface of hexagonal single crystal 6H-SiC, have been

studied by HR TEM. The authors of the paper [15] found
that along the regions of the 3C-SiC polytype, possessing a

crystal structure, regions exhibiting triple periodicity with an

interval of 0.756 nm are observed. This distance is half the

constant
”
c“ of the lattice of 6H-structure. After analyzing

the microdiffraction patterns, the authors of the paper [15]

concluded that these regions are nothing but the overlapping

regions of the twins of the polytype 3C-SiC. This overlap

results in the formation of layers with a period of 0.252 nm,

with a repetition of this structure every three layers. The

distance between layer repetitions is 0.756 nm. A similar

structure is formed in the interface zone as follows from the

pattern of microphotography shown in Figure 2, b and in our

case. The microdiffraction image shown in Figure 2, b and

taken from this area also indicates this and, therefore, can

be described using the model of overlapping twin 3C-SiC

phases with triple periodicity [15]. In our case, the triple-

periodicity sites are located along the 3C-SiC/Si interface,

while in the case of the growth of 3C-SiC on 6H-SiC

by MBE method [15], these regions are located inside

the 3C-SiC layer and are bounded from the sides by

Physics of the Solid State, 2025, Vol. 67, No. 4
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defects of another type. In the case of SiC growth on Si

by the method of coordinated atom substitution, another

structure is formed besides the structure of twins with triple

periodicity formed at the interface inside the interface layer.

This structure, as can be clearly seen in Figure 2, a, is

oriented at an angle of 54.75◦ . This Moire pattern, indicates

that the SiC layer contains stacking faults located in two

directions 〈100〉. Inside the interface layer (Figure 2, a),
the formation of these defects can be seen. They have just

begun to form and, as will be seen later, at longer times

these defects will sprout into the SiC layer.

Let us now turn to Figure 2, c and Figure 2, d. These

figures show a TEM image of the SiC/Si interface and

the corresponding electron microdiffraction image from this

interface of the SiC/Si-1p sample.

It is evident from Figure 2 that the structure of the

SiC/Si interface of the SiC/Si-1p sample is fundamentally

different from the structure of the SiC/Si interface of

SiC/Si-1n sample (Figure 2, a). There is no Moire pattern

in the interface area in SiC/Si-1p sample. However, twins

began to appear in the 3C-SiC layer itself away from

the SiC/Si interface. Both twins parallel to the interface,

along the interface, and twins located at an angle of

54.75◦ in the 〈100〉 directions are present in layer 3C-SiC.

In difference to the twins in the SiC/Si-1n sample, the twins

in the SiC/Si-1p sample are poorly formed and only form in

a small region of the SiC layer.

Both elastic mechanical compressive stresses (dark spots)
and Moire patterns formed due to the superposition of two

disoriented crystal lattice Si (highlighted in the drawing

by the green region) are observed in silicon in the image

closer to the interface. The diffraction pattern (Figure 2, d)
shows the so-called

”
double diffraction“, which results in

the formation of additional reflexes around the main Si

reflexes (in Figure 2, d this diffraction is indicated by green

arrows). A
”
triple periodicity“ is observed in two directions

in a SiC layer: parallel to the surface (blue region) and at an

angle 54.75◦ (white region). These are areas with weakly

intense reflexes in the diffraction pattern (Figure 2, d), they
are indicative of twinning of the underlying matrix. They

are indicated by white and blue arrows in Figure 2, d,

respectively.

When the synthesis time is further increased, the struc-

ture of the SiC/Si interface undergoes significant changes

(Figure 3). Phases with triple periodicity in the 〈11̄0〉
direction are hardly observed at the interface of the sample

SiC/Si-3n (Figure 3, a). At the same time, twins appeared

in the 〈100〉 direction, both in the SiC layer and in

the Si substrate. On the contrary, the beginning of twin

structure formation along the 〈11̄0〉 direction can be seen

in the interfacial zone in SiC/Si-3p sample. Moreover, the

formation of these structures occurs already in the silicon

substrate itself, far from the interfacial boundary. Twin

formation is particularly intense in the SiC layer of the

SiC/Si-3n sample along the 〈100〉 direction. In silicon

itself, there are significant changes in its crystal lattice, as

evidenced by the Moire pattern, which goes deeper into

the Si layer; accordingly, the diffraction pattern (Figure 3, b)
shows bright reflexes from the

”
double diffraction“, located

around the main reflexes of Si (they are indicated by green

circles in Figure 3, b). Reflections from
”
double diffraction“

are also observed around the main SiC reflexes, but they are

less intense. These reflexes are formed from a layer with a

Moire pattern. A possible reason for the formation of this

Moire pattern− is the superimposition of a layer of Si of a

different orientation on the SiC layer. The
”
triple periodicity“

is also observed in the SiC layer, but it is oriented at an angle

of 54.75◦, and there is almost no
”
triple periodicity“ parallel

to the SiC/Si interface.

An even more complex Moire pattern is observed in

the SiC/Si-3p sample, where several Si directions overlap.

This disruption of the crystal structure of the substrate

goes deeper into the Si layer and begins to appear in

the pore neighborhood and reaches the Si/SiC interface.

The electron diffraction image was obtained using
”
selective

aperture“ (the selection region is shown by the blue circle

in the SEM image, thus we got rid of unnecessary
”
double

diffraction“reflexes). We see streaks along the SiC reflexes

on the diffraction. They are oriented only in one direction

and, correspond to stacking faults oriented at an angle

54.75◦ to the interface. Reflexes from twinning of the

corresponding
”
triple periodicity“ in the same direction are

observed on the streaks.

The inversion of the structure of the SiC/Si interface

takes place after 40min of synthesis (Figure 4). There

are no phases with triple periodicity in the SiC/Si-40n
sample (Figure 4, a), but twins oriented at an angle 54.75◦

in the 〈100〉 directions are clearly visible. Twin reflexes

from
”
triple periodicity“ (white arrows in drawing 4, b)

are visible in the electron diffraction image in addition to

the main SiC reflexes, as well as streaks that correspond

to stacking faults, all oriented at an angle 54.75◦ to

the interface.

The SiC/Si-40p sample (Figure 4, c) has a fundamentally

different structure. It practically replicates the structure

of the SiC sample grown on the Si substrate of n-type
during 1min of synthesis. The formation of twin layers with

a period equal to 0.252 nm can be traced in this sample,

as in the sample whose image is shown in Figure 2, a,

and every three layers this structure is repeated (orange
arrows indicate these defects). The distance between layer

repetitions is 0.756 nm. The Figure also shows stacking

faults directed at an angle 54.75◦ to the interface (they are

labeled with white lines); however, diffraction reflections

from them are barely visible.

5. Discussion of results

We noted above that the structure studies performed

in Ref. [3] could not provide a definite answer about the

physical reasons leading to such different magnetic suscepti-

bility time dependencies of synthesized SiC/Si samples on Si

substrates of n- and p-type of conductivity. Only by studying
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Figure 5. The dependences of the twin layers thickness, obtained

from TEM data (Figures 2−4).

the evolution of the microstructure of these samples by

HP TEM, we were able to detect fundamental differences

in the interface structure in SiC/Si samples grown on Si

substrates of n-type and p-type of conductivity at different

synthesis times. Analysis of TEM images unambiguously

showed that twin regions of silicon carbide of the 3C-SiC

polytype with a period equal to 0.252 nm with a triple

periodicity with an interval of 0.756 nm are formed at the

SiC-Si interface in the samples that possess the maximum,

in absolute value, value of magnetic susceptibility, i. e. every

three layers they are repeated. Moreover, these regions are

observed along the (111) plane, practically along the entire

length of the sample, and their number is of the order of

ten. In result, the thickness of the entire transition layer

containing the twin regions of silicon carbide can reach

values on the order of 10−11 nm. There is either no such

a structure in samples, which have a smaller absolute value

of magnetic susceptibility or the thickness of this layer is

much smaller, of the order of 1−3 nm. We emphasize

again that the thickness is determined by the number of

silicon carbide twin layers. In addition, twin layers with

thicknesses on the order of 1−10 nm are also formed in

these samples, but they are oriented not along the 〈111〉
direction, but along the 〈100〉 direction. These data are fully

correlated with the magnetic susceptibility measurements

(Figure 1). In our opinion, this indicates, first, that

the SiC/Si samples have significantly greater diamagnetic

properties than silicon and silicon carbide individually, and

second, that the diamagnetism of SiC/Si is determined

mainly by the structure and thickness of the SiC-Si transition

layer. Figure 5 shows the dependences of the values of the

thicknesses, determined by the thickness of the twin layers,

of the transition layer of SiC/Si samples on the synthesis

time, plotted from the data obtained by HR TEM, whose

images are shown in Figures 2−4. It can be seen from

the graphs shown in Figure 5 that the thickness dependences

of the transition layers behave similarly to the magnetic

susceptibility dependences shown in Figure 1. These results,

in our opinion, unequivocally prove that it is the discussed

physical properties of the transition layer between 3C-SiC

and Si that are responsible for the detected anomaly in the

magnetic properties of the hybrid structures.

Figure 6, a shows the structure of SiC twin interfacial

layers (i. e. the boundary between 3C-SiC (111) and

3C-SiC (111̄)), in which the carbon atoms are opposite

each other, resulting in the formation of C−C bonds with

the length of 1.6 Å. This structure is calculated by the

density functional method in the Medea-Vasp package using

pseudopotentials and plane waves with a cutoff energy of

400 eV. The calculations show that this twinning boundary

attracts silicon vacancies on both the silicon and silicon

carbide sides, thereby lowering the total energy of the

system by about 3.5 eV per vacancy. Just as in the volume,

silicon vacancies are attracted to each other in the 〈11̄0〉
direction, forming vacancy filaments in this direction [16].
Figure 6, b shows an image of the twin structure with a

vacancy thread in the 〈11̄0〉 direction (i. e., silicon atoms are

absent in every other position in this direction [16]). Density
functional calculations show that there is no magnetic

moment in the initial state as well as in the SiC volume.

However, such a state is metastable. Calculations have

shown that it is advantageous for the electron of the

carbon atom above the vacancy strand to tunnel to another

carbon atom to the right of the vacancy (Figure 6, b) at a

distance 3.4 Å. This probability is approximately 40%. In

this case, the spin of the electron necessarily reverses its

direction. The result is that the system acquires a magnetic

moment of 0.8 Bohr magneton and energy of about 0.01 eV

a b

A

B

C

Si

A

B

C

C

Figure 6. (a) Image of twinning boundary in 3C-SiC with C−C

bonds. The positions of densely stacked layers in 3C-SiC are

denoted by A,B, C; (b) Doubling boundary in 3C-SiC with

silicon vacancy filament in the 〈11̄0〉 direction marked by the red

arrow. The regions of magnetic moment of 0.04 electron at Å3,

i. e. difference in density of electrons with spin up and spin down,

are marked by blue color.
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is released, corresponding to a radiation frequency of

2.4 THz. The region with a magnetic moment greater than

0.04 electrons on Å3 is shown in Figure 6, b in blue.

The measured susceptibility values were calculated per

unit weight of the samples for the determination of magnetic

susceptibility. The results of the microstructure analysis

obtained by HR TEM showed that out of the whole sample

weight, only the transition layer is the main contributor

to the magnetic susceptibility. This fact unambiguously

indicates that it is necessary, based on the data obtained

by the HR TEM method, to recalculate the value of

the magnetic susceptibility of the hybrid structure, given

in Figure 1, as applied only to the transition layer.

The thicknesses of the SiC layers and the values of the

thicknesses of the silicon bed underneath the SiC layer

can be determined with a reasonable degree of accuracy

from the TEM data. Comparing these thicknesses with

the thicknesses of SiC layers obtained by ellipsometry,

given in Ref. [3] (as indicated above, the data on mag-

netic susceptibility, presented in Figure 1, obtained from

the same samples [3]) it is possible to show that they

almost coincide, which, however, is to be expected. We

provided the values of the silicon magnetic susceptibility

of χ(T, H) = −0.228 · 10−6 cm3/g and the silicon carbide

magnetic susceptibility of χ(T, H) = −0.265 · 10−6 cm3/g

at 300K in the introduction. Thus, the magnetic sus-

ceptibility values of silicon carbide and silicon are of the

same order. Since the thickness of the silicon substrate

equal to 400µm is more than 80−100 times larger than

the thicknesses of the SiC layers lying in the region of

40−65 nm (see Figure 7 in Ref. [3]), then with a high

degree of accuracy, it can be stated that the magnetic

susceptibility of the Si substrate with a SiC layer, without

a transition layer, has an average value that coincides with

the magnetic susceptibility of silicon, i. e., it has a value

of the order of χ(T, H) ∼= −0.23 · 10−6 cm3/g. It follows

from the data in Figure 1 that our measured values of

the magnetic susceptibility of the SiC/Si samples lie in the

region of values from

χ(T, H) ∼ −(0.8÷ 1.4) · 10−6 cm3/g.

If we subtract the value χ(T, H) ∼ −0.2 · 10−6 cm3/g from

the magnetic susceptibility values shown in Figure 1, and

consider that the density of Si is 2.3 g/cm3, and the density

of 3C-SiC is 3.2 g/cm3 [17], then we obtain that the magnetic

susceptibilities of the transition layers per total mass of

SiC/Si samples, i. e., per mass of both silicon and silicon

carbide lie in the region of values

χ(T, H) ∼ −(0.6÷ 1.2) · 10−6 cm3/g.

The thickness of the transition layer varies from 10 nm

for SiC layers grown on Si substrate of n-type for 1min and

SiC layers grown on Si substrate of p-type for 40min to a

thickness of the order of 1 nm and less for SiC layers grown

on Si substrate of p-type for 1min and Si substrate of n-type
for 40min. Since the transition layers are SiC twins, the

density of the transition layer can be put equal to that of SiC.

It follows that approximately in terms of the mass of a one

nanometer thick layer, its magnetic susceptibility is of the or-

der of magnitude χ(T, H) ∼ −5 · 10−4 cm3/g or, given the

density of SiC, in dimensionless form χ(T, H) ∼ −2 · 10−3.

This value of magnetic susceptibility, taken modulo the

absolute values of magnetic susceptibility of most carbon

structures [12]. A more precise value for this value is

not yet possible because more accurate data on the size

of the SiC-Si transition regions are needed. However, the

magnetic susceptibility value we found differs significantly

from both the magnetic susceptibility values of silicon and

silicon carbide and the magnetic susceptibility values of

various carbon structures. This suggests that the transition

state at the SiC/Si interface is a new, previously unknown

nanostructure formed on Si during the synthesis of SiC by

the coordinated atom substitution method [4,5].
In our opinion, the phenomenon of the generation of

intrinsic terahertz radiation (THz) in the frequency range of

0.12 THz and 3.4 THz from SiC/Si nanostructures, which we

discovered earlier [18,19], is attributable to the formation of

a special kind of twin layers with a period equal to 0.252 nm

and with a triple periodicity with an interval of 0.756 nm

(Figures 2−4) and with an ensemble of silicon vacancies

located in the twin boundary region (Figure 6, b).
It should be noted that the detected effect of the

formation of a special structure of the interfacial interface

during the chemical synthesis of SiC is obviously inherent in

a wide class of solid-phase chemical transformations. Thus,

the formation of transition phases of the PdSe2−x type was

found in Ref. [20] during the synthesis of ultrathin films of

palladium selenite (PdSe2), the composition, structure, and

electrical properties of which were a function of synthesis

time PdSe2.

6. Conclusions

As a result of the study conducted in this paper, the

dependences of magnetic susceptibility on the time of

synthesis of SiC from Si using the method of coordinated

atomic substitution were obtained. The following was found.

− The magnetic susceptibility of all, without exception,

SiC/Si samples is diamagnetic, i. e. all SiC/Si hybrid struc-

tures are diamagnetic.

− The absolute value of magnetic susceptibility at room

temperature, anomalously, is more than three orders of

magnitude higher than the magnetic susceptibility values of

diamagnetics such as silicon and silicon carbide.

− The absolute value of magnetic susceptibility at room

temperature is an order of magnitude greater than the same

characteristic of highly oriented pyrolytic graphite (HOPG).
− The microscopic studies by HR TEM of the SiC/Si

interface of samples whose magnetic susceptibility was

measured by the Faraday method proved that the main

contribution to the diamagnetism of the hybrid structure

comes from the SiC-Si transition. This layer consists of
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twinned, ordered layers arranged parallel to the interface

boundary in the plane (111) with a period equal to 0.252 nm

with a triple periodicity with an interval of 0.756 nm,

i. e., every three layers are repeated.

− The magnetic susceptibility of each twin layer has a

value approximately equal to χ(T, H) ∼ −5 · 10−4 cm3/g.

− The number of twin layers varies depending on the

time of growth of the SiC layer on Si(111). Moreover, this

number varies antisymmetrically in case of SiC layers grown

on Si substrates of n- and p-types of conductivity. At the

beginning of the process of growing (synthesis during the

1st minute) of SiC on Si substrate of n-type of conductivity,

the number of twin layers is larger than that on Si substrate

of p-type of conductivity, whereas at the completion of 40-

min synthesis, the density of these layers is significantly

higher on the Si substrate of p-type of conductivity than on

the Si substrate of n-type of conductivity.

− Quantum mechanical calculations have shown that the

interfacial boundary region with twin layer structure is an

attractor for silicon vacancies.
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