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AnHotamusi: [IpencraBieHpl pe3ynibTaThl KBaHTOBO-XHMHYECKOTO MOJICIMPOBAHUS CTPYKTYPHBIX M 3JCKTPOHHBIX
COCTOSIHUH KOMIUICKCHBIX Je(DEKTOB «O0p + BaKaHCHs» HAa THAPUPOBAHHON M YHCTOW MOBEPXHOCTH ajiMasa, PH BapHaIIH
noJioxkeHuss BV KOMIUIEKCOB B BEPXHHX IIECTH MPHUITOBEPXHOCTHBIX CIIOSX. PacCMOTpEeHBI HEHTpaIbHBIC, TIOJI0KHUTEIBHEIC
U OTPHULATE]IBHO 3apsHKEHHBIC COCTOSIHUS KOMILIEKCOB. J[JIsi TPEThero M YeTBEPTOro CJIOEB PACCMATPUBAIKCH [1BA
Pa3UYHBIX TOJIOKEHUSI TPUMECHOTO M COOCTBEHHOTO Je(eKTOB B cocTaBe BV KoMIUIeKca: MOJ JUMEPHBIM PSIOM
U B MeXIypsnbe. [IpoaHanu3MpoBaHO BIMSHHE I[ACCHBAI[MM IOBEPXHOCTH HAa IMOJOXeHHe BV KOMILIEKCOB Ha
sHepreTudeckor Ikane. OOHapyKeHO, YTO THUAPHUPOBAHME MOBEPXHOCTH IPUBOJUT K H3MEHEHHI0 KOH(Urypaluu
Haubonee crabuiabHoro BV kommiekca. IlokazaHo, 4to (opMupoBaHUE JIOKaIbHOH TpaduTOnomo0HON CTPYKTYpHI
C T-COIPSIKEHUEM SIBJISIETCS OCHOBHBIM CTA0MJIM3HUPYIOIMM (AKTOPOM Il PACCMOTPEHHBIX NE(PEKTHBIX CTPYKTYD,
HE3aBHCUMO OT PAaCCMOTPEHHOTO 3apsoBOro coctosiHus. OOHapyKeHO, 4TO paclpelesieHne CHMHOBOHM IUIOTHOCTH
60J'II)L[II/IHCTBa HCCIICAJOBAHHBIX OTPULATCIIbHBIX BV7 KOMIIJIEKCOB, HAXOAAINXCA HECTOCPEACTBEHHO B IMPUIIOBEPXHOCTHBIX
CJIOSIX YMCTOW M TUAPUPOBAHHON TTOBEPXHOCTH, MMOIOOHBI CIIMHOBBIM CBOMCTBAM KOMILIEKCOB B 00bEME aimMasa.

KiroueBble ciioBa: nmosepxHocth anMaza C(100)-(2%1); KBAaHTOBO-XMUMHUYECKOE MOJESIUPOBAHKE; TIPUMECHBIE JTe(DEKTHI;
BaKaHCHUHU.
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1. Introduction

“Impurity + vacancy” complexes in diamond
have attracted considerable attention since the 1970s.
The data of experimental and theoretical studies
accumulated to date indicate the possibility of using
“nitrogen + vacancy” complexes (NV centers) for
measurements on nanoscale of wvarious physical
quantities; for quantum information processing at
room temperature; as biomarkers in medicine. Since
the optical activity of NV centers is directly related to
the distance between defects and the surface of
diamond particles, the use of complexes located in
the near-surface layers is promising for achieving the
highest resolution in measurements at the nanoscale
[1, 2]. “Boron + vacancy” complexes (BV complexes)
are considered as alternatives to NV defects.
However, experimentally and theoretically, near-
surface BV complexes remain poorly studied in
comparison with defects in the bulk of diamond.
In this regard, quantum-chemical modeling of BV
complexes on the diamond surface is of considerable
interest.

It is known that the most stable position in
diamond is boron as a substitutional impurity leading
to p-type conductivity [3]. The symmetry of an
acceptor defect as a substitutional impurity in hole-
type diamond was experimentally studied earlier [4]
by infrared spectroscopy using uniaxial compression.
The changes in the position of the spectral peaks were
explained by the destruction of the tetrahedral
symmetry of the T4 defect under deformation
conditions. Later, the results of studying the electrical
properties (conductivity and Hall effect) and neutron
activation analysis showed that boron is the most
probable impurity forming an acceptor level (0.37 eV
above the valence band edge) [5]. The tetrahedral
symmetry of a negatively charged boron atom in the
position of carbon atom substitution in the diamond
lattice was experimentally determined by X-ray
photoelectron diffraction [6]. For the nearest
environment of the boron atom in the neutral state,
Jahn-Teller relaxation is noted: one of the
interatomic B—C distances is reduced by about 2 %
compared to the others due to loosening of the
electron density in one of the bonding orbitals [7, 8].
Thus, the symmetry of the neutral defect is trigonal
(Csy). The Jahn-Teller relaxation of the nearest
environment of neutral impurity atoms B was
experimentally proved in studies of boron-doped
diamond by the method of Raman light scattering at
low temperatures (6 K) [9], as well as by observing
the Zeeman effect [10].

10.17277/jamt.2021.04.

Theoretically, studies of single boron atoms and
a number of “boron + vacancy” complexes in
diamond were carried out by the method of quantum-
chemical calculations using the density functional
theory (DFT) [7, 8, 11, 12]. In [11], a boron impurity
was studied near various faces of diamond
nanoparticles. In [8], B,V multicomplexes were
investigated for the volume of diamond; later, the
structure of the energy levels of BV centers in various
charge states was investigated [12]. According to
calculations, negatively charged BV ' centers can be
created using an external electric field; the ground
state of such centers is triplet.

It is obvious that, according to DFT calculations,
different coating of the diamond surface
C(100)-(2x1) (hydrogen, fluorine, oxygen, hydroxyl
groups, nitrogen) affects the properties of NV centers
[13]. It is shown that the optical properties of NV
centers located in the 7-th and deeper layers from the
surface are similar to the properties of centers in the
bulk of diamond. It was found that the proximity to
the surface leads to fluctuations in the position of the
energy levels in the ground and excited states of NV
centers located in the second and deeper to 6-th layers;
however, these centers are optically active [13].

A similar study for BV complexes in various
charge states located in the near-surface layers was
not performed previously. Earlier in our works [14,
15], neutral BV complexes were investigated in four
layers near a clean diamond surface. Geometric and
energy characteristics of various configurations were
calculated, as well as the charge distribution in the
immediate environment of defects [14]. It was
determined that a stable BV complex is a state in
which a boron atom replaces a carbon atom in the
fourth layer, while a vacancy is in the third layer
under the dimer row. A hexagonal “graphene-like”
structure of atoms bonded by m-conjugation is formed

on the surface [14]. Next, we simulated the
adsorption properties of the most stable and
metastable neutral BV complexes during the

deposition of atomic hydrogen on the clean surface,
as well as a comparison with the properties of the
defect-free surface [15]. However, negatively charged
BV complexes are of particular interest, since the
structure of their energy levels in the ground and
excited triplet states meets the necessary conditions
for using as a working element for quantum
computing (qubit) [16]. In addition, it is interesting to
study the effect of the charge on the configuration of
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the most stable defect on the surface (boron in the
fourth layer, vacancy in the third layer under the
dimer rows) and the properties of the surface
hexagonal “graphene-like” structure. The effect of the
complete coverage of the diamond surface with
various elements and groups of atoms on the structure
and properties of BV complexes in the near-surface
layers was not studied previously either. It should be
noted that modeling of the hydrogenated diamond
surface is traditionally used to determine the overall
passivation effect [17]. In addition, according to
experimental studies, near the hydrogenated surface
of the diamond, by applying an appropriate electrical
potential difference, switching between charged and
neutral charge states of the “nitrogen + vacancy”
complexes can be achieved [18, 19]. Thus, the study
of BV complexes in various charge states near the
hydrogenated diamond surface is of interest for
possible practical applications.

The aim of this work was the quantum-chemical
simulation of BV complexes in the near-surface
layers of the hydrogenated diamond surface
C(100)-(2x1):H, as well as comparison with
complexes on the clean surface. The geometric,
electronic, and energy -characteristics of wvarious
configurations were calculated by varying the
position of the complexes in neutral, negatively and
positively charged states. The studies were carried
out using a cluster model, semi-empirical
approximations, and calculation schemes that were
previously successfully applied to simulate single
vacancies and “impurity + vacancy” complexes in
near-surface layers [14, 15, 20, 21].

2. Calculation method

The modeling of the clean reconstructed
diamond surface C(100)-(2x1) was carried out on the
Co44H116 cluster using the semi-empirical PM3
method implemented in the MOPAC software
package [22]. The original cluster contained 10 layers
of carbon atoms. The dangling bonds of carbon atoms
at the edges of the clusters were saturated with
hydrogen atoms, according to the model of univalent
pseudoatoms [23, 24]. The essence of this model can
be summarized as follows: the valences of the
boundary atoms of the cluster are saturated using
monovalent atoms (called pseudoatoms). Monovalent
atoms are usually chosen on the basis of close values
of electronegativity of pseudo-atoms and cluster
atoms. Thus, the deviation from the stoichiometric
charge distribution for cluster atoms is minimized.
To simulate the structure and properties of clusters
based on silicon, germanium, or carbon, hydrogen
atoms are usually chosen as monovalent

pseudoatoms.  Technically, the  optimization
procedure for the cluster geometry consists of several
successive stages consisting in free optimization of
the position of hydrogen atoms bounding the cluster,
while maintaining the symmetry of the ideal lattice
for the main cluster atoms, followed by full
optimization of cluster atoms while fixing the
position of pseudoatoms [25].

Since this work uses the semi-empirical method
for calculating the structure and properties of
complex defects, it seems appropriate to give a brief
description of it. A detailed description of semi-
empirical quantum-chemical methods is contained in
the review [26]. It is known that all calculations of
systems consisting of many atoms are based on
approximate solutions of the Schrédinger equation.
Semi-empirical methods consider only the valence
electrons of the system involved in the formation of
chemical bonds; the electrons of the inner shells are
included in the potential of the nucleus [26]. Most of
the time in the Hartree—Fock—Roothan calculations
by the methods “from first principles” is spent on the
calculation and  operations  with  integrals
characterizing the Coulomb and exchange interactions
between electrons. Various semi-empirical methods
use simplifying assumptions about these integrals.
Some of them are set to zero, while others are
replaced by parameters taken from the experiment.

The MNDO (Modified Neglect of Diatomic
Overlap) method [27] is based on the semi-empirical
Neglect of Diatomic Differential Overlap (NDDO)
method [28], where the product of two different
atomic orbitals is taken to be zero when they are
localized on different atoms. In the MNDO method,
the expression for the electron energy of a many-
particle system of nuclei and electrons includes the

terms Hy, and H,,y, which in this approximation are
calculated as follows [26]:

Hy =Uy — ZVHHB 8
B#A

Hyy =~ ZVuvB >
B#A

where the orbitals of the p, v electrons are localized
on the atom A; the energy of the orbital @, in the

field of its own nucleus A and electrons of the inner
shells:

The terms on the right-hand side of the equations for
H,, and H,, are determined according to atomic
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spectroscopic data and correspond to the one-electron
two-center interaction between the @, @, orbitals

of atom A and the nucleus of atom B. The total
energy of the many-particle system is the sum of the
electron energy and the repulsive energy between the
nuclei of atoms A and B:

Epp = ZAZB(SASA |SBSB)><

x{l+exp(— o s Rag)+exp(—agRap )}

where the a coefficients are parameterized for atoms
separately.  Parametrization of the MNDO
approximation is based on experimental data on the
main properties of molecules: heats of formation,
geometry, the ionization potentials, dipole moments.

The PM3 and PM6 methods are modified
methods of Neglect of Diatomic Differential Overlap
(MNDO, Parametric Method Number 3, 6) [29, 30].
In these approximations, one more term is added to
the expression for calculating the internuclear
interaction, which can be interpreted as the Van der
Waals attraction energy. In the PM3 approximation,
the additional term is determined by the spherical
Gaussian functions:

YAVA
Ey(A,B)=EMNPO(A B)+ 11: B
AB
2 2
% (Z akAe_bkA(RAB_CkA) +y akBe—ka(RAB—CkB) j ,
k k

with a, b, and ¢ being adjustable parameters. In the
PM3 approximation, two Gaussian functions are used
for one atom.

In the PM6 approximation, the nuclear
interaction potential is written in the form [31]
(xap,04p are adjustable parameters):

Exg=Z7Zp (SASA|SBSB )x
% {1+ % expl 0t 5 (R +0.0003RS ).

The advantage of quantum chemistry semi-
empirical methods over ab initio is that semi-
empirical calculations require significantly less
computer time, as well as the required amount of
operative and external memory. In [32], the accuracy
of some semi-empirical approximations and DFT
methods in determining the formation energy of
1276 molecules was compared. The value of the
average error (in absolute value) was determined as
the difference (in kcal/mol) in the values of the
calculated and experimentally determined energy of
molecule formation. It was determined that the

average errors are 15.38, 6.54, 5.57, 6.69 kcal-mol ™!
for the MNDO, PM3, PM5, DFT methods,
respectively [32].

In our previous articles [20, 21, 33], test
calculations were carried out: modeling of mono- and
divacancies in the upper layer of a clean diamond
surface using a number of approximations (PM3,
PM6, MNDO), as well as the reconstructed fully
hydrogenated and fluorinated diamond surface
C(100)-(2x1). Comparison of the results obtained
with the theoretical calculations [34 —36] and
experimental works [37] made it possible to
determine the PM3 approximation as the optimal one
for the chosen calculation model. According to the
calculations in [36], carried out by the DFT methods
(periodic conditions), the energies of formation of
neutral single mono- and divacancy are 2.97 and
1.28 eV, respectively. Thus, the difference in energies
of clusters with two monovacancies or one
divacancy should be equal to 4.66 eV. The use of the
PM3 method made it possible to achieve the best
agreement (0.12 eV per defect) with the difference
between the formation energies of two single mono-
vacancies located at a large distance from each other
and one divacancy calculated in [36]. In addition, in
the case of using the PM3 method, the geometric
parameters of vacancies were closest to the data
obtained as a result of DFT calculations of the same
work. In connection with the above, to simulate
complex BV defects, the PM3 approximation was
used in this work.

At stationary points of the system, the average
forces on atoms did not exceed 0.02 eV/A. The total
cluster energy, bond orders of atoms, population of
atomic orbitals, molecular, localized orbitals were
calculated. Point defects were simulated by removing
a carbon atom from the cluster (vacancy defect) or
replacing it with boron (impurity defect). When
simulating the fully hydrogenated surface (Fig. 1), the
cluster contained 24 additional H atoms adsorbed on
the outer surface was used: each atom of the surface
dimers formed a covalent bond with one hydrogen
atom. The dimeric bond was retained, but the
corresponding C—-C bonds became single, in
accordance with the literature data on the
reconstructed hydrogenated surface [38, 39].

3. Results and Discussion

It was noted above that the Jahn—Teller relaxation
for the nearest environment of an impurity boron atom
in the neutral state in the diamond lattice was proved
experimentally. A similar result for boron atoms
in 5-6 layers of the diamond surface C(100)-(2x1)
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Fig. 1. Fragment of the Cy44H 40 cluster simulating a surface with an ordered structure C(100)-(2x1):H
(During the calculations, the defects moved in layers 1-6. The carbon atoms replaced by boron atoms or vacancies
are highlighted in light gray. The positions below the dimer rows and in the row spacing are designated
by numbers 1 and 2, respectively. Hydrogen atoms saturating bonds going into the bulk are not shown)

was obtained in this work: three B—C bonds are 1.62
A, the fourth bond is reduced (1.59 A). Thus, the
bond lengths for the ideal diamond lattice, for three
equivalent bonds and for the shortened bond
surrounded by a defect are in the ratio 1/1.05/1.03.
This ratio is in agreement with the results of DFT
calculations (for periodic conditions) in [7]:
1/1.03/1.02. Consequently, the use of the model
cluster and the calculation scheme makes it possible
to obtain the results that agree with the available
experimental and theoretical data (qualitatively and
quantitatively, respectively).

Using the MOPAC software package, the PM3
approximation, and the initial clusters Cy44Hii6
(clean surface) and Co44H140 (hydrogenated surface),
the energy, geometric, and electronic characteristics
of the C(100)-(2x1) surface were studied by varying
the position of complex BV defects in the upper six
near-surface layers. In all the cases, the intrinsic and
impurity defects were located in neighboring lattice
sites. For the third and fourth layers, two different
positions of defects were considered: under the dimer
row — 3 (1), 4 (1) — and between rows — 3 (2), 4 (2).
The corresponding configurations are illustrated in
Fig. 1.

16 combinations of complex BV defects were
studied in neutral, negatively and positively charged
states. Table 1 shows the energies of -clusters
containing the complex defect. The energy of clusters
with the vacancy defect located as far as possible
from the surface is taken as zero. In accordance with

the energy level diagram from [12], neutral,
negatively, and positively charged BV complexes
were considered in the states of a doublet, a
“biradical” triplet, and a singlet, respectively.
The exceptions were negatively charged complex 1
on a clean surface, as well as negatively charged
complex 3 on a hydrogenated surface, for which the
lowest energy state was found, corresponding to
a system of molecular orbitals (MO), twice occupied
by electrons with oppositely directed spins.

Fig. 2a, b illustrates the energy dependence of
CoaoH116B clusters (clean surface) on the defect
position in the near-surface layers; Fig. 2c,d
illustrates similar dependencies for Cj42Hi40B
clusters (hydrogenated surface). The position of the
complex was determined by the layer number L
containing the boron atom (Fig. 2a, ¢) or the vacancy
(Fig. 2b, d). When constructing the graphs for each L,
the BV complexes corresponding to the lowest value
of the cluster energy were selected. On the clean
surface, the lowest energy is possessed by defect 1
(boron in the fourth layer, vacancy in the third layer
under the dimer row). On the hydrogenated surface,
the most stable defect is the BV complex located
directly in the upper layers: boron in the second layer,
vacancy in the first (complex 3). It should be noted
that the obtained results do not depend on the charge
state of the defect. Stable BV complexes are
illustrated in Fig. 3. To elucidate the reasons for this
difference, these states were considered in more
detail, the description of which is contained in Table 2.
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Table 1. The value of the total energy E of clusters C,4,H; 6B (clean surface)
and Cy4oH140B (hydrogenated surface) for various configurations of the “boron + monovacancy” complex

Complex Layer number L BV’ BV" BV"
number, with with clean hydrogena clean hydrogena clean hydrogena

K boron vacancy surface, £, ted surface surface, £, ted surface surface, £, ted surface
eV E, eV eV E eV eV E eV

1 4(1) 3(1) -7.57 -1.25 -6.17 -1.09 -6.81 -0.71

2 2 3(1) -5.35 —-1.52 -6.03 —-1.65 —4.63 -1.62

3 2 1 —4.83 -5.03 —4.30 -3.11 —4.35 —4.28

4 3(1) 2 -1.78 -0.57 -1.03 -0.75 -1.80 -0.12

5 1 2 -2.89 -2.19 —4.25 -1.43 -2.52 —-1.65

6 6 5 -0.81 -0.34 -0.22 -0.19 0.00 0.06

7 3(2) 2 -2.00 -1.95 -0.77 —0.67 -1.05 -0.70

8 5 4(2) -0.57 -0.17 —-0.35 —-0.35 —-0.03 0.07

9 3(2) 4(2) —-1.65 —-1.11 -0.91 -0.77 —0.88 -0.73

10 3(1) 4(1) -0.93 0.06 -0.51 0.05 —0.48 0.21

11 4(2) 3(2) -0.59 0.55 0.10 0.12 0.24 0.88

12 4(1) 5 -0.17 0.10 -0.12 —-0.09 0.43 0.31

13 5 4(1) —0.38 -0.20 -0.34 -0.26 -0.54 0.15

14 4(2) 5 -0.98 —0.38 -0.33 -0.24 -0.57 -0.39

15 2 3(2) 0.28 0.52 -1.33 0.39 -0.92 0.61

16 5 6 0.00 0.00 0.00 0.00 0.00 0.00

Note: The numbers in brackets correspond to the positions of the defects under the dimer row (1) and and

between the rows (2).

_lE, eV - L E, eV L
0 T T T ._ 0 T T T ‘_
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n
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Fig. 2. The dependency of the total energy E of C4oH 6B (with the clean surface) (a, b) and Cp4pH;40B
(with the hydrogenated surface) (c, d) clusters on the layer number L containing the boron atom (a, ¢) or the vacancy (b, d),
for the most stable BV centers in different charge states
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Fig. 3. The most stable BV complexes:
a — clean surface, complex 1; b —hydrogenated surface, complex 3
(In the left figure, carbons atoms C1-C6 and C8—C14 are numbered 1-6 and 8—14, respectively.
The boron atom B7 is marked with 7 and highlighted in pink)

Table 2. The calculations results of electronic and geometric parameters of stable BV complexes (to Fig. 3a)

Defect BV’ BV BV
Surface Clean Hydrogenated Clean Hydrogenated Clean Hydrogenated
1 2 3 4 5 6 7

Defect number 1

B layer 4

V layer 3

b.o. (C1-C2) 1.37 0.92 1.37 0.93 1.37 0.92
d (C1-C2), A 1.43 1.62 1.44 1.61 1.43 1.59
b.o. (C3-C4) 1.35 0.92 1.34 0.93 1.35 0.96
d (C3-C4), A 1.44 1.60 1.44 1.61 1.44 1.58
b.o. (C1-CS5) 1.39 1.00 1.38 1.00 1.39 0.98
d (C1-C5), A 1.40 1.50 1.49 1.50
b.o. (C3-C5) 1.39 0.98 1.40 1.00 1.40 0.97
d (C3-C5), A 1.40 1.52 1.49 1.51
b.o. (B7-C8) 1.01 0.99 0.96 0.97 1.01 1.01
d (B7-C8), A 1.51 1.53 1.54 1.54 1.51 1.52
b.o. (B7-C10) 0.99 0.98 0.93 0.95 1.00 0.99
d (B7-C10), A 1.51 1.53 1.58 1.57 1.50 1.52
b.o. (C11-C12) 1.00 0.97 0.98 0.99 1.05 0.98
d (C11-C12), A 1.48 1.51 1.50 1.50 1.46 1.51
b.o. (C11-C14) 1.01 0.98 0.97 0.99 1.06 0.99

262 Digurova A.1., Lvova N.A.



Journal of Advanced Materials and Technologies. 2021. Vol. 6, No. 4

Continuation of the table 2

1 2 3 4 5 6 7
d (C11-C14), A 1.46 1.50 1.52 1.50 1.45 1.49
0(C1,C2), e ~0.02 -0.03 -0.01 +0.03 ~0.06 ~0.09
0(C3,C4), e ~0.02 ~0.02 -0.03 +0.02 0.00 ~0.08
0 (C5, C6), e ~0.04 -0.01,-0.13 -0.02 -0.22 ~0.04 +0.22
0 (B7), e +0.08 +0.08 +0.06 +0.09 +0.05 +0.04
0(Cll), e -0.15 +0.02 ~0.42 ~0.29 +0.42 +0.06
S(C1,C2), e

5(C3.Ch). < . 0.03, 0 0.02

S(C5, C6), e 0.08, 0.72 - 0.31 - -
S(Cll), e 0.75 0.33

S(B), e 0.01 0 0

Note: B layer is the layer containing the boron atom; V layer is the layer containing the vacancy; b.o. is bond
order; d is interatomic distance; Q is charge; S is spin density.

Neutral complexes

Previously, neutral BV complexes on the clean
reconstructed surface C(100)-(2x1) were studied in
[14, 15] using the initial cluster Ci9sHj12 containing
five layers of carbon atoms. It was found that the
most stable configuration is “vacancy in the third
layer, boron in the fourth layer under the dimer
rows”, as well as the structure of the defect was
analyzed. However, since the model cluster in [14]
consisted of five layers of carbon atoms, which could
partially affect the energy, geometric, and electronic
characteristics of the defect, this paper briefly
describes the similar stable defect 1 for the Co4oH116B
cluster consisting of 10 carbon layers.

Defect 1 on the clean surface is the only one
studied that forms the C1-C6 carbon structure from
atoms of the first and second layers (Fig. 3a) united
by common multicenter hybrid sp-orbitals
(p-component is more than 90 %). The formation of
the m-bonded hexagonal (non-planar) structure similar
to graphene is accompanied by a significant decrease
in the cluster energy in comparison with other
investigated defects. The total charge on C1-C6
atoms is —0.16 e (—0.14 e for the Cj93H 2B cluster).
In general, the data obtained for clusters consisting of
5 and 10 layers of carbon atoms are similar: the
difference in the energies of clusters containing
defects 1 and 2 is 2.35 and 2.22 eV for Ci93H; 2B
and Co42H116B, respectively.

Similar to NV complexes [21], the coating of the
surface with hydrogen leads to the destruction of the

n-conjugation of the C1-C6 hexagon. The order of
C1-C2, C1-C5 and similar bonds decreases to single,
the corresponding interatomic distances increase in
comparison with the clean surface; charge
distribution changes (Table 2). As a result of these
changes, complex 5 shown in Fig. 35 becomes the
most stable.

Negatively charged complexes

For complex 1 on the clean surface, the lowest
energy state corresponds to a system of molecular
orbitals, twice occupied by electrons with oppositely
directed spins. The main charge (-0.42 e) is localized
on the C11 carbon atom of the fourth layer, which is
in the nearest environment of the vacancy; the
corresponding population of the orbitals increases
from 4.15 (BVO) to 4.42 (BV). In addition, an
increase in the negative charge on the atoms of the
surface dimers is noted (the maximum charge is
—0.12 e). The doubly occupied HOMO, as well as
HOMO-1 and HOMO-2, localized on the atoms of
C1-C6 hexagon, are multicenter and consist almost
entirely of C1-C6 p-orbitals (s-component is less
than 10 %) (Fig. 3a). Thus, C1-C6 hexagon retains
the m-conjugation which consists of multicenter
hybrid orbitals with a large p-component (more than
90 %). The appearance of an additional electron
density on C11 atom is accompanied by an increase
in the population of the orbitals of boron atom (from
2.92 to 2.94), as well as C3 and C4 atoms of the
dimer closest to boron (from 4.02 to 4.03), as
compared to neutral complexes. Accordingly, the
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value of the positive charge on the boron atom B7
decreases; the negative charge increases on C3, C4
atoms.

For complex 1, the “biradical” state was
considered on the hydrogenated surface. Dimeric
bonds C1-C2, C3-C4 are retained, but become
single. The highest doubly occupied orbital becomes
a multicenter MO, to which the hybrid orbitals of
Cl11, C5, C6, and B7 atoms (s-component 30, 5,
5, 13 %, respectively) contribute. Half occupied
energetically degenerated orbitals are localized on the
atoms of the second layer in the composition of the
surface hexagon C5, C6, as well as on the atom of the
fourth layer C11. The “extra” electron density is
distributed between C5, C6 and C11 atoms where the
main spin density is also concentrated (Table 2).

It is also important to note that for negatively
charged complexes 4-16, both on the clean and
hydrogenated surface, the main spin density is
distributed between the carbon atoms of the nearest
environment of the vacancy. Thus, the spin properties
of BV complexes located directly in the near-surface
layers of the clean or passivated diamond surface are
similar to the properties of complexes in the bulk of
diamond.

Positively charged complexes

For positively charged defect 1, the singlet state
was also considered, in which all MOs are pairwise
occupied by electrons. The hexagonal graphene-like
surface structure of C1-C6 is retained. The change in
charge from negative to positive also does not
significantly affect the configurations of hybrid MOs
that bind C1-C6 atoms: the p-component is more
than 90 %. However, unlike the negatively charged
defect, MOs providing m-conjugation are located in
the depths of the energy spectrum. The main positive
charge (+0.42 e) is concentrated on C11 atom.
Accordingly, the total population of CI1 atomic
orbitals decreases to 3.58, mainly due to the
p--orbital. The total population of the orbitals of the
boron atom remains almost unchanged (2.95).

As in the previous cases, there is no
n-conjugation of the C1-C6 structure on the
hydrogenated surface. Hybrid orbitals of C11, C5, C6
make almost the same contribution to the HOMO
configuration, and a small contribution from the
boron atom is also noted; s-components are equal to
18, 10, 10 and 5 %, respectively. The appearance of
hydrogen on the surface leads to a significant
redistribution of the electron density in the immediate
environment of the defect: there is almost no charge
on C11 atom; the population of atomic orbitals of

C11 increases to 3.94. A positive charge appears on
the atoms of the second layer C5, C6; accordingly,
the population decreases to 3.78.

It is also important to note that the change in the
charge state (positive — neutral — negative) of BV
complexes on the clean surface does not affect the
atoms of the surface hexagon C1-C6, which indicates
the stability of its locally graphitized structure.

In [40], the structure and energy stability of
multi-vacancies in the bulk of diamond were
calculated using the density functional theory. It was
found that multi-vacancies, in the immediate
environment of which structures of carbon atoms
united by multicenter n-bonds are formed, are more
stable in comparison with other configurations with
the same number of absent atoms. The relaxation of
dangling bonds in diamond is hindered by the
influence of the framework of the surrounding
covalent bonds. The tendency to form m-bonds is a
sign of a certain degree of graphitization around some
of the multi-vacancies, which in turn removes the
non-bonding dangling orbitals, providing stability
and possibly reduced reactivity of the corresponding
voids [40]. The study carried out in this work has
shown that a similar effect is also observed for the
diamond surface.

4. Conclusion

The simulation of the clean C(100)-(2x1)
diamond surface containing complex BV defects has
shown that the most stable configuration, independent
of the charge state, is the structure “vacancy in the
third layer, boron in the fourth layer under dimer
rows”. The analysis of MO configurations and
electronic states of atoms in the immediate
environment of complex near-surface defects, carried
out in this work, allows us to conclude that local
graphitization of the surface (formation of a
hexagonal structure with m-conjugation) is the main
factor stabilizing the position of complex BV defects
on the energy scale. This conclusion is valid for all
considered charge states of the complexes. Thus,
structures of carbon atoms bonded by multicenter
n-bonds in the immediate environment of point
defects stabilize the configurations of defects both in
the bulk and on the surface of the diamond.
Hydrogenation of the surface leads to the
disappearance of m-conjugation, and the BV complex
located in the upper bilayer becomes the most stable.

The distribution of the spin density of the
studied BV complexes located directly in the near-
surface layers of the clean or hydrogen-passivated
diamond surface is similar to the spin properties of
the complexes in the bulk.
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