
Abstract. The bright luminescence of impurity±vacancy com-
plexes, combined with high chemical and radiation resistance,
makes diamond an attractive platform for the production of
single-photon emitters and luminescent biomarkers for applica-
tions in nanoelectronics and medicine. Two representatives of
this kind of defects in diamond, silicon-vacancy (SiV) and
germanium-vacancy (GeV) centers, are discussed in this re-
view; their similarities and differences are demonstrated in
terms of the more thoroughly studied nitrogen-vacancy (NV)
complexes. The recent discovery of GeV luminescent centers
opens a unique opportunity for the controlled synthesis of
single-photon emitters in nanodiamonds. We demonstrate pro-
spects for the high-pressure high-temperature (HPHT) techni-
que to create single-photon emitters, not only as an auxiliary to
chemical vapor deposition (CVD) and ion-implantation meth-
ods but also as a primary synthesis tool for producing color
centers in nanodiamonds. Besides practical applications, com-
parative studies of these two complexes, which belong to the
same structural class of defects, have a fundamental importance
for deeper understanding of shelving levels, the electronic struc-
ture, and optical properties of these centers. In conclusion, we

discuss several open problems regarding the structure, charge
state, and practical application of these centers, which still
require a solution.

Keywords: high pressure, diamond, vacancy-impurity com-
plexes, color centers, luminescence

1. Introduction

Luminescence is a well-known physical effect, the study of
which dates back to the classical work of Stokes published in
the middle of the 19th century. According to the common
definition, luminescence is any electromagnetic radiation
from a substance carrying the energy that is higher than that
of the thermal background. In this case, neither the aggregate
state of the substance (the effect of luminescence can be
related to separate molecules, liquids, and solids) nor the
processes that lead to the luminescence are specified. We
recall that in two well-known `textbook' examples, namely, in
the cases of the glow of white phosphorus and of ordinary
sugar upon rubbing, luminescence occurs due to thermal and
mechanical actions (thermo- and triboluminescence). At the
same time, the simplest method for exciting luminescence
(most convenient for studying this effect) is another electro-
magnetic radiation (photoluminescence), whose frequency
can differ significantly from the characteristic frequency of
the radiated light.

On the microscopic level, luminescence is caused by the
transitions of electrons from the ground state to any excited
level and by the subsequent relaxation of this excited state
(effectsconnectedwiththisprocessareconsideredinSection5).
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An important condition in this case is a comparatively long
lifetime of this excited state (at least longer than the period of
oscillations of the radiated light, which makes it possible to
distinguish luminescence from the processes of light scatter-
ing). From the definition of luminescence, it follows that the
excited level should be discrete, separated from the ground
level by a gap. In the case of crystals, this condition is satisfied
when there are impurity levels in the gap of semiconductors
and dielectrics.

Owing to a wide band gap, diamond is transparent both in
the visible and in the near-ultraviolet ranges and is an
attractive `platform' for studying luminescent centers. Sys-
tematic studies in this region started in the 1960s [1, 2]. At
present, about 500 optically active centers are known in
diamond [3, 4]. Although this number seems to be very
large, it is comparatively small taking into account that this
number includes all optically active defects.1 In the crystal
lattice of diamond, because of its rigidity and the relatively
small interatomic distances, the formation of only a small
number of simple types of defects is possible (such as
vacancies and substitutional and interstitial impurities,
which represent atoms with a small atomic radius). For the
same reasons, a few more elaborate defect complexes can
appear in the diamond matrix, consisting of one or several
impurity atoms (even with a relatively large atomic radius)
and of adjacent vacancies, which make it possible to
incorporate such atoms into the diamond matrix. It is
remarkable that just the small possible concentration of
such complexes allows creating `custom-made' optically
active centers in nanodimensional materials, which are
attractive from the practical standpoint (although the
technology to create them proves to be relatively complex;
see Section 3).

Interest in the defects that are present in diamond was
until recently mainly connected with studies in fundamental
or sufficiently specific applied fields (production of jewelry
stones of uncommon color [5] or the study of geological
conditions near the deposits of natural diamonds [6]).
However, the recent rapid progress in high-resolution micro-
scopy, biomedicine, biosensors, quantum information theory,
andmetrology, as well as the successes in the field of chemical
synthesis of nanosize diamonds, has again drawn attention to
this type of objects. In this review, we consider two compara-
tively `young' representatives of impurity±vacancy centers,
which, in spite of the difference in composition, belong to the
same class of complexes, and also discuss the prospects for
obtaining them and for their practical application.

2. New luminescent centers in diamond

In the last decade, optically active centers in diamond have
become the subject of detailed study from the standpoint of
the prospects for their use as luminescent markers in biology,

for measuring weak magnetic fields with a high spatial
resolution, and, most importantly, as so-called L systems
(three-level quantum systems with two almost equally
probable channels of relaxation of the excited state, which
are considered in more detail in Section 9) and emitters of
single photons for quantum computing and communication
[7±16].

Of the 500 optically active centers existing in diamond,
only about ten have so far found application as single-photon
emitters [8]. In particular, the possibility was shown to use the
centers of nitrogen-vacancy (NV) [9] and silicon-vacancy
(SiV) [14] types, and also the centers connected with Cr [15]
andNi (NE8) [16]. The choice is narrow in and of itself, even if
we take into account the possibility of creating new single-
photon sources, which are considered below.

We note that the `exotic' structure of the NE8 defect
(a nickel atom surrounded by four nitrogen atoms) compli-
cates the creation of single-photon sources with reproducible
properties, and the structure of the Cr-containing center is not
thus far established reliably, although it is assumed that
oxygen participates in its formation. As regards applications
in biomedicine, the presence of impurities of metals such as
Ni, Cr, and Co in luminescent biomarkers is undesirable
because these carcinogenic elements can be located on the
surface of diamond particles and exert unfavorable influence
on the subject of the study.

The most studied emitters of single photons are the NV
and SiV centers, and the traditional methods of creating them
are chemical vapor deposition (CVD) and ion implantation
[7, 8]. At the same time, the development of technologies to
create single-photon emitters based on NV and SiV centers
has encountered serious difficulties in that nitrogen and
silicon are the most common impurity elements in both
natural and synthetic diamonds. Because of the high
solubility of silicon and nitrogen in diamond, serious
problems arise with the controlled introduction of SiV and
NV centers in the process of growing crystals. Controlled
doping becomes difficult to realize due to the impurities
coming from the nearest neighborhood of synthesized
diamonds. In the CVD processes, the source of the impurities
of nitrogen and silicon is primarily the residual gases and
quartz components of the reactors [17±19]. The low gas
pressures employed during the synthesis (typically 30±
100 Torr [20]) favor a rapid accumulation of uncontrollable
impurities in the zone of the deposition of diamonds as a
result of the high diffusive mobility of atoms and ions in the
gas phase.

When using luminescent diamonds in biomedicine, the
introduction of a dopant does not require delicate control.
However, the CVD method does not ensure a reproducible
synthesis of a large number of fine crystals necessary for
application in medicine; under the conditions of a very low
density of nucleation, separate diamond nanoparticles,
inhomogeneous in size, are formed on the substrates [21].
The characteristic size required for this purpose is 5±100 nm
[22, 23]. At the same time, obtaining nanodiamonds with a
size less than the luminescence wavelength is very important
for reducing losses arising upon reflection and refraction of
light on the crystal boundaries and for increasing the
efficiency of the collection of the emission of single-photon
emitters [24].

Except for the uncontrollable introduction of nitrogen
into diamond [25], the detonation technologies thus far are
not a positive solution to the problem of obtaining doped

1The number 500 corresponds to the total number of impurity optical lines

in the diamond described in Zaitsev's handbook [3], many of which, in all

likelihood, correspond to different charge states of the same defect, which

in many cases were obtained by quite `exotic' methods. For example, the

line at 1.979 eV can be mentioned, which is observed in implanted

nitrogen-containing diamonds after their optical treatment at liquid

nitrogen temperatures. In this case, the line at 2.367 eV fades and the line

at 1.979 eV appears, which is apparently caused by a change in the charge

state of some defect. This charge state is restored as the temperature

increases to room temperature. However, if we consider only the centers

with a technologically justified method for obtaining them, then their

number turns out to be comparatively small, no more than several dozen.
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nanodiamonds, and the crushing methods are inefficient
because of the wide range of sizes of the synthesized
particles. Problems also arise concerning the preservation of
the structural quality of the initial diamond and the removal
of grinding products; in addition, the nanoparticles obtained
predominantly have the shape of fragments with sharp edges
[26], which hampers their use in medicine.

Thus, on the one hand, the search continues for
technological solutions with the purpose of controlling the
doping process and improving the characteristics of NV and
SiV centers with the use of methods of implantation, CVD,
and detonation technologies; on the other hand, new optically
active centers are synthesized and the technology of synthesis
at high pressures is tested, aimed at solving the problems of
improving the quality of the diamond `platform' structure
and the mass synthesis of doped nanodiamonds.

Recent reports on the use of the CVD method for
obtaining new luminescent centers based on impurities of
Ge [27±30] and Eu [31] in diamond open unique prospects for
the direct synthesis of fine-size crystals of diamondwith single
luminescent centers due to the low equilibrium concentration
of impurities. It is remarkable that in contrast to the nitrogen
and silicon impurities, no structural impurities of germanium
and rare-earth elements have been revealed in natural
diamonds, although the oxides of rare-earth elements are
frequent `guests' in both carbonado polycrystalline diamonds
and some types of single crystals [32, 33]. The impurities of
germanium and rare-earth elements cannot be introduced
unintentionally into the reaction volume when synthesizing
diamonds. The interest in this property is quite significant
because there appears to be an opportunity of controlled
doping, which is difficult to realize in doping with nitrogen
and with silicon.

The use of high pressures and temperatures (HPHTs)
as a tool for the synthesis of diamonds with luminescent
centers was until recently not regarded as the key approach
to satisfy the needs of quantum electronics, although it
was quite successfully used for restoring the structure and
activating impurities after ion implantation [34, 35],
improving the physicomechanical properties of CVD
diamonds [36, 37], and modifying the range of colors of
natural diamonds [38±40].

The stringent requirements for the quality of the structure
when creating single-photon emitters make it necessary to
turn to the synthesis of diamonds in the range of their
thermodynamic stability. The perfection of the diamond
structure can be estimated from the width of the line of
Raman scattering (RS) of light at 1332 cmÿ1, because the
presence of defects leads to an asymmetric broadening of this
line. The comparative study of the structure of natural, CVD,
and HPHT diamonds has shown that for diamonds obtained
in the CVD process, the characteristic width of the RS line is
usually 2.3±7.8 cmÿ1 [41], whereas in diamonds synthesized at
high pressures it is usually about 1.7 ±2.2 cmÿ1. It is the
HPHT diamonds that are used as substrates for growing
high-quality single crystals in the CVD process [42]. In this
case, the structural quality of the films obtained by the CVD
method is lower than the perfection of the HPHT substrates
[43]. We emphasize the fundamental differences between the
HPHT and CVD methods of growing diamonds. In the
HPHT method, the diamond is formed under thermodyna-
mically equilibrium conditions, whereas in the CVD method
it grows under metastable conditions; moreover, the presence
of atomic hydrogen in the growth plasma is a fundamental

condition that ensures the removal of sp2 hybridized carbon
formed in the process of growth.

As regards the synthesis of nanodiamonds at high static
pressures, the first report on their synthesis from organic
compounds by Wentorf appeared more than half a century
ago [44]. At that time, this discovery did not find a proper use.
Obtaining doped nanodiamonds is a new direction in the
synthesis of nanodiamonds from organic compounds, whose
development was stimulated by the necessity of solving the
problem of the creation of luminescent diamonds with a
highly perfect structure.

The primary focus in this review is on impurity±vacancy
complexes, by which we understand complex defects that
consist of a single impurity atom and one or more nearest
vacancies. Historically, the first example of such complexes
was the nitrogen complex NV, which is encountered in
natural diamonds. Artificial complexes with silicon were
first obtained in 1980 by Vavilov et al. [45] in the first
experiments on growing CVD diamonds. Although the
participation of silicon in the formation of these defects was
established practically immediately, attempts to explain their
structure continued for almost 15 years, until Goss [46]
proposed a structural model in 1996, which triggered
research on a class of vacancy complexes that were called
split-vacancy complexes.

As the initial model, Goss took the model of the NV
complex in which one of the carbon atoms was replaced by a
silicon atom, and the adjacent site contained a vacancy (the
symmetry of such a center is C3v or 3m; the center of inversion
is absent). The optimization of the chemical bonds of this
structure using the density-functional theory (DFT) leads to
the `pushing-out' of the impurity atom of silicon to almost the
center of the bond that connects its initial position with the
adjacent vacant site. In this case, it turns out that the inversion
symmetry of the center (D3d or 3m) is restored with good
accuracy, and the silicon atom turns out to be located as if
between two vacancies, giving rise to the appearance of the
general name (split-vacancy complex) for defects of this type.
Subsequently, Goss [47, 48] considered in detail all possible
combinations of Group IV and Group V elements that can
form both complexes of this type and more complex
vacancy complexes including more than two vacancies;
however, most of them cannot thus far be synthesized,
except for the GeV complex, which was obtained experi-
mentally in 2015 as a result of CVD synthesis [27, 28] and
HPHT synthesis [29, 30].

We also note that more elaborate vacancy complexes are
considered possible candidates for creating defects of larger
volumes (nanopores), into which atoms with a substantially
larger atomic radius (for example, europium [31]) could be
introduced; however, this problem is rather hypothetical in
nature at present, and we do not discuss such elaborate
complexes here.

From the practical standpoint, interest in SiV and GeV
centers (just as in the NV center) is due to their optical
properties, because they form impurity levels in the forbid-
den gap of diamond, which demonstrates sufficiently bright
and practically monochromatic luminescence. In advanced
developments in quantum communication, metrology, and
quantum informatics, centers of this type are considered
possible candidates for the role of single-photon sources,
and interest in sources of this type increases significantly if
some uncommon interactions are revealed in them between
electrons or electron spins, and also between emitted or
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absorbed photons (for example, in quantum-entangled
electron±photon states in NV centers, which are considered
in detail in Section 9).

The study of split-vacancy impurity centers, in contrast to
the study of NV centers, is currently only at the beginning,
which is partly explained by their comparative `youth.' This is
to a certain extent reflected in the number of reviews
concerning impurity centers in diamonds: several fundamen-
tal reviews are devoted to the NV centers (e.g., [49, 50]); for
the SiV centers, only Hepp's PhD thesis (2014) can be
regarded as such a review [51]. To a certain degree, we hope
that our review will fill some gaps in the literature on split-
vacancy centers.

We examine the state of the art in the specified areas of
studies inmore detail.When consideringmethods for creating
optically active centers in diamonds with the use of CVD and
ion implantation, the primary attention is given to the
prospects of using annealing at high pressures for modifying
the structure and properties of the diamond.

3. Methods for creating impurity centers
and sources of single photons

3.1 Ion implantation
The method of ion implantation is widely used for obtaining
semiconductor structures, for example, on silicon substrates
[52±54]. The method includes the ionization of impurity
atoms and ion bombardment of the substrate (target) in an
accelerating electric field. The characteristic depth of the
penetration of impurity ions into the substrate ranges from
several hundred nanometers to several micrometers. The ion
bombardment is accompanied by the formation of structural
imperfections, mainly vacancies and interstitial atoms and
ions. On the whole, the degree of damage to the structure is
determined by the type and kinetic energy of the implanted
ions and by the radiation dose. Subsequent high-temperature
annealing (at 800±1100 �C) is used not only to restore the
violated structure but also to `activate' the impurity. For
example, in the case of an electrically active impurity,
`activation' implies the recombination of interstitial atoms
and vacancies with the formation of a substitutional impurity.
In contrast to silicon, diamond has a substantially higher
Debye temperature and is a metastable phase at normal
pressures. At a threshold concentration of vacancies
(1022 cmÿ3) created during the implantation, the structure of
diamond cannot be restored; the appearance of the graphite
phase is observed upon annealing at temperatures above
800 �C [55±57]. Even in the case of smaller doses of implanted
ions, it is not possible to completely rule out the possibility of
the local formation of a nondiamond modification of carbon
upon annealing.

The `activation' of an impurity, i.e., placing the impurity
in a lattice site or the formation of complexes with the
participation of vacancies, also greatly depends on the
annealing temperature if the vacancy (vacancies) and the
impurity atom (ion) are within the limits of a single diffusion
hop. On the whole, the diffusion mobility of impurities in
diamond at temperatures that correspond to restoration
annealing is strongly suppressed. Discussions of the diffu-
sion of atoms in diamond can be found in [35, 58, 59]. As a
result of the study of the concentration profile of 13C at the
boundary of a diamond `sandwich' obtained by the deposi-
tion of a diamond layer of 13C atoms onto the surface of

natural diamond (the base of 12C atoms), it has been shown
that the depth of penetration of the 13C carbon isotope into
the diamond after annealing for 20 h at a temperature
of 1800 �C under a pressure of 7.7 GPa does not exceed
32 nm [58]. The diffusion coefficient of 13C in diamond at
1800 �C is estimated to be not greater than 6� 10ÿ19 cm2 sÿ1

(see the Table).
When using themethod of the preliminary introduction of

boron into diamond by implantation [35, 59], the annealing of
samples at 1300±1650 �C for 1 h does not lead to a noticeable
migration of boron in the diamond; the degree of activation in
this case is less than 1% (Fig. 1). The degree of activation of
the same order of magnitude is experimentally observed for
NV centers upon the implantation of nitrogen [60], and a
similar degree of activation can be expected for SiV and GeV
centers. It is assumed that the factor responsible for the
inefficient activation of the impurity is the competing
recombination of vacancies and `supplanted' carbon atoms
and also the formation of complicated complexes that block
the vacancies. The use of high pressures can retard the
graphitization of diamond, but even after annealing at a
pressure of � 7 GPa and temperatures of 1400 �C, the
efficiency of the activation of the implanted impurity, e.g.,
boron, is quite limited, at the level of 7% [35]. Themechanism
underlying the effect of pressure on the activation of
impurities remains unclear. In the case of implanted nitro-
gen, an HPHT annealing of diamond substrates does not give
any special advantages upon the activation of NV centers and
requires a quite delicate choice of conditions, which is
connected with the dissociation of the NV centers and the
formation of nitrogen pairs at high temperatures (� 2000 �C
[61]) (Fig. 2).

Table.Calculation of the self-diffusion coefficientD of carbon in diamond

based on experimental data at a pressure of 7.7 GPa [58].
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The above data give an idea of the complexity and
ambiguity of the results of experiments on the creation of
defects in diamond by ion implantation. It is important that

`nonactivated' impurities, which appear to be present in the
form of complicated complexes, become a source of
practically indestructible structure distortions. The cova-
lent radius of nitrogen does not exceed that of carbon,
which implies that nitrogen is located in the substitutional
position upon the dissociation of NV centers. As regards the
vacancy complexes of Si and Ge (as well as of Eu and Er, if
such complexes exist), the vacancies in them are `glued' to
an impurity with a radius that is greater than that of
carbon; the stable existence of the impurities of Si and Ge
(Eu and Er) in the substitutional or interstitial state is
energetically unfavorable [31, 47]. Hence, the HPHT
annealing of diamond at temperatures above 2000 �C can
be implemented without the risk of dissociation of the SiV
and GeV complexes; however, no relevant experimental
results have yet been published.

3.2 Chemical vapor deposition
Obtaining sources of single photons in diamond by the CVD
method is considered in several rather detailed reviews (see,
e.g., [8, 49]). During the CVD process, the growth of films in
the presence of impurities of N, B, Si, Ge, etc. is accompanied
by the incorporation of atoms into the diamond lattice in the
form of a substitutional impurity and various complexes,
including those with the participation of vacancies. As
regards the creation of optically active NV and SiV centers
in a nanodiamond by the CVD method, the uniformity of
doping, the reproducibility of the results, and the output of
doped nanodiamonds are on a low level [47]. The last is the
natural limitation of the method of growth on substrates. If it
would be possible to carry out the synthesis of nanodia-
monds in the gas phase on levitating crystallization centers,
such a process could solve the problem of mass production of
CVD nanodiamonds. The spectral width of the lines of
single-photon emitters in CVD nanodiamonds is noticeably
wider than in macroscopic crystals; the reasons for such a
broadening remain thus far unclear. It can be assumed that
upon incorporation of impurity atoms into the diamond
lattice under metastable conditions, structural imperfections
with sp2 hybridized carbon can arise, which can be
responsible for the appearance of mechanical stresses.
Nanodiamonds are usually obtained at reduced tempera-
tures [62], which contributes to an increase in the number of
defects because of the low mobility of atoms in the growing
layer. The possible presence of sp2 carbon atoms follows
from the appearance of a dark brown color of the diamond
intentionally doped with nitrogen in the process of its
deposition [37] (Fig. 3). Upon subsequent annealing at
pressures of 7 GPa and temperatures up to 2200 �C, the
crystals became more transparent, their color changed to
blue-grey, and then they became colorless. The overall
nitrogen content in the diamond, just as its concentration,
did not change. Annealing at temperatures around 1900 �C
led to the transformation of the NV centers into other
defects, supposedly into NVN or NNNV (i.e., consisting of
one vacancy and two or three adjacent impurity atoms). At
1900 �C, a dissociation of the NV centers occurred, which
was accompanied by the migration of vacancies; at higher
temperatures, of the order of 2200 �C, the formation of
nitrogen pairs was detected. It is interesting that the
structure and content of hydrogen-containing defects in the
diamond lattice then remain unaltered, which allows regard-
ing the presence of `hydrogen' defects as a characteristic
feature of CVD diamonds.
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3.3 Synthesis at high pressures and high temperatures
It is known that synthesis at high pressures in the stability
range of diamond allows obtaining diamonds with a high
perfection of the crystal structure. For example, the growth of
diamond crystals on a substrate in a metal melt containing
silicon allowed studying the fine structure of lines in the
luminescence spectra of a SiV center at wavelengths of about
737 nm [63, 64]. The observation of the isotope-related
separation of luminescence lines made it possible to reliably
connect the nature of the center responsible for the lumines-
cence with impurities of silicon [64].

In this section, we discuss the problem of synthesis of
diamondwith optical centers in nonmetallic growthmedia. In
contrast to the crystal growth of diamond in traditional
solvents of carbon based on transition metals, such as Fe,
Co, Ni, Cr, and Mn [65], synthesis in nontraditional growth

media, such as C±H (hydrocarbons) [44], C±P [66], C±S [67],
C±B4C [68], and C±H2O [69], allows doping diamondwithout
the risk of magnetic metallic inclusions and impurities
forming, whose presence not only worsens the structure of
diamond but also has a negative effect on the stability of the
spin states of optical centers. When applying luminescent
diamonds as biomarkers inmedicine, the presence of metals is
also undesirable.

Synthesis in nontraditional media typically occurs at
higher temperatures and frequently leads to obtaining new
impurity states. The synthesis in binary systems is especially
attractive from the standpoint of explaining the results
obtained. For example, in the case of the synthesis of
diamond in the B±C system [68], samples heavily doped with
boron can be obtained (with the boron concentration in
diamond around 1021 cmÿ3) due to an increase in the
solubility of boron in diamond at temperatures close to the
melting point of the boron carbide±graphite eutectic (2500K).
The synthesis of diamond in the C±N [70] and Ge±C [71]
systems was successfully realized, whereas in the Si±C system
only silicon carbide SiC was formed, which is stable at
temperatures up to about 3100 K at pressures up to 8±9 GPa
[72]. The synthesis of well-faceted diamonds in the C±N
system was realized using the decomposition of graphite-like
C3N4 at pressures of 22 GPa and temperatures higher than
1000 �C [70]. At such high pressures, which correspond to the
direct transition of graphite into diamond, polycrystalline
nanodiamonds formed from graphite [73]. Although nitrogen
does not manifest catalytic properties with respect to the
synthesis of diamond [44], its presence as the `ballast' in the
initial `graphite' prevents the sintering of diamond particles
and favors the appearance of faceting. In [44, 70], the
luminescence of crystals was not studied, although the
temperatures of the synthesis were favorable for the forma-
tion of NV centers.

The catalytic properties of germanium in transforming
graphite into diamond (in growing diamond crystal seeds in a
germanium melt) were demonstrated quite long ago [71], but
the study of optical properties was not a priority in [71].
The formation of GeV centers in diamonds grown in a binary
Ge±C system under pressure was observed later [29], already
after the discovery of GeV centers in CVD diamonds and in
diamonds implanted with germanium [27]. From the applied
standpoint, the synthesis of diamond from a germanium melt
under pressure appears to be of little interest. The presence of
inclusions of germanium in diamond causes the appearance
of significant mechanical stresses, which can lead to the
destruction of crystals [30] (Fig. 4): the volume of germanium
increases during the solidification, which becomes critical for
obtaining crystals with high optical quality.

More promising from the practical standpoint of growth
were ternary systems such as dopant±C±H. By varying the
initial composition, it is possible to control the level of
doping, avoiding the formation of inclusions of the dopant.
Microcrystals of diamond doped with Si, N, and Ge have
been obtained at pressures of 8±9 GPa from mixtures based
on naphthalene (C10H8) [30, 74].

3.4 Synthesis of nanodiamonds with SiV, NV,
and GeV centers at high pressures and temperatures
The methods of the mass synthesis of nanodiamonds such as
the detonation and laser ones are dynamic synthesis methods
that take a short time (several milliseconds) under strongly
nonequilibrium and poorly controlled temperature and
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Figure 3. (Color online.) Variation of the color and transparency of a

diamond crystal grown by the CVD method on a substrate of an HPHT

diamond single crystal depending on the conditions of annealing under a

pressure of 6.5±7 GPa [37]: (a) initial CVD crystal on a substrate;

(b, c) quarters of the initial crystal on the substrate: (b) prior to and

(c) after the annealing; GL7_1, initial crystal on the substrate; GL7_2,

crystal after annealing at 1900 �C (1 h); GL7_3 and GL7_4, crystals after

annealing at 2200 �C for 1 h and 10 h, respectively.
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pressure conditions. It follows from the experience on the
synthesis of doped diamond under static conditions that the
structural state of an impurity and its concentration in
diamond depend not only on the composition of the growth
medium but also on the synthesis parameters. For example,
an increase in the synthesis temperature leads to the
aggregation of nitrogen impurities and a reduction in their
general concentration in diamond [75]. Until now, the
problem of obtaining doped nanodiamonds was solved with
the use of a top±down approach, which consists in the
mechanical milling of the doped bulk diamond obtained by
static synthesis methods such as CVD and HPHT [26, 76].
This approach is multistage and very expensive. The process
of milling is accompanied by the contamination of diamond
by metals, as well as by its graphitization. Furthermore, it is
known that mechanical milling always leads to the appear-
ance of structural defects in the near-surface layers of
particles, which becomes critical when creating single-
photon emitters. The resulting product of millingÐdia-
mond nanoparticles with a polydisperse size distributionÐ
have the form of fragments with sharp edges as a result of the
fracture on cleavage planes (111) (Fig. 5), which is extremely
undesirable for their use in medicine. In addition, the yield of
small-size nanoparticles is extremely low in this case.

The method of synthesis of nanodiamonds from organic
compounds realized at high pressures by Wentorf more than
half a century ago [44] is now increasingly in demand for
obtaining nanocrystals of diamond with optically [7±16] and
electrically [77, 78] active impurities for use in biomedicine
and nanoelectronics. In [44], at pressures of the order of
14 GPa and temperatures near 1300 �C, an extraordinarily
`soft' diamond was obtained (not scratching glass, which
possibly indicated the absence of scratches visible to the
eye); the broadening of its X-ray diffraction lines was also
noted, which indicated the formation of diamond in a
nanocrystalline form. Later, it was shown in [79] that
nanodiamonds can be obtained at lower pressures and
temperatures than those used by Wentorf. Undoped nano-
diamonds were obtained at a pressure of 8 GPa and
temperatures of 800±1300 �C from camphene (C10H16).
According to the data of transmission electron microscopy
(TEM), the sizes of elementary crystallites did not exceed
10 nm. We also note a recent study on obtaining diamond
nanocrystals with a size of several nanometers in the C±N
system (by the decomposition of C3N4) [70]. The very high
synthesis pressure (15±25 GPa) and small dimensions of the

platinum capsule for the preparation of samples rule out the
practical importance of this method of diamond synthesis.

The first reports on the synthesis of nanodiamonds with
SiV, NV, and GeV centers at high pressures came from the
Vereshchagin Institute for High Pressure Physics, Russian
Academy of Sciences. The nanodiamonds were obtained
using naphtalene-based mixtures at pressures of 8±9 GPa.
Although the fraction of nanodiamonds in the mixture with
microcrystals was insignificant (5%), their structure, in
contrast to that of CVD diamonds, was virtually no worse
than that of bulk crystals [30, 74, 80]. As a consequence, the
narrowest spectral lines of SiV centers were obtained in
HPHT nanodiamonds [80] (Fig. 6). The question of the
mass synthesis of nanodiamonds with SiV, NV, and GeV
centers has not been answered to date. The literature data on
the synthesis of nanodiamonds (including doped nanodia-
monds) at high pressures are quite scarce. In contrast to the
synthesis of micro- and nanodiamonds from mixtures of
reagents based on naphthalene with a planar structure of the
molecule, the synthesis of diamonds via the decomposition of
the individual compound 9BBN (9-borabicyclononane) with
a bridge-type structure and boron atoms in the carbon cycle
occurs with the formation of only a nanodiamond component
with a boron impurity in the diamond lattice [78, 81] (Fig. 7).
Obtaining nanodiamonds doped with boron at a pressure of
8±9 GPa and temperatures of 1000±1400 �C is the first

10 mm

a b

Figure 4. Diamonds synthesized in a C±H±Ge system at a pressure of 8±

9 GPa and a temperature of 1600 �C from a mixture of naphthalene and

germanium: (a) optical image and (b) electron-microscopic image [30].
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HPHT diamond and (b) their shapes [26].
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promising result in the field of the mass synthesis of doped
nanodiamonds at high pressures.

At the same time, problems concerning the mechanism of
the formation of nanodiamonds from organic compounds at
pressures below the pressure of the direct transition of graphite
into diamond (10±11 GPa [82, 83]) and of the doping of
nanodiamonds with impurities remain unsolved, which does
not permit predicting the conditions necessary for its
synthesis. In a few studies concerning the synthesis of
undoped nanodiamonds [44, 79, 84] using organic com-
pounds, assumptions were made on the key role of the
structure of the initial compounds in the formation of
diamond nuclei: the structures of saturated hydrocarbons
(paraffin, polyethylene) and of cyclic compounds with carbon
bridges (adamantane, camphene) with sp3 hybridized carbon
atoms favor the formation of diamond, whereas the planar
structure of aromatic compounds (naphthalene, anthracene)
stimulates the formation of perfect graphite, which hinders
the formation of diamond. In Ref. [84], the atomic ratio H:C
(1.6±0.03) in the initial hydrocarbons was suggested as a
condition favorable for the formation of diamond. Apart
from the effect of hydrogen on the formation of diamond
from organic compounds, it is noted that the presence of a
noticeable amount of nitrogen in the structure of organic
compounds is favorable for the formation of graphite and is
unfavorable for the synthesis of diamond; the role of oxygen

is not clear, but its presence does not block the process of the
formation of diamond [44].

The recent results on obtaining nano- andmicrocrystals of
diamond in samples consisting of a mixture of naphthalene
and fluorized graphite were explained by the formation of
particles of nano-onion and microsize platelet graphite at the
intermediate stage of the transformation, whose size is
inherited by the diamond particles [85]. We note that the
idea of the key role of nanographite in the synthesis of
nanodiamonds was suggested earlier when studying the
behavior of individual organic compounds [84] and carbon
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diamond: (a) photoluminescence (PL) spectrum of nanodiamonds with a
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materials [86]. In [86], the focus was on the synthesis of
nanodiamonds at pressures exceeding that of the direct
transition of graphite into diamond. On the whole, the
proposed correlations are not general, and in the literature
there are numerous controversies related to the behavior of
the same organic substance at high pressures and tempera-
tures. In this connection, systematic studies of the regula-
rities in the high-pressure decomposition of individual
organic compounds that contain dopant atoms, and also
the study of the structures and composition of the resultant
carbon materials, remain important for explaining the
mechanisms of synthesis and doping of nanodiamonds.

3.5 Synthesis of diamonds with impurities of germanium
and rare-earth elements
The detection of luminescence at a wavelength of approxi-
mately 602 nm in the spectra of a diamonds doped with
germanium, reported in [27], generated enormous interest, as
was mentioned in Section 2, in connection with the opportu-
nity to solve the problem of controlled doping and obtaining
nanocrystals with single luminescent centers directly in the
process of synthesis. It was shown that the center at `602 nm'
is formed in diamond films grown in the presence of
germanium and in diamond implanted by germanium after
its annealing [27] (Fig. 8). It was established that the
luminescent center at `602 nm' has all the properties of a
single-photon emitter, although the nature of the center
remained open to debate because of the low quality of the
luminescence spectra and the presence of uncontrollable
impurities in the diamond, in particular, nitrogen and
silicon. In later studies [28, 29] devoted to the doping of
diamond with germanium, in particular, at high pressures
[29], it was impossible to solve the fundamentally important
problem of the nature of the luminescent center at `602 nm.'
No isotopic separation of the zero-phonon line (ZPL)
occurred in the spectra of GeV centers in diamond at low
temperatures, while in the spectra of SiV centers the ZPL
becomes split at low temperatures. To explain the nature and
the structure of `germanium' centers, a synthesis of diamonds
was developed with the use of isotope-enriched germanium
(72Ge, 76Ge) and carbon (12C, 13C) in the ternary Ge±C±H
and quaternary Ge±C±H±O systems under conditions where
germanium was an additive rather than a solvent of
carbon [30]. According to the observation of shifts in the

fine structure of the ZPL, the `germanium' nature of
luminescence was unambiguously established at the wave-
length of 602 nm [30]. On the whole, the width of this
luminescence line did not depend on the size of the
synthesized crystals, which indicates a high structural perfec-
tion of the nanodiamonds obtained. Depending on the
conditions of their synthesis, the diamond crystals could
contain silicon and nitrogen impurities. In that case, the
nitrogen centers were revealed only upon cooling. The
addition of boron to the system led to the binding of the
impurity nitrogen and disappearance of the luminescence
lines of nitrogen centers. The source of silicon and SiV
centers in diamond proved to be the agate mortar that was
used to prepare the mixtures of reagents. The replacement of
the agatemortar by a plastic mortar and of the elements of the
high-pressure cell by elements that did not contain silicon
solved the problem of the incorporation of silicon into
diamond.

Thus, the method of high pressures makes it possible to
sufficiently easily and reliably control the conditions of
doping. As regards the concentration of GeV centers in
diamond, its determination is a very complex issue in the
absence of suitable reference samples. The germanium
concentration in CVD films determined by the method of
secondary-ion mass spectroscopy is at the level of 1016 cmÿ3.
The concentration of germanium in the reaction mixture was
maintained by the interaction of microwave plasma with
germanium in the solid state. For comparison, the concentra-
tion of the impurity silicon, which was not specially intro-
duced into the reactor, was of the order of 1018 cmÿ3. In [29],
the overall concentration of germanium in the HPHT
diamond determined by the mass spectroscopy method was
in the range from 1 ppm to several hundred ppm (1017 ±
1019 cmÿ3). The data obtained do not seem to give the real
concentration of GeV centers in the diamond lattice and are
apparently significantly overstated because of the presence of
germanium-based inclusions and clusters. The estimate of the
concentration of GeV centers with the use of data on the
absorption of samples and on the concentration dependence
of the absorption of diamond with SiV centers gives a value
that does not exceed 5� 1014 cmÿ3 [30]. If this is so, then
crystals with single luminescent centersÐan ideal source of
single photonsÐcan be obtained by synthesizing diamonds
less than 100 nm in size.
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In our study [30], the luminescence on microcrystals and
aggregated nanocrystals was discussed; currently, the lumi-
nescence on individual nanocrystals is being studied.

Obtaining rare-earth-element luminescent centers in dia-
mond has long attracted the attention of researchers. A
breakthrough in this area would allow the high chemical
stability of diamond to be combined with the very prolonged
coherence time of the nuclear spin of rare-earth ions (quantum
memory, magnetic sensors) and with their bright and narrow
luminescence in practically all spectral ranges that are needed.
For example, there is a patent on obtaining (by the method of
implantation) erbium-based luminescent centers with the
emission wavelength of 1:5 mm, which would be ideal for the
transfer of signals using quartz fibers [87]. However, publica-
tions that could confirm the data of this patent on the creation
of erbium-based luminescent centers in diamond films by the
method of implantation are absent. On thewhole, it is noted in
the literature that themethods of implantation of impurities of
rare-earth elements into diamond do not lead to the formation
of luminescent centers because of the graphitization of
diamond at the stage of the subsequent annealing for
restoring the diamond structure [31]. There is a paper on
obtaining bright luminescence of Eu3� ions `fixed' in Eu±O±C
bonds on the surface of particles in ultradisperse diamond
powders [88]. The luminescent centers with such a structure
can have only a very limited application.

The most interesting result concerning obtaining lumines-
cent centers on the basis of rare-earth elements in diamond
was published in [31]: Eu3� was introduced into the diamond
lattice of films and nanocrystals in several stages in a complex
process, which included the oxidation of the surface of a
diamond film, the chemical deposition of europium, and the
subsequent overgrowth of a diamond layer. Luminescence
was observed in the region of approximately 600 nm (Fig. 9).
This result is of fundamental importance even in the absence
of a practical application: the luminescent centers of a rare-
earth center can be created in the process of the growth of
diamond.However, there are no papers about the synthesis of
diamond with the impurities of rare-earth elements yet.

4. Optical properties, electron structure,
and the charge state of split-vacancy complexes

Summarizing the experimental data supported to a certain
extent by theoretical calculations (with problems related to ab

initio calculations considered in more detail in Section 6), it is
possible to propose the structure of the impurity levels of
split-vacancy impurity centers, schematically depicted in
Fig. 10. When applied to SiV centers, it approximately
corresponds to the scheme proposed in [89]. An essential
role is here played by the partially filled impurity doublet Eg

(hereinafter, representations of the 3m group are considered),
which lies somewhat (by 1±1.5 eV) higher than the top of the
valence band, and by the completely filled impurity doublet
Eu, which lies approximately at the level of the top of the
valence band. The presence of this second impurity level leads
to the splitting of the triplet Td, which in pure diamond
corresponds to the top of the valence band and is transformed
under a representation of the 3m group into a singlet Ag and a
doublet Eg with a characteristic splitting energy � 0:5 eV. In
addition, somewhat lower in energy is located an impurity
singlet Ag. The luminescence observed in the infrared range is
caused mainly by the transition of electrons from the
completely filled impurity level Eu to the partially filled level
Eg; the calculated difference in energy between them exactly
corresponds to the experimentally observed luminescence
frequency. Because both levels are doublets, the experimen-
tally observed fine splitting of the luminescence band gives a
quadruplet (without taking the hyperfine splitting caused by
the interaction with nuclear spins into account), and the
experimental value of the splitting frequency together with
the temperature dependence of the intensities of each of the
four optical components allows uniquely determining the
splitting for each of the electron doublets (� 1 meV).

We note that the optical transitions Eu ! Eg are allowed
by the selection rules, whereas the transitions from other
adjacent levels (both impurity and purely diamond Ag and
Eg) are forbidden. Nevertheless, it was shown in [89] that such
levels can form a `dark' state (shelving level), which can help
in explaining the sufficiently fine features of luminescence of
single impurity centers (for example, double relaxation
(bunching±antibunching) in the autocorrelation function
g 2�t� of the SiV centers [14]) (Fig. 11).2 Besides the
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Figure 9. (a) Microstructure of diamond and (b) cathode luminescence of an Eu defect in a nanodiamond [31].

2 Bunching is a radiotechnical term denoting the grouping of separate

discrete signals along the time axis. The opposite tendency (a uniform

distribution of separate pulses in time), which corresponds to the anti-

correlation in their sequence, can then be called antibunching. In quantum

optics, both these terms are applied to separate particles and, in the case

under consideration, to photons.
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fundamental value, the study of dark states is important from
the standpoint of applications, where the low transition
probability from the optically active excited state to this
dark level is important, which means a high quantum
efficiency of the single-photon emitter [8]. In the ideal case,
it would be desirable, of course, if each absorbed photon were
subsequently re-emitted via luminescence (with the quantum
yield equal to unity). A comparative analysis of the quantum
yield, the relative efficiency of the ZPL (Debye±Waller
factor), the lifetime in the excited state, the counting rate,
and other very important characteristics of single-photon
emitters based on the SiV, NV, and other luminescent centers
have been performed ormeasured in detail in reviews [7, 8]. As
regards the GeV center, a preliminary estimate of the

quantum yield [30] gives values no worse than those for the
SiV center (0.05), but less than for the NV center (0.7).

When investigating the optical properties of impurity
centers, it is convenient to represent the optical transitions
as those between different levels described by a multielectron
density function, i.e., by a molecular term. For neutral and
negatively charged split-vacancy impurity complexes, such a
function respectively includes six and seven single-electron
states. The ground state in this case has the 2Eg symmetry [89]
for negatively charged centers and the 3A1u symmetry for
neutral centers; the excited state has the respective 2Eu and
3A2g symmetry. In this notation, the left superscript corre-
sponds to the number of spin projections and the other indices
correspond to the crystallographic symmetry of the wave
function. It is important to note that the ground state of
negatively charged complexes has spin 1/2 (and hence two
projections, � and ÿ), and in the case of neutral impurities,
according to Hund's rule, the two electrons on the doubly
degenerate upper level Eg have collinear spins, and hence the
total spin is S � 1.

According to the Jahn±Teller theorem, a split-vacancy
complex, having a doubly degenerate and partially filled level,
is unstable, which leads to the removal of the degeneracy
(splitting). For negatively charged centers, the following
splitting energies were obtained experimentally: 0.21 meV
(50GHz) and 1.08meV (260GHz) for SiVÿ [91, 92]; 0.75meV
(181 GHz) and 4.63 meV (1.12 THz) for GeVÿ [30] for the
respectively ground and excited states.

For the SiVÿ center, an assumption was made that the
degeneracy is lifted due to a shift of the impurity atom relative
to the axis that connects the two vacancies, which leads to the
disappearance of the trigonal axis and to a reduction in the
symmetry of the complex to monoclinic (in essence, this is the
static Jahn±Teller effect) [89]. Later experimental investiga-
tions of the Zeeman splitting [51, 91] made it possible to
conclude that the splitting of the electron levels is caused by
the spin±orbit coupling. But a calculation based on the DFT
for the GeVÿ center [30] has shown that the calculated
energies of the spin±orbit coupling substantially exceed the
experimental values.

It is useful to compare these data with the results obtained
for the more thoroughly studied case of a negatively charged
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Figure 10. Schematic structure of impurity Kohn±Sham electron orbitals (solid lines) near the top of the valence band of diamond (shown by a dashed

line) of the negatively charged split-vacancy complex, which corresponds to the ground (2Eg), excited (2Eu), and one of the possible `dark' (2A1g) states
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existence of a nonactive `dark' state in this state.
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NV center. For this center, the luminescence is caused by
transitions from the completely filled single-electron singlet
level A1, which lies approximately 1 eV above the upper edge
of the gap, to the partially filled (by two electrons) doublet E
located 1.95 eV higher in energy (representations of the point
group 3m) [93], such that these levels lie deep in the gap. The
multielectron function constructed for four electrons has the
3A2 symmetry for the ground state and 3E for the excited
state. This means that both these states represent a spin
triplet, which also follows from Hund's rule.

Therefore, the luminescence line of the NVÿ center
represents a sextet [50, 94], but the splitting energy is much
less than in the case of split-vacancy impurities: the fine
splitting (which is ascribed to both the spin±orbit and spin±
spin interactions) leads to a difference between the energies of
the level with zero and nonzero projections of the spin
� 2:88 GHz and� 10 GHz for the ground and excited states
[50, 94]. Consequently, by considering transitions from the
ground state with a zero or nonzero spin projection into
some of the excited states with a definite projection of the
orbital momentum, it is possible to realize a classical L
system in the NVÿ centers, which has remarkable prospects
for being used in quantum communications and quantum
computing [13, 95, 96].

To determine what charge state is realized in these
impurity centers, we recall that the concentration of split-
vacancy centers, in view of their very nature, is small. Because
the concentration of simple impurity centers (substitutional
atoms, interstitial atoms, and vacancies) is much greater,
changes in the concentration of these `simple' defects actually
exert a significant effect on the position of the Fermi level of
the diamond matrix, and variations in the Fermi level can in
turn change the charge state of vacancy complexes. Such
variations can significantly (by� 0:3 eV) change the behavior
of optical transitions in these centers. As was noted above, the
partially filled impurity level of the SiV center lies somewhat
higher than the top of the valence band. The presence of one
more donor impurity, which leads to an increase in the Fermi
level by approximately 1 eV above the top of the valence
band, should lead to the negative charging of this impurity,
and such a charge redistribution, in turn, should lead to a
change in the energy structure of impurity levels.

In particular, the available experimental data indicate that
the energy of luminescence for a neutral SiV center (SiV0) has
a typical value 1.32 eV, whereas the energy of luminescence of
the more common (and therefore leading to a greater
luminescence intensity) negatively charged center SiVÿ1 is
1.68 eV. It is precisely the SiVÿ1 line that was first revealed
experimentally.

In diamond doped with germanium, the 2.06 eV line
appears to correspond to a negatively charged GeV center,
because the first-principle calculations for the neutral impur-
ity give a considerably lower transition value (1.75 eV) [30].
There are no experimental papers concerning the detection of
spectral lines that could be connected with the luminescence
of the neutral GeV complex. Although the charge state can be
sufficiently simply simulated by the DFT method, the
practical matching of the specific charge state of a concrete
impurity center with the observed luminescence lines can be a
very nontrivial experimental problem.

Typical diagrams used for the calculation of charge states
are given in Fig. 12. The energy of the formation of a defect is
plotted along the vertical axis; in this case, for the C, Si, and
Ge atoms, experimental values for an appropriate crystalline

state are taken as the chemical potentials; and for the
electrons, the values of the Fermi energy EF calculated by
theDFTmethod are adopted. It this case, it is assumed that at
a certain value of EF (corresponding to the abscissa axis in
Fig. 12) in a crystal containing defects, the defect with the
smallest possible energy is realized; graphically, such a
diagram looks like a polygon formed by intersecting straight
lines constructed for different charge states Eÿ EF. The
abscissas of the vertices of this polygon determine the energy
values at which a recharging (change in the charge state) of
the defect occurs. As can be seen from Fig. 12, four charge
states are possible for the GeV centers: 1, 0, ÿ1, ÿ2, but the
two extreme ones are energetically stable only at unrealistic
values of the Fermi energy.

5. Interaction between electron
and phonon subsystems: The Huang±Rhys model

The complexity of the electron structure of impurity centers
by no means exhausts the difficulty of describing impurity
complexes. Experimentally observed luminescence is to a
significant extent caused by the interaction of electron and
phonon subsystems, in which an essential role is played by the
impurity (local) phonon modes. The frequencies of oscilla-
tions of this type can also be obtained by first-principle
calculations; however, there is a subtle aspect connected
with the study of vibrations of an excited state. Although
excited states are poorly described by such calculations, they
can be explained qualitatively in the framework of a
sufficiently simple Huang±Rhys model [97±99] (Fig. 13).

We note that the idea of the interaction of optical electron
transitions and harmonic vibrational motions of atoms was
suggested much earlier in the work of Frank [100], Condon
[101], and Frenkel [102]. In the work ofHuang andRhys, who
subsequently developed this idea, sideband vibrational
spectra of impurity atoms (corresponding to the lines of the
A and AS transitions in Fig. 13) were calculated. Although
the theoretical investigation of this model can be considered
to have been completed already in the 1970s, its application
for the interpretation of experimental data still encounters
difficulties, which can be seen, for example, from the recent
mini-review [103] with practical `recipes' for applications of
this theory. Therefore, we believe it is expedient to reproduce
the basic concepts of the Huang±Rhys model here.
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Figure 12.Diagram of the charge state of a GeV complex.
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An impurity atom (or complex) in the ground state can be
described as being located in a harmonic well. Thus, the
quantum description of this system in the harmonic approx-
imation leads to a set of equidistant vibrational levels. All this
series nevertheless corresponds to the ground, i.e., unexcited,
electron state of the impurity complex. An optical excitation
of this impurity complex leads to a sufficiently strong change
in the charge density near this center, such that the geometric
position of the center becomes energetically unfavorable,
which leads to a change in the generalized coordinate Q of
this center (see Fig. 13). As the generalized coordinate, we
can consider, for example, the distance from the impurity
atom to the nearest carbon atom or the displacement of the
impurity atom with respect to the axis that connects two
adjacent vacancy sites (depending on the initial adopted
model). Nevertheless, it is assumed that the electron
excitation is sufficiently long-lived, such that the excited
center has enough time to find an energy minimum and relax
into it, before the electron passes to the ground state.
Certainly, even in the case of such a metastable state, the
excited center can be assumed to be located in a practically
harmonic potential well with an appropriate equidistant
spectrum of vibrational levels.

The optical transitions in this model are caused mainly by
the transitions between two zeroth vibrational levels (corre-
sponding to the ground and excited electronic states). In this
case, the brightest luminescence line was therefore called the
zero-phonon line (ZPL). At the same time, transitions
between the excited vibrational levels lead to the appearance
of a discrete spectrum of the so-called side band (vibronic
band), observed in the region above or below the ZPL. These

energy ranges correspond to absorption or luminescence,
which requires substantially different experimental methods
of study, with the resultant problems of combining the
experimental data, for example, on the normalization of
intensities [103]. It is interesting to note that the GeVÿ

center, clearly visible in the luminescence spectra, has not
yet been registered in optical absorption [30].

Such a detailed description of these transitions is to be
used in explaining the logic of quantum chemical calculations
in Section 6. Furthermore, there is a quite subtle aspect
connected with the comparison of the parameters of the
potential well in the ground and excited states. A well-
known problem in quantum chemical calculations is the fact
that (by the essence of the DFT method) they are fundamen-
tally applicable only for the calculation of the ground state
energy of a certain configuration of atoms. But the calcula-
tion of mechanical vibrations in an excited electron state is an
even more difficult problem. In the case under consideration,
it is necessary to investigate mechanical vibrations of an
excited electron structure, and it is then tempting to consider
the quanta of vibrations for the excited and ground electron
states equal. In essence, this amounts to the assumption that
the coupling constants of the impurity complex with the
surrounding diamond matrix in the excited and unexcited
electron states are equal; for example, this was assumed in
recent preprint [104], where the energies of the vibrational
levels of the SiV complex were calculated. In the case of NV
centers, the experimental data in [2] indicate that this
assumption is completely justified; for split-vacancy centers,
this is not the case. This problem is considered in more detail
in Section 7.

The classical result of the theory of luminescence, which
comes from the work of Stokes, is the difference between the
wavelength of an optical excitation of the crystal structure
and the wavelength of the emitted light. In the Huang±Rhys
model, the two limit values of the energy of the absorbed
emission are associated with the turning points [98] of the
zeroth vibrational level (in Fig. 13, the `averaged' Stokes line
of the transition S, which lies in the middle between them, is
shown). The difference between the energies of the absorbed
and emitted light is called the Stokes losses (or the Stokes or
Franck±Condon shift).

The reverse (`anti-Stokes') transition with the energy
lower than the ZPL energy is observed in the luminescence
spectrum. The anti-Stokes transition line that corresponds to
this energy is depicted in Fig. 13 schematically. It is
remarkable that this energy manifests itself in experiment in
the form of a quite wide maximum observed in the
luminescence spectrum near the ZPL. For the SiVÿ center,
this maximum with DE � 40 meV relative to the ZPL line
(Fig. 14) is sufficiently narrow, such that it was even
interpreted previously as a local vibrational mode [4]. This
value of energy had its theoretical explanation in the
framework of the model of a double impurity center, to
which this defect was previously ascribed [4, 106].

6. First-principle methods of calculation
of vacancy complexes

In the absence of direct experimental data, the structure and
the electron state of an impurity center can be estimated by
comparing the values of the ZPL energy with theoretical
predictions (the structure of the SiV center was determined in
just this way in [46]).
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Figure 13.Huang±Rhysmodel (schematic). The first two vibrational levels

of the ground (n) and excited (n 0) states are shown.
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There are two approaches to the calculation of the
electron states of impurity centers in a crystal lattice [107]:
the supercell method and the cluster method. In the first case,
an individual defect is simulated by multiplying the period of
the initial cell around the impurity center; in the second case,
the impurity center is simulated as a separate center in a
crystalline cluster, located inside an `empty box.' The second
model is apparently more suitable for a single nanocrystal,
but in addition to the need of taking surface effects into
account, it encounters computational difficulties due to the
increased size of the computation domain (a higher cut-off
energy for plane waves). In the case of split-vacancy impurity
centers, a `nanocrystal' consisting of 512 carbon atoms with a
hydrogenated surface was used in [46] to calculate the
optimum structure of an SiV center. In that study, an idea
was also suggested that the hydrogenation of the surface
compensates the known problem of the underestimated
excitation energies of electrons obtained in the calculations
by the LDA/GGA method (the local density approximation
in the generalized gradient approximation).

At present, a conventional method for solving this
problem is the `post-processing' of the results of first-
principle calculations using the Henderson±Scuseria±Ernzer-
hof (HSE) method, or the GW method (G is the Green's
function andW is the Coulomb interaction) [108±110], which
implies two methods of introducing nonlocal quantum
corrections into the density functional. In the HSE method,
a `dosed' (as a rule, equal to 0.2) Fock contribution is added;
and in the GW method, one-loop diagrams are taken into
account. Because the simulation of single centers requires the
calculation of large supercells (to the extent allowed by the
accessible computational resources), the HSEmethod is more
economical from this standpoint, although it presumably also
leads to somewhat underestimated values of the energy of
band gaps (by less than 0.1 eV). The calculations by the HSE
method for the NV and SiV centers showed a good agreement
with experiment [89, 93, 111].

The scheme used in [30] for calculating the impurity levels
of the GeV centers mainly follows the one suggested in [93],
with minor differences. The Quantum ESPRESSO program
package [112] used in [30] for calculations by theHSEmethod
requires that all preliminary calculations be carried out with
norm-preserving pseudopotentials (this leads to an additional
consumption of computational resources). The first stage of

calculations is the total relaxation of the supercell (of both the
coordinates of atoms and its size) with the included impurity
center, taken to be in a specified charge state, with the use of
an 8� 8� 8 Monkhorst±Pack grid for averaging the energy
over the Brillouin zone. The energy value thus obtained
corresponds to the minimum of the unexcited state energy.
Varying the charge state and analyzing the results obtained
for different values of charge allows constructing a charge
diagram similar to that given in Fig. 12. Comparing the
electron levels calculated for the obtained coordinates of
atoms and the supercell size with the electron structure of
pure diamond allows identifying the impurity electron levels,
thus obtaining a crude initial estimate of the energies of
electron excitations. The second stage of calculations is the
refinement of this value by a self-consistent calculation with
the HSE method with a fixed geometry of the cell. In view of
the significant computational complexity of the second stage,
the averaging of energy in this case was performed only at the
G point. The value of the calculated excitation energy at the
center of the Brillouin zone is already close to experimental,
and, using the difference between the initial value of the
excitation energy and the refined value (which is equal to
almost 0.6 eV) and simply shifting the free electron levels
upward by this value (a scissors operation), it is possible to
refine the diagram of electron states in the entire Brillouin
zone.

We note that the value thus obtained is the energy of
vertical electron excitation. In order to link it to the ZPL
energy, it is necessary to subtract the Franck±Condon shift
from it. Although for the split-vacancy impurity centers it
turns out to be small (30 and 27 meV for the respective
SiVÿ center [89] and GeVÿ center [29]), this is not the
general case; for example, for the NVÿ center, this shift has
a perceptible value: 150 meV. Therefore, it is expedient to
indicate the procedure for the last stage of calculations. The
calculation of this shift consists in creating an inverse
population density of levels and repeating the relaxation of
the cell, i.e., in seeking the minimum of the energy for the
excited electron state. With the use of the Quantum
ESPRESSO program code, such an operation can be
implemented only for one k vector; the vector that
corresponds to the G point is chosen. The difference
between the initial and optimized energy values gives the
Stokes component of the Frank±Condon shift. By subtract-
ing it from the energy of the vertical electron excitations, the
ZPL energy is obtained. Analogously, the value of the anti-
Stokes shift is determined simply by substituting the
obtained optimized coordinates in the initial scheme (used
at the first stage) and by running one cycle of self-consistent
calculations (without varying the geometry of the cell). The
decrease in the energy obtained in this cycle gives the value
of the anti-Stokes shift.

A small inaccuracy was allowed above: as can be noted,
the difference between the minima of the energies of electrons
that are in the ground and excited states does not generally
coincide with the ZPL energy (which is equal to the difference
between the energies of zero vibrations). If the energy surfaces
of the ground and excited states are similar (are only shifted in
energy), then this correction is indeed negligible. However, it
turns out that this is not the case in split-vacancy complexes;
this correction, although small, is quite noticeable
(� 10 meV). How it manifests itself in experiment is dis-
cussed in Section 7.
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Figure 14.Luminescence spectrum of an SiVÿ center at room temperature
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7. Isotope effects

Aswas shown in Section 6, the luminescence of a defect center
in diamond, in particular, its ZPL, is closely connected with
the zero quasilocal vibrations of impurity atoms. Although
the zero-point oscillations are a fundamental property of
quantum oscillators, there are several experimental proce-
dures that make it possible to detect the effects caused by
vibrations of this type [113, 114]. The simplest (and
historically the first) method that allowed confirming the
existence of such effects is the study of isotope effects. As was
noted in [98], the isotope shifts in a crystal vividly illustrate the
fact that each line in the spectrum of the crystal is essentially
an electron-vibrational line [98]. However, strange as it may
seem, this method was only rarely used in studies of impurity±
vacancy complexes in diamonds, mainly because the impurity
atoms are introduced into the diamond matrix in a poorly
controlled manner (for example, nitrogen from the atmo-
sphere or silicon from technological equipment in the process
of CVD growth) with the result that, in essence, the impurities
have a natural isotope composition. Attempts previously
undertaken to change the isotope composition of silicon
impurity [115] in the process of CVD growth led at best to a
90% isotope enrichment with 29Si because of the uncontrol-
lable contamination by natural silicon.

We emphasize that by the isotope effects, we here mean
precisely the effects caused by the isotope composition of the
impurity. The effects connected with the isotope composition
of the carbon matrix in pure and doped diamonds have been
examined fairly often (see, e.g., [116, 117] and the references
therein), mainly because of the relative simplicity of the
synthesis of such samples (which, naturally, does not make
the effects observed in these samples simpler; rather, the
opposite is true).

A somewhat different approach was used in [118] (2014),
where single SiVÿ centers in CVD films were studied.
Although natural silicon was used, the hyperfine splitting of

a ZPL created in the spectrumwas theoretically calculated for
each of its isotopes. Therefore, investigating the luminescence
spectrum of each single complex allowedmaking a conclusion
on precisely which of the silicon isotopes participated in the
formation of this center. By studying a sufficiently large
number of single centers, it was possible to obtain data on a
few isotopes at once. Of course, such studies require a very
high sensitivity of the equipment employed, and therefore
some fine effects are lost; however, the authors of [118] first
obtained data on the isotope shifts of the ZPL and of the first
two luminescent vibronic peaks of the SiVÿ center. They
showed that depending on the mass of the silicon isotope, the
difference between the energies of the ZPL and of the first or
second vibronic peaks changes as DE � 1=

����
m
p

(Fig. 15).
Taking into account that the coupling constant of the
impurity with the crystalline matrix very weakly depends on
the isotope mass, this result is in complete agreement with the
formula for a harmonic oscillator. However, we note that the
two values of the energy thus obtained, � 61 and 128 meV
[118], which correspond to the difference in the energies of the
first and second vibrational levels relative to the zero level of
the unexcited electronic state, are not strictly equidistant. This
can indicate the existence of a small anharmonism of the
potential well, which, on the other hand, can lead to a small
deviation from the square-root dependence of the energy of
the second vibrational level, which was also noted in [118].

Similar arguments were used in [30] to prove that the
luminescence line at 602 nm observed in diamond grown at
high pressure in the presence of isotopically pure germanium
was caused precisely by germanium (see Section 3.5).
Although only the first vibronic line (with the relative energy
� 44 meV) was examined in [30], the square-root dependence
on the mass of the impurity for its energy was convincingly
demonstrated for three germanium isotopes.

We recall that the density of phonon vibrations of
diamond is mainly concentrated in the range 73±167 meV
[4], which assigns two upper limits (`soft' and `hard') of the
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Figure 15. Isotope shift of (a) the ZPL and (b) the first vibronic peak for the SiVÿcomplex obtained in [105].
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energy of local vibrations in the diamond lattice. The peak of
the density of phonon vibrations at the upper boundary of
this range is many times greater than that at the lower
boundary, and hence the spectral density related to the bulk
phonon modes in diamond is typically manifested in the form
of a characteristic `three-humped' structure with the peaks
located at distances of 127, 157, and 167 meV from the ZPL
[4]. Thus, in the case of the GeVÿ and SiVÿ centers, the local
vibrational modes quite well fall into the `soft window' of
energies lower than 73 meV.

It is interesting to note that from a comparison of the
vibrational energies (64 and 44 meV) of the SiV center and of
the germanium center, based on the reasoning suggested in
[4], it can be shown that both these centers are also
structurally identical. Indeed, assuming that the coupling
constants of each of these centers with the diamond matrix
are approximately equal and each of the centers contains the
same number of valence electrons (equal to seven, meaning
that both centers are negatively charged), the ratio of these
energies should exactly coincide with the square root of the
ratio of the masses, which is satisfied to within 10%
(
������������
74=29

p ÿ 64=44 � 0:15). This agreement can be consid-
ered good enough for such a rough model.

One more parameter can be extracted from the analysis of
the isotope shift of the absolute energy of the ZPL, which was
observed in both studies [30, 118]. In both cases, an increase in
the isotope mass led to a small decrease in the absolute energy
of the ZPL: by 0.4 meV for the 72Ge ± 76Ge pair and by
0.75 meV for the 28Si ± 30Si pair; the relative energy of the first
vibrational level for the same pairs of isotopes respectively
decreases by 1.1 and 2.2 meV. If we take Fig. 13 into
consideration and assume that the difference between the
energies of the minima of the potential traps for the ground
and excited electron states is independent of the isotope
masses (which is quite justified, because this value is
determined only by the electron configuration), then the
isotope shift of the ZPL allows calculating the energy of the
vibration quantum of the excited electron state. For a
quantum harmonic oscillator, this value should be two times
greater than the relative energy of zero-point vibrations
referenced to the bottom of the potential well. Thus, for the
germanium center, the isotope shifts of the zero vibrational
level of the respective unexcited and excited centers should be
ÿ0:55 and ÿ0:95 meV, whence it follows that the relative
energy of the first vibrational level of the excited electronic
state is 76 meV. A similar reasoning for the SiVÿ center gives
a value of almost 107 meV. Hence, it is possible to draw the
conclusion that in the excited electron state, the binding
energy of the split-vacancy impurity with a diamond matrix
increases significantly. This result is in striking contrast to the
data for the NVÿ centers, for which the results of first-
principle calculations and the experimental data [2, 93]
demonstrate only a small increase in the vibrational energy
quantum of the excited center in comparison with the ground-
state energy: by 75 and 65 meV, respectively. We note that an
assumption about the connection of the isotope shift of the
ZPLwith the difference in the potential surfaces of the ground
and excited states was made in [118]; however, no numerical
estimates were given there.

In the Huang±Rhys model with identical harmonic
potential wells for the ground and excited electron states, a
unique kind of degeneracy exists due to the coincidence of
energies of the optical transitions that occur without a change
in the vibrational quantum number (0 0 ! 0, 1 0 ! 1, etc.).

However, this degeneracy is lifted in practice: taking the
above estimates into account, we see that the 1 0 ! 1
transition for the respective GeVÿ and SiVÿ centers has a
greater energy than the 0 0 ! 0 transition (the ZPL one) by 30
and 40 meV. Thus, 1 0 ! 1 transitions should be observed
upon excitation near the ZPL at relatively low temperatures,
which make it possible to resolve them. However, it should be
taken into account that the requirement that these lines be
resolved simultaneously leads to their low intensity because of
the small population of the n 6� 0 vibrational levels of the
ground and excited electron states at low temperatures.
Nevertheless, in all likelihood, one such line in the excitation
spectrum is indeed observed in experiments [119] for the
GeVÿ center.

Impurity centers with a noticeable difference in the
binding energies of the ground and excited states were
theoretically described for the first time in [120]. A formula
was proposed that connects the isotope shift of the ZPL (dZ)
with the difference in the binding energies (D) and in the
masses of the impurity isotopes (m and m 0): dZ �
�1ÿ �m=m 0�1=2�D=2. It is difficult to say precisely what
values the quantity D (occasionally also referred to as the
frequency defect) can reach in principle, although values of
20% and greater are given for some molecules in [99].

8. Unsolved problems: charge state
and electron paramagnetic resonance

As was mentioned above, determining the true charge state of
an impurity can be a nontrivial experimental problem. One
way to solve it is the study of splitting of the electron states in
a magnetic field with the aid of the Zeeman effect or electron
paramagnetic resonance (EPR).

The splitting of luminescence lines in a magnetic field (the
Zeeman effect) in the case of a SiVÿ center was investigated in
[91], where the picture of the electron states described in
Section 4 was generally confirmed: a splitting of each of the
quadruple lines into two lines was observed, as should be
expected for spin-1/2 states. Nevertheless, in studies with the
aid of EPR, the picture becomes somewhat more ambiguous.

EPR studies of CVD diamonds doped with silicon were
first performed in the early 2000s [121±124]. Although these
studies were carried out, in all likelihood, on diamonds of low
quality due to the imperfection of the technology in those
days (it is mentioned in [122] that the basic impurity that
makes the contribution to the EPR signal was hydrogen),
three resonance lines caused by the impurity of silicon were
nevertheless identified: a KUL1 line with spin 1 and KUL3
andKUL8 lines with spin 1/2. Thismade it possible to ascribe
the KUL1 line to the neutral SiV complex (which was
subsequently confirmed in [115, 125, 126]). However, there
is no clarity regarding the negatively charged complex. It was
shown that the angular dependence of the KUL3 line in the
case of single crystals of CVD diamonds indicates a mono-
clinic (rather than trigonal) symmetry of the defect; it was
therefore associated with the SiV complex and atomic
hydrogen trapped by it [121, 127]. Although, as was noted in
Section 4, the reduction in the symmetry to monoclinic is
possible for the negative SiV complex as a result of the Jahn±
Teller effect, the version with the spin±orbit nature of the
electron degeneracy lifting in this complex currently seems to
be more plausible. Furthermore, in recent study [126]
performed on HPHT diamonds doped with silicon in a
hydrogen-free medium, no presence of the KUL3 line was
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noted, which suggests the participation of hydrogen in the
origin of this resonance.

Thus, using the elimination approach, it is possible to
conclude that it is theKUL8 line that corresponds to the SiVÿ

complex [123, 124], but it should be recognized that there is no
direct confirmation of this (see, e.g., the discussion in [48]; the
situation has not improved radically since then). An addi-
tional argument against this version can also be the fact that
this EPR line is the weakest of the given series (much weaker
than KUL1), which is in sharp contrast to the fact that the
intensity of the luminescence of the neutral SiV complex is
typically noticeably lower than that of the negatively charged
complex (even in diamonds obtained by HPHT synthesis, in
[126]). Judging from recent papers [128, 129], the situation is
just the same in HPHT diamonds doped with germanium: an
EPR line with S � 1 is observed (i.e., supposedly caused by
the neutral GeV complex, whose presence, however, has not
even been revealed in the luminescence spectrum), but no line
that could be ascribed to the negatively charged impurity
split-vacancy complex has been found.

We note that previously attempts were made [115, 125] to
relate the absence of an appropriate S � 1=2 line in CVD
diamonds doped with silicon to the dynamic Jahn±Teller
effect, which suggests a weak splitting of the degenerate level
(smaller than the energy of temperature fluctuations). In
principle, this condition is satisfied in the case of both the
SiVÿ and GeVÿ complexes. Hence, it can be assumed that in
this case, the EPR measurements at temperatures of 10 K or
higher lead to rapid spin fluctuations, which `wash out' the
EPR signal. Possibly, low-temperature EPR measurements
will shed light on this problem, which will not only finally
explain the charge state of these complexes, but also result in
practical applications, because the Rabi oscillations based on
this effect are widely used for the readout of spin states in
quantum computing.

Photoionization of the impurity complex can serve as
another method for determining the charge state (for an
example of the prospects of this method in application to the
NV complexes, see [130, 131]). But in contrast to the NV
centers (in which the impurity levels are located almost in the
center of the forbidden band), the impurity levels of split-
vacancy complexes are located nearer to the valence band,
which restricts the applicability of this procedure, making it
somewhat one-sided: to change the charge in the positive
direction, an ultraviolet laser is required, whereas for the
change in the negative direction, a usual red laser is sufficient.

In this connection, we mention [132], where the character-
istics of NV and SiV centers were compared and a significant
tendency of SiV centers toward `photobleaching' was noted.
This result can be explained by the fact that for negatively
charged split-vacancy impurity complexes, an increase in the
negative charge (toÿ2)makes them completely inactive in the
infrared and visible light ranges (both electron doublets are
then completely filled).

9. Prospects for application

In all likelihood, nanodiamonds with split-vacancy impurity
complexes, because of the high intensity of the ZPL in
comparison with the vibronic band, can find wide applica-
tion in high-resolution microscopy in medicine and biology
[133, 134]. In addition, studies of single SiV centers [14] and
GeV centers [27] showed that these centers are single-photon
emitters. This, in particular, follows from a decrease in the

autocorrelation function g 2�t � 0� < 1 in the region t < 1 ps
(see Fig. 11), which indicates a low probability of the
simultaneous emission of two photons (its difference from
zero, according to [14], should be interpreted as a result of a
measurement error).

The relative efficiency of the ZPL (Debye±Waller factor),
of course, decreases with an increase in temperature, which
can be seen from comparing the corresponding luminescence
spectra obtained at cryogenic and room temperatures. At
room temperature, the intensity of the ZPL for SiV, NV, and
GeV centers in diamond is considered to be acceptable [7, 27],
at least from the standpoint of obtaining single-photon
emitters whose actual operation implies temperature stabili-
zation, i.e., cooling to room or lower temperatures. For
biological objects, the operating temperatures do not exceed
40±50 �C, which does not cause serious changes to the
efficiency of the emitters in comparison with that at room
temperature. As regards the thermal stability of the SiV, NV,
and GeV optical centers, the NV centers are preserved at
temperatures up to 1400 �C [61], whereas the stability of SiV
and GeV centers is greater, as follows from experiments on
their preparation at temperatures up to 1900 �C [135]. One
additional disadvantage of NV centers is that they become
unstable as the size of nanodiamonds decreases to less than
30 nm [136, 137]. For the SiV center, the stability is confirmed
experimentally in nanodiamonds with a size down to several
nanometers [25]. For the GeV center, the problem remains
not studied thus far, although in aggregated diamonds with a
size of 30±50 nm, the luminescence of the GeV center was
observed earlier in [30].

Thus, it can be assumed that the above-mentioned centers
can be used as single-photon sources in quantum commu-
nications and cryptography, for example, for a secure
quantum transmission of secret keys using the BB84 protocol
(the first protocol for the transfer of secret keys, proposed in
1984 by Bennett and Brassard) [138±140]. In addition, a clear
advantage of the split-vacancy complexes is the narrowness of
the ZPL realized at sufficiently `shallow' cryogenic tempera-
tures, which allows increasing the transmission rate in this
scheme [132]. At present, the BB84 protocol is already being
used in practice; but as information carriers, instead of
separate photons, attenuated laser pulses are used in all
realizations known to us, which makes such lines of commu-
nication fundamentally vulnerable [140]. However, when
using separate photons, which makes such networks
fundamentally uncrackable, such a channel, due to inevi-
table line losses, can be used only for data transmission at
small distances (of the order of 10 m [141]) or at a very low
rate. If the transmitted information is limited only to the
transfer of a secret key (used for encoding another
(classical) channel), which is implemented with a periodi-
city of several hours, then the second limitation is no longer
so important. Nevertheless, in the future, the question will
inevitably arise about the expansion of the bandwidth of
quantum channels, which will require the creation of
quantum repeaters, which are essentially the three-dimen-
sional entangled states similar to those used in experiments
on testing the Bell inequalities [142].

The key element for this is the possibility of creating
entangled quantum states between the impurity center and a
photon [143]. In such a scheme, the impurity center could play
the role of a stationary qubit, and the photon play the role of a
transmitting qubit, which would make it possible to create a
distributed quantum network (the scheme of the quantum
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entanglement of photons with different directions of polar-
ization is considered in [144]). For L systems, the description
of the procedure of photon-spin quantum entanglement is
given in [95, 145]. A demonstration of the fundamental
operability of such a distributed network with a `heralded
entanglement' with the use of trapped ions is given, for
example, in [146]. Because the NVÿ center can be regarded
as aL system (which in fact explains the increased attention of
researchers to it) (Fig. 16), the creation of quantum-entangled
states in it separated by a distance of about 1 m was
demonstrated in [13, 94, 96].

The realization of such a program with the use of split-
vacancy impurities meets with difficulties because the
electron structure of the SiVÿ and GeVÿ centers is more
complex (due to the double degeneracy of electron and spin
states) and does not fit completely into the simple L system.
Photon-spin quantum entanglement implies the creation of a
correlated state between electron states of two types (which
differ, for example, in the value of spin, as in the case of the
NVÿ center) and two photon states (distinguished, for
example, by the polarization); moreover, the photon states
should have approximately equal energies (when creating a
distributed network, the photons interfere between them-
selves [144]).

InRefs [91, 92], it was shown that the two brightest lines in
the luminescence spectrum of the SiVÿ center at liquid helium
temperatures (called lines A and B in [91]) with the energy
splitting by � 50 GHz have an orthogonal polarization,
which can be used for marking the photon states of two
types. These lines are caused by transitions from the lower
level of the partially filled doublet Eg to some level of the Eu

doublet. This system resembles a L system; true, in this case
the electron states should be marked not with the aid of the
spin but via a combination of spin and orbital states that
correspond to each of the levels of the Eg doublet. In addition,
each of the above levels is additionally degenerate with
respect to spin, and hence difficulties arise with the procedure
of coherent readout of this electron state, because the Rabi
oscillations, which are standardly used for the readout of spin
states [13, 94, 96, 146], can be inapplicable here.

Similar questions also arise in the case of the germanium
center, but in it, in addition, the high energy of fine splitting
(180 GHz) must greatly impede the interference between the
photons upon the creation of a spatially entangled state. In all
likelihood, these questions require additional study (see, e.g.,
recent studies [147, 148]), but in our opinion, the prospects for
creating quantum channels based on bright and high-speed
luminescent centers will compensate the efforts spent.

10. Conclusion

The analysis carried out allows selecting the HPHT synthesis
as a universal tool, which is already efficiently used to
improve the structure of CVD diamonds, activate impuri-
ties, and restore the structure of diamond after ion implanta-
tion, and also to modify the color grade of natural diamonds.

On the other hand, opening the possibility of the mass
synthesis of doped nanodiamonds in the course of the
decomposition of organic compounds at high pressures and
temperatures makes the HPHT synthesis an independent and
promising method for solving problems in nanoelectronics
(single-photon emitters) and biomedicine (luminescent bio-
markers). It has been shown that with the aid of HPHT
synthesis, bright color centers can be introduced into the
diamond lattice in a controlled manner. The prospects of
using such centers as elements of quantum cryptography and
informatics are connected with their low solubility in
diamond and with the possibility of obtaining single centers
in nanodiamonds with a structure (in particular, with an
arbitrary isotope composition) directly in the process of
HPHT synthesis. The wide forbidden band of diamond
makes it possible to create quasimolecular impurity levels
inside this band, which in most cases are a completely
acceptable replacement for trapped single atoms, which
until recently were the technological basis for studies in this
field.

At the same time, in spite of the promise of this
technology, a rather nonstandard situation has occurred,
due to the lack of clarity as to the technological requirements
regarding the color centers that can in principle be synthe-
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Figure 16. Creation of an entangled electron±photon state of an NVÿ center in diamond according to [96]: (a) the relaxation of an excited state with the

spin projection equal to zero (for details on the preparation of this pure quantum state, see [96]) can occur via two channels, accompanied by the emission

of two oppositely circularly polarized photons (s�), which leads to two different spin states (m � �1). The diagram of electron levels and transitions

between the levels resembles the letterL in shape; therefore, this type of systemwas called aL system. The difference in the energies between the electronic

sublevels of the ground state is caused by both the spin coupling (O � 2:88 GHz) and the applied external magnetic field (d); (b, c) the coherent readout
(measurement) of the electron state, which consists of two stages: (b) the transmission of a p pulse of microwave emission with a controlled length (Rabi's

cycle), which is tuned in resonance with one of them � �1 sublevels (O� � O� d=2), leads to the passage of electrons to them � 0 level with a different

probability P� 6� Pÿ; (c) the finite population of the levelm � 0 can be measured by means of the resonance optical excitation of this level (637 nm) with

the subsequent passage to one of the electron levels with a nonzero projection of spin (m � �1).
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sized in diamond. The presented requirements [8] either are
trivial (the narrowness of the luminescence line and the degree
of polarization of emitted light) or contradict each other.
Possibly, a comparative study of the impurity±vacancy
complexes that have close structures will not only help to
more deeply understand the nature of optical transitions in
these centers but also make it possible to set technological
tasks that will subsequently allow using these centers in
practice.
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