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Decay process of photoexcited divacancies in diamond studied by first-principles simulations
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Color centers in diamond have attracted much attention as potential quantum photodevices. In contrast to
nitrogen vacancy and group-IV-vacancy centers, the optical properties of other thermally stable vacancies have
not been thoroughly studied. This work focuses on a divacancy in diamond, and its optical properties were
studied by applying first-principles simulation schemes. A structure with two vacancies in the nearest-neighbor
sites was chosen as a test case, and calculations of dipole matrix elements by density functional theory found two
possible optical excitation paths. According to the electron-ion dynamics calculated by time-dependent density
functional theory, one excitation path showed nonradiative decay, suggesting that it would not emit light. The
other excitation path seemed to hold its excited state for 500 fs, but the light emission intensity appeared to be
weakened. The effect of hydrogen termination of the divacancy was also studied. The current results provide a
fundamental understanding of the optical properties of divacancies and should trigger future research into their

influence on the properties of color centers in diamond.
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I. INTRODUCTION

Improving light emission efficiency is vital for high-
performance optical devices. Nonradiative decay of excited
carriers decreases light emission efficiency, and vacancy-
related defects can cause this decay. Decreasing the number
of vacancy-related defects increases the light emission effi-
ciency in semiconductors [1-4] which can be theoretically
understood by the perturbation scheme for electron-phonon
scattering [5,6]. However, in diamond, some defects can be
sources of light emission, such as nitrogen vacancy (NV)
centers [7—13] and group-IV vacancy (IV-V) centers [14-20].
In addition to these color centers, diamond contains ther-
mally stable vacancies [21,22], of which divacancies have
been identified as stable under heat treatment by measuring
luminescence after annealing [23,24]. Divacancies affect the
charge states of IV-V centers [19] through the excited carrier
dynamics of the divacancy. Hereafter, “divacancy” specifi-
cally refers to diamond divacancies.

The electronic structure, optical transition, and decay pro-
cess of excited states in divacancies have not been studied
intensively compared with those in NV and IV-V centers.
To examine the decay process by calculating the real-time
electron-ion dynamics, the present work uses time-dependent
density functional theory (TDDFT) [25], which is a time-
dependent version of static density functional theory (DFT)
[26,27], and discusses possible optical properties. Although
it may be time-consuming, the current approach using the
real-time electron-ion dynamics is convenient for extended
systems in which electronic levels with different occupations
cross to each other.

In this work, the electronic structure of divacancy in the
neutral charge state is shown as well as two optical excita-
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tion paths with corresponding excitation energies of 2.44 and
2.32 eV. The TDDFT electron-ion dynamics simulations at
a lattice temperature of 10 K suggested that the first exci-
tation path shows fast nonradiative decay resulting in direct
electron-hole coupling, whereas the second path appeared to
remain for at least 500 fs. Furthermore, the first excitation path
was annihilated by hydrogen (H) termination in the divacancy,
whereas the second path remained. The remaining path shows
the excited hole state spreading into the bulk throughout the
electron-ion dynamics simulation indicating low light emis-
sion efficiency.

The paper is structured as follows. The computational
schemes are explained in Sec. II, the results for decay pro-
cess of the excited carriers of the divacancy are presented in
Sec. III, and the concluding remarks are given in Sec. I'V.

II. COMPUTATIONAL SCHEMES

The real-time electron-ion dynamics based on TDDFT
was performed within the Ehrenfest approximation [28]. The
electron dynamics were numerically computed by solving the
time-dependent Kohn-Sham equation [25],

i%l//’TDDFT(r, t) — HKS(I‘, I)W;DDFT(I‘,I). (1)
Here, wnT DDFT (p 1) is the time-dependent version of the Kohn-
Sham orbital [27] with band index n, and the Hamiltonian,
HXS(r, 1), is constructed with the exchange-correlation poten-
tial as a functional of the charge density, p(r,t), within the
adiabatic approximation. The ion dynamics were treated with
Newton’s equation of motion,

82
MIWRI(I) = F1(?), 2
where Mp, Ry, and F; denote the mass, position, and force of
ion I, respectively. Force Fy used in Eq. (2) was calculated

©2023 American Physical Society


https://orcid.org/0000-0001-6834-0499
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.7.086002&domain=pdf&date_stamp=2023-08-15
https://doi.org/10.1103/PhysRevMaterials.7.086002

YOSHIYUKI MIYAMOTO

PHYSICAL REVIEW MATERIALS 7, 086002 (2023)

from charge density p(r, ¢) and the ionic positions by using
the scheme for periodic systems [29] at each time step of the
molecular dynamics (MD) coupled with the real-time evolu-
tion of electrons by solving the time-dependent Kohn-Sham
equation (1).

The excited states were prepared within static DFT as the
initial condition of the TDDFT calculation. An approximation
for the excited state obtained by promoting electron occupa-
tion throughout the self-consistent field (SCF) calculation was
used. This approximation is called the ASCF scheme, and the
excitation energy is evaluated by a total-energy difference be-
tween the ground and excited states. Throughout the real-time
electron-ion dynamics, the occupation numbers of promoted
electrons were fixed, but the decay dynamics were monitored
as the time evolution of the wave function characteristics of
the excited hole. The expectation values of the Kohn-Sham
Hamiltonian HXS(r, t) were also monitored, which showed
the alternation of levels with different electron occupation
numbers at the moment of the decay. This scheme has been
used to monitor hot-carrier relaxation in carbon nanotubes
[30] and does not include radiation.

The computational conditions were as follows. The plane
wave basis set with a cutoff energy of 64 Ry and the norm-
conserving pseudopotentials [31] were used for expressing
valence electrons and their interactions with ions, respectively.
The local density approximation (LDA) was employed for the
exchange-correlation potential, and the functional form for the
electron gas [32] was used. In this work, the functional within
the generalized gradient approximation has not been tested
as it gave a bit larger lattice constant of diamond with use
of currently employed pseudopotentials. Thus, the choice of
LDA is practical. The model of the diamond divacancy was a
supercell containing 216 carbon (C) atoms (3 x3x 3 of the cu-
bic cell) from which two neighboring C atoms were removed
to form a divacancy. The spin-unpolarized approximation with
fractional numbers was used for electron occupation [33,34].
The choice of spin-unpolarized approximation cannot provide
enough results to compare the computed electronic structure
with electron spin resonance data, which is beyond current
scope. However, this approximation works well for relaxation
dynamics of excited state within the time-scale of a few hun-
dred fs, at which contribution of spin is negligibly small. A I
point was used for sampling in the momentum space.

The atomic geometry was optimized in the electronic
ground state and neutral charge state. When the simulation
of real-time electron-ion dynamics was started by promoting
electrons, randomized initial velocities were given to all ions
to mimic the Boltzmann distribution at the lattice temperature
of 10 K. Owing to computational costs, a low lattice tem-
perature was used to avoid large variation in the velocity of
each atom. The decay process at room temperature should also
be studied, although this requires ensemble dynamics with
many different sets of randomized initial velocities due to the
large variation in velocities. The current approach, assuming a
low temperature, corresponds to a practical situation in which
optical spectroscopy is performed at cryogenic temperatures
[20].

The Suzuki-Trotter split operator scheme [35,36] was used
for the time integration of the time-dependent Kohn-Sham
equation (1). The interval of the time-step for electron-ion
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FIG. 1. (a) Atomic structure of the divacancy. Red transparent
balls denote positions of two vacancies in nearest neighbor sites.
Other open balls are carbon atoms. (b) Energy levels of divacancy-
related states. Possible spin configuration is denoted by arrows, but
the current computation was within the spin-unpolarized approxima-
tion. “C. B.” should read “Conduction band” and “V. B.” should read
“Valence band.” Numbers 423, 424, and 428-431 are band indices of
states localized at the divacancy, as denoted in the contour maps of
the norm of each wave function. Sixteen contour lines are drawn with
intervals of 6.68x107%¢/r3 for band 423 (ay,), 1.23x10%¢/rg for
band 424 (ay,), 8.57x 10~*¢/r3 for band 428 (e,), 2.78 x 1073¢/7; for
band 429 (e,), 9.30x 10~*¢ /73 for band 430 (e,), and 2.97x 103/ r3
for band 431 (e,). For a unit e/ rg, e is the electron charge, and ry is
the Bohr radius.

dynamics was set to 0.03 atomic units (0.726 as). Computa-
tional code FPSEID?! [37] was used which was developed with
numerical schemes [38,39].

III. RESULTS

A. Atomic and electronic structures of the divacancy

Figure 1(a) shows the atomic configuration of the di-
vacancy obtained by the current computational scheme in
the electronic ground state. There were two vacancies at
nearest-neighbor sites (D3, symmetry configuration) causing
doubly degenerate electronic levels in the diamond bandgap
[Fig. 1(b)]. Conversely, a calculation using the HSE06 func-
tional [40,41] gave the two nearest vacancies with Cyy
symmetry with total energy 0.07 eV lower than that of D3y
symmetry [42], and there has been an experimental report
proposing the vacancies have Cp, symmetry [43]. However,
implementation of the HSE06 or other hybrid functional in
the real-time propagation schemes was not feasible for the
current model size and purpose. Therefore, the D3; atomic
configuration obtained by the LDA functional was used as a
compromise as a test case to study the decay process of the
optically excited state.

Figure 1(b) shows the electronic levels obtained by DFT
calculations. The numbers indicate the band indices of the
supercell, and the bands at 423 (a,), 424 (a2,), and from 428
to 431 (e, and eg) are divacancy-related states, which were
confirmed by analyzing the characteristics of each wave func-
tion, shown as panels with corresponding band indices. The
panels show contour maps of the norm of each wave function
on the (110) plane containing the divacancy. Within the spin-
unpolarized approximation, bands 428/429 (e,) and 430/431
(eg) were doubly degenerate, and thus bands 428/429 had an
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occupation per spin of 0.5. The optical transition from band
423 to bands 428/429 (a;, — e,) was allowed according to
the computed dipole matrix. Similarly, the transition from
band 424 to bands 430/431 (a2, — e,) was also allowed.

The excitation energy computed with the ASCF scheme
promoting a single electron from band 423 to bands 428/429
(aig — e,) was 2.44 eV with a corresponding wave length
of 508 nm. (For details in assigning the occupation numbers
for the ground and excited states, please see Table S.I in
the Supplemental Material [44]). After the promotion, the
occupation per spin was 0.5 for band 423, and 0.75 for bands
428/429 in the current approximation. The ASCF calculation
for another excitation path (from band 424 to bands 430/431)
(az, — e,) suggested that the characteristics of the hole wave
function changed from band 424 to band 426 during the
SCF loop. Therefore, electron promotion was modified to
excitation from band 426 to bands 430/431 to complete the
ASCEF calculation, and the computed optical excitation was
2.32 eV with a corresponding wave length of 534 nm. Here,
the electron promotion should be an occupation per spin of 0.5
for band 426, and 0.25 for each of bands 430/431, by keeping
0.5 electrons per spin for each of bands 428 /429. However, to
obtain convergence in the ASCF calculation, the occupation
per spin was changed from 0.5 to 0.6 for band 426 and from
1.0 to 0.9 for band 427, which is just above band 426. The
current ASCF approximation gave optical excitation energies
for the two paths as 2.44 eV and 2.32 eV, meanwhile the
absorption energy mentioned in [24] was around 2.5 eV. The
close values between current calculations and the experiment
look surprisingly good despite the common trend of the un-
derestimation of excitation energy by DFT, while it should be
noted that current model of divacancy is under D3; symmetry
while the experimental one could be under C,, symmetry as
was discussed in the beginning in this subsection.

B. Dynamics in the divacancy in the photoexcited state

With an initial condition prepared by promoting electron
occupation from band 423 to bands 428/429 (a;, — e,), the
electron-ion dynamics were calculated by TDDFT at a lat-
tice temperature of 10 K with randomized ions’ velocities.
Figure 2(a) shows the time evolution of the expectation values
of the time-dependent Kohn-Sham orbitals. Level crossing
between bands 423 and 428 was seen after 200 fs. The ex-
pectation values of the fully occupied band (back lines) and
half-occupied and three-quarter occupied bands (green lines)
crossed to each other. To reproduce these electron dynamics
by performing conventional MD based on static DFT, the
occupation numbers must be redistributed to mimic the level
alternation by carefully monitoring the level crossing through-
out the MD simulation, although this is difficult practically
for extended systems. Around 400 fs, bands 423, 428, and
429 had similar energy levels. At this time, the wave func-
tion characteristics for band 423 started to change, and they
had changed greatly at ¢+ = 400 fs (contour map shown in the
inset). Initially, the characteristics of band 423 (a;,) were the
same as those of band 423 [Fig. 1(b)], whereas around 400 fs,
the characteristics became similar to those of bands 428/429

(ew) [Fig. 1(b)].
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FIG. 2. Time evolution of the photogenerated hole’s wave func-
tion. (a) Expectation values over time. Green lines show excitation
paths from band 423 to bands 428/429 (a;, — e,). The vertical
green arrow denotes the excitation path and energy. Blue curves
show the other pair of excitation paths. The inset shows the change
in characteristics of the norms of the hole’s wave function of band
423 at the beginning and end of the simulation. Sixteen contour
lines are drawn with an interval of 1.23x1073¢/r? at the beginning
and with an interval of 7.21x107%¢/r3 at t = 400 fs. Here, e and ry
are the electron charge and Bohr radius, respectively. (b) Profile of
projection P(e, t) (vertical axis) as a function of electron energy level
€ (lateral axis) at + = 30, 110, 270, and 400.7 fs. The band indices
determined by static DFT calculations are also shown.

Because it may be ambiguous to discuss similarities in
the norm of the wave functions only from contour maps, a
semiquantitative analysis was performed to take the projection
of band 423 of

(W TEDFT (g 4y | DFT ()

1 187
P(e,t) = ;Im%: oF :

3

€ —€m —

where € is an electron energy level and ¥2FT (r) is Kohn-Sham
orbital of band m obtained by static DFT with corresponding
Kohn-Sham level €. The value of 0F (broadening factor) was
set as 3.5 meV. Figure 2(b) shows the plot of P(e, t) att = 30,
110, 270, and 400 fs. The atomic coordinates of electron-ion
dynamics at each time were used to perform the static DFT
calculation to obtain ¥ T (r). Initially, the projection had a
sharp peak at the energy level of band 423 (a;,). However,
after 400 fs, the projection showed a distribution with many
peaks, including the projection to bands 428/429 (e,) in addi-
tion to the valence and conduction bands of diamond obtained
by static DFT. This indicates that the main characteristics of
the wave function of the hole changed to excited electrons,
suggesting that direct electron-hole recombination without
radiation occurred.

Next, we focused on the other path of optical excitation
(azy, — eg). Performing the ASCF calculation to prepare the
initial conditions changed the excitation from band 424 to
bands 430/431, to excitation from band 426 to bands 430/431
at the end of the SCF convergence. Figure 3 shows relax-
ation dynamics after this excitation. Up to 500 fs, no major
changes in the expectation values were observed [Fig. 3(a)].
The inset in Fig. 3(a) shows the time evolution of the wave
function characteristics as contour maps of the norm of the
wave function of band 426. The contour maps showed almost
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FIG. 3. (a) Same as Fig. 2(a) but after excitation from band 426
to bands 430/431 (ay, — e,) (blue curves). The vertical green arrow
denotes the excitation path and energy. The inset shows contour maps
of the time evolution of the wave function characteristics of band
426. Sixteen contour lines with intervals of 1.26x10%e/ry were
drawn for the initial contour map, whereas for r = 500 fs, the interval
was 8.40x10%e/ rg, where e and ry are the electron charge and Bohr
radius, respectively. (b) Same as Fig. 2(b) but after excitation from
band 426 to bands 430/431. The projection of the time-evolving
wave function of band 426 is plotted at 0, 210, 400, and 500 fs.

no change, indicating that the lifetime without nonradiative
decay should be longer than 500 fs, and could result in high
light emission efficiency. However, more detailed analysis by
taking the projection of a wave function of band 246 to wave
functions obtained by static DFT [Eq. (3)] suggested that the
hybridization of orbitals near the edge of the valence bands
with band 426 [Fig. 3(b)]. Therefore, the oscillator strength
for the optical transition from bands 430/431 (e,) to band
426 (ay,) should be decreased, whereas the evaluation of the
dipole matrix element was complex because the wave func-
tions evolve over time and applying the Fermi-golden rule by
using the dipole matrix element was inappropriate on the short
time scale in this work.

It is of fundamental interest whether the divacancy is de-
tectable by measuring the light emission after photoexcitation.
The two excitation paths had similar excitation energy within
current computational precision, and one of the two paths
showed rapid nonradiative decay, even at a lattice temperature
of 10 K. If the present calculation of excitation energy were
a good approximation, it would be likely to excite two paths
simultaneously, causing an increase in lattice temperature due
to the fast nonradiative decay in one of the two excitation
paths. If this were the case, light emission from the other
excitation path would be disturbed.

C. Effect of H termination on one dangling
bond in the divacancy

Since chemical vapor deposition is used for diamond
growth, hydrogen (H) contamination is inevitable as the
source gas (methane) contains H atoms. Indeed, H contam-
ination was reported to deactivate their optical activity of
NV center [45]. Such hydrogen contamination could also be
the case during the formation of the divacancy. One of the
excitation paths is terminated when an H atom is captured
by the divacancy. Figure 4(a) shows the optimized structure
in the electronic ground state in the current computational
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FIG. 4. (a) Atomic structure of H-terminated divacancy. Red
transparent circles denote positions of two vacancies at nearest-
neighbor sites. Small blue circle indicated by the arrow is a
hydrogen atom. Other open circles are carbon atoms. (b) Energy
levels of divacancy-related states. The possible spin configuration
is denoted by arrows but the current computation was within the
spin-unpolarized approximation. “C. B.” should read “Conduction
band” and “V. B.” should read “Valence band.” Labels 424 and 428
to 431 are the band indices of states localized at the divacancy,
as shown by the contour maps indicating the norm of each wave
function (see main text). Sixteen contour lines are drawn with in-
tervals of 1.51x1073¢/r} for band 424, 3.12x107“¢/r} for band
428, 3.25x% 10_3e/r8 for band 429, 1.74 x 10_3e/r8 for band 430, and
3.35x1073¢/r} for band 431. e is the electron charge and ry is the
Bohr radius.

schemes. The energy level diagram in Fig. 4(b) is similar to
that in Fig. 1(b), although band 423 is not displayed because
this band becomes a diamond bulk valence band due to H-C
bonding lowering the energy level of the original band 423.
Because of the presence of the H atoms, the D3; symmetry
was broken, and thus degenerate bands 428/429 (e,) and
430/431 (e,) were split. Arrows indicate the possible spin
configuration, but the current calculation was done within the
spin-unpolarized approximation. According to the calculated
dipole matrix elements, the possible optical transition was
from band 424 to bands 430 and 431. Here, we focused on the
excitation from bands 424 to 430 because the matrix elements
of this excitation had larger values.

We examined the electron-ion dynamics after promotion
of single electron excitation from band 424 to band 430 by
keeping the occupation of band 429 as 0.5 at a lattice tempera-
ture of 10 K. (For details in assigning the occupation numbers
for the ground and excited states, please see Table S.II in
the Supplemental Material [44]). Figure 5 shows the results.
The splitting of expectation values of bands 430 and 431
became narrow because the electronic level of band 430 in-
creased with increased electron occupation. Figure 5(a) shows
the time evolution of the expectation values, which oscil-
lated at a higher frequency compared with those in Fig. 3(a).
The higher frequency arose from the vibration of the C-H
bonds, which caused substantial dynamic perturbation of the
Hamiltonian because the H atom was positively charged due
to its smaller electron affinity than the C atoms. The wave
function characteristics of band 424 showed a large change
[inset of Fig. 5(a)]; the wave function was initially localized
at the dangling bond, whereas it had spread to entire unit cells
att = 400fs.
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FIG. 5. (a) Time evolution of expectation values of the time-
dependent Kohn-Sham wave functions after excitation from band
424 to band 430 (blue curves). The vertical green arrow denotes
the excitation path and energy. The inset shows contour maps of
the time evolution of the wave function characteristics of band 424.
Sixteen contour lines with intervals of 1.42x10~%¢/r3 were drawn
for the initial contour map, whereas for ¢+ = 400 fs, the interval was
4.50x1075e/r3, where e and rq are the electron charge and Bohr
radius, respectively. (b) Projection of wave function of band 424 to
those obtained by static DFT with atomic coordinates at snapshots of
t = 10, 90, 220, and 400 fs.

The spread was also observed in the time evolution of the
projection of the wave function of band 424 to those obtained
by static DFT [Fig. 5(b)]. The peak of the original band 424
was split into many sharp peaks in the valance bands. This
process did not correspond to electron-hole direct recombina-
tion but to fast delocalization of the photogenerated hole in the
valence bands. Therefore, light emission after decay should
not be expected in this case.

IV. CONCLUSIONS

First-principles simulations of electron-ion dynamics
within TDDFT were performed to study the relaxation pro-
cess of optically excited divacancies in diamond. A model
with two neighboring C atom vacancies was used and two
excitation paths were found by analyzing the wave function
characteristics and the dipole matrix obtained by using static
DFT calculations to prepare the initial conditions for TDDFT
simulations. The TDDFT simulations revealed simultaneous
nonradiative decay with electron-hole direct recombination in
one of the two optical excitation paths at a lattice temperature
of 10 K, whereas the other optical excitation path showed
weakening of the emission intensity.

The present results should be compared with the optical
properties of the NV and IV-V centers. In particular, the level
structure shown in Fig. 1(a) was similar to that of the IV-V
center, except for the electron occupations. In both systems,
there are two sets of doubly degenerate states in the bandgap

of diamond within the spin-unpolarized approximation. For
the IV-V center, the lower doubly degenerate states are fully
occupied and may be just below the valence top [16,18]. The
similarity was due to the D3; symmetry in our divacancy
model, which is a proposed symmetry for the IV-V center.
The excitation path from band 426 to bands 430/431 of
Fig. 3(a) (a2, — e,) was similar to that of the IV-V center.
In contrast to the IV-V center, the divacancy has no ions in
the middle of the two vacancy sites, causing a difference in
the degree of freedom for lattice motion. In this case, the
weakening of the oscillator strength through the electron-ion
interaction is greater in the divacancy than that in the I'V-
V center. For the excitation path from band 423 to bands
428/429 [Fig. 2(a)] (aig — e.), the corresponding levels in
the IV-V center are fully occupied, and thus no excitation is
allowed.

The calculated excitation energies of the two excitation
paths in the divacancy are 2.3 to 2.4 eV, which corresponds
to a green emission and are similar to that from NV centers
(2.16 eV in the neutral charge state) [12]. The computed
excitation energy is always underestimated; therefore, the
difference in the excitation energy of the divacancy and the
NV center should be larger and distinguishable. However,
the TDDFT calculations suggested that nonradiative decay
occurred and the emission strength from the divacancy was
weakened, and consequently, it is unlikely that the divacancy
could be detected by light emission. Moreover, the simulation
of the effect of partial termination of the C-dangling bond with
an H atom showed nonradiative decay that delocalized the
excited hole state into the diamond valence bands; thus, H ter-
mination did not change the undetectable nature of divacancy
by light emission. The charged states of the divacancy have
not been studied, but they are likely to exhibit nonradiative
decay of the excited state or rapid weakening of the light
emission.

These findings suggest that the divacancy under the Dsy
symmetry is not suitable for optical devices, although our
work has provided insights into understanding some potential
roles of divacancies, especially their influence on color centers
in diamond. Finally, we note that the current TDDFT calcula-
tions did not include the excitonic effect, namely electron-hole
interactions under optical excitation. Whether the excitonic
effect is strong enough to suppress the nonradiative decay is a
fundamental question.
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