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Quantum chemical calculations of geometry relaxation in lowest excited states of neutral (NV®) and neg-
atively charged (NV™) nitrogen-vacancy point defects in diamond have been performed employing the
CASSCF method with a finite NC;9H,g model cluster. Vibrations activated by the electronic transitions
are determined by comparing calculated atomic displacements in the excited states with normal mode

vectors, and the activated frequencies are evaluated as ~600 cm~'. The barrier for N migration through
the vacancy in NV~ is estimated at the TD-B3LYP level and no significant decrease of this barrier (~5 eV in
the ground state) is found due to electronic excitations.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen-vacancy defects in diamonds, formed by aggregation
of a vacancy and N impurity atoms (from one to three), are highly
optically active. The remarkable properties of these diamond color
centers, such as photo- and chemical stability, high quantum effi-
ciency up to temperatures above 500 K, together with high thermal
conductivity, outstanding hardness, and high damage threshold of
the host crystal attracted substantial interest of researches [1,2].
The NV defect that is a combination of a single N atom and a va-
cancy exhibits a particularly strong electronic transition, allowing
detection of individual centers optically [3]. These centers could
be regarded as a good example of an individual quantum object
with potential applications to the quantum information processing
where a stable single-photon source with high quantum yield is
required. Therefore, NV defects have been proposed as light
sources for high-resolution scanning-probe microscopy and quan-
tum cryptography [3-6]. Recently, nano-sized diamond powders
containing NV-centers were also tested as cellular biomarkers [7].

According to the available experimental data [2,8], the neutral
NV defect can capture an electron with formation of a negatively
charged center. The ground electronic state of this NV~ center is
3A,, and the first triplet excited state is 3E. Maxima of the photo-
adsorption (PA) and photo-luminescence (PL) bands have been
observed near 2.15 and 1.75 eV with the zero phonon line (ZPL)
at 1.945 eV [2,9]. The PL band appears to be well-structured, with
a clear progression spaced by ~0.07 eV, but the PA band is less

* Corresponding author. Fax: +1 305 348 3772.
E-mail address: mebela@fiu.edu (A.M. Mebel).

0009-2614/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2008.07.067

sharp and only the first phonon sideband at ~2.02 eV is clearly
seen. Nevertheless, this spectral peak looks like a doublet split by
~0.01 eV. This peculiarity was explained based on the N tunneling
model [9]. The key point in this approach is that the barrier for N
migration through the vacancy in the excited electronic state is
very low, of the same order of magnitude as the vibrational quan-
tum for the observed progression. In the ground state of the NV~
center the N atom is connected with the neighboring atoms by
means of three rather rigid N-C bonds, and switching the N and
V positions should cause at least a large strain of these bonds up
to their partial destruction. Hence, one can expect a high barrier
for the N migration in the ground state of the NV~ center. The
properties of potential energy surfaces (PES) can change signifi-
cantly after electron excitations, however, it is difficult to judge a
priory how drastically the first electronic transition will influence
the barrier height for the nitrogen migration in the NV~ center.
Quantum chemical calculations of excited electronic states for
this defect should be able to provide useful information in this
case, but no data on excited state PES of NV~ are available so far
in the literature. The existing publications devoted to theoretical
studies of excited electronic states of this system considered only
vertical excitations occurring at the ground state geometry. For
instance, Goss et al. [10] used the cluster approach with a model
system including about 70 atoms. The calculations were performed
at the DFT level of theory within local spin density approximation
(LSDA) and with a small Gaussian basis set. To evaluate the
excitation energies, the authors used the Slater transition method.
Luszczek et al. [11] employed self-consistent spin-polarized
calculations within a generalized gradient approximation (GGA)
using the full-potential linearized augmented plane wave (LAPW)
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method with periodic boundary conditions, and the analysis of
electronic states was carried out on the basis of Kohn-Sham eigen-
values. In our previous paper [12], we computed vertical transition
energies to several excited states of NV~ and NV° at the CASSCF
and CASPT2 levels in the frame of the cluster approach. The prop-
erties of PES for excited electronic states were not considered in
these works. According to the available results, the lowest excited
states for both defects involve non-bonding electrons from the va-
cancy-related C atoms and the N lone pair in the NV° system,
whereas the electrons participating in the C-C and N-C bonds do
not contribute into the transition. Therefore, one can hardly expect
a substantial barrier decrease for the N-V transposition after exci-
tation. Other features of the PES can change the mirror symmetry
between the PL and PA bands and create additional peculiarities,
such as change of the force constants, the Jahn-Teller effect, and
non-linear coupling. [13]. Thus, in order to characterize the behav-
ior of the system after excitation, one needs to unravel the proper-
ties of PES for excited electronic states, at least, the electronic and
geometric structure of local minima on the surface and their rigid-
ity. The aim of the present work is to investigate these properties
for the lowest excited states of the NV~ and NV centers employing
high-level ab initio calculations.

2. Calculation details

Quantum chemical simulations of a diamond fragment contain-
ing NV-defects were carried out with the same three types of mod-
el clusters as in our previous work [12] with termination of broken
boundary bonds by H atoms, C;oNVH,g, C33NVH3g, and C49NVHs,
(A1, A2, and A3, respectively, see Fig. 1). Geometric parameters
for the ground states optimized at the B3LYP level [14] with the
B1 basis set (the 6-31+G" basis set for atoms from the first shell
around the vacancy, 6-31 G’ for the atoms from the second shell,
and 6-31G for others) were taken from our previous work [12].
Since the geometry optimization was performed keeping positions
of boundary atoms taken from optimized defect-less clusters fro-

A3, CuNVHs,

A2a, C}jNVH]g

Fig. 1. Model clusters used for simulations of the nitrogen-vacancy (NV) defect in
diamond (the boundary H atoms are not plotted).

zen, vibrational frequencies in the ground state minima were com-
puted at the same theoretical level utilizing the Gaussian-03
program package. In the frequency calculations, the masses of
boundary atoms were taken to be very high (~10000 amu), so that
their displacements in the normal modes involving atoms from the
inside cluster regions were insignificant.

Optimization of excited state geometries was carried out at the
complete active space self-consistent-field (CASSCF) [15,16] level
using the MOLPRO program package [16]. We used the B2 basis
set for these calculations, which included the B1 basis set
augmented by diffuse s-functions (with the same exponent as in
6-31+G) at the atoms from the second shell around the vacancy.
Due to computer limitations only the C;gNVH,g cluster was used
for the calculations of excited states. The CASSCF calculations for
the NV~ system were performed with two active spaces, (8,11)
and (4,11), where eight or four electrons were distributed at 11
active molecular orbitals (MOs). These active spaces were found
earlier to be the most suitable for describing the excited state
under consideration [12]. The (8,11) active space covers orbitals
with occupation numbers from 1.98 to 0.002; a shift of the active
window down by several MOs results in non-equivalent contribu-
tions into the active space of the N-C and C-C bonds around the
vacancy and hence does not provide better results. The (4,11)
active space covers only those occupied MOs, which are con-
structed from broken bonds of the vacancy-related C atoms, as well
as empty MOs with occupation numbers down to 0.0001. As was
discussed in our previous work [12], the accuracy of the computed
excitation energies is somewhat better with the (4,11) active
space. Similar active spaces were also used for the ground state
of the NV° defect, however, for the first excited state the active
space choice is more complicated, as will be discussed in detail
later.

3. Results and discussion
3.1. Geometry variations due to excitations and activated vibrations

As was discussed earlier [12], electronic transition from the
ground state (13A”) to the 13E (23A”, 13A") and 5%E (63A”, 53A))
excited states was found to have the largest oscillator strengths
for the NV~ defect. Therefore, for these states we optimized geo-
metric parameters at the CASSCF level with the B2 basis set and
two active spaces, (8,11) and (4,11). For comparison, the ground
states geometries were also optimized. It appeared that the CASSCF
results for the ground states are very close to the corresponding
geometric parameters calculated at the B3LYP level [12] (see
Tables 1 and 2). For the ground state of the NV~ defect the resulting
geometry obtained at the CASSCF level is slightly distorted from Cs,,
symmetry, probably due to a limited active space (Table 2). This
leads to slightly different distances of the C' and C” atoms from
the vacancy center (Fig. 1). The difference is ~0.006 A with the

Table 1

Interatomic distances R(AB), A, in model clusters with NV defects in the ground
electronic state calculated at the B3LYP level with the 6-31+G” basis set at central
atoms 1-4, 6-31G" with diffuse s-function at atoms 5-16, and 6-31G at all other
atoms

System® R(VN)  R(VC) R(NC')  R(CC") R(VC)  R(VC")
AL, NV-,t 1.88 1.79 1.47 1.50 2.54 2.54
A2,NV-,t  1.69 1.66 1.48 149,150 251 2.50, 2.51
A3, NV-,t 167 1.63 1.49 151,152 253 2.52,2.54
AL NV®, d  1.82 1.79,1.82 148 1.50-151 254 2.55
A2,NV°,d  1.71 1.67 1.48 150,151 251 2.51,2.52
A3,NV°,d  1.69 163,166 151 151,154 253 2.52,2.54

2 A1, A2, and A3 designate the C;gNVH,g, C33NVH36, and C49NVHs, model clus-
ters, respectively, and t and d denote triplet and doublet electronic states.
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Table 2
Interatomic distances R(AB), A, in the NV~ and NV° defects in the ground and excited
electronic states optimized at the CASSCF level using the C;oNVH,g model cluster

State, active VN vc vcr NC, NC, ccCy, ccC, cCccq
space, basis set®

NV~

13A”, B3LYP 1.883 1.786 1.786 1.47 147 150 150 1.50 1.50

1°A7, (8,11),B2 1.887 1.770 1.764 147 147 151 1.52 1.53 1.52
1°A, (8,11),B2 1.821 1.819 1.794 149 148 154 151 1.52 1.52
23A”7,(8,11),B2 1.816 1.814 1.791 148 149 152 152 154 151
Averaged 1.818 1.816 1.792 148 148 152 1.52 153 1.52
13A7, (411),B2 1.886 1.765 1.769 147 1.47 1.51 1.52 1.51 1.52
1°A, (411),B2 1.823 1.820 1.790 149 148 152 152 153 152
23A”,(411),B2 1.817 1.801 1.812 148 149 152 152 152 152
Averaged 1.820 1.810 1.801 148 148 152 152 152 1.52
53A, (4,11),B2 1.812 1.827 1.817 149 149 152 152 152 152
63A”, (4,11),B2 1.813 1.809 1.820 149 149 152 152 152 152
Averaged 1.812 1.818 1.818 149 149 1.52 152 1.52 1.52

NV°

1°A,(7,11), B2 1.844 1.825 1.781 148 148 152 152 153 1.52
1?A”,(7,11),B2 1.843 1774 1.806 148 148 152 153 152 1.52
Averaged 1.844 1.800 1.793 148 148 152 152 152 1.52
1°A, (3,11), B2  1.829 1.822 1.777 148 148 152 152 153 1.52
1°A”,(3,11),B2 1.829 1.771 1.804 148 148 152 153 152 1.52
Averaged 1.829 1.796 1790 148 148 152 152 152 1.52
3277, (9,6), B1 1.885 1.832 1.733 151 1.52 152 151 153 1.51

2 The B1 basis set includes 6-31+G" at N, C/, C”, 6-31G" at atoms 5-16, and 6-31G
basis set at all other atoms. The B2 basis set is B1 +5(0.0438) at C atoms 5-16.

(8,11) active space and is slightly lower, ~0.004 A, with (4,11) (Ta-
ble 2). In general, the parameters optimized with the two active
spaces are very close to each other, but the distortion from Cs,
symmetry is smaller with (4,11).

Electronic excitations to the 23A” and 13A’ states mainly lead to
displacements of the vacancy-related N, C’, and C” atoms. In partic-
ular, N is shifted towards the vacancy by ~0.07 A, whereas C’ and
C” are shifted from the center by 0.03-0.05 A (see Fig. 2 and Table

Fig. 2. Atomic displacements following electronic excitation in the NV~ defect.
Small black circles show new atomic positions. The displacement vectors are 10-
fold enlarged.

2). The coordinates of C atoms from the second shell around the va-
cancy (Cq, Gy, €/, C”, Co/, and C,” in Fig. 1) are nearly unchanged.
Deviations of the optimized structures from Cs, symmetry in these
states are higher than for the ground state; the difference between
V-C and V-C” distances is ~0.02 A with the (8,11) active space and
0.01-0.03 A with (4,11). One can see that in this case the symmetry
distortion is significant with both active spaces. Apparently, the
13E state, with components being 23A” and 13A’, exhibits a weak
Jahn-Teller distortion suppressed by rigidity of the neighborhood.
Very similar results are obtained for the components of the second
calculated PA band (the 5A’ and 63A” states), but in this case the
displacements of the nitrogen atom are somewhat smaller and
those for C atoms are larger (Table 2, Fig. 2).

The atomic displacements following the 13A”-1%E and 1°A”-5°E
electronic transitions will activate atomic vibrations. We carried
out vibrational frequency calculations for the ground state of the
NV~ defect at the B3LYP level with the A2 and A3 model clusters
to determine what kind of vibration will be triggered by these tran-
sitions. In both model systems, we found one particular vibrational
mode with atomic displacements (Fig. 3) rather similar to the
changes of atomic coordinates after the considered electronic tran-
sitions. The calculated frequency of this a’ normal mode is about
600 cm ™! or 0.074 eV (Fig. 3). This value is in good agreement with
the observed spacing in the PL and PA bands corresponding to the
NV~ defect in diamond [9]. In the smallest A1 cluster the corres-
ponding normal mode with similar displacements has a lower
frequency of ~430 cm™!, because the force constants for displace-
ments of vacancy-related atoms in radial directions are approxi-
mately twice lower for A1 as compared to the corresponding
values for the A2 and A3 clusters (Table 3). The most probable rea-
son of this difference is that in the A1 cluster such displacements
lead mainly to deformations of C-C-H bond angles, whereas in
the larger clusters more rigid C-C-C angles are deformed.

As frequency calculations for excited electronic states were
not feasible, we estimated the rigidity of PES with respect to

A2,3;3NVH;s, 609 cm™

A3, CNVHs,, 585 cm™'

Fig. 3. Atomic displacements corresponding to the vibrational normal mode in the
NV~ defect activated by the electronic transition. Small black circles show new
atomic positions. The displacement vectors are twofold reduced.

Table 3
Evaluated force constants (eV/A2) for displacements of vacancy-related N and C atoms
in radial directions in the NV~ defect in the ground and excited electronic states®

1°A’-TD®,  1°A’-TD®, 13A’-TD®, 13A”-CASS, 13A'-CASS, 23A”-CASS,
Al A2 A3 Al Al Al

k(N) 114 23.2 27.7 11.4 11.9 124

k(C) 154 28.9 26.4 14.2 13.9 153

2 A1, A2, and A3 denote the C;gNVH,s, C33NVH36, and C49NVHs5, model clusters,
respectively.

5 From TD-B3LYP calculations.

¢ From CASSCF calculations.
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displacements of the vacancy-related atoms in radial directions
using finite-differences force constant calculations (see Table 3). The
calculated force constants appeared to be similar for the ground
and excited states (13A”, 13A’, 22A”) and therefore the vibrational
frequencies activated by the electronic transition should be alike
in the PL and PA bands. The same conclusion can be made from cal-
culations of energy differences between the geometric structures
optimized for the ground and excited states. For instance, the en-
ergy of the ground electronic state increases, as compared to its lo-
cal minimum, by 0.067 and 0.080 eV at the geometries optimized
for the excites 12A’ and 23A”, respectively (CASSCF(4,11) results
in Table 4). And vice versa, the energies of the 12A’ and 23A” excited
states increase by 0.077 and 0.084 eV, respectively, at the geome-
try optimized for the ground state. Thus, similar geometric changes
in the ground and excited states result in similar energetic varia-
tions, indicating that the PESs have similar curvature. Interestingly,
the calculated energy changes are too low, in the same order of
magnitude as one vibrational level, whereas the observed PL and
PA bands are peaked at the third vibrational level above ZPL.
Apparently, the CASSCF calculations somewhat underestimate
the atomic displacements in the excited states, which may be
caused by substantial undervaluation of excitation energies by this
method for the clusters simulating the NV~ defect [12].

For the neutral doublet NV° defect in the ground state, the geo-
metric distortion from Cz, symmetry is more significant than for
NV~ due to the Jahn-Teller effect, so as this state originates from
doubly degenerate 2E. The deviations concern mainly distances be-
tween the vacancy center and the vacancy-related C atoms, with
differences of 0.02-0.04 A. Depending on the state being opti-
mized, 12A’ or 12A”, the deviations have opposite signs and almost
equal values, so that the averaged geometry is very close to a Cs,-
symmetric structure (Table 2). Because the two components
should roughly be equally populated, the mean geometry of NV°
in the 1°E state will probably exhibit Cs, symmetry.

As was discussed earlier [12], the account of dynamic electronic
correlation in the NV systems results in a substantial decrease of
relative energy for the 1A, state. For the neutral defect, this causes
a change in the relative order of electronic states as calculated by
the CASSCF and CASPT2 methods. To correctly reproduce the exci-
tation energy and wave function of the second excited state for NV°
(the first state above the two 12A’ and 1?A” components of 1°E and
hence from thereon we will refer to this state as the first excited
state), one has to select from the initial CASSCF calculation the
state involving electron transfer from the two highest doubly occu-
pied molecular orbitals HOMO-1 and HOMO to the singly-occupied
SOMO orbital [12]. Unfortunately, at the CASSCF level the required
state is higher in energy than numerous states involving transi-
tions to diffuse orbitals and therefore one needs to exclude or limit
participation of these states in the CASSCF calculation to ensure
that the state corresponding to the HOMO-1/HOMO—-SOMO tran-
sition is available. This can be achieved by using a basis set with a
moderate amount of diffuse functions (6-31+G™ at the vacancy-
related atoms only) and with a limited (9,6) active space [12].

Table 4

Relative energies (eV) of geometric structures optimized for the ground and excited
electronic states with respect to local minima in the corresponding states for the NV~
point defect, calculated at the CASSCF level with the C;gNVH,g model cluster and B2
basis set

Active space  13A” at 13A7°  13A7at23A7®  13A’at 13A7 @ 23A7 at 13A7 2
(4,11) 0.067 0.080 0.077 0.084
(8.11) 0.074 0.088 0.079 0.095

¢ The first term designates the electronic state for which the energy was calcu-
lated and the second term shows the electronic state for which the geometry was
optimized.

3ZA” 2, v=622cm’

Fig. 4. Atomic displacements following electron excitation and the corresponding
vibrational normal mode in the NV° defect. Small black circles show new atomic
positions. The displacement vectors corresponding to geometry relaxation after
electronic excitation are 10-fold enlarged.

The resulting CASPT2 wave function for the first excited 1%A, state
is multi-reference, with the maximal coefficient (~0.7) corre-
sponding to the 3%A” state from the CASSCF wave function. There-
fore, to evaluate the geometry relaxation in the first excited state of
the NV° defect, we optimized geometry of the 32A” state at the
CASSCF(9,6) level with the B1 basis set (Table 2). One can see that
atomic displacements in this state distort Cs,, symmetry, as one of
the vacancy-related C atoms is shifted away from the vacancy, but
the other two move toward the vacancy (Fig. 4). Additionally, the N
atom moves away from the vacancy and some of the C atoms from
the second shell also exhibit noticeable displacements. The normal
mode in the ground electronic state, which most closely repro-
duces the atomic displacements described above, has vibrational
frequency of ~622 cm~! and @’ symmetry (Fig. 4). Therefore, one
can expect similar vibrational spacing of about 600 cm™! in the
bands corresponding to the NV~ and NV defects. However, for
NV? the vibronic band can be expected to be more diffuse (less
structured) due to the mixing of states in the resulting 12A, wave
function and also to a not very perfect match between the atomic
displacements resulting from the electronic excitation and those in
the activated a’ vibrational mode, meaning that other normal
modes may also be turned on by the excitation.

3.2. Barrier for N migration

The transition state structure for the N atom migration through
the vacancy in the NV~ defect was optimized using the C3;NVHsg
model cluster (Fig. 1). Boundary atoms were kept frozen as in a de-
fect-less system and coordinates of the vacancy-related N and C;-
C4 atoms were varied. In the transition state, the N atom is found to
be located near the cavity center, but it is slightly shifted (by
~0.2 A) from the Cs, axis. As a result, the N-C distances are non-
equivalent and vary from 1.76 and 1.94 A for N-C5 and N-C, to
2.16 and 2.31 A for N-C, and N-C;, respectively. Thus, at the bar-
rier position the C-N bonds are significantly stretched, by up to
0.3-0.4 A. Because these bonds are rather rigid, their stretching
leads to the energy increase of 4.94 eV relative to the equilibrium
structure. It is worth noting that the S? value in the transition state
region remains close to 2.0, as in the ground state minimum, and
there is no complete bond destruction near the barrier; some
new N-C are being formed while the old bonds are being cleaved.

In the lowest excited states of the NV~ defect broken bonds
from the vacancy-related C atoms are involved in the electron den-
sity redistribution, whereas the electron density from the N-C and
C-C bonds does not contribute to these electronic transitions.
Therefore, the barrier position in the lowest excited state should
not change significantly as compared to that in the ground state
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and one can use the ground state TS geometry to estimate the bar-
rier on the excited state PES. Within this approximation we com-
puted the barrier heights for the two lowest excited states of the
NV~ defect. Calculations at the TD-B3LYP level with the basis set
including 6-31+G" at five inner atoms (N and C;-C4) and 6-31G
at all other atoms show that the excitations result in a rather mod-
erate barrier decrease and the barriers remain high, of 4.29 and
443 eV in the 1°A’ and 23A” excited states, respectively. Despite
the approximate character of these estimations, it is clear that
the barrier for the migration of the N atom through vacancy in
the lowest excited state is much higher than the vibrational energy
of the normal mode activated by this transition. Therefore, the
ascription of the vibrational level splitting to tunneling of the N
atom [9] is not confirmed by these calculations. Also, it is worth
noting that if the N tunneling motion does occur, it would result
in a significant decrease of the vibrational spacing in the PA band
(by a factor of ~1.5) [9], however there is no evidence for such
effect in the experimental spectra. Obviously, another reason for
the splitting of the vibrational levels in the PA band needs to be
searched for. A possible mechanism might be indirect activation
of low-frequency vibrations of e-type causing weak Jahn-Teller
splitting of the degenerate excited state.

3.3. Concluding remarks

Quantum chemical calculations of geometry relaxation in the
lowest excited states of the neutral and anionic nitrogen-vacancy
point defects in diamonds demonstrate moderate displacements
of the atoms surrounding the vacancy, including nitrogen and
three tri-coordinated carbons. Atomic shifts in the next coordina-
tion layer appear to be much smaller. In the negatively charged
NV~ defect the N atom is shifted toward the vacancy center after
electronic excitation and the C atoms exhibit opposite displace-
ments away from the vacancy, so that symmetry of the system re-
mains unchanged. Alternatively, the first electronic excitation in
NV? leads to non-equivalent displacements of the vacancy-related
C atoms, which break the cluster symmetry. Vibrational frequency
and normal mode vector calculations for both model systems dem-
onstrate, in comparison with the atomic displacements following
electronic excitations, that the lowest transitions should activate
normal modes with a frequency of about 600 cm™!, in reasonable

agreement with the vibrational spacing observed in the experi-
mental PA and PL bands due to the NV defect. Estimated curvatures
of the potential energy surfaces along the activated vibrational
mode for the ground and excited states are similar and, as a result,
the vibrational spacing in the PA and PL bands should be close. It is
also found that the lowest excitations do not cause substantial
decrease of a high barrier for the N migration through the vacancy
in the NV~ system (about 5 eV in the ground state), and therefore
the attribution to splitting of the vibration level in the PA band for
this system by tunneling of the N atom is not confirmed by the
present calculations.
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