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Colored nitrogen-vacancy (NV) centers in nanosize diamonds (d∼5 nm) are promising probe
materials, because their optical transitions are sensitive to mechanical, vibrational and spin changes
in the surroundings. Here, a linear response time-dependent density functional theory approach is
used to describe the optical transitions in several NV-doped diamond quantum dots (QDs) in order
to investigate size effects on the absorption spectra. By computing the full optical spectrum up to
band-to-band transitions, we analyze both the localized “pinned” mid-gap and the charge-transfer
excitations for an isolated reduced NV center. Sub-band charge-transfer excitations are shown to be
size dependent, involving the excitation of the dopant sp3 electrons to the diamond conduction band.
Additionally, the NV-doped systems exhibit characteristic sp3− sp3 excitations whose experimental
energies are reproduced well and do not depend on QD size. However, the NV position and global
cluster symmetry can affect the amount of the energy splitting of the vertical excitation energies of
the mid-gap transitions.

I. INTRODUCTION

Pure diamonds are excellent insulators with a large
optical band gap (∼5.5 eV)1. They are transparent to
visible radiation, but introducing defects (dopants) can
selectively change their optical properties. The influ-
ence of dopants on optical properties may be further
modulated by adjusting the host nanocrystal size. As
nanocrystal cluster size decreases, discrete electronic lev-
els emerge at band edges. Frontier orbitals separate
energetically and a simultaneous band gap increase is
observed.2–7 These are all consequences of the quantum
confinement effect.8–11 As a result, the electronic prop-
erties of doped semiconductor nanocrystals can be ex-
perimentally tuned, making them suitable candidates for
many technological applications.12–18

For diamond, nitrogen is an extremely common im-
purity and nitrogen-vacancy (NV) color centers have re-
ceived attention for their sensitive optical and spin prop-
erties. The NV center can exist as either a neutral
doublet in its ground state, 2NV0, or an anionic state
that may be either a singlet, 1NV−, or triplet, 3NV−.
The latter is the most common stable ground state elec-
tronic configuration19–22. As NV-containing diamond ap-
proaches the nanosize (d∼ 5 nm), they show promise
for many technological applications, such as quantum
computing23, ultra-sensitive magnetometry24, and bio-
labeling25,26. Doping may introduce new sub-band-gap
levels, and diamond NV centers in particular introduce
new dopant-centered sp3−sp3 mid-gap electronic transi-
tions and charge-transfer (CT or “photoionization”) ex-
cited states. The latter may also be affected by the sys-
tem size, and in doped semiconductor nanocrystals quan-
tum confinement effects have been observed to shift the
band edges relative to energetically pinned levels, result-
ing in diameter-dependent CT energies.27,28

Despite the importance of the optical and CT tran-
sitions in NV doped diamonds, the electronic struc-
ture of NV color centers in nanodiamond quantum dots

(QDs) has not been well studied29. In particular, the
effects of the NV center position (i.e. surface effects,
symmetry breaking) and size (i.e. quantum confine-
ment) on the electronic excitations are not well charac-
terized. Within the context of density functional theory
(DFT), electronic excitations are often approximated as
the difference between orbitals energies. Many previ-
ous theoretical studies of NV-doped diamond have re-
lied on the orbital energy difference approach to com-
pute electronic excitations. While appropriate for some
cases, a more accurate approach that includes some or-
bital relaxation upon the excitation is required. Fur-
thermore, these studies have relied on periodic bound-
ary conditions, which cannot easily or accurately cap-
ture quantum confinement effects on optical properties
of NV-containing nanodiamonds.19,21,30–37 Conversely,
while linear response time dependent density functional
theory (LR-TDDFT) along with multi-reference methods
(i.e. CASSCF, MRCI, CASPT2) can provide more accu-
rate results for excitation energies, relatively few com-
putational studies on NV centers in nanodiamonds have
been performed. In these cases, the systems under in-
vestigation have been strongly size limited (less then 100
atoms), due to the very high computational cost.38–40

Here we present a theoretical analysis of the electronic
properties of a reduced isolated NV color center in nan-
odiamond QDs combining TDDFT with a finite clus-
ter approach. This technique has shown very promis-
ing results in our lab for the theoretical characterization
of the excited states in doped semi-conductor quantum
dots.28,41–46 Using this technique on a broad range of
NV-diamond QD sizes, we explore quantum confinement
effects on the highly localized mid-gap transitions, as well
as the higher energy CT states. Because CT transitions
are broad and show strong spectral overlap with many
other optical features, this theoretical method is strongly
motivated by the desire to disentangle the full range of
electronic transitions in NV-doped nanodiamond.
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II. METHODOLOGY

Nearly spherical nano-diamonds quantum dots,
C44H42 (diameter ∼0.8 nm), C121H104 (diameter ∼1.2
nm), C182H142 (diameter ∼1.4 nm), and C487H310 (di-
ameter ∼2.1 nm) were constructed (see Fig. 1) using the
bulk face-centered cubic lattice parameter1 a0 = 0.357
nm. Each QD has a C3v symmetry in the absence of the
NV center. Hydrogen atoms were used to passivate the
surface carbon atoms and to saturate surface dangling
bonds. The sizes of these three QDs are similar to
the smallest nano-diamonds obtainable by detonation
synthesis.47–49 As the diamond excitonic Bohr radius is
estimated to be ∼1.6 nm,50 electronic properties of these
small diamond QDs will exhibit quantum confinement
effects.

All calculations were performed using the the devel-
opment version of Gaussian software package.51 The
ground state electronic structures were obtained by solv-
ing the Kohn-Sham equation using the hybrid B3LYP
functional.52–54 We also compared the optical spectra
computed using the long-range corrected (LC-) version55

of the BLYP53,54,56 functional with those computed with
B3LYP. Results show that although characteristics of the
spectra computed with LC-BLYP and B3LYP are sim-
ilar, the LC-BLYP band gaps are strongly blue shifted
compared to the experimental values. On the other
hand, B3LYP results show a much better agreement
with experiment. The electronic structures of excited
states were calculated using the time-dependent DFT
(TDDFT) within the linear response framework.57–59 and
its energy specific implementation for the high energy
states60,61. Diffuse functions have been previously shown
to be unimportant for clusters whose diameter is larger
than 1 nm39. Despite this, we also checked the effect of
the diffuse functions for the NV center atoms for the 1.2
nm cluster, and did not observe any significant change
in the vertical excitation energy (data not shown). For
these reasons the 6-31G(d) basis set has been used within
this study.

The NV center was created by replacing a carbon atom
with a nitrogen atom near the center of the QD, followed
by eliminating one of its neighbor carbon atom along the
C3v axis of the model. To avoid the insufficient descrip-
tion of the vacancy, a ghost atom (no nuclear charges or
electrons) with 6-31G(d) basis functions was defined at
the center of the vacancy. To evaluate the lattice dis-
tortion due to the presence of the NV center itself, the
NV center and the nearest neighboring six carbon atoms
were fully optimized while maintaining the rest of the di-
amond structure at the crystal lattice. In this study we
focused on the reduced NV center, whose ground state
has been shown to be a triplet.19–21

III. RESULTS AND DISCUSSION

A. Ground State Structure and Energy Levels

The lattice structural reorganization upon doping NV
in nanodiamond is summarized in Fig. 2, where the av-
erage bond length changes (in percentage) of the atoms
close to the vacancy are presented. All nanocrystals show
a ∼ 1% CC bond (1.52 Å average bond length) contrac-
tion around the NV center compared to bonds (1.54 Å
average CC bond length) in NV-free nanocrystals. A
larger reorganization for the CN bond (1.48 Å average
bond length) is observed due to the larger electronega-
tivity of the nitrogen.

Figure 3 shows the total and partial density of states
(PDOS) using the calculated molecular orbitals, with
the spin-up and spin-down density plotted as positive
and negative values, respectively. Both the valence band
(VB) and conduction band (CB) consist of carbon p and s
characters, while multiple levels at the NV center appear
inside the band-gap. The VB and CB of the ∼2.1 nm di-
ameter nanodiamond are separated by a HOMO-LUMO
energy gap of 5.82 eV. As the size of nanodiamond de-
creases, this gap increases due to stronger quantum con-
finement effects. For the ∼0.82 nm nanodiamond, the
energy gap is 7.70 eV.

The nitrogen atom contributes three electrons to three
C-N valence bonds embedded in the VB, leaving a lone-
pair of valence electrons to the NV center. There are
three dangling electrons from three nearest neighboring
C atoms to the vacancy, giving rise to a total of 5 elec-
trons at the NV center (6 for the reduced system). Due to
the presence of the NV center, the local crystal symme-
try becomes C3v (instead of Td) along the N-V bond. In
this local C3v symmetry, the four sp3 orbitals are grouped
into two e orbitals (ex, ey) and two a orbitals (a1 and a′1),
schematically illustrated in Fig. 4. Orbitals with a1 sym-
metry shown in Fig. 4 are σ-bond like and are localized
at the N-V bond with significant contributions from the
nitrogen p. In the 2.1 nm nanodiamond, the a′1 orbital of
the NV center energetically overlap with the VB edge. As
the QD size decreases, the VB edge red-shifts due to the
quantum confinement. The a1 and a′1 levels are mostly
energetically “pinned”, i.e. their energies relative to the
Fermi level are constant. As a result, in smaller nan-
odiamonds, a′1 orbitals are well separated from the VB.
Both a1 and a′1 orbitals consist of contributions from ni-
trogen p. Orbitals with e symmetry shown in Fig. 4 are
mostly localized at the vacancy center, and are also ener-
getically “pinned” inside the band-gap. Based on Fig. 4,
it is clear that the anionic NV-containing nanodiamonds
have a triplet ground state (two unpaired electrons occu-
pying two different e orbitals) whereas all a1 orbitals are
doubly occupied.

This unique electronic structure gives rise to several
characteristic sets of optical transitions exhibited in spec-
troscopic measurement of NV-containing nanodiamonds.
Optical spectra for the NV− triplet computed using lin-
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FIG. 1. Top view of pure nanodiamond ball and stick models, carbon in gray and hydrogen in white. The C44H42 (diameter
∼0.8 nm), C121H104 (diameter ∼ 1.2), C182H142 (diameter ∼1.4 nm) and C487H310 (diameter ∼2.1 nm) are represented from
left to right with the C3v axis entering in the plane of the figure.

FIG. 2. Geometry relaxation near the NV center: carbon in
grey, nitrogen in blue and the vacancy is in light blue.

ear response TDDFT are reported in Fig. 6. The fol-
lowing discussion will focus on illustrating the physical
nature of these transitions and the effects of quantum
confinement.

B. VB → CB Transitions

VB → CB transition frequency in nanodiamond is in-
dependent of the presence of the NV center. However,
the intensity of the optical gap transition is reduced com-
pared to the NV-free nanocrystal because there are fewer
carbon atoms that contribute to the optical gap transi-
tions in NV-containing nanodiamond. The TDDFT com-
puted optical band-gaps Eg of pure (NV-free) nanodia-
monds as a function of dot size are plotted in Fig. 5 and

Diameter (nm) ETD
g (eV) EHOMO−LUMO

g (eV)

C44H42 0.82 7.04 7.70
C121H104 1.25 6.01 6.50
C182H142 1.43 5.86 6.27
C487H310 2.05 5.54 5.82

TABLE I. Diameter (nm) and band gap (eV) values, these last
ones both evaluated as TD-B3LYP/6-31G(d) optical band
to band excitation, ETD

g , and as the difference between the

LUMO and HOMO energies, EHOMO−LUMO
g .

listed in Table I. The diamond excitonic Bohr radius is
estimated to be ∼1.6 nm (diameter ∼3.2 nm).50 Clearly,
the QDs used in this work are within the quantum con-
finement regime. As the size of nanodiamond decreases,
the quantum confinement effect11,62 leads to an increase
in the band-gap (5.54 eV for C487, 5.86 eV for C182, 6.01
eV for C121 and 7.04 eV for the C44), similar to that ob-
served in semiconducting nanocrystals.28,63 For spherical
QDs with radius r, the correction to the energy of the
excitonic transition, ∆EEXC = EEXC(r) − Eg(r = ∞),
depends on the quantum confinement terms and the
Coulomb interaction between the electron and hole, as
described by the well-known equation10,28,64,65:

EEXC(r) ≈ }2π2

2r2

[
1

m∗e
+

1

m∗h

]
− 1.8e2

εr
+Eg(r =∞) (1)

where m∗e and m∗h are the effective masses (in units of
electron mass) of the electron and hole in pure diamond
QDs, respectively, e is the electron charge, } is Plancks
constant, and ε is the dielectric constant. Extrapola-
tion to the bulk limit according to Eq. (1) results in a
bulk band gap of ∼5.5 eV, in excellent agreement with
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FIG. 3. B3LYP/6-31G(d) DOS and PDOS (this last visualized only for the level within the band gap). The red and blue
colored regions show the C p and N p (magnified by 5x) contributions to the PDOS diagram, respectively. Spin-up, positive
density values; spin down, negative density values. The DOS diagram are calculated for the pure CXHY , and the reduced
3NV− CX−2NHY (from top to bottom) relaxed nanodiamonds of increasing sizes (d∼ 0.8, 1.2, 1.4, and 2.1 nm from left to
right).

the literature value of ∼5.5 eV1 of the bulk optical band
gap. The observed quantum confinement effect in these
nanodiamonds suggests that charge transfer transitions
between diamond bands and levels at the NV center are
modulated by the size of the nanodiamond.

C. Mid-Gap NV-centered Optical Transitions

The energy levels of the NV-center in diamond lat-
tice are illustrated in Fig. 4. The presence of these lev-
els leads to unique mid-gap optical transitions of NV-
containing nanodiamonds. The optical absorption spec-
trum of C180 nanocrystal in Fig. 6 shows that the NV
→ NV excitations appear below the band gap transition.
The isolated peak at 2.23 eV consists of two degenerate
transitions, a1(β) → ex(β) and a1(β) → ey(β). These
transitions give rise to the experimental zero phonon
line (ZPL) of 3A2(a21e

2) → 3E(a1e
3) excitation at 1.945

eV.20–22,66 Our value for the vertical excitation energy
(VEE) is ∼0.28 eV higher than the experimental ZPL,
but in good agreement with recent calculations and ex-
perimental studies including the Frank-Condon shift of
∼0.25 eV, due to the structural reorganization in the ex-
cited state (included in the ZPL and neglected in the
VEE).22,33,66–68 Because these transitions are symmetry
allowed, they exhibit non-zero oscillator strengths. The
second NV→ NV absorption peak, which corresponds to
degenerate a′1(β) → ex(β) and a′1(β) → ey(β), appears
at 4.9 eV, inside the charge-transfer excitation band.

Table II lists the energetics of VEEs in various NV-
containing nanodiamonds. As the energy levels of the

NV-center are energetically “pinned”, electronic excita-
tions among these levels are largely independent of the
size of the nanodiamond and the quantum confinement
effect. The smallest nanodiamond is not considered here
because the geometry relaxation near the NV center in-
volves mostly surface carbon atoms. The effect of lattice
reorganization on the VEE is estimated to be 70 meV.
This value is obtained by comparing the VEE spectra
computed with frozen lattice and relaxed lattice, where
the NV center and neighboring six carbon atoms are fully
optimized. A very small ZPL spectral splitting of ∼0.3

NV relaxed NV frozen

3NV− C119NH−
104 2.23 (0.05) 2.30 (0.04)

2.23 (0.05) 2.30 (0.04)
3NV− C180NH−

142 2.23 (0.05) 2.30 (0.04)
2.23 (0.05) 2.30 (0.04)

3NV− C485NH−
310 2.22 (0.05) 2.29 (0.04)

2.22 (0.05) 2.29 (0.04)

TABLE II. TD-B3LYP/6-31G(d) mid-gap vertical excitation
energies (a1 to e, beta manifold) for the 3NV− systems (in eV)
and the corresponding oscillator strengths (reported in paren-
thesis). We compare results between the NV relaxed (NV
center position is optimized, see text) with the one obtained
just inserting the NV center by replacing the corresponding
atoms (NV frozen) in the pure nanodiamond.

meV has been observed experimentally, although this val-
ues varies between center to center.21,37 However, for NV
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Valence Band

Conduction Band

a1'

a1

ex, ey

FIG. 4. Schematic illustration of the NV center electronic con-
figuration, according to the C3v point group symmetry. From
a theoretical point of view the two sets of e MOs are ener-
getically equivalent in a completely symmetric environment.
The two a MOs above the valence band are completely filled
and for the anionic tripled two additional electrons are placed
in the e MOs as well. The zoomed in C180NH142 B3LYP/6-
31G(d) alpha MOs contour plots with the pseudo C3v axis
parallel to the z-axis (entering the figure) and using the 0.05
isodensity value are also represented.

center with the C3v symmetry, the two first mid-gap tran-
sitions are degenerate as shown in Table II. Therefore,
VEE splitting can only be a result of symmetry breaking
at the NV center. This can arise from nanocrystalline
anisotropy, lattice strain or surface effect. In this work,
we investigate how geometric asymmetry in nanocrystal
affects the NV centered optical transitions. As the NV
center moves away from the C3v symmetry center, its
global symmetry is no longer C3v. As a result, energeti-
cally degenerate e levels in the C3v symmetry, as shown
in Fig. 4, are no longer degenerate due to the anisotropic
surface effect as the NV moves closer to surface (e.g. po-
sitions 2-4 shown in Fig. 7). Symmetry breaking of the
NV center also gives rise to asymmetric distributions of
electron density, shown in Fig. 8. The consequence of the
symmetry breaking on VEEs is presented in Table III. A
splitting of 60 meV of NV centered mid-gap transitions
is observed when NV is moved away from the C3v cen-
ter of the nanocrystal. The magnitude of the splitting
increases to 240 meV for the NV position closest to the
surface. As the VEE splitting is sensitive to the geo-
metrical distortion of the system, they can be effective
probes of the global and local distortions, i.e. a mechani-
cal stress or pressure. A comparable symmetry breaking
effect could also manifest by applying anisotropic lattice
strain or introduce non-spherical shape of nanocrystals.
Our findings are indeed in agreement with the expected
energy splitting in presence of a geometrical strain or

7.5

7.0

6.5

6.0

5.5

E g
 (e

V)

8.07.06.05.04.03.02.01.0
Diameter (nm)

FIG. 5. TDDFT optical band gaps (eV), squares, for the pure
carbon nanodiamonds as function of the QD increasing diam-
eter (0.82, 1.25, 1.43, 2.05 nm). The fit according to Eq. (1)
is used to extrapolate the bulk band gap and is reported as
well (dotted line).

pressure.69–71

NV relaxed NV frozen

Position 1 2.23 (0.05) 2.30 (0.04)
2.23 (0.05) 2.30 (0.04)

Position 2 2.21 (0.05) 2.28 (0.04)
2.27 (0.06) 2.34 (0.04)

Position 3 2.20 (0.05) 2.26 (0.04)
2.26 (0.06) 2.32 (0.04)

Position 4 2.02 (0.05) 2.21 (0.04)
2.26 (0.07) 2.35 (0.05)

TABLE III. TD-B3LYP/6-31G(d) NV centered mid-gap ver-
tical excitation energies (a1 to e, beta manifold) for the 3NV−

systems (in eV) and the corresponding oscillator strengths
(reported in parenthesis) as function of the NV center posi-
tion moving from the center (position 1) towards the surface
(position 4) for the C180NH142 system. Results are compared
between the NV relaxed (NV center position is optimized, see
text) with the one obtained just inserting the NV center by
replacing the corresponding atoms (NV frozen) in the pure
nanodiamond.

D. Charge-Transfer Transitions

The NV to conduction band (CB) charge transfer ex-
citations also appear below the band-gap, but are higher
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FIG. 6. TD-B3LYP/6-31G(d) optical spectrum for the re-
laxed C180NH142 anionic triplet system, obtained with a
Gaussian smoothing function (width 0.12 eV). Three main
regions are identified, the mid-gap NV centered (colored in
red and/or labeled with an arrow), charge-transfer transitions
(grouped together in blue) and the band to band transitions
(in green); VEEs are also reported as black vertical sticks.

FIG. 7. Four different NV center positions in the reduced
C180NH−

142 are investigated for anisotropic effect on NV cen-
tered optical transitions.

in energy than the first NV-centered transitions. This
broad spectral feature starts from ∼3.6 eV and extends
to the band-gap transition region (Fig. 6). The CT spec-
tral band consists of excitations from NV-centered a1 and
e levels to the CB of diamond. At higher energetic val-
ues (∼4.6 eV) the VB to NV (empty beta e levels) ex-
citation start to appear in the spectrum, and therefore
the spectrum from 4.6 has a mixing of CT transition in-

Valence Band

Conduction Band

a1'

a1

ey

ex

FIG. 8. Schematic illustration of the NV center electronic
layout, for the position 3 NV defect that partially breaks the
group symmetry. The two sets of e MOs are now not en-
ergetically equivalent anymore. The zoomed in C180NH142

B3LYP/6-31G(d) alpha MOs contour plots with the pseudo
C3v axis parallel to the z-axis (entering the figure) and using
the 0.05 isodensity value are also represented.

NV relaxed NV frozen

3NV− C44NH−
42 3.79 3.90

3.79 3.90
3NV− C119NH−

104 3.67 3.73
3.67 3.73

3NV− C180NH−
142 3.62 3.67

3.62 3.67
3NV− C485NH−

310 3.64 3.68
3.64 3.68

TABLE IV. TD-B3LYP/6-31G(d) NV to CB (e to CB, alpha
manifold) excitation energies for the 3NV− systems (in eV)
and the corresponding oscillator strengths (reported in paren-
thesis). We reported results for the C44NH42, C119NH104,
C180NH142, and C485NH310 systems (from top to bottom).
Results are compared between the NV relaxed (NV center
position is optimized, see text) with the one obtained just in-
serting the NV center by replacing the corresponding atoms
(NV frozen) in the pure nanodiamond.

volving both VB to NV and/or NV to CB. Because the
CB of nanodiamond is strongly affected by the quantum
confinement effect, the NV to CB transitions are also
modulated by the size of the nanocrystal. The quantum
confinement effect on the spectral shift of the CT excita-
tions, ∆ECT, as function of the band-to-band-excitonic
transition, ∆EEXC, has the approximate relationship, ac-
cording the effective mass approximation for a spherical
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nanocrystal:10,28,43

∆ECT ≈
m∗−1e

m∗−1e +m∗−1h

∆EEXC (2)

where m∗e and m∗h are the effective masses (in units
of electron mass) of the electron and hole in the NV-
containing nanodiamond. The first NV to CB exci-
tations (Table IV) as a function of the band-to-band-
excitonic transition for the different dot sizes is plotted
in Fig. 9. The ∆ECT/∆EEXC value is 0.13 and is signif-
icantly smaller than than those for the free CB electron
in diamond QDs. This suggests that the photoexcited
electrons in the CT excited states of NV-containing di-
amonds are “heavier” than those in the pure diamonds
excitonic states. The shifts of the NV to CB transitions
caused by the quantum confined effect are not as steep
as those for the VB to CB transitions. Such behavior is
expected when CT transition originates from a “pinned”
NV localized level because the size dependence of the CT
excitation energy comes from just one of the two diamond
bands.

7.0
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3.0

E T
ra
ns

iti
on
(e

V)

7.26.86.46.05.6
Eg(eV)

EXC

CT

FIG. 9. TD-B3LYP/6-31G(d) NV to CB excitation and exci-
tonic transition, as a function of the band-to-band-excitonic
transition, for the 3NV− systems. Extrapolation of the CT
energies gives a value of 3.56 eV for the bulk and the ratio
between ∆ECT and ∆EEXC as the slope of the linear fit is
0.13.

IV. CONCLUSION

Although standard orbital energy differences are able
to provide a qualitative view of electronic excited states,
they are incapable of describing NV-NV or CT electronic
transitions in NV center doped nanodiamonds. In this
work a combined (TD)DFT study and cluster approach
is carried out on several nanodiamonds of different sizes
exploring simultaneously the effect of the local NV center
symmetry on the electronic structure and the size depen-
dence of the CT transitions.

A splitting of 60 meV of mid-gap transitions is ob-
served when NV is moved away from the C3v center of
the nanocrystal, comparable to the splitting obtainable
by applying anisotropic lattice strain or introducing non-
spherical shape of nanocrystals. Compared to electrons
in the excitonic VB to CB transitions, electrons in the
CT transitions in the NV-doped systems have greater ef-
fective mass due to the electron hole interaction involving
the localized hole.

This work provides an important theoretical frame-
work that can be extended to the characterization of
other defects in nanodiamonds, providing new insights
into possible mechanism for tuning the optical proper-
ties in these materials.
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