
RESEARCH Revista Mexicana de Fı́sica66 (6) 814–823 NOVEMBER-DECEMBER 2020

Characterization of the internal state of nitrogen-vacancy
centerin diamond and second quantization formalism
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In this paper a general study of nitrogen-vacancy center internal state in diamond is presented. This study is based on experimental and
theoretical findings found in literature. First, a Hamiltonian model for center nitrogen-vacancy internal state is proposed in terms of a
complete set of commuting observables (CSCO), which consist of angular momentumL̂, spin momentumŜ, total angular momentum
Ĵ = L̂ + Ŝ, and spin momentum onz-directionŜz. The second quantization formalism –in steady-state (conservative model)– is used. The
creation and annihilation operators are used to described the steady spin-levels structure and in dynamic-state (non-conservative model) and
can also describe the system dynamic between different spin-levels transitions. Finally, a discussion is presented about the application of this
study in the photochromism phenomenon and solid-state quantum bit (qubit).
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1. Introduction

The nitrogen-vacancy (NV) center is one of numerous point
defects in diamond. It exhibits two electronic configurations:
the neutral charged-state (NV0) and the negatively charged-
state (NV−). The phenomenon called photochromism con-
sists in the NV center interchange between two different
charged-states by a possible mechanism involving nitrogen
donors [1]. Electron spins at NV centers can be manipulated
by applying a magnetic field, electric field, electromagnetic
radiation (light), or a combination of them, resulting in a pho-
toluminescent signal.

The photophysics of color NV centers in diamond have
attracted interest during the last decade because of their pos-
sible application in quantum information processing, quan-
tum optics, quantum metrology, nanotechnology, as biolog-
ical and sub-diffraction limit imaging, to test of entangle-
ment in quantum mechanics and nano-medicine (sensors) [2-
5]. Currently, the technology tends to miniaturization, but it
faces a problem: the integration techniques of circuits are not
effective due to the quantum effects which become important
in low dimensionality. Therefore, computational science has
begun to research in quantum mechanics a new technological
alternative with the aim to overcome the transistor technol-
ogy.

The most promising systems are ions or atoms traps,
which use their electronics states as representation of the
quantum bit (qubit) states (e.g. ground and excited electron-
ics states) [6]; quantum dots in which its confined electron
spins are controlled by tunneling effect via electric field and

each different electron-spin configuration is used as qubit
state [7,8]; setting diverse magnetics polarizations as qubit
states by using NMR to manipulate nuclear spins of one or
lots of molecules, generally in liquid state [9,10]; supercon-
ducting loops with persistent current form a qubit by super-
position of two macroscopic quantum states [11]; and the de-
fects present in diamond, more precisely NV centers of which
their electronic spins system are taken advantage, allowing to
be initialized, manipulated, and measured (readout) by opti-
cal means [12].

At this moment, the available computing power is not
enough. For this reason the Quantum Informatics become
important. Apparently, the best candidate for solid-state qubit
is the NV− center in diamond since it works at room temper-
ature, has long spin coherence time as well as the diamond
lattice helps as an insulator for external magnetic effects be-
cause it is diamagnetic; in addition, thanks to its high Debye
temperature, the vibrational modes of the lattice are not af-
fecting the center because there is a low coupling between
lattice phonons and center electrons [13,14]. In this paper a
general study of internal state NV center in diamond is pre-
sented. From the second quantization formalism, –in steady-
state (conservative model)– the creation and annihilation op-
erators are used to describe the steady spin-levels structure
and in dynamic-state (non-conservative model); these oper-
ators can also be used to describe different spin-level tran-
sitions. Finally, a discussion is presented about the applica-
tions of this study on different areas, especially in the pho-
tochromism phenomenon and solid-state qubit.
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2. NV centers in diamond

The atomic configuration of NV center consists of two places
that should be occupied with two carbon atoms but, instead,
one carbon atom was replaced by a nitrogen atom and the
other place is empty. In other words, there is a vacancy. The
NV defect has point groupC3v, where the principal axisC3

is along nitrogen-vacancy in crystallographic [111] direction;
and trigonal symmetry with point group [13].

For the creation of diamond NV centers, it is necessary
to create vacancies inside diamond lattice by two methods:
the first one is radiating with ions, electrons or neutrons
to nitrogen-rich diamond (14N) type Ib; the second one is
through the implantation of nitrogen (both14N and15N) in-
side a pure diamond type IIa which creates simultaneously
vacancies in the crystal lattice. Upon creation of the vacan-
cies, it is necessary to perform an annealing process of tem-
peratures around 550◦C to 850◦C (oxygen atmosphere free)
producing the vacancies migration. After this process the NV
centers are created [15-17].

3. Charged-states of NV center

Atomic structure of NV center in diamond consist of a car-
bon vacancy and an impurity of nitrogen which captures this
vacancy in order to create the center, furthermore, exhibit two
electronic configurations: the neutral charged-state (NV0)
and negatively charged-state (NV−) [1,13,18].

In the NV0 center, the nitrogen impurity has five valence
electrons (being in group V of the periodic table). Three of
them are shared with the three closer atoms of carbon and the
other two are located in the direction of the vacancy. Thus,
in the periphery of the vacancy, there exist three unsatisfied
bonds, one for each of the surrounding carbons (see Fig. 1).

FIGURE 1. Schematic representation in two dimensions of the
atomic configuration inside the NV0 center (where the marked cir-
cles with a C simulate the crystalline lattice), in which it can be
observed that a carbon atom has been substituted for a nitrogen
atom (in color blue), which captures a vacancy (marked as V) that
remains with five electrons (black dots) on its direction.

FIGURE 2. Schematic representation in two dimensions of the
atomic configuration inside the NV− center (where the marked cir-
cles with a C simulate the crystalline lattice), in which it can be
observed that a carbon atom has been substituted for a nitrogen
atom (in color blue) which captures a vacancy (marked as V) that
remains with five electrons (black dots) on its direction and a sixth
electron positioned at the center of the vacancy.

The atomic configuration of NV− center is the same as
the NV0 center but with the only difference that it has six
electrons (see Fig. 2).

4. Electronic configurations

4.1. NV0 center configuration

As shown in Fig. 1, the nitrogen directs its full orbital to-
wards the vacancy as well as the three surrounding carbons

FIGURE 3. Schematic representation of the electron-spin configu-
ration of NV0 center, in which it is observed the possible values for
the total spinS (indicated with black arrows). The lines represent
the atoms of nitrogen (N), surrounding carbons (C1, C2, andC3)
and the vacancy (V).
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their semi-full orbitals point towards it. Therefore, the total
spin state (S) can be only 3/2 or 1/2 since theS = 5/2 state is
not possible because it would be necessary for nitrogen elec-
trons –which point towards the vacancy– to not be paired (see
Fig. 3).

4.2. NV− center configuration

As shown in Fig. 2, the nitrogen directs its full orbital toward
the vacancy, the unsatisfied bonds of the surrounding carbons
are oriented towards the vacancy, and probably the sixth elec-
tron is pushed towards some of the surrounding carbons by
effect of the two electrons of the full orbital of the nitrogen;
which would very likely result in the paring of the sixth elec-
tron with some of the carbons with unsatisfied bonds. Thus,
the system could haveS = 2, S = 1 or S = 0 states (see
Fig. 4).

5. Spin configurations
5.1. NV0 center

In the case ofS = 1/2, there are two doublets: one of them
being the groud-state withms = ±1/2 and the other one
being the excited state as shown in Fig. 5.

FIGURE 4. Schematic representation of the electron-spin configu-
ration of NV− center, in which it is observed the possible values for
the total spinS (indicated with black arrows). The lines represent
the nitrogen atoms (N), surrounding carbons (C1, C2, andC3) and
the vacancy (V).

FIGURE 5. Schematic representation of the spin-level structure of
a NV0 center in which the possibleS = 1/2 spin configuration is
observed.

FIGURE 6. Schematic representation of the spin-level structure of
a NV0 center in which the possibleS = 3/2 spin configuration is
observed.

For the case of theS = 3/2 state, there are two multi-
plets: one excited and the other is the ground-state. These are
made up of two doublets withms = ±1/2 andms = ±3/2,
respectively, as shown in Fig. 6.

5.2. NV− center

In the case ofS = 2, there are two multiplets: one excited
and the other is the ground-state. These are made up of two
doublets (ms = ±2 andms = ±1) and one singlet (ms = 0)
as shown in Fig. 7.

Similarly, in the case ofS = 1, there are two triplets: one
excited and the other the ground-state. These are made up
of a doublet withms = ±1 and one singlet withms = 0
as shown in Fig. 8. Finally, for the caseS = 0, there are
two singlets: one excited and the other the ground-state; both
with ms = 0 as shown in Fig. 9.

FIGURE 7. Schematic representation of the spin-level structure of
a NV− center, in which the possibleS = 2 spin configuration is
observed.
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FIGURE 8. Schematic representation of the spin-level structure of
a NV− center in which the possibleS = 1 spin configuration is
observed.

FIGURE 9. Schematic representation of the spin-level structure of
a NV− center in which the possibleS = 0 spin configuration is
observed.

6. Experimental characterization

Experimentally, the NV centers in diamond are characterized
by Electron Paramagnetic Resonance (EPR) or Optically De-
tected Magnetic Resonance (ODMR) techniques and the flu-
orescence signal emitted when an excited state is relaxed to a
base state.

In the NV0 center, it has been detected a Zero Phonon
Line (ZPL) at 2.156 eV (575 nm), which it is associated with
a radiative transition (∆ms = 0, due to the selection rules
present in the system) between the ground (2E) and excited
(2A) spin doublets of theS = 1/2 state. So far, in the spin-
levels2E and2A a signal has not been detected using EPR;
this is believed to be due to dynamic distortion caused by the
Jahn-Teller effect, which causes the EPR lines to widen, pre-
venting its detection [19,20]. In an experiment [20], a para-
magnetic resonance using continuous optical illumination in
theS = 3/2 state was observed, which leads to conclude that
it is an spin excited level (4A2) of the NV0 center. The4A2

level consists of a multiplet of two doublets, one of them with
ms = ±3/2 spin-levels and the other withms = ±1/2 spin-
levels (see Fig. 10); between the doublets of the multiplet,
there exists a resonance at∼ 1.685 GHz [20]. In conclusion,
the 2E and2A doublets are caused by aS = 1/2 state and
the4A2 multiplet is caused by aS = 3/2 state. On the other
hand, the change between theS = 1/2 andS = 3/2 states
is a result of a non-radiative transition (in this case the mech-
anism is not spin-conserving,∆ms 6= 0). This was demon-
strated using the experiment described above and this stems
from the fact that the system has to be polarized in the case

of thems = ±1/2 spin-levels of the2A excited levels mak-
ing that thems = ± = 1/2 andms = ±3/2 spin-levels
of the4A2 state populate with greater and lesser probability,
respectively (see Fig. 10) [20,21].

In the NV− center, there exists a radiative transition with
spin conservation due to the selection rules present in the sys-
tem (∆ms = 0), from ground spin triplet (3A2) to excited
spin triplet (3E) of theS = 1 state. This transition presents a
ZPL at 1.945 eV (637 nm) (see Fig. 11) and the spin triplet
was demonstrated via ODMR study [22,23] in which was ob-
served a resonance signal at∼ 2.88 GHz between the spin-
levels ms = 0 and ms = ±1 of spin-level3A2 [13,24,25].
Furthermore, a non-radiative transition (∆ms 6= 0) from the
3E triplet to a spin excited singlet (1A1) of S=0 state occurs,
and then a radiative transition between1A1 singlet and the
spin ground singlet (1E) of S = 0 state is observed. That
transition was confirmed by observation of an infrared ZPL
at 1.185 eV (1046 nm) [26,27]. Finally, a non-radiative tran-
sition from the1E singlet to the3A2 triplet occurs (see Fig.
11) [26-29]. The transitions betweenS = 1 andS = 0 states
are non-radiative because they are not spin-conserving. In ad-
dition, there is a competition between different non-radiative
path of spin-levels of theS = 1 state triplets and theS = 0
state singlets, that is depicted in Fig. 11. The most likely path
between the3E to the1A1 is from ms = ±1 to ms = 0, re-
spectively and similarly, the transition between the1E to the
3A2 is fromms = 0 to ms = 0, respectively (see Fig. 11 red
wavy arrows). The latter allows the system to be polarized
[26-29].

The NV0 and NV− centers are promising candidates for
solid-state qubits because both centers have characteristics
that make them utilizable. In the case of NV0, it is possible by
using a4A2 excited level since it presents two doublets which
can be used as qubit states. Other promising choice would be
to use the transition between the groundms = ±1/2 of 2E
level and excitedms = ±1/2 of 2A level doublets via optical
pumping at 2.156 eV following the remotion of the optical
excitation, causing the system to decay from thems = ±1/2
2A level to thems = ±1/2 2E level. However, there exists
a problem with this option because the state loses coherence
because of the Jahn-Teller dynamic effect [19,20]. On the
other hand, in the case of a NV− center the process can begin
with thems = 0 3A2 ground level (S = 1) by using optical
pumping cycles, manipulated via microwave fields and op-
tical excitations. Measurements can be performed thanks to
the fluorescence signal emitted by the decay between the ex-
cited and ground spin levels following the selection rules of
the radiative transitions.

7. Theoretical characterization

The spin-orbital interaction, spin-spin interaction with elec-
tric and strain fields (see Eqs. (6), (8), (13), and (17)) are
all Hamiltonians in terms of the Irreducible Representations
(IRs) by, using Group Theory and are discussed in Ref. [30].
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The electronic Hamiltonian of the NV− center (Eq. (1))
–corresponding to the ground electronic state– with an adi-
abatic approximation and considering the nuclei of the crys-
tal to be fixed at their equilibrium coordinates is shown in
[31]. The interaction Hamiltonians of the center with electric
(Stark shift), magnetic (Zeeman effect), and strain fields of
Eq. (16) are shown in Ref. [32].

In Ref. [5] the ground state fine and hyperfine structures
for both nitrogen isotopes can be described by the canonical
spin-Hamiltonian of trigonal defects given by Eq. (1) and the
potential of Eq. (2) describes the influence of static electric,
magnetic, and strain fields on the NV− ground state. Also,
it is shown the effective Hamiltonian and potential that de-
scribes the influence of static electric, magnetic, and strain
fields for excited state 3E to low-temperature and room-
temperature (see Eqs. (3)-(6)).

7.1. Steady-state (Conservative model)

In the present paper, the Hamiltonian of NV center,Ĥsys

which only describes the internal state defect without external
perturbation, is composed of the spin-spin interaction,ĤS−S ,
the spin-orbital interaction (fine structure),̂HL−S , and the
electron-nuclear spin coupling (hyperfine structure)ĤI−S .
Notice that the nuclear-nuclear spin coupling has not been
considered because, in the case of a nitrogen15 isotope, the
system does not have electric quadrupole moment. Conse-
quently,

Ĥsys = ĤS−S + ĤL−S + ĤI−S , (1)

ĤS−S =
∑

i

∑

j

µ0γ
2
e

4πr3
[
−→
S i · −→S j − 3(

−→
S i · −→n ij)(−→n ij · −→S j)],

−→
S i = Six ı̂ + Siy ̂ + Siz

k̂, (2)

ĤL−S = −
∑

i

γe
−→
B · −→S i = −

∑

i

gsµB

~meec2r

−→
L i · −→S i

= −
∑ γe

meec2r

−→
L i · −→S i, (3)

ĤI−S =
∑

i

∑

j

µ0γeγn

4πr3

×
[−→

I i · −→S j − 3(
−→
I i · −→n ij)(−→n ij · −→S j)

]
,

−→
S j = Sjx ı̂ + Sjy ̂ + Sjz k̂,

−→
I i = Iix ı̂ + Iiy ̂ + Iiz k̂, (4)

where the indexi, andj represent the NV center electrons,
µ0 represents the magnetic constant (vacuum permeability),
γe and γn are the electron and nuclear gyromagnetic con-
stants, respectively,S indicates the magnitude of the total
electron-spin of the system

−→
S i and

−→
I i represent the elec-

tron and nuclear spin vectors, respectively,me is the electron
mass value,c is the speed light constant in vacuum,r sym-
bolizes the distance between interacting electrons, and−→n ij

stands for a unit vector which shows the interacting direction
between electron-spins.

On the other hand, the steady-state solution (conserva-
tive) will be,

Ĥsys|ΨNV 〉 = E|ΨNV 〉, (5)

using the second quantization formalism, the form of a NV0

center wave can be written as follows

|ΨNV〉 = A
∑

i

Ci(r, σ, t)|Ψ(0)

NV0(r, σ, t)〉, (6)

where the indexi indicates the center electrons,(r, σ, t) rep-
resent the spatial coordinates, electron-spin and time, re-
spectively. A symbolizes a normalization constant,Ci is a
proportional constant, and|Ψ(0)

NV 0(r, σ, t)〉 denotes the non-
interacting wave function, which is composed of products of
single-electron functions, namely,

|Ψ(0)

NV0(r, σ, t)〉 =
1√
4!

∑
p

(−1)NV |Φ(0)
C1

(~r1, σ1, t)〉

× |Φ(0)
C2

(~r2, σ2, t)〉|Φ(0)
C3

(~r3, σ3, t)〉

× |Φ(0)
Vo

(~r4, σ4, t)〉. (7)

Similarly, it is obtained the non-interacting wave function
of the NV− center,

|Ψ(0)

NV−(r, σ, t)〉 =
1√
4!

∑
p

(−1)NP |Φ(0)
C1

(~r1, σ1, t)〉

× |Φ(0)
C2

(~r2, σ2, t)〉|Φ(0)
C3

(~r3, σ3, t)〉

× |Φ(0)
V1

(~r4, σ4, t)〉, (8)

where summation is done over all different possiblep permu-
tations andNp represents the permutation index,C1, C2, C3

represent the three unbonded carbons, and V represents an
electron in the vacancy (see Fig. 2). Notice that the subindex
onV in the functionΦ(0)

Vi
, represent an empty vacancy (NV0

center) or an occupied vacancy for the valuesi = 0 or i = 1,
respectively.

Now, if the wave functions of NV0 and NV− centers are
projected on the symmetrical occupation-number basis{|n〉}
in a Folk space, it leads to:

|Ψ′NV0〉 =
∑

n

〈n|ΨNV0(~r, σ, t)〉

=
∑

n

Ψ′NV0
n
(~r, σ, t)|n〉, (9)

|Ψ′NV−〉 =
∑

n

〈n|ΨNV−(~r, σ, t)〉

=
∑

n

Ψ′NV−n
(~r, σ, t)|n〉, (10)
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and definingα̂†V , α̂V as, creation and annihilation operators,
respectively, which acts only on the vacancy state,i.e.,

α̂†V =
∑

n

√
nV |nC1 , nC2 , nC3 , nV − 1〉

× 〈nC1 , nC2 , nC3 , nV |, (11)

α̂V =
∑

n

√
nV + 1|nC1 , nC2 , nC3 , nV + 1〉

× 〈nC1 , nC2 , nC3 , nV |. (12)

When the operators given by Eqs. (11) and (12) are applied
onto the wave functions of Eqs. (9) and (10), the result is

α̂†V |Ψ′NV0〉 = |Ψ′NV−〉; α̂V α̂†V |Ψ′NV0〉 = |Ψ′NV0〉, (13)

α̂V |Ψ′NV−〉 = |Ψ′NV0〉; α̂†V α̂V |Ψ′NV−〉 = |Ψ′NV−〉. (14)

Thus, from (13) and (14), it can be concluded that
[α̂†V , α̂V ] = 1 for both.

Since the previous wave functions, (7) and (8), depend
on the spinσ, then they can be rewritten as the product of
their orbital wave function|Φ(~r, t)〉 and its spinorial function
|X(σ, t)〉, that is:

|Ψ(0)

NV0(~r, σ, t)〉 = |ΦNV0(~r, t)〉|XNV0(σ, t)〉, (15)

|Ψ(0)

NV−(~r, σ, t)〉 = |ΦNV−(~r, t)〉|XNV−(σ, t)〉. (16)

Therefore, the form of the spinorial functions of the NV0 and
NV− centers can be obtained from

|XNV0(σ, t)〉 =
1√
3!

∑
p

(−1)Np|χ(0)
C1

(σ1, t)〉

× |χ(0)
C2

(σ2, t)〉|χ(0)
C3

(σ3, t)〉, (17)

|XNV−(σ, t)〉 =
1√
4!

∑
p

(−1)Np|χ(0)
C1

(σ1, t)〉|χ(0)
C2

(σ2, t)〉

× |χ(0)
C3

(σ3, t)〉|χ(0)
V (σ4, t)〉, (18)

where summation is performed over all different possible per-
mutationsp of the system,C1, C2, C3 represent the three un-
bonded carbons, and V represents an electron to place in the
vacancy (see Fig. 2). As the negatively charged-state center
NV− is the best candidate to implement as a solid-state qubit
based on the DiVenzo Criteria [33], it will be the focus of the
present study. The electrons of NV− center that are involved
in the processes of the radiative and non-radiative transitions
are the three of the carbons that have unsatisfied bonds and
an extra that is transferred by some close donor impurity into
the vacancy. Therefore, there are four electrons participating
in the differentS = 0 andS = 1 spin states;S = 2 will be
omitted because there is not experimental evidence for this
spin configuration. Accordingly, the possible forms of the
spinorial function of Eq. (18) for the two different spin states
in ground state are

• S = 0, ms = 0

|XNV−(σ, t)〉 =
1
2
(αC1αC2βC3βV − αC1βC2βC3αV

+ βC1βC2αC3αV − βC1αC2αC3βV ) (19)

• S = 1, ms = 1

|XNV−(σ, t)〉 = αC1αC2αC3αV (20)

• S = 1, ms = 0

|XNV−(σ, t)〉 =
1
2
(αC1αC2βC3βV + αC1βC2βC3αV

+ βC1βC2αC3αV + βC1αC2αC3βV ) (21)

• S = 1, ms = 1

|XNV−(σ, t)〉 = γC1γC2γC3γV (22)

whereC1, C2, C3 represent the three unbonded carbons, and
V represents an electron to place in the vacancy (see Fig. 2).
Furthermore, theαk, βk, andγk states are characterized by
the indexk, which can take the values ofC1, C2, C3, or V
and are defined as

α ≡



1 0 0
0 0 0
0 0 0


 β ≡




0 0 0
1 0 0
0 0 0




γ ≡



0 0 0
0 0 0
1 0 0


 . (23)

Well, if the |XNV−(σ, t)〉 spinorial function is projected
on the symmetrical occupation-number basis{|n〉} in a Folk
space, it leads to

|X ′
NV−(σ, t)〉 =

∑
n

〈n|χNV−(σ, t)〉

=
∑

n

〈χ′
NV−n

(σ, t)|n〉, (24)

whereX ′
NV−n

(σ, t) represents a single-electron spinor onn
state of the|X ′

NV−(σ, t)〉 spinorial function. Now, ift = t0 is
fixed, it leads to steady-states as it follows

|X ′
NV−(σ, t0)〉 =

8∑
n=1

χ′NV−n
(σ, t0)|n〉 (25)

where the eight|n〉 states (four ground and four excited) are
represented by

• S = 0

|1〉 is thems = 0 ground state and|2〉 is the

ms = 0 excited state (26)
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• S = 1

|3〉 is thems = 0 ground state and|4〉 is the

ms = 0 excited state;

|5〉 is thems = −1 ground state and|6〉 is the

ms = −1 excited state;

|7〉 is thems = 1 ground state and|8〉 is the

ms = 1 excited state (27)

The expressions of Eqs. (26) and (27) have been depicted in
the Figs. 8 and 9 of Sec. 5.2 according to their spin-level
structure.

7.2. Dynamic-state (Non-conservative model)

The dynamic Hamiltonian̂Hdyn, is composed of the NV cen-
ter and electromagnetic field Hamiltonians denoted byĤsys

andĤint, respectively (see Eqs. (1)-(4)); the resulting Hamil-
tonian has the following form:

Ĥdyn = Ĥsys + Ĥint, (28)

where

Ĥint =
∑

λ

~ωλ

(
â†λâλ +

1
2

)
. (29)

Therefore, the dynamic-state solution (conservative) will be,

i~
∂

∂t
|ΨNV〉 = Ĥdyn|ΨNV〉. (30)

Well, substituting (10) into (30), it is possible to obtain an
expression for the NV− center, namely, center

i~
∂

∂t
|Ψ′NV−〉 = Ĥdyn

∑
n

Ψ′NV−n(~r, σ, t)|n〉. (31)

The creation and annihilation operators for the NV− cen-
ter between its electron-spin states, from (31), acquire the
form

â†S,ms
=
√

nS,ms |nS,ms + 1〉〈nS,ms |, (32)

âS,ms =
√

nS,ms + 1|nS,ms − 1〉〈nS,ms |, (33)

where the|nS,ms〉 are identified by its spin valueS and spin
momentum onz-directionms. Thus, the transitions between
the ground-states and excited-states (see Fig. 11) can be ob-
tained from

Tn→n∗ =
2π

~
|〈n∗|Ĥint|n〉|2ρ(En∗),

Fermi’s Golden Rule (34)

where |〈n∗|Ĥint|n〉 is the matrix element of the interaction
Ĥint between the finaln∗ and initialn states andρ(En∗) is

the density of states at the energy of the final states. The den-
sity of states for both centers NV is discrete and is defined as

ρ(E) =
∑

i

δ(E − Ei), (35)

wherei is the set of spin states for each different charged-
state of NV centers. If the same energy interval is chosen,
therefore the number of states of a NV0 center is greater than
for NV−, meaning that

• NV0 center has two different total spin states, and these
areS = 1/2 andS = 3/2.

• NV− center has two different total spin states, and
these areS = 1 andS = 0.

Based on the above and reviewing the spin-level struc-
tures for the charged-state of each center (see Fig. 5-6 for
NV0 and Fig. 8-9 for NV− ), it is concluded that the den-
sity of states of NV0 ρ(E) is greater than the one for NV−,
ρ′(E). The density of states on the photochromism phe-
nomenon changes fromρ(E) to ρ′(E) and viceversa. From
this fact, a total density of statesρT (E) can be defined as

ρT (E) = aρ(E) + bρ′(E), (36)

which, whena = 0 andb = 1, represents the density of states
of NV−. In turn, if a = 1 andb = 0, it represents the density
of states of NV0. Accordingly,

âS,mS
|nS,mS

〉 =
√

nS,mS
+ 1|nS,mS

− 1, nS,m∗
S
〉,

â†S,m∗
S
âS,mS

|nS,mS
〉 =

√
nS,mS

(âS,mS
+ 1)

× |nS,mS − 1, nS,m∗
S

+ 1〉,
〈n∗|Ĥint|n〉 ∝ 〈n∗S,mS

|â†S,mS
âS,mS |nS,mS 〉. (37)

Therefore,â†S,m∗
S

and âS,mS work on different states,
ground or excited, but always following the selection rule dic-
tated by∆ms = 0. This is, if âS,mS

annihilates an electron
on theS = 1, ms = 0 ground state,̂a†S,m∗

S
creates an elec-

tron on theS = 1, m∗
s = 0 excited state; in other words, it is

a transition caused by the electromagnetic interaction.

8. Discussion of results

On the previous section, the different models, assumptions,
and approximations reported in the literature for NV centers
in diamond. By comparison with the present model, the main
differences with respect of the models above are the use of
the second quantization formalism and the photochromism
phenomenon.

In this section, the most important results obtained for the
characterization of the NV center internal state will be shown
using the second quantization formalism, including the pho-
tochromism effect. First, the schematic representations of
the two different NV center electronic configurations, neutral
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and negative charged-states, was designed in order to clarify
how the different possible configurations of each electron-
spin modify the system total spinS. The fact that diamond is
the host lattice of the NV defect plays a very important role
because if it was not for the diamond energy potential, the
NV center would not exist. It must also be noted that the de-
fect behaves as an internal system within the diamond matrix,
since the spin-levels are in the middle, above the valence band
which is populated and below the conduction band which is
empty, both bands belong to the diamond; in other words, the
electrons of the diamond lattice do not play a role within the
dynamics of the NV center. Considering the previous asser-
tions, the Hamiltonian modeling of the system internal state,
Ĥsys (see Eqs. (1)-(4)) is justified. Therefore, it was applied
the second quantization formalism on thêHsys model (see
Eqs. (9) and (10)). From Eq. (10), the ground-levels for dif-
ferent spin-states in the steady state of the NV− center were
determined (see Eqs. (19)-(22)), which are also compatible
with those shown in Figs. 8 and 9. Thus, it can be stated that
this model reproduces the spin-levels structure of the system.

On the other hand, the NV center exhibits a switching
charged-state process called photochromism [1]. There are
two different ways to describe this phenomenon:

• The one described in Ref. [1] presents the hypothe-
sis that the switch from NV0 to NV− state is photoin-
duced. This process would be possible due to the ion-
ization of nitrogen donors present in the surroundings
of NV defect.

• The other hypothesis suggested is by means of the ex-
istence of a weak interaction between NV0 and NV−

centers, which are created in almost the same propor-
tion in diamond during the production process. This in-
teraction is due to the interchange of vacancy-electron
from NV− to NV0, resulting in a switching charged-
state steady-process. Therefore, the creation and anni-
hilation operators of Eqs. (11) and (12), respectively,
are useful to describe the photochromism since they
switch the defect from NV0 to NV− center and vice
versa.

Finally, from Ĥdyn (see Eq. (28)) it was possible to ob-
tain the transitions between ground- and excited-states (see
Fig. 11), which describe the system dynamics of the NV−

center. This description is really important because it is nec-
essary for the design of solid-state qubits. A qubit is the
quantum counterpart of the classical bit, which means it is
the minimal unit of information in Quantum Informatics and
essential difference of a qubit and a bit relies on the fact
that the qubit can present a superposition between two states,
whereas the classical counterpart can only represent one state
at a time. Therefore, the spin-levelsms = 0 andms = −1,
in ground-stateS = 1 of the NV− center (see Fig. 8) can
represent such states of the qubit; that is,

|Ψ〉 = α|0〉+ β| − 1〉, (38)

whereα andβ are complex coefficients that satisfy|α|2 +
|β|2 = 1.

To make use of the NV− center as a qubit, it will be nec-
essary to use the spin-levels of its different states, ground and
excited. For example, by taking advantage of the photolumi-
nescent response that the system undergoes, when it passes
from an excited level to a ground level, the system configu-
ration can be found, meaning that the system is read-out. On
the other hand, applying a magnetic field tuned to a suitable
resonance frequency, the manipulation of the electron popu-
lation of ground and excited states can be achieved. Finally,
due to the existence of the two different spin configuration,
S = 1 andS = 0, it is possible to initialize the system in a
specific spin-level.

Now that the procedure has already been proposed, it is
necessary to know what spin-levels are more convenient to
represent the two qubit states. There are two possibilities to
represent these qubit states. The first one would be to use the
ground-state levels,ms = 0 andms = −1 –the most advis-
able for energy efficiency– which would represent the qubit
states. To avoid the mixing between the spin levels, a mag-
netic field would need to be applied to make use of the Zee-
man effect, splitting the levels and, consequently, decreasing
the mixing probability. The other possibility is to use the pho-
tochromism phenomenon by manipulating the configuration
of two different NV centers, one withS = 1 and the other
one withS = 0 as qubit states. In this case, the initializa-
tion can be represented by means of one of the two config-
urations of total spinS; the manipulation would be through
electron population distribution in different configurations of
spin using magnetic and electromagnetic fields. Finally, the
measurement would be performed using the ZPL, which rep-
resents every spin configuration. This possibility could be
deeply studied in another future paper.

9. Conclusions

Based on the above, the NV− center is promising because of
its characteristics. It is concluded that a possible candidate
for solid-state qubit requires the following features:

• The host lattice of the defect should show a low cou-
pling between the system electrons and the lattice
phonons (high Debye temperature) in order to work at
room temperature. In addition, the lattice symmetry
may beC3v with the purpose to obtain a triplet-spin
system.

• To have radiative transitions between different spin lev-
els and in the case that they are degenerate, it must
be possible to split them by external means (i.e., a
magnetic/electric field or stress application) in order to
avoid mixed states. However, the radiative transitions
are not necessarily the only way, since there might be
alternatives on the condition that the read-out signal
presents few difficulties during the measurement.
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• The system must allow to be initialized, manipulated,
and measured via external means.

Acknowledgments

This work was supported by CONACyT.

Conflict of Interest Statement

The authors declare that the research was conducted in the ab-
sence of any commercial or financial relationship that could
be construed as a potential conflict of interest.

1. T. Gaebel et al., Photochromism in signle nitrogen-vacancy
defect in diamond,Appl. Phys. B82 (2006) 243,https:
//doi.org/10.1007/s00340-005-2056-2 .

2. F. Shi et al., Room-Temperature Implementation of the
Deutsch-Joszsa Algorithm with a Single Electronic Spin in Di-
amond,Phys. Rev. Lett. 105 (2010) 040504,https://doi.
org/10.1103/PhysRevLett.105.040504 .

3. S. Hong et al., Nanoscale magnetometry with NV centers in di-
amond,MRS Bull. 38 (2013) 155,https://doi.org/10.
1557/mrs.2013.23 .

4. J. S. Hodges et al., Timekeeping with electron spin states in dia-
mond,Phys. Rev. A87 (2013) 032118,https://doi.org/
10.1103/PhysRevA.87.032118 .

5. M. W. Doherty et al., The nitrogen-vacancy colour centre in di-
amond,Phys. Rep.528 (2013) 1,https://doi.org/10.
1016/j.physrep.2013.02.001 .

6. D. Kielpinski, C. Monroe, and D. J. Wineland, Architecture
for a large-scale ion-trap quantum computer,Nature417(2002)
709,https://doi.org/10.1038/nature00784 .

7. G. Gonz̃A¡lez and M. N. Leuenberger, The dynamics of the
optically driven Λ transition of the15N-V− center in dia-
mond, Nanotechnology21 (2010) 274020,https://doi.
org/10.1088/0957-4484/21/27/274020 .

8. D. Loss and D. P. DiVincenzo, Quantum computation with
quantum dots,Phys. Rev. A57 (1998) 120,https://doi.
org/10.1103/PhysRevA.57.120 .

9. D. G. Cory et al., NMR Based Quantum Information
Processing: Achievements and Prospects,Fortschr.
Phys. 48 (2000) 875, https://doi.org/10.
1002/1521-3978(200009)48:9/11 〈875::
AID-PROP875〉3.0.CO;2-V .

10. J. A. Jones, NMR Quantum Computation: A Critical
Evaluation, Fortschr. Phys. 48 (2000) 909, https:
//doi.org/10.1002/1521-3978(200009)48:
9/11 〈909::AIDPROP909 〉3.0.CO;2-2 .

11. C. H. van der Wal et al., Quantum Superposition of Macro-
scopic Persistent-Current States,Science 290 (2000) 773,
https://doi.org/10.1126/science.290.5492.
773 .

12. T. Gaebelet al., Room-temperature coherent coupling of single
spins in diamond,Nat. Phys. 2 (2006) 408,https://doi.
org/10.1038/nphys318 .

13. C. Bradac, T. Gaebel, J. R. Rabeau, and A. S. Barnard, inNan-
otechnology in Australia, edited by D. Kane, A. Micolich, and
J. Rabeau (Pan Stanford Publishing, Singapore, 2011), pp. 113-
149.

14. G. Balasubramanian et al., Ultralong spin coherence time in
isotopically engineered diamond,Nat. Mater. 8 (2009) 383,
https://doi.org/10.1038/nmat2420 .

15. J. Meijer et al., Generation of single color centers by focused
nitrogen implantation,Appl. Phys. Lett. 87 (2005) 261909,
https://doi.org/10.1063/1.2103389 .

16. J. R. Rabeau et al., Implantation of labelled single nitrogen va-
cancy centers in diamond using15N, Appl. Phys. Lett.88(2006)
023113,https://doi.org/10.1063/1.2158700 .

17. A. V. Tsukanov, NV-centers in diamond. Part I. General infor-
mation, fabrication technology, and the structure of the spec-
trum, Russ. Microelectron.41 (2012) 91, https://doi.
org/10.1134/S1063739712020084 .

18. A. Lenef et al., Electronic structure of the N-V center in dia-
mond: Experiments,Phys. Rev. B53 (1996) 13427,https:
//doi.org/10.1103/PhysRevB.53.13427 .

19. G. Davies, Dynamic Jahn-Teller distortions at trigonal opti-
cal centres in diamond,J. Phys. Condens. Matter12 (1979)
2551, https://doi.org/10.1088/0022-3719/12/
13/019 .

20. S. Felton et al., Electron paramagnetic resonance studies
of the neutral nitrogen vacancy in diamond,Phys. Rev.
B 77 (2008) 081201(R),https://doi.org/10.1103/
PhysRevB.77.081201 .

21. A. Gali, Theory of the neutral nitrogen-vacancy center in di-
amond and its application to the realization of a qubit,Phys.
Rev. B79 (2009) 235210,https://doi.org/10.1103/
PhysRevB.79.235210 .

22. P. Neumann et al., Excited-state spectroscopy of single NV de-
fects in diamond using optically detected magnetic resonance,
New J. Phys. 11 (2009) 013017,https://doi.org/10.
1088/1367-2630/11/1/013017 .

23. A. Gruberet al., Scanning Confocal Optical Miscroscopy and
Magnetic Resonance on Single Defect Centers,Science276
(1997) 2012,https://doi.org/10.1126/science.
276.5321.2012 .

24. J. H. N. Loubser and J. A. van Wyk, Electron spin reso-
nance in the study of diamond,Rep. Prog. Phys.41 (1978)
1201, https://doi.org/10.1088/0034-4885/41/
8/002 .

25. L. J. Rogers, S. Armstrong, M. J. Sellars, and N. B. Manson, In-
frared emission of the NV centre in diamond: Zeeman and uni-
axial stress studies,New J. Phys. 10 (2008) 103024,https:
//doi.org/10.1088/1367-2630/10/10/103024 .

26. L. J. Rogers et al., Singlet levels of the NV− centre in diamond,
New J. Phys. 17 (2015) 013048,https://doi.org/10.
1088/1367-2630/17/1/013048 .

Rev. Mex. Fis.66 (6) 814–823

https://doi.org/10.1007/s00340-005-2056-2�
https://doi.org/10.1007/s00340-005-2056-2�
https://doi.org/10.1103/PhysRevLett.105.040504�
https://doi.org/10.1103/PhysRevLett.105.040504�
https://doi.org/10.1557/mrs.2013.23�
https://doi.org/10.1557/mrs.2013.23�
https://doi.org/10.1103/PhysRevA.87.032118�
https://doi.org/10.1103/PhysRevA.87.032118�
https://doi.org/10.1016/j.physrep.2013.02.001�
https://doi.org/10.1016/j.physrep.2013.02.001�
https://doi.org/10.1038/nature00784�
https://doi.org/10.1088/0957-4484/21/27/274020�
https://doi.org/10.1088/0957-4484/21/27/274020�
https://doi.org/10.1103/PhysRevA.57.120�
https://doi.org/10.1103/PhysRevA.57.120�
https://doi.org/10.1002/1521- 3978(200009)48:9/11<875::AID-PROP875>3.0.CO;2-V�
https://doi.org/10.1002/1521- 3978(200009)48:9/11<875::AID-PROP875>3.0.CO;2-V�
https://doi.org/10.1002/1521- 3978(200009)48:9/11<875::AID-PROP875>3.0.CO;2-V�
https://doi.org/10.1002/1521-3978(200009)48:9/11<909::AIDPROP909> 3.0.CO;2-2�
https://doi.org/10.1002/1521-3978(200009)48:9/11<909::AIDPROP909> 3.0.CO;2-2�
https://doi.org/10.1002/1521-3978(200009)48:9/11<909::AIDPROP909> 3.0.CO;2-2�
https://doi.org/10.1126/science.290.5492.773�
https://doi.org/10.1126/science.290.5492.773�
https://doi.org/10.1038/nphys318�
https://doi.org/10.1038/nphys318�
https://doi.org/10.1038/nmat2420�
https://doi.org/10.1063/1.2103389�
https://doi.org/10.1063/1.2158700�
https://doi.org/10.1134/S1063739712020084�
https://doi.org/10.1134/S1063739712020084�
https://doi.org/10.1103/PhysRevB.53.13427�
https://doi.org/10.1103/PhysRevB.53.13427�
https://doi.org/10.1088/0022- 3719/12/13/019�
https://doi.org/10.1088/0022- 3719/12/13/019�
https://doi.org/10.1103/PhysRevB.77.081201�
https://doi.org/10.1103/PhysRevB.77.081201�
https://doi.org/10.1103/PhysRevB.79.235210�
https://doi.org/10.1103/PhysRevB.79.235210�
https://doi.org/10.1088/1367-2630/11/1/013017�
https://doi.org/10.1088/1367-2630/11/1/013017�
https://doi.org/10.1126/science.276.5321.2012�
https://doi.org/10.1126/science.276.5321.2012�
https://doi.org/10.1088/0034-4885/41/8/002�
https://doi.org/10.1088/0034-4885/41/8/002�
https://doi.org/10.1088/1367-2630/10/10/103024�
https://doi.org/10.1088/1367-2630/10/10/103024�
https://doi.org/10.1088/1367-2630/17/1/013048�
https://doi.org/10.1088/1367-2630/17/1/013048�


CHARACTERIZATION OF THE INTERNAL STATE OF NITROGEN-VACANCY CENTER IN DIAMOND AND SECOND. . . 823

27. J. R. Weber et al., Quantum computing with defects,Proc.
Natl. Acad. Sci. 107(2010) 8513,https://doi.org/10.
1073/pnas.1003052107 .

28. N. B. Manson, J. P. Harrison, and M. J. Sellars, Nitrogen-
vacancy center in diamond: Model of the electronic struc-
ture and associated dynamics,Phys. Rev. B74 (2006)
104303,https://doi.org/10.1103/PhysRevB.74.
104303 .

29. J. R. Maze, Properties of nitrogen-vacancy centers in diamond:
the group theoretic approach,New J. Phys.13 (2011) 025025,
https://doi.org/10.1088/1367-2630/13/2/
025025 .

30. M. W. Doherty, N. B. Manson, P. Delaney, and L. C.

L. Hollenberg, The negatively charged nitrogen-vacancy
centre in diamond: the electronic solution,New J.
Phys. 13 (2011) 025019,https://doi.org/10.1088/
1367-2630/13/2/025019 .

31. M. W. Doherty et al., Theory of the ground-state spin
of the NV− center in diamond,Phys. Rev. B85 (2012)
205203,https://doi.org/10.1103/PhysRevB.85.
205203 .

32. D. P. DiVincenzo, The Physical Implementation of Quan-
tum Computation, Fortsch.Phys. 48 (2000) 771, https:
//doi.org/10.1002/1521-3978(200009)48:
9/11 〈771::AIDPROP771 〉3.0.CO;2-E .

Rev. Mex. Fis.66 (6) 814–823

https://doi.org/10.1073/pnas.1003052107�
https://doi.org/10.1073/pnas.1003052107�
https://doi.org/10.1103/PhysRevB.74.104303�
https://doi.org/10.1103/PhysRevB.74.104303�
https://doi.org/10.1088/1367- 2630/13/2/025025�
https://doi.org/10.1088/1367- 2630/13/2/025025�
https://doi.org/10.1088/1367-2630/13/2/025019�
https://doi.org/10.1088/1367-2630/13/2/025019�
https://doi.org/10.1103/PhysRevB.85.205203�
https://doi.org/10.1103/PhysRevB.85.205203�
https://doi.org/10.1002/1521-3978(200009)48:9/11<771::AIDPROP771> 3.0.CO;2-E�
https://doi.org/10.1002/1521-3978(200009)48:9/11<771::AIDPROP771> 3.0.CO;2-E�
https://doi.org/10.1002/1521-3978(200009)48:9/11<771::AIDPROP771> 3.0.CO;2-E�

