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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 moméntapin momentumS, total angular momentum

J = L+ S, and spin momentum ondirectionS.. 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 each different electron-spin configuration is used as qubit
state [7,8]; setting diverse magnetics polarizations as qubit
The nitrogen-vacancy (NV) center is one of numerous poinstates by using NMR to manipulate nuclear spins of one or
defects in diamond. It exhibits two electronic configurations:lots of molecules, generally in liquid state [9,10]; supercon-
the neutral charged-state (R)/and the negatively charged- ducting loops with persistent current form a qubit by super-
state (NV-). The phenomenon called photochromism con-position of two macroscopic quantum states [11]; and the de-
sists in the NV center interchange between two differenfects presentin diamond, more precisely NV centers of which
charged-states by a possible mechanism involving nitrogetheir electronic spins system are taken advantage, allowing to
donors [1]. Electron spins at NV centers can be manipulateée initialized, manipulated, and measured (readout) by opti-
by applying a magnetic field, electric field, electromagneticcal means [12].
radiation (light), or a combination of them, resulting in a pho-

toluminescent signal. At this moment, the available computing power is not

The photophysics of color NV centers in diamond haveenough. For this reason the Quantum Informatics become
attracted interest during the last decade because of their pognportant. Apparently, the best candidate for solid-state qubit
sible application in quantum information processing, quanis the NV~ center in diamond since it works at room temper-
tum optics, quantum metrology, nanotechnology, as biologature, has long spin coherence time as well as the diamond
ical and sub-diffraction limit imaging, to test of entangle- |attice helps as an insulator for external magnetic effects be-
ment in quantum mechanics and nano-medicine (sensors) [2ause it is diamagnetic; in addition, thanks to its high Debye
5]. Currently, the technology tends to miniaturization, but ittemperature, the vibrational modes of the lattice are not af-
faces a problem: the integration techniques of circuits are nq‘bcting the center because there is a low Coup”ng between
effective due to the quantum effects which become importanfattice phonons and center electrons [13,14]. In this paper a
in low dimensionality. Therefore, computational science hageneral study of internal state NV center in diamond is pre-
begun to research in quantum mechanics a new technologicgénted. From the second quantization formalism, —in steady-
alternative with the aim to overcome the transistor teChnO|state (Conservative mode|)_ the creation and annihilation op-
0gy. erators are used to describe the steady spin-levels structure

The most promising systems are ions or atoms trapsand in dynamic-state (non-conservative model); these oper-
which use their electronics states as representation of th&tors can also be used to describe different spin-level tran-
guantum bit (qubit) state®(g. ground and excited electron- sitions. Finally, a discussion is presented about the applica-
ics states) [6]; quantum dots in which its confined electrortions of this study on different areas, especially in the pho-
spins are controlled by tunneling effect via electric field andtochromism 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 o0
other place is empty. In other words, there is a vacancy. The
NV defect has point group’s,, where the principal axi€’s
is along nitrogen-vacancy in crystallographic [111] direction; o o
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: o
the first one is radiating with ions, electrons or neutrons
to nitrogen-rich diamond!¢N) type Ib; the second one is
through the implantation of nitrogen (bottiN and'®N) in-
side a pure diamond type lla which creates simultaneously
vacancies in the crystal lattice. Upon creation of the vacangigure 2. Schematic representation in two dimensions of the
cies, it is necessary to perform an annealing process of temstomic configuration inside the NVcenter (where the marked cir-
peratures around 55C to 850 C (oxygen atmosphere free) cles with a C simulate the crystalline lattice), in which it can be
producing the vacancies migration. After this process the NVbbserved that a carbon atom has been substituted for a nitrogen
centers are created [15-17]. 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.
3. Charged-states of NV center
The atomic configuration of NV center is the same as
Atomic structure of NV center in diamond consist of a car-the N\ center but with the only difference that it has six
bon vacancy and an impurity of nitrogen which captures thiselectrons (see Fig. 2).
vacancy in order to create the center, furthermore, exhibit two
electronic configurations: the neutral charged-state NV ) . )
and negatively charged-state (NY[1,13,18]. 4. Electronic configurations
In the NV 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 ths shown in Fig. 1, the nitrogen directs its full orbital to-
other two are located in the direction of the vacancy. Thusyards the vacancy as well as the three surrounding carbons
in the periphery of the vacancy, there exist three unsatisfied
bonds, one for each of the surrounding carbons (see Fig. 1). /
I
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FIGURE 1. Schematic representation in two dimensions of the

atomic configuration inside the N\eenter (where the marked cir- FIGURE 3. Schematic representation of the electron-spin configu-
cles with a C simulate the crystalline lattice), in which it can be ration of NV° center, in which it is observed the possible values for
observed that a carbon atom has been substituted for a nitrogethe total spinS (indicated with black arrows). The lines represent
atom (in color blue), which captures a vacancy (marked as V) thatthe atoms of nitrogen (N), surrounding carbog (C-2, andCs)
remains with five electrons (black dots) on its direction. and the vacancy (V).
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their semi-full orbitals point towards it. Therefore, the total
spin state§) can be only 3/2 or 1/2 since ttte= 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;

Excited levels “A,

_.1

mg = +—

)

Ground levels

1
mg==+—

)

s=23

which would very likely resultin the paring of the sixth elec- £ re 6. Schematic representation of the spin-level structure of
tron with some of the carbons with unsatisfied bonds. Thusg N\® center in which the possibls = 3/2 spin configuration is

the system could havé = 2, S = 1 or S = 0 states (see gpserved.
Fig. 4).

For the case of th& = 3/2 state, there are two multi-

5. Spin configurations
5.1. NW center

plets: one excited and the other is the ground-state. These are
made up of two doublets with, = +1/2 andm, = +3/2,
respectively, as shown in Fig. 6.

In the case of5 = 1/2, there are two doublets: one of them

being the groud-state withs =

being the excited state as shown in Fig. 5.
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FIGURE 4. Schematic representation of the electron-spin configu-
ration of NV~ center, in which it is observed the possible values for

1l

+1/2 and the other one

5.2. NV~ center

In the case of5 = 2, there are two multiplets: one excited
and the other is the ground-state. These are made up of two
doublets fns = £2 andmg = +1) and one singletrs = 0)
as shown in Fig. 7.

Similarly, in the case of = 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 withn, = 0

f‘|4— <j— =

as shown in Fig. 8. Finally, for the case = 0, there are
two singlets: one excited and the other the ground-state; both
with ms = 0 as shown in Fig. 9.

the total spinS (indicated with black arrows). The lines represent

the nitrogen atoms (N), surrounding carbo@s (C>, andCs) and

the vacancy (V).

Excited levels 2E

Ground levels ZA

s=1

mg==+2
Excited levels mg==1
mg = 0
mg = + 1 mg =+ 2
2
Ground levels mg==+1
ms = :I:l
2 mg = 0

S=2

FIGURE 5. Schematic representation of the spin-level structure of FIGURE 7. Schematic representation of the spin-level structure of

a NV center in which the possibl§ = 1,/2 spin configuration is

observed.

a NV~ center, in which the possible = 2 spin configuration is
observed.
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mg==+1 of them, = +1/2 spin-levels of theA excited levels mak-
ing that them, = + = 1/2 andm, = +3/2 spin-levels

of the*A, 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 (Ams = 0), from ground spin triplet¥A,) to excited
Ground levels *A, spin triplet ¢E) of the.S = 1 state. This transition presents a
mg =0 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-
S=1 served a resonance signal~at2.88 GHz between the spin-
FIGURE 8. Schematic representation of the spin-level structure of levels m = 0 and m = =+1 of spin-level®A, [13,24,25].
a NV~ center in which the possibl& = 1 spin configuration is  Furthermore, a non-radiative transitiofAss # 0) from the
observed. 3E triplet to a spin excited singlet'@,) of S=0 state occurs,
and then a radiative transition betwebh, singlet and the
spin ground singlet'€) 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-
Ground level 'E mg =0 sition from the'E singlet to the’A, triplet occurs (see Fig.
_ 11) [26-29]. The transitions betweéh= 1 andS = 0 states
$=0 are non-radiative because they are not spin-conserving. In ad-
FIGURE 9. Schematic representation of the spin-level structure of dition, there is a competition between different non-radiative
a NV~ center in which the possibl§ = 0 spin configuration is path of spin-levels of th& = 1 state triplets and th = 0
observed. state singlets, that is depicted in Fig. 11. The most likely path
between théE to the'A; is fromms = +1 to ms = 0, re-
spectively and similarly, the transition between tieto the
6. Experimental characterization ®A, is fromms = 0 to ms = 0, respectively (see Fig. 11 red
wavy arrows). The latter allows the system to be polarized
Experimentally, the NV centers in diamond are characterize26-29].
by Electron Paramagnetic Resonance (EPR) or Optically De- The N\° and NV~ centers are promising candidates for
tected Magnetic Resonance (ODMR) techniques and the flusolid-state qubits because both centers have characteristics
orescence signal emitted when an excited state is relaxed totlaat make them utilizable. In the case of NVt is possible by
base state. using a*A, excited level since it presents two doublets which

In the NV center, it has been detected a Zero Phonortan be used as qubit states. Other promising choice would be
Line (ZPL) at 2.156 eV (575 nm), which it is associated with to use the transition between the ground = +1/2 of 2E
a radiative transitionfms = 0, due to the selection rules level and excitedns = +1/2 of 2A level doublets via optical
present in the system) between the ground (2E) and excitgslimping at 2.156 eV following the remotion of the optical
(2A) spin doublets of th& = 1/2 state. So far, in the spin- excitation, causing the system to decay fromithe= +1/2
levels?E and?A a signal has not been detected using EPR?2A level to them, = +1/2 2E level. However, there exists
this is believed to be due to dynamic distortion caused by the problem with this option because the state loses coherence
Jahn-Teller effect, which causes the EPR lines to widen, prebecause of the Jahn-Teller dynamic effect [19,20]. On the
venting its detection [19,20]. In an experiment [20], a para-other hand, in the case of a N\tenter the process can begin
magnetic resonance using continuous optical illumination irwith thems = 0 2A, ground level § = 1) by using optical
the S = 3/2 state was observed, which leads to conclude thapumping cycles, manipulated via microwave fields and op-
it is an spin excited level'@\,) of the NW center. ThetA, tical excitations. Measurements can be performed thanks to
level consists of a multiplet of two doublets, one of them withthe fluorescence signal emitted by the decay between the ex-
ms = £3/2 spin-levels and the other withs = £1/2 spin-  cited and ground spin levels following the selection rules of
levels (see Fig. 10); between the doublets of the multipletthe radiative transitions.
there exists a resonance~atl.685 GHz [20]. In conclusion,
the 2E and?A doublets are caused by% = 1/2 state and
the*A, multiplet is caused by & = 3/2 state. On the other 7. Theoretical characterization
hand, the change between the= 1/2 andS = 3/2 states
is a result of a non-radiative transition (in this case the mechThe spin-orbital interaction, spin-spin interaction with elec-
anism is not spin-conservingyms # 0). This was demon- tric and strain fields (see Egs. (6), (8), (13), and (17)) are
strated using the experiment described above and this sterafi Hamiltonians in terms of the Irreducible Representations
from the fact that the system has to be polarized in the cas@Rs) by, using Group Theory and are discussed in Ref. [30].

Excited levels 3E

ms=0

Excited level 'A, mg =0
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The electronic Hamiltonian of the NV center (Eg. (1)) stands for a unit vector which shows the interacting direction
—corresponding to the ground electronic state— with an adibetween electron-spins.
abatic approximation and considering the nuclei of the crys- On the other hand, the steady-state solution (conserva-
tal to be fixed at their equilibrium coordinates is shown intive) will be,
[31]. The interaction Hamiltonians of the center with electric R
(Stark shift), magnetic (Zeeman effect), and strain fields of Hyys|¥nv) = E|Uny), (5)
Eq. (16) are shown in Ref. [32].

In Ref. [5] the ground state fine and hyperfine structuregising the second quantization formalism, the form of &NV
for both nitrogen isotopes can be described by the canonicglenter wave can be written as follows
spin-Hamiltonian of trigonal defects given by Eq. (1) and the
potential of Eq. (2) describes the influence of static electric, [Uny) = A Ci(r,0,t)| )T\ (7,0, 1), (6)
magnetic, and strain fields on the N\ground state. Also, @

it is shown the effective Hamiltonian and potential that de- . +ha index indicates the center electroris, o, ¢) rep-

Pesent the spatial coordinates, electron-spin and time, re-
'spectively. A symbolizes a normahzatlon constatit,is a
proportional constant, an\cIl Nyo (7, 0,t)) denotes the non-
interacting wave function, which is composed of products of
single-electron functions, namely,

fields for excited state 3E to low-temperature and room
temperature (see Egs. (3)-(6)).

7.1. Steady-state (Conservative model)

In the present paper, the Hamiltonian of NV centérsyS
which only describes the internal state defect without external |\Il,(f\30 (r,o,1)) Z NV|<I>(O) (71, 01,1))
perturbation, is composed of the spin-spin interactidg, s, \F
the spin-orbital interaction (fine structurefi, s, and the 0O (7 A eO (7 ,
electron-nuclear spin coupling (hyperfine structurg) . x|®, (7"27‘72’ N®c, (T3703> )
Notice that the nuclear-nuclear spin coupling has not been (0) /=

. . . ; X | P ,o4,1)). 7
considered because, in the case of a nitrogeisotope, the @y, (71, 04,1)) ()
system does not have electric quadrupole moment. Conse- Similarly,

it is obtained the non-interacting wave function
quently,

of the NV~ center,

ﬁ./ s = f{s-s + ﬁL—s + ﬁf—& (1)
" 0 (r,0,1) \FZ NP8 (71, 01, 1))

2 . - — =
Hs s =3 S PO 5, - 3(5, i) (7is - 55,

— £ 43 0) /= 0) /=
v X |@c, (7’2a02af)>|‘1’c3 (73,03,1))
_ .
Si=8,1+5;,+ Sizk, (2) % |(I>$2) (P4, 04,1)), (8)
A _ . _ gsiB _) -
Hi-s = Z e B o Z hmeec?r ‘ where summation is done over all different possibpermu-
! tations andV, represents the permutation ind€X,, Cz, C3
=_ Z e - . 51‘7 (3) represent the three unbonded carbons, and V represents an
Me€C electron in the vacancy (see Fig. 2). Notice that the subindex
Hy o= Z HoTYeTn onV inthe functlon¢§/ , represent an empty vacancy (NV
PR 43 center) or an occupled vacancy for the valies0 ori = 1,
SN N _ respectively.
— — f .
X [Ii <S8 =3(1 - miy) (- Sj)j| , Now, if the wave functions of NV and NV~ centers are
_ . projected on the symmetrical occupation-number bgsis}
S;=8;,1+95;,3+ 5.k, in a Folk space, it leads to:
— -~
I'i=15,1+ 1,5+ 1.k, 4) Wl o) = Z<n|\I/NVU (7,0,t))
where the index, andj represent the NV center electrons,
1o represents the magnetic constant (vacuum permeability), = Z \IINVO (7, 0,t)n), 9)

~. and~, are the electron and nuclear gyromagnetic con-
stants, respectively§ indicat}es the_)magnitude of the total
electron-spin of the systen§'; and I ; represent the elec-
tron and nuclear spin vectors, respectively, is the electron
mass valueg is the speed light constant in vacuumsym- = Z \I/NV, 7, 0,t)|n), (20)
bolizes the distance between interacting electrons, @nd

(W) = Z(nl‘PNv—(F o,1))

Rev. Mex. Fis66 (6) 814-823
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and definingcﬂ/, Gy as, creation and annihilation operators, e S=0, ms;=0
respectively, which acts only on the vacancy stage,

1
oy, = Z Vnv|ne,ne,,neg,ny — 1) Ky () = i(acla@ﬁcgﬂv ~ acfe.fe.av
" + Bey Be,ac,av — Bo,acy,ac,By)  (19)
X <nC17nCQancavnV|a (11)
e S5=1, mg=1
dy =Y _Vny F1lne,,ne,,noy,ny + 1)
" | Xnv-(0,1)) = ac,ac,ac,av (20)

X Ny, Ney s Nes, NV |- (12)

e S=1, ms=0

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

1
| Xnv-(0,1)) = i(aclacﬂcsﬂv + ac, Bo,Bosav

AL W 0) = (Wl ) Gyl [ Whye) = | 13
Ay [Wpyo) = [Wy- )i Gvay |[Pyo) = [Pyyo),  (13) + e, Bo,acsay + Be,ac,ac,By)  (21)

av|Uhy-) = [Thyo)i  apav|Thy-) = [Thy- ). (14)

Thus, from (13) and (14), it can be concluded that

[Oﬂ\‘/’ dV} = 1 for both. |XNV* (07 t)> ="c,7CYC3 VYV (22)
Since the previous wave functions, (7) and (8), depend

on the spinc, then they can be rewritten as the product of WhereC, C», C; represent the three unbonded carbons, and

their orbital wave function® (7, t)) and its spinorial function Y represents an electron to place in the vacancy (see Fig. 2).

X (0, 1)), that is: Furthermore, they, 6k, and~; states are characterized by
the indexk, which can take the values 6éf;, C5, Cs, or V
Ui (7,0, £)) = [@pyo (7, 1) | Xyo (0, 1)), (15) ~ @nd are defined as
o o 1 0 0 0 0 O
|\IJ§\R;,(’I“7J,t)> = |(I)NV_(T7t)>‘XNV—(O—>t)>' (16) a= 00 0 ﬂE 1 0 0
Therefore, the form of the spinorial functions of the f\Nahd 000 000
NV~ centers can be obtained from 00 0
1 = 0 0 0 (23)
Kwo(@:0) = = > (=D (01,0) 10 0
op

Well, if the | Xy - (o,t)) spinorial function is projected
X Xy (02, 1)) Xy (03, 1)), on the symmetrical occupation-number basis) } in a Folk

1 space, it leads to
Xw-(0,8) = —= > (=D & (01, ) [x ) (02, 1))
i ‘ ‘ Xy (0.0)) = 3 (nlay- (.2)

x XD (03, )X\ (04, 1)), (18)

where summation is performed over all different possible per-

mutationsp of the systemc', C, C; represent the three un- where X[, (o,t) represents a single-electron spinormon

bonded carbons, and V represents an electron to place in t R S . e

vacancy (see Fig. 2). As the negatively charged-state cent@?ate of the Xy, - (o, £)) spinorial function. Now, it = to is
ey 9. ). neg y gec ?&ed, it leads to steady-states as it follows

NV~ is the best candidate to implement as a solid-state qubl{

based on the DiVenzo Criteria [33], it will be the focus of the 8

present study. The electrons of N\¢enter that are involved Xy (0:t0)) = > X, (0, to)|n) (25)

in the processes of the radiative and non-radiative transitions n=1

are the threel of the carbons that have unsat|sf|¢d bond; aRfhere the eightn) states (four ground and four excited) are

an extra that is transferred by some close donor impurity intQepresented by

the vacancy. Therefore, there are four electrons participating

= Z<XII\IV; (07 t) ‘TL>, (24)

in the differentS = 0 andS = 1 spin statesS = 2 will be e 5=0
omitted because there is not experimental evidence for this
spin configuration. Accordingly, the possible forms of the |1) is them, = 0 ground state an¢) is the

spinorial function of Eq. (18) for the two different spin states

in ground state are m, = 0 excited state (26)

Rev. Mex. Fis66 (6) 814-823
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e S=1 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
3) is themy = 0 ground state an¢dt) is the
13) 1s them, =0 ) p(E) =3 8(E - E), (35)

ms = 0 excited state;

wherei is the set of spin states for each different charged-
state of NV centers. If the same energy interval is chosen,
ms = —1 excited state, therefore the number of states of a \senter is greater than
for NV—, meaning that

|5) is thems = —1 ground state an¢b) is the

|7) is thems; =1 ground state an¢B) is the

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

The expressions of Egs. (26) and (27) have been depicted in o NV-

the Figs. 8 and 9 of Sec. 5.2 according to their spin-level

structure.

ms = 1 excited state (27)

center has two different total spin states, and
these are5 = 1 andS = 0.

_ _ Based on the above and reviewing the spin-level struc-
7.2.  Dynamic-state (Non-conservative model) tures for the charged-state of each center (see Fig. 5-6 for

The d ic Hamiltoniadl . dof the NV NV? and Fig. 8-9 for NV ), it is concluded that the den-
e dynamic Hamiltoniad/g,,,,, Is composed of the cen- sity of states of NV p(E) is greater than the one for NV

ter apd eIectromggnetic field Hamiltonifatns denot(_acHgys _ P/(E). The density of states on the photochromism phe-
andH;,., respectively (see Egs. (1)-(4)); the resulting Hamil- , 5 anon changes frop( E) to ¢/(E) and viceversa. From

tonian has the following form: this fact, a total density of states:(E) can be defined as
Hayn = Hays + Hint, (28) pr(E) = ap(E) + by (E), (36)

where which, wherz = 0 andb = 1, represents the density of states

| At s 1 of NV~. Inturn, ifa = 1 andb = 0, it represents the density
Hiny = Z hwy | Gyax + 5 ) (29) of states of NV. Accordingly,
A
Therefore, the dynamic-state solution (conservative) will be, a8,msINsms) = VNS ms + 1nsms — 1, nsms ),
X g4 B -
zh%\\lfr\lv) = Hayn|¥nv)- (30) (g 05.ms|Ns.ms) = \/ns,ms (s,ms + 1)

Well, substituting (10) into (30), it is possible to obtain an X Insms = 1 nsmy +1),

expression for the NV center, namely, center <n*|ﬁ[im‘n> o <n§7ms|dT57deS,ms|ns,ms>- (37)

zh%ﬂ/{w,) = Hayn > Uy (7 0,1)|n). (31) Therefore, ms @nd ds,ms work on different states,

ground or excited, but always following the selection rule dic-
tated byAm, = 0. Thisis, if G4g,mg annlhllates an electron
an theS = 1, my = 0 ground state m creates an elec-
tron on theS = 1, m} = 0 excited state in other words, it is
a transition caused by the electromagnetic interaction.

The creation and annihilation operators for the N&en-
ter between its electron-spin states, from (31), acquire th
form

il . = /S NS m, + 1) (sm, (32)

d5m. = /Mo F s, — {nsm., (33) 8. Discussion of results

On the previous section, the different models, assumptions,

and approximations reported in the literature for NV centers

d’(@ diamond. By comparison with the present model, the main
fferences with respect of the models above are the use of

where thelng ,,,,) are identified by its spin valug and spin
momentum ore-directionm,. Thus, the transitions between
the ground-states and excited-states (see Fig. 11) can be

tained from
) the second quantization formalism and the photochromism
Tone = | (0" | Hiel) (o). phenomenon. | |
h In this section, the most important results obtained for the
Eermi's Golden Rule (34) characterization of the NV center internal state will be shown

R using the second quantization formalism, including the pho-
where [(n*|Hine|n) is the matrix element of the interaction tochromism effect. First, the schematic representations of
H;,: between the finah* and initialn states angh(E,-) is  the two different NV center electronic configurations, neutral
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and negative charged-states, was designed in order to clarifyherea and 3 are complex coefficients that satisfy|? +
how the different possible configurations of each electron{3|? = 1.
spin modify the system total spist The fact that diamond is To make use of the NV center as a qubit, it will be nec-
the host lattice of the NV defect plays a very important roleessary to use the spin-levels of its different states, ground and
because if it was not for the diamond energy potential, theexcited. For example, by taking advantage of the photolumi-
NV center would not exist. It must also be noted that the denescent response that the system undergoes, when it passes
fect behaves as an internal system within the diamond matri¥rom an excited level to a ground level, the system configu-
since the spin-levels are in the middle, above the valence bandtion can be found, meaning that the system is read-out. On
which is populated and below the conduction band which ighe other hand, applying a magnetic field tuned to a suitable
empty, both bands belong to the diamond; in other words, theesonance frequency, the manipulation of the electron popu-
electrons of the diamond lattice do not play a role within thelation of ground and excited states can be achieved. Finally,
dynamics of the NV center. Considering the previous asserdue to the existence of the two different spin configuration,
tions, the Hamiltonian modeling of the system internal state,S = 1 andS = 0, it is possible to initialize the system in a
I?Sys (see Egs. (1)-(4)) is justified. Therefore, it was appliedspecific spin-level.
the second quantization formalism on tﬁeys model (see Now that the procedure has already been proposed, it is
Egs. (9) and (10)). From Eq. (10), the ground-levels for dif-necessary to know what spin-levels are more convenient to
ferent spin-states in the steady state of the Ndénter were represent the two qubit states. There are two possibilities to
determined (see Egs. (19)-(22)), which are also compatibleepresent these qubit states. The first one would be to use the
with those shown in Figs. 8 and 9. Thus, it can be stated thajround-state levelsp, = 0 andm, = —1 —the most advis-
this model reproduces the spin-levels structure of the systenable for energy efficiency— which would represent the qubit
On the other hand, the NV center exhibits a switchingstates. To avoid the mixing between the spin levels, a mag-
charged-state process called photochromism [1]. There ametic field would need to be applied to make use of the Zee-
two different ways to describe this phenomenon: man effect, splitting the levels and, consequently, decreasing
, , the mixing probability. The other possibility is to use the pho-

° T_he one descnbed in Ref. [1] presents. the hyp,c’the’[ochromism phenomenon by manipulating the configuration
sis that thg switch from NVto NV~ s.tate IS photom-. of two different NV centers, one witl§ = 1 and the other
_duc_ed. Th'_s process would be pos_S|bIe due to the_ OM5ne with s = 0 as qubit states. In this case, the initializa-
ization of nitrogen donors present in the surroundmgﬁion can be represented by means of one of the two config-
of NV defect. urations of total spirS; the manipulation would be through

o The other hypothesis suggested is by means of the esglectron population distribution in differept gonfigurgtions of
istence of a weak interaction between Nand NV- spin using magnetic and electromagnetic fields. Finally, the
centers, which are created in almost the same propoff€asurement would be performed using the ZPL, which rep-
tion in diamond during the production process. This in-resents every spin configuration. This possibility could be
teraction is due to the interchange of vacancy-electrofi€eply studied in another future paper.
from NV~ to NV, resulting in a switching charged-
state steady-process. Therefore, the creation and anng
hilation operators of Egs. (11) and (12), respectively,

are useful to describe the photochromism since theysased on the above, the N\tenter is promising because of
switch the defect from N¥to NV~ center and vice jts characteristics. It is concluded that a possible candidate
versa. for solid-state qubit requires the following features:

Conclusions

Finally, from H,,,, (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
guantum 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 o To have radiative transitions between different spin lev-

that the qubit can present a superposition between two states,  els and in the case that they are degenerate, it must
whereas the classical counterpart can only represent one state  pe possible to split them by external means.(a

e 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 beCs, with the purpose to obtain a triplet-spin
system.

at a time. Therefore, the spin-levels, = 0 andm, = —1, magnetic/electric field or stress application) in order to
in ground-stateS' = 1 of the NV~ center (see Fig. 8) can avoid mixed states. However, the radiative transitions
represent such states of the qubit; that is, are not necessarily the only way, since there might be
alternatives on the condition that the read-out signal

W) = 0) + 6] = 1), (38) presents few difficulties during the measurement.
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