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Laser-polarization-dependent spontaneous emission of the zero
phonon line from single nitrogen—vacancy center in diamond*
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We investigate spontaneous emission properties and control of the zero phonon line (ZPL) from a diamond nitrogen—
vacancy (NV) center coherently driven by a single elliptically polarized control field. We use the Schrodinger equation
to calculate the probability amplitudes of the wave function of the coupled system and derive analytical expressions of
the spontaneous emission spectra. The numerical results show that a few interesting phenomena such as enhancement,
narrowing, suppression, and quenching of the ZPL spontaneous emission can be realized by modulating the polarization-
dependent phase, the Zeeman shift, and the intensity of the control field in our system. In the dressed-state picture of the
control field, we find that multiple spontaneously generated coherence arises due to three close-lying states decaying to the

same state. These results are useful in real experiments.
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1. Introduction

Spontaneous emission in atomic systems, is recognized
as one of the best-known fundamental processes based on
the interaction of atomic systems with the environmental
modes. In the past few years, modification and control of
the spontaneous emission have attracted much attention be-
cause of its potential applications in lasing without inver-
sion (LWI),!!! transparent high-index materials,*! high-
precision spectroscopy and magnetometry,!'*-!?I quantum in-
formation and computing,'>~! etc. There are two main
mechanisms to control the spontaneous emission of atoms. In
the first mechanism, the spontaneous emission of a multilevel
atomic system can be modified just by putting atoms into dif-
ferent environments, 10201 guch as in free space, in optical
waveguides, in photonic crystal (PC) materials, and in opti-
cal cavities, which have different densities of electromagnetic
modes. On the other hand, in the second mechanism, the ma-
nipulation of spontaneous emission can be achieved by using
external coherent fields to couple atoms. 7331

In recent years, the nitrogen—vacancy (NV) center in dia-
mond nanocrystal has emerged as a particularly strong candi-
date for solid-state quantum physics experiments and quantum
information processing because it possesses a long electronic
spin decoherence time at room temperature.>**71 Owing to
the potential applications of NV center in quantum informa-
tion and quantum computing, many properties and interest-
ing phenomena about NV center are researched and discussed
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recently. Santori et al.[*®¥! demonstrated coherent population
trapping in a single NV center in diamond under optical ex-
citation, the results show that all-optical control of a single
spin is possible in diamond. Yang et al.!*>! investigated
quantum state transfer and quantum correlation in a compos-
ite system consisting of two NV centers embedded in two spa-
tially separated single-mode nanocavities in a planar photonic
crystal, and analyzed the relevant entanglement dynamics in
the presence of decoherence and the non-Markovian dynam-
ics of quantum correlation between two initially entangled NV

centers. Wang et al.>!!

studied the applicability of the time-
optimal bang—bang control designed for spin 1/2 to the rota-
tion of the electron spin of an NV center in diamond. They
found that the bang—bang control protocol decreases the ro-
tation time by 20%—-25% in comparison with the traditional
oscillating sinusoidal driving.

Unfortunately, it is difficult to achieve remarkable and
ideal optical properties of the diamond NV centers because
of the small Debye—Waller (DW) factor. Specifically, for the
NV centers, even at cryogenic temperatures only a small frac-
tion of about 3%—4% of the radiation can be emitted into
the Fourier-limited zero phonon line (ZPL), and most of the
light is emitted at much larger wavelengths (600 nm—800 nm,

47521 1 order

the so-called phononic or vibronic sideband).t
to overcome the above obstacle, based on the second mech-
anism mentioned above (i.e., laser-induced atomic coherence

and quantum interference), here we put forward a scheme to
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explore the spontaneous emission properties and optical con-
trol of the ZPL from a nanodiamond NV center coupled by a
single elliptically polarized control field with different ellip-
ticities. It is found that the spectral-line enhancement, narrow-
ing, suppression, and quenching of the ZPL spontaneous emis-
sion can be realized by modulating the polarization-dependent
phase, the Zeeman shift or the external magnetic field, and
the intensity of the control field in our system. Our proposed
system is similar to atomic vapors in the energy level struc-
ture, but our work is very different from previous atomic sys-
tems. First of all, our numerical results for spontaneous emis-
sion of the NV center are easily experimentally observed be-
cause of their long electronic spin decoherence time, not as
the atomic gas which has to decrease the temperature to sev-
eral tens of pK in order to eliminate the Doppler broadening
effect. Thus this relaxes the bandwidth and decoherence con-
straints of NV systems. Secondly, our study of controlling the
diamond NV center with a laser field and a magnetic field is
more convenient than controlling atomic gas experimentally
due to the solid state of the NV center. Thirdly, we only need
one single elliptically polarized control field to couple two
electric dipole transitions simultaneously and the polarization-
dependent phase difference between the two circularly polar-
ized components of the control field can be used to control
spontaneous emission effectively.

The paper is organized as follows. In Section 2, we
establish the physical model and its theoretical description.
By solving the coupled amplitude equations of motion for a
tripod-type NV center, we derive explicit analytical expres-
sions of the spontaneous emission spectra. In Section 3, we
analyze our results and discuss in detail the influence of the
polarization-dependent phase of two components of an ellip-
tically polarized laser field, the intensity of the external mag-
netic field and the control field, and the initial probability am-
plitudes on the spontaneous emission spectra. In Section 4,
we introduce the dressed-state description of the control fields
to explain the properties of spontaneous emission spectra. In
Section 5, we discuss the possible experimental realization.
Finally, our main conclusions are summarized in Section 6.

2. Description of the model and equation

We consider strained nanodiamond NV centers coupled
by a single elliptically polarized laser as shown in Fig. 1(a).
The NV center is a point defect in the diamond lattice, which
consists of a substitutional nitrogen atom (N) plus a vacancy
(V) in an adjacent lattice site. The NV center we described in
this paper is negatively charged with two unpaired electrons
located at the vacancy, usually treated as electron spin-1.153]
As aresult, the spin—spin interaction leads to the energy split-
ting Dgs = 2.88 GHz between |3A,m; = 0) and |3A,m, = £1).
Meanwhile, the degeneracy of the levels |3A,m; = £1) can
be lifted by employing an external magnetic field B along the

quantized symmetry axis of the NV center, which induces a
level splitting 245. We label |34, m; = 0), |3A,m; = —1), and
PA,ms = +1) as |4), |1), and |2), respectively. The NV cen-
ter has a relatively complicated structure of excited states, [*4]
which includes six excited states defined by the method of

group theory as
1
A1) = ﬁ(lE-,mS = +1) —|Ey,ms = 1)),
1
|A2) = —=(|E—,my = +1) + |Ey ,mg = —1)),

V2
|Ex> = |X’ms = 0>7 |EV> = ‘Yams :0>7
1

V2

1) = —= (- my = 1)~ [Ec.my = +1))

and
1
V2

with |[E), |E_) being orbital states with angular momentum

Ex) = —=(|E_,ms = —1) + |E{,my = +1)),

projection £1 along the NV axis, and |X), |Y) being orbital
states with zero projection of angular momentum. Under ex-
ternal strain, the excited states can be splitting and mixed, 47!
the state |3) can be considered as a mixed state of two excited
states
mg=§?wﬂm=+w+w%w:—wx

and |E,) = |X, my = 0), i.e., |3) = a|As) + B|E,) with |at|> +
|B|?> = 1. The state |3) decays to the ground-state sublevels
[1) and |2) with radiation of 6 and 6~ circular polarizations,
respectively. An elliptically polarized control field with a car-
rier frequency @. and a wave vector k. can be regarded as a
combination of the right- and left-circularly polarized compo-
nents, which can be used to create electric dipole transitions
between the excited state |3) and the ground states |1) and
|2) simultaneously. The elliptically polarized control field can

1541’ An initial ver-

be obtained by using a quarter-wave plate.
tically polarized control beam with intensity /y and electric
field amplitude Ey = \/m, where & is the permittivity
of free space and c is the speed of light, becomes elliptically
polarized after passing through the quarter-wave plate that has
been rotated by an angle 0 (the polarization-dependent param-
eter), so the polarized control beam can be decomposed into

E.=ETot+E o, where

E .
Et = —O(cos 6 +sinf)e'®

V2

and

— EO . —i0
E~ = —=(cosO —sinf)e'".
7 )
Here, ot and o~ are the unit vectors of the right- and left-
circularly polarized bases, respectively. When 8 = 0 and /2,
we have E* = E~, that is, the control beam is linearly po-

larized. When 6 = /4 (3n/4), we have E- =0 (ET = 0),
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that is, the control beam is right-circularly (left-circularly) po-
larized. A quarter-wave plate can change the strength and
phase difference of the two electric field components. Then,
Rabi frequencies become 202, = —z1E™ /h = 20Q.(cos 0 +
sinf)el® and 2Q. = —uz3E~ /h = 20Q.(cos@ —sin@)e 19,
here we assume Uz; = U3y = U (U denotes the electric dipole
moment between the corresponding transitions) and Q. =
—uEy/(2v/2h). While the transition from state |3) to state
|4) is assumed to be coupled by vacuum modes in the free
space. It should be pointed out that the dipole—dipole interac-
tion between the nitrogen and the vacancy has been neglected
because we consider a single NV center in diamond. Recently
it has been found that the dipole—dipole interaction between
nanoparticles plays a very important role in nanocrystals and

nanowires. %%

strain
splitting

(b)
Fig. 1. (a) A schematic diagram of an NV center interacting with an
elliptically polarized field. A right(left)-hand circularly polarized com-
ponent Q.. (2._) of the elliptically polarized control field induces the
transitions |3) <+ |1) (|3) > |2)). The state |3) can be considered as a
mixed state of two excited states |A2) = (|[E—,ms = +1) + |EL,m; =
—1))/v/2 and |E;) = |X,my = 0) under strain, [*A,m; = 0), |’A,m; =
—1), and [?A,m; = +1) are labelled as |4), |1), and |2), respectively.
The symbol A, is the frequency detunings of the control field, see the
text for details. By applying a uniform magnetic field along the quan-
tized symmetry axis of the NV center, the degeneracy among the ground
states |1) and |2) is lifted, where an amount Ag stands for the Zeeman
shift. Dgs = 2.88 GHz is the zero-field splitting between the ground
state sublevels |*A,m; = 0) and |3A,m; = +1) (]?A,m; = £1) are de-
generate at zero magnetic field) of the NV center. (b) A corresponding
dressed-state description of the elliptically polarized control field.

Under the rotating-wave approximation (RWA) and
electric-dipole approximation (EDA), the interaction Hamilto-
nian for the system composed of the NV center, control fields,
and vacuum modes can be written asl>*8! (see Appendix A
for details)

A = 285[2) (2 + (A + A)I3) 3] + [Qc+3><1|+9c3><2|
+ Y gibpe AT AT 3) 4 —&-H.c}, (1)
k

where H.c. means Hermitian conjugation, the notation A, =
w31 —Ap — 0, = 32 + Ap — @) is the detuning of the transi-
tions from the corresponding laser frequencies (see Fig. 1(a)),
where w31 = (E3 —E))/h (w3, = (E3 — E2)/h) is the transi-
tion frequency between the energy levels |3) and |1) (|2)). A
is the Zeeman shift of levels |1) and |2) in the presence of the
magnetic field. (bb by, is the creation (annihilation) operator
for the k-th vacuum mode with frequency ;. 6 = w34 — @
and g; denote the detuning and the coupling constant between
the k-th vacuum mode and the resonance |3) — |4).

The wave function of the NV center system, at a specific
time ¢, can be expanded in terms of the bare-state eigenvectors
such that

[P(1)) = lar(1)]1) +ax(1)[2) +a3(1)[3)]{0}
+ ) a(r)|4)|1x), )
k

where a(t) (j = k,1-3) stands for the time-dependent proba-
bility amplitude of the NV center. {0} represents the absence
of photons in all the vacuum modes, and |1;) indicates that
there is one photon in the k-th vacuum mode.

Similar to the method used in three-level quantum dots
(QDs),%%01 we make use of the well-known Schrodinger
equation in the interaction picture id|¥(t))/dt = Hi|¥(t)),
the coupled equations of motion for the probability amplitude
evolution of the NV center’s wave functions can be readily ob-

tained as

da (t) Dk

8]t = —1Q% a3(1), 3)
a";t(t) — —i2Apa(t) —iQFas(t), @)
d ) .

a;t(t) = —i <AB+AC — 12) as(t)

— iQC+a1 (t) — i.QC_az(t), (®)]

day(t sk i —

agt( ) = —igje (Ap+Ac 6")’a3(t), (6)

where I = 27t|gi|*D(ax) is the spontaneous-decay rate from
level |3) to level |4), and D(y) is the vacuum-mode density
at frequency @y, in the free space.

Carrying out the Laplace transformations

a;(s) = /0 e ay(n)dr,
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where s is the time Laplace transform variable for Egs. (3)—(5) 4t — ) = —ig] /°° ei(AB+Ac75k)t’a3 (') de’
and integrating Eq. (6) with respect to ¢/, we have the proba- 0
bility amplitude = —igraz(s = —i(Ap+Ac — &)).
a3(s) = [—i(s+2iAg)Qra1(0) — isQe_an(0) Substituting the expression (7) of d3(s) into the expression of

ai(t — o0), we can obtain

+s(s+ZiAB)a3(O)]/{s(s+2iAB)

S(6)
. v .
X {54—1 <A3+Ac — 12)] + (s+2i4p)[ Q2 |2 = Lﬂak(t — w)2
27|l
2 r
+ 5l | } D = asls = —i(Ap+Ac— &)
2
where a;(0) (j = 1-3) is the probability amplitude at the initial (0) Qe+ (0) Qe (0) ’
f = e o e
timez =0 r® (sSk*AB*Aca1 5k+AB*Aca2
- = 5 2 0 |2 )
The spontaneous emission spectra of the ZPL are the 2m (i5k + F) + - 2| + - |2
Fourier transform of (E~( + T)E™(t));—e, and can be writ- 2 i —Ap—Ac)  i(3+Ap—Ac) @®
ten as

where Eq. (8) is the main result of the present study. Specifi-
S(6) = (= o0)|? cally, we display the four different cases as listed below.

Case i Under the conditions a3(0) = 1 and a;(0) =
for our studied NV center system. According to the above  a,(0) =0, so that the ZPL spontaneous emission spectra S(J)
equation, we have | in Eq. (8) can be explicitly expressed in the following form
r 1

on 51 D), 12 (145in20) | |9 (1—sin26)
T2 ) T (G —Ap—A) | i(8+As—Ac)

L
ag
2m|gi|?

S(&)

r. ©)

Case ii Under the conditions a;(0) = 1 and a3(0) = a»(0) = 0, we have the result

2
r £0:(cos 0 +sin 6
S(8) = 5 c(c080 % sin) YT (10)
2w (6 — Ap— &) [(15 +1"> N |27 (145sin20) [Q.]7(1 —sm29)}
kOB e kT 1(S—Ag—Ad) | (& +Az—Ac)
Case iii Under the conditions a»(0) = 1 and a3(0) = a;(0) = 0, we have the result
2
r Q:(cos® —sin O
S(8) = 5 c(c080 —sin®) T (1D
2 . r [2:]7 (14sin20)  |]* (1 —sin26)
(5k+AB_Ac) io+—= | +—= -
2 1(6k—AB—AC) 1(6k+AB—AC)
Case iv Under the conditions a;(0) = a»(0) = 1/v/2 and a3(0) = 0, we have the result
Qc(cosO +5inB)ei®  Q(cos—sin®)e 1 |’
r V2(§—Ag—A V2(8+Ag— A
S(ak) ( k B C) ( k B c) (12)

Y (15+F) Q7 (1+5in20)  [Qc|> (1 —sin26)
kT i(8—Ap—Ad) | (& +As—Ac)

It is not difficult to find from Egs. (9)-(12) that the analyti- ‘B(AB o< B), the detuning A, and the intensity 2. of the control

cal expressions for the zero phonon line spontaneous emission  field. As a consequence, we can control the zero phonon line
spectra S(&) is sensitively dependent on the controllable pa- spontaneous emission of the nanodiamond nitrogen—vacancy
rameters of the system such as the polarization-dependent pa-  center by adjusting these system parameters under proper con-
rameter 0, the Zeeman shift Ap or the magnetic field intensity  ditions.
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3. Results and discussion

In this section, we present a few numerical results about
the ZPL spontaneous emission spectra S(J). All parame-
ters used in the following calculations are scaled by 7y, which
should be in the order of MHz for the diamond NV center.
First of all, we will analyze how the polarization-dependent
phase difference 6 between the two circularly polarized com-
ponents of the control beam modifies the ZPL spontaneous
emission via the numerical calculations based on Eq. (8). In
Fig. 2, we plot the spontaneous emission spectra S(J) ver-
sus the detuning & for different phase differences under the
condition of a3(0) = 1 and a;(0) = a2(0) = 0. The insets
display 10 typical forms of polarized control beam. The ini-
tial state preparation can be achieved by optical pumping in
experiment./*¥! When 6 = 0 [see Fig. 2(a)], we have the re-
sult EY = E~, that is, the control beam is linearly polarized
and the intensity of the right-circularly polarized component
is the same with the left-circularly polarized component. The
ZPL spontaneous emission spectra exhibit a central ultranar-
row line and two wider sideband lines with two fluorescence-
quenching points. It can be easily seen from Eq. (9) that
when & = Ap + A; or A — Ag, the denominator of S(&)
tends to infinity, while the numerator of S(J) is 1, as a re-
sult two fluorescence-quenching points arise. For the case

0.8

0.6 i @ ]

0.4

S(8x)

0.2

/Y

S(6)

O/

0.8

0.6

0.4

S(6,)

0.2

—2 —1 0 1 2
O/

that & = 7 /6 [see Fig. 2(b)], the control beam is right-handed
elliptically polarized and the central ultranarrow line is sup-
pressed obviously. For the case that 0 = m/4 [see Fig. 2(c)],
we have E~ = 0; that is, the control beam is right-handed cir-
cularly polarized. The central ultranarrow spectral line is com-
pletely suppressed, hence we can observe two peaks with a
normal width and one fluorescence-quenching point located at
O = Ag+A. = 0.6y. While when phase difference 6 increases
to /3 (7 /2), the ZPL spontaneous emission spectra show the
same shape with & = /6 (0) as shown in Fig. 2(b) [Fig. 2(a)]
because the control beam’s intensity distributions are the same.
When 6 further increases to 77/12 [see Fig. 2(d)], that is to
say, the control beam is left-handed elliptically polarized, then
the central ultranarrow line appears again and the ZPL sponta-
neous emission spectra show a three-peak structure. With the
increase of 0 to 27 /3 [see Fig. 2(e)], the control beam is left-
handed elliptically polarized, and the central ultranarrow line
can be greatly suppressed again. When 0 increases to 37/4
[see Fig. 2(f)], ET = 0 and the control beam is left-handed
circularly polarized. The central ultranarrow line completely
disappears and only one fluorescence-quenching point located
at & = A. — Ap = 0.4y. When phase difference 0 increases to
57/6 (117/12), the ZPL spontaneous emission spectra show
the same shape as 8 =27/3 (7/12) [see Figs. 2(e) and 2(d)].

0.8

sl () ®

0.4

S(x)

0.2

S/

0.8

0.6

0.4

S(6)

0.2

S/

0.8

0.4

S(6x)

0.2

—2 —1 0 1
O/

[\V]

Fig. 2. Spontaneous emission spectra S(&) (in units of ¥~ 1) for Q. = 0.5y, Ag = 0.1y, Ac = 0.5y, a3(0) = 1, a;(0) = a»(0) = 0, and I" = y. The insets
show ten typical forms of polarized control field. (a) 6 =0,7/2; (b) 8 = w/6,7/3;(c) 6 =n/4;(d) 6 =Tn/12,11x/12; () 6 =27/3,57/6; (f) 6 =37 /4.
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As can be seen, the analytical solution is in excellent
agreement with the numerical calculation. From the above ex-
pression (9), we can find that the ZPL spontaneous emission
spectra S(&) is strongly dependent on the laser-polarization-
dependent phase 0 and also is a periodical function of the rel-
ative phase 6 with a period #. Furthermore, it can be eas-
ily seen from the expression (9) that the relations [S(Jk)]y =
[S(86)]z/2—9 = [S(8)]37/2—g hold, which can well explain the
numerical results of Fig. 2. The interesting phenomena in
the ZPL spontaneous emission spectra discussed above can
be qualitatively attributed to multiple spontaneously generated
coherence!®!-641 among the transitions |+) — [4), [0) — |4),
and |—) — |4) [see Fig. 1(b)]. We can see that when pop-
ulations are initially prepared in level |3), they decay to the
ground state |4) through three main processes: |3) — |1) —
13) = [4), |3) — [2) — |3) — [4), and |3) — |4). Due to
quantum interference between three competitive pathways, the

spontaneous emission will have two fluorescence-quenching
points at & = A, + Ag. While when 8 = 7/6 and n/3 (27/3
and 57/6), the control beam’s intensity distributions are the
same, and destructive quantum interferences between path-
ways |3) = [1) — |3) — |[4) and |3) — |2) — |3) — |4) lead to
the suppression of the central ultranarrow line. When 6 = /4
(6 =37/4), E- =0 (ET = 0) and one of the decay channels
13) = |2) = |3) = |4) (|3) = |1) = |3) — |4)) disappears, thus
leading to only one fluorescence-quenching point 8 = Ag+ A

0.8
(a)

0.6

0.4

S(6x)

0.2

S/

0.8
(c)

0.6

0.4

S(6x)

0.2

S~

—4 -2 0 2
Oi/y

(6 = Ac — Ap).

In what follows, we will analyze how the external mag-
netic field modifies the ZPL spontaneous emission spectra
S(8) via the numerical calculations based on Eq. (9). In
Fig. 3, we plot the ZPL spontaneous emission spectra S(&)
versus the detuning &; by modulating the intensity of the
external magnetic field under the condition of a3(0) = 1,
a1(0) = a2(0) = 0. For the case that no magnetic field is
applied (i.e., B =0 in Fig. 3(a), which corresponds to Ag = 0),
there is no level splitting between levels |1) and |2). That
is to say, |1) and |2) are the same level, the ZPL sponta-
neous emission spectra display two normal width peaks with
one fluorescence-quenching point located at § = A,. Under
the condition of applying the external magnetic field, B cor-
responds to Agp = 0.1y, and as shown in Fig. 3(b), we can
see that a low and narrow line emerges in the middle of two
wider emission peaks with two fluorescence-quenching points.
When the external magnetic field is further increased, a half
of the level splitting between levels |1) and |2) Ag = 0.3y
[see Fig. 3(c)], the central narrow line is enhanced obvi-
ously. In addition, the two fluorescence-quenching points
and two wider side emission peaks move away from each
other. With further increasing the intensity of the external
magnetic field corresponding to Zeeman shift Ag = 1.5y [see
Fig. 3(d)], two side peaks evolve into two ultranarrow lines,

0.8
(b)

0.6

0.4

S(6)

0.2

S/

0.8
(d)
0.6

0.4

S(6r)

0.2

I

—4 —2 0 2
S/

Fig. 3. Spontaneous emission spectra (&) (in units of y~!) for Q. = 0.5y, A. = 0.57, 8 = 1/6, a3(0) = 1, a1 (0) = a2(0) = 0, and I" = ¥. (a) Ap = 0; (b)

A =0.17; (c) Ag = 0.37; (d) Ag = 1.57.
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while the ultranarrow line evolves into a central peak simulta-
neously. Meanwhile, two fluorescence-quenching points are
separated from a short to a long distance. The reason for
the above-observed spectral lines can be explained as follows.
When B = 0, which corresponds to Agp = 0, we have the rela-
tionship

1
S(8y) o .

5+ L +72|Q°‘2
YT ) T — A

It is only one fluorescence-quenching point that exists in the
ZPL spontaneous-emission spectra at &y = A.. At the same
time, the two-photon resonance condition is fulfilled, the so-
called dark state or coherent population trapping (CPT) state
can be formed and an electron is always populated in two
lower levels |1) and |2), so spontaneous emission spectra ex-
hibit two peaks. However, when B # 0 corresponding to Ag #
0, that is to say, the CPT condition is deviated, we can ob-
serve an extra ultranarrow spectral line and two fluorescence-
quenching points. The two fluorescence-quenching points ex-
ist in the spontaneous-emission spectra at &y = A, + Ag and
Or = Ac — Ap, respectively.

In Fig. 4, we also plot the ZPL spontaneous emission
spectra S(&;) versus & for four different intensities of the con-
trol field under the condition that Ag = 0.3y and keeping other
parameters fixed. As can be seen, the change of the control

0.8
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65:/’7
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field intensity has not had any effects on the position of the
two fluorescence-quenching points but can affect appreciably
both the width and separation distance of spectral lines. With
a gradual increase of the intensity of the external control field,
we can see that the middle peak becomes narrower and lower,
while the two sideband peaks go away from each other slowly.
For the case that Q. = 0.2y [see Fig. 4(a)], the ZPL sponta-
neous emission spectra exhibit three peaks with equal height
and the left peak is wider than the right two peaks. When
the external control field intensity increases to 2. = 0.57 [see
Fig. 4(b)], the heights of three peaks have not had any change
while the middle peak becomes narrower and the right peak
becomes wider. When the external control field intensity fur-
ther increases to 2. = 0.8y [see Fig. 4(c)], the middle peak
evolves to an ultranarrow line and the height becomes lower,
while the two side peaks keep away from the cental ultranar-
row line. When we continue to increase the external con-
trol field intensity to a certain value 2. = 1.5y as shown in
Fig. 4(d), the central ultranarrow line is more obvious and the
two side peaks are symmetrical about the central ultranarrow
line, accompanied by the fact that the separation distance be-
tween the two side peaks becomes wider.

In order to further show the influence of the initial prob-
ability amplitudes on the ZPL spontaneous emission spectra
S(8), we give the corresponding curves in Fig. 5. The spe-
cific results are as follows. For the case that a;(0) = 1 and
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Fig. 4. Spontaneous emission spectra S(&) (in units of y~1) for Ag = 0.3y, Ac = 0.5y, 0 = 1/6, a3(0) = 1, a;(0) = a(0) =0, and " = 7. (a) Q. = 0.27;

(b) Qe = 0.5%; (c) Qe = 0.87; (d) 2 = 1.57.
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Fig. 5. Spontaneous emission spectra S(&) (in units of Y1) for Ag = 0.1y, A. = 0.5y, § = 1/6, Q. = 0.5y, and " = 7. (a) a1(0) = 1, a,(0) = a3(0) = 0;
() a2(0) = 1, a1 (0) = a3(0) = 0; (¢) a1(0) = a2(0) = 1/v/2, a3(0) = 0; (d) a;(0) = a3(0) = 1/v/2, a(0) = 0.

a2(0) = a3(0) = 0, one fluorescence-quenching point exists
in the spontaneous emission spectra, located at & = 0.47.
Meanwhile, an ultranarrow spectral line at the fluorescence-
quenching point & = 0.4y and two normal width sideband
lines can be observed in Fig. 5(a). For the case that a»(0) = 1
and a1(0) = a3(0) = 0, we can observe only one emission
spectral line at & = 0.4y [see Fig. 5(b)]. For the case that
a1(0) = a(0) = 1/+/2 and a3(0) = 0, one ultranarrow central
line and one normal width side line occur in the spontaneous
emission spectra, while the left side line is greatly suppressed
[see Fig. 5(c)]. When the initial probability amplitudes subject
to a1 (0) = a3(0) = 1/+/2 and a(0) = 0, the emission spectra
are similar to the case of a1(0) = 1 and a»(0) = a3(0) =0,
and have an ultranarrow spectral line and two normal width
side lines with one fluorescence-quenching point. However,
we can find that the left side spectral line is enhanced obvi-
ously but the height of the right side spectral line becomes
lower [see Fig. 5(d)].

4. Analysis in the dressed-state picture

In order to explicitly illustrate the NV center system un-
der consideration, we will turn our attention to the dressed-

state picture, generated by the two components of an ellipti-

cally polarized control field, namely, the |1) <> |3) <+ |2) tran-
sitions together with the control field are treated as a coupled
“NV center + field” system and the energy levels of the dressed
states form a ladder of triplets, as shown in Fig. 1(b). In the
dressed-state picture, the two components of an elliptically po-

larized control field, levels |1),

2), and |3) in the bare state can
be replaced by three new states |+), |0), and |—). Such a sub-

system is described by the interaction Hamiltonian

V = (Ac+Ap)|1)(1]+ (Ac — Ap)[2) (2] + (L2 [3)(1]
+ Q. [3)(2]+H.c).

After the mathematical calculation, we obtain the following
equations for three dressed states and corresponding probabil-
ity amplitudes:

|i) = cosacos B|1)+cos asin B]2) +sinax|3), (13)

a;i(t) = cosacosBa(t) +cosasinPay(r) +sinaas(t). (14)

Here, i = +,0, —,
Q.10 BQ,
tano = et , tanf = ———
VAQ ) + (B0 AQ
|-Qc—|2 ‘Qc-ﬁ-‘z
A=}———"— B=Ai— —F "~
Y Ait+tAp—A Y Ai—Ap—A
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with A; being the eigenvalue of level |i{). From Egs. (13)
and (14), we can conclude that the ZPL spontaneous emis-
sion spectra should be generally composed of three peaks,
which correspond to spontaneous emission |i) — |4) with
i = +,0,—, respectively. Multiple spontaneously generated
coherence arises among these competitive transition pathways
and results in spectral-line narrowing, spectra-line enhance-
ment, spectral-line suppression, and fluorescence-quenching
in the ZPL spontaneous emission spectra.

5. Possible experimental accessibility of the pro-
posed scheme

Before ending this paper, let us briefly discuss the pos-
sible experimental realization of our proposed scheme of
Fig. 1(a) by means of a single diamond NV center, an exter-
nal magnetic field, and an elliptically polarized control field,
which are described below respectively.

i) For NV centers, there is a relatively complicated
structure of excited states, which includes six excited
states.[#+65-671 The optical transitions in NV centers are spin-
conserving. However, non-spin-conserving optical transitions
occur in some cases because a set of excited states are highly
sensitive to strain. Recent studies have suggested that, for a
wide range of strain parameters, it is possible to obtain a A-
type four-level system with multiple ground states coupled to
a common excited state even at zero magnetic field due to fac-
tors such as strain which reduces the symmetry and primar-
ily modifies the excited states.*7*3%8] The level diagram in
Fig. 1(a) is appropriate for the strained case. The excited states
are split by their orbital components into two spin triplets.
As shown in Refs. [53] and [69] under strain, the non-spin-
conserving transitions can be enhanced through the spin—orbit
interaction. Alternatively, the individual excited state levels
can be resolved at low temperature, as shown in Refs. [44]
and [70].

Based on these facts, we consider, for instance, the NV
center on the transitions [3) <+ [*A,m; = 0) or [*A,m; =
+1) 3744481 a5 a possible candidate. A detailed coupling di-
agram and corresponding arrangements of experimental ap-
paratus are shown in Fig. 1(a). Specifically, the designated
states and the decay rates can be chosen as follows: the
state |3) can be considered as a mixed state of two ex-
cited states |A2) = (|E_,my = 4+1) + |E;,my = —1))/+/2 and
|Ex) = |X,my = 0) under strain (i.e., |3) = ot|Az) + B|Ex) with
a4 B2 = 1), [1) = PA,my = —1), [2) = PA,m, = +1),
and |4) = [3A, m; = 0), respectively. In the case of the NV cen-

ter, however, we should pay attention to the decay rate Yo =
27 x 13.4 MHz!*7#8] due to dipolar transitions. The sponta-
neous decay rate I within the ZPL range is only 3%—4% of

[33.68.711 Tn this case, the wavelength of an elliptically po-

Yiotal-
larized control field is 637 nm, and the right(left)-circularly
polarized component of an elliptically polarized control field
is used to couple the transition |3) <+ [1) = [3A,m; = —1)
(13)  [2) = PA,my = +1).

ii) We briefly address the requirement of the magnetic
field. We can employ an external magnetic field B along the
quantized symmetry axis of the NV center to induce a Zee-
man shift Ap. For example, when taking the Zeeman shift
Ap =15y =15I" ~ 1.5 x 2w x 0.4 MHz in our numerical
calculations, according to the relationship 2Ap = ¥%.B with the
electron gyromagnetic ratio %, = 2.8 x 10'° Hz/T,!”?! the mag-
netic field strength B~ 1.8 x 107> T=18 Gs (1 Gs = 107* T)
is needed and can be easily fulfilled in the experiment.

iii) The control field components . and ._ can be ob-
tained through the following ways. Before applying to the NV
center, the control beam passes through a half-wave plate fol-
lowed by a quarter-wave plate.>*! The half-wave plate makes
the control beam vertically polarized, and the quarter-wave
plate has been rotated by an angle 6 to control the polarization
of the incoming vertically polarized control beam. After pass-
ing through the quarter-wave plate, the control beam becomes
an elliptically polarized light which contains two components
Q. and Q._.

6. Conclusion

In conclusion, we have theoretically explored the spon-
taneous emission spectra of the ZPL from a strained NV
center system controlled by an elliptically polarized control
field. The ellipticity of the control field is smoothly var-
ied by means of a quarter-wave plate. The results clearly
show that, by choosing appropriate parameters of the cou-
pled system, such as Rabi frequency, the intensity of the ex-
ternal magnetic field, and initial population distribution, we
can observe a very wide variety of spectral behavior ranging
from an extremely enhanced ultranarrow spectral line to a de-
pressed peak, from three peaks to double peaks, and differ-
ent fluorescence-quenching points. In addition, the spectral
behaviors are very sensitive to variables of the polarization-
dependent phase difference of two components of the con-
trol field, so we can control the ZPL emission more conve-
niently. In the dressed-state picture, we demonstrated that this
coherently driven NV center system has three close-lying lev-
els and analyzed the spontaneous emission spectra resulting
from multiple spontaneously generated coherence. Within the
scope of the required experimental techniques, we briefly dis-
cussed the possible experimental realization of our proposed
scheme. The research presented in this paper is useful in view

of recent activity aiming at optical control of the NV centers.
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Appendix A: Derivation of the Hamiltonian (1)

In this Appendix A, we give a detailed derivation of the
interaction Hamiltonian (1) involved in the main text. In the
RWA and EDA, the whole Hamiltonian for the system under
study in the Schrodinger’s picture is given by

4 .
7 = Yol + Lhowlnn( Qe e 3
j=1 3
F 0o )R+ Dan3)d +He). (D
k

where hw; is the energy of the state |j) (j = 1-4). Below we
will take @; = O for the ground state |1) as the energy origin.
We can choose the proper free Hamiltonian as (with the

assumption of = 1)

Ho = c|3) (3] + 4 ]4) (4] + ¥ ay b by (A2)
k

Then, turning into the interaction picture with respect to
the above free Hamiltonian (A2) and using a unitary transfor-

mation

U(r)
exp (—iHot /h)

= exp | —i | @[3)(3]+ sl4) (4] + Y axbibi | 1], (A3)
k

we can derive the resulting effective Hamiltonian as follows:

vt oAU - i) 250

= U'(t) (H—Ho) U (1)
245)2) (2| + (Ap + Ac)|3) (3]

; [szc+|3><1|+szc|3><z|

+ Y gubye A TAT3) 4 —I—H.c.]. (A4)
k

on the basis of the formula
exp (1 L0l ) i lexo (i Kl o
n n
= |j)(k|exp (it —iayt).

So the time factors of the third and fourth terms in Eq. (A1)
are all eliminated in the interaction picture, which leads to the

resulting Hamiltonian (1).
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