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We report the experimental results of hybrid four-wave mixing and fluorescence signals from nitrogen-vacancy (NV)
centers in diamond. The fluorescence signals are slowed owing to dark state. The observed delay time of light slowing
due to interconversion between NV~ and NV? is about 6.4 ps. The relative intensities of read-out signals change with
the wavelength and power of writing pulse. Based on light slowing, we present the model of all-optical time division
multiplexing. The intensity ratio in different demultiplexed channels is modulated by the wavelength and power of control
field. It has potential applications in quantum communication and all-optical network.

Keywords: nonlinear optics, fluorescence, time division multiplexing
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1. Introduction

Many applications in quantum communication and quan-
tum computation require long coherence time in room tem-
perature. Recently, quantum coherence effects in nitrogen-
vacancy center (NV center) have drawn much attention be-
cause of its prominent spin properties of solid in room tem-
perature. The electron spin of NV~ center has a long co-
herence time up to 1.8 ms.!"?l The decay of excited triplet
states ’E through metastable singlet states via intersystem
crossing (ISC)**#! could prepare population onto m; = 0 state
and thus lead to spin polarization.'>) A long-living dark state
was observed,[® which has been suggested to be the neutral
NVO.[7I Tt was shown that optical excitation can induce in-
terconversions between NV~ and NV?.[89 These advances
on NV center research have enabled numerous applications
including optical switching, ¥ quantum register,!'”) quantum

(11.13] routing and single-photon device.!'*! In quantum

Sensor,
information and all-optical network, it is necessary to have de-
vices such as quantum repeater and all-optical routing, where
optical information can be transferred and distributed among
different channels.!3)

Former studies on light emissions from NV center focus
on the linear spectra. Nonlinear spectra of NV center, espe-
cially spectra in time domain has been reported very seldom
till now. In this paper, we perform time domain measurements
of spontaneous four-wave mixing (SFWM) and multi-order

fluorescence (FL) obtained from NV centers. It is shown that

DOI: 10.1088/1674-1056/ab7b50

fluorescence can be slowed owing to dark state. We also ob-
served damped Rabi oscillations of SFWM signals. We mod-
ified the intensity rate of signal in different channels by vary-
ing the power and frequency of incident laser pulses. Based
on light slowing due to interconversion between two charge
states NV~ and NV, we present the model of all-optical time
division multiplexing. The approach of optical data storage
by conversion of charge states has been reported in rare-earth
ion recently.l!® This approach has high conversion efficiency
and low read-out power. Moreover, it has the potential to be
extented to two-dimensional (2D) and three-dimensional (3D)
memory.

2. Experiment

The sample used in our experiment is a (100) oriented
single crystal diamond and contains less than 5-ppb nitro-
gen concentration. Figure 1(a) presents the energy levels of
NV~ and NVO. The NV~ center has two triplet states, named
ground state 3A, and excited state °E, and two singlet states
(YA, 'E). The transition between >E and A, has a resonant
wavelength of 638 nm. The nonradiative transition of pop-
ulations in 3E (ms = +1) via ISC to singlet states can pre-
pare population onto A, (ms = 0) and thus lead to spin po-
larization. The main transition of NV? has resonant wave-
length of 575 nm. The interconversions between NV~ and
NV can be induced by ionization and recombination. Two
tunable dye lasers with 0.04-cm~! linewidth pumped by an
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injection locked single mode Nd: YAG laser (Continuum Pow-
erlite DLS 9010, 10-Hz repetition rate, 5-ns pulse width) are
used to generate the control field £} (637 nm) and probe field
E> (575 nm). We can construct two-level and V-type three-
level systems from these fine-structure levels.

Figure 1(b) shows our experimental scheme. In V-type
three-level system with two fields E; and E; illuminating
sample, two SFWM signals (Stokes Eg and anti-Stokes Eas
beams) are reflected by polarized beam splitter (PBS) and
collected by two photomultiplier tubes (PMT) D1 and D2.
The SFWM process satisfies the phase-matching condition
ks = k1 + ko — kas and kas = k| + ky — ks, respectively.
Where k| » is the wavevector of the pumping field and kg/as
is the wavevector of generated Stokes Eg and anti-Stokes
Eas beams. In a two-level system with one control field E;
switched on, the phase-matching condition is ks = 2k| — kas
and kas = 2k — ks, respectively. The FL signal is generated
accompanying the SFWM process. Another PMT (D3) placed
at near position is used to collect the FL signal. A fast gated
integrator is used to control measuring range in time domain.
All data are detected at room temperature.

NVO NV- (a) = D2 (b)
el s :;TA E
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1A1 ......
75 nnl Ey E4|637 nm . PBS
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Fig. 1. (a) Energy level diagram of NV centers. (b) Schematic diagram of
the experimental arrangement. D1, D2, D3: photomultiplier tubes, PBS:
polarized beam splitter, L: lens. (c) The model of all-optical time division
multiplexing.

3. Results and discussion

In our experiment, the FL signal is generated accompa-
nying the SFWM process. Figure 2 demonstrates the obtained
hybrid signal in the two-level system. First, we set the measur-
ing range of gated integrator at 20 ps from pumping field is on
(0 ps). One can see two peaks in time domain. A sharp peak is
followed by a broad peak labeled as peak C. The further mea-
surements for left peak is conducted when the range of gated
integrator is set from O pus to 2 ps. It reveals two fine struc-
tures named peaks A and B as shown in the inset of Fig. 2(a).
There are about 0.4-ps and 6-ps delay times between peaks A,
B, and C, respectively. We attribute the fast emission signal of

peak A to SFWM signal, while two delayed signals peaks B
and C to the second-order fluorescence processes. In peak A,
the signal shows typical exponential decay. We fit peak with a
single exponential decay function and obtain the decoherence
time T, = 0.2 ps. On the other hand, as shown in Fig. 2(b), the
peak B cannot be fitted by single exponential decay function.
The fitting parameter of peak B changes from 7; = 0.6 us to
T, = 0.3 us, which indicates multiple relaxation channels. The
peak C is fitted with a single exponential decay function and
obtain decoherence time 7, = 6 pus which is much longer than
peaks A and B.

We consider the optical transition between spin-triplet
ground states A, and excited states *E with resonant ex-
citation. In the two-level system |0)(*Ay, ms = 0) —
|1) CE, ms = 0) with one control field E; switched on, the
second-order fluorescence signal is generated through the per-

(0) (1) (%)

turbation chain p, o, Pio i p;1 » the diagonal density ma-

trix element is given by
2 _ 2 .
Py = Gi/(Iio+iA)Iy, (1)

where A; is the detuning of the pumping field, p;; is the di-
agonal density matrix element, and I;; is the decoherence rate
between levels |i) and | j). The decoherence rate of FL is given
as Ity = 1/t =0+ 1.

For SFWM process the perturbation chains can be de-
scribed as p(()g) L p§(1)> Los, po((z)) LN pfgis) (Stokes) and

i) 2 ply) 2 ply) 2 !

ville pathway method and respective the density matrix ele-

(3)2 as) (anti-Stokes) via the Liou-

ments can be written as

P = _iGE G2 /(Do +i41) [Io0 + (A1 — Aw)], (2)
P& = —iGIG} /(Lo +iM) [Too +i(A1 — A (3)

We can obtain the decoherence rate of SFWM signal as
Itwm = 1/t = 210 + Igo. The hybrid signals including three
stages can be described as

1) = pge %" @e T 4 p e 101w g ol

+ p@ e [P g ot “)

where the subscript letters a, b, and ¢ denote three peaks in
Fig. 2. G; = —uE;/h is the Rabi frequency of the pumping
fields, w is the pulse width, #, . is the delayed time of peaks B
and C, I p ¢ is the decoherence rate. Based on the cross-Kerr
nonlinear interaction between photons of different states, the
hybrid correlation is realized by the coupling between SFWM
and second-order FL signals, which can be used as a new type
of qubit.l'”] Moreover, there are different delay times between
SFWM and two FL signals, we can obtain three-channel time
division multiplexing.
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Fig. 2. (a) Hybrid signal under the illumination of 637-nm pulse laser in time domain. The red and blue lines in both figures are fitting curves. The
graph at the top right corner (inset) is the zoom-in of the left peak at gated integrator range set from 0 ps to 2 ps. (b) The value log/(¢) measured at peak
B. (c) The Rabi oscillations of peak A for Stokes and anti-Stokes beams. (d) Two FWM generation channels in the two-level system.
First, we focus on the SFWM signals of peak A. Figure 2(c) presents Stokes and anti-Stokes signals collected by D1 and
D2. Both Stokes and anti-Stokes signals exhibit damped Rabi oscillation in time-domain. In the two-level system, the SFWM
signals can be generated through two channels!'®! as shown in Fig. 2(d). The nonlinear susceptibilities of Stokes signal can be
written as

(3)( _ &p(3)(5):_i]\’ﬂi‘0 1
&EE\E], S gh3 (H0+iA1)(F00—i5)[F10+i(A1—5)}[1—io+i(5+A1)]7

&)

\
where N is the atomic density and y; is the dipole matrix el-  where Ry = (E?Lws)?/[2¢(I3o + iA1)]?.  Therefore, the

ement between levels |i) and |j). From Eq. (5) one can see, =~ SFWM signal exhibits Rabi oscillation.

Stokes signal has three resonances at § = 0 and § = +A;. Next, we discuss delayed FL signals. For peak B, FL
This is the so-called triplet-resonance structure in frequency signals are from transitions between *E manifold to A, man-
domain. The Rabi oscillation of SFWM signal is produced by ifold. There are two possible transition pathways |ms = 0) —
the interferences of two frequencies at ®; and @w; == A;. Distin- |ms = 0) and |mg = £1) — |ms = £1) for spin-conserving op-
guishing the oscillation of two-photon correlation with delay  tical transitions. Considering the interaction of electron with
time 7 =15 —t5s,!'"*") we call such oscillation of FWM signal  phonon in the diamond lattice, a spin-dependent nonradiative
with time 75 as self-correlation oscillation. The time-domain  rapsition into a metastable state, the so-called intersystem

signal intensity is given by the Fourier transform crossing (ISC), will modulate the FL lifetimes of two tran-

i 2SN\ 2 sition pathways. The spin states of 3E show different ISC
<E;E:>RS</d6e—1“’sfsx§3>¢( )) NG

In our experiment the nonlinear effect is dominant, the longi-
tudinal detuning function can be defined as ®(26L/v;) = 1,
so we can obtain

Vs rate into the spin-singlet state 'A;.[>* Electrons in mg = +1
have significant chance to decay to spin-singlet state, while the
ISC rate of mg = 0 has been established to be negligible when
compared with mg = %1 states. Thus, the decoherence rate of

ms = £1 should add an additional nonradiative item Ijgc. At

, 2
(E{ES) = Ry ( / as Y e'wsfs) room temperature, considering the spin mixing processes, the
' a2 averaged ISC rate for all 3E states with ms = +1 can be written
— 4R, —iNt [ =200 | ¢ ~2Tiot as follows: >4
goh? .
—2cos(At;) e~ TootTio)s] @) Iisc = Z(FA‘ +2I, ,), (®)
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Ly, =4nAT Y (20 | )78 (va — A) = 4THATF (4), (9)
2

I_él.,z =2mh’ n%k ‘<X0 ‘ X;z>

X [(np’k—i- 1)5(\/,, + a)k—A) —|—npﬂk5(v,, — —A)],
(10)

\/EALA'p,k z

()

where I'y, and I, , are the ISC rates of fine level Aj and E; »
of 3E states with ms = £1, F(A) = ¥, | (ol 28 (v — A)
is the vibrational overlap function. Therefore, spin-dependent
intersystem crossing induces double exponential decay in peak
B. Furthermore, we can prepare population onto 3A, (mg = 0)
and thus leading to spin polarization.

Figure 3(a) shows the comparison of intensity ratio be-
tween SFWM signal peak A and FL signal peak B under dif-
ferent pumping fields. In the two-level system with one pump-
ing field, one can see the FL intensity of peak B under 637-nm
resonant excitation is stronger than 575-nm non-resonant ex-
citation. Figure 3(a3) shows the FL signal excited by control
field E; (637 nm) and probe field E, (575 nm) in the three-
level system. The FL intensity of peak B excited by two laser
pulses is obviously stronger than 575-nm non-resonant excita-
tion. The delay times of FL peak B in three cases are all about
0.4 us, which do not change with the control field.

2.0 . :
(al): (a2) (a3)

£ .5l |637nm} |575 umi | 637+
g - ; L [ 575 nm
T o10¢
~ 1l ]
= : :
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Fig. 3. (a) Peaks A and B pumped under different laser wavelengths. (b)
Peak C pumped under different laser wavelengths.

At peak C, there is a long rise time before the signal
reaches maxima, which origins from the accumulation of ex-
cited population. After that the signal shows typical expo-

nential decay. A long-living dark state was reported in NV

center,[® and it has now been suggested to be NV°.l7l We
attribute the significantly delayed peak C to ionization and
Photo-
ionization from NV~ to NV can occur through two-photon

recombination processes between NV~ and NV,

absorption followed by an Auger process when the excita-
tion wavelength is longer than 575 nm.®°! One photon ex-
cites an electron from the energy level A, to °E of NV~ If
the second photon is captured before the radiative recombina-
tion from excited state 3E, the excited electron can be detached
from defect to the conduction band of the diamond, and lead-
ing NV~ converting to NV?. On the other hand, the recom-
bination process from NV back to NV~ can also be induced
by two-photon absorption. One photon excites an electron to
the excited state of NV, the second photon excites an elec-
tron from valence band into the gap and be acquired by NV°,
which converts NV© back to NV~. Such a conversion between
NV~ to dark state NV© induces obvious slowing of FL peak
C. Figure 3(b) shows the frequency-dependence of peak C. We
first compare the intensities of peak C excited by one pumping
field (637 nm) in the two-level system with which by control
and probe fields (637 nm+575 nm) in the three-level system.
One can see that the intensity of peak C excited by two laser
pulses is much greater than that with one excitation field. It
is because that the recombination rate from NV° to NV~ be-
comes small when the photon energy is much less than the zero
phonon line of NV°(wavelength is longer than 600 nm).[2%-21]
The long-living dark state NV can be used for optical storage.
As shown in Fig. 1(c), two laser beams 637 nm and 575 nm
are used as writing and reading pulses, respectively. In writing
process, NV~ converts to NV? induced by 637-nm resonant
excitation. The fluorescence read-out is done at 575-nm ex-
citation, and lead NV? back to NV~. The resonant excitation
of NV? can effectively convert it into negatively charge state
at very low power. Because ionization and recombination pro-
cesses can occur circularly, so this optical storage is rewritable.
We also compare the writing efficiency of 637-nm and 575-nm
laser pulses. When the writing pulse change from 637 nm to
575 nm, the intensity of read-out FL signal (575 nm+575 nm)
decreases. It indicates that the ionization efficiency from NV~
to NV? under 637-nm resonant excitation is greater than 575-
nm non-resonant excitations. Next, we compare the delay time
of peak C in three cases. One can see the delay time (6.4 us)
excited by 637-nm+575-nm pulses is longer than that under
575-nm+-575-nm pulses (5.6 ps) and 637-nm single pulse ex-
citation (5.2 ps). We can conclude that the optimum inten-
sity and light slowing effect of read-out signal can be obtained
when 637-nm and 575-nm laser beams are used as writing and
reading pulses, respectively.

Based on the relative time delay of hybrid signals, we
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present a model of all-optical time division multiplexing or
routing. As shown in Fig. 1(c), there are three demultiplexed
channels, one FWM and two FL signal channels. Excited by
control field E; and probe field E;, the read-out signals can
have 0.4 us and 6.4 ps delay time between channels A-B and
A-C, respectively. In order to characterize the de-multiplexing
—1;)/(ti+1))
i,j=A,B,C. Where t; —t; is time gap between abutting chan-

effect, we express the contrast index as n = (f;

nels. In our experiment, the contrast index reaches 67% and
85% for channels A-B and B—C, respectively. The high con-
trast index indicates the peaks will become more separated. So
the time division multiplexing can avoid crosstalk effectively

in all-optical communication.

; (a)| 2.0

2 0
Laser power/mW

(d)

Relative intensity/arb. units

0o 1 2 08 06 04 02
Laser power/mW

Fig. 4. The intensity ratios of signals in three demultiplexed channels change
with the power of control field. (a) and (b) Relative delay time and intensity
ratio between peak A and peak C. The read-out power keeps 8 mW. (c) and
(d) Relative delay time and intensity ratio between peak A and peak B. The
read-out power is 0.2 mW.

In order to modulate signals among three demultiplexed
channels, we observe the relative intensity ratio of read-out
signals in three channels by changing laser power of control
field E;, while the read-out power of E; keeps 8 mW. Fig-
ures 4(a) and 4(b) show relative delay time and intensity ra-
tio between peaks A and C at different control powers. With
control power increasing from 0.8 mW to 8 mW, the relative
intensity ratio of peak C/A changes from about 1/10 to 1/2.
For two-photon process, both ionization and recombination
rates are proportional to the excitation power Koy /re o< 2107
At larger powers, the populations transferred from NV~ to
NV increase. As a consequence, the intensity ratio of peak
C/A increases. The delay time only increase 0.5 ps when the
power changes from 0.8 mW to 8 mW. Figures 4(c) and 4(d)
show the corresponding results of peaks A and B. With control
power increasing from 0.2 mW to 0.8 mW, the intensity ratio
of peak B/A increases from 1/2 to 1/1. However, we do not ob-

serve changes in delay time between peaks A and B. It is mean

that the time gap between demultiplexed channels can remain
stable when the signal intensity is modulated. According to
our results, we can modulate the signals of different demulti-
plexed channels by the power of control field. Such dynamic
modulation can meet communication demands of each chan-
nel at different time, and then to improve plant availability. It
also has potential applications in quantum computation.

4. Conclusion

In summary, we measured the hybrid signal including
SFWM and second-order FL from NV centers. Two FL peaks
show different delay times to SFWM signal. It is attributed to
ionization-recombination process between two charge states
and spin polarization from metastable state, respectively. The
time delay of light slowing due to interconversion between
NV~ and NV? is about 6.4 ps. The delay time excited by
637-nm single pulse is shorter than that excited by 637-nm
+575-nm writing and reading pulses. The intensity of read-
out signal is determined by the wavelength of writing pulse.
The larger intensity of read-out signal can be obtained when
637-nm and 575-nm laser beams are used as writing and read-
ing pulses, respectively. We also investigated delayed signals
at different powers of writing pulse. The relative intensity ratio
between SFWM and read-out FL signal shows obvious depen-
dence on the power of writing pulse. The relative intensity
ratio of peak C/A increases significantly with the power of
writing pulse. The delay time increases slightly with power.
Based on two delayed read-out signals, we present a model
of all-optical time division multiplexing. The intensity ratio
of different channels has been modulated by frequency and
power of control field. This controllable system combining
the behaviors of optical storage and all-optical time division
multiplexing has potential applications in all-optical commu-
nication and quantum computation.
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