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1.  Introduction

Four-wave mixing (FWM) is a remarkable phenomenon in 
non-linear optics, in which two frequencies ω1 and ω2 interact 
and produce a new pair of frequencies: ωAS and ωS. Using 
electromagnetically induced transparency [1], FWM has even 
been studied at a low-light level [2]. Entangled paired pho-
tons explore an extraordinary area of research in physics, like 
quantum information processing [3]. Entangled photon pairs 
or biphotons have many attractive applications in quantum 
computing and communication [4], and spectroscopy [5]. The 
space-time entangled biphoton state generated from a two-
level atomic system using magneto-optically trapped cold 
87Rb atomic ensembles are discussed [6]. In three-level sys-
tems, the interference of degenerate FWM has been studied in 
both quantum and classical regimes [7]. Recently, the coinci-
dence counting rate of paired photons generated from a two-
level atomic system exhibits a damped Rabi oscillation and a 
photon antibunching-like effect [6, 8]. Rabi oscillation and the 

photon antibunching-like effect originate from the destructive 
interference between two different types of FWMs.

The negatively charged nitrogen-vacancy (NV−) center in 
a diamond is an individually addressable electronic spin that 
can be initialized and read out optically at room temperature 
[9]. The NV− has quite a high signal-to-background ratio, 
which ensures that a single bit of information is encoded in 
a single photon [10]. The NV− center has an electron spin 
coherence time in milliseconds [11], credited to the low pho-
non density of the states and the stability of the host material 
[12], inspiring a broad range of compelling applications in 
solid state quantum computation [13]. Quantum lithography 
beyond the diffraction limit is also achieved via Rabi oscil-
lations [14]. Photon interference among distant non-classical 
emitters is a promising method to generate large scale quantum 
networks. Biphoton interference is best achieved when pho-
tons show long coherence times. The NV defect center in the 
diamond coherence time of a photon is very large and can be 
manipulated via Rabi oscillations, which makes them an ideal 
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Abstract
Here we report on the damped cross-Rabi oscillations in the intensity noise correlation 
resulting from the destructive interference between two four-wave mixing (FWM) processes, 
controlled by dressing atomic coherence in a nitrogen-vacancy center in a diamond. Also, the 
relationship between the self-Rabi oscillation of temporal intensity and cross-Rabi oscillation 
is investigated at a low temperature. Additionally, we discuss the notion that cross-Rabi 
oscillation in correlated beams can be switched between FWM and second-order fluorescence.
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candidate for designing quantum networks [15]. We have dis-
cussed the cross-Rabi oscillation from the destructive interfer-
ence between two FWM processes, controlled by the dressing 
field in an atomic-like system.

In this paper, we report the temporal intensity of self- and 
cross-Rabi oscillation in correlated light beams from a spon-
taneous parametric four-wave mixing (SPFWM) process in an 
NV−. Meanwhile, we established the relationship between the 
temporal intensity of self- and cross-Rabi oscillations.

2.  Experimental setup

The sample used in our experiment was a bulk NV center crys-
tal, consisting of substitutional nitrogen-lattice vacancy pairs, 
orientated along the [1 0 0] crystalline direction. The sample 
used in our experiment contains 0.05% nitrogen per diamond 
crystal. The sample was held in cryostat; the cryostat temper
ature was maintained at 77 K by flowing liquid nitrogen. 
Figure 1(b) shows the energy level scheme of the NV−. The 
NV− has two triplet states; named the ground state 3A2 and 
the excited state 3E, and two singlet states (1A1, 1E). The two 
triplet states 3A2 and 3E are split into |ms = 0〉 and |ms = ±1〉 
fine-structure levels. The energy difference between |ms = 0〉 
and |ms = ±1〉 for 3A2 is D  =  2.8 GHz, while, for the excited 
state, 3E is D  =  1.42 GHz [16].

Figure 1(c) shows the schematic diagram of the exper
imental setup. Two dye lasers (narrow scan with a 0.04 cm−1 
linewidth) pumped by an injection locked single-mode 
Nd:YAG laser (Continuum Powerlite DLS 9010, 10 Hz repeti-
tion rate, 5 ns pulse width) are used to generate the pumping 
fields E1 (ω1, Δ1) and E2 (ω2, Δ2) with frequency detuning 
Δi  =  Ωmn  −  ωi, where Ωmn is the corresponding atomic trans
ition frequency between levels |m〉 and |n〉, and ωi (i  =  1, 2) is 
the laser frequency. The pumping fields E1 and E2 satisfy the 
phase-matching condition k1  +  k2  =  kS  +  kAS, where i  =  1, 2 

and k are the wavevectors of the pumping fields and the gen-
erated photon pairs. E1 and E2 are coupled to the transitions 
(|0〉) ↔ (|1〉) and (|0〉) ↔ (|2〉), respectively. Arrangements of 
three photomultiplier tubes (PMT1-3) are used to detect the 
generated ES, EAS and FL composite signals (figure 1(c)).

By the opening fields E1 and E2, the anti-Stokes EAS and 
Stokes signals ES are generated with phase-matching conditions 
kAS  =  k1  +  k2  −  kS and kS  =  k1  +  k2  −  kAS, respectively. The 
perturbation chains for the ES and EAS signals in the V-type three-

level system are written as ρ(0)
00

E1−→ ρ
(1)
10

EAS−−→ ρ
(2)
00

E2−→ ρ
(3)
20(S) 

and ρ(0)
00

E1−→ ρ
(1)
10

EAS−−→ ρ
(2)
00

E2−→ ρ
(3)
20(S), respectively. The third 

order nonlinear density matrix elements of the SPFWM sig-
nals via the perturbation chains are given as [17, 18]

ρ
(3)
10 =

−iGSG1G2

(Γ20 + i∆2)(Γ00 + iδ)(Γ10 − iδ +∆1 + |G1|2/Γ00 − iδ + d1)
�

(1)

ρ
(3)
20 =

−iGASG1G2

(Γ10 + i∆1)(Γ20 + iδ + i∆2)(Γ00 + iδ + |G1|2/Γ00 − iδ + d2)
,

� (2)
where d1 = |G2|2/Γ20 − iδ + i∆2 and d2 = |G2|2/Γ20 − iδ + i∆1. 
Gi = µijEi/�  are the Rabi frequency of Ei, with the electric 
dipole matrix elements µij of levels |i〉 and |j 〉, and Γij  is the 
transverse decay rate. The linewidth of the measured SPFWM 
signal is Γ = Γ10 + Γ00 + Γ20. δ = −(∆/2)± Ωe is the  
dressing bandwidth and Ωe is effective Rabi frequency.  
Similarly, the density matrix for the Stokes and anti-Stokes  

in the two-level system can be written via ρ(0)
00

E1(∆1)−−−−→ ρ
(1)
10

EAS−−→
ρ
(2)
00

E1∗(∆1∗)−−−−−→ ρ
(3)
10(S) as

ρ
(3)
10 =

−iGSG1∗G1

(Γ10 + i∆1∗)(Γ10 + iδ)(Γ10 + iδ − i∆1 + |G1∗|2/Γ00 + iδ −∆1 + d3)
� (3)

ρ
(3)
10 =

−iGASG1∗G1

(Γ10 + i∆1)(Γ10 + iδ)(Γ00 − iδ + i∆1 + (|G1∗|2/Γ00 + iδ −∆1 + d4)
,

� (4)
where d3 = |G1|2/Γ10 + iδ  and d4 = |G1|2/Γ10 + iδ . The 
linewidth of the measured SP FWM signal is Γ = 2Γ10 + Γ00. 
The optical response of the medium in the two-level system 
produces three different FWM processes. A schematic dia-
gram for one out of three FWMs is illustrated in figure 1(d). 
The temporal intensity of the Stokes and anti-Stokes signals 
is given by [8]

〈IS〉 = e−2Γ00tS + e−2Γ10tAS − 2 cos(−∆2tS)e−(Γ+Γ20)tS� (5)

〈IAS〉 = e−2Γ00tAS + e−2Γ20tS − 2 cos(−∆1tAS)e−(Γ+Γ10)tAS .

� (6)
The two-mode intensity noise correlation between the output 
Stokes and anti-Stokes SPFWM fields with time delay τ  is 
given by can be obtained from

G(2)(τ) = 〈δIS(tS)〉 〈δIAS(tAS)〉
W1 [e−2Γe+τ1 + e−2Γe−τ1 − 2 cos(Ωeτ1)e−(Γe+Γe−)τ1 ],

�
(7)

E
1'

'

Figure 1.  (a) The energy level structure of NV− with triplet excited 
and ground states associated with intermediate metastable singlet 
state. (b) The energy levels of the NV center. (b1) Two- and (b2) 
V-type energy levels of the NV center. (c) Experimental setup 
scheme and laser coupling configuration. (d) FWM in a two-level 
system.
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where Γe± = (Γ00 + Γ10)/2 ± (∆1Γ10)/2Ωe is the deco-
horence rate. δIAS(tAS) and δIS(tS) are the intensity fluctua-
tions of the EAS and ES signals, respectively.

3.  Results and discussion

Figure 2(a) shows the temporal intensity of the Stokes and 
anti-Stokes signals detected by PMT1 and PMT3, respec-
tively. The intensities of the Stokes and anti-Stokes signals 
present damped self-Rabi oscillations. Damped self-Rabi 
oscillations can be attributed to the quantum interference of 
two FWM transition paths. The intensity function mentioned 
in equations (5) and (6) shows cosine oscillation in time and is 
exponentially damped. With the detection of the SPFWM, the 

second order FL (ρ(2)
11 = −G2

1/[(Γ10 + i∆1 + |G1|2/Γ11)Γ11] ) 
is recorded in the PMTs. The decay rate of the FL signal is 
given by ΓFL = Γ10 + Γ11

Equations (5) and (6) show the Rabi oscillation frequency 
is determined by the detuning Δ of the incident beam and 
the damping rate Γ. From equation  (5) we can obtain the 
Rabi oscillation frequency of the Stokes signal at ∆2 with 
a damping rate of Γ = Γ00 + Γ20. Unlike the Stokes signal, 
the Rabi oscillation frequency of the anti-Stokes signal is ∆1 
with a damping rate of Γ = Γ00 + Γ10. The anti-Stokes pho-
ton has higher energy and larger detuning ∆1 > ∆2 than the 
Stokes photon. Therefore, the Rabi oscillation frequency in 
the anti-Stokes (figure 2(a1)) emission is higher than that of 
the Stokes (figure 2(a2)) emission. In figure 2(b), we study 
the dependence of Rabi oscillations on resonant (637 nm) 
and off-resonant (575 nm) excitations. After precisely meas-
uring the periods of Rabi oscillations, we find that, for off-
resonant excitation, the Rabi period of the Stokes signal is 
65 ns, while, for resonant excitation, the Rabi period is 75 
ns. Hence, we can conclude that the frequency of the Rabi 
oscillation is higher for a 575 nm excitation (figure 2(b1)) 
than a 637 nm excitation (figure 2(b2)). In figure  2(c), we 

study the dependence of the Rabi oscillation on the different 
gate positions t1 and t4 (see figure 3(d)). The signal that was 
observed at time t1 (figure 3(c1)) has the dominant SPFWM 
emission, due to the particle transfer between the |ms = 0〉 
state. When the gate position is fixed at t4 (figure 3(c2)), the 
FL emission increases more dramatically than the SPFWM. 
Hence, the dominant SPFWM emission at time t1 results in a 
higher Rabi oscillation. In figure 2(d), we study the behavior 
of the Rabi oscillation when the power of E1 (575 nm) is 
changed from low (1 mW) to high (7 mW). When the laser 
power of E1 is set low (figure 2(d1)), the particle transfer 
via the direct path |ms = 0〉 is high, which greatly enhances 
the SPFWM emission; whereas the dipole assisted trans
ition (FL emission) from |ms = ±1〉 significantly increases 
in competition to the SPFWM emission at a high power (fig-
ure 2(d2)). Hence, we can conclude that the strong SPFWM 
emission at a low power of E2 results in a high frequency 
of self-Rabi oscillation, compared to the high power shown 
in figure 2(d1). To distinguish the self-Rabi oscillations (the 
interference between two linear decay processes in figure 2), 
next we will discuss the cross-Rabi oscillations (figures 3–5),  
which comes from the destructive interference of two non-
linear FWM processes.

Figures 3(a1)–(a5) shows the two-mode intensity noise cor-
relation of Stokes/anti-Stokes and FL composite signals when 
the power (mW) of the E1 (575 nm) input beam decreases from 
high (7 mW) to low (1 mW). The correlation function is cal-
culated by the time-dependent intensity fluctuation described 
by equation (7). Using equation (7), the cross-Rabi frequency 

Ωe can be written as Ωe =
»
∆2

1 + 4(G1∗/G1)
2
Γ10Γ00 + G2

1 , 

where G1 and G1∗ are dressing fields. In order to understand 
the cross-Rabi oscillation in the intensity correlation, we use 
the double dressing effect of the E1 and E1* beams. The dress-
ing effect can be used to control the frequency and amplitude 

Figure 2.  The comparison of the self-Rabi oscillations from (a) 
the temporal intensity of the Stokes and anti-Stokes signals (b) 
obtained from resonant and off-resonant excitations. (c) and (d) The 
dependence of the Rabi oscillation at different gate positions (t1 and 
t5) and the power of the input laser beam, respectively.

Figure 3.  (a1)–(a5) Intensity noise correlation curves between ES 
and EAS versus the delayed time τ with a changing power of E1. 
(b1)–(b5) Two-mode correlation by changing the position of the 
boxcar gate of the left peak signal from t1 to t5 (see figure (c)). (c) 
Setting the gate at different positions of peak intensities. (d1)–(d3) 
Theoretical simulation results show the Rabi oscillation’s power is 
varied from high to low.

Laser Phys. Lett. 16 (2019) 055402
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of cross-Rabi oscillations [19]. In the case of a single dress-
ing field, the FL signal increases gradually with the increasing 
power of the input field. When the power is further increased 
the FL signal evolves from a dressing state to suppression 
caused by the dressing effect of E1. With a further suppression 
of the FL signal, the SPFWM emission is enhanced gradually 
at a high power. However, in the double dressing scenario, the 
dressing effect dependence on the power is slightly reversed. 
When the power of the E1 dressing field is set high (7 mW), 
the frequency of the Rabi oscillation Ωe is low due to the dom-
inant dressing effect in equation (3), as shown by figure 3(a1). 

Furthermore, the intensity I ∝
∣∣∣ρ(3)

10(AS)

∣∣∣
2
 of the SP FWM is 

low at a high laser power, which results in a weak interfer-
ence between two FWMs. The weak interference between two 
FWM processes produces the low frequency of Rabi oscilla-
tions. As the power of E1 decreases to 1 mW, the frequency 
of the Rabi oscillation increases due to the dominant gain and 
reduced dressing effect of dressing terms in equation (3), as 
shown in figure 3(a5). The intensity of the SP FWM increases 
at a low laser power, which results in the strong interference 
between two FWMs and the frequency of the Rabi oscillation 
increases.

Correlation curves in figures  3(b1)–(b5) are plotted for 
the different positions t1–t5 of the boxcar gate labeled in fig-
ure  3(c). When the gate position is at time position t1, the 
SPFWM signal is dominant in the composite channel, as the 
Stokes and anti-Stokes signals are strong due to the high pop-
ulation transfer between the |ms = 0〉 state. Hence, the com-
posite channel acts like a pure SPFWM channel when the gate 
position is set to t1. Due to the high emission of the SPFWM, 
the frequency of the Rabi oscillations is high, as seen in fig-
ure  3(b1). Further, by increasing the delay time, i.e. locat-
ing the gate position at t5, the SPFWM signals vanish in the 
composite signal, owing to its fast decay rate relative to the 
slow decay rate of the FL and the composite signal becomes 
a pure FL signal. The FL emission in this case is caused by 
the phonon-assisted transition from the |ms = ±1〉 state. Due 
to the high emission of the FL signal and the lower SPFWM 

output in the composite channel, it greatly reduces the inter-
ference between recorded outputs, resulting in the decrease in 
frequency of Rabi oscillations, plotted in figure 3(b5).

In the two-mode intensity correlation, the shape  
of the correlation function for the composite (FL  +  SPFWM)  

signal is determined by Ac = R1|A1|2[e−2(Γ+
1 +Γ+

2 +ζ)|τ |+ 
e−2(Γ1+Γ2+ζ)|τ | − 2 cos(Ωe |τ |)e−2(Γ+

1
+Γ+

2 +Γ−
1
+Γ2+ζ)|τ |, where  

R1 = N |µijµkl|ωs/asE2
1L[2cε0h3(Γ10 + i∆∗

1/2)]. From equa-
tions  (5)–(7), we can conclude that the line shape and fre-
quency of the cross-Rabi oscillation Ωe is independent to the 
amplitude and frequency of the self-Rabi oscillation. However, 
the amplitude of the cross-Rabi oscillation is affected by the 
frequency of the self-Rabi oscillation. Figure 3(c) shows the 
selected gate position in the time domain intensity signal. 
Figures  3(d1)–(d3) show the theoretical results of the Rabi 
oscillations, which correspond to our experimental results in 
figures 3(a1), (a3) and (a5).

Figure 4 shows the measured three-mode intensity noise 
correlation of Stokes, anti-Stokes and FL composite sig-
nals detected in the setup shown in figure  1(c). The inten-
sity fluctuations δI1(t1), δI2(t2) and δI3(t3) are recorded 
and the triple beam intensity correlation is plotted using 
G(3)

cc (τ) = 〈δI1(t1)δI2(t2)δI3(t3)〉. The power dependence of 
the Rabi oscillations for G(3)

cc (τ) is similar to the two-intensity 
correlation, which is explained in figure 3(a). The Rabi oscil-
lation frequency is low when the power of the dressing field 
is high and vice versa. Figures  4(b1)–(b4) show the exper
imental results of the three-mode correlation in the V-type 
system. The total intensity of the hybrid signal is given by 

ρ = ρFL + ρSPFWM where ρFL = ρ
(4)
22  and ρSPFWM = ρ

(3)
S/AS. 

When the power of E1 is set at 7 mW, the frequency of the 

Rabi oscillation Ωe =
»
∆2

1 + 4(G1/G2)
2
Γ10Γ00 + G2

1  is low 

due to the strong dressing effect |G2|2/Γ00 − iδ and the low 
SPFWM emission (equation (1a)) shown by figure  4(b1). 
When the power is reduced, the dressing effect decreases and 
the SPFWM emission increases due to the high gain effect of 
G2 of E2, explained by equation (1). The frequency of the Rabi 

Figure 4.  (a1)–(a4) and (b1)–(b4) shows the three-mode noise 
correlation of the ES, EAS and FL signal in the two- and three-level 
(V-type) systems, respectively.

Figure 5.  (a1)–(a4) and (b1)–(b4) shows the three-mode intensity 
noise correlation measured by changing the time position of the 
boxcar gate (see figure 3(c) in a two and V-type system).

Laser Phys. Lett. 16 (2019) 055402
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oscillation increases due to the strong interference between 
two SPFWMs, as seen in figure 4(b4).

The three-mode intensity correlation in figure 5 is exper
imentally measured for different positions (t1–t5) of the boxcar 
gate labeled in figure 3(c). Figure 5 shows a similar depend
ence on the gate position, as observed in figure 3(b). When the 
gate position is at t1, the SPFWM emission is strong, which 
leads to the high frequency of Rabi oscillations seen in fig-
ure 5(a1). By increasing the time delay to t5, the FL emission 
increases, and the frequency of the Rabi oscillation decreases, 
as shown in figure 5(a4). Figures 5(b1)–(b4) show the three-
mode correlation in the V-type system, which corresponds to 
the similar behavior of the cross-Rabi oscillation with a two-
level system.

In figure 4, the Rabi oscillations are more prominent in the 
two-level system (figure 4(a)) because of the strong dressing 
effect of the input field E1*. However, in figure 5, with an intro-
duction of the resonant beam E1, the particle transfer from the 
|ms = 0〉 state increases along with a strong SPFWM emis-
sion. Hence, the frequency of the Rabi oscillations increases, 
as shown in figure 5(b).

Conclusion

In conclusion, we studied the relationship between the tem-
poral intensity self-Rabi oscillations and the intensity noise 
cross-Rabi oscillations. The self and cross-Rabi oscillations 
come from the interference of two linear decay and two non-
linear FWM processes, respectively. Two mode and three 
mode cross-Rabi oscillation can be controlled by the dress-
ing power and boxcar gate position. Such Rabi oscillations 
in the NV center may have potential applications in quantum 
lithography [14].
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