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Abstract

®

CrossMark

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.

Keywords: nonlinear optics, nitrogen vacancy center in diamond, fourwave mixing, Rabi

oscillations
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1. Introduction

Four-wave mixing (FWM) is a remarkable phenomenon in
non-linear optics, in which two frequencies w; and w, interact
and produce a new pair of frequencies: was and ws. 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
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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

© 2019 Astro Ltd Printed in the UK
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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.

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 [100] 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 77K 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 *A, and
the excited state °E, and two singlet states ('A;, 'E). The two
triplet states A and °E are split into [m, = 0) and |m, = £1)
fine-structure levels. The energy difference between |m, = 0)
and |m; = £1) for 3A, is D = 2.8 GHz, while, for the excited
state, °E 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 0.04cm™!
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 E; (w;, A1) and E; (ws, Aj) with frequency detuning
A; = Qun — wj, where €, is the corresponding atomic trans-
ition frequency between levels Im) and In), and w; (i = 1, 2) is
the laser frequency. The pumping fields Eq and E, satisfy the
phase-matching condition ky + ky = kg + ks, where i =1, 2

and k are the wavevectors of the pumping fields and the gen-
erated photon pairs. E1 and E, are coupled to the transitions
(10)) <= (I11)) and (10)) < (12)), respectively. Arrangements of
three photomultiplier tubes (PMT1-3) are used to detect the
generated Eg, Eag and FL composite signals (figure 1(c)).

By the opening fields E; and E,, the anti-Stokes Eag and
Stokes signals Eg are generated with phase-matching conditions
kas = ky + ky — ks and ks = ky + ky — kas, respectively. The
perturbationchains forthe Egand E g signalsin the V-type three-

level system are written as p(()o) (1) Exs p(()(z)) 2, pgo)(s)

©) £, (1) Eas péé) L, pgo)( sy respectlvely. The third

and pg,
order nonlmear density matrix elements of the SPFWM sig-

nals via the perturbation chains are given as [17, 18]

p(z) _ —iGsG Gy
0 (oo + i) (Too + i) (Tio — i6 + Ay + |G1[*/Too — i6 + dy)
(1
o) = —iG45G1G2
X (Tio+ i) (Tap + 06 + iAg) (Too + 16 + |Gy 2 /Too — i6 + da)
2 2 (2)
where d| = |G2‘ /on*l‘(5+l‘A2 and d) = |Gz| /on—i(S—i-iA].

G; = p;E; /I are the Rabi frequency of E;, with the electric
dipole matrix elements p; of levels li) and |j), and I';; is the
transverse decay rate. The linewidth of the measured SPFWM
signal is T'=T19+4Tgo+ 2. 6 = —(A/2) £, is the
dressing bandwidth and €2, is effective Rabi frequency.
Similarly, the density matrix for the Stokes and anti-Stokes

in the two-level system can be written via p(o) LICIN 5(1)) Eas,

p(z) En(A)  (3)

Pio(s) a8
A=
—iGsG .Gy
(Tyo 4+ iA1) (Tro + i8) (Lo + 6 — i + \GM\Z/F()O +i0 — Ay +d3)
3)
2 =
—iGpsG1:Gy
(T1o +iA) (T 1o + i8)(Too — i6 + iA + (|Gre|*/Too + i — Ay +dy)”
4)
where dz = |G1| /Tio+id6 and dy = |G1|2/Flo +id. The

linewidth of the measured SP FWM signal is ' = 2I";y + Tgo.
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) = e72100is 4 e=2Pias — 2 cog(—Astg)e™ (TN (5)

—(C+T10)tas-

(6)
The two-mode intensity noise correlation between the output
Stokes and anti-Stokes SPFWM fields with time delay 7 is
given by can be obtained from

G (1) =
Wi e

—2T00tas 4 e—21"2()ls

(Ixs) = 2 cos(—Ajtps)e

(61s(ts)) (01as(tas))

e o= Me-T D cos(Q,1y )e

_(F2+Fe,)71]’ (7)
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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 (¢, and
t5) and the power of the input laser beam, respectively.

where T',p = (Too +T'10)/2 £ (A1T'10)/29Q, is the deco-
horence rate. 0las(fas) and dls(ts) are the intensity fluctua-
tions of the Exg and Eg 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 (pﬁ) = —G?/[(Tyo + iA; + |Gl|2/1“11)1"11})
is recorded in the PMTs. The decay rate of the FL signal is
given by e =T+ 111

Equations (5) and (6) show the Rabi oscillation frequency
is determined by the detuning A of the incident beam and
the damping rate I'. From equation (5) we can obtain the
Rabi oscillation frequency of the Stokes signal at A, with
a damping rate of I' = 'y + I'59. Unlike the Stokes signal,
the Rabi oscillation frequency of the anti-Stokes signal is A
with a damping rate of I' = I'gg 4 ;. The anti-Stokes pho-
ton has higher energy and larger detuning A; > A, than the
Stokes photon. Therefore, the Rabi oscillation frequency in
the anti-Stokes (figure 2(al)) 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 575nm excitation (figure 2(bl))
than a 637nm excitation (figure 2(b2)). In figure 2(c), we

0 (a2) (a3) ) (a9)
209
g5 0 5 r(ps)
2k TV BTSN IR RNCY N BRNT)
505
Q
~ 5 0 57 T(us) |
5 %8
i 8 (1) (d2) (d3)
£ £4
; N
0 :
- 005115 \

QR a8 W28 ()

Figure 3. (al)—(a5) Intensity noise correlation curves between Eg
and Eag versus the delayed time 7 with a changing power of E;.
(b1)—(bS) Two-mode correlation by changing the position of the
boxcar gate of the left peak signal from 7, to #s (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.

study the dependence of the Rabi oscillation on the different
gate positions #; and 74 (see figure 3(d)). The signal that was
observed at time #; (figure 3(cl)) has the dominant SPFWM
emission, due to the particle transfer between the |m, = 0)
state. When the gate position is fixed at ¢4 (figure 3(c2)), the
FL emission increases more dramatically than the SPFWM.
Hence, the dominant SPFWM emission at time #; results in a
higher Rabi oscillation. In figure 2(d), we study the behavior
of the Rabi oscillation when the power of E{ (575nm) is
changed from low (I mW) to high (7 mW). When the laser
power of Ej is set low (figure 2(d1)), the particle transfer
via the direct path |m, = 0) is high, which greatly enhances
the SPFWM emission; whereas the dipole assisted trans-
ition (FL emission) from |m; = +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 E; 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(al)—(a5) shows the two-mode intensity noise cor-
relation of Stokes/anti-Stokes and FL composite signals when
the power (mW) of the E¢ (575 nm) input beam decreases from
high (7 mW) to low (I mW). The correlation function is cal-
culated by the time-dependent intensity fluctuation described
by equation (7). Using equation (7), the cross-Rabi frequency
Q, can be written as ), = \/A% + 4(G1*/G1)21"101"00 +Gj,
where G| and G, 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
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Figure 4. (al)—(a4) and (b1)—(b4) shows the three-mode noise
correlation of the Eg, Eag and FL signal in the two- and three-level
(V-type) systems, respectively.

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 E;. 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 Ey dressing field is set high (7 mW),
the frequency of the Rabi oscillation €2, is low due to the dom-
inant dressing effect in equation (3), as shown by figure 3(al).

2
Furthermore, the intensity I o ‘pgé)( AS)‘ 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 E; 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 #,—#s of the boxcar gate labeled in fig-
ure 3(c). When the gate position is at time position #;, 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 |m; = 0) state. Hence, the com-
posite channel acts like a pure SPFWM channel when the gate
position is set to #1. Due to the high emission of the SPFWM,
the frequency of the Rabi oscillations is high, as seen in fig-
ure 3(bl). Further, by increasing the delay time, i.e. locat-
ing the gate position at 5, 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 |m;, = £1) state. Due
to the high emission of the FL signal and the lower SPFWM
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Figure 5. (al)—(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).

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 A = Rj|A;[*[e"2T7+7+0I7I4
e 2MHTHIT] 2 cos(€, |r\)e—2<FT+Fz*+FF+F2+<>|T|, where
Ry = N || wy /s ETL[2c20h® (D10 + iA} ;)] From equa-
tions (5)—(7), we can conclude that the line shape and fre-
quency of the cross-Rabi oscillation €2, 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(al), (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 6Iy(t;), 0Ix(t;) and 0Ix(t3) are recorded
and the triple beam intensity correlation is plotted using
G (1) = (811 (11)01x(t2)013(13)). The power dependence of
the Rabi oscillations for GE? (7) 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
P = PFL + psprwm Where ppp = P( ) and PSPEWM = Pé3/)AS-
When the power of Ej is set at 7 mW, the frequency of the
Rabi oscillation Q, = \/A% +4(G,/Gy) T1olgo + G? is low
due to the strong dressing effect |G,|*/Top — id and the low
SPFWM emission (equation (la)) shown by figure 4(bl).
When the power is reduced, the dressing effect decreases and
the SPFWM emission increases due to the high gain effect of
G, of E,, explained by equation (1). The frequency of the Rabi
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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 (¢,—ts) 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 ¢;, the SPFWM emission is strong, which
leads to the high frequency of Rabi oscillations seen in fig-
ure 5(al). By increasing the time delay to f5, 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 Ej, 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].

Acknowledgments

This work was supported by the National Key R&D Program
of China (2017YFA0303703, 2018YFA0307500), National
Natural Science Foundation of China (11474228, 61605154,
11604256).

References

[1] Harris S 1997 Laser without inversion: interference of
lifetime-broadened Phys. Today 50 36-42

[2] Braje D A, Balic V, Goda S, Yin G Y and Harris S E 2004
Frequency mixing using electromagnetically induced
transparency in cold atoms Phys. Rev. Lett. 93 183601

[3] Gisin N, Grégoire R, Wolfgang T and Hugo Z 2002 Quantum
cryptography Rev. Mod. Phys. 74 145
[4] Neilson M and Chuang I 2002 Quantum computation and
quantum information Am. J. Phys. 70 558
[5] Saleh B E, Bradley M J, Hong-Bing F and Malvin C T 1998
Entangled-photon virtual-state spectroscopy Phys. Rev. Lett.
80 3483
[6] Jianming W, Shengwang D and Morton H R 2007 Biphoton
generation in a two-level atomic ensemble Phys. Rev. A
75 033809
[7] Shengwang D, Oh E, Jianming W and Morton H R 2007
Four-wave mixing in three-level systems: interference and
entanglement Phys. Rev. A 76 013803
[8] Shengwang D, Jianming W, Morton H R and Yin G Y 2007
Four-wave mixing and biphoton generation in a two-level
system Phys. Rev. Lett. 98 053601
[9] Gruber A, Dribenstedt A, Tietz C, Fleury L, Wrachtrup J
and Borczyskowski C V 1997 Scanning confocal optical
microscopy and magnetic resonance on single defect
centers Science 276 2012—4
[10] Dutt M V G, Childress L, Jiang L, Togan E, Maze J, Jelezko F,
Zibrov A S, Hemmer P R and Lukin M D 2007 Quantum
register based on individual electronic and nuclear spin
qubits in diamond Science 316 1312-6
[11] Bar-Gill N, Linh M P, Andrejs J, Dmitry B and Ronald L W
2013 Solid-state electronic spin coherence time approach-
ing one second Nat. Commun. 4 1743
[12] Kurtsiefer C, Mayer S, Zarda P and Weinfurter H 2000 Stable
solid-state source of single photons Phys. Rev. Lett.
85290
[13] Jelezko F, Gaebel T, Popa I, Domhan M, Gruber A and Jorg W
2004 Observation of coherent oscillation of a single nuclear
spin and realization of a two-qubit conditional quantum
gate Phys. Rev. Lett. 93 130501
[14] Liao Z, Al-Amri M and Zubairy M S 2010 Quantum
lithography beyond the diffraction limit via Rabi oscilla-
tions Phys. Rev. Lett. 105 183601
[15] Batalov A, Zierl C, Gaebel T, Neumann P, Chan 1,
Balasubramanian G, Hemmer P R, Jelezko F and
Wrachtrup J 2008 Temporal coherence of photons emitted
by single nitrogen-vacancy defect centers in diamond using
optical Rabi-oscillations Phys. Rev. Lett. 100 077401
[16] Schirhagl R, Chang K, Loretz M and Degen C L 2014
Nitrogen-vacancy centers in diamond: nanoscale
sensors for physics and biology Annu. Rev. Phys. Chem.
65 83-105
[17] Zhang Y, Brown A W and Xiao M 2007 Opening four-wave
mixing and six-wave mixing channels via dual electro-
magnetically induced transparency windows Phys. Rev.
Lett. 99 123603
[18] Zhang Y, Khadka U, Anderson B and Xiao M 2009 Temporal
and spatial interference between four-wave mixing
and six-wave mixing channels Phys. Rev. Lett.
102 013601
[19] Lan H, Li C, Lei C, Zheng H, Wang R, Xiao M and Zhang Y
2014 Competition between spontaneous parametric four-
wave mixing and fluorescence in Pr3*:YSO Laser Phys.
Lett. 12 015404


https://doi.org/10.1063/1.881806
https://doi.org/10.1063/1.881806
https://doi.org/10.1063/1.881806
https://doi.org/10.1103/PhysRevLett.93.183601
https://doi.org/10.1103/PhysRevLett.93.183601
https://doi.org/10.1103/RevModPhys.74.145
https://doi.org/10.1103/RevModPhys.74.145
https://doi.org/10.1119/1.1463744
https://doi.org/10.1119/1.1463744
https://doi.org/10.1103/PhysRevLett.80.3483
https://doi.org/10.1103/PhysRevLett.80.3483
https://doi.org/10.1103/PhysRevA.75.033809
https://doi.org/10.1103/PhysRevA.75.033809
https://doi.org/10.1103/PhysRevA.76.013803
https://doi.org/10.1103/PhysRevA.76.013803
https://doi.org/10.1103/PhysRevLett.98.053601
https://doi.org/10.1103/PhysRevLett.98.053601
https://doi.org/10.1126/science.276.5321.2012
https://doi.org/10.1126/science.276.5321.2012
https://doi.org/10.1126/science.276.5321.2012
https://doi.org/10.1126/science.1139831
https://doi.org/10.1126/science.1139831
https://doi.org/10.1126/science.1139831
https://doi.org/10.1038/ncomms2771
https://doi.org/10.1038/ncomms2771
https://doi.org/10.1103/PhysRevLett.85.290
https://doi.org/10.1103/PhysRevLett.85.290
https://doi.org/10.1103/PhysRevLett.85.290
https://doi.org/10.1103/PhysRevLett.93.130501
https://doi.org/10.1103/PhysRevLett.93.130501
https://doi.org/10.1103/PhysRevLett.105.183601
https://doi.org/10.1103/PhysRevLett.105.183601
https://doi.org/10.1103/PhysRevLett.100.077401
https://doi.org/10.1103/PhysRevLett.100.077401
https://doi.org/10.1146/annurev-physchem-040513-103659
https://doi.org/10.1146/annurev-physchem-040513-103659
https://doi.org/10.1146/annurev-physchem-040513-103659
https://doi.org/10.1103/PhysRevLett.99.123603
https://doi.org/10.1103/PhysRevLett.99.123603
https://doi.org/10.1103/PhysRevLett.102.013601
https://doi.org/10.1103/PhysRevLett.102.013601
https://doi.org/10.1103/PhysRevLett.102.013601
https://doi.org/10.1088/1612-2011/12/1/015404
https://doi.org/10.1088/1612-2011/12/1/015404

	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿Multi-mode correlation with self- and 
cross-Rabi oscillation in a diamond nitrogen-vacancy center﻿﻿﻿﻿
	﻿﻿Abstract
	﻿﻿﻿1. ﻿﻿﻿Introduction
	﻿﻿2. ﻿﻿﻿Experimental setup
	﻿﻿3. ﻿﻿﻿Results and discussion
	﻿﻿﻿Conclusion
	﻿﻿﻿﻿﻿﻿﻿Acknowledgments
	﻿﻿﻿﻿﻿﻿﻿References


