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We demonstrate control of all the three transitions among the ground state sublevels of NV centers by applying magnetic driving fields. To address
the states of a specific NV axis among the four axes, we apply a magnetic field orthogonal to the NV axis. We control two transitions by microwave
pulses and the remaining transition by radio frequency (RF) pulses. In particular, we investigate the dependence of Rabi oscillations on the
frequency and intensity of the RF pulses. In addition, we perform a = pulse by the RF pulses and measured the coherence time between the
ground state sublevels. Our results pave the way for control of NV centers for the realization of quantum information processing and quantum

sensing. © 2020 The Japan Society of Applied Physics
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itrogen-vacancy (NV) centers in diamonds is a

promising system for the realization of quantum

technology that includes quantum information pro-
cessing, quantum communications, and quantum sensing.
The established controllability’” and long coherence
time*™ shall be prerequisites for quantum computation.
The coherent coupling between NV centers and optical
photons serves as a method of realizing quantum
communication.”'” The spin—spin coupling in diamonds
has the potential to realize a quantum simulator as proposed
in Ref. 11. Moreover, owing to the high spatial resolution and
high sensitivity at room temperature and atmospheric pres-
sure, one of the most practical applications of NV centers is
quantum  sensing.'>'¥  Magnetic fields,”™'®  electric
fields,'”? and temperatures” " have been measured
through NV centers in diamonds.

An NV center in a diamond is a spin-1 system, and there are
three states in the ground state manifolds. However, only two of
these states are typically controlled, and the remaining state is not
addressed using frequency selectivity. Recently, new schemes
have been proposed to use all three states in the ground state
manifolds; they have demonstrated high-sensitivity magnetic
field sensing,*® high-sensitivity temperature sensing,*” and AC
magnetic field sensing that does not require pulse control.
Moreover, the three levels of the NV centers can be used for a
quantum memory of superconducting qubits where a bright state
and a dark state of the NV centers are used.”” Further
developments are expected using the A-system.*>”

To exploit the full potential of the spin 1 system, it is
important to control all three transitions among the ground
state sublevels of the NV centers. Such full control of the
three transitions has been investigated by using a combina-
tion of magnetic ﬁelds,40) 1asers,41’42) mechanical
vibrations,®™* and electric fields.*® In the existing ap-
proach, a complicated fabrication in diamond is required to
realize such full control of the three transitions at room

temperature because such a scheme requires either mechan-
ical vibrations of the diamond***>**” or an application of
electric fields.*®

In this study, we demonstrate a simple control of the three
transitions among the ground state sublevels of the NV
centers using driving magnetic fields at room temperature.
Importantly, our scheme does not require a special fabrication
of the diamond substrate, unlike in the case of the existing
scheme,*>** which can provide a practical advantage. We
implement Rabi oscillations of two transitions using micro-
wave pulses, whereas we drive the remaining transition using
radio frequency (RF) pulses. We sweep the pulse duration
and detect the state of the spin using optical measurements. In
particular, we investigate the dependence of Rabi oscillations
on the frequency and intensity of the RF pulses. Further, we
compare the experimental results with the theoretical results
and observe good agreement between them.

Figure 1(a) details the energy levels of NV centers without an
external DC magnetic field. The spin 1 system has three states:
0), 1B) = (1) + |=1)), and ID) = (1) = |~1)). NV
centers have %our possible crystallographic axes, and their levels
are degenerate under zero magnetic field. To address the states of
a specific NV axis, we apply a magnetic field orthogonal to one
of the NV axes so that the resonant frequencies of the NV centers
with the other three axes become far-detuned. The orthogonal
magnetic field lifts the degeneracy as illustrated in Fig. 1(b), and
we obtain |B), |D), and |0) as the energy eigenstates of the
Hamiltonian. Importantly, AC magnetic fields can induce all the
transitions between these three states, as we will describe later.
This is a stark contrast with the case when 1), | — 1), and |0) are
the energy eigenstates when the applied magnetic field is parallel
to the NV axis, which was typically adopted in the previous
experiments where we cannot induce the transition between |1)
and | — 1) by applying AC magnetic fields.

We describe the theory about how all transitions between
ground state manifolds of NV centers can be controlled by
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Fig. 1. (Color online) Energy levels of NV centers (a) without/(b)with an
applied DC magnetic field perpendicular to one of the four possible
crystallographic axes. Under the DC magnetic field, we focus on the NV
centers with axes perpendicular to the applied DC magnetic field by
frequency selectivity. Orthogonal magnetic fields change the effective strain
so that the energy splitting between the bright state and dark state becomes
larger. When resonant RF field is applied, Aulter—Towns (AT) splitting
occurs and there are four states (dotted lines). The original data is presented
in Ref. 34.

applying AC magnetic fields. Since we explain the details of
the theory in the supplementary file, which is available online
at stacks.iop.org/JJAP/59/110907/mmedia, we explain an
outline of the derivation in the main text. Here, let us
consider a case to apply a DC magnetic field orthogonal to
the NV axis. The Hamiltonian of the NV center with the
magnetic field orthogonal to the NV axis®® is described as

~2 2 A2
Hxwv = DS. +E. (S, — &)

ey

+Ey (8.8, + 8,80 + g1, BeS.,
where $ is the spin-1 operator of the electronic spin; D is the
zero-field splitting; E, and E, are the strains along the x and y
directions, respectively; gu;,B, is the Zeeman splitting. The
x-direction of the NV center is defined as the direction of the
applied magnetic field, without loss of generality. Under the
condition D > gu;,B, > E,, we can simplify the Hamiltonian
as follows

Hyy ~ D'S; + ELS — $)), )
B,)?
D =D + EM’ (3)
2 D+ E,
B,)?
E =E + lM (4)
2 D+E,

The eigenstate of the Hamiltonian in Eq. (2) is described as
0), 1B) = (1) + 1=1)), and |D) = (1) — |—-1))
where |B) and2 |D) are called a bright state and a dark state,
respectively. We can control all the transitions between the
ground state manifolds of NV centers by applying micro-
waves and RF fields as follows. The Hamiltonian of the NV
center with external magnetic driving fields in our system is
given by
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H = Hny + Hex

Hex = Z %Bls/'[]\))v% cos (wmwi) + ’YeB](;"F) S; cos (wrF!),
J=x..2

&)

where 7, is the gyromagnetic ratio of the electron spin; By
and Bgr are the amplitudes of the microwave and RF fields,
respectively; oyw and gy are the driving frequencies of the
MW and REF, respectively. To control the transition between
[0} and |B) (|D)), we can use microwave driving, as
demonstrated in Ref. 18. In a rotating frame with
U = — wuw|0)(0], the effective Hamiltonian is

H ~ (D — www + E))|B) (B|
+ (D — ww — EDID) (D]
+ 3% Bi(IB) (0] + [0) (BI)
+ i37% B (D) (0] + 10) (D). ©)

where we assume that Byw #0 and Bgrr=0; thus, we can
induce Rabi oscillations between |0) and |B) (|D)) using
resonant  microwave pulses with wyw = D + E]
(wmw = D — E)).

Moreover, we can control the transition between |B) and
D) using RF pulses. In a rotating frame with
U= %wRF|B> (Bl — %wRF|D> (D|, the effective Hamiltonian
is

1
H >~ (D — WMW + E; — EwRF)|B> <B|

+ (D — waw — E, + %WRF) |D) (D|
+ 37 B&(B) (D] + D) (BI), (7)

where we assume that Byyw =0 and Bge=0; thus, we can
induce the coherent oscillation between |B) and |D) with
wgr = 2E. To our best knowledge, such an experiment to
induce the Rabi oscillation between |B) and |D) was not
reported before.

We experimentally demonstrate the control of all transi-
tions between ground state manifolds of the NV centers by
magnetic driving fields at room temperature. Our experiment
is performed with the same setup and sample as those in
Ref. 34. Importantly, although an ensemble of NV centers is
used in our experiment, we can, in principle, perform the
same experiment using a single NV center. First, we
measured the optically detected magnetic resonance
(ODMR) spectra under simultaneously applied continuous-
wave MW and REF fields, as illustrated in Fig. 2. In the case
without RF fields, two dips are observed in Fig. 2 by
sweeping the frequency of MW fields, which correspond to
the transitions from [0) to |B) or |[D). As a result, the
resonance frequency between |0) and |B)(|D)) is estimated to
be 2.8768 GHz (2.8847 GHz). From these values, we
determined the resonance frequency between |B) and |D),
which was estimated to be approximately 7.9 MHz.
Furthermore, we measured the CW-ODMR spectrum by
applying the RF field with an approximate frequency of 7.9
MHz. As illustrated in Fig. 2, we detected four dips—a clear
evidence of the coherent coupling between the RF fields and

© 2020 The Japan Society of Applied Physics
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Fig.2. (Color online) Pulse sequence of CW-ODMR without RF fields and
CW-ODMR spectrum with and without RF fields under a magnetic field
orthogonal to an NV axis.

the transition between |B) and |D). The splitting of each dip
corresponds to the AT splitting induced by the RF fields.
Secondly, we demonstrated Rabi oscillations between |0) and
|D) (|B)) by applying pulse MW fields. As illustrated in Fig. 3,
clear Rabi oscillations can be observed by sweeping the pulse
duration of MW fields with a resonant frequency between |0)
and |[D) (|B)). The results confirm the 7 rotation between |0)
and |B) (|D)) with a pulse duration of about 210 ns.

Thirdly, we demonstrated the Rabi oscillations between
|B) and |D). The pulse sequence is presented in Fig. 4(a). It is
worth mentioning that the photoluminescence from the state
of |D) is the same as that from the state of |B). Thus, to read

Laser .
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©o ©
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o
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Fig. 3. (Color online) Pulse sequences and Rabi oscillations between |0)

and |B)(|D)) by applying resonant MW fields. The green plots correspond to
the Rabi oscillations between |0) and |D). The red plots correspond to the

Rabi oscillations between |0) and |B).
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out the state of |B), we shall convert the population of |B)
into |0) by applying an MW 7 pulse and then read out the
state of |0). The sequence of Rabi oscillations between |B)
and |D) is as follows. First, we initialize the NV centers by a
green laser, and the state is prepared in |0). Second, we apply
the 7 pulse to completely transition from |0) to |B). Third, we
implement the RF pulse, where its duration is swept. Finally,
we read-out the state of |B) by applying the MW 7 and laser
pulses. These experimental results are presented in Fig. 4(b).
A clear oscillation can be observed, which confirms the
coherent transition between the |B) and |D) states by
applying an external magnetic field by the RF pulse.
Therefore, we observed all the transitions between the ground
state manifolds by applying an external AC magnetic field
under a DC magnetic field orthogonal to the NV axis.
Furthermore, we measured the |B)—|D) Rabi oscillations for
different frequencies and intensities of the applied RF pulses,
as presented in Fig. 4(c). In the theory, the population
difference, w, between |B) and |D) is given by

w(t; A)

2(~, B2
— 14 20T G [0 BRY + Azé, (8)

(e BR)* + &

where A(=wrp — 2E}) is the detuning from the resonance
frequency. This analytical result as shown in Fig. 4(c) is
consistent with the experimental result.

Finally, we investigated the coherence time of all transi-
tions between the ground state manifolds of the NV centers
by spin-echo with magnetic driving fields at room tempera-
ture. Especially, when we measure the coherence time
between |B) and |D) states, we perform a 7 pulse with the
resonant RF fields as illustrated in Fig. 5, and this is our
unique approach. On the other hand, we measure the
coherence time between |0) and |B)(|D)) by using a conven-
tional way with microwave fields. For the spin-echo mea-
surements, the first microwave pulse is a g rotation while the
final microwave pulse is also a g rotation. However, in this
case, some technical noise could be added. To remove such
noise, we also perform another spin-echo experiment for a
reference where the first microwave pulse is a 37” rotation
while the final microwave pulse is also a - rotation. By
subtracting the spin-echo signal of the reference from that of
the main experiment, we can improve the signal to noise
ratio. Our results show that the coherence time between |B)
and |D) states is about half of the coherence time between |0)
and |B)(|D)). This can be quantitatively understood as
follows. Randomized electric fields or strain variations
induce unexpected changes in frequencies of the |B) and
|D), and this can be the main cause of decoherence, #4850
The frequency shift between |B) and |D) due to the electric
fields or strain is twice as large as that between |B) (|D)) and
|0). This could explain the reason why the coherence time
between |B) and |D) is shorter than that between |B) (|D))
and |0). To our best knowledge, this is the first experimental
demonstration to measure the coherence time between the
bright state and dark state of the NV centers with the resonant
RF fields. Also, it is worth mentioning that such measure-
ments of the coherence time with spin-echo is a significant
difference from our previous results that perform only
CW-ODMR.*

© 2020 The Japan Society of Applied Physics
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Fig. 5. (Color online) Pulse sequence of spin-echo between |B) and |D)

where we perform a 7 pulse by resonant RF fields between |B) and |D). Also,
we show the results of spin-echo between ground state manifolds of the NV
centers. It is worth mentioning that we measure the spin-echo between
|B)(|D)) and |0) by a conventional way with resonant microwave fields.

In conclusion, we demonstrated the control of the three
transitions among the ground state sublevels of the NV
centers by applying external magnetic driving fields and
observing the Rabi oscillations between all the transitions.

110907-4

Especially, the unique point of our approach is to utilize RF
fields to induce the Rabi oscillations between a bright state
and dark state of the NV centers. Moreover, we measure the
coherence time between ground state manifolds of the NV
centers by spin-echo techniques where we perform a 7 pulse
between the bright state and dark state with the resonant RF
fields. Our technique is significantly simpler than those of
previous reports where the mechanical vibration is required
to perform quantum manipulation of all the transitions.
Owing to the simplicity of our scheme, our results pave the
way for the exploitation of the full potential of a spin 1

system.
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