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The Nitrogen—Vacancy (NV) center is becoming a promising qubit for quantum information process-
ing. The defect has a long coherence time at room temperature and it allows spin state initialized
and read out by laser and manipulated by microwave pulses. It has been utilized as a ultra sensi-
tive probe for magnetic fields and remote spins as well. Here, we review the recent progresses in
experimental demonstrations based on NV centers. We first introduce our work on implementation
of the Deutsch—Jozsa algorithm with a single electronic spin in diamond. Then the quantum nature
of the bath around the center spin is revealed and continuous wave dynamical decoupling has been
demonstrated. By applying dynamical decoupling, a multi-pass quantum metrology protocol is re-
alized to enhance phase estimation. In the final, we demonstrated NV center can be regarded as a
ultra-sensitive sensor spin to implement nuclear magnetic resonance (NMR) imaging at nanoscale.
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(S = 1) with an optical transition between *A and *E
with a zero-phonon line at 1.945 eV. With a home-built

1 Introduction

For many years spins in solid states, such as quantum
dots [1] and phosphorus defect in silicon [2], have drawn

scanning confocal microscopy, the locations of individ-
ual NV centers can be addressed. Moreover, it can be
polarized and read out by 532 nm green laser and co-
herently controlled by applying an resonant microwave
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driving field.

NV centers are thought as a promising candidate for
quantum information processing [3, 4] and quantum
metrology [5]. Quantum logic gate [6, 7], quantum en-
tanglement generation [8, 9], a long life quantum mem-
ory [10, 11] and single-shot read out has been realized
in NV center system [12-14]. Quantum algorithms [15,
16] have been also demonstrated in such systems. Direct
spin coupling [17] between NV centers and entanglement
between a single NV center and photons [18] makes NV
center an excellent processor to build a scalable quantum
computer. Recently, by joint measurement of the pho-
tons, Hanson’s group entangled two distant NV centers
separated by 3 meters [19]. Combining the local long-
lived nuclear spin registers [20, 21], the quantum net-
work based on NV centers is promising. Experimental
implementation of NV centers coupling to other qubits,
such as superducting qubit [22, 23] are leading the way
to hybrid quantum computation. The coupling to nano-
mechanical oscillator is also demonstrated [24, 25].

By employing its favorite coherence as well as its
atomic-scale size, it has been used to image ultra-small
signal such as magnetic and electric field with nanome-
ter spatial resolution [26-29]. The NV center has also
been realized as a sensitive nanoscale thermometer [30].
Moreover, as a pure quantum system, the center has been
used to perform experiments to clarify fundamental is-
sues such as Bell state violation [31] and “three-box”
quantum game [32]. As a single photon source, the NV
center has been utilized to demonstrate quantum cryp-
tography [33] and the generation of single surface plas-
mons on silver nanowires [34].

We will introduce the structure and properties of the
NV center and some experimental investigations in Sec-
tion 2 to emphasize why the NV center is a good can-
didate in QIP. In Section 3, the Deutsch—Jozsa algo-
rithm was demonstrated in the defects. Furthermore, an
anomalous decoherence effect was observed in the NV
centers and the quantum nature of the bath around the
center spin is revealed in Section 4. In Section 5 we will
show NV center as a ultra-sensitive sensor spin to imple-
ment NMR imaging at nanoscale.

2 NV centers

The NV center is one most common encountered color
center in diamond. It consists of a vacancy in the vicinity
of a nitrogen nuclear spin. Figure 1 shows the structure of
an NV center in the diamond lattice and the energy level
diagram. It has a spin-1 electron ground state. When a
static magnetic field is aligned along the symmetry axis

588

_
- /

-

(a) x ‘) (C) @agnetic field
N /
Y

D
- g ? Diamond sample
> Objective

(b) 1 -
3g \ Microwave
i \\ synthesizer
1
£ g N\
g d g . -
o NG / APD
/ counter
/
3 J1ED 532 nm
3A
0> laser

Fig. 1 (a) Atomic structure of an NV center in the diamond lat-
tice. (b) Energy levels and optical transitions for optical pumping
and detection of an NV center spin. (¢) Schematic of the experi-
ment setup.

([111] crystal axis) to degenerate the m; = +1 state, the
system is described by the Hamiltonian:

H=DS?+geppB.S. +»_ S An I, (1)

Here D is the crystal field splitting which equals to

2.87 GHz and A, is the coupling strength with the
nearby N nuclear (or '*C). The hyperfine coupling
between the NV center and the nearby nitrogen atom
are about 2.2 MHz. To address different NV centers,
a confocal microscopy system is used, which limits the
optical lateral resolution of about 300 nm. With sub-
diffraction imaging microscopy [35-37], a resolution of
< 10 nm was achieved [38]. The laser pulse is con-
trolled by an Acoustic-Optical Modulator (AOM). A
single mode 532nm Nd:YAG frequency-doubled laser is
applied to excite a single NV center via a high NA oil
objective lens. A nano-position system is used to move
the objective lens (or the diamond sample) to scan the
diamond sample and locate the NV centers. The fluores-
cence photons come through a couple of 635nm—775nm
filter, a pin-hole and finally arrive at the Avalanche
Single-Photon Detector (APD) and turn into TTL sig-
nals. The TTL pulses are collected by a Data Acquisition
board (DAQ). The fluorescence microscopy image of the
single NV center will be recorded. A Hanbury-Brown—
Twiss setup with two photo-detectors is used to measure
the second order correlation function g%(7) to ensure a
single NV is selected. One of the most attractive prop-
erty is that the system can be cooled to the ms = 0 by
532 nm laser at room temperature. This is due to the ex-
istence of the meta-stable state 'A between the ground
state and the excited state as shown in Refs. [39, 40].
Under the laser excitation, there are some probability
for electron to decay from ®E to 'A which further decays

Jing-Wei Zhou, et al., Front. Phys., 2014, 9(5)



REVIEW ARTICLE

to ms = 0 only, resulting the probability in ms = 0 be-
comes larger. At room temperature, such process leads
to initial state preparation of |0) state with fidelity larger
than 90% [40]. For the ground state (denote as the cen-
ter spin hereafter), an external magnetic field along [111]
axis is used to lift the degeneracy between |+1) and |—1)
and microwave pulses can be used to coherently excite
the transition of |0) < |1) and |0) < | — 1). When the
microwave frequency is resonant with one of the transi-
tions, the fluorescence intensity decreases. Different MW
pulses are switched on and off by MW PIN switches and
coupled together by wide band power dividers. To ra-
diate high MW magnetic field on the NV center, a 20
micron diameter copper wire or a coplanar waveguide is
soldered close to the diamond surface. All the compo-
nents, including AOM, DAQ and PINs are synchronized
and triggered by a pulse generator on a workstation.

As an open quantum system, such a ground state suf-
fers coupling to the environment which leads to the loss
of coherence. There are two kinds of the source contribut-
ing to the decoherence of the center spin: one is the N
electron spin which is known as fast bath [41, 42], which
can be removed by sample preparation [10]; the other is
nuclear spin bath which is essentially non-Markova [43].
Such a bath arises from the existence of '3*C nuclear spin
with a natural abundance of 1.1%. Theoretically, the de-
coherence behaviors can be described by the dipole inter-
action between the central spin and the bath as well as
the dynamical of the bath [41, 43, 44]. This can be used
to detect weak fields with nanoscale spatial resolution,
which has significant applications in the biological and
physical sciences [45, 46]. In this paper, we will briefly
introduce the experimental progress in NV centers in our
lab and exhibit the advantages of the defect as a candi-
date of quantum information processing and metrology.
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3 Quantum algorithm

Since many basic QIP protocols has been demonstrated
in NV centers, it is rather convincing that quantum com-
puters based on diamond architecture are promising in
future. Therefore, we report the first real quantum al-
gorithm in NV centers, Deutsch-Jozsa (D-J) algorithm
[45]. The D-J algorithm is a quantum algorithm pro-
posed by Deutsch and Jozsa in 1992 [47]. In the D-J
problem, a black box known as an oracle implements
the function f : {0,1}"™ — {0, 1}. The function is either
constant (0 on all inputs or 1 on all inputs) or balanced
(returns 1 for half of the input domain and 0 for the
other half); the task is to determine whether f is con-
stant or balanced by using the oracle. In the classical
solution, 27~ ! 4 1 evolutions of fwill be required in the
worst situation. The D—J quantum algorithm produces
an answer that is always correct with a single evalua-
tion of f. In general D-J algorithm, there are Hadamard
gates and f-controlled gates to realize the algorithm.
For single qubit, that is to say, the simplest situation
in D-J algorithm, the initial state |0) is transferred to
94D a5 the input state with a Hadamard gate. Then
the fcontrolled gate follows. The fcontrolled gate is de-
fined as V;|z) = (—1)f()|2), where z are 0, 1 and f(2)
is embodied by four functions with f1(z) =0, fa(z) =1
for constant function and f3(z) = z, fa(z) = 1 — z for

balanced function. So Vy; can be explicitly written by

Vflz_Vﬂ:((l) 2)?Vf3:_vf4:((1) _01)-

After the f-controlled gate, the input state evolves into
<*1>f“°)‘°>j§<*1>f’“)'1> with i = 1,2,3,4. Then through
the other Hadamard gate, the output state would be
detected by |0) or |1). Thus the two different functions
can be distinguished by just single measurement of the
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Fig. 2 (a) Diagram of the experimental pulse sequences used to realize the RDJ algorithm. (b) The output of the RDJ

algorithm is detected by the spin echoes.
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output state. In the experiment, we implement the D-—
J algorithm by encoding both a qubit and an auxiliary
state in the S = 1 electron spin of an NV center. The
Hadamard gates and the controlled f gate are realized
with the microwave pulse sequences (see Fig. 2). First we
exert a 20 Gauss magnetic field to split the energy level,
so the microwaves would not affect each other. We use the
ms = —1 and mg = 0 as the work qubit, and the ms; =1
as an auxiliary state. In the Fig. 2, the 532 nm green laser
pulse initialize the NV center to the my = 0 state. The
/2 pulse as the role of Hadamard gate makes a superpo-
sition state between mg = 0 and ms = —1. The different
pulse sequences between the two black vertical line are to
realize different controlled f gate Vi, Vi, Vi3, Va4, then
the following pulses sequence and the laser is used to read
out the output results. In the experiment, the length of
the 7 pulse is about 70 ns. Because the dephasing time
(T5 ~ 150 ns) is too short to manipulate, we choose the
Hahn echo (T2 ~ 2.9 us) to read out the experimental re-
sults. As the theoretical analysis, we expected a positive
echo for the constant function and a negative echo for the
balanced function. The experiment result in Fig. 2 is as
expected. This is the first implementation of a quantum
algorithm on individual spins at room temperature, indi-
cating the NV center a promising candidate for quantum
information processing. Another well-known quantum al-
gorithm, Grover’s search algorithm, is demonstrated in
an electron-nuclear spin register [16]. These experiments
demonstrate the power of quantum computation at room
temperature in a real solid system, even though the large
scale qubits are needed for practical quantum computing.

4 Decoherence

4.1 Anomalous decoherence effect

Decoherence is a key issue to modern quantum science
and one of the main obstacles in processing large-scale
quantum computation. The decay of electronic spin co-
herence due to interactions with surrounding nuclei has
been a subject of a number of theoretical studies [48-
51]. Such coupling is usually understood as classical
noises, such as in the spectral diffusion theories, which
are widely used in, e.g., magnetic resonance spectroscopy
[52, 53] and optical spectroscopy [54, 55]. Decoherence
occurs in a semiclassical environment whenever a qubit
is subjected to a classical noise 3(¢). The basic mecha-
nism is described by a pure dephasing Hamiltonian

H =[02+B(1)]S. (2)
Considering a coherent superposition state

590

|6) = (10) + [1))/v2 (3)

Through a free evolution time 7, the two basis states
will acquire a relative phase [ 3(t)dt between them. After
another 7/2 pulse, the populations pg(t) of the ms = 0
will be described as

o(®) = 51+ (expli [ B(0)ae)s) @

where (expl[i [ B(t)dt])s denotes the average over all re-
alizations of the random process. The ensemble average
over all possible realizations of the random noise (3(t)
gives the decay of the off-diagonal density matrix ele-
ments, i.e., the decoherence of the qubit.

Generally, it is believed stronger noises cause faster de-
coherence. However, Liu et al. recently found an opposite
case according to the theoretical calculations [56]. Then,
our group demonstrated the anomalous decoherence ef-
fect which was in a good agreement with the theoretical
results [57].

We focus on the NV center in type Ila diamond, which
coupled the nearby nuclear spin bath of nanometers size.
Therefore, the environment itself is of quantum nature.
Liu et al. compared the classical and quantum bath
and predicted that the multi-transition can have longer
coherence time than the single-transition under dynam-
ical decoupling control, even though the former suffers
stronger noises. In our experiment, a weak magnetic field
(< 20 Guass) is applied along the NV axis to split | + 1)
and |—1). The triplet spin has both the single-transitions
|0) < |1) and the double-transition |+) < |—). The
single-transition coherence and the double-transition co-
herence are measured for a single NV center [see Fig.
3(a)]. In this sense, the double-transition is subjected to
stronger noises and is expected to have shorter coherence
time. These are confirmed by the FID, with the coher-
ence time of the double-transition (7% = 1.82 £ 0.08 us)
and that of the single-transition (75 = 3.97+0.18 us). To
further explore the quantum nature of the nuclear spin
bath, we employ the multi-pulse dynamical decoupling
control to elongate the center spin coherence time and
to make the control effects on the quantum bath more
pronounced. Amagzingly, with increasing the number of
control pulses, the double-transition coherence time in-
creases more than that of the single-transition. Under
the five-pulse control, the double-transition has signifi-
cantly longer coherence time than the single-transition
[Fig. 3(b)]. Such counterintuitive phenomena unambigu-
ously demonstrate the quantum nature of the nuclear
spin bath. Our observation of the ADE using NV cen-
ter coherence establishes the quantum nature of nuclear
spins bath at room temperature. Previous studies on co-
herence control of NV center spins in electron-spin baths

Jing-Wei Zhou, et al., Front. Phys., 2014, 9(5)
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Fig. 3 (a) Measured and calculated free-induction decay of the single- and double-transition coherence. (b) Measured
single- and double-transition coherence, under PDD-1 to PDD-5, from top to bottom.

[58] show that the decoherence there is well described by
the classical noise theory. The fundamental difference be-
tween nuclear spin baths and electron-spin baths lies in
the intra-bath interaction strength relative to the bath-
center spin coupling. These works indicate that the ADE
is insensitive to the details of the decoherence mecha-
nisms, but is a universal phenomena due to the quantum
nature of the bath.

4.2 Transitions from classic to quantum bath
To further understand the nature of the bath surround-
Jing-Wei Zhou, et al.,

Front. Phys., 2014, 9(5)

ing the center spin, we try to tune the *C nuclear bath
into different regimes, classical bath or quantum bath
[59]. Different with the semi-classical picture [52], the
decoherence occurs where the system entangles with the
surrounding nuclear spins [60]. The Hahn echo signal of-
ten shows a decay modulated by collapses and revivals at
the Larmor frequency of the surrounding '3C bath. Such
collapses and revivals can be explained independently
by decoherence [43] as well as classical dephasing [61].
The nuclear bath can be treated as a classical magnetic
field noise with a spectral density peaked around the 13C
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Larmor frequency or the spin ensembles entangled with
the center spin. To distinguish these two scenarios, we
focus on the double-quantum transitions and the single-
quantum transitions. The key idea is similar to ADE:
the revivals would disappear in the case of quantum
bath, but still exist when the classical spin noise domi-
nates. We performed Hahn-echo spectroscopy on the sin-
gle quantum transitions |ms = 0) — |ms = —1) and the
double-quantum transition |ms = —1) — |ms; = +1) in a
static magnetic field varying between 40 and 140 G. The
experimental results are presented in Fig. 4(a). On the
double-quantum transition, coherence decays in few mi-
croseconds and never revives. However, for large fields,
we observe a qualitatively different behavior: revivals ap-
pear also on the double-quantum transition, indicating
that the carbon bath is tuned into a classical regime at
high fields. We can dividing different shells according to
the the strength of the electron—nuclear coupling Byy »
[see Fig. 4(b)]. The weakly coupled nuclei in outer shell
(Bnv.n < B) can be treated as a classical noise field, for
the long distance from the center spin. Quantum deco-
herence can only be caused by the inner shell of strongly
coupled nuclei (Byy,, > B).

(a) B=40G B=140 G
Z 1.0 —Single LOIN_ M
g 0'57\_\,_/\,_/\/\ 0.51
S 0.0 0.0
Z 10 —Double| 1,0+
205 o.s—w
U 0'07 T T T T T T 0‘07 T T T T T T T

0 10203040506070 0 2 4 6 8 1012 14
T /us T /us
(b)
-~
7 S

4
/

.
Byy < B quantum Byy>B
classical strong
quantum

Fig. 4 (a) Hahn-echo measurements on the single quantum tran-
sitions and the double-quantum transition for varying magnetic
fields. (b) Shells of the nuclear spin bath, defined by the strength
of the NV magnetic field.

By adjusting the external magnetic field, we have
demonstrated that the nuclear spin environment of NV
centers can be tuned into two regimes: a strongly cou-
pled quantum regime, where decoherence is due to back
action of the NV center on the bath and a weakly cou-
pled regime, where the bath is manifestation of a classical
magnetic field noise.
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4.3 Continues wave dynamical decoupling

In order to achieve reliable quantum-information proces-
sor, we would not only protect the coherence of the qubit
but also implement the qubit manipulation [62]. How-
ever, the typical decoupling sequence actually freezes the
qubit dynamics and hence conflicts with qubit manipu-
lations. Using a continuous-wave dynamical decoupling
(CWDD) method [24, 63, 64], both the gate operation
and the coherence protection can be realized in the same
time. The basic principle of CWDD can be understand as
the system is transferred to a space spanned by dressed
basis state, in which the noise is suppressed. This can
be realized by applying two off-resonant continuous mi-
crowave driving fields |0) — |+ 1) at the same time. The
Hamiltonian of the NV center driven by two microwaves
of the same off-resonance A and Rabi frequency {2 can
be written in the interaction picture as follows:

H = DS?+~.BS, + V28, cos(w1t)Sy + \/icos(wgt)S’m
(5)

where A = D+ ~.B —w; = D —v.B — w;y. The diago-
nalization of Hyv results in three dressed states, |e), |d),
|g) in the driven space. Owing to the symmetry of Hyvy
and nonzero (2, the energies of all the three states are
only functions of b2, which are insensitive to b. Hence,
the dephasing between |d) and |g) will be strongly sup-
pressed when the microwave Rabi frequency {2 is much
larger than the weak effective random field. With the ap-
propriate ratio of £2/A = 4, even the b? term in wgy is
eliminated so that the lowest order is ~ b*, and a much
greater coherence time can be achieved in the protected
subspace spanned by |d) and |g).

After the initialization of |0), two driven microwaves
(MW1, MW2) are up-ramped linearly to prepare |g)
adiabatically, the RF is used for the qubit manipula-
tion encoded in the driven system with the continuous
microwave protection, and finally the down-ramped mi-
crowaves map the encoded state to |0) for laser read-
out. The FID signal for the CWDD-protected subspace
|d), |g) obtained by applying a detuned RF pulse is shown
in Fig. 5(a), corresponding Ty qwpp = 18.9 ps. This
shows that the coherence time of the CWDD-protected
single spin is prolonged by ~ 20 times from the coher-
ence time of the bare spin (about 0.93 us) of the NV
center. Moreover, by comparing the Rabi oscillation in
bare basis and dressed basis [Fig. 5(b)], it is clear that
the oscillations is well preserved in driven space almost
without decay even after 25 us.

Different with conventional dynamical decoupling [58,
65], the qubit gate and the coherence protection are both
realized in CWDD. Another approach demonstrated by

Jing-Wei Zhou, et al., Front. Phys., 2014, 9(5)
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Fig. 5 (a) Experimental FID signals in the NV center driven sys-
tem. (b) Measured decay of Rabi oscillation both in the undriven
space and in the subspace protected by CWDD.

group from Delft University of Technology is to combine
dynamical decoupling of the electron spin and continuous
nuclear spin driving [16].

5 Quantum metrology

5.1 Phase estimation

Quantum metrology makes use of quantum coherence to
reach higher sensitivity than the classical method known
as standard quantum limit (SQL) [66-70]. Most previous
studies are focusing on employing entanglement to real-
ize sensitivity overcoming SQL. Though many impressive
experiments have been carried out based on different
system, the improvement is limited due to the small
number of entangled qubits. On a paralleled way, An
entanglement free Multi-Pass (MP) protocol is proposed
to beat SQL, and very recently, a remarkable experi-
ment is carried out on linear optical [71] and significant
improvement is reached. However, the sensitivity is lim-
ited by the loss of coherence which plays the central role
in MP. In our experiment, we used MP to improve the
sensitivity of the phase estimations [72]. To do this, we
employ the idea of Aharonov—Anandan geometric phase
(AA phase) which maps an unknown phase difference of
the microwave ¢ into the relative phase of two quantum
state |0) and |1). By measuring this phase factor, we get
the knowledge of ¢ with a precision of v (the measure-
ment efficiency). By repeating such process N times, the
phase estimation precision scales as 7/ V/N. On the other
hand, if the coherence of the two state is long enough, we
can repeat such process N times and a phase factor N¢

Jing-Wei Zhou, et al., Front. Phys., 2014, 9(5)

is accumulated, the corresponding estimation precision
is 7/N. Given the same repetition times, the precision of
the later scheme can beaten that of the previous one as
1/ V/N. In our experiment, we first initialized the system
to |0) by 532nm laser and then generated the coherence
state |0) and |+ 1) by a 7/2 pulse along the x axis. With
the assistance of the third level |—1), we executed the ge-
ometrical path under two microwave 7 pulse to generate
the AA phase, such a geometrical path is future repeated
N times before read out. And then, we detected the ac-
cumulated AA phase with a second 7/2 pulse followed
by a standard Rabi Oscillation measurement along the
y axis. As is shown above, the coherence is the key is-
sue in our experiment, as the repetitions times increase,
decoherence would corrupted the result [Fig. 6(a)]. How-
ever, the decoherence can be suppressed by DD pulse. In
the experiment, we employed CPMG to prolong the co-
herence time and correspondingly, the phase estimation
precisions further increase [Fig. 6(b)]. Under CPMG?7,
our method realize a precision enhancement factor of ~
24 when compared with the result based on one single
geometric path and 4 folder when compared to its classi-
cal protocols with the same repetition times. Note that
under CPMG5, the main limitation comes from the ma-
nipulation error rather than decoherence. In summary,

~—— Nopt

A Single GPl T y=__1 !
v Iv}?;%tleGP +\ L_‘_T_F«% T

Ag (deg*N'"?)

-~ N2
---1/N
——Theory

1 10

—1/N

- — /N2

-@-Single GP
A CPMG3

1{ ~®CPMG5
-&- CPMG7

——Theoretic result for CPMG3

——Theoretic result for CPMGS5

~——Theoretic result for CPMG7
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Fig. 6 (a) With N increases, A¢ ceases to scale with 1/N for
the decoherence. (b) Results of multi-pass protocol under the pro-
tection of CPMG.
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our experiment demonstrated the multi-pass quantum
metrology protocol can be used to realize the higher sen-
sitivity than the classical method, by employing DD, and
the coherence time is prolonged and the sensitivity is im-
proved. In the future, employing DD to entanglement-
based quantum metrology is of interest.

5.2  Detection single electron and nuclear spins

NV center is also utilized as a spin sensor for detecting
the surrounding single spins. Recently, We study an NV
center, which was incidentally coupled to a single nearby
spin with spin 1/2 [73]. This system can be modeled by
a coupling Hamiltonian

H=DS? +w,S, +wl, +S.AL (6)

To reveal the coupling, we use two protocols of
spin-echo-detected double electron—electron resonance
(known as SEDOR or DEER). In both schemes we ad-
dress the effective two-level system of the NV spin S with
a resonant microwave and perform a Hahn-echo mea-
surement on this system. In this measurement, an initial
/2 pulse prepares the spin in a coherent superposition
l(t =0)) = (|0) +e?[1))/v/2 with ¢ = 0. ¢ evolves over
time, is refocused by the 7 pulse at ¢ = 7 and converted
into population by the final /2 pulse. With replacing
the 7 pulse on the dark spin by an ESR pulse sequence
such as FID. In this way we measure the dark spin’s co-
herence time 75, = 2.3 + 0.1 ps. The FID signal reveals
a beating at 0.89 + 0.03 MHz, which can be interpreted
as a coupling of the dark spin to a nearby nuclear spin
with I = 1/2. These measurements identify the dark
spin as a nitrogen-related N2 defect by comparing the
information we extracted about the hyperfine coupling
and the g factor. Moreover, We polarize the NV and
swap its state with the thermal state of the unpolarized
dark spin and achieve a cooling efficiency of py = 14.3%.
Recently, with cooperation with J. Wrachtrup’s Group,
we extended such sensing technique into nanoscale NMR
[74]. The experimental setup is illustrated in Fig. 7(a),
with a organic material sample on the diamond surface.
The NV center was created near the surface < 10 nm.
The technique for detecting the nuclear spin in the sam-
ple is based on measuring the spin noise near the NV
center with a dynamical decoupling method. The nearby
thermal nuclear spins will lead to a classical magnetic
field noise with a spectral density peaked around the
Larmor frequency. Using multi-pulse dynamical decou-
pling, spin noise from intrinsic nuclei of the diamond lat-
tice is revealed in Fig. 7(b). Under high-order dynamical
decoupling, the spectrum reveals an additional smaller
peak [blue line in Fig. 7(b)]. The small peaks are at-
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tributed to protons from the sample placed on the dia-
mond surface. Its frequency scales linearly with magnetic
field [Fig. 7(b)] with a slope of 4.25+0.04 kHz/G, the gy-
romagnetic ratio of 'H. By comparing with a numerical
simulation, the signal was generated by the 10* closest
protons, corresponding to a detection volume of only (5
nm)?. Such sensitivity is comparable to the state-of-art
magnetic resonance force microscopy (MRFM), which
allows detection and imaging of ensembles of nuclei in
a virus particle [75]. In contrast to the ultralow tem-
peratures needed in MRFM, diamond-based nanomag-
netometer can image nulcear spins under ambient condi-
tions. The single nuclear imaging in room temperature
may be achieved in future with such a marvelous single
center spin. Such nanoscale NMR would have significant
impact on chemical and biological science.

(a) P, ‘* z
*"r!',e ;’1 ¥ i
5% '.'[t ’." Hydrocarbon
L\, o \.
0
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Fig. 7 (a) Experimental setup with the organic sample placed
on the diamond surface. (b) NMR spectrum of nuclei around NV
center.

6 Discussion and outlook

Ever since individual NV centers was controlled coher-
ently, this atoms-like defect in diamonds has become
a popular system favorable by many scientists. Appli-
cations such as magnetic sensing, single photon source
are getting more and more efficient and practical. The
advantage of high fidelity polarization and readout, easy

Jing-Wei Zhou, et al., Front. Phys., 2014, 9(5)
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to rotation and long memory time in room tempera-
ture makes it a promising candidate to build quantum
information processor. Also, there is plenty approaches
proposed to make a large scale quantum computer based
on diamonds. In the same time other defects are also
drawing researchers’ attention [3, 76]. By exploiting the
center’s property and the developing engineering tech-
nique, the road toward a room-temperature QIP device
is promising.
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