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Hybrid quantum system of negatively charged nitrogen—vacancy (NV~) centers in diamond and superconducting
qubits provide the possibility to extend the performances of both systems. In this work, we numerically simulate the
coupling strength between NV~ ensembles and superconducting flux qubits and obtain a lower bound of 10'® cm=3 for
NV~ concentration to achieve a sufficiently strong coupling of 10 MHz when the gap between NV-ensemble and flux qubit
is 0. Moreover, we create NV~ ensembles in different types of diamonds by 14NT and 1,C* ion implantation, electron
irradiation, and high temperature annealing. We obtain an NV~ concentration of 1.05 x 10'® cm~3 in the diamond with
1-ppm nitrogen impurity, which is expected to have a long coherence time for the low nitrogen impurity concentration. This
shows a step toward performance improvement of flux qubit-NV~ hybrid system.
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1. Introduction

Superconducting quantum circuits became one of the
most promising systems to build a quantum computer due
to its rapid progress in recent years. It has great potential
in scaling up!!! and design flexibility.[>~! However, super-
conducting qubits still suffer several difficulties, such as in-
ability of long distance quantum teleportation and lack of
long life time memory. On the other hand, ultra-long coher-
ence time approaching to 1 s has been demonstrated in nega-
tively charged nitrogen—vacancy (NV ™) centers in diamond. 6!
Moreover, NV~ centers have both optical and microwave en-
ergy levels. This makes NV~ centers a suitable candidate for

7-101 which would allow

optics-microwave quantum interface!
optical quantum teleportation between distant distributed su-
perconducting qubits. Hybrid quantum systems of NV~ and
superconducting qubits!''l would largely extend the perfor-
mances of both independent systems.

Creating NV~ ensemble in diamond has been widely
investigated.!'?>~14] Hybrid systems of superconducting qubits
and NV~ centers have also been experimentally demons-
trated.[!>1%] However, increasing the coherence time of NV~
ensembles while maintaining a sufficiently strong coupling
strength remains a challenge. In the previous experiments,
relatively high concentration of NV~ ensembles were used to
achieve a sufficiently strong coupling strength. Dominant de-
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coherence sources in such samples include a large quantity of
P1 centers (i.e., a nitrogen atom substituting a carbon atom)
and the interaction between NV~ centers.!!”! A natural solu-
tion to these problems is to reduce the concentration of P1
centers and NV~ centers in the diamond. However, this will
reduce the coupling strength between NV~ ensemble and su-
perconducting qubits.

Here, we numerically simulate the coupling strength be-
tween NV~ ensemble and a superconducting flux qubit and
obtain a lower bound of 10'® cm™3 for NV~ concentration to
achieve a sufficiently strong coupling of 10 MHz. Then we
create NV~ ensemble in diamonds by three different ways of
electron irradiation, 14N and 1,C™ ion implantation, respec-
tively.

We obtain an NV~ concentration of 1.05 x 10'® cm~3 in
diamond with a relatively low nitrogen impurity of 1 ppm.
This shows the possibility to improve the coherence time of
flux qubit-NV~ hybrid system.

2. Theory

The Hamiltonian of NV~ center!'®! can be described as
Hxy = hDS? +hE (S; —S;) +hgepus B+ S, (1)
where Sy ., are the components of spin-one operator S; z is the

direction of NV axis; D is the zero field splitting (2.878 GHz);
E is the strain induced splitting (< 10 MHz); g. = 2 is the
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Landé factor of NV~ center; ugp = 14 MHz/mT is the Bohr
magneton; /4 is the Planck’s constant.

Superconducting flux qubit is a superconducting loop
broke by three Josephson junctions (or replace the smallest
junction by a direct current (DC) superconduccting quantum
interference device (SQUID) for gap tunability). When bi-
asing the loop near half flux quantum, flux qubit can be ap-
proximated as an effective two-level system described by the
Hamiltonian[?!

h
HFQ = E (AO'Z + EGX) , 2)
where Oy ; are Pauli matrices with o, whose eigenstates cor-

respond to the clockwise and anticlockwise persistent-current

he =21, [qbex — <n+ ;‘1’0)]

is the energy bias; I, is the persistent current; P, is the exter-

states;

nal magnetic flux; @y = h/2e is the flux quantum; A is tunnel-
ing splitting.

The interaction Hamiltonian between flux qubit and NV~
ensembles!'!] is

N
Hipe = h) gl 0 B;- Si, 3)
i

where S; is the spin-one operator of the i-th NV~ center and
B, is the magnetic field generated by the persistent current of
flux qubit at the position of the i-th NV~ center.

For simplicity, we assume that B and E are small enough
to be neglected in Eq. (1). When flux qubit coupled with NV~
ensembles at degenerate point, where € = 0, the total Hamilto-
nian can be simplified into

2

By making the rotating wave approximation, we have

h N
HTot ==-A o, + hz (Dsil + geUB o-xBi ' Sl) . (4)
i

h N
Hro=5A0:+hY [DS?i+8ettsB1i (015 i+0-S11)], (5)
i

where o are the rising and lower operators for the flux qubit,

1
7 (11) (0] +|—1)(0]),

1
=7 (10) (1] +10)(=11)

are the effective rising and lower operators for the NV~ cen-

S+ =
S_
ters and B ; is the component of magnetic field generated by

the persistent current in flux qubit that is perpendicular to the
NV axis. By defining collective operators

1 N
b= G de.uBBJ_,iS—,h (6)
7

1 N
b = pe Y getBBy S+, 7
:

we can consider the NV~ ensembles as a generalized har-
monic oscillator coupled to the flux qubit with the coupling

strength

| N
G= 8elB ZB%_),

Replacing the summation with integral for large scale of en-
sembles with NV~ concentration p, we derive the coupling

G=gettn | [ BLpav. ®)

Note that NV~ centers have 4 possible directions in the dia-

strength as

mond crystal. We assume that NV~ centers in all directions
have the same distribution in the diamond crystal. By a sim-
ple calculation, we can summate the coupling strengths for all
possible directions and obtain

- .
G= \Egeum/ [Bpav. ©)

3. Numerical simulation

Here we aim at finding a lower bound for NV~ concen-
tration to achieve a sufficiently strong coupling between NV~
ensembles and flux qubit, that is, a coupling strength far larger
than the decay rate of both systems. Flux qubit with coher-
ence time larger than 1 s is now available experimentally. ']
NV- ensembles with coherence time ~ s is also available. 20!
Thus we chose a lower bound for the coupling strength to be
G= 10 MHz, which is about 10 times large than the decay
rates of both systems. According to Eq. (9), we can obtain the
lower bound for NV~ concentration as

_3G? 1
P g ” /Bde’

where [ B>dV can be derived by numerically simulating mag-

(10)

netic field generated by the persistent current in the flux qubit
loop.

Figure 1(a) shows an SEM image of a flux qubit device
which follows the design and fabrication process as described
in Ref. [21]. The red part is the qubit loop. By using different
junction parameters, the persistent current /, in the main qubit
loop can be varied from 100 nA to 1 pA. Figure 1(b) shows
a simulation schematic of the hybrid system. The red part is
the qubit loop the same as in Fig. 1(a). The box above the flux
qubit is the NV~ ensemble. We simulate the magnetic field
distribution by finite element analysis. Figure 1(c) shows the
simulated result. We calculate gap dependence of NV~ con-
centration which is required to achieve a 10-MHz coupling
strength for [, = 300 nA and /, = 500 nA, where the gap is
the distance between bottom surface of NV~ ensemble and
top surface of flux qubit. The simulated results give a lower
bound of 9.96 x 10'> cm~3 for NV~ concentration when the
I, is 500 nA and there is no gap between NV~ ensemble and
flux qubit.
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Fig. 1. (color online) (a) SEM image of a flux qubit device. The red part is the
flux qubit loop. The width and thickness of the wire are 300 nm and 80 nm,
respectively. By using different junction parameters, the persistent current /,
in the main loop can vary from 100 nA to 1 pA. (b) Schematic diagram for
the coupling strength simulation. The red part is the flux qubit loop, which
has the same size as in panel (a). The box above the flux qubit loop is the
NV~ ensemble. We simulate the magnetic field distribution by finite element
analysis. (c) Simulated results. We calculate gap dependent NV~ concen-
tration required to achieve a 10-MHz coupling strength for /, = 300 nA and
I, = 500 nA, where gap is the distance between bottom surface of NV~ en-
semble and top surface of flux qubit. The simulated result gives a lower
bound of 9.96 x 10> cm~3 for NV~ concentration when I, is 500 nA and
there is no gap between NV~ ensemble and flux qubit.

To confirm our simulated result, we numerical calculate
the coupling strength between flux qubit and NV~ ensemble in
Ref. [16], where the persistent current I, is 300 nA, the NV~
concentration is 1.1 x 10'8 cm™3, the distance between flux
qubit and NV~ ensemble is 1 pm, and the coupling strength
is measured to be 35 MHz. The simulated result is 10 MHz.
There are two most possible reasons for the difference between
simulated and experimental result: (i) the distance between

flux qubit and NV~ ensemble is difficult to measure; (ii) in
high NV~ concentration sample, NV~ centers will absorb and
scatter photoluminescence from other NV~ centers and reduce
the total photoluminescence, hence reduce the estimated NV ™
concentration. Recently, we also coupled a gradient flux qubit
to NV~ ensemble, where the persistent current 7, is 1.28 uA,
the NV~ concentration is measured to be 8.8 x 10!7 cm™3
and the distance between NV~ sample and flux qubit is es-
timated to be 600 nm. The simulated and experimental cou-
pling strength are 33.5 MHz and 56.5 MHz, respectively. This
shows that our simulated results are quite compatible with the
experimental result.

4. Experiment

We create the NV~ centers in the diamond by 14NT and
12C™ ion implantation, electron irradiation and high tempera-
ture annealing as shown in Table 1. The diamond sample used
in our experiment was fabricated commercially by Element-
6 through using either chemical-vapor deposition (CVD) or
high-pressure high-temperature (HPHT) synthesis. The initial
nitrogen concentration was given as about 1 ppm (1 ppm cor-
responds to 1.76 x 10!7 cm™3 in diamond) and 200 ppm for
CVD samples and HPHT sample, respectively. Each sample
was annealed several times to check the saturated annealing
time. After each annealing process, all samples were boiled in
a 1:1:1 mixture of sulfuric, nitric, perchloric acids for 3 h to
remove any graphitic contamination at the surface.

Optical characterization was performed by using confo-
cal microscopy at room temperature. Light from a commercial
solid-state 532-nm laser was used to excite an optical transi-
tion associated with the NV~ center 3E excited-state mani-
fold. A microscope objective was used to focus the light into
a submicron spot and collect the photoluminescence (PL)
from NV~ centers. A 650-nm long-pass filter filtered out the

Table 1. List of samples and the main results. Initial nitrogen concentration, [N], is given as specified by Element-6. Each sample is
annealed several times to check the saturated annealing time. After each annealing process, samples are boiled in a 1:1:1 mixture of
sulfuric, nitric, perchloric acids for 3 hours to remove any graphitic contamination at the surface.

No.  Synthesis [N]/ppm Radiation Energy/MeV  Dose/cm™2 Annealing process Final NV~ /cm~3
S1 CVD ~1 1Nt 0.5 2.5x 1012 ]O%%Oozcél}‘;j%%;féfé h 9.10 x 10
S2 CVD ~1 14Nt 0.5 2.5x 1013 | 09(%):&3;};’9&%;23 2’8 N 5.79 x 1013
S3 CVD ~1 1aN* 0.5 2.5x 10 | 0%(())00?132}}‘1” 91%%;(5 c3 i‘é h 9.08 x 103
S4 HPHT ~ 200 12C* 0.4 3x 108 1000°C72h 3.78 x 1016
S5 HPHT ~ 200 12C* 0.4 3% 10" 1000°C 72 h 1.91 x 107
S6 CVD ~1 e 15 1x 107 1000 °C 24 h, 1000 °C 48 h 7.71 x 1013
S7 CVD ~1 e 15 3x 107 1000 °C 24 h, 1000 °C 48 h 9.23 x 1013
S8 CVD ~1 e 1.5 1x10'8 1000 °C 24 h, 1000 °C 48 h 1.05 x 1016
S9 HPHT ~ 200 e 15 1x10"7 1000 °C 24 h, 1000 °C 48 h 1.85x 10'°
S10  HPHT ~ 200 e 15 3x 107 1000 °C 24 h, 1000 °C 48 h 6.95 x 1016
S11 HPHT ~ 200 e 15 1x10'8 1000 °C 24 h, 1000 °C 48 h 1.70 x 107
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reflected laser light. The collected photoluminescence was de-
tected by using a single-photon-counter. The NV~ concen-
tration C is estimated for C = Pz /(PsV), where Pg and Ps are
the intensities of the photoluminescence of NV~ ensemble and
single NV~ center, respectively, V is the effect volume of the
detected region, which can be determined by scanning the im-
age of a single NV~ center. In our experiment, Ps and V were
measured to be 4 x 10* counts per second and 0.7 um~3, re-
spectively.

5. Results and discussion

Figure 2 shows the plots of NV concentration versus to-
tal annealing time. The NV concentrations of samples S2 and
S3 are increased at least by 100% after annealing for a total
of 66 hours as compared with annealing for 3 hours. And the
concentrations of samples S6-S11 are increased by about 20%
after annealing for a total of 72 hours as compared with anneal-
ing for 24 hours. This suggests that there is a large quantity
of vacancies that neither recombine with each other nor form
NV centers after annealing for 24 hours. An annealing pro-
cess longer than 72 hours would be useful to increase the NV
concentration and reduce the defects in the diamond crystal.
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Fig. 2. (color online) Plots of NV concentration versus total anneal-
ing time. Datum points in dash line box are measured after anneal-
ing at 900 °C, which are for first two annealing processes of S1-S3 as
shown in the Table 1. Other datum points are measured after annealing
at 1000 °C. Almost all the NV concentrations, expect S1, increase as
the annealing time increases. The reason why S1 does not increase with
the annealing time is unknown for the time being.

Figure 3 shows the plots of NV~ concentration versus
electron irradiation dose. In samples S9—S11, which have ini-
tial nitrogen impurity concentrations of about 200 ppm, NV~
concentrationis roughly proportional to the irradiation dose. In
samples S6-S8, whose initial nitrogen impurity concentrations
are about 1 ppm, the NV~ concentrations increase only about
30% as the irradiation dose increases 9 times. This suggests
that the NV~ concentration is saturated at these doses for sin-
gle electron irradiation. Moreover, sample S8 has a final NV~

concentration of 1.05 x 10'® ¢cm—3

, reaching the lower bound
we estimated previously to achieve a sufficiently strong cou-

pling between flux qubit and NV~ ensemble.

The highest conversion efficiencies from nitrogen impu-
rities to NV~ centers for 1-ppm sample and 200-ppm sample
are 6% and 1%, respectively. The low conversion efficiency
in 200-ppm sample is due to the lack of vacancies. A natural
solution is used to increase the electron irradiation dose. This
will increase the vacancies created by irradiation. In 1-ppm
sample, NV~ concentration is saturated. The possible more
efficient way is to repeat the electron irradiation and high tem-
perature annealing process several turns or irradiate the sample
at high temperature.
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Fig. 3. (color online) Plots of NV concentration versus electron irra-
diation dose. In samples S9-S11, which have initial nitrogen impurity
concentrations of about 200 ppm, NV concentrations are roughly pro-
portional to the irradiation dose. In samples S6-S8, whose initial ni-
trogen impurity concentrations are about 1 ppm. The NV concentration
increases only about 30% as the irradiation dose increases 9 times. This
suggests that the NV concentration is saturated at these doses for single
electron irradiation.

6. Summary

We numerically simulate the coupling strength between
flux qubit and NV~ ensembles and derive a lower bound of
NV~ concentration of about 1 x 10'® cm™ to achieve a suffi-
ciently strong coupling between flux qubit and NV~ ensemble.
Moreover, we create NV~ centers in diamond crystal samples
by ion implantation, electron irradiation and high tempera-
ture annealing. Finally, we obtain an NV~ concentration of
1.05 % 10'® ¢cm~3 in a CVD synthesized diamond sample with
~ 1-ppm initial nitrogen impurity, which is expected to have
longer NV~ coherence time than diamond with higher nitro-
gen impurity. This shows an important step toward improving
the performance of the hybrid system composed of flux qubit
and NV~ ensemble.
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