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Spin squeezing is a fascinating manifestation of many-particle entanglement and one of the most promising quantum
resources. In this paper, we propose a novel realization of a solid-state quantum spin squeezing by applying SiV centers
embedded in a diamond waveguide with the help of a microwave field. The phenomena about the generation of spin
squeezing are analyzed numerically in Markovian environments. Our analysis shows that spin squeezing can be generated
with the microwave field’s help under some realistic conditions, despite the presence of dephasing and mechanical damping.
This solid-state spin squeezing based on SiV centers in diamonds might be applied to magnetometers, interferometry, and

other precise measurements.
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1. Introduction

A spin squeezed state is from an ensemble of spins whose
fluctuation in one collective spin direction to the mean spin di-
rection is smaller than the classical limit.I'! As an important
quantum resource, spin squeezing has many potential appli-
cations, such as quantum information, quantum measurement,

(23] and quantum network.* Not only

quantum computing,
particle entanglement can be studied, but also the accuracy
of quantum computation can be greatly improved by prepar-
ing the spin-squeezing state.®”! Thus it promotes the devel-
opment of quantum information. !

Two types of spin squeezing called one-axis twisting
model and two-axis twisting models, were provided by Kita-
gawa et al.l'! and Wineland et al.,!°! respectively. At present,
a larger number of spin squeezing schemes were proposed
with the development of quantum information, such as in
Bose—Einstein condensates,!!%!7! quantum non-demolition
measurements, 8201 nuclear magnetic resonance quadrupolar
system,?!1 and a standing-wave optical lattice.[*?!

However, in experiments, the generation of spin squeez-
ing is quite challenging due to the decoherence effects. The
vacancy centers!>3] may be promising candidates to gener-
ate spin squeezing because of their versatile quantum prop-
erties. A number of schemes to generate spin squeezed
states were proposed recently in nitrogen-vacancy (NV) cen-
ter systerms.>>*28 According to recent studies, silicon va-

cant color centers (SiV) are more superior than other vacant

DOI: 10.1088/1674-1056/ac05b3

5.129732] SiV center is formed by a silicon atom replac-

center:
ing a carbon atom in the diamond and then trapping a hole
around it.?3) Since the atoms do not bond with the vacancy,
it makes the electrons extremely sensitive to small changes in
the electrical, magnetic, and optical properties in the surround-
ing environment!*231:341 and is often used in the related re-
search of spin-mechanical hybrid devices.?>! The neutral SiV
in diamond is a candidate material for quantum network due
to optical properties and long spin coherent time.*®! Besides,
negatively charged SiV, which has good spectral characteris-
tics and prepares spin states easily, is used in quantum com-
munication, quantum information, and sensor areas. 3136391
Therefore, spin squeezed states in SiV systems may play an
important role in the progress of science and technology.

In this paper, we propose an effective scheme to prepare
the spin squeezed states by coupling SiV centers into one-
dimensional diamond waveguides.?>#%~*2] We derive the evo-
lutions of spin squeezing in this system. The performance of
spin squeezing with the spin numbers, the microwave field and
other related parameters are studied. The results show that the
perfect spin squeezing can be created even in the presence of
spin relaxation induced by mechanical dissipation. The ar-
rangement of this paper is as follows. We propose the model
under study and give a brief explanation in Section 2. Then,
we derive the Hamiltonian of the whole system and its com-
plete dynamic description. The spin squeezing of the scheme
is numerically studied in Section 3. We summarize this work
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and draw conclusions in Section 4. The mean values of the
relevant mechanical quantities are presented in Appendix A.

2. The model and master equation

The theoretical model is shown in the Fig. 1(a), where N
SiV centers are uniformly arranged in a one-dimensional dia-
mond waveguide. Due to SiV orbital states’ inversion symme-
try, the lack of the permanent magnetic moment for an electric
couple decreases its response to local environmental charge

343441 The optical ground state contains two dis-

fluctuations. !
tinct electronic configurations corresponding to the presence
of the unpaired hole in one of the even-parity orbitals e
and e;_. Physically, the two branches in the optical ground
state correspond to the occupation. In a zero magnetic field,
the degeneracy of these orbitals is broken by spin—orbit cou-
pling leading to frequency splitting A = 27 x 46 GHZ.[38!
Upon applying a magnetic field, the degeneracy between the
spin—orbit eigenstates is further broken and split into two sub-
levels within each orbital branch corresponding to different
spin states of the unpaired hole. Therefore, SiV centers are
equivalent to the four-level systems, consisting of two dou-
blets. The energy gap is determined by spin—orbit interac-
tions and a weak Jahn-Teller effect to the item, as shown
in Fig. 10). fegs 1) ~ [1). e 1) ~ [2). leg— 1) ~ [3) and
leg+ 1) ~ 14).

() - -

(b)
leg+,T)
A Q‘k Ieg_fl’)
|eg_7T>
- gt )

Fig. 1. (a) The SiV color centers are uniformly placed in a one-dimensional
diamond waveguide. The length, width and height of the waveguide are /,
m and n, respectively, with [ > {m,n}. (b) Splitting of energy levels in a
magnetic field B;.

The spin mechanical dynamics for the system can be de-

scribed by Hamiltonian (33!
H:Hsiv +I:Iim+1:1ma (D

where the first term in A is the dynamic description of N SiV
color centers in the waveguide, the second term is the inter-
action between SiV centers and the one-dimensional diamond

waveguide, and the last term is the Hamiltonian of the one-
dimensional diamond waveguide. These three terms are de-
noted by

Hgy = @[2)(2|+A[3)(3] + (wp +A)[4) (4]

1 S
+51Qe Wl (12) (3] + 1) (4]) +H.C],
A N ~ A
Hi = Y glb(13)a (1] + 140 (2]) + (11)a (3] + 2)a(4)5],

Hy = onb'b, 2)

(htom) /(2plmn)
is SiV center’s the spin—phonon coupling constant, d/27 ~
1000 THz is the strain sensitivity, Wy ~ 27 x 46 GHz is the
mechanical frequency, and A is the detuning of the spin—

where wg is the Zeeman energy, g ~ (d/v)

phonon couplings. The group velocities for a longitudinal
squeezing is v = 1.7 x 10%* m/s and a transverse flexural mode
is v = 0.73 x 10* m/s.[3343] b and b' are annihilation and cre-
ation operators of the oscillating mode, respectively. In this
paper, to obtain spin squeezed states, we consider the case
B, — 0. Then SiV center spins can be simplified to a two-
level system denoted as |1/) and |3/), and the spin-conserving
lowering operator is simplified to 67 — |17)(3/|. The collec-
tive spin operators are defined as J/_ = (/, )" = X\, [17) (3],
Jo=(1/2)(J-+J}), and J, = (i/2)(J- — J}), satisfying

[Aa, AB] = iSaﬁyf,
[AJraff] - 2‘];a
VAV EEES 3)

with €,p, the Levi-Civita symbol, and the Hamiltonian then
can be represented as

H = 0nb'b+ ouf, +ge(b'T_ +bJ,), )

where g. ~ v/Ng is the collective coupling strength, and @ ~
D =~ 271 x 46 GHz is the resonance frequency of SiV spins.
In the large detuning condition g¢ < A = |@s — Oy | and in a
frame rotating at the mechanical frequency @y, by perform-
ing the Frolich—Nakajima transform Her = e RAeR to Ay =
AJ, +ge(b'J_4b'J,), we obtain an effective Hamiltonian 3!

Hetr ~ (A + A +2AD6b)J, — AJ2, (5)
where A = g2/A is the coupling strength of the effective spin-
spin interactions. Adding the microwave field between this

two-level system, Hamiltonian of the whole system can be
written as

Her = (A+ A 4+240'D) ], — AP+ Q(J +7),  (6)

where (2 is effective Rabi frequency. For convenience, we set
a=A+A+2Ab"b, b= 2 and c = 2Q. Then, the effective
Hamiltonian can be written in the following form:

Hei ~ al, — bfz2 +cl. ©)]
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Since the environment will inevitably influence the system, to
fit the actual situation, we consider the decoherence and spin
relaxation of the system and write the Markovian Lindblad
master equation as

dp(r)

vl —i[Hefr, p] + 1D ()

+(ng + DID) +np[W DAL, (8)

where ng, = (e"®@n/k8T _ 1)~ is the number of thermal phonon
at the environment temperature 7" with Boltzmann constant kg.
The super operator D satisfies D(A)p = ApA™ — (1/2)ATAp —
(1/2)pATA for a given operator A. Collective spin relaxation
induced by mechanical dissipation is described in the last two
terms with I, = ymgg / A? with Ym the decay of mechanical
modes. We will demonstrate that the spin squeezing will sur-
vive under such dissipative conditions.

3. Analysis of spin squeezing

To create spin squeezed state, we initially prepare the
SiV ensemble in a coherent spin state along the x-axis of
the Bloch sphere. Thus the initial conditions are (J;) = 0,
(2)=0/2, (=) = (Js) =1 (J2) = (J}) =T (= (1/2)) and
(JJ-)y = (J1J;) = —J /2. We employ the spin squeezing pa-
rameter £2 to ascertain spin squeezing,!>?#¢1 which can be
defined as

N{(AJZ. )
2 min
= —, 9
g )2 )
where

Ay = Lpgp \/12 I +4(,0.)2, ), (10
< min>_§ <y+z>_ (<y_z>)+<yz>ss ’( )

N 1 ~ 0 .

< hd Z>89 = §< )’Jz +-]z~]y>

1
= E<2J+JZ—2J,JZ+J++J,). (11

The detailed calculation of the mean values used in &2 is
shown in Appendix A. When the spin squeezing parameter
is equal to 1, it corresponds to the coherent state; When the
parameter satisfies £ < 1, it is a spin squeezed state.

Firstly, we consider the time evolution of spin squeezing
with different spin number N when the microwave field is ab-
sent (¢ = 0). According to the simulation results in Fig. 2(a),
the degree of spin squeezing becomes strong as the spin num-
ber N increases. However, the change will not be obvious
when N reaches 300. This kind of spin squeezing can oc-
cur with the absence of microwaves, which was confirmed in

1331 Then, we pay attention to the case in the

previous studies.
presence of a microwave field (¢ # 0). As shown in Fig. 2(b),
the existence of a microwave field has a noticeable influence

on the spin squeezing of the system. We observe that the

degree of spin squeezing mounts significantly with varying
growth values of the enhancive microwave field ¢ (¢ = 2Q¢).
Moreover, the simulation results show that long time and high-
intensity spin squeezing appear with the increase of the ra-
tio ¢/a, until ¢/a = 1. This is because the spin direction of
SiV centers changes under the action of an external microwave
field, which results in a stronger coupling effect and a higher
degree of squeezing. Therefore, it is more significant that the
desired spin squeezing effect can be achieved by applying and
adjusting the external microwave field’s intensity and direc-
tion. In particular, due to the D34 anti-symmetry structure of
SiV, we can reasonably adjust the magnetic field direction ac-

cording to the symmetry axis of Cj.[?]
(a) 1.0{ 'r (b) 1.0
!
0.8\ N 0.8
WY
0.61"" 0.6
2 —¢=0, N=50 2L
¢=0, N=100 —c¢=0
04F =0 N=150 0.4 c=0.8
c=0, N=200 —c=1.6
0.2 c=0, N=250 0.2 c=24
~-¢=0, N=300 —c=32
c=4.0
0 0
2 4 6 8 10 2 4 6 8 10
t (1073) t (107?)

Fig. 2. Time evolution of spin squeezing parameter &2 with (a) different spin
number N and (b) different value of microwave field c. The parameters are
(@)a=b=4,c=0, ny =100, I, = 0.05 and % = 0.1 with different spin
number (N = 50, 100, 150, 200, 250, 300 for the solid blue line, dashed cyan
line, solid magenta line, dashed green line, solid yellow line and dashed red
line, respectively); (b) N =100, a = b =4, I}, = 0.05 and %, = 0.1 with dif-
ferent value of microwave field (¢ =0, 0.8, 1.6, 2,4, 3.2, 4.0 for the solid blue
line, dashed cyan line, solid magenta line, dashed green line, solid red line
and dashed yellow line, respectively).

Next, let’s focus on the related parameters in the effective
Hamiltonian for Eq. (7). In Fig. 3, we plot the time evolution
of the spin squeezing parameter &2 with different a and b. As
shown in Fig. 3(a), long time and high-intensity spin squeez-
ing can be obtained with the downtrend of ratio a/c, that is,
the preferable spin squeezing states will be obtained with the
smaller ratio a/c. However, the ratio a/c should not be less
than 1, because the degree of spin squeezing does not change
significantly in this case. Figure 3(b) shows that the period
of spin squeezing decreases, the maximum spin squeezing in-
creases corresponding to the minimum value of £, as b/c de-
creases.

Inspired by the results in Figs. 2 and 3, we are aware of
the strength and survival time of spin squeezing reach optimal
values when a = b = c. In Fig. 4(a), we plot the time evolutions
of spin squeezing with different numbers of SiV centers for a
finite temperature. The results show that the relatively large
spin numbers not only increase the maximum spin squeezing
but also prolong the survival time of the whole process be-
cause the degree of spin squeezing is positively correlated with
the number of particles N. The more SiV centers in a one-
dimensional quasi-diamond waveguide, the stronger coupling
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between different SiV centers and the easier spin squeezing
generating. If the number of spin N continues to increase, &2
will approach 0. It indicates that the squeezing amount can be
increased indefinitely by increasing the total number of SiV
centers. However, the more SiV centers there are, the higher
loss rate will be increased in the experiment.

1.0
(a) (b) 10
0.8 0.8
. 06 . 06
W W
0.4 _ ) —b=0.8
7(1:1;2 0.4 b—16
\ a= —b=24
0.2 7(1:%@ 0.2 b=3.2
—2236 —b=4.0
% 2 4 6 % 5 10 15

t (107%) t (107?)

Fig. 3. Time evolution of spin squeezing parameter £ with (a) different value
of a and (b) different value of b. The parameters are (a) b = ¢ = 4, ny, = 100,
N =100, % = 0.1, and I, = 0.05 with different a (a = 4,12,20,28,36 for
the solid blue line, dashed cyan line, solid magenta line, dashed green line
and solid red line, respectively); (b) a = ¢ =4, ng, = 100, N = 100, % = 0.1,
and Iy, = 0.05 with different b (b = 0,0.8,1.6,2,4,3.2,4.0 for the solid blue
line, dashed cyan line, solid magenta line, dashed green line and solid red
line, respectively).

Also, we need to consider the effect of the thermal phonon
number related to the selection of ambient temperature on the
system. In Fig. 4(b), the high-intensity spin squeezing with a
longer period will be obtained with the decrease of the thermal
phonon number or the decrease of the environment tempera-
ture. The reason is that the decoherence effect will be weak-
ened with the decrease of temperature. So the coupling be-
tween spins will be enhanced, and the stronger spin squeezing

will be reflected simultaneously.

1.0 1.0
(a) (b)
0.8 0.8
0.6 0.6
W W
0.4 0.4 g, =100
D,
0.2 — N=150 0.2 — Mgy = 200
N=200 ng, = 250
0 — N=300 0 — ny, = 300
0 5 10 0 5 10
t (1073) t (1073)

Fig. 4. (a) Time evolution of spin squeezing parameter &2 with different
spin number N. The parameters are a = b = ¢ = 4, ng, = 100, I, = 0.05,
% = 0.1 with different spin number N (N = 50,100, 150,200,300 for the
solid blue line, dashed cyan line, solid magenta line, dashed green line and
solid red line, respectively). (b) Time evolution of spin squeezing parameter
&2 with different thermal phonon number ng,. The parameters are N = 50,
a=b=c=4,I,=0.05and % = 0.1 with different thermal phonon number
ny (ng, = 100, 150,200,250, 300 for the solid blue line, solid green line, solid
magenta line, solid cyan line and solid red line, respectively).

Since the system inevitably interacts with the environ-
ment, we need to consider the effect of decoherence on the
system. Based on a complete description of the dynamic evo-
lution of the system, the influences of the dephasing () of
the SiV spins, and the decay of the mechanical modes (Iy,) on

spin squeezing are analyzed respectively, as shown in Fig. 5.
As we would expect, the time range of spin squeezing may
be prolonged as the decay rate Iy, decreases in Fig. 5(a). The
weaker of the decay rates are, the longer the system’s dynam-
ics will maintain. Moreover, by choosing different dephasing
(%) in Fig. 5(b), it shows that the time range and spins squeez-
ing degree almost remain the same. This is because the lower
dephasing (s), the less affected of the system, and the trend of
squeezing time and squeezing degree are increasing. As such,
to achieve the maximum spin squeezing, the dephasing (%) of
the SiV spins and the decay of the mechanical modes should
be as small as possible.

(a) 1.0 (b) 1.0
0.8\/ 0.8

0.6 0.6
U U
0.4 0.4
— I, =0.10
0.2 I,=0.08 0.2
—I,,=0.06
0 r,=0.05 0
0 5 10

t (107%)

t (107%)

Fig. 5. Time evolution of spin squeezing parameter £2 with (a) different
value of effective mechanical decay rate Iy, and (b) different value of spin
dephasing rate . The parameters are (a) a = b = ¢ =4, ny, = 100, N = 50,
% = 0.1 with different effective mechanical decay rate I, (I;, = 0.1, 0.08,
0.06, 0.05 for the solid blue line, solid cyan line, solid magenta line and solid
green line, respectively); (b) a = b = ¢ =4, ng, = 100, N = 50, I, = 0.05
with different spin dephasing rate % (% = 0.1, 0.01, 0.001 for the solid blue
line, solid red line and dashed green line, respectively).

4. Conclusion

One major advantage of building this kind of quantum
device with SiV center rather than other solid-state systems
is that SiV systems are typically more easily integrated into
nanofabricated electrical and optical structures.*”*8! For ex-
ample, a NV center in a diamond causes coupling to nearby
electric field noise, which shifts its optical transition frequency
as a function of time. However, SiV center is immune to this
spectral diffusion to first order by its inversion symmetry and
undoubtedly becomes an ideal candidate for integration into
diamond waveguides. Another advantage is the excellent op-
tical coherence property for SiV centers. We can characterize
the optical coherence properties of SiV centers in nanostruc-
tures by photoluminescence excitation spectroscopy.’! SiVv
centers have narrow transitions with I}, /2w = 410 + 160 MHz,
which is about 4 times than the lifetime limited linewidth
v/2m = 94 MHz. The ratios I;/y for SiV centers are much
lower than the values for NV centers I, /v = 100-200.47]

Moreover, when SiV centers are coupled to diamond
waveguide, we need to choose the appropriate waveguide di-
mensions and set the distance L = a\/m (331 be-
tween the adjacent SiV centers reasonably according to the
actual situation. The preparation of spin squeezing efficiency
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and the performance of the system will be impacted due to the
distance between the adjacent SiV centers in the case of deco-
herence. In the above parameters, ¢ is a parameter character-
izing the band curvature, and a is the lattice constant. We can
choose the model’s experimental values of the parameter [ ~
20 um, m ~ 0.1 pum, n ~ 0.1 um, p = 3500 kg/m3, the Poisson
ratio v = 0.2 and the Young’s modulus E = 1050 GPa,33%]
then the coupling constant is g ~ 3400 kHz.

In summary, it is feasible to prepare spin squeezing
Under
the condition of large detuning, to obtain high-strength spin

by coupling SiV centers into diamond waveguides.

squeezing with a long survivable time, we can decrease the
environment temperature or increase the number of spin num-
bers. The application of the external microwave field effec-
tively increases the degree of spin squeezing and prolongs the
duration of the spin squeezing state. Furthermore, the stronger
the degree of spin squeezing, the more difficult it is to maintain
spin squeezing in the decoherence environment, which is ex-
pressed as Iy, in the theoretical study. Therefore, the influence
of decoherence on the system should be minimized. In prac-
tice, we can reduce the effect of decoherence on the system by

improving the quality and purity of the materials.

Appendix A: Expectation of collective operators
with time evolution

In this part, we calculate the average values that enter
the variance of Eq. (9). It is well know that the evolution
of the spin average for an operator A can be described by

d(A)/dt

= Tr(Ap), as is shown in the following equation:

d§f> = ([ Aen]) + 35 (o A) 1) + (A, )
%Fm (nn+1) (([J, Al J) + (L [AT-]))
1

T (0 [AL D)+ (A 2)). A

With the help of Eq. (A1), we can obtain the following equa-
tions easily:

d{f) ¢
ar  2i

W) aldyviety+iv

2(2d )+
B+ Tl D ()
—Amnth (<fZ‘]A*> + <f7>) ’

(A3)
d(J? ¢ . .
GE) oy ()]

I (nn+ 1) [ =27 (J+ 1) (L) +2(J3)

(V4200 7))

(A4)

—L = 2ia (P2 ) +ib (2(L2)+2(° L))

+ic (2(LI) +{(J2)) —2% (J2)
+Ln (1) (2(L2) + (7))

Lo (2A2) +3(2))

[o) +2ib (2T ) +ib (J.J-)

(A5)
= —1a<

+§ (£ )= (2)) =30 (i)

() -2(R)

j
)]

— ([
+anth [J (J+1
2(

—4(JJ-) — (A6)
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