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Fig. 1. Structures and spin transition properties of a negatively charged NV center: (a) Geometric structure; (b) energy level struc-

ture and spin transition properties.
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Fig. 2. Schematic diagram of quantization axis for NV center.
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Fig. 4. (a) Schematic diagram of phonon field resonance structure; (b) mechanism diagram of phonon field resonance control.
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Table 2. Phonon spectrum analysis results at the characteristic line of the Brillouin zone in the diamond with the NV center
of [1, 1, 1] axis.
R P ISR AT TR RREL WAl ra i
( 1 1 1 )
_ €q1 = = R - By
w1 = [111]+QB[111] 3 V3 V3
A% e =qy=¢qz=¢ " 5 101
“2 = AL L B c«=\" vz’
— A A
= VALL Bl s (oL L V6
q \/67 \/67 3
— A A
wi =\ ATL g T By eq1 = (0,1,0)
AZR(TFZR)(ZQ4k =q,=
)%( 32)( Qf) qx q:=0 wo = Bﬁ - e = (1 0 0)
eq3 = (0,0,1)
— A
w3 =4/Bf 11
— x 2 1 1
@1 = A+ By €q1 = (727 770)
D8k e =0y =0q q:=0 = =
w2 = AT =By en— (- L Lo
q2 27 27
_ z
ws =/ 1) eqs = (0,0,1)
_ M M
wi =\ A T By
€q1 = (0707 1)
MEZ(TZ4%) (FQ% =q,=0 Y,
(r74)(F Q%) 4 =ay wa = \[BY e~ (1.0.0)
M eq3 =(0,1,0
w3 By a = ( )

& A[Al’lyl] = (2f1/3k 1,1 1]Ma) [2 —2cos (qya/2)], B[1 1,1 = (2f1/3k[1,1,1]Mla) [n — ncos (gya)l,

A[El,Ll] = (f1/3k[1,171]Ml‘1) {3 — 2cos (ga/2) — cos (qa) + [2n — 2ncos (ga)]}, B[?Ll] = (f1/3k[1’171]Ml‘1) [1 —cos(qa)],

Cff 14y = (2F1/3kp M7 [2 — 2cos (qa/2)], Al

[1,1,1] —
B]M

[1,1,1] (2f1/3k[1,1,1]Mla) [7] — ncos (qza)]'

3.3 NV &O0HETFRNIZEN

B 5 R AT

1E NV 8.0 | ERRIT 1o PR 7E 4R 3 45 75 734
AR A T HEAT I, HAR BT AR L A e ER
IERBORIG 2, BT LA NV @08 F IR R
GE AT S BT A T AT

TERCPEZRIET, — MR w, BRI W, (q),
WETAMGES o, B 0 DA TR P, IR T3
/R348 (Boltzmann) A exp [~nhw, (q) /(ksT)],
kp 7% Boltzmann 4L, T Jr TP AR E.
WEMER Y, P =1, Pail IR N

3.3.1

= (2f1/3kp,1,11 M) [2 — 2cos (gza/2)],

exp [—nhw, (q) /(ksT)]
Zn:@ exp [~nhw, (q) /(ksT)]
— oo (@)/(aT)] g=nhis (@) /(e T). (31)

Ly = g wo (9)/(ksT) (31) AR Ny

P, =

Pp=1-=7)" (32)
B2 we (q) IR S I RO 24 75 158 (n)
EIYE =%V,
- S nexp—ntw, (q) /(ksT)]
(n) =Y nP, ="
n=0 XZ:O €xXp [—nhwg (q) /(k‘BT)}
o wa (9)/ (kaT) y
Tl e @/T) T (33)

068501-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 70, No. 6 (2021)

068501

fefir (33) X453
T 1+<n<>n>‘ (34)
Ay, AR E Tl B2 ek KR, B
T:@jﬁ%b. (35)
N T R RAN Rl 25 S e Wl NV
ORI IR R, 4546 (21) 201 (35) ZU NV

0 WA i VAR F) AN [ Bl 1] 2540 2 007 1 PRl
TN
_ —hy/ncos [u+2n(oc —1)/3] — b/3

n
kgl
Bn(1+n)

Hofr (n) TR R (36) i, 28w, b,
n )5 NV @0 G WA A0 10 25847 5C. 4
M, W o= 1IN AY 7 TP R, BT L (36) ]
A

T

(36)

—hy/ncosu —b/3

kBln< {n) )

14 (n)
X (L, 1, 1) Rl NV @ gNia, 77 #or

MR E AT AR 3 pra, Hodp, Ta, Ta, Tx

Tvar B R F AL A%k . AL D26

M 2T Ta) 75 F - TR

3.3.2 rb#mRAT

U SN SR B 2 — ) AT ST
Debye RN FAEET NV @04 R g =4k
RRALHEAT LAY, 4850 75 FYERIRT NV 0 4K
A A ) LA I L3

FEE NI NV (Al =4I A2 A, KA 45
TE A BRI, 1Eq — q + dg J7 8] FIHGHN vg IR
B Hdzg H

T =

(37)

v 2 o W (Q) w
W4n(q) d(q) - 2712(Uq)3d 8]

Ho, VS NV @O R AR SSER, B
3/(vg)” = 1/(vn)® +2/(vr)*; o R 1) 745 7300
o SE YN H] 7R I .

H (38) A5 B PR Y NV 0 4RI
A SR h 2 p [wo ()]

_ 3Vw.2(q) _ Vw,?(q) [(UT)B + 2 (UH)B] .

plws (q)] 2n2(vq)3 o2 (vH)3(vT)3
(39)

HRAE (39) T2 P 1 NV fa 4
NI 4 A

_ Vo’ (@) [(00) +2 (um)’]

dzg = (38)

By

2n(vn)* (vr)°
o h (w0)3 (q)
/0 [ehwo(Q)/(kBT) _ 1]2 o (40)
Gl Wm=3<()f(6())¢m N W NV
UH (%)

A WA A IR 5
R (40) =T LIS 2] FRLR 9 NV 00
4 NI B A A i

Ver? @ [0 + 20| fon s, ()
v 2n2 (vg)” (vr)® / 0 ( ’fBTq)
h(ws)’ (q)

[ehwo (@)/(T) — 1] 7 (41)

N1 BT F R 5 S8 AN NV
L RO e, R (21) 2, 2w, (@) =
Vneos[u+2n(c —1)/3]—b/3, ZH u, b, n¥ 5
NV @0 4 W fh Al 1 45894 56, ¥ (21) R
A (40) A (41) AT 53 0 A AT NV (0 4 N
A7 AR AN [ ] S5 48] db A 1 ER BRI AR A 1

23 (1,1, 1) i NV 0 & NIA 5 HOF-fi7 b 4h R
Table 3.  Phonon thermal equilibrium temperature analysis results of the diamond with the NV center of [1, 1, 1] axis.
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Fig. 6. Lattice energy optimization characteristics for the

diamond with NV centers of different axes.
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Fig. 7. Band gap characteristics for the diamond with NV centers of different axes: (a) Without NV center; (b) axis direction of
[1, 1, 1]; (c) axis direction of [1, -1, —1]; (d) axis direction of [-1, 1, —1]; (e) axis direction of [-1, -1, 1].
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Fig. 12. Debye temperture curves of the diamond with NV centers of different axes: (a) Enthalpy; (b) entropy; (c) free Energy.
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Abstract

The nitrogen-vacancy center structure of diamond has attracted widespread attention due to its high
sensitivity in quantum precision measurement. In this paper, a coupled phonon field is used to resonantly
regulate the atomic spins of the nitrogen-vacancy center for improving the spin transition efficiency. Firstly, the
interaction between phonons and lattice energy is analyzed based on the relationship between the wave function
and the lattice displacement vector. The spin transition mechanism is investigated based on phonon resonance
regulation, and the strain-induced energy transferable phonon-spin interaction coupling excitation model is
established. Secondly, the coefficient matrix satisfying Bloch’s theorem is adopted to develop the phonon
spectrum model of the first Brillouin zone characteristic region for different axial nitrogen-vacancy centers.
Considering the thermal expansion, the thermal balance properties of phonon resonance system are analyzed
and its specific heat model is studied based on the Debye model. Finally, the structure optimization model of
different axial nitrogen-vacancy centers under the phonon model is built up based on the molecular dynamics
simulation software CASTEP and density functional theory for first-principles research. The structural
characteristics, phonon characteristics, and thermodynamic properties of nitrogen-vacancy centers are analyzed.
The research results show that the evolution of phonon mode depends on the occupation of the nitrogen-
vacancy center. A decrease in thermodynamic entropy accompanies the strengthening of the phonon mode. The
covalent bond of diamond with nitrogen-vacancy center is weaker than that of a defect-free diamond. The
thermodynamic properties of a defect-free diamond are more unstable. The primary phonon resonance frequency
of diamond with nitrogen-vacancy centers are on the order of THz, and the secondary phonon resonance
frequency is about in a range of 800 and 1200 MHz. A surface acoustic wave resonance mechanism with an
interdigital width of 1.5 pm is designed according to the secondary resonance frequency, and its center
frequency is about 930 MHz. The phonon resonance control method can effectively increase the spin transition
probability of nitrogen-vacancy center under suitable phonon resonance control parameters, and thus realizing

the increase of atomic spin manipulation efficiency.

Keywords: nitrogen-vacancy center, phonon coupling, atomic spin, resonance manipulation
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