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Fig. 1. Experimental setup for an ultra-cold atoms trapped
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inside a high-finesse optical cavity driven by a pump laser
in the z direction. While, a nanomechanical oscillator inter-

acts with the optical cavity in the z direction.
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Fig. 2. The average photon number <aTa> /N as a function of the atom-field coupling strength g.
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Fig. 3. The average photon number’s phase diagram of the atom-field collective coupling strength and the temperature for different

atom-light nonlinear interaction strength with the disappeared phonon-photon coupling constant & = 0 (MHz).

193701-6


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. 68, No. 19 (2019)

193701

IR IX AT AR TR0, (RN AR RE 1A 4
.

3.3 HlHRF R0 T B4 E

Kl 4 (al)—(cl) 2 ZF i (T = 0(nK)) A,
AR R F- AR L A BAE R R, P07
BT R - AR A SR A T ARt
HAEF (g — & i) AIRARL XFEEE 4(al) R 4(b1)
o & 4(cl) MIE 4(b1), AR HT-obdELtt:
FE AR 9 {8 (U = —30 (MHz)) B, #0728 5 4
F, NP 3| SP () B A IR, H SP By, Z,

(1)T=0nK U= —30 MHz

&/MHz

g/MHz

U =0 MHz

£/MHz,

0.4 0.8 1.2
g/MHz

U =30 MHz

£/MHz

0.4 0.8 1.2
g/MHz

Ji LA LA B AE H M IE(E (U = 30 (MHz))
i, AHAS 2R, NP 2] SP i B MR $ A, H
SP XK. RIRFRAT & BL: Mok 1L Ik
LM B AEHAETERT, bR T 28k NP 2| SP 1y
I ARAR AL, B2 L NUS (0 X, o X4 3
ARErCT k. [ FRAT A5 W IR -k
LRMEAHE AR 22 NUS XIS B k. 18] 4(a2)—
(c2) A RIEEE (T =140 (nK)) &, 7EA A Y Ji
FOLARL A EAE T, FEEFEOCT IR
TR A R A T TR AR
((g— &) Firm) RIFHIEL. 2 & 4(1) HE 4(2) #47xF

(2)T=140 nK U= —30 MHz

£/MHz

g/MHz

U =0 MHz

£/MHz,

0.4 0.8 1.2
g/MHz

U =30 MHz

£/MHz,

0.4 0.8 1.2
g/MHz

K4 ST ORI EAE R T, P EDE T HOC T BT84 582 A S Ot T AR LA EAR AR E (¢ — &) BARIE, Horp

HHRIEESH AT = 0mK) (1) T = 140 (nK) (2)

Fig. 4. The phase diagram about the average photon number of atom-field collective coupling strength and the nonlinear photon-

phonon interaction for different atoms-light nonlinear interaction strength with different finite temperature” = 0 (nK) (1) and

T = 140 (nK) (2).
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Fig. 5. The phase diagram about the average photon number of the atoms-light nonlinear interaction and temperature for different

atoms-field collective coupling strength, where the nonlinear photon-phonon interaction £ = 50 (MHz).
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Fig. 6. Variations of the average photon number <aTa> /N with respect to the atom-light nonlinear interaction U . The given para-
meters are the atom-field coupling strength (a)g = 0.7 (MHz) and (b)g = 0.75(MHz), the temperatureT = 80 (nK) and the
photon-phonon nonlinear coupling strength £ = 50 (MHz) .
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Fig. 7. The average energy Eg as a function of the atom-field collective coupling strength.

193701-9


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 68, No. 19 (2019)

193701

MG (24) 20, Bl 8 45 T HbE R - 88 & ik
FER AR L.

8 432 T #5RE ((a) Ac = —20 (MHz))
R ((b) A=0(MHz) ) FILTKIE ((c) A.=20 (MHz))
iF, A BRIEJE T = 140 (nK) (Z1.£8) F1 T = 100 (nK)
(WEZR) T Wbl i1 S AR 5 i B 8 AR 2 4.
HAZEZHUE¢ = 50(MHz), wy = 0.047 (MHz),
U =20 (MHz). &A1& BL: Joit NP if & SP A,
A BRI FE S (T = 140 (nK) ) BFXF R 9905 115 48 22 1o
TR (T = 100 (nK) ) B 5, I FLA7E = 1A BIR YR
TIAHAR S K AR . R B TR T i
K, AFEBA BRI T 5 # skl T, X
VLSRR A SR 2 = BEA T Y, 7R 1% )&

1.2

(a) A— o
.= —20 MHz

U =20 MHz
£ =50 MHz
Red T'=140 nK
Blue T'=100 nK

0.8 F

0
0.4t
gc§
0 . . : f :
0 0.4 0.8 1.2
g/MHz
1.2
(b) _
A.=0 MHz
I U =20 MHz
£ =50 MHz
0.8 F Red T'= 140 nK
Blue T'=100 nK
w0
0.4
0
0 0.4 0.8 1.2
g/MHz
1.2
()
0.8 F
A. =20 MHz
0 U =20 MHz
£ =50 MHz

0.4t Red T'=140 nK
Blue T'=100 nK

L el g N
0 0.4 0.8 1.2 1.6 2.0
g/MHz

B8 WS BT - AR5 R g 11l
Fig. 8. Entropy S as a function of the atom-field coupling
strength g.

F8 il 3 L PN AN 32 Gk 7 BT B2 ), (EL: TR 8(c)
A, W MR TR SRR,

5 & %

ATVRH B I AR AT T & A TR -
SeAEL A AR BEC-JECHLIN R S 7E A PRI
FE T (AR AR A S A E Ty 2 . 3 3 i ) B A A
SO RS R, TS th RG24
Sl AR RN AT TR A R X AR R 25 Al
2, AP FE A TR R i T ia e
PEITHT, BRI B AN R AR MR 5 o i AR
1, BZGR T kA NP 2| SP 1 i A28 41,
o BLTCRRE G FEUR 1 NUS. [RS8
AT 2= e T RG22, k)
VAL g, AR NP R w8k, MR A 2 R
IR G R EE RN, R EsCh . K ATiE
KB B RGP AR Al AR AR
U TS 5 R I g IR T % 5l , SP X 5
A N T SN0 o | 225 0 0 E I (9 e O 1
A8 R )-SR G R g WS N T m #% 5)), SP
B Y 5 SGAR L AR B P 24 X (R B —
EHRE, SPIX & 5g ek, et/ NP 3|
SP [ B & FAHAR R FAETE, RO A R
KA. BAR NUS A IEZL 40, (HER 2 e
PR AR IS, SR ARG M PO TS R AT i
F NUS.

S 30k

(1] Braginsky V B, Vorontsov Y I, Thorne K S 1980 Science 209
547

[2] LiuN, Li J D, Liang J Q 2013 Phys. Rev. A 87 53623

[3] Chen X, Liu X W, Zhang K Y, Yuan C H, Zhang W P 2015
Acta Phys. Sin. 64 164211 (in Chinese) [R5, XIBE, =FH
A&, g T 2015 PIBEAEAE 64 164211

[4] Aspelmeyer M, Kippenberg T J, Marquardt F 2013 Rev. Mod.
Phys. 86 1391

[5] Mancini S, Tombesi P 1994 Phys. Rev. A 49 4055

[6] Arcizet O, Cohadon P F, Briant T, Pinard M, Heidmann A,
Mackowski J M, Michel C, Pinard L, Francais O, Rousseau L
2006 Phys. Rev. Lett. 97 133601

[7] Dorsel A, McCullen J D, Meystre P, Vignes E, Walther H
1983 Phys. Rev. Lett. 51 1550

[8] Baumann K, Guerlin C, Bremnecke F, Esslinger T 2010
Nature 464 1301

[9] Ritsch H, Domokos P, Brennecke F, Esslinger T 2013 Rev.
Mod. Phys. 85 553

[10] Padhi B, Ghosh S 2013 Phys. Rev. Lett. 111 043603
[11] Sondhi S L, Girvin S M, Carini J P, Shahar D 1997 Reuw.

193701-10


http://dx.doi.org/10.1126/science.209.4456.547
http://dx.doi.org/10.1126/science.209.4456.547
http://dx.doi.org/10.1126/science.209.4456.547
http://dx.doi.org/10.1126/science.209.4456.547
http://dx.doi.org/10.1103/PhysRevA.87.053623
http://dx.doi.org/10.1103/PhysRevA.87.053623
http://dx.doi.org/10.1103/PhysRevA.87.053623
http://dx.doi.org/10.1103/PhysRevA.87.053623
http://dx.doi.org/10.1103/PhysRevA.87.053623
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.1103/PhysRevA.49.4055
http://dx.doi.org/10.1103/PhysRevA.49.4055
http://dx.doi.org/10.1103/PhysRevA.49.4055
http://dx.doi.org/10.1103/PhysRevA.49.4055
http://dx.doi.org/10.1103/PhysRevA.49.4055
http://dx.doi.org/10.1103/PhysRevLett.97.133601
http://dx.doi.org/10.1103/PhysRevLett.97.133601
http://dx.doi.org/10.1103/PhysRevLett.97.133601
http://dx.doi.org/10.1103/PhysRevLett.97.133601
http://dx.doi.org/10.1103/PhysRevLett.97.133601
http://dx.doi.org/10.1103/PhysRevLett.51.1550
http://dx.doi.org/10.1103/PhysRevLett.51.1550
http://dx.doi.org/10.1103/PhysRevLett.51.1550
http://dx.doi.org/10.1103/PhysRevLett.51.1550
http://dx.doi.org/10.1103/PhysRevLett.51.1550
http://dx.doi.org/10.1038/nature09009
http://dx.doi.org/10.1038/nature09009
http://dx.doi.org/10.1038/nature09009
http://dx.doi.org/10.1038/nature09009
http://dx.doi.org/10.1103/RevModPhys.85.553
http://dx.doi.org/10.1103/RevModPhys.85.553
http://dx.doi.org/10.1103/RevModPhys.85.553
http://dx.doi.org/10.1103/RevModPhys.85.553
http://dx.doi.org/10.1103/RevModPhys.85.553
http://dx.doi.org/10.1103/PhysRevLett.111.043603
http://dx.doi.org/10.1103/PhysRevLett.111.043603
http://dx.doi.org/10.1103/PhysRevLett.111.043603
http://dx.doi.org/10.1103/PhysRevLett.111.043603
http://dx.doi.org/10.1103/PhysRevLett.111.043603
http://dx.doi.org/10.1103/RevModPhys.69.315
http://dx.doi.org/10.1103/RevModPhys.69.315
http://dx.doi.org/10.1126/science.209.4456.547
http://dx.doi.org/10.1126/science.209.4456.547
http://dx.doi.org/10.1126/science.209.4456.547
http://dx.doi.org/10.1126/science.209.4456.547
http://dx.doi.org/10.1103/PhysRevA.87.053623
http://dx.doi.org/10.1103/PhysRevA.87.053623
http://dx.doi.org/10.1103/PhysRevA.87.053623
http://dx.doi.org/10.1103/PhysRevA.87.053623
http://dx.doi.org/10.1103/PhysRevA.87.053623
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.7498/aps.64.164211
http://dx.doi.org/10.1103/PhysRevA.49.4055
http://dx.doi.org/10.1103/PhysRevA.49.4055
http://dx.doi.org/10.1103/PhysRevA.49.4055
http://dx.doi.org/10.1103/PhysRevA.49.4055
http://dx.doi.org/10.1103/PhysRevA.49.4055
http://dx.doi.org/10.1103/PhysRevLett.97.133601
http://dx.doi.org/10.1103/PhysRevLett.97.133601
http://dx.doi.org/10.1103/PhysRevLett.97.133601
http://dx.doi.org/10.1103/PhysRevLett.97.133601
http://dx.doi.org/10.1103/PhysRevLett.97.133601
http://dx.doi.org/10.1103/PhysRevLett.51.1550
http://dx.doi.org/10.1103/PhysRevLett.51.1550
http://dx.doi.org/10.1103/PhysRevLett.51.1550
http://dx.doi.org/10.1103/PhysRevLett.51.1550
http://dx.doi.org/10.1103/PhysRevLett.51.1550
http://dx.doi.org/10.1038/nature09009
http://dx.doi.org/10.1038/nature09009
http://dx.doi.org/10.1038/nature09009
http://dx.doi.org/10.1038/nature09009
http://dx.doi.org/10.1103/RevModPhys.85.553
http://dx.doi.org/10.1103/RevModPhys.85.553
http://dx.doi.org/10.1103/RevModPhys.85.553
http://dx.doi.org/10.1103/RevModPhys.85.553
http://dx.doi.org/10.1103/RevModPhys.85.553
http://dx.doi.org/10.1103/PhysRevLett.111.043603
http://dx.doi.org/10.1103/PhysRevLett.111.043603
http://dx.doi.org/10.1103/PhysRevLett.111.043603
http://dx.doi.org/10.1103/PhysRevLett.111.043603
http://dx.doi.org/10.1103/PhysRevLett.111.043603
http://dx.doi.org/10.1103/RevModPhys.69.315
http://dx.doi.org/10.1103/RevModPhys.69.315
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. 68, No. 19 (2019)

193701

12]
[13)
[14]
[15]
[16]

(17]

(18]

Mod. Phys. 69 315

Huang S, Liu N, Liang J Q 2018 Acta Phys. Sin. 67 183701
(in Chinese) [HEHt, X%, FIULM 2018 PyH2E4iz 67 183701]
Emary C, Brandes T 2003 Phys. Rev. E 67 066203

Popov V N, Fedotov S A 1982 Theor. Math. Phys. 51 363
Lian J L, Liu N, Liang J Q, Chen G, Jia S T 2013 Phys. Rev.
A 88 043820

Sun Q, Hu X H, Liu W M, Xie X C, Ji A C 2011 Phys. Rev.
A 84 023822

Sun Q, Hu X H, Ji A C, Liu W M 2011 Phys. Rev. A 83
043606

Wang Z M, Lian J L, Liang J Q, Yu Y, Liu W M 2016 Phys.
Rev. A 93 033630

(19]
(20]
(21]
[22]
(23]
(24]

[25]

[26]

193701-11

Nagy D, Kénya G, Szirmai G, Domokos P 2010 Phys. Rev.
Lett. 104 1041

Wang Y K, Hioe F T 1973 Phys. Rev. A 7 831

Hioe F T 1973 Phys. Rev. A 8 1440

Santos J P, Furuya K, Semidao F L 2010 Phys. Rev. A 82
063801

Groblacher S, Hammerer K, Vanner M R, Aspelmeyer M
2009 Nature 460 724

Liu Y C, Xiao Y F, Luan X, Gong Q, Wong C W 2015 Phys.
Rev. A 91 033818

Zhang Y W, Lian J L, Liang J Q, Chen G, Zhang C, Jia S T
2012 Phys. Rev. A 87 811

Popov V N 1981 Zap. Nauchn. Sem. LOMI 101 128


http://dx.doi.org/10.1103/RevModPhys.69.315
http://dx.doi.org/10.1103/RevModPhys.69.315
http://dx.doi.org/10.1103/RevModPhys.69.315
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.1103/PhysRevE.67.066203
http://dx.doi.org/10.1103/PhysRevE.67.066203
http://dx.doi.org/10.1103/PhysRevE.67.066203
http://dx.doi.org/10.1103/PhysRevE.67.066203
http://dx.doi.org/10.1103/PhysRevE.67.066203
http://dx.doi.org/10.1007/BF01029262
http://dx.doi.org/10.1007/BF01029262
http://dx.doi.org/10.1007/BF01029262
http://dx.doi.org/10.1007/BF01029262
http://dx.doi.org/10.1007/BF01029262
http://dx.doi.org/10.1103/PhysRevA.88.043820
http://dx.doi.org/10.1103/PhysRevA.88.043820
http://dx.doi.org/10.1103/PhysRevA.88.043820
http://dx.doi.org/10.1103/PhysRevA.88.043820
http://dx.doi.org/10.1103/PhysRevA.88.043820
http://dx.doi.org/10.1103/PhysRevA.84.023822
http://dx.doi.org/10.1103/PhysRevA.84.023822
http://dx.doi.org/10.1103/PhysRevA.84.023822
http://dx.doi.org/10.1103/PhysRevA.84.023822
http://dx.doi.org/10.1103/PhysRevA.84.023822
http://dx.doi.org/10.1103/PhysRevA.83.043606
http://dx.doi.org/10.1103/PhysRevA.83.043606
http://dx.doi.org/10.1103/PhysRevA.83.043606
http://dx.doi.org/10.1103/PhysRevA.83.043606
http://dx.doi.org/10.1103/PhysRevA.93.033630
http://dx.doi.org/10.1103/PhysRevA.93.033630
http://dx.doi.org/10.1103/PhysRevA.93.033630
http://dx.doi.org/10.1103/PhysRevA.93.033630
http://dx.doi.org/10.1103/PhysRevA.93.033630
http://dx.doi.org/10.1103/PhysRevA.7.831
http://dx.doi.org/10.1103/PhysRevA.7.831
http://dx.doi.org/10.1103/PhysRevA.7.831
http://dx.doi.org/10.1103/PhysRevA.7.831
http://dx.doi.org/10.1103/PhysRevA.7.831
http://dx.doi.org/10.1103/PhysRevA.8.1440
http://dx.doi.org/10.1103/PhysRevA.8.1440
http://dx.doi.org/10.1103/PhysRevA.8.1440
http://dx.doi.org/10.1103/PhysRevA.8.1440
http://dx.doi.org/10.1103/PhysRevA.8.1440
http://dx.doi.org/10.1103/PhysRevA.82.063801
http://dx.doi.org/10.1103/PhysRevA.82.063801
http://dx.doi.org/10.1103/PhysRevA.82.063801
http://dx.doi.org/10.1103/PhysRevA.82.063801
http://dx.doi.org/10.1038/nature08171
http://dx.doi.org/10.1038/nature08171
http://dx.doi.org/10.1038/nature08171
http://dx.doi.org/10.1038/nature08171
http://dx.doi.org/10.1038/nature08171
http://dx.doi.org/10.1103/PhysRevA.91.033818
http://dx.doi.org/10.1103/PhysRevA.91.033818
http://dx.doi.org/10.1103/PhysRevA.91.033818
http://dx.doi.org/10.1103/PhysRevA.91.033818
http://dx.doi.org/10.1103/PhysRevA.91.033818
http://dx.doi.org/10.1103/RevModPhys.69.315
http://dx.doi.org/10.1103/RevModPhys.69.315
http://dx.doi.org/10.1103/RevModPhys.69.315
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.1103/PhysRevE.67.066203
http://dx.doi.org/10.1103/PhysRevE.67.066203
http://dx.doi.org/10.1103/PhysRevE.67.066203
http://dx.doi.org/10.1103/PhysRevE.67.066203
http://dx.doi.org/10.1103/PhysRevE.67.066203
http://dx.doi.org/10.1007/BF01029262
http://dx.doi.org/10.1007/BF01029262
http://dx.doi.org/10.1007/BF01029262
http://dx.doi.org/10.1007/BF01029262
http://dx.doi.org/10.1007/BF01029262
http://dx.doi.org/10.1103/PhysRevA.88.043820
http://dx.doi.org/10.1103/PhysRevA.88.043820
http://dx.doi.org/10.1103/PhysRevA.88.043820
http://dx.doi.org/10.1103/PhysRevA.88.043820
http://dx.doi.org/10.1103/PhysRevA.88.043820
http://dx.doi.org/10.1103/PhysRevA.84.023822
http://dx.doi.org/10.1103/PhysRevA.84.023822
http://dx.doi.org/10.1103/PhysRevA.84.023822
http://dx.doi.org/10.1103/PhysRevA.84.023822
http://dx.doi.org/10.1103/PhysRevA.84.023822
http://dx.doi.org/10.1103/PhysRevA.83.043606
http://dx.doi.org/10.1103/PhysRevA.83.043606
http://dx.doi.org/10.1103/PhysRevA.83.043606
http://dx.doi.org/10.1103/PhysRevA.83.043606
http://dx.doi.org/10.1103/PhysRevA.93.033630
http://dx.doi.org/10.1103/PhysRevA.93.033630
http://dx.doi.org/10.1103/PhysRevA.93.033630
http://dx.doi.org/10.1103/PhysRevA.93.033630
http://dx.doi.org/10.1103/PhysRevA.93.033630
http://dx.doi.org/10.1103/PhysRevA.7.831
http://dx.doi.org/10.1103/PhysRevA.7.831
http://dx.doi.org/10.1103/PhysRevA.7.831
http://dx.doi.org/10.1103/PhysRevA.7.831
http://dx.doi.org/10.1103/PhysRevA.7.831
http://dx.doi.org/10.1103/PhysRevA.8.1440
http://dx.doi.org/10.1103/PhysRevA.8.1440
http://dx.doi.org/10.1103/PhysRevA.8.1440
http://dx.doi.org/10.1103/PhysRevA.8.1440
http://dx.doi.org/10.1103/PhysRevA.8.1440
http://dx.doi.org/10.1103/PhysRevA.82.063801
http://dx.doi.org/10.1103/PhysRevA.82.063801
http://dx.doi.org/10.1103/PhysRevA.82.063801
http://dx.doi.org/10.1103/PhysRevA.82.063801
http://dx.doi.org/10.1038/nature08171
http://dx.doi.org/10.1038/nature08171
http://dx.doi.org/10.1038/nature08171
http://dx.doi.org/10.1038/nature08171
http://dx.doi.org/10.1038/nature08171
http://dx.doi.org/10.1103/PhysRevA.91.033818
http://dx.doi.org/10.1103/PhysRevA.91.033818
http://dx.doi.org/10.1103/PhysRevA.91.033818
http://dx.doi.org/10.1103/PhysRevA.91.033818
http://dx.doi.org/10.1103/PhysRevA.91.033818
http://dx.doi.org/10.1103/RevModPhys.69.315
http://dx.doi.org/10.1103/RevModPhys.69.315
http://dx.doi.org/10.1103/RevModPhys.69.315
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.7498/aps.67.20180971
http://dx.doi.org/10.1103/PhysRevE.67.066203
http://dx.doi.org/10.1103/PhysRevE.67.066203
http://dx.doi.org/10.1103/PhysRevE.67.066203
http://dx.doi.org/10.1103/PhysRevE.67.066203
http://dx.doi.org/10.1103/PhysRevE.67.066203
http://dx.doi.org/10.1007/BF01029262
http://dx.doi.org/10.1007/BF01029262
http://dx.doi.org/10.1007/BF01029262
http://dx.doi.org/10.1007/BF01029262
http://dx.doi.org/10.1007/BF01029262
http://dx.doi.org/10.1103/PhysRevA.88.043820
http://dx.doi.org/10.1103/PhysRevA.88.043820
http://dx.doi.org/10.1103/PhysRevA.88.043820
http://dx.doi.org/10.1103/PhysRevA.88.043820
http://dx.doi.org/10.1103/PhysRevA.88.043820
http://dx.doi.org/10.1103/PhysRevA.84.023822
http://dx.doi.org/10.1103/PhysRevA.84.023822
http://dx.doi.org/10.1103/PhysRevA.84.023822
http://dx.doi.org/10.1103/PhysRevA.84.023822
http://dx.doi.org/10.1103/PhysRevA.84.023822
http://dx.doi.org/10.1103/PhysRevA.83.043606
http://dx.doi.org/10.1103/PhysRevA.83.043606
http://dx.doi.org/10.1103/PhysRevA.83.043606
http://dx.doi.org/10.1103/PhysRevA.83.043606
http://dx.doi.org/10.1103/PhysRevA.93.033630
http://dx.doi.org/10.1103/PhysRevA.93.033630
http://dx.doi.org/10.1103/PhysRevA.93.033630
http://dx.doi.org/10.1103/PhysRevA.93.033630
http://dx.doi.org/10.1103/PhysRevA.93.033630
http://dx.doi.org/10.1103/PhysRevA.7.831
http://dx.doi.org/10.1103/PhysRevA.7.831
http://dx.doi.org/10.1103/PhysRevA.7.831
http://dx.doi.org/10.1103/PhysRevA.7.831
http://dx.doi.org/10.1103/PhysRevA.7.831
http://dx.doi.org/10.1103/PhysRevA.8.1440
http://dx.doi.org/10.1103/PhysRevA.8.1440
http://dx.doi.org/10.1103/PhysRevA.8.1440
http://dx.doi.org/10.1103/PhysRevA.8.1440
http://dx.doi.org/10.1103/PhysRevA.8.1440
http://dx.doi.org/10.1103/PhysRevA.82.063801
http://dx.doi.org/10.1103/PhysRevA.82.063801
http://dx.doi.org/10.1103/PhysRevA.82.063801
http://dx.doi.org/10.1103/PhysRevA.82.063801
http://dx.doi.org/10.1038/nature08171
http://dx.doi.org/10.1038/nature08171
http://dx.doi.org/10.1038/nature08171
http://dx.doi.org/10.1038/nature08171
http://dx.doi.org/10.1038/nature08171
http://dx.doi.org/10.1103/PhysRevA.91.033818
http://dx.doi.org/10.1103/PhysRevA.91.033818
http://dx.doi.org/10.1103/PhysRevA.91.033818
http://dx.doi.org/10.1103/PhysRevA.91.033818
http://dx.doi.org/10.1103/PhysRevA.91.033818
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. 68, No. 19 (2019) 193701

Phase transition and thermodynamic properties of N two-
level atoms in an optomechanical cavity at finite temperature”

Liu Nif  Huang Shan  Li Jun-Qi  Liang Jiu-Qing

(State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of

Theoretical Physics, Shanxi University, Taiyuan 030006, China)
( Received 12 March 2019; revised manuscript received 6 August 2019 )

Abstract

Optomechanical cavity is a powerful connection between a nanomechanical oscillator and a quantized
electromagnetic field. In this system, a novel photon-phonon nonlinear interaction arising from the
nanomechanical oscillation is produced through the radiation pressure. Now this nonlinear photon-phonon
interaction has become an important resource for implementing high-precision measurements and processing
quantum information. Motivated by T. Esslinger group’s experiment, it is very meaningful to explore the exotic
quantum phenomena when a ultra-cold BEC is trapped in an optomechanical cavity. In this paper, we mainly
investigate phase transition and the finite-temperature thermodynamic properties of a Bose-Einstein condensate
in an optomechanical cavity. It’s worth mentioning that at zero temperature many different mean-field
approximate methods have been used to analyze the ground state properties of a Bose-Einstein condensate in an
optomechanical cavity. Two common methods are Holstein-Primakoff transformation and spin coherent state
variation. In this paper, an interesting imaginary-time path integral approach has been introduced to study
finite temperature thermodynamic properties and phase transition of a Bose-Einstein condensate in an
optomechanical cavity. First, we obtained system's partition function by taking imaginary-time path
integration. Meanwhile, an effective action has been obtained by means of this method, which is the basic of the
variation to get the numerical solution of photon number and the expression of the atomic number. At zero
temperature, these results are consistent with what we have obtained by Holstein-Primakoff transformation or
spin coherent state variational method. By adjusting the atom-field coupling strength and other parameters the
second-order phase transition from the normal phase to the superradiant phase has been revealed. Meanwhile, a
new unstable superradiant state was also found. And we found that in addition to the normal phase and
superradiation phase, there exists an un-solution region of the mean photon number. Meanwhile, we find that
the nonlinear photon-phonon interaction does not affect the normal phase. However, in the superradiant phase,
the nonlinear photon-phonon interaction can enhance the macroscopic collective excitations. At the same time,
the thermodynamic properties of the system are also discussed. According to the obtained distribution function,
we can derive the analytical expression of the average energy and the free energy. Furthermore, the expression
of entropy at finite temperature can also be obtained. we find the nonlinear photon-phonon interaction does not
affect the average energy in the normal phase, but the average energy in the superradiant phase can deeply
deviate in the large nonlinear photon-phonon interaction. It’s worth mentioning that the mean photon number
and average energy in the finite-temperature tend to be consistent with the case in absolute zero temperature in
the strong coupling region, while the entropy in the superradiant phase is rapidly reduced to zero as the atom-
field coupling strength increases. In other words, strongly coupled collective excited states are highly ordered
and are not affected by thermal fluctuations in the temperature range we are considering. The thermodynamic
properties, such as the entropy and corresponding specific heat, characterize the Dicke phase transition.

Keywords: quantum phase transition, imaginary-time path integral, superradiant phase, nonlinear photon-

phonon interaction
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