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Fig. 1. (a) Hlustrations of immiscible state (IM) and two kinds of partially miscible states (PM1 and PM2) of dual-species BEC;
(b), (c) ground state phase diagram of equal-mass Bose mixtures in the regime of a weak mean-field-instability. HM represents the

homogenous miscible phase, dotted-lines are the analytical phase boundaries given in the text. The spinodal line (dashed) meets the

boundary of partially miscible state at the critical point denoted by . Inset: phase diagram in the n4 -n_ plane. The area filled

by green stripes is the unphysical region with n; < 0. In plot (b), o = 3; in plot (c), o = 1/3, for both plots, Ay = 0.01.

110302-2



) 32 2 3R Acta Phys. Sin. Vol. 72, No. 11 (2023) 110302

Hrp, 55 1 AN 12 P S5, TR A AR
PRAE T PR ZH 5300 S 78 50 B AR A 2 AR 1L
PREM, p i W5 R iAb =3, eA1n] LI
AN ERFRP = 3 pins — 6 s = 5 ik
L B 1 PR
XFF PML &, A8 50 S
P (n},0) = P (n}',n3)
M1 (71?,0) = g1 (nY', nd"),
p2 (n$,0) > pa (R}, nd). (3)
HTIZA T 1 20 532 PRSP A i 2 m] B 4,
TOAL 2 SR WIAR TP R REAE S5 T 2 4153 19
AT AR SRR 2, PM2 25 19 AH -1
MR

P (0,n3) = P (nY',ny'),

pz (0,n3) = pa (Y, nd")

g (0,n5) > py (n)',mb) . (4)
AR T4 PM1 A BARP A 450 b 0 R -4 o0 4
PR T T HHR (1 2).

o IE, 2240 LHY fe& i sTik, “F 7 55

1 (2) XHE Ay > OBF A i, M40 (3) UM
(4) SHERASRE AL, X B G T2 BS99 3
B HBEENERA. ZE LAY ek itE,
BRI A T IS Y S B T L.

2.2 ANRBSIFMSBRBSHES
PRI R LHY fex TR PR AR

[ R OC 2R . 2RI BEEARBR T, LHY Rt 7E
FHAT7 55 v s ML /0N BRI PR 2 43 ) 5 SR R
P2 RFF ERIRES . HREE JR 2 BB G K, X
PR AT BE W TRE, FECRIRIE S 5 RIEE
() P e AR BT SC A AR P S A R, e AR
A (2) A H T — RS A8 R A
FOX AR HELTE 1 b, MR TRIE ST AR N
PM1 2%, FHR 5 5504 R

P (n,0) = P (0,n3"),

w1 (n1,0) = pa (0,m3")

pz (™, 0) > pa (0,05, (5)
erfr M R M 2 e A e AR R B AH A 7 R A R
gyt BEC (W% 5. 25X Fik 28 3L 7E 2 414y I,

MPRTRE S EAR R PM2 245, MR AR 4500 R:
P (n}",0) = P (0,n"),
piz (01", 0) = 2 (0,m3")
1 (O,nIQM) > (nllM, 0). (6)
MXFFRYE EAMER S, PR AR EAEH]
5 AR ST (HD 911 = g22), 251 (5) AN (6) AR
ANATREWE L. BRI, ZEX AP OL R, KR A S kA
EROTIRIE AR, BAS Hie— HIR PN AIRIE .
M g1 # goofF, AT DL B AR S (5) A Ek
(6) K P A HT I SE XA MR B IER] A,
/i, AL M A, IRIBURITE S, JF
XoF JE T IGUANIE Y AT, X T ANIRIE A PM1 A
MR WEZE A2y, 135

oM _ 225m [ g as/? A2
? 3 - 279
1024a3 \ gi; (2 +3a5/2 — 5a3/2)

i=1,2, (7)

Hrra = go2/911, 9 = V911922 , a = 4\/a11022 (au‘
N RS 5 Z B U KB, X T AREBEESS
PM2 575, [FREMER A2 B, 135

M 225 [g a~5/2 A2
i 3 . 279
1024a3 \/ gi; (2 +3a~%/2 — 5a-3/2)

i=1,2. (8)
KAY T (7) R0 oy ot XL ss
H3E TR Ag 1R/ R A AERA A5 TE T 1Y

XN THEMNMEERZE a1, (7) A
(8) ARBEL A BRI/ M (HIZPR |, (AR H
O3 RAE—FANIR A BT IRV W 5 AR (B ARG
h PM1 &, BAREAR R PM2 &), 5838 & AR
BB W TR 2 23 78 SRR A 2 B Se ik i fb 2 3
FRARAS S, B3 g (7) ORT (8) XA BE mlT A,
o> 10, (7) A HH M BN, TR TR S
LB N PML 25 M o < 10, (8) 44 Y nM
TN, FIMARE S S PM2 8. X458
0] DL B (5) 20R (6) 3 i A 45 20 4 1
.
i _E AR M | AT LS R TRIE S S50
TRIE AR AT R
n N2

- + -
™M ™
n U

~1. 9)

110302-3



) 32 2 3R Acta Phys. Sin. Vol. 72, No. 11 (2023) 110302

AR FAE na-no V- TR BE (0, 0) 51 A
(0, nB) SRR EZR (WL 1). 3 AL FARBLT M
A B SC, R 0 4 RO BER IR AE AR I A P T BE
IRBIRY B (B VR BT ) IMAE BAR). B
Hh, I (7) A (8) Sk I & Y, TCIg MR AL,
PIRRE T BEC M3 R LR oM /n! = o XA
i OC R BN , 722 P S5 R A5, Y
LI R 3 SRR , T ARG B AR o 2
5 LHY fe&n] LA /. X st o fof &1
T 20 PR AR BOTRIA ™ A EE MR Y S

2.3 HHRBASEYEARATSHEST

TEARMIRIESH, FREd ¥/ BEC 5
IR A BEC UL AE VM. 45 P 5 T, M
ASSEFF R R AT DL s AR k. MR A
BEC 195 e #aT 100% B, JEA7 245 BV A8 Ry 355
RS, P, B (n)', nd") FEAR I v 0 AL B
Sl et B A 2R MG AR A 20 A1 IR 1Y §5

T o > IAF LR PML 2, BS5¥50R
Vo 2 18] B AF 3 T DAE o 25 - s 44 (3) =UaT
PP S A 2. B8 B AR G AZBY, AH S
T FEAT R HL S

L5y a4, ("34)2

32a3/2
= 2(n]¥[ + omg/')g)/2 - (nlfl + a2n§4)3/2
x (2n)! + 5and! — 3a?nY). (10)

AR (9) R ARG L R AL R E T
PM1 2 B9AH X (WL 1(b)]. P 4521 FLAE no Bl 1Y
22 1 RIS R T ARV A 1 8 B ML AN I8
A DL 4T (10) ZECRY — 0 B4 BR S hn DL IE.

J—J5 T, 4 (10) Aty et — OFF, ZAHN
T 25 e 1 A na Bl AESE . e R S A
KA IIFREIbREL. ERHEEERNSEHIX
(] (A5 AN TR YA A DX AR SR S AH X)) 4318 1 P>
o3 TR BN —M, 5 AR B 1A R
()5 TR FEROR I —M, ¥ 5] 2 Jey seliks e 1y, (H
M T H R AR A, I R e AR SIE
FELE. FE TR R, e 27 R AT DA — e 3R 58

U] o e 3pp ARSI, B2
8(711, TLQ)

R ma - mo TN Y BT R

™o

n{  ng

Horfrn§ FnG 43 59 J2 BE 15 2 7E na Sl A no Bl 1 A AR

PH. YRR A2 YRS, AR
T a2

" g a0
AHERAIE, TE 145 (10) 2UZ5 A0 PM1 24
FAHZE T (n, 0) A5 3K A 25 A3 TR A5 AH AR A 1
FE.

WL A S B, ] LIAS 8] o < 1H}
PM2 &5 ¥R ES A A, b k=X
HPEFH (10) Aol 5 oY B, I8 aBiih
o LA B S AR I FAESE T (M, 0), g
TRARZE TG A (0,nF).

B 1R Ra=3Ha=1/3BfEE KL
AAHE, Horh S22 38 o FE R AP 255 30
AR AL, LRI S A2 BT A 5. e/
B Ay ZHCF A GRS o B BUE B 32T ol 5
TEE 1S, A TR A AR X 2 A 0L M [ 285 oK
FN X8, H o — 1EF, WM AInS ## T
55, IXEIRE BB IRI F AR LR E AR, KR
W — HIAFEAIRIRE.

=1. (11)

i=1,2. (12)

2.4 GHERUGERMTEE
ANFVTFASCIEE, SCHR [37) SR T SBsa it
AR RIAHEL. ZBIST I T PSR AR
ny = nqcosfd + nysinb,

n_ = —nysinf + ny cos b, (13)

Hop 0 = arctanov. ST (1) AHESERD, 7EAR

BRI, > R TR ., B
n BCHEIE, SRAARSYBIN, TR R
SRR/, AR BB Ak 3 .
SLMETTAIS o (LAY BUNZES], AL BRI 5
A A REAE RO (n ) UUE . OB LR
oA A

L SCHURITE A AP S 1 #0435
TS B RAEME S A2 B T ik
. KRR AP TR () T
H [ WIS 1(b),(c) FRAGHRIE ], FTLATE), H4hiRLi
A HIE 0y <y < s, IR, S
M X IR L 0 1 B, M X I8
SR 00 L. KT PMLAS, AT (1) R

110302-4



¥ 1B ¥ Acta Phys. Sin.

Vol. 72, No. 11 (2023)

110302

1 (12) 2%, WIS (G A2 B):

M 225n o?

n . = AQ’
Hmin 102403 (2 +3a5/2 — 5a3/2)2~ T+az
(14)
PM T o’ 2
nJ’,’max = A . (].5)

6407 (a — 1)Vt a2
X SCHR [37) 25 Hh R M RIA S R B e AL 26
BT LIS 1 PM2 25 TR ) g AE X 8], 3 AH 24 T
¥ (14) A (15) REEHA M o Ry o~

T 2l A, niVn < na < nBVna FUEHRY
TRV IR B 4. AR IX Ta] Y, 1A ZR o AT fig
RV STRER [ WIE 1(b),(c) FriHE ). 52,
(14) AN (15) ZIFARE 76 5 AR A5 SL A 8] 1y ¢
fiE. IIXANEE B, AR SCRR 3 (AR D BN 2 i
G TARERE RN . A SCEE o 4 A AR T3
SRR SR BEVE L, S SEg U SR At T I 2
FARAE.

It 5 = B 1%

T IR A S 5 Y S IR A (8] 1Y % A2 7E 5 11l
FURZ R, X T PM1 AR PM2 245, il F i
WEIPHN (nS, 0)F1 (0, ng) . BT FE RN, (A5
5 B e 1. ) R AR AR R (static susceptibility) 2%
B A HOR) 7T

VAR RTE SR GRS Bk 802 1k
B, ML BB o = -y AR,
o NGk & AU DRF RO, AR slisi . 78
LAE B SAE T, L n R B2 E T A

2.5

104
ny = LOn?
1.2n¢

c
1.5n7

102 . . . . .
0 0.05 0.10 0.15

na/ny

on; = Zj:wxz‘j/\j, Atk BB ;B ERSHAL R,
BT HOr R T RSB BT 5 O R
PR AL

on; .
Xij:( n) ’ 2712172'
Ot ) s,

TSy X AT HATSR PR, M b
I N

(16)

Y3—i .
Xii = —— 95> 221727 17
Y17Y2 — 7%2 (a7)
X12 = X21 = o mnz 5 (18)
Y172 — Y12
0% 0%& R N
Hrpy, = Wﬂ] Y12 = D10y A AR B 25 T #R

(1) St Hhy Tl SR AR e 2 5 B R I AR S
ISR, B IETT AT E 172 — T2 = 0, L)
PR BT 238 e S s R A T

e P BT, A AR B A S B 70 AT LA
eH

- 1 ny no -t .
X”_g”Ag (n‘(l:'i_"lg_l) B 2_1727
1 —1

X12=X21=—E (Z%—F;g—l) . (20)

IREE AR, X TR T T SR A A,

X11$ﬂX22ﬁJﬂ‘7iE§5(, J\Xﬁi%mﬁ"?ﬂ/ﬁ%ﬁiﬁgj&

T X 12 Fl xo1 A SRR, 1d B S 2H 4 22 (6] %) 52 5 1 o7
sECHE (out-of-phase).

2 Fr s A a = 30 A B AL R xa Al xae

TEIG S (n, 0) BHE BRI ZR (x22 BIAT M5 x11

e Ap)). SELEARYE (17) 2 (18) A EAF W BUE

(19)

—102f

X12/97"

—105F

_104 . . . .
0 0.05 0.10 0.15

na/ni

B2 AEARR ny BUET, #ABATE x10 1 xao BB 2 255 T BE 9 R 16 th 28 3 PR o 9 s R0 2 53 306 B T . = I (19) 5K

Fil(20) &5 B AATEE . M EAEHZE: a =3, Ay =0.01

Fig. 2. Static susceptibilities x11 and xi12 as functions of the concentration of species 2 with n; fixed at different values. The
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X4 E S E oM B, FEZS H o B —Fh R
WA B PR LfERERREHIE T, PMLA
PM2 &4 A RBAE Al — R & i Bt B7L iR, AR TR
WA AR 23 (5) WA (6) SN H. tLRb
SCHR [37] AUBUESS TR, S 4L 4 1 o R i
B 5 R PR AR IR DX R Y 2 X ] 2
W/ (AEF FEE WIIER(EL). k. 840, dn s
TR AR, 5L AT X R R
ISR, IR 1 M BRSSO A &2

.

# 1 BETHERS TP SRS MRIE A, DLEARIS IR B R oM | X B2 5E BT R ITR 4T 1,
B E AT R Y 2. B BP9 R A2 B (B AR RO RS (LA Bohr 4% ao A HL06), A BT822 30K, niM 915

TIMESEARYE (25) 200 (26) TR, A ¥4 0.01
Table 1.

Configuration of partially miscible state and nIZM in various Bose mixtures of cold atoms. Here, the lighter ele-

ments are set as species 1, and the heavier elements are set as species 2. Intraspecies scattering lengths at the mean-field im-

miscibility threshold, measured in unit of Bohr radius ag, are taken from the listed references. The predicted ngM are com-

puted using Egs. (25) and (26), with Ay = 0.01.

R AR a11/ ap  asofag  FOSHREHE M (10Mem3) niM/ (1014cm—3) ik
BNa 4 PK 52 7.8 PM2 21.46 72.14 [9]
%Na + SRb 54.5 100.4 PM1 2.87 4.12 [8]

K 4 4K 470 65 PM2 0.026 0.073 [10]
9K 4 SRb 10.2 100.4 PM1 3.19 1.52 [7]
UK + $Rb 65 100.4 PM1 16.14 18.96 [12]
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Abstract

The miscibility of quantum liquids is an interesting topic in many-body physics, which has been intensively
investigated in 3He-*He superfluids and the mixtures of ultracold atoms. In the context of dual species Bose-
Einstein condensates, the mean-field description has been well established, according to which, the miscibility
condition is density independent and determined only by the ratio of inter- and intra-species interaction
strength. Recently, Nadion and Petrov proposed that [Phys. Rev. Lett. 126 115301], in the vicinity of the
mixing-demixing threshold, quantum fluctuations play an important role to affect the equilibrium stability, and
as a result, the partially miscible state emerges. This new phase of quantum matter opens up new perspectives
to explore the beyond mean-field effect in ultracold atomic gases.

In this work, according to the equation of state taking the Lee-Huang-Yang correction into consideration,
we investigate the ground state phase diagram of repulsive binary Bose mixtures in the interacting regime
suffering a weak mean-field instability. Under the thermodynamic balance conditions, the phase boundaries
between the immiscible state, partially miscible state and the homogenous state are determined. For the equal-
mass case, these phase transitions only take place on condition that intra-species interactions are in an
asymmetric form. In terms of interaction parameters, we explicitly derive analytical expressions of the phase
boundaries, which are appropriate to describe the transitions in sufficiently dilute atomic gases. At the quantum
critical point, where the partially miscible state terminates, the susceptibility tensor of the density response
exhibits a divergent behavior. For the unequal-mass case, the beyond-mean-field equation of state cannot be
written in a compact form, thus the determination of the phase boundaries is more involved. By expanding the
Lee-Huang-Yang energy expression to the terms linear in the concentration of the minority species, we
analytically obtain the threshold density for the partially miscible transition. We also propose a discriminant
function, from which the configuration of the partially miscible state can be identified for the given mass ratio
and interaction strength. Applications of these theoretical results to experimental systems, such as sodium,

potassium, and rubidium gases, are presented.
Keywords: Bose-Einstein condensate, Bose mixture, miscibility, quantum fluctuation

PACS: 03.75.Hh, 67.85.—-d, 67.60.Bc, 42.50.Lc DOI: 10.7498 /aps.72.20230001

* Project supported by the National Natural Science Foundation of China (Grant Nos. 12104275, 12174230).

1 Corresponding author. E-mail: heli@sxu.edu.cn

110302-9


http://doi.org/10.1103/PhysRevLett.126.115301
http://doi.org/10.1103/PhysRevLett.126.115301
http://doi.org/10.1103/PhysRevLett.126.115301
mailto:heli@sxu.edu.cn
mailto:heli@sxu.edu.cn

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

XU 57 B £~ DR A REL B SR AR R YR S
W kR#E FTH 2EE

Miscibility of dual-species Bose—Einstein condensates
He Li Zhang Tian-Qi  LiKe-Xin  Yu Zeng-Qiang

5] Fi{& B Citation: Acta Physica Sinica, 72, 110302 (2023)  DOI: 10.7498/aps.72.20230001
TEZE[R]1 View online: https:/doi.org/10.7498/aps.72.20230001
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

FEHEBE b 1 eI R 5 R 8 10— DN T BB SR AR 2

Ground state of spin—orbit coupled rotating ferromagnetic Bose—Einstein condensate in toroidal trap

WAL 2020, 69(14): 140301 https://doi.org/10.7498/aps.69.20200372

AT - R I (- PR T BE SR MR 1 R 2 Sl g 2
Tunneling dynamics of tunable spin—orbit coupled Bose—Einstein condensates

WIFREH. 2022, 71(21): 210302 https://doi.org/10.7498/aps.71.20220697

AR B ERUE RS B 02 DN T BER AR A AR M RE RS A

Nonlinear energy band structure of spin—orbit coupled Bose—Einstein condensates in optical lattice

PyFEEEAR. 2021, 70(20): 200302 https:/doi.org/10.7498/aps.70.20210705

Jie B 0 D I SHEE SR AR MY I i ISt e

The research progress of topological properties in spinor Bose—Einstein condensates

P24, 2020, 69(1): 010303 https://doi.org/10.7498/aps.69.20191648

PRI 38 00— DR ST TG 3R A r ) 25 i) S AR A

Anisotropic dissipation in a dipolar Bose—Einstein condensate

YIBR2A 7. 2020, 69(8): 080302  https://doi.org/10.7498/aps.69.20200025

DM R TR L 53 30 (7 — 2 R S8 S 3R A ) S AR S P R o 1A
Stimulated radiation characteristics and quantum phase transition for two—component Bose—Einstein condensate in optical cavity

YIBR2A 7. 2018, 67(18): 183701  hitps:/doi.org/10.7498/aps.67.20180971


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20230001
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20200372
https://doi.org/10.7498/aps.71.20220697
https://doi.org/10.7498/aps.70.20210705
https://doi.org/10.7498/aps.69.20191648
https://doi.org/10.7498/aps.69.20200025
https://doi.org/10.7498/aps.67.20180971

	1 引　言
	2 等质量双组分BEC的混溶性
	2.1 物态方程与相平衡条件
	2.2 不混溶态到部分混溶态的转变
	2.3 部分混溶态到均匀混溶态的转变
	2.4 与单模近似结果的对比
	2.5 临界点的奇异性

	3 不等质量的双组分BEC
	4 结　论
	参考文献

