Chinese Physical Society

%i@%"—*&Acta Physica Sinica

Institute of Physics, CAS

B KERydberg-EA ST
vEx axfe Hlw BEAA REN

Ultra—cold long-range Rydberg-ground molecules
Bai Su-Ying  BaiJing-Xu  Han Xiao-Xuan  Jiao Yue-Chun  Zhao Jian-Ming

55 &, Citation: Acta Physica Sinica, 70, 123201 (2021)  DOI: 10.7498/aps.70.20202229
TEZE[R]1E View online: https:/doi.org/10.7498/aps.70.20202229
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

TR RRIRGER N HoAt SR

Articles you may be interested in

RV (60D ), RydbergZ3 1ML I45 5%

Two-color photoassociation spectra of ultra—cold Cs (60D ,), Rydberg molecule
YrH2E 4. 2018, 67(23): 233201  hitps:/doi.org/10.7498/aps.67.20181743
VRIS T

Ultracold dipolar molecules

WIFEAEA. 2019, 68(4): 043301  https://doi.org/10.7498/aps.68.20182274

R Rydberg LT Autler—Townes 7324

Autler—Townes splitting of ultracold cesium Rydberg atoms

WIFI2EH. 2017, 66(21): 213201 hitps://doi.org/10.7498/aps.66.213201

BT IR ST BV IR - 03 T A
Adiabatic conversion of ultracold atoms into molecules via square—shaped pulse field

YyFE2EAR. 2018, 67(20): 203701 https:/doi.ore/10.7498/aps.67.20180908

i TR T R G R RECR
Magnetic excitation of ultra—cold atoms trapped in optical lattice

Pz 2019, 68(4): 043703 https://doi.org/10.7498/aps.68.20190153

JAR T A5 B 1 TR B Y SRS
Long-range surface plasmon polariton enhancement in double—electrode structure

YrH2Ed. 2017, 66(22): 227302  hitps://doi.org/10.7498/aps.66.227302


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20202229
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.67.20181743
https://doi.org/10.7498/aps.68.20182274
https://doi.org/10.7498/aps.66.213201
https://doi.org/10.7498/aps.67.20180908
https://doi.org/10.7498/aps.68.20190153
https://doi.org/10.7498/aps.66.227302

#) 32 % 3R Acta Phys. Sin. Vol. 70, No. 12 (2021) 123201

o

ZRik

#8542 Rydberg- BN+

AxXY Az

#/NEY

B A AV R U

1) (PG RAFAHOCICRERT ST, O 5ot TR E R H i E, K 030006)
2) (ILPER 2R G PR ATE L, K 030006)
3) (RIFIME#Be R, B 030619)

(2020 4F 12 H 29 HYE]; 2021 4F 1 H 26 HYEIEHR)

B K Rydberg- 4873 — > Rydberg J& F 5 — sk 2458 i 738 1T Rydberg B 7 53L& R T
PR BE B TE . X 24 F BAT RST RO A LA R0 R 46 0 R AR, R 47 R AT 53 A RS IR, 7R 3
ZEIR T B8 Rydberg- 2 43T I 5 HLE M SC 56 F B | 145 Rydberg B 5 FE A JE T AE H 5 1) #L i 17
FIAEE ML, J645 A Rydberg 4 F 19 52 56 il 45 F1OC SRR, Rydberg-JE25 40 F 7Kk A HL AR AR A0 1 I & 55 . fe i 1)
5 KB Cs nD; -B Rydberg-3E 25 40 F 1Y 7 A B AR AR AR R 5 (E, X 5 DUAE A 28 47 (RRAB AR h 1E ) AS[H].
fFL AR B B T Rydberg L A A28 285 B A BE S (B DR BRI 2 082 9, PR (0B J - B IS Ry dberg HiL

T R B AR T A

KR WL KM Rydberg- 24501, Fermi {5, ASAEINZE, KA HLIBIAR

PACS: 34.50.Cx, 32.80.Ee, 33.15.—¢, 33.20.-t

1 3

K #2 Rydberg-2£48 772 —1 Rydberg it
FH AN RS FIE R —24 7151,
HA RSFR (~pm) F7k A AR K (~kilo-
Debye) &1L, XA ar 5550+ B AR EEHLTE Ryd-
berg HL 5 i 4 Ji - 22 ] A A% g 5 AH B AR A
SEANF T AR | B R MR P H A B Y
— T R AR AL

I R HEC AH B AR A B 5T T 8 2 20 2
30 4F A8 . 1934 45, Amaldi fil Segrél!! 7 Rydberg
JRF R S g T A T S WU R A5 R, B FE
AR A ZE R TR Hy A1 N, S AR S8
I B ML FH ) Rydberg i F-WOGE 4 T

i

DOI: 10.7498/aps.70.20202229

filf i B A R E, RIS IR, X — IR Tk
HE M ES TR, AT7ES Fermi e
KIR, IXEERELR () IRE A i e i S
AR5 ). S Fermi A& T &+
HUN BRI IFTEZELE 5 AT HURHC B S,

F Fermi [ # (Fermi pseudopotential)® f#) 7= 4= .
& Fermi (g b K% 1 1 s- BB AH B4R
1977 4, OmontP! K& J& T iXx —Hig 3% 8 T1E =
F BT, e T P YRR AR BEE. 2000 4F,
Greene %51 FRAERLS FHE THISKAE Rydberg-
R F IR, #e 1A T H Rydberg-J3E35
Ry ASARRIN L, JFRE T BRIV KA
RSB . T R U5 R ESOMRE 3 A — i A
PR G 253 F- R Ry — i R - UL AR, #e
2 5% ST T2 sl SETR: 71 FL D0 R O 3 2%
1Y 53F, BEFR A AL 435 o,

*ERE SR (HES: 2017YFA0304203) . R A AREIFHELESATH JHfES: 61835007), HR AR #HRSL S
61775124, 11804202) ., K VT2 FA1Hr A1 BA & B (S IRT _17R70) F1 il 764 1331 T8 8 o5 22 AL i i1 %1 9% By

IR
t BIE1E#E. E-mail: zhaojm@sxu.edu.cn
©2021 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

123201-1


http://doi.org/10.7498/aps.70.20202229
mailto:zhaojm@sxu.edu.cn
mailto:zhaojm@sxu.edu.cn
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 12 (2021)

123201

2009 4, Bendkowsky &5 [ 1 Y 7 SE 56 A%
WL 3 - BRHE A2 Rb nS 4 Rydberg-
BESF. ZIE, HABWEFR /N S 5000 F) T
Rb JELTF nPyjg 508 Fl nDy o501 & LI K Cs Ji
T 08y o121, Py o1 Fl nDy g 5 515~ 17 Y Rydberg-
B EAR, ATESR Wz T p-i 3t
PRIE R A JZE F B o 5 18192020 4F, Peper Al
Deiglmayr?% £ t —Ff 8 ¥ i 125 X 28 19 i &
F2, BT —FE AL heavy-Rydberg 25 U 8557
. T Rydberg- A FHIR ST KHEAE
RIK A BRI, 753X 0T 5% 15
0220 {5 R R 25200 [ BRAL A o

AL FEA 24 Rydberg-FE 257 F 1Y SR AL
LI IE AR, G046 Rydberg T 5+
fIRAE LTI BRI | Fermi i #F1 Rydberg-
AT A Ge Mt 2 Ll 6ot SOk A rL
R R B

2 [REEw THATELER

TE Rydberg HL 5 FE38 i AH T Alf 18 HC5
Ferh, BB RoA A, HOHOR A B I #RE
i Fermi Jf # ik 29 & 1 U A BAE R 7R
M, TELL Cst T S H A bR &, HURAE &

S,
i
\
\
\
R% \

B 1 Rydberg- 25 4r FR . HIEH 51 Rydberg H
FHRESEFH I TU Cs B F NS H RN E r Fl R2
b So Fl Io 43 BIRFEZS 5T 19 LT BRI ) e

Fig. 1. Schematic of the molecular system. The Rydberg
electron with spin §1 sits at position 7 relative to the ionic
core. A cesium ground state atom is located at position RZ
relative to the ionic core of the Rydberg atom. §2 and I
are electronic and nuclear spin of the ground state atom,
respectively.
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Fig. 2. Calculations of potential energy curves of the Cs
Rydberg-ground molecule near n = 19. Inset I (II) displays
the electronic wave function densities of “Trilobite” (“Bu-
tterfly”) molecules at the orange points marked I (II) in the
figure.
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Fig. 3. Calculations of potential energy curves of the Ryd-
berg-ground molecule that is asymptotically related to the
37D;; Rydberg atomic line with (solid lines) and without
(dashed lines) taking the p-wave scattering interaction into
account. The deep potential (gray) for the triplet state and
shallow wells (blue) for hyperfine-mixed singlet-triplet
potential state. The vibrational wave functions in the out-
most wells are indicated in filled curves for TS (v = 0) and
TS (v = 1) of deep potential and 5TS (v = 0) of shallow

potentiall?l.

S XA B FIR S BIE B 231 B R Eh
REAPRGBAMN &, AT LASRAEXT sk BRARN = B AU
AR B HIURHC FE RS RA ZE L. TR, KA Rydberg-
FEZS 31T UINE A b B2 A O S ki 4, LA
ST 4500 08 F 1 - R R (R T RE AR T
10 meV) S8, 33 1 5 L -1 e B4 A5 D7 ik L
SHL. E KRR Rydberg- 280 FLASH T
S-J MRS (143536 1 -3t KRS [1198.35.37) 1ty

3 Rydberg-#& &2 F 8 L% 6 0%

3.1 XJEF Rydberg-E&E9F

Bendkowsky %5 7 F 2009 4F B I AE 525 W
W TR E T RIRUE R n= 34—40 K

123201-3


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 2 3R Acta Phys. Sin. Vol. 70, No. 12 (2021)

123201

[=)

[ -=-36Dspt6S10(F =4) 1 36Ds,+6Sa(F =4)
o 36DsH681(F =3) 1] ¢
y

36Ds52+6S12(F = 3)

X
&
—20F v N 7
)

—40 p

(Y i
—60 \

W/MHz
o
\_(,\

\ e, ]
, Ik OIE e
78?600 2000 2400 0 0.05 0.100 0.05 0.10
R/ag Signal/arb. units

4 (a) BUAETHAM Cs JRF 36Dy + 65y (F = 4)(R
& HE 22) R 36D, + 6515 (F = 3)(F (155 2k) Rydberg-4&
BoTHERARML. WA (D) TEHAR=EST
B - TR I, #A B R B S R S T B AN RE R F
2R AT AR Al A BE (ST) B i A BE RS S A A iE =
HAS T RE AR G M, HA PRI 5 325 5 7 B
Ab B REH FA G, ISR T T BB MAER F =3
HIBFRERT F = 4 MBPHRE. B EMELRT =0
BIPRBIE KL (b), (c) AEHIM T 36D; )5 + 6515 (F = 4)
1 36Dg)5 + 65,2 (F = 3) W6k A6, S0 (B L) =M
Fn MRS BE GRABE) BB 75 5. ELE R
A e

Fig. 4. (a) Calculations of potential energy curves (PECs)
for 36D;5), + 6Sy); (F' = 4) (black dashed lines) and PECs
for 36D;/, + 65y, (F = 3) (cyan solid lines) molecules, re-
spectively. The deep potentials (TX) mostly arise from
triplet s-wave scattering and do not depend on F. The shal-
low potentials (STY) mostly arise from mixed singlet-triplet
s-wave scattering and depend on F; The potential energy
curves for F' = 3 is deeper than that for F' = 4. The colored
lines show the v = 0 vibrational wave functions of the po-
tential energy curves. (b), (c) Experimental photo-associ-
ation spectra for 36Ds, + 6S;/, (F = 4) and 36D;/; + 68,5
(F = 3) molecules. Filled (open) triangles mark the molecu-
lar signals formed by mixed (triplet) potentials. The yellow

lines display Gaussian fittings/'9.
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Fig. 6. Photoassociation spectra of polyatomic Rb (nS) ultra-long Rydberg-ground molecules for different principal quantum num-

bers n. Polyatomic lines are marked by colored diamonds!*.
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Fig. 7. (a) Calculated densities of electron wave functions for the TS* states of Cs nS + 6S (n = 37, 39, 40)["%; (b) the correspond-
ing potential energy curves for the states shown in panel (a) with calculated vibrational levels!'?; (¢) the broadening of the vibra-

tional levels indicated by an arrow in panel (b) as a function of applied electric field!'.
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Abstract

Ultra-cold long-range Rydberg-ground molecule consisting of a Rydberg atom and one or more ground-state
atoms is formed by low-energy scattering between the Rydberg electron and ground-state atoms located inside
the Rydberg electron’s wave function. The low-energy scattering interaction, initially investigated by Fermi and
Omont, has been predicted to lead to molecular binding in a novel type of Rydberg molecules, including the
trilobite and butterfly molecules. Their unconventional binding mechanism, which is unlike covalent, or ionic, or
van der Waals bonds, results in loosely bound molecules with bond lengths on the order of thousands of Bohr
radius. This kind of molecule with large size and huge permanent electric dipole moment is a good candidate for
realizing the certain strongly correlated many-body gases and for quantum information processing, as well as for
dipolar quantum gases and spin systems with long-range interactions. Consequently, these molecules have
received considerable attention in recent years.

In this paper, we review the recent theoretical and experimental investigations of ultra-cold long-range
Rydberg-ground molecules, including the scattering interaction between the Rydberg electron and ground-state
atom and the resulting adiabatic potential curves, experimental observations of photo-associated Rydberg-
ground molecules spectra, as well as the measurements of permanent electric dipole moment. Ultra-cold long-
range Rydberg-ground molecules are prepared by photoassociation in a high-density cold atom sample.
Therefore, the Rydberg electron can bind several ground-state atoms to form a polyatomic Rydberg-ground
molecule. The permanent molecular electric-dipole moments are revealed by spectral line broadening in the
electric fields. The latest research pointed out that the permanent electric dipole moments of the Cs nD; -type
Rydberg-ground molecules are negative, which is different from the previous reports (the electric dipole
moments are positive). The negative sign reflects a deficiency of Rydberg-electron density near the ground-state

perturber, which is caused by electronic configuration mixing.

Keywords: ultra-cold long-range Rydberg-ground molecules, Fermi pseudopotential, adiabatic potential

curves, permanent electric dipole moment
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