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Table 1.  The isotropic van der Waals coefficient Cg (in
atomic units) for the alkali-metal atom-molecule systems
with the atom in its ground state and the molecule in its

absolute ground state.
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Table 2.  Contributions of different electronic states and vibrational energy levels to Cg for ground state K atom and ab-
solute ground state NaK molecule.
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FULR IR EAE B . 3k — S5 n] DAV 7 T 38
fife: — 7 I, AT IRE R RN RS, IR
O KA A R A B S, AT 53K
Gy AR K 53— 7T, MRS, JR3)
WO KM TRt E, SRS RERZEm
FiEF () BRI /IN, AT 3 58 3 e A5 0T S 2 3 1Y 5
M. X FHRBIGES v < 3, F4] T IFES R Co HH

# 3 AR HEERMNIES K JT 5%
FIBARFIEE NaK 2 F Al Cs 25
Table 3.

ground-state K atom and a ground rotational state

The van der Waals coefficients Cg for a

NaK molecule in different vibrational states, calcu-

lated using different basis sets.

v AL LTI FEAIIL
Cslan] Celauw] MXRE  Cglan] AHXFER2E

0 5294 5190 1.96% 5172 2.3%
1 5321 5186 2.5% 5113 3.9%
2 5348 5137 3.9% 5113 8.6%
3 5376 4941 8.1% 4501 16.3%
4 5403 4615 14.6% 4375 19.0%
5 5431 4472 17.6% 4382 19.3%
6 5458 4506 17.5% 4257 22%
7 5486 4418 19.4% 4261 22.3%
8 5514 4387 20.4% 4164 24.5%
9 5542 4391 20.7% 4088 26.2%

XPIRZERIN. BEA PR AR RSO, JE2H 11 55
H IR AR AR AR R, HIERTET, S
SNREDNS I 73T R D R B 1) 3 A B 5, 5 H R
A K E R STREBESN BB K.

X TR K R 53 SR A NaK
ST 2RI Co B, 3R 3 hakd] T 50k 135
SERANT RN 1.96%. K IEH T 4s B K JFTF
F dp BIIFATABWIE R (0 = 4,1' = 1|daln = 4,1 =
0) = 5.099 a.u., 4s#& K 7T 5| 5p &1 BT
JEHR (n' = 5,1 = 1|daln = 4,1 =0) = 0.372 a.u.. A
(6) AN (7) AT LAE ), & BEHXS Co B TTRR S BR
TR A A5 B IE b RIS, 4p 25 H 5p A AERE
B FEET 4s . I, K EFHY 4p B4 Co 1Y 5T
BRIZEK T 5p 28, Bt K T RES T & 1Y p A BEH
I TTHR.

KRB T, A SO TS K7 55 30K
KA NaK T O ZREL, San A T XN
Co HN T3 4. BRI T8 AR, Cs RE0Z
Hrsl/ . RIS H Tav B9 Co RELAYZEAL/]N.

X v BUNYREIBELR, 3T A 1) sk B LT
NI i s s Rt ol N e 2 e ]
B N B9 [ el 51 0 =15 1 T A VA R V)
B N VG =0) 2, R B ar o g AN
By nrw jr—o - (22) F1 (23) 25E S S5 A S5 AH 5,
(24). (25) F1 (26) @& LY S5 . S5 S2AH 4
(21) AT LA

2(105% + 1552 — j — 3)

Co = 3(2(j;71)(2jf|—1)(]2j+)2’>)52

2(145°% + 2152 — 55 — 6)
325 — 1)(2j + 1)(2j + 3)

Sy, (29)

Hrr
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& Z (', 1" = 1|da|n, 1 = 0)2(i", A" = 0,0/, 5" = 0|dm|i, A = 0,v,5 = 0)?

(En =1 + By ar=0, j'=0) — (En1=0 + Ei,A=0,1,j=0)

’ (30)

S3 — Z <’I’L/,l/ = 1|dA‘n>l = 0>2<i/aA/ = 1,1//,jl = O‘dM‘ZvA =0,v,j = O>2
b (Enr =1+ Ey nr=1,07 jr=0) — (Eni—o0 + Eia=0,u,j=0) '

L !
ny i v

F4 EEKETHHIFLE NaK 73 TEE Co £
B (JBrBdin)

Table 4. The coefficients Cg (in atomic units) for a

ground-state K atom and a rotationally excited NaK mo-

lecule.
WhgEdh =1 j=2 j=3 j=4
v Sam Ham Zam Ham Xam Uam Xam Ham

0 5807 5036 5660 5477 5636 5550 5627 5577
1 5840 5061 5692 5506 5667 5580 5658 5607
5873 5086 5723 5535 5698 5611 5689 5638
5906 5110 5755 5565 5730 5641 5721 5668
5939 5135 5786 5594 5761 5671 5752 5699
5972 5160 5818 5624 5792 5701 5783 5730
6005 5185 5849 5654 5823 5732 5814 5760
6038 5210 5881 5683 5854 5762 5845 5791
6071 5235 5912 5713 5885 5792 5876 5821
6104 5260 5943 5742 5916 5823 5907 5852

(S8 W~ w [\

© o N O

e 5 i, PRSI G 5
B RS R AR RHR2ZAE T 02— AN
5 YN RARXS IR 22 BE § 1S B . X 2P
Bl § 3G, A% Sh BEFNAZ I R B 15 25 T i
K.

5 MR (29) AHEMRRWEES K ET 5HRNE
mj = 045 NaK 73T Co REL (3 51). R [R5
7T (21) AR R Cs BB (=5, LT
AR 22 (HEU3).

Table 5.  The van der Waals coefficients Cg (second
column) for a ground-state K atom and a ground-vibra-
tional-state m; = 0 NaK molecule, calculated according
to Eq. (29). The table also gives the Cg (third column)
calculated from Eq. (21), as well as the relative error

between the two (fourth column).

RN Cs [an] ((29)R) Cs [aw] ((21)R) AHXFIRZE

0 5293.72086 5293.68319 -0.00071%
1 5807.26821 5807.2632 -0.000086%
2 5660.54039 5660.59003 0.00088%
3 5636.08576 5636.21914 0.0024%
4 5627.19316 5627.43843 0.0044%

Bl 1R T K-NaK R 2 pEM & V(R). Bl
HZL 8 S 2R T A SR Co 15 2 TS FE FLR

(31)

W BE I 2R, PR S Lk ol X A A 4L T H ) Vg
R R AaEM £, K (a) A1 (b) B/RIIRILS
K BT 5 RIR 34 NaK 2> 7 0] Y K AR HRE 28 .
Hirp & (2) X Sam & (M, = 0), Bl (b) X am
A (M ==1). & (a) F (b) FUABET SIS
K JB 7 5 B AR 7 25 NaK 4311 FE JC 55 e i (9 fig
. WNEHRTLIE W, 7 R > 35 ao i, KAEEMHEAE
FHFAR] DL 7 LR i iR, [ () 1 (d) s
B | = 4,1 = 1) AD K R F5ERFEHE NaK
STl KRR AR £k, Hodr, T (c) XF R Sam &
(M, =0), Bl (d) XD Ham 2 (M, = £1). El (c) Al
(d) P AREE S A S KR+ 5 8RS
NaK 43 #H I TG 55 7 i) A RE & . AR SO A L4 1
HETAT n=41=1)51 KJET5 KRR
RESU S 5538 NaK 70 A1 G, Z5 R sk 6 Jir
. IR 6 1 = 0 IRBIREHAT I IY Cs 153N HY3E
P FC IR W SARE NI () A (d) W aT o iR, X}
FEAT UL, YEAE FL/R ITATE R > 80 ay XIEE . & 1
Th TS U LR B S I R 1 22 5, TR [R]
FAT EEM AW IE N Re R R PE A . BRmS,
X F IS K BT 4+5EE NaK 20 T4 140
T&In=41=0,m=0,i=1,A=0,v=0,j =0,
m; = 0), SHEAEMA S RAHL M E1-5F
BHm=41=1m,i=1A=0v=0j=1m;),
XS ZIE R RE R 22298 13000 cm !, BERAYHE
it (1) P el A5 LA 31 %) YT B /R S AT R NI %
[ (R > 35 a0 ) {536 FHL X TS K RF+
B NaK TR T3 525 In = 4,1 = 1,my,
i=1,A=0,u=0,j=0,m; =0), FHEEHMEH
RER AN [n = 4,1 =0,m; = 0,i = 2, A = 0,
v=12,j=1,m;), P& BER2Z{LN-14.3548 cm ™,
AN RE T [B] BRSO S 3 A 07 B R T A7
BERBIRZIAINE (R > 80ao ) A& .

4 % #®

ARICWFTE T RS T SRR S+ Ok
EOYI RS L 23 B~ 0% a1 i D F(ER -9 WSS K EK (A
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(b)

s/ﬁ i=4 S/W i=4
~ 57 j=3 ~ 57 j=3
=3 =1
S /”' 3 ﬁ
b 4 g 4
o o
= j=2 = j=2
= =
<) 2/—*7 5 2-/’k
= j=1 = ji=1

oﬁ o/m

i=0
2 L L L L L L L —2 L L L L L L L
40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
R(ao) R(ao)
() (d) 10
j=4 j=4
5 ]
I ji=3 < j=3
b b
(e} (e}
— —
< <
3 i=2 S i=2
< =
-1 =1
0 0
40 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
R(ao) R(ao)

1 K-NaKRRMHBAE VI RAEMKERE  E (a). (b) FES KIFEF 5 IR ISR R 304 NaK 53 F 10 19 EAEH. (o).
(d) 24 |n = 4,1 = 1) BT 5 IR SR FFE Sh 250 7 B A EAEAL. B (a). (¢) I Zam & (M = 0), B (b). (d) 24 Tam & (M =
1). PR YT 7 00 Ak 2% A 30 20 X 7 9 5 Sl e . e RSSO B fE X A AR B S RE M £, 20 RSO 2R TR AT Cs 2
TR B A9 TU R S A e h £
Fig. 1. The potential energy V of the K-NaK system as a function of R. Panels (a) and (b) show the interaction between a ground-
state K atom and a ground-vibrational-state NaK molecule in different rotational states. Panels (c) and (d) show the interaction
between an atom in the |n =4,1=1) state and a ground-vibrational-state NaK molecule in different rotational states. Panels
(a) and (c) correspond to the Yoy state (M; = 0), and panels (b) and (d) correspond to the IIsv state ( M; = 1). The rotation-
al quantum numbers corresponding to each asymptotic channel are indicated in the figure. The solid black lines represent the poten-
tial energy curves obtained from numerical diagonalization, while the red dotted lines represent the van der Waals potential energy

curves calculated using the analytical C¢ formula.

#6 AT |n=41=1)5KEFFUETREIRNEDH SHEZ NaK 43 FRI1 Co (JFH07). Hr, 55 51 151
JoARAE (8) IR BN Sam BEEE, BB =FIFEATINRYE (13) KRB Tam SR

Table 6. The Cp coefficients (in atomic units) between a K atom in the |n =4,1 = 1) state and a rotationally ground-
state NaK molecule in different vibrational levels v. Columns 1 and 4 give the vibrational quantum number v, Columns

2 and 5 present the results for the XAy state calculated using Eq. (8), Columns 3 and 6 present the results for the IIam
state calculated using Eq. (13).

v 2AM ITam v 2AM ITam

0 -187762.734 -41640.93211 5 21689.68424 10868.05387
1 57814.15143 19782.35821 6 23008.01377 11226.89991
2 —24060.68439 —657.21939 7 ~777.46973 5309.77566

3 -511022.9626 -122368.6015 8 —150460.6566 —32081.77178
4 56358.78474 19506.0737 9 47169.43435 17354.95781

5 JEHAE Ja IEFRIAL T S 2 S B 1 XL 5 s/p/d BT U EHEE 0 T5 s BT
JAF0r 1, BT AU HE A3 2] TR s S0 T A1 Cs e3A 3. 18 i -5 SCRRAGE 1 2 T 5 5%
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Horb oy a4 B L TS F IR PR BE RS, 2 R R
R AT A, AN ) B0 8K LT B 8 o,
ag T v o PIHUE ST [46]. JFF I RESORMB IR AR 1T L3 3k
BRI (AL) TR B SRR E Y K T 4p, , 5
dsy ), AEREZEH) 12085.185724 cm !, dpy ), 5 ds, p AETEZEN
13042.896027 e M0, ASCAf Y Hrp, T RERS A % K
Ji ) EORE-BUE R A, THRA R0 4s B ap B 22N
13022.94 cm 1.

FEF 2 P4 T NaK 43 meth 2 bl o3 - 1 B Y
AARTEBL. IESCP AR 2 BB T RIS B O, 1E
THRSR IR 2 /DT EE RS F 1 (2) st A ()AL SCHk
[47) P 45 1 B B RE X IO Y e KAZ RIS 31.8 a . FEMEAZ
[ BRI, (2)'s+ 5 (1)'s* 19 BE i 22 13017.40983 cm
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Fig. 2. The potential energy of the NaK molecule as a func-
tion of the internuclear distance. The dissociation threshold
of the state (1)!X%1 is set as the zero of energy and the
data are taken from Ref. [47].

S5 3k

(1]

(10]
(1]
(12]
(13]
(14]

(15]

[16]
17]
18]
[19]
[20]
21]
[22]
23]
[24]
[25]
[26]
[27)
28]
[20]

(30]
(31]

200308-9

Zhao X D, Zhang Y Y, Liu W M 2019 Acta Phys. Sin. 68
043703 (in Chinese) [, KEEZ, XL 2019 ¥4
68 043703]

Wang W, Zhu H, Wang L, Bai W K, Chen X Z, Liu W M
2021 Sci. Sin. -Phys. Mech. Astron. 51 074207 (in Chinese)
(AR, R, 7, M3CHL, Brikes, XULWT 2021 T ER: 9
BAgE Jy%g RICF 51074207

Valtolina G, Matsuda K, Tobias W G, Li J R, De Marco L,
Ye J 2020 Nature 588 239

Son H, Park J J, Ketterle W, Jamison A O 2020 Nature 580
197

Vilas N B, Hallas C, Anderegg L, Robichaud P, Winnicki A,
Mitra D, Doyle J M 2022 Nature 606 70

Schindewolf A, Bause R, Chen X Y, Duda M, Karman T,
Bloch I, Luo X Y 2022 Nature 607 677

Cao J, Yang H, Su Z, Wang X Y, Rui J, Zhao B, Pan J W
2023 Phys. Rev. A 107 013307

Bigagli N, Yuan W J, Zhang S W, Bulatovic B, Karman T,
Stevenson I, Will S 2024 Nature 631 289

Shi Z P, Huang Z R, Deng F L, Jin W J, Yi S, Shi T, Wang
D J 2025 arXiv: 2508.20518

Langen T, Valtolina G, Wang D J, Ye J 2024 Nat. Phys. 20 702
Softley T P 2023 Proc. R. Soc. A 479 2274

Bird R C, Tarbutt M R, Hutson J M 2023 Phys. Rev. Res. 5
023184

Koller M, Jung F, Phrompao J, Zeppenfeld M, Rabey I M,
Rempe G 2022 Phys. Rev. Lett. 128 203401

Prins N S, Tscherbul T V 2026 Phys. Chem. Chem. Phys. 28
5194

Bai S Y, Bai J X, Han X X, Jiao Y C, Zhao J M 2021 Acta
Phys. Sin. 70 123201 (in Chinese) [FAZ3E, AR, #/NE, M
HE, BRI 2021 YUBEAAR 70 123201]

Liang Z X, Zhang Z D, Liu W M 2005 Phys. Rev. Lett. 94
050402

Gu ZY, Zhou X S, Chen W, Han W, Deng F L, Shi T, Wang
P J, Zhang J 2025 arXiv: 2509.2363/

Yang H, Zhang D C, Liu L, Liu Y X, Nan J, Zhao B, Pan J
W 2019 Science 363 261

Su Z, Yang H, Cao J, Wang X Y, Rui J, Zhao B, Pan J W
2022 Phys. Rev. Lett. 129 033401

Su Z, Shou T H, Yang H, Cao J, Wang B Y, Xie T, Rui J,
Zhao B, Pan J W 2025 Phys. Rev. Lett. 135 213401

Son H, Park J J, Lu Y K, Jamison A O, Karman T, Ketterle
W 2022 Science 375 1006

Borgloh M M z A, Heier J, von Gierke F, Shammout B,
Tiemann E, Karpa L, Ospelkaus S 2026 arXiv: 2602.23929
Karman T, Tomza M, Pérez-Rios J 2024 Nat. Phys. 20 722
Soley M B, Heller E J 2025 Chem. Rev. 125 6609

Wild R, Notzold M, Simpson M, Tran T D, Wester R 2023
Nature 615 425

Yang H, Cao J, Su Z, Rui J, Zhao B, Pan J W 2022 Science
378 1009

Yang H, Wang X Y, Su Z, Cao J, Zhang D C, Rui J, Zhao B,
Bai C L, Pan J W 2022 Nature 602 229

Cao J, Wang B Y, Yang H, Fan Z J, Su Z, Rui J, Zhao B,
Pan J W 2024 Phys. Rev. Lett. 132 093403

Guttridge A, Ruttley D K, Baldock A C, Gonzélez-Férez R,
Sadeghpour H R, Adams C S, Cornish S L 2023 Phys. Rev.
Lett. 131 013401

Kaufman A M, Ni K K 2021 Nat. Phys. 17 1324

Fontana P R 1961 Phys. Rev. 123 1865


https://doi.org/10.7498/aps.68.20190153
https://doi.org/10.7498/aps.68.20190153
https://doi.org/10.7498/aps.68.20190153
https://doi.org/10.7498/aps.68.20190153
https://doi.org/10.7498/aps.68.20190153
https://doi.org/10.7498/aps.68.20190153
https://doi.org/10.7498/aps.68.20190153
https://doi.org/10.7498/aps.68.20190153
https://doi.org/10.7498/aps.68.20190153
https://doi.org/10.7498/aps.68.20190153
https://doi.org/10.7498/aps.68.20190153
https://doi.org/10.7498/aps.68.20190153
https://doi.org/10.7498/aps.68.20190153
https://doi.org/10.1038/s41586-020-2980-7
https://doi.org/10.1038/s41586-020-2980-7
https://doi.org/10.1038/s41586-020-2980-7
https://doi.org/10.1038/s41586-020-2980-7
https://doi.org/10.1038/s41586-020-2980-7
https://doi.org/10.1038/s41586-020-2980-7
https://doi.org/10.1038/s41586-020-2980-7
https://doi.org/10.1038/s41586-020-2141-z
https://doi.org/10.1038/s41586-020-2141-z
https://doi.org/10.1038/s41586-020-2141-z
https://doi.org/10.1038/s41586-020-2141-z
https://doi.org/10.1038/s41586-020-2141-z
https://doi.org/10.1038/s41586-020-2141-z
https://doi.org/10.1038/s41586-022-04620-5
https://doi.org/10.1038/s41586-022-04620-5
https://doi.org/10.1038/s41586-022-04620-5
https://doi.org/10.1038/s41586-022-04620-5
https://doi.org/10.1038/s41586-022-04620-5
https://doi.org/10.1038/s41586-022-04620-5
https://doi.org/10.1038/s41586-022-04620-5
https://doi.org/10.1038/s41586-022-04900-0
https://doi.org/10.1038/s41586-022-04900-0
https://doi.org/10.1038/s41586-022-04900-0
https://doi.org/10.1038/s41586-022-04900-0
https://doi.org/10.1038/s41586-022-04900-0
https://doi.org/10.1038/s41586-022-04900-0
https://doi.org/10.1038/s41586-022-04900-0
https://doi.org/10.1103/PhysRevA.107.013307
https://doi.org/10.1103/PhysRevA.107.013307
https://doi.org/10.1103/PhysRevA.107.013307
https://doi.org/10.1103/PhysRevA.107.013307
https://doi.org/10.1103/PhysRevA.107.013307
https://doi.org/10.1103/PhysRevA.107.013307
https://doi.org/10.1103/PhysRevA.107.013307
https://doi.org/10.1038/s41586-024-07492-z
https://doi.org/10.1038/s41586-024-07492-z
https://doi.org/10.1038/s41586-024-07492-z
https://doi.org/10.1038/s41586-024-07492-z
https://doi.org/10.1038/s41586-024-07492-z
https://doi.org/10.1038/s41586-024-07492-z
https://doi.org/10.1038/s41586-024-07492-z
https://doi.org/10.1038/s41567-024-02423-1
https://doi.org/10.1038/s41567-024-02423-1
https://doi.org/10.1038/s41567-024-02423-1
https://doi.org/10.1038/s41567-024-02423-1
https://doi.org/10.1038/s41567-024-02423-1
https://doi.org/10.1038/s41567-024-02423-1
https://doi.org/10.1038/s41567-024-02423-1
https://doi.org/10.1103/PhysRevResearch.5.023184
https://doi.org/10.1103/PhysRevResearch.5.023184
https://doi.org/10.1103/PhysRevResearch.5.023184
https://doi.org/10.1103/PhysRevResearch.5.023184
https://doi.org/10.1103/PhysRevResearch.5.023184
https://doi.org/10.1103/PhysRevResearch.5.023184
https://doi.org/10.1103/PhysRevLett.128.203401
https://doi.org/10.1103/PhysRevLett.128.203401
https://doi.org/10.1103/PhysRevLett.128.203401
https://doi.org/10.1103/PhysRevLett.128.203401
https://doi.org/10.1103/PhysRevLett.128.203401
https://doi.org/10.1103/PhysRevLett.128.203401
https://doi.org/10.1103/PhysRevLett.128.203401
https://doi.org/10.1039/D5CP04620C
https://doi.org/10.1039/D5CP04620C
https://doi.org/10.1039/D5CP04620C
https://doi.org/10.1039/D5CP04620C
https://doi.org/10.1039/D5CP04620C
https://doi.org/10.1039/D5CP04620C
https://doi.org/10.7498/aps.70.20202229
https://doi.org/10.7498/aps.70.20202229
https://doi.org/10.7498/aps.70.20202229
https://doi.org/10.7498/aps.70.20202229
https://doi.org/10.7498/aps.70.20202229
https://doi.org/10.7498/aps.70.20202229
https://doi.org/10.7498/aps.70.20202229
https://doi.org/10.7498/aps.70.20202229
https://doi.org/10.7498/aps.70.20202229
https://doi.org/10.7498/aps.70.20202229
https://doi.org/10.7498/aps.70.20202229
https://doi.org/10.7498/aps.70.20202229
https://doi.org/10.7498/aps.70.20202229
https://doi.org/10.7498/aps.70.20202229
https://doi.org/10.7498/aps.70.20202229
https://doi.org/10.7498/aps.70.20202229
https://doi.org/10.1103/PhysRevLett.94.050402
https://doi.org/10.1103/PhysRevLett.94.050402
https://doi.org/10.1103/PhysRevLett.94.050402
https://doi.org/10.1103/PhysRevLett.94.050402
https://doi.org/10.1103/PhysRevLett.94.050402
https://doi.org/10.1103/PhysRevLett.94.050402
https://doi.org/10.1126/science.aau5322
https://doi.org/10.1126/science.aau5322
https://doi.org/10.1126/science.aau5322
https://doi.org/10.1126/science.aau5322
https://doi.org/10.1126/science.aau5322
https://doi.org/10.1126/science.aau5322
https://doi.org/10.1126/science.aau5322
https://doi.org/10.1103/PhysRevLett.129.033401
https://doi.org/10.1103/PhysRevLett.129.033401
https://doi.org/10.1103/PhysRevLett.129.033401
https://doi.org/10.1103/PhysRevLett.129.033401
https://doi.org/10.1103/PhysRevLett.129.033401
https://doi.org/10.1103/PhysRevLett.129.033401
https://doi.org/10.1103/PhysRevLett.129.033401
https://doi.org/10.1103/95nd-4tzv
https://doi.org/10.1103/95nd-4tzv
https://doi.org/10.1103/95nd-4tzv
https://doi.org/10.1103/95nd-4tzv
https://doi.org/10.1103/95nd-4tzv
https://doi.org/10.1103/95nd-4tzv
https://doi.org/10.1103/95nd-4tzv
https://doi.org/10.1126/science.abl7257
https://doi.org/10.1126/science.abl7257
https://doi.org/10.1126/science.abl7257
https://doi.org/10.1126/science.abl7257
https://doi.org/10.1126/science.abl7257
https://doi.org/10.1126/science.abl7257
https://doi.org/10.1126/science.abl7257
https://doi.org/10.1038/s41567-024-02467-3
https://doi.org/10.1038/s41567-024-02467-3
https://doi.org/10.1038/s41567-024-02467-3
https://doi.org/10.1038/s41567-024-02467-3
https://doi.org/10.1038/s41567-024-02467-3
https://doi.org/10.1038/s41567-024-02467-3
https://doi.org/10.1038/s41567-024-02467-3
https://doi.org/10.1021/acs.chemrev.4c01014
https://doi.org/10.1021/acs.chemrev.4c01014
https://doi.org/10.1021/acs.chemrev.4c01014
https://doi.org/10.1021/acs.chemrev.4c01014
https://doi.org/10.1021/acs.chemrev.4c01014
https://doi.org/10.1021/acs.chemrev.4c01014
https://doi.org/10.1021/acs.chemrev.4c01014
https://doi.org/10.1038/s41586-023-05727-z
https://doi.org/10.1038/s41586-023-05727-z
https://doi.org/10.1038/s41586-023-05727-z
https://doi.org/10.1038/s41586-023-05727-z
https://doi.org/10.1038/s41586-023-05727-z
https://doi.org/10.1038/s41586-023-05727-z
https://doi.org/10.1126/science.ade6307
https://doi.org/10.1126/science.ade6307
https://doi.org/10.1126/science.ade6307
https://doi.org/10.1126/science.ade6307
https://doi.org/10.1126/science.ade6307
https://doi.org/10.1126/science.ade6307
https://doi.org/10.1038/s41586-021-04297-2
https://doi.org/10.1038/s41586-021-04297-2
https://doi.org/10.1038/s41586-021-04297-2
https://doi.org/10.1038/s41586-021-04297-2
https://doi.org/10.1038/s41586-021-04297-2
https://doi.org/10.1038/s41586-021-04297-2
https://doi.org/10.1038/s41586-021-04297-2
https://doi.org/10.1103/PhysRevLett.132.093403
https://doi.org/10.1103/PhysRevLett.132.093403
https://doi.org/10.1103/PhysRevLett.132.093403
https://doi.org/10.1103/PhysRevLett.132.093403
https://doi.org/10.1103/PhysRevLett.132.093403
https://doi.org/10.1103/PhysRevLett.132.093403
https://doi.org/10.1103/PhysRevLett.132.093403
https://doi.org/10.1103/PhysRevLett.131.013401
https://doi.org/10.1103/PhysRevLett.131.013401
https://doi.org/10.1103/PhysRevLett.131.013401
https://doi.org/10.1103/PhysRevLett.131.013401
https://doi.org/10.1103/PhysRevLett.131.013401
https://doi.org/10.1103/PhysRevLett.131.013401
https://doi.org/10.1103/PhysRevLett.131.013401
https://doi.org/10.1103/PhysRevLett.131.013401
https://doi.org/10.1038/s41567-021-01357-2
https://doi.org/10.1038/s41567-021-01357-2
https://doi.org/10.1038/s41567-021-01357-2
https://doi.org/10.1038/s41567-021-01357-2
https://doi.org/10.1038/s41567-021-01357-2
https://doi.org/10.1038/s41567-021-01357-2
https://doi.org/10.1038/s41567-021-01357-2
https://doi.org/10.1103/PhysRev.123.1865
https://doi.org/10.1103/PhysRev.123.1865
https://doi.org/10.1103/PhysRev.123.1865
https://doi.org/10.1103/PhysRev.123.1865
https://doi.org/10.1103/PhysRev.123.1865
https://doi.org/10.1103/PhysRev.123.1865
https://doi.org/10.1103/PhysRev.123.1865
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 75, No. 20 (2026) 200308

[32] Fontana P R 1962 Phys. Rev. 125 1597 Hutzler N R 2024 Phys. Rev. Lett. 132 033001

[33] Shammout B, Karpa L, Ospelkaus S, Tiemann E, Dulieu O [43] YuZ Y, Hong Q Q, Yi Y G, Shu C C 2025 Acta Phys. Sin.
2023 J. Phys. Chem. A 127 7872 74 183102 (in Chinese) [T, MG, HAE W, HIETE 2025

[34] Lepers M, Dulieu O, Kokoouline V 2010 Phys. Rev. A 82 Yrszedi 74 183102]
042711 [44] Chen W, Gu Z Y, Zhou X S, Wang P J 2026 Acta Phys. Sin.

[35] Lepers M, Vexiau R, Bouloufa N, Dulieu O, Kokoouline V 75 110304 (in Chinese) [Fs 1, BiiE, B, THE%4 2026 ¥
2011 Phys. Rev. A 83 042707 H2EdR 75 110304]

[36] Lepers M, Dulieu O 2011 Phys. Chem. Chem. Phys. 13 19106 [45] Marinescu M, Sadeghpour H R 1999 Phys. Rev. A 59 390

[37] Pérez-Rios J, Lepers M, Dulieu O 2015 Phys. Rev. Lett. 115 [46] Marinescu M, Sadeghpour H R, Dalgarno A 1994 Phys. Rev.
073201 A 49 982

[38] Olaya V, Pérez-Rios J, Herrera F 2020 Phys. Rev. A 101 [47) Vexiau R, Borsalino D, Lepers M, Orbdn A, Aymar M,
032705 Dulieu O, Bouloufa-Maafa N 2017 Int. Rev. Phys. Chem. 36

[39] Elkamshishy A A, Greene C H 2022 J. Phys. Chem. A 127 18 709

[40] Zuchowski P S, Kosicki M, Kodrycka M, Solddn P 2013 Phys. [48] Willner K, Dulieu O, Masnou-Seeuws F 2004 J. Chem. Phys.
Rev. A 87 022706 120 548

[41] Dulieu O, Perez-Rios J, Lepers M 2013 Bull. Am. Phys. Soc. [49] Kramida A, Ralchenko Y, Reader J, NIST ASD Team 2024.
58 C6.002 https://physics.nist.gov/asd. National Institute of Standards

[42] Zhang C, Rittenhouse S T, Tscherbul T V, Sadeghpour H, and Technology, Gaithersburg, MD.

SPECIAL TOPIC— Ultracold atomic and molecular physics

Van der Waals interaction between alkali metal atoms and
alkali metal polar diatomic molecules

BAI Xuhui  ZHANG Yanpei  JIN Chuanqi  YANG Yuechao
GAO Weihe WANG Gaoren’ HAN Yongchang?

(School of Physics, Dalian University of Technology, Dalian 116024, China)
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Abstract

van der Waals (vdW) interactions play a crucial role in ultracold atom-molecule collisions, as they
dominate the long-range part of the interparticle potential and govern essential scattering properties at
millikelvin and submillikelvin. In this work, we systematically investigate the vdW coefficient Cs between
alkali-metal atoms and alkali-metal polar diatomic molecules in the 'S% electronic state. Based on second-order
perturbation theory, we derive analytical expressions for the Cs coefficient for the following cases: an atom in
the s, p or d state interacting with a molecule in the rotational ground state (j = 0), and an atom in the s state
interacting with a molecule in a rotationally excited state (j>0). The formulas explicitly include the
dependence on the vibrational quantum number v and rotational quantum number j, enabling a quantitative
description of the internal-state dependence of the long-range interaction. Taking the K-NaK system as an
example, we calculate the Cgs coefficients using the ~derived formulas and analyze their variation with
vibrational and rotational quantum numbers. Our results reveal that the vibrational excitation significantly

enhances the Cs coefficient, while the rotational excitation shows a relatively weaker but non-negligible effect.
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Furthermore, to determine the applicable range of the vdW potential, we compare the potential energy curves
obtained from perturbation theory with those from a full diagonalization of the dipole-dipole interaction matrix.
This comparison allows us to establish the minimum internuclear separation above which the second-order
perturbative treatment remains accurate. Our comparison reveals that the vdW potential provides a
quantitative description of the long-range interaction for R > 35a9 in the K(4s)-NaK(X'ST,v=0) case.
However, for the K(4p)-NaK( X'S%, v =0) system, the perturbative treatment requires a larger separation
(R>80ap) to achieve the same level of accuracy, indicating a significantly extended range of the non-
perturbative dipole-dipole coupling. Our findings provide systematic theoretical tools for modeling long-range
interactions in alkali atom-molecule systems and provide quantitative reference data for future experiments on

ultracold atom-molecule mixtures and quantum gas experiments.
Keywords: ultracold atom, ultracold molecule, dipole-dipole interaction, van der Waals coefficients
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