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Theoretical analysis of the coupling between Feshbach states and
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We present an intensive study of the coupling between different Feshbach states and the hyperfine levels of the excited
states in the adiabatic creation of 23Na40K ground-state molecules. We use coupled-channel method to calculate the wave
function of the Feshbach molecules, and give the short-range wave function of triplet component. The energies of the hy-
perfine excited states and the coupling strength between the Feshbach states and the hyperfine excited states are calculated.
Our results can be used to prepare a specific hyperfine level of the rovibrational ground state to study the ultracold collisions
involving molecules.
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1. Introduction

Stimulated Raman adiabatic passage (STIRAP) is a co-
herent manipulation technique that allows robust population
transfer between discrete quantum states.[1,2] The principle of
STIRAP can be understood using a three-level system involv-
ing two ground states and one excited state. By coupling the
two ground states with the excited state using a pump light and
a Stokes light, respectively, and adiabatically controlling the
Rabi frequencies in a counterintuitive way, the system can be
transferred from one ground state to the other one without any
losses. Recently, the STIRAP technique has been employed to
prepare ultracold alkali-metal diatomic molecules in the rovi-
brational ground state.[3–10] To prepare the ultracold ground-
state molecules, weakly bound Feshbach molecules are first
created in an ultracold atomic gas in the vicinity of an atomic
Feshbach resonance, and then are transferred to the ground
state via a molecule excited state by the STIRAP. An illustra-
tion of the STIRAP in the 23Na40K system is shown in Fig. 1.

The Feshbach molecule is a kind of long-range molecule,
and the long-range wave function is simply determined by
the large magnetically-tunable scattering length.[11] This kind
of universal property has been employed to study the BEC–
BCS crossover in degenerate fermion gases,[12] the dynam-
ics of solitons and votices in Bose-Einstein condensates
(BEC),[13,14] and the universal few-body physics.[15,16] How-
ever, to prepare the ground-state molecule, we need to under-
stand the short-range wave function of the Feshbach molecule,

since the excited state is a conventional rovibrational state of
the excited electronic state, and thus the coupling between the
Feshbach state and the excited state occurs at the short range.

In the 23Na40K system, there are various atomic Fes-
hbach resonances that can be used to create Feshbach
molecules.[17,18] The projection of the total angular momen-
tum along the magnetic field and the short-range wave func-
tion of these Feshbach molecules are different. The electronic
excited state is a combination of the singlet and triplet elec-
tronic states, and it has many hyperfine levels due to the cou-
pling between the electron spin and the nuclear spins.[19,20]

These rich energy level structures offer the opportunity to cre-
ate different hyperfine levels of the ground state by choos-
ing the proper hyperfine excited states, the polarization of the
pump and Stokes lasers, and the different Feshbach states. In
our recent work, we have prepared the molecules in several
different hyperfine levels of the rovibrational ground state to
study the atom–molecule Feshbach resonances.[10] Besides,
it has been demonstrated that in the 23Na40K system, the in-
terference between a desired resonant STIRAP via resonantly
coupled hyperfine level of the excited state and an unexpected
detuned STIRAP via other off-resonantly coupled hyperfine
levels can induce the oscillation of the round-trip STIRAP ef-
ficiency and affect the purity of the hyperfine ground states.[21]

Therefore, it is important to understand the coupling between
the Feshbach states and different hyperfine levels of the ex-
cited states.
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In this paper, we present a detailed theoretical study
of the coupling between the Feshbach states and different
hyperfine levels of the excited states in the 23Na40K sys-
tem. We will consider the broad Feshbach resonances be-
tween | fNa,m fNa〉 = |1,1〉 and | fK,m fK〉 = |9/2,m fK〉 states
with m fK = −9/2,−7/2,−5/2. For each spin combination,
there are two broad atomic Feshbach resonances. We will
calculate the short-range wave function of the Feshbach state,
and calculate the coupling between these Feshbach states and
the hyperfine levels of the excited state, which is a mixture of
the electronic excited states B1Π |v = 12,J = 1〉 and c3Σ |v =
35,J = 1〉. Our results can be used to prepare the molecules in
various hyperfine levels of the rovibrational ground states.

pumpStokes

Feshbach state

rovibrational
ground state

excited state

B1P~c3S

X1S

Fig. 1. Illustration of the stimulated Raman adiabatic passage in the
23Na40K system. By choosing the different Feshbach states, the proper hy-
perfine levels of the excited states, and the laser polarizations, the various
hyperfine level of the ground-state molecule can be populated.

2. Feshbach molecules
We first consider the s-wave Feshbach molecule in the

vicinity of the Feshbach resonance between the | fNa,m fNa〉 =
|1,1〉 and | fK,m fK〉= |9/2,m fK〉 states. The Feshbach state is
labelled by |1,1;9/2,m fK〉. The binding energy and the wave
function of the Feshbach molecule can be calculated using the
Hamiltonian

H = T + ∑
S=0,1

VS(r)PS +Hhf +Hz. (1)

The first term is the kinetic energy T = −(h̄2/2µ)(d2/dr2)

with µ = mNamK/(mNa +mK) the reduced mass. The second
term is the spin-exchanging interaction, where P0 = 1/4−𝑠Na ·
𝑠K and P1 = 3/4+ 𝑠Na · 𝑠K are the singlet and triplet projec-
tion operators respectively with 𝑠 being the electron spin. The
Born–Oppenheimer potential V0(r) and V1(r) represent the in-
teraction potentials of the singlet X1Σ and triplet a3Σ molecule
states, respectively. The Born–Oppenheimer potentials can be
approximately described by power expansions of r, and the
analytic formula can be found in Refs. [18,22]. The hyperfine
interaction Hhf can be described by

Hhf = aNa𝑠Na · 𝑖Na +aK𝑠K · 𝑖K, (2)

where aNa = 885.813 MHz and aK =−285.7308 MHz are the
atomic hyperfine constants of the ground states and 𝑖 denotes
the nuclear spin. The last term is the Zeeman term

Hz = [(gsszNa−giNa izNa)+(gsszK−giK izK)]µBB, (3)

where gs = 2.0023 is the electron g-factor, giNa = −0.0008
and giK = 0.000176 are the nuclear g-factor of 23Na and 40K,
respectively, and B is the magnetic field along the z direction.

The internal states can be expressed in terms of the un-
coupled basis |msNa ,msK ,miNa ,miK〉. The Hamiltonian couples
all the internal states with the same projection along the mag-
netic field MF = m fNa +m fK = msNa +msK +miNa +miK . For a
given MF and B, we first diagonalize the hyperfine and Zee-
man Hamiltonian Hhf + Hz to obtain the internal eigenstate
|χi〉 and the threshold energy E th

i of these channels. Expand-
ing the wave function in terms of the new bases |ψF(r)〉 =
∑i ψi(r)|χi〉, we obtain the coupled-channel Schrödinger equa-
tion

∑
j
[T δi j + ∑

S=0,1
VS(r)〈χi|PS|χ j〉]ψ j(r) = (E−E th

i )ψi(r). (4)

Assuming the threshold of the lowest channel is E th
o , the eigen-

values of the Feshbach state can be expressed as E = E th
o −Eb,

where Eb > 0 represents the binding energy of the Feshbach
molecule. We numerically solve Eq. (4) by means of the renor-
malized Numerov method[23] to calculate the binding energy
and the wave function of the Feshbach state.

The calculated wave function can be expanded in terms
of the spin-coupled basis |σ〉= |S,MS,miNa ,miK〉 by a unitary
transformation

|ψF(r)〉= ∑
j

ψ
F
j (r)|σ j〉, (5)

where |σ j〉 represents the state that conserves the total pro-
jection of angular momentum MF = MS + miNa + miK . The
wave function includes the singlet component with S = 0 and
the triplet component with S = 1. In Fig. 2, we plot the spa-
tial wave function ψF

j (r) of the Feshbach molecule at 104 Gs
(1 Gs = 10−4 T) in the vicinity of the Feshbach resonance be-
tween |1,1〉 and |9/2,−7/2〉 at about 110 Gs. The calculated
binding energy is about 63 kHz. The Feshbach molecule has a
long range component and thus is open channel dominated.

It can be easily seen that only several channels have the
long-range components. For these channels, the long-range
wave function can be expressed as

ψ
F
j (r > rl

c)≈ cL
j ψ

L(r), (6)

where rl
c is a cut-off length, and ψL(r) represents the common

long-range wave function, and the coefficient is

|cL
j |=

√∫
∞

rl
c

ψF
j (r)2. (7)
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Therefore, we may express the long-range part of the wave
function as

|ψF(r > rl
c)〉= ψ

L(r)∑
j

cL
j |σ j〉. (8)

As shown in Fig. 2(a), for the Feshbhach molecule

|1,1;9/2,−7/2〉, the long-range wave functions exist in 6

channels.
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Fig. 2. (a) The spatial wave function of the Feshbach state |1,1;9/2,−7/2〉 at B = 104 Gs (1 Gs = 10−4 T). Each color curve represents the
wave function ψF

j (r) in a certain basis |σ j〉. (b) The triplet component of the spatial wave function ψF
j (r) at the short range. The inset is the

normalized short-range wave function ψF
j (r)/cT

j , with the cut off length rs
c = 23 a0.

Table 1. The coefficients cT
j of the short-range wave function for different Feshbach molecules |1,1;9/2,m f 〉 with m f =−9/2, −7/2, −5/2.

|1,1;9/2,−9/2〉 at B = 85.7 Gs |1,1;9/2,−9/2〉 at B = 78 Gs

J MJ miNa miK cT
j J MJ miNa miK cT

j

1 –1 –3/2 –1 –0.092 1 –1 –3/2 –1 0.113

1 –1 –1/2 –2 0.198 1 –1 –1/2 –2 –0.378

1 –1 1/2 –3 0.154 1 –1 1/2 –3 0.345

1 –1 3/2 –4 0.128 1 –1 3/2 –4 0.035

1 0 –3/2 –2 –0.098 1 0 –3/2 –2 0.126

1 0 –1/2 –3 –0.214 1 0 –1/2 –3 0.287

1 0 1/2 –4 –0.712 1 0 1/2 –4 –0.344

1 1 –3/2 –3 0.345 1 1 –3/2 –3 –0.604

1 1 –1/2 –4 0.481 1 1 –1/2 –4 0.378

|1,1;9/2,−7/2〉 at B = 104 Gs |1,1;9/2,−7/2〉 at B = 89.9 Gs

J MJ miNa miK cT
j J MJ miNa miK cT

j

1 –1 –3/2 0 0.103 1 –1 –3/2 0 –0.150

1 –1 –1/2 –1 –0.168 1 –1 –1/2 –1 0.449

1 –1 1/2 –2 –0.254 1 –1 1/2 –2 –0.288

1 –1 3/2 –3 –0.289 1 –1 3/2 –3 –0.156

1 0 –3/2 –1 0.132 1 0 –3/2 –1 –0.195

1 0 –1/2 –2 0.180 1 0 –1/2 –2 –0.238

1 0 1/2 –3 0.625 1 0 1/2 –3 0.149

1 0 3/2 –4 0.298 1 0 3/2 –4 0.266

1 1 –3/2 –2 –0.268 1 1 –3/2 –2 0.634

1 1 –1/2 –3 –0.459 1 1 –1/2 –3 –0.261

1 1 1/2 –4 –0.048 1 1 1/2 –4 –0.102

|1,1;9/2,−5/2〉 at B = 128 Gs |1,1;9/2,−5/2〉 at B = 104 Gs

J MJ miNa miK cT
j J MJ miNa miK cT

j

1 –1 –3/2 1 –0.108 1 –1 –3/2 1 –0.172

1 –1 –1/2 0 0.147 1 –1 –1/2 0 0.483

1 –1 1/2 –1 0.301 1 –1 1/2 –1 –0.204

1 –1 3/2 –2 0.402 1 –1 3/2 –2 –0.238

1 0 –3/2 0 –0.159 1 0 –3/2 0 –0.263

1 0 –1/2 –1 –0.173 1 0 –1/2 –1 –0.196

1 0 1/2 –2 –0.553 1 0 1/2 –2 0.033

1 0 3/2 –3 –0.346 1 0 3/2 –3 0.284

1 1 –3/2 –1 0.215 1 1 –3/2 –1 0.632

1 1 –1/2 –2 0.423 1 1 –1/2 –2 –0.158

1 1 1/2 –3 0.074 1 1 1/2 –3 –0.152

1 1 3/2 –4 –0.056 1 1 3/2 –4 0.048
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For the STIRAP transfer, the short-range wave function
is important. The short-range wave function includes the con-
tribution from the the singlet and triplet potentials. In most
cases, the contribution from the singlet potential is negligibly
small, and thus the wave function of the Feshbach molecule is
dominated by the triplet component. That is the reason why
we usually need to find an excited state which is a mixture of
triplet and singlet electronic excited state to perform the STI-
RAP.

The short-range wave function of the triplet component
can be written as

ψ
F
j (r < rs

c)≈ cT
j ψ

T (r), (9)

where rs
c is a cut-off length, and ψT (r) represents the common

short-range wave function. The coefficient can be calculated
by

|cT
j |=

√∫ rs
c

0
ψF

j (r)2. (10)

Therefore, the short-range wave function of the Feshbach
molecule can be expressed as

|ψF(r < rs
c)〉 ≈ ψ

T (r)∑
j

cT
j |σT

j 〉. (11)

For the Feshbach state |1,1;9/2,−7/2〉 at B= 104 Gs, we
have plotted the short-range wave function ψF

j (r) and the nor-
malized wave function ψF

j (r)/cT
j in Fig. 2(b). The normalized

wave function ψF
j (r)/cT

j can be approximated by the highest
vibrational state of the triplet potential. We have calculated
the short-range coefficients cT

j for the Feshbach molecules in
the vicinity of different Feshbach resonances. The results are
shown in Table 1. The coefficients cT

j will be used to calcu-
late the coupling between the Feshbach states and the hyper-
fine levels of the excited states. Since the triplet s-wave bound
state has good quantum numbers N = 0, S = 1, and J = 1, in
the following discussions, we use the molecule quantum num-
bers to represent the basis |σT

j 〉 = |N,S,J,MJ ,miNa ,miK〉, and
the short-range wave function of the Feshbach state can be de-
scribed by

|ψF(r < rs
c)〉

∝ ∑
MJmiNa miK

cT
NSJMJmiNa miK

|N,S,J,MJ ,miNa ,miK〉. (12)

3. Excited states
The excited state used in the STIRAP transfer is a mix-

ture of the singlet electronic excited state B1Π|v = 12,J = 1〉
and the triplet electronic excited state c3Σ |v = 35,J = 1〉, and
thus the excited state can be written as a superposition state
|ψe〉 = |ψB1Π

〉+ |ψc3Σ
〉, where |ψB1Π

〉 and |ψc3Σ
〉 represent

the singlet and triplet excited states, respectively. The hyper-
fine level structures of the excited states have been discussed
in Refs. [19,20].

The triplet component |ψc3Σ
〉 accounts for the coupling

between the Feshbach state and the electronic excited state,
since the short-range wave function of the Feshbach molecule
is dominated by the triplet component. The state |ψc3Σ

〉 can
be expanded in the basis |NSJMJmiNamiK〉 with N = 1, S = 1,
and J = 1. The hyperfine and Zeeman interactions for the c3Σ

state are described by

Hc = ae
Na𝑖Na ·𝑆+ae

K𝑖K ·𝑆+gsµBSzB, (13)

where ae
Na = 334 MHz and ae

K = −28 MHz are the hyperfine
constants of the molecular excited states.

The singlet component |ψB1Π
〉 is responsible for the cou-

pling between the excited state and the ground state, since
the ground molecule state is a singlet state. The |ψB1Π

〉 state
can be expanded in the basis |JΩMJmiNamiK〉 with J = 1 and
Ω = 1. The B1Π state has negligible hyperfine interaction
and the Zeeman interaction is diagonal. The diagonal ma-
trix element is given by 〈JΩMJmiNamiK |HB|JΩMJmiNamiK〉=
µBMJB/(J(J+1)). The |NSJMJmiNamiK〉 state of c3Σ and the
|JΩMJmiNamiK〉 state of B1Π are mixed by the spin–orbit cou-
pling with a coupling coefficient ξBc = 0.54899 cm−1. There-
fore, the energy and the wave function of the hyperfine levels
of the excited states are obtained by diagonalizing the coupled
Hamiltonian (

EB𝐼+𝐻B ξBc𝐼
ξBc𝐼 Ec𝐼+𝐻c

)
, (14)

where 𝐼 is the identity matrix of dimension (2J + 1)(2iNa +

1)(2iK + 1) = 108, and EB = 17701.427 cm−1 and Ec =

17701.074 cm−1 are the energies of the B1Π|v = 12,J = 1〉
and c3Σ |v = 35,J = 1〉 rovibrational states, respectively. The
eigenstates contain two branches and the branch including
more triplet components is employed to perform the STIRAP.
The typical energy level structure of the hyperfine levels of the
excited states is plotted in Fig. 3. Because ae

K is much smaller
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Fig. 3. The energy level structures of the excited states. The quantum
numbers F1 = J + iNa and mF1 are approximately good quantum numbers.
Each solid line represents 9 nearly degenerate hyperfine states with the same
F1 = J+ iNa and mF1 but different miK .
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than ae
Na, the quantum numbers F1 = J+ iNa, mF1 and miK can

be approximated as good quantum numbers. The hyperfine

levels with the same F1 = J + iNa and mF1 are nearly degen-

erate. In Fig. 3, the hyperfine levels of the excited states are

labelled by these quantum numbers.

The triplet component of the wave function of the hyper-

fine excited state can be expressed as

|ψc3Σ
〉 ∝ ∑

MJmiNa miK

ce
NSJMJmiNa miK

|NSJMJmiNamiK〉. (15)

Therefore the coupling strength between the hyperfine excited
state and the Feshbach state for a q-polarized pump light with
q = 0,±1 can be calculated by

Ωef ∝ 〈ψc3Σ
|dq|ψF〉 ∝ ∑

M′Jm′iNa
m′iK

MJmiNa miK

ce
N′S′J′M′Jm′iNa

m′iK
cT

NSJMJmiNa miK
〈N′S′J′M′J |dq|NSJMJ〉δm′iNa

miNa
δm′iK

miK

∝ ∑
MJmiNa miK

ce
N′S′J′MJmiNa miK

cT
NSJMJmiNa miK

(−1)J′−M′J

(
J′ 1 J
−M′J q MJ

)
. (16)

Table 2. The energies of the hyperfine excited states Ee, relative to a reference frequency of 17700.64 cm−1, and the absolute value of the relative
coupling strength |Ωef| between different Feshbach states and different hyperfine levels of the excited states. For each Feshbach state with the
projection of the total angular momentum MF , the hyperfine levels of the excited states with Me

F = MF ,MF ±1 can be coupled by the pump light.

|1,1;9/2,−9/2〉 at B = 85.7 Gs |1,1;9/2,−9/2〉 at B = 78 Gs
Me

F =−5/2 Me
F =−7/2 Me

F =−9/2 Me
F =−5/2 Me

F =−7/2 Me
F =−9/2

Ee/MHz
√

6|Ωef| Ee/MHz
√

6|Ωef| Ee/MHz
√

6|Ωef| Ee/MHz
√

6|Ωef| Ee/MHz
√

6|Ωef| Ee/MHz
√

6|Ωef|
107 0.43 100 0.32
58 0.18 63 0.24 55 0.33 58 0.31
8 0.06 9 0.20 11 0.07 7 0.06 9 0.33 10 0.20

–45 0.01 –48 0.07 –50 0.15 –44 0.08 –46 0.22
–106 0.03 –113 0.06 –90 0.01 –97 0.01 –104 0.05

–224 0.33 –226 0.15
–231 0.20 –229 0.24 –234 0.05 –232 0.21
–246 0.14 –243 0.28 –240 0.11 –249 0.12 –246 0.15 –244 0.12
–324 0.07 –328 0.18 –333 0.38 –318 0.07 –323 0.23 –327 0.43
–446 0.11 –450 0.02 –453 0.63 –442 0.21 –445 0.40 –448 0.43
–512 0.04 –517 0.03 –505 0.10 –510 0.06

|1,1;9/2,−7/2〉 at B = 104 Gs |1,1;9/2,−7/2〉 at B = 89.9 Gs
Me

F =−3/2 Me
F =−5/2 Me

F =−7/2 Me
F =−3/2 Me

F =−5/2 Me
F =−7/2

Ee/MHz
√

6|Ωef| Ee/MHz
√

6|Ωef| Ee/MHz
√

6|Ωef| Ee/MHz
√

6|Ωef| Ee/MHz
√

6|Ωef| Ee/MHz
√

6|Ωef|
166 0.19 150 0.2
117 0.38 123 0.01 105 0.19 110 0.04
65 0.11 69 0.23 74 0.31 57 0.33 61 0.27 65 0.02
9 0.06 11 0.16 13 0.08 7 0.08 8 0.36 10 0.21

–51 0.03 –53 0.08 –56 0.14 –45 0.01 –47 0.10 –49 0.27
–109 0.01 –118 0.04 –126 0.09 –95 0.01 –103 0.03 –110 0.08
–222 0.39 –220 0.03 –225 0.15 –223 0.01
–228 0.25 –226 0.26 –224 0.01 –232 0.08 –230 0.20 –228 0.01
–242 0.17 –238 0.28 –235 0.07 –247 0.17 –244 0.17 –241 0.07
–331 0.08 –336 0.19 –341 0.32 –322 0.10 –327 0.29 –331 0.42
–453 0.10 –457 0.13 –462 0.59 –445 0.26 –449 0.40 –452 0.28
–523 0.06 –528 0.14 –534 0.18 –510 0.09 –516 0.04 –521 0.2

|1,1;9/2,−5/2〉 at B = 128 Gs |1,1;9/2,−5/2〉 at B = 104 Gs
Me

F =−1/2 Me
F =−3/2 Me

F =−5/2 Me
F =−1/2 Me

F =−3/2 Me
F =−5/2

Ee/MHz
√

6|Ωef| Ee/MHz
√

6|Ωef| Ee/MHz
√

6|Ωef| Ee/MHz
√

6|Ωef| Ee/MHz
√

6|Ωef| Ee/MHz
√

6|Ωef|
186 0.24 193 0.05 162 0.24 169 0.05
132 0.33 138 0.01 145 0.01 113 0.08 119 0.07 126 0.02
74 0.06 79 0.22 85 0.03 62 0.30 66 0.21 71 0.01
11 0.05 14 0.12 17 0.09 7 0.09 9 0.37 11 0.21

–58 0.05 –61 0.09 –63 0.13 –50 0.04 –52 0.12 –54 0.32
–126 0.02 –135 0.06 –144 0.12 –103 0.01 –112 0.04 –121 0.13
–218 0.44 –217 0.09 –215 0.10 –223 0.16 –221 0.01 –220 0.02
–223 0.28 –222 0.33 –219 0.13 –230 0.10 –228 0.30 –225 0.00
–235 0.17 –232 0.26 –229 0.03 –244 0.23 –241 0.20 –237 0.04
–342 0.07 –348 0.20 –354 0.28 –328 0.14 –333 0.32 –338 0.40
–463 0.06 –469 0.20 –474 0.55 –450 0.28 –455 0.34 –459 0.17
–538 0.06 –545 0.25 –551 0.22 –519 0.07 –525 0.15 –531 0.24
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The energies of the hyperfine levels of the excited state,
relative to a reference frequency of 17700.64 cm−1, and the
relative coupling strength between the hyperfine excited states
and the Feshbach states in the vicinity of different Feshbach
resonances are listed in Table 2. For each Feshbach state with
MF , three hyperfine levels of the excited states with the total
projection Me

F = MF ,MF ± 1 can be coupled by choosing the
polarization of the lasers. To perform the STIRAP, we can
choose a resolvable hyperfine level of the excited state, which
should have a strong coupling with the Feshbach state and
should be well separated from neighbouring hyperfine excited
states. The good candidates are the states with F1≈ 5/2,mF1 ≈
5/2, . . . ,−5/2, the states with F1 ≈ 3/2,mF1 ≈−3/2, and the
states with F1 ≈ 1/2,mF1 ≈±1/2.

The coupling between the excited state and the ground
state can be easily calculated once the singlet component of the
excited state is obtained. The ground state can be expressed as
|NSJMJmiNamiK〉 with N = S = J = MJ = 0. The singlet com-
ponent accounts for the coupling between the excited state and
the ground state, and it can be expressed as,

|ψB1Π
〉 ∝ ∑

M′Jm′iNa
m′iK

ce
J′Ω ′M′Jm′iNa

m′iK
|J′Ω ′M′Jm′iNa

m′iK〉. (17)

Therefore the coupling strength between the hyperfine level of
the excited state and the ground state |ψg〉= |NSJMJmiNamiK〉
for the q-polarized Stokes light with q = 0,±1 is described by

Ωeg ∝ 〈ψB1Π
|dq|ψg〉

∝ ∑
M′Jm′iNa

m′iK

ce
J′Ω ′M′Jm′iNa

m′iK

×〈J′Ω ′M′J |dq|NSJMJ〉δm′iNa
miNa

δm′iK
miK

∝ ce
J′Ω ′MJmiNa miK

(−1)J′−M′J

(
J′ 1 J
−M′J q MJ

)
. (18)

The hyperfine level of the ground state that can be populated
in the STIRAP can be understood as follows. For a hyper-
fine level of the excited state with Me

F , the quantum number
miK is approximately a good quantum number. Therefore, for
a Stokes light with q polarization, the hyperfine level of the
ground state that can be dominantly populated from this hy-
perfine excited state is the |NSJMJ ,miNa = Me

F −q−miK ,miK〉
state.

4. Conclusion
In summary, we have presented an intensive investigation

of the coupling between the Feshbach states and the hyper-
fine levels of the excited states in the adiabatic creation of
the 23Na40K molecule. The 23Na40K ground state molecules
have 36 hyperfine levels. By employing the different Fesh-
bach molecules discussed in the present work, in principle we
can address 21 hyperfine levels of the ground state by choos-
ing the proper laser polarization and hyperfine levels of the
excited states. This is more efficient and convenient than us-
ing the microwave pulses to prepare different hyperfine levels

of the molecular ground states. This is because a microwave
Raman π pulse or two resonant microwave π pulses can only
change the projection of the nuclear spin miNa or miK by 1. This
means many π pulses may be required if we prepare one hy-
perfine ground state by the STIRAP and use microwave pulses
to transfer it to other hyperfine states. However, by choosing
proper hyperfine excited states and laser polarizations, vari-
ous hyperfine states can be populated by simply preforming
the STIRAP. By preparing the different hyperfine levels of
the molecule states, we can study the atom-molecule scatter-
ing resonances in different spin state combination, precisely
change the number of open channels, and investigate the role
of nuclear spins in the ultracold molecule collisions.
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