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Feshbach molecules - a far way from home...
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Why dipolar interactions?

Dipolar interactions:
• are long-range
• are anisotropic
• can be attractive or repulsive

Ultracold dipolar many-body systems:
• interesting Hamiltonians
• dimensionality: 0D, 1D, 2D, 3D

see e.g. Carr et al., NJP, 11 055049 (2009), 
Baranov et al., Chem. Rev. 112, 5012 (2012)



Why dipolar fermionic molecules?
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Figure 24: (color online) (a-d) Monte Carlo snapshots of the density of particles in all mesoscopic
phases for N = 13 dipoles, as a function of the effective mass t . (a) superfluid; (b) supersolid; (c)
ring-like crystals; (d) classical crystal. [From Ref.150]
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Pupillo et al., PRL 104, 223002 (2010)

Intriguing experimental possibilities:

• exotic superfluids

• non-trivial ordering (1D, 2D)

• quantum magnetism

• quantum information applications 

• quantum chemistry

Bialkali fermionic molecules in the rovibrational ground state:

• clean implementation of a dipolar quantum gas 

• direction and strength of interactions are tunable

• dipolar interactions can dominate

Cooper and Shlyapnikov, PRL 103, 155302 (2009)



Pioneering work at JILA and Innsbruck

Degenerate Bose-Fermi 
mixture of 40K and 87Rb

Near-degenerate gas of 
KRb Feshbach molecules

Near-degenerate gas 
of ground state molecules

Feshbach association:
Binding energy:" " 100 kHz
Internuclear distance:" 300 a0

Dipole moment:" " 5 x 10-11 D

Raman transfer (STIRAP)
➜ 100 THz ~ 0.5 eV
➜ 8 a0

➜ up to 0.56 D

K.-K. Ni et al., Science 322, 231 (2008)
J. G. Danzl et al., Science 321, 1062 (2008) 



Chemical stability in the ground state

fermionic bialkali 
molecule

chemically stable 
ground state

LiNa ✘

LiK ✘

LiRb ✘

LiCs ✘

NaK ✔

KRb ✘

KCs ✔

RAPID COMMUNICATIONS

PIOTR S. ŻUCHOWSKI AND JEREMY M. HUTSON PHYSICAL REVIEW A 81, 060703(R) (2010)

TABLE I. Dissociation energies De (in cm!1) for alkali-metal dimers. The quantities in parentheses are uncertainties in the final digit(s).

Li Na K Rb Cs

Li 8516.768(8)a 7105.5(1.0)b 6216.886(100)c 5946(100)d 5875.542(5)e

Na 6022.0286(53)f 5273.62(10)g 5030.502(10)h 4954.237(100)i

K 4450.906(50)j 4217.815(10)k 4069.208(40)l

Rb 3993.47(18)m 3836.14(50)n

Cs 3649.695(2)o

aReference [13].
bReference [14].
cReference [15].
dThe binding energy for LiRb is not available from experiment, so this value is calculated using the AQCC method described in this paper.
eReference [16].
fReference [17].
gReference [18].
hReference [19].
iReference [20].
jReference [21].
kReference [22].
lReference [23].
mReference [24].
nReference [25].
oD0 from Reference [4] and zero-point energy from Reference [26].

from the outermost s orbitals on each atom. At an equilateral
triangular configuration (D3h symmetry), the two highest oc-
cupied molecular orbitals of a homonuclear trimer have a1 and
e symmetry. The lowest doublet state has configuration a2

1e
1.

It is therefore orbitally degenerate, with 2E symmetry, and is
subject to a Jahn-Teller distortion to an isosceles geometry
(C2v) that splits the e orbitals into a1 and b2 components: the
b2 orbital has a node between the two equivalent atoms. The
equilibrium structures of the homonuclear trimers all have C2v

geometries with ground states of 2B2 symmetry.
For a heteronuclear trimer X2Y, the symmetry is always C2v

or Cs . For C2v geometries, the upper a1 orbital and the b2 orbital
are close together in energy and the minimum (restricted to
C2v) may be on either the 2A1 surface or the 2B2 surface. We
have therefore calculated the energy for all the heteronuclear
trimers in both 2A1 and 2B2 states for C2v geometries. Typical
results are shown for Rb2Cs in the top panel of Fig. 1. The
geometry is specified by a bond length r = rX1Y = rX2Y and
the angle ! between the two XY bonds. It may be seen that the
two surfaces intersect at an angle near ! = 50": since the two
states have the same symmetry at Cs geometries, they actually
intersect only at C2v geometries, producing a seam of conical
intersections there. An alternative representation of the results,
for all the Rb2X systems, is shown in the bottom panel of the
figure: in this case r has been optimized to find the energy

TABLE II. Energy changes "E2 for the reactions 2XY # X2 +
Y2 (in cm!1). The quantities in parentheses are uncertainties in the
final digit(s).

Na K Rb Cs

Li !328(2) !533.9(3) !618(200) !415.38(2)
Na 74.3(3) 45.5(5) 236.75(20)
K !8.7(9) 37.81(13)
Rb 29.1(1.5)

minimum for each value of ! , producing intersecting potential
curves rather than two-dimensional surfaces. The minima on
the two surfaces are usually close together in energy (always
within 1000 cm!1, but often within 200 cm!1). However, the
2B2 minimum is below the 2A1 minimum for all the trimers
except the seven heteronuclear X2Na and Cs2X species; for
Rb2Cs, shown in Fig. 1, the 2B2 minimum is near ! = 63".
The equilibrium geometries and energies for both states are
provided as supplementary material [33].

For heteronuclear trimers there is the additional possibility
of distortion to a lower-symmetry Cs (scalene) geometry. We
have therefore explored whether such distortions lower the
trimer energies. At Cs geometries the valence orbitals formed
from atomic s orbitals are all of a$ symmetry, so both low-lying
states have 2A$ symmetry and can mix. Nevertheless, in most
cases it is clear whether the singly occupied orbital has bonding
character (a1-like) or antibonding character (b2-like) between
the two like atoms. For Cs2Li, where the 2A1 state was already
below the 2B2 state, distortion does not lower the energy and the
equilibrium geometry has C2v symmetry. However, for all the
other systems the geometry corresponding to the 2A1 minimum
is in fact a saddle point on the full three-dimensional surface:
for Li2Na, K2Na, Rb2Na, Cs2Na, Cs2K, and Cs2Rb, this simply
deepens the minimum. For Li2K, Li2Rb, K2Rb, K2Cs, Rb2Na,
the distortion produces a 2A$ state whose absolute minimum
(of Cs symmetry) is lower in energy than the 2B2 state (which
always retains an equilibrium geometry of C2v symmetry).
However, for Li2Cs, Na2Li, Na2K, Na2Rb, Na2Cs, K2Li,
Rb2Li, Rb2K, and Rb2Cs the energy gained by distortion is
not enough and the 2B2 state of C2v geometry remains the
absolute minimum.

Table III summarizes the trimer atomization energies,
equilibrium geometries, and the energy change for the trimer
formation reactions for all the alkali-metal trimers from Li to
Cs. It may be seen that all the trimer formation reactions (from
singlet dimers) are substantially endoergic. Trimer formation

060703-2

see Zuchowski and Hutson, PRA, 81, 060703 (2010)

NaK and KCs are the 
only stable combinations!

Also stable against trimer formation 
in molecule-molecule collisions
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A molecule with a long history...

The Band Spectrum of NaK
F. W. LooMrs AND M. J. ARvrN, Univers~'ty of I/linois

(Received June 4, 1934)

The spectrum of the NaK molecule has been studied in
absorption and in magnetic rotation throughout the visible
and photographic infrared regions. By means of magnetic
rotation the upper vibrational levels of the orange system
have been followed nearly to dissociation, permitting
accurate determinations of the energies of dissociation of
four states of the molecule, that of the ground state being
0.62&0.03 volt. Two new band systems, in the green and

infrared, have been found and analyzed. The fourth
theoretically expected system has not been found and is
presumably covered by strong Na2 and K2 systems. The
magnetic rotation spectra in the green and red have no
simple relation to the absorption spectra and are probably
to be interpreted as due to perturbations, like the red
magnetic rotation spectrum of Na2.

"ITHERTO the only known visible band
' . . ~ system of NaK has been the one in the
neighborhood of the sodium D-lines. ' There are,
however, two visible systems of Na& and a
visible and infrared system of K&, in each case
involving transitions from a 'Z molecular ground
level which dissociates into normal sodium, or
potassium, atoms to excited molecular 'Z and 'II
levels both of which dissociate into one qormal
atom and one in the resonance ('P) state.
Theory indicates that there should be four
systems of NaK bands in the visible and infra-
red, since, besides the ground level which dis-
sociates into normal sodium and potassium
atoms, there should be a pair of levels, 'Z and
'II, dissociating into normal sodium and excited
potassium and a similar pair dissociating into
normal potassium and excited sodium.
In the present investigation the apparatus

used by Loomis and Nusbaum' for the study of
the absorption and magnetic rotation spectra of
Li~, Na2 and Kq has been used in a search for the
three unknown band systems of NaK. Two of

, them have been found and their vibrational
structure analyzed and, in addition, the pre-
viously known orange system has been extended
far enough to yield an accurate value of the heat
of dissociation.
The chief difficulty has been that the strong

band systems of Na& and K2 cover nearly the
whole of the visible and infrared spectrum. It has
been possible to overcome this to some extent by
taking advantage of the fact that the concentra-

' Ritschl and Villars, Naturwiss. 16, 219 (1928).' Loomis and Nusbaum, Phys. Rev. 38, 1447 (1931);40,
380 (1932); 39, 89 (1932).

tions of the three molecules are respectively pro-
portional to the products of the concentrations
of their constituent atoms and by working with
sodium with just a trace of potassium in the
regions of the spectrum where the potassium
bands, or lines, were troublesome and vice verse.
As a consequence, it has been necessary to
select, with considerable care, for each of many
rather narrow spectral regions, the appropriate
concentration, temperature, exposure, spectro-
graph and type of photographic plate. The con-
centration of either constituent cannot be de-
creased indefinitely by the above method because
the total pressure eventually becomes so high as
to cause troublesome broadening of the band
lines.
The spectra were studied over the range

4500—11,500A, with the use, for the longer wave-
lengths, of the new Eastman Q type plates.
The constants of the levels concerned in these

systems are given in Table I. The infrared,
orange and green systems are transitions from
the ground state (G) to the excited levels A, C
and D, respectively. The bands which we earlier'
erroneously reported as constituting the fourth
system have since been found to be merely the
part of the infrared (A~G) system which lies
to the high frequency side of the potassium
resonance lines. The constants T„~„x,~„
y,co„s,~, in Table I are those in the usual
expansion

T(v) = T,+&v, (v+1/2) —x,cy, (v+1/2)'
+y, co,(v+ 1/2) '+s,co,(v+ 1/2) ' ~ (1)

' Loomis and Arvin, Phys, Rev. 44, 1.26 (1933).
286

Starting in 1924...

High resolution laser spectroscopy of the 8 1n-X 1:I+ transition of 23 Na39 K, 
and the perturbation between the 8 1n and c 3:I+ states 

Hajime KatO, Mina Sakano, Naoki Yoshie, Masaaki Baba,a) and Kiyoshi Ishikawa 
Department a/Chemistry, Faculty a/Science, Kobe University, Nada-ku, Kobe 657, Japan 

(Received 20 February 1990; accepted 2 May 1990) 

The Doppler-free laser polarization spectrum of the B 10 - X Il: + transition of 23 Na39 K was 
measured, and the molecular constants ofthe B 10 state ofv = 0-16 were determined. The 
perturbation between the B 10 (v = 8) and the c3l: + (v = 22) levels at small J were studied in 
detail. By comparing the observed line intensities of the B 10 (v = 16, J = 14) 
- XIl: + (v" = 0-50, J = 13 and 15) transition with the calculated Franck-Condon factors, 

the dependence of the transition dipole moment on the internuclear distance was determined. 
Absolute vibrational numbering of the c3l: + state was done by comparing the calculated 
Franck-Condon factors with the observed line intensities of the c3l: + - a 3l: + transition. 

I. INTRODUCTION 
Many irregularities of the rovibrational level energies 

were observed in theB 10 state ofNaK (Refs. 1-3), and the 
hyperfine structures were found in the strongly perturbed Q 
lines.4-6 In order to study the perturbation, it is important to 
determine accurate molecular constants from unperturbed 
lines. Barrow et al.2 obtained the molecular constants of the 
B 10 state of v = 0 - 14 by analyzing the laser-induced flu-
orescence spectra and the dye-laser excitation spectra. Baba 
et al. 5 measured the Doppler-free high-resolution spectra of 
the B 10 - X Il: + transition using the technique oflaser po-
larization spectroscopy/ and determined the molecular 
constants Gy, By, Dy, and Hy of the B 10 state ofv = 0-6. 

We extend the measurement of the Doppler-free high-
resolution spectra, and the molecular constants of the B 10 
state of v = 0 - 16 are reported in this article. By analyzing 
the energy shifts, the line intensities, and the line structures, 
we shall obtain the information on the interactions and on 
the mixing ofthe perturbing states. Ross et al. 8 reported the 
molecular constants of the X ll: + state, which are useful up 
to near the dissociation limit, by analyzing the laser-induced 
fluorescence spectra recorded at high resolution by Fourier-
transform spectrometry. By comparing the observed and the 
calculated line intensities, we shall determine the depen-
dence of the electronic transition moment of the Bill 
- X ll: + transition on the internuclear distance. Kowalc-
zyk6 calculated the overlap integral (vlv') between the vi-
brational wavefunctions I v > ofthe B I II state and I v' > of the 
c3l: + state for each trial Vo value, where Vo is the vibrational 
quantum number of the lowest observed level. He estimated 
Vo to be 16 ± 1 so that the electronic factor Sel (Sel 
= S /(vlv'» is independent of v and v'. We observed the 

fluorescence spectra of the c3l: + - a3l: + transition follow-
ing the excitation to a strongly perturbed level. We noticed 
that the observed intensity distribution of the 
c3l: + - a 3l: + transition was completely different from the 
one derived from the Franck-Condon factors, which were 

a) Present address: College of Liberal Arts and Sciences, Kyoto University, 
Kyoto 606, Japan. 

calculated from the molecular constants reported in Ref. 8 
for the a 3l: + state and in Ref. 6 for the c3l: + state. Hence, 
we shall reassign the numbering of Vo so as to have the result-
ing Franck-Condon factors coincide with the observed ones. 

II. EXPERIMENTAL 
Experimental details of the Doppler-free laser polariza-

tion spectroscopy are described in Ref. 7. The frequency 
marks at every 150 MHz were added by using an external 
Fabry-Perot interferometer. NaK vapor was produced by 
heating a 1:4 mixture of sodium and potassium in a stainless 
steel heat pipe. We measured the excitation spectra by selec-
tively detecting the c3l: + - a 3l: + fluorescence through a 
monochromator. The experimental arrangements are de-
scribed in Ref. 9. This excitation spectrum was very useful in 
assigning the strongly perturbed lines. Fluorescence from a 
pair of strongly perturbing levels was observed at almost the 
same intensity for both levels as shown in Fig. 1, while in the 
laser polarization spectrum, the transition to the level of 

Excitation Spectrum 
a 

Polarization Spectrum 

b 

FIG. I. Spectral lines of transitions to a pair of strongly perturbing 
levels. a: + (v' = vo + 13,N = 37,J = 36) - X'l: + (v" = O,J = 36). 
b: B 'I1(v = 10,J = 36) - + (v" = O,J = 36). Upper trace is the exci-
tation spectrum monitored at 8030 A with slitwidth 10 cm - 1 • Lower trace 
is the polarization spectrum with linearly polarized pump. 

2228 J. Chem. Phys. 93 (4), 15 August 1990 0021-9606/90/162226-10$03.00 © 1990 American Institute of Physics 
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Ground state potentials of the NaK molecule
A. Gerdesa, M. Hobein, H. Knöckel, and E. Tiemann

Institut für Quantenoptik, Welfengarten 1, 30167 Hannover, Germany

Received 9 May 2008/ Received in final form 25 June 2008
Published online 16 July 2008 – c! EDP Sciences, Società Italiana di Fisica, Springer-Verlag 2008

Abstract. We present a simultaneous analysis of the X 1!+ and the a 3!+ electronic ground states of
the NaK molecule. Excitation of the [B 1" , c 3!+ ]-system made it possible to record fluorescence to
rovibrational levels of both ground states simultaneously with a Fourier-transform spectrometer. For the
first time high lying levels in the triplet state with v = 17 and v = 18 were seen, the highest possible v = 19
for 23Na–39K was not observed. The joint evaluation of the retrieved data leads to accurate potential
energy curves, that describe the experimental data within their experimental uncertainty of 0.005 cm!1.
Cold collision properties like scattering length and Feshbach resonance positions are calculated with these
potentials and compared to other predictions.

PACS. 31.50.Bc Potential energy surfaces for ground electronic states – 33.20.Kf Visible spectra – 33.20.Vq
Vibration-rotation analysis – 33.50.Dq Fluorescence and phosphorescence spectra

1 Introduction

NaK is one of the heteronuclear alkali diatomic molecules
which has been most frequently studied spectroscopically.
The electronic ground state, the X 1!+ state, has been
evaluated extensively with Fourier-transform spectroscopy
by Russier-Antoine et al. in 2000 [1]. In contrast, the data
for the triplet ground state are not that complete. First
measurements by Breford and Engelke [2] were followed by
a refinement of the description by Ross et al. [3,4], giving
a RKR potential in [3], and later by Ishikawa et al., pro-
viding an IPA potential [5], where the RKR ansatz is cor-
rected by an assumed perturbation, that is fitted to the ex-
perimental data (IPA = inverted perturbation approach).
Zemke and Stwalley [7] surveyed the spectroscopic data
available for both ground states building hybrid potentials
for di!erent regions of internuclear distance and deter-
mined long range dispersion terms and exchange energies.
In 2000 Ferber et al. revisited low lying triplet states [8]
and were mainly concerned with the short range repul-
sive part of the potential energy curves (PEC). Venturi
et al. [9] calculated singlet and triplet scattering lengths
by constructing cubic spline interpolated potentials from
the data in [1] and [5] and pointed out, that precise spec-
troscopic measurements of the least bound rovibrational
levels are needed in order to reduce uncertainties in the
determination of the scattering length.

With this work we followed two strategies: we wanted
first to further extend the range of observed levels of the
triplet state and second to give a joint description of both
potentials especially for the asymptotic part of the PECs
as we have already done for other heteronuclear alkaline

a e-mail: gerdes@iqo.uni-hannover.de

dimers [10–14]. This should extend the reliability of pre-
dictions of cold collisions properties of Na with K.

2 Experimental

The alkali metals were introduced into a heatpipe with a
mixture of 30% Na and 70% K by weight. After evacuation
we put Ar at a pressure of 5 mbar as a bu!er gas inside
the cell, which was heated up to 640 K. Two series of
measurements were made:

– firstly, we applied excitation paths given in [8] and [6]
with a Rhodamine 6G ring dye laser. The excitation
scheme can be seen in Figure 1. The solid line arrow
shows the excitation into the [B 1" , c 3!+ ]-manifold,
the dotted line arrows represent the fluorescence into
the singlet and triplet ground states;

– secondly, we repeated measurements by Ross described
in [3] with an Ar+ laser in order to cover also va = 1,
2, 3 and higher rotational quantum numbers of the
a 3!+ state, Na = O(60–70) [16], and to check for con-
sistent calibration in both experiments, because we
wanted to include the data set from [3] with the proper
weights into our procedure. The excitation scheme is
similar to the one in Figure 1, but the upper states
involved are the D 1"and d 3" .

The fluorescence was recorded with a Bruker IFS 120 HR
Fourier-transform spectrometer (FTS) with a resolution
of 0.03 cm!1 to 0.05 cm!1. A typical spectrum is shown
in Figure 2. One can see clearly a long progression of
X 1!+ at the right side and a very narrow progression to
the a 3!+ due to its shallow potential at the very left side.
Already from one such spectrum the relative positions of

The c 3!¿, b 3", and a 3!¿ states of NaK revisited
R. Ferber
Department of Physics, University of Latvia, Riga LV-1586, Latvia

E. A. Pazyuk, A. V. Stolyarov, and A. Zaitsevskii
Department of Chemistry, Moscow State University, Moscow, 119899, Russia

P. Kowalczyk
Institute of Experimental Physics, Warsaw University, ul. Hoza 69, 00-681 Warsaw, Poland

Hongmin Chen, He Wang, and William C. Stwalley
Department of Physics, Department of Chemistry, and Institute of Material Science,
University of Connecticut, Storrs, Connecticut 06269-3046

!Received 2 November 1999; accepted 4 January 2000"

We present new c 3#!!a 3#! laser induced fluorescence spectra of the NaK molecule, which
clearly indicate that v0"20 is the first vibrational level of the c 3#! state lying above v"0 of
B 1$ state. These spectra are used in a multistep deperturbation (B 1$%c 3#!%b 3$) procedure
to obtain improved a 3#!, b 3$ and c 3#! potential energy curves. The deperturbation analysis is
confirmed by the calculated electronic B 1$%c 3#! and c 3#!%b 3$ spin–orbit matrix elements
obtained from many-body multipartitioning perturbation theory employing the relativistic effective
potential method. © 2000 American Institute of Physics. &S0021-9606!00"00213-0'

I. INTRODUCTION

NaK is presently the best understood heteronuclear al-
kali dimer, being the test molecule for spectroscopic studies
in the visible range. For a number of electronic states high
quality ab initio calculations exist1–8 that are not available
for other heteronuclear alkali diatomics. Such species are
now of increased interest because of studies of collision dy-
namics and photoassociative spectra involving laser cooled
and trapped alkaline atoms.

Low lying triplet states of NaK have been studied exten-
sively during recent years with a wide variety of high reso-
lution, perturbation facilitated laser spectroscopy techniques.
Detailed information about the lowest a 3#! state correlat-
ing to the first atomic asymptote, Na(3s)!K(4s), as well as
about the b 3$ and c 3#! states correlating to the second
dissociation limits Na(3s)!K(4p) !see Fig. 1", is important
since these states can be used to investigate higher triplet
states in multistep optical excitation and stimulated emission
experiments. In spite of considerable work on the a 3#!,9–13
b 3$ ,14,15 and c 3#! !Refs. 16–23" states of NaK, a number
of unresolved questions about them still remains.

One of the problems not yet solved properly was the lack
of data on low vibrational levels of the c 3#! state which
was the reason for the ambiguous vibrational numbering of
levels in this state. In particular, for levels with v less than
v0, which is the first c 3#! state level above v"0 of the
B 1$ state, there are no near degenerate singlet levels from
which intensity can be borrowed. As a result, various v0
values as 20,12,16 16,17,18 and 12 !Ref. 20" have been pro-
posed by different assignment methods. Derouard and
Sadeghi16 used e# f Stark mixing spectroscopy to locate 50
centers of B 1$%c 3#! perturbation attributed to 21 differ-
ent vibrational levels of the c 3#! state and thus determined
effective molecular constants as parametric functions of the

v0 level. A comparison with theoretical calculations of
Stevens, Konowalow, and Ratcliff2 yielded v0"20$2. In
succeeding works17,18 vibrational assignment was performed
by the perturbation matrix element method.24 Observation of
the vibrational variation of spin–orbit perturbation matrix
elements led to v0"16$1.17 In the work18 the fragments of
B 1$–X1#! system perturbed by the c 3#! state were ob-
served for different isotopes 23Na 39K and 23Na 41K. It turned
out however that the attempt to establish absolute c 3#!

state vibrational numbering from isotopic shifts produced in-
conclusive results. When the lowest sampled vibrational
level of the perturbation exceeds 10, this method is not more
reliable than the matrix element method.24 In the meantime
Katô and co-workers performed several experiments on the
same perturbed system,19–23 assigning v0"12 from observa-
tion of the intensity pattern in the bound–bound part of the
c 3#!!a 3#! fluorescence.20 Finally, analysis of the ob-
served c 3#!#a 3#! emission in the bound-free part12 sug-
gested strongly that v0"20. We attempt here to explain why
different methods provide different v0 values and, of primary
importance, which one of them is correct.

On the contrary, the spectroscopic information about the
low vibrational levels of the b 3$ state is reliable enough.14
The set of molecular constants allows one to construct the
RKR potential with satisfactory accuracy for the observed
vibrational levels from v"0 to v"49. However, as can be
seen from Fig. 1, the highest observed b 3$ level lies below
the first observed c 3#! level. At the same time, it is quite
obvious that it is the unknown part of the b 3$ term that is
responsible for c 3#!%b 3$ interaction. Hence, there is an
acute need for extension of the b 3$ potential to higher v’s.

The lowest triplet state a 3#!, which is mostly repul-
sive, but with a shallow van der Waals minimum !see Fig. 1"
was extensively studied spectroscopically.9–13 The bound
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Abstract. This paper presents an accurate potential curve for the ground state of the NaK
molecule. A series of resolved laser-induced fluorescence spectra of the A–X system allowed
a spread of rotational levels in the lowest 70 vibrational levels (99.9% of the total well depth) to
be observed. A variational method combining the inverted perturbation approach of Vidal and
Scheingraber (Vidal C R and Scheingraber H 1977 J. Mol. Spectrosc. 65 46) for short internuclear
distances with an analytical expression for internuclear distances beyond 8.5 Å has been used
to construct a potential energy curve which reproduces the measured ground state energies with
an rms error of 0.003 cm!1. The dissociation energy and coulombic parameters governing the
Na(3s) + K(4s) interaction derived from this potential curve are compared with recent values.

1. Introduction

In view of the renewed interest in the long-range interactions between alkali atoms which has
arisen with the developments of photoassociation techniques in ultracold alkali species, we
undertook this work to give a reliable description of the electronic ground state of NaK. The
ground state of NaK has been investigated before, both in resolved fluorescence experiments [1]
and at high resolution in microwave spectroscopy [2,3]. In 1997, reduced potential calculations
of Jenc [4] showed that the potential curve given by Ross et al in [1] was flawed, and in 1998,
Krou-Adohi and Giraud-Cotton carefully reanalysed all the available data, and published an
improved potential curve [5]. The reanalysis nevertheless suffered from the lack of observations
in certain regions of the potential (the levels 47 ! v ! 56 were not observed at all, and the
measurements for 57 < v < 66 were limited to a small selection of rotational levels). The
interpolation over ten vibrational levels led to a more reasonable potential curve, but one which
turns out not to match more recent measurements. This paper presents the potential curve for
the ground state of NaK which has been constructed, having measured transitions involving
many rovibrational levels up to v = 70 to supplement the existing database.

2. Experiment

We chose to use the strong A 1!+–X 1!+ system of NaK to study the ground state. Although
the A 1!+ state is inconvenient because of its strong interactions with the neighbouring b 3"

state, it offers favourable Franck–Condon factors to most of the vibrational levels of the ground
state (figure 1). NaK molecules were formed in a heatpipe containing a mixture of sodium
and potassium metals, and 6 mbar of argon as a buffer gas. The heatpipe was operated at
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...and many more!



Features of NaK

“The Absorption Spectra of Mixed Metallic Vapours”,
S. Barratt, Proc. Roy. Soc. London, Series A, 105, 221 (1924)

• textbook diatomic molecule - first spectra recorded in 1924



Features of NaK
• textbook diatomic molecule - first spectra recorded in 1924

• chemically stable in its ground state

Barratt (1924), Walter & Barratt (1928), Ritschl & Villars (1928),
Loomis & Arven (1934), Sinha (1948), Cowley (1969), Breford & Engelke (1978),
Demtröder (1979), McCormack & McCafferey (1979), Ross (1985), Kato (1989),...

Dipolar interaction energy up to 30% of EFermi

• large induced electric dipole moment of 2.72 Debye

2 x 5274 cm-1 = 10548 cm-1 > 10474 cm-1 = 6022 cm-1 + 4451 cm-1

Worldwide efforts: 
MIT, Hannover, Munich, Trento, Chin. Acad. of Science, HKUST

Zuchowski and Hutson, PRA, 81, 060703 (2010) 
Wormsbecher et al., J. Chem. Phys., 74, 6983 (1981)



Quantum degenerate 23Na40K Bose-Fermi mixture and 
its Feshbach resonances

Ultracold fermionic Feshbach molecules of 23Na40K

Towards fermionic ground state molecules of 23Na40K

see Wu et al., PRL 109, 085301 (2012)

see Park et al., Phys. Rev. A 85, 051602 (R) (2012)



Experimental setup
see Wu et al., Phys. Rev. A 84, 011601 (R) (2011)

39K
40K
41K

6Li23Na

Zeeman slower

oven

experiment 
chamber

Studies with

Bose

Fermi

Bose-Bose

Bose-Fermi

Fermi-Fermi

systems

possible!



Experimental setup - for real

only 0.01% 
abundance

Simultaneous 
loading of all 
species possible!

23Na MOT: 109 atoms

40K MOT: 107 atoms



Triple degeneracy
see Wu et al., Phys. Rev. A 84, 011601 (R) (2011)

100 ѥm 100 ѥm 100 ѥm 

41K 40K 6Li



Mean-field energy kB x 6 μK
(for abg = -690 a0)

Sodium-Potassium: A new Bose-Fermi mixture
see Park et al., Phys. Rev. A 85, 051602 (R) (2012)

2 x 105 2 x 105

8 x 105 7 x 104

T/TF = 0.6

T/TF = 0.95

Only 4 sec RF evaporation in magnetic trap plus 4 sec in optical trap! 

Efficient sympathetic 
cooling of 40K using 23Na

Sharp increase of 
central density in 40K

Strongly attractive interactions
between Na and K!



Sympathetic cooling of NaK

Cooling efficiency

Magnetic trap:

Optical trap:

40K can be efficiently cooled by 23Na!

see Park et al., Phys. Rev. A 85, 051602 (R) (2012)



Observation of Feshbach resonances

Feshbach loss spectroscopy for Na｜1,+1〉and K｜9/2,-5/2〉

Several p-wave multiplets 
at low fields resolved!

p-wave resonances:

see Park et al., Phys. Rev. A 85, 051602 (R) (2012)



Experimentally observed resonances

Several p-wave resonances at low field

Broad s-wave resonances in a Bose-Fermi mixture
at low magnetic fields:
•  universal physics
•  Feshbach molecules

More than 30 resonances below 200 G! 

see Park et al., Phys. Rev. A 85, 051602 (R) (2012)



Quantum degenerate 23Na40K Bose-Fermi mixture and 
its Feshbach resonances

Ultracold fermionic Feshbach molecules of 23Na40K

Towards fermionic ground state molecules of 23Na40K

see Park et al., Phys. Rev. A 85, 051602 (R) (2012)

see Wu et al., PRL 109, 085301 (2012)



RF spectroscopy on molecules

„atoms on a stick“

Typical atom numbers: 
23Na: 150.000 atoms
40K: 150.000 atoms

T for optimized phase space overlap:
23Na: around TC
40K: corresponding to T/TF = 0.4

•  Yields a lot of information about the system (⟷ Feshbach ramp)
•  For wide Feshbach resonances: Molecular wavefunction can a have large 
    extent and good overlap with two unbound atoms.

Blackman pulse

Why RF spectroscopy?



atomic transition molecular transition

Association spectrum
B = 129.4 G

• atomic mean-field tail due to repulsion
• about 15% molecule conversion efficiency

see Wu et al., PRL 109, 085301 (2012)



Lineshape of the molecule peak

Probability density for Na-K pairs
with relative kinetic energy ϵ :

Franck-Condon factor between unbound
Na-K pair and bound Feshbach molecule

Related work: Chin and Julienne, PRA 71, 012713 (2005), Klempt et al., PRA 78, 061602 (2008)

•  convoluted with rf Fourier width
•  width compatible with temperature    

Eb = h x 84(6) kHz



Dissociation spectrum
B = 129.4 G

In lifetime measurements: Dissociation ensures exclusive detection of molecules!

Eb = h x 85(8) kHz

fit model



Binding energy versus magnetic field

B0 = 139.7(2.1) G
ΔB = 29(2) G
abg = -690(130) a0 

Shaded region reflects the uncertainty in the background scattering length!

Molecules are open-channel dominated over a large field range
“two atoms on a stick” 

➜ Significant singlet admixture

see Wu et al., PRL 109, 085301 (2012)



Number, Temperature and Lifetime

Shaded region reflects the uncertainty in the background scattering length!see Wu et al., PRL 109, 085301 (2012)

•  up to 20% conversion efficiency of 
" 40K yields 2 x 104 molecules
•  "average kinetic energy 500 nK  
• "longest lifetime of ~140 ms observed



Quantum degenerate 23Na40K Bose-Fermi mixture and 
its Feshbach resonances

Ultracold fermionic Feshbach molecules of 23Na40K

Towards fermionic ground state molecules of 23Na40K

see Park et al., Phys. Rev. A 85, 051602 (R) (2012)

see Wu et al., PRL 109, 085301 (2012)



Towards ground state molecules of NaK

•" Spin-orbit coupling mixes
" B(1)1Π ⟷ c(2)3Σ+

STIRAP: Coherent, adiabatic 
transfer of loosely bound 

Feshbach molecules to the 
X1Σ+ rovibrational ground state

•" Similar strategy as for KRb

•" Must know which intermediate 
" excited state to use ➜ need 
" spectroscopic information

•" 23Na39K is a well studied 
" bialkali molecule!

see e.g. Gerdes, Hobein, Knöckel, Tiemann, Eur. Phys. J. D 49, 67-73 (2008)
for vast data on NaK, see references therein



Photoassociation

•" based on mass-scaled prediction, do photoassociation spectroscopy
•" for simplicity, Photoassociation performed on atomic mixture
•! tunable Ti:Sapph laser capable of doing 20 GHz scans

Signature of an NaK transition:
•!Simultaneous loss of Na and K
•!No loss of K without presence 
" of Na (and vice versa)



What‘s next?

• Photoassociation measurements and understand lines
• Phase-coherent Raman laser system (lock to comb or cavity)
• Dark-resonance/Autler-Townes spectroscopy
• Getting ground state molecules via STIRAP
• Lifetime measurement
• Installing electrodes
• ...
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Figure 24: (color online) (a-d) Monte Carlo snapshots of the density of particles in all mesoscopic
phases for N = 13 dipoles, as a function of the effective mass t . (a) superfluid; (b) supersolid; (c)
ring-like crystals; (d) classical crystal. [From Ref.150]

90

Pupillo et al., PRL 104, 223002 (2010)



Aligning the dipoles...

Rotational constant:

NaK:   B= 2.71 GHz
RbK:  B= 1.11 GHz

Induced dipole moment of NaK in v=0:

Dipole moment:

NaK:   d= 2.72 Debye
RbK:  d= 0.574 Debye

Dipole moment larger than 1 Debye already at 3 kV/cm!



Dipole length and its consequences for NaK

Characteristic range of dipole-dipole interactions:

“dipole length”
for 1 Debye

for 2.7 Debye

Ratio of interaction energy and kinetic energy at mean interparticle spacing:

“dipole interaction parameter”

For ➜

             : For example, competition between superfluidity and crystallization!

see Büchler et al., PRL, 98, 60404 (2007)
Baranov et al., Chem. Rev. 112, 5012 (2012)



Conclusions

•  More than 30 Feshbach resonances
    at low magnetic fields

NaK Feshbach molecules have nice properties:
•  long lifetime close to FBR
•  open-channel dominated over wide range

Unique opportunity to create fermionic NaK ground state molecules
•  chemically stable
•  large induced dipole moment (2.72 Debye)
•  strongly dipolar Fermi gases possible
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