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Abstract. Cold alkali diatomic molecules (LiCs, NaCs) in the lowest vibrational state of the electronic
triplet ground state are formed on superfluid helium nanodroplets. Using photoionization detection the
excitation spectra of the 2°IT « 13X transitions are recorded. The splitting of the vibrational structure in
the LiCs spectrum, not observed in the NaCs spectrum, is interpreted in terms of molecular fine structure.
The spectra are well reproduced by a model based on quantum chemistry potential curves including
spin-orbit coupling, in combination with an asymmetric line shape function to account for cluster-induced
broadening. Our refined potential curves provide important input data for the photoassociation of ultracold

dipolar alkali molecules from atomic quantum gases.

PACS. 36.40.Mr Spectroscopy and geometrical structure of clusters — 34.50.Gb Electronic excitation and
ionization of molecules; intermediate molecular states (including lifetimes, state mixing, etc.) — 33.20.-t

Molecular spectra

1 Introduction

The formation of cold heteronuclear molecules has gained
great interest in the past years, in particular because of
their intrinsic electric dipole moment. Experimental and
theoretical efforts are motivated by the prospect of inves-
tigating interactions in a cold or even quantum degenerate
polar gas [1] by manipulating single dipoles for the pur-
pose of implementing quantum information schemes [2]
or for testing fundamental physics [3]. The experimen-
tal approaches range from a supersonically expanding gas
out of a rotating nozzle [4], “billard-like” collisions [5],
reactive collisions [6], Stark deceleration [7], phase-space
filtering [8], to buffer gas cooling [9], laser cooling [10],
photoassociation starting with a mixed sample of ul-
tracold atoms [11,12] or molecule formation in a two-
species Bose-Einstein condensate through a Feshbach res-
onance [13].

As an alternative approach to the formation of cold
molecules, the spectroscopy of molecules isolated in the
cold environment of helium nanodroplets was reported
for the first time in 1992 for SFg [14]. Since then, he-
lium nanodroplet isolation (HENDI) has become a well
established tool in the field of cluster physics and ma-
trix isolation spectroscopy [15-18]. In particular, aggrega-
tion of molecules and complexes on the droplets has lead
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to unusual isomers [19,20] as well as weakly bound al-
kali molecules and clusters [21,22]. The formation of cold
heteronuclear alkali dimers on helium droplets has been
reported for the specific case of NaK only [21], although
alkali atoms and alkali oligomers of one species on helium
droplets have already been extensively studied [18]. In this
paper we report the formation and spectroscopic investiga-
tion of dipolar cold alkali dimers (LiCs, NaCs) on helium
nanodroplets in the triplet ground state. These heteronu-
clear alkali dimers are particularly interesting due to their
large permanent dipole moments in covalently bound con-
figurations [23].

HENDI relies on several striking properties of the he-
lium droplets: helium clusters reach an equilibrium tem-
perature of =380 mK through spontaneous evaporation of
helium atoms [24]. Under certain conditions, atoms, small
molecules up to complex organic molecules or even very
large metal clusters can be efficiently picked up by the
droplets [18,25]. The cluster temperature is subsequently
transferred to all degrees of freedom of the dopants. Thus,
only the lowest rotational states of the molecular vibra-
tional ground-state are populated. Two or more dopant
atoms picked up by the helium cluster in multiple cluster-
dopant collisions can form dimers, trimers and higher
oligomers in the cluster environment [25]. The released
binding energy is subsequently dissipated by evapora-
tion of helium atoms. Since the binding energy of cova-
lently bound alkali molecules exceeds by far the one of
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Fig. 1. Schematic representation of the experimental set-up.
The beams of the excitation laser and the photoionization laser
are coaxially aligned and cross the cluster beam in the perpen-
dicular plane at L. A color version of the figure is available at
WWw.eurphysj.org.

van der Waals molecules with parallel spins, the latter
favorably stay on the droplets because alkali dimers are,
opposed to other dopants, only very weakly bound to the
surface of helium droplets. This leads to the enrichment
of the cluster beam with triplet dimers with respect to
covalently bound ones by up to a factor 10* [21].
Spectroscopic shifts induced by the cluster environ-
ment are small (~cm~!) [21]. Therefore the analysis of
ro-vibrational spectra provides valuable data to compare
with ab initio calculations and previous experimental re-
sults. This is particularly appropriate in the case of alkali
dimers, since accurate quantum chemistry calculations can
be performed. Furthermore, triplet transitions are more
difficult to investigate by standard techniques which use
the singlet ground state as the initial state. Actually the
spectroscopy of LiCs and NaCs is almost unexplored, as it
can be checked from the DiRef bibliographic database [26].
We find that the present method of creating a high flux
beam of cold cluster sustained heteronuclear alkali dimers
supplies a versatile and comparatively simple source for
molecular spectroscopy. In particular, this technique is
suitable for producing and cooling dipolar molecules.

2 Production of doped helium nanodroplets
and detection of cold molecules

The helium cluster beam apparatus is schematically de-
picted in Figure 1. For a detailed description the reader is
referred to reference [27]. Briefly, a beam of helium clusters
consisting of 10* helium atoms is formed by supersonic ex-
pansion behind a 5 ym nozzle at a stagnation pressure of
about 60 bar at a nozzle temperature of 21K (see Fig. 1).
The skimmer at the exit of the beam formation chamber
has a diameter of 400 pm. In the second chamber, which is
pumped by an oil diffusion pump as the first one, the clus-
ter beam passes through two pickup ovens for doping the
clusters with a combination of two different alkali atoms.
For filling the ovens with the reactive metals rubidium and
cesium the oven capsules are immersed in cyclohexane and
then, filled up with the solvent, transferred to the vacuum
chamber.

Each pickup oven is heated and heat-shielded sepa-
rately to set an appropriate partial vapor pressure, inde-
pendently for each metal. The distance between the two
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oven capsules is 5 cm. A second skimmer 4 mm in diameter
is placed at the exit of the pickup chamber. The detection
chamber is equipped with two viewports and a channel-
tron detector in combination with a simple ion optics for
detection of photoionized molecules. Alternatively, a de-
tection chamber with two baffles and an imaging system
for laser-induced fluorescence (LIF) studies is used. Be-
hind the detection chamber, either a quadrupole mass-
spectrometer can be attached for mass-selective photoion-
ization, or a Langmuir-Taylor detector for recording the
number of alkali atoms in the helium droplet beam by sur-
face ionization [28]. The latter is used for laser-induced
beam depletion measurements (LIBD).

The photoionization (PI) scheme works as follows:
the light from a tunable narrow-band titanium:sapphire
(Ti:Sa) ring laser (Coherent MBR110) crosses the helium
cluster beam at right angle in the horizontal plane and
excites the helium cluster sustained molecules in the fre-
quency range 11150-13500 cm~!. The laser frequency is
scanned by tuning both the Lyot filter and the etalon.
From the width of the LIF signal of the effusive atomic
cesium line we infer a spectral resolution in the measured
spectra <lcm™!, although the line width of the Ti:Sa
laser is expected to be much narrower. The output power is
actively stabilized using an acousto-optic modulator. The
feedback signal is provided by a photodiode which moni-
tors the laser beam intensity behind the detection cham-
ber. The excited molecules are subsequently ionized by the
light of a cw argon-ion (Ar™) laser (Coherent Innova 90),
which is superimposed onto the Ti:Sa laser beam. The Art
laser is operated in multi-line operation with an output
power of 8 W and is focused to a beam waist of ~12 pm.
The Ti:Sa laser beam is directed to the experiment us-
ing a single-mode polarization-maintaining optical fiber.
Inside the detection chamber it has a power of 50 mW
focused to a waist of 55 um, which leads to an intensity
of 500 W/cm?. Both excitation and ionization laser beams
are overlapped using a beam splitter. Since the beam split-
ter (a high-reflecting mirror in the frequency range of the
Ti:Sa laser) reflects 60% of the Ar™ laser power, the actual
intensity in the focus of the Art laser is ~500 kW /cm?.
Both foci are adjusted separately in radial and axial di-
rections to optimize the photoionization signal. The ion
signal is recorded in lock-in technique using a gated digi-
tal counter. The excitation laser is chopped at a frequency
of about 500 Hz and the ion counts in the laser on and off
periods are subtracted from each other to suppress back-
ground counts.

It is important to note that alignment in the horizontal
direction is very critical: if the excitation laser is displaced
by about 1 mm with respect to the ionization laser towards
the cluster source then the cluster beam is depleted by
photodesorption before the dopants reach the ionization
laser. Instead of detecting a maximum ion count rate on
resonance the count rate is minimum as a result of beam
depletion. The resulting ionization spectrum will then ap-
pear with a negative sign. This observation might be useful
in future experiments to study the laser induced desorp-
tion dynamics of different dopant atoms or molecules.



M. Mudrich et al.: Formation of cold bialkali dimers on helium nanodroplets

ion counts (arb. units)

| | 1 | 1 1 |
12500 13000 13500

Transition frequency (cm_l)
Fig. 2. Excitation spectrum of LiCs (a) and NaCs (b)

molecules attached to the helium clusters, recorded using pho-
toionization detection. Ion counts are in arbitrary units.

3 Photoionization spectroscopy of LiCs
and NaCs

3.1 Photoionization spectra

In order to record excitation spectra of LiCs or NaCs both
the helium cluster source parameters and the laser over-
lap with the cluster beam are adjusted to optimize the PI
signal of the Cs monomer structure, as outlined in [29].
Then, the second oven capsule filled with Li or Na is
heated to a temperature at which the probability is ex-
pected to be highest that a helium cluster picks up one
dopant atom. With the current oven design this condi-
tion is fulfilled for a partial vapor pressure of the dopant
gas of ~5 x 10~*mbar. Once the PI signal of LiCs and
NaCs is found, both Cs and Li/Na oven temperatures are
varied to maximize the PI count rate. The optimum oven
temperatures are: Cs — 358 K; Li — 698 K; Na — 485K.
The resulting PI spectra of LiCs and NaCs are depicted
in Figures 2a and 2b, respectively. Besides Li and Na,
Rb is also used as the second dopant atom. Although the
characteristic monomer spectra are observed both for Cs
and Rb at Rb oven temperatures up to 773 K, no indica-
tions for the excitation of RbCs dimers are observed in
the spectral range 11500-13500 cm~!. This observation is
somewhat surprising given the fact that our model calcula-
tions based on computed potential curves of reference [30]
predict two vibrational series (32 X+ (6s+5p) « 13X+ and
2311(6s + 5p) < 13X71) in this spectral range.

When recording the spectra, it is carefully checked
that the dependence of the signal amplitude on excita-
tion laser intensity is linear, e.g. the transitions are not
saturated. The LiCs spectrum is additionally recorded us-
ing both LIF and LIBD as detection methods. The re-
sulting spectra are identical to the PI spectrum, however
the signal to noise ratio attainable with PI detection ex-
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Fig. 3. Triplet (full lines) and singlet (dashed lines) are com-
puted potential curves from reference [31] correlated (a) to
the Li(2s)+ Cs(5d) asymptote, (b) to the Na(3s)+ Cs(5d)
asymptote, photoexcited from the lowest 135" correlated to
Li(2s) 4+ Cs(6s) and Na(3s) + Cs(6s) respectively (schematized
by the vertical arrows). The boxes show the energy range cov-
ered in the experiment. The position of the Li(2s) 4+ Cs(6p) and
Na(3s) + Cs(6p) limits is also indicated. A color version of the
figure is available at www.eurphysj.org.

ceeds by far the one of LIF and LIBD detection. In order
to rule out any perturbations of the spectrum due to ex-
citation of Cs, Csy or any contaminating particle, mass
spectra are recorded at various excitation frequencies in
the range of the LiCs spectrum. The latter display a strong
peak at the mass of LiCs and a small contribution at the
mass of Cs, which most probably stems from fragmenta-
tion of LiCs into atomic Li and Cs during ionization. The
PI spectrum of NaCs, however, is neither cross-checked
by different detection methods nor by mass spectra. Since
the source parameters are chosen nearly identical to the
ones for detecting LiCs, no perturbations of the spectrum
are expected. We shall see later on that this assumption
is not correct and a contribution of Css to the observed
spectrum must be included.

The LiCs spectrum displays a progression of clearly
resolved peaks of widths between 10 and 50 cm ™! in the
frequency range 12000-12800 cm~!. At larger frequen-
cies, a second series of peaks with larger spacings is ob-
served but not studied in further detail. In the frequency
range 11150-12000 cm~! no structures are observed in the
spectrum of LiCs. The spectrum of NaCs is recorded in
the entire frequency range accessible by the Ti:Sa laser
(11150-13500 cm™!) but an excitation spectrum is ob-
served only in the range 12400-13500 cm~'. The maxima
are less pronounced than in the LiCs spectrum and the
envelope has an asymmetric shape.

3.2 Assignment of the spectra

The analysis of the spectra is based on quantum chem-
istry potential curves from Korek et al. [31], which do
not include spin-orbit coupling (Fig. 3). The frequency
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range in which excitation is observed addresses the
excited potential curves correlated to Li(2s)+ Cs(5d)
and Na(3s)+ Cs(5d) atomic asymptotes, respectively.
Note that, in contrast to all the other mixed alkali
dimers, these asymptotes lie respectively in between
Li(2s) +Cs(6p) and Li(2p)+Cs(6s), and in between
Na(3s) + Cs(6p) and Na(3p) + Cs(6s). Both sets of curves
have a similar behaviour, and only the three deepest
curves 3' X1 2311,33 X% are lying in the relevant energy
domain. No other curve correlated to another asymptote
is found to perturb these sets. The 3'!X* and the 23IT
curves in NaCs have comparable well depths (3671 cm™!
and 3145 cm ™1, respectively), which will be of importance
later on. In the experiment, the transitions are assumed
to proceed from the v” = 0 vibrational level of the lowest
13X % (ns + 6s) (once again with n = 2,3 for LiCs and
NaCs, respectively) triplet state, so the 3! X% cannot be
reached by a electric dipole allowed transition.

The transition between 13X%(v” = 0) and a vibra-
tional level v® of an excited molecular state « is con-
trolled by the square of the electric dipole matrix element
|(v*|D|v" = 0)|*, where the symbol () holds for the inte-
gral over the internuclear distance R. Neither theoretical
nor experimental data are available for the R-dependent
molecular transition electric dipole moment D(R), so it
is fixed to an arbitrary constant in the following calcu-
lations. The matrix elements are then approximated by
the overlap integrals |(v*|v” = 0)]?, called Franck-Condon
factors. The numerical solution of the Schrédinger equa-
tion for the radial motion of the atoms is found using the
LEVEL program of LeRoy [32] and yields transition ener-
gies and vibrational wavefunctions for the 2317 and 33X+
states, starting from 13X%(v” = 0), and assuming J = 0
for the rotational state.

In order to assign the observed spectra to transitions
between electronic states, the spacings between the ob-
served peaks and the spacings between calculated line
positions are compared. The maximum of each peak is
obtained from least-squares fits of the experimental data
with a sum of Lorentzian functions with variable cen-
ter positions. The results are depicted in Figure 4 (sym-
bols) and compared with the calculated values (lines). In
the case of NaCs (Fig. 4b) the experimental data coin-
cide, within the experimental uncertainty, with the cal-
culated vibrational spacings of the 23IT state. In con-
trast, the spacings between lines in the experimental LiCs
spectrum amount to just half the calculated ones for
the 331 « 13X*(v" = 0) transition. Therefore, the
peaks are alternately labeled “left” and “right” peaks and
their energy positions are plotted in Figure 4a. We con-
clude that the observed spectra are dominated by the
1311 « 13X+ (v” = 0) transitions and in the case of LiCs
there is an additional line splitting mechanism.

Moreover, it is clear from Figure 3 that no other sig-
nal is expected in LiCs below 12000 cm~!, as the bot-
tom of the 23IT well is shifted compared to the 13X+
one, and as the only other state lying in this region is a
singlet state. Beyond 12800 cm ™!, the observed progres-
sion (not treated here) is probably associated to the 33X
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Fig. 4. Experimental line spacings measured for the vibra-
tional spectrum of LiCs (a) and NaCs (b), compared to val-
ues computed from the 3*XT (full blue line) and 23T (full
red line) potential curves of Figure 3. For LiCs, the measured
spacing between “left” (full circles) and “right” (open circles)
peaks are displayed. A color version of the figure is available
at www.eurphysj.org.

state. Similar conclusions can be drawn for NaCs: there is
no other accessible state below 12400 cm ™!, whereas the
33X vibrational progression should be observable beyond
13500 cm 1.

3.3 Comparison with ab initio potentials including fine
structure

To be more quantitative, the qualitative discussion above
has to be completed by the inclusion of the large cesium
spin-orbit interaction, which results in a splitting of the
5d level into two spectral terms 52D3/2 and 52D5/2 sep-
arated by Vi, = 97.584 cm~! [33]. The potential curves
including spin-orbit coupling for the present ns+ 5d man-
ifold are calculated in a standard perturbative approach
(as done for instance in Refs. [34,35] in the s + p case):
the spin-orbit Hamiltonian V, is derived within a molec-
ular basis build from atomic wave functions, and involves
a constant interaction parameter Asy = (2/5)Vs,. Ac-
cording to standard notations, molecular potential curves
with symmetries 2 = 0%, 2 =07, 2 =1, 2 = 2 and
{2 = 3 are obtained from the diagonalization of the fol-
lowing Hamiltonians:

H(2=3)= (VA)+ Asq) (1)

Asg Asa/V2
V(tA) —Asa/V?2 :
— Asa/V2 V() + Asa/2
(2)

V(BA)
Asg
Asq/V2
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Fig. 5. LiCs (a) and NaCs (b) potential curves including
spin-orbit deduced from the diagonalization of the matrices
in equations (2-5). The states are labeled with their short
range Hund’s case a character, and their total symmetry
in parenthesis: 2 = 2 (full green curve); 2 = 1 (full red
curves); £2 = 0~ (dashed black curves); 2 = 07 (dashed red
curves). The frequency range investigated in the experiment is
shown with boxes. A color version of the figure is available at
WWW.eurphysj.org.

H(Q=1)=

V(EA) — Asqg Asa/V2 Asa/\?2 0
Asa/V2 V(3II) Asq/2 V3A54/2
Asq/V2 Asq/2 V(D) —V/3As4/2

0 V3Asa/2 —/3Asq/2  V(CI)

(3)

VGBI — Asq/2 \/§A5d/2>, "

V3As54/2

H(2=0")= ( Vet

VI — Asq/2

V3A54/2

H(Q=0")= ( ;ff;"ff) .5

The resulting potential curves for 2 = 2,1,07,0" (we
omitted the 2 = 3 state which cannot be excited due
to angular momentum conservation) are displayed in
Figure 5 in the energy range relevant for the present exper-
iment. The statistical weighting factors for the fine struc-
ture components 0=, 0T, 1, 2 are 1:1:2:2. In this region,
the 3IT curve is splitted into three shifted curves with
symmetry 2 = 2,1,07. The analysis of the eigenvectors
indeed reveals that the {2 = 2,1,0~ electronic wavefunc-
tions have mostly (more than 98%) 3II character. As il-
lustrated in Figure 6, their vibrational spectrum will be
similar to the 3IT spectrum shifted in energy, while for a
given vibrational level, the FCF’s will have the same mag-
nitude up to the statistical weighting factors. In contrast,
the £2 = 01 state has a significant component on 3' X+
(Fig. 7), which is larger for NaCs than for LiCs due to
the close energy location of the 3! X% and 3IT states. The
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Fig. 6. Computed Franck-Condon factors (FCF) for the tran-
sition starting from the lowest 1° X v” = 0 level in LiCs (a)
and NaCs (b). Line positions for the following states are rep-
resented by vertical bars with symbols: 2°IT(07) in black
with full circles, 3' X% (07(n’S 4+ 5’Dj3/»)) in red with full
circles, 2°I1(07(n®S + 5°Ds/2)) in green with open circles,
2311(1) in blue with triangles, 2°IT(2) in magenta with squares.
The FCF envelope of 2 = 1, 2 = 07 (n?S + 52D3/2), and
2 = 0" (n?S + 5°Ds5) are drawn to guide the eye. The FCF
envelope for the 3327 (07, 1) state is also displayed in black.
The quoted vibrational quantum numbers are those computed
for the 23IT fine structure components 2 = 2,1,07,07" (Ds/2)
in LiCs, and 2 = 2,1,07,0"(D3,2) in NaCs. The statistical
weights of 1:1:2:2 for the states 07, 07, 1, 2 are omitted. A
color version of the figure is available at www.eurphysj.org.

R-variation of the 3IT component is included in the calcu-
lation of the FCF’s for the 0% states which are both ex-
pected to contribute to the signal. Due to its higher mass,
the vibrational spectrum of NaCs is more dense than the
one of LiCs: Figure 6 shows that the vibrational spacing of
the £2 = 0~ and {2 = 2 series match exactly the fine struc-
ture splitting between the two states. The (v + 1)-lines of
2 = 0~ and the v-lines of 2 = 2 are found at almost
the same transition energies. As discussed later on, this
has strong consequences on the shape of the experimental
spectra.

Comparing Figures 2 and 6, we find that the observed
spectra for both molecules match reasonably well the cal-
culated FCF envelopes for the 23IT fine structure mani-
folds. In contrast, the calculated FCF envelope for transi-
tions towards the 33X 7T state, which is predicted to peak
inside the frequency range covered by the present work,
does not match the experimental findings. In the range
12800-13050 cm ', the LiCs spectrum displays a series
of peaks whose spacings approximately coincide with the
calculated ones. However, their amplitudes are suppressed
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and 07 (n”S + 5°Dj5,») (dashed line) states of LiCs (a) and
NaCs (b), resulting from the diagonalization of the perturba-
tive Hamiltonian in equation (5). The vertical bars indicate the
range of inner and outer classical turning points of the 0% po-
tential curves corresponding to the energy range investigated
in the experiment. A color version of the figure is available at
WwWw.eurphysj.org.

by more than a factor 4 compared to the 23IT series, which
may reflect the fact that the 33X+ FCF envelope is shifted
to larger energies with respect to the calculation.

Several factors could be invoked to explain this discrep-
ancy: (i) the statistical weight of the 33X+ state which is
two times smaller than the one of the 23IT state, (ii) a pos-
sible weak transition probability from the lowest triplet
state, (iii) the inaccuracy of the well depth of the state
given by the quantum chemistry calculations, (iv) the in-
accuracy of the spin-orbit interaction, which is treated
here as a perturbation defined by the atomic fine struc-
ture. It is hard to predict how these effects cooperate in
the final result. Further joint experimental and theoretical
investigations are certainly needed to solve this problem.
In the following, we will neglect its contribution in the
spectra analysis.

3.4 Line shape functions and fit of experimental
spectra

In order to compare more quantitatively the model cal-
culations with the experimental data, the calculated
FC spectrum has to be convoluted with an appropri-
ate line shape function to account for the interaction
of the alkali dimers with the helium clusters. Since the
phonon side band extends to higher frequencies with re-
spect to the band origin each resonance is empirically rep-
resented by an asymmetric pseudo-Lorentzian function £
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Table 1. Fit parameters of the heuristic background func-
tions of the modelled spectra displayed in Figure 8. Parame-
ters ong, Spg stand for the offset and slope of the linear back-
ground function and wg, va, and Ag for the width, center
position and amplitude of the Gaussian background function
in the NaCs spectrum. The fit error on the last digit is given
in parenthesis.

Parameter LiCs NaCs
Obg 5.4(1) —4.1(3)
spg/cm  —4.4(1) x 107 3.4(2) x 107*
wg/em™? - 196(4)
vg/em™! - 13216(2)
Ag - 0.38(1)

for (v — v, —vy) >0,
L=A)A,w{v—v, —vy)/ (4(V—V,U —Vg)2+w2),

(6)
and is set to 0 for (v — v, —v,4) < 0. Each line shape
function £ of width w is centered at the calculated vibra-
tional energy v, for the five relevant fine structure series
2 =2,1,07,0"(Dg3/3),0"(Ds/2) and fixed in amplitude
to the computed FCF A,. All functions £ of the same
vibrational series are weighted by the same factor A((2)
and v, accounts for a global shift for all lines with re-
spect to the calculated positions. Alternatively, asymmet-
ric pseudo-Gaussian functions are used but the agreement
with the experimental peak profiles is poorer. Using a sim-
ilar model, the fitted transition frequencies were found
to reproduce gas-phase vibronic origins up to an over-
all shift of 5 + 1em™?! for the case of Nag [21]. In ad-
dition, a linear background function Fpq = Spq v + 0pg
is added. In the case of NaCs, a Gaussian function G =
Agexp (=2 (v —vg)?/w) of amplitude Ag, width we,
and centered at vg is included empirically in order to ac-
count for a Cs, absorption peak in that region!. The ap-
proach of heuristically modelling the slowly varying struc-
tures in the spectra by linear and Gaussian functions is
similar to applying a filter to the data that extracts quickly
varying components.

The sum of all line shape functions and background
functions is fitted to the experimental data where the free
fit parameters are vy, A(£2), w, Spg, Obg, and in the case
of NaCs, Ag, vg and wg. Alternatively, the numerator
(v — vy — vg) in equation (6) is raised to the power p
to allow for a variable steepness of the rising edge of L.
However, the value of p resulting from the fit of the LiCs
spectrum is consistent with 1.0 and is held fixed when
fitting the spectra.

The model curves resulting from the least squares fits
are depicted in Figure 8. The corresponding parameters
are listed in Tables 1 and 2. The numbers in brackets

! Calculations based on ab initio potential curves [36] reveals
the transition 232; — 135} of Csy lying in this spectral re-
gion. Since the uncertainty in the absolute position of the cal-
culated FC profiles appears to be on the order of 100 cm ™" [29],
the given parameters v and wg are fitted as well.
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Fig. 8. Experimental spectrum for LiCs (a) and NaCs (b) of
Figure 2 (black lines), compared with the best fit obtained ac-
cording to the procedure described in the text (red line). For
NaCs, a Gaussian function (blue line) simulates the influence
of an unresolved vibrational Csz band. Since the falling edge
on the high-frequency side of the spectrum is dominated by
the unresolved Csz background signal it is disregarded in the
fit as indicated by the dotted line. The positions of the vibra-
tional levels v’ quoted in Figure 6 are reported here, taking
into account the global shift v,. The v' numbers for NaCs are
defined with an uncertainty of about one unit (see text). A
color version of the figure is available at www.eurphysj.org.

Table 2. Fit parameters of the modelled LiCs and NaCs spec-
tra of Figure 8. A(£2) denote the amplitudes of different vibra-
tional series and w is the width of the pseudo-Lorentzian line
shape function. All lines are shifted by the global frequency
offset v4. The amplitudes A(£2) for NaCs printed in italic have
large systematic uncertainties and cannot be considered as sig-
nificant.

Parameter LiCs NaCs
“(Da2))  8.9(1)  2.6(9)
(0+(D3/2)) 0.0 0.0
A(0"(Dsy2)) 0.0 3.3(9)
A((Ds2))  18(2) 0.0
A(2(Dgp))  TO(R)  2.7(9)
w/cm™? 39.0(9) 29.3(4)
vg/em™ 12.7(2)  20.7(4)

indicate the fit errors to the last significant digit for the
given particular set of fit parameters. As seen in Figure 8,
it is possible to find for both molecules a set of parame-
ters for £, Fpg, and G, which satisfactorily reproduce the
experimental spectra. This validates our main hypothesis
about the importance of the fine structure components of
the 23T state.
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Since the line shape functions £ overestimate the am-
plitudes of the outer wings on the high frequency side
of each vibrational line and add up at the right side of
the spectrum the additional linear offset function F has
negative slope sy, to compensate this artefact in the case
of LiCs. The NaCs spectrum, however, is fitted only in the
range of the rising edge of the envelope of the spectrum
(solid line in Fig. 8b), which leads to a positive slope of the
background line. Thus, the linear functions F do not re-
flect a physical background but rather compensate imper-
fections in the model assumptions. It is checked, however,
that the addition of F with values s34 from Table 1 alters
the position of the maximum of each calculated vibra-
tional line by only ~0.05 cm™!, which is negligible given
the experimental precision.

Depending on the choice of the initial value of the
global shift parameter v,, the fit converges to different
values of the fit parameters. For LiCs, the minimum of
the x? value is very pronounced and neighboring local
minima are found for v, shifted by the vibrational inter-
val (~86cm™1) to the left or to the right. We can there-
fore define the vibrational numbering of the series with
good confidence, in particular since v, remains well below
the vibrational interval. In contrast, for NaCs, neighbor-
ing local y?-minima are found for v, shifted by only a
few cm ™! to the left or to the right with respect to the
global minimum. In these cases the amplitudes A(f2) are
concentrated in different {2-components. Since the global
X 2-minimum is not very pronounced, the vibrational num-
bering and therefore v, is uncertain by at least one vibra-
tional spacing.

These results emphasizes the quality of the potential
curves used here, as they allow to predict the transition
energy from the v = 0 of the lowest 3X+ state towards
the 2311 vibrational series, with an accuracy of the order

of one vibrational spacing for NaCs, or even better for
LiCs.

As far as the relative amplitudes A(f2) are concerned,
no quantitative conclusion can be drawn other than the
fact that at least two f2-components have negligible am-
plitudes. In LiCs, both A(0") amplitudes are found neg-
ligible, while the fitted amplitudes for 2 = 07,2 are un-
ambiguously found larger than A(£2 = 1). According to
this model, the double peak structure of the LiCs spec-
trum reflects the contribution of the 2 = 07,2 compo-
nents. Such a hierarchy is unexpected since all considered
states have mostly a 3II character so they should have
comparable excitation probabilities. Moreover the statis-
tical weight of the {2 = 1,2 components should be twice
the one for 2 =0, . However, due to the width w of the
phonon sideband, the vibrational lines strongly overlap
each other, which may result in correlations among the
fitted amplitudes. Also, our model for the molecular fine
structure does not include the R-variation of the molecular
spin-orbit coupling which should be computed with quan-
tum chemistry approaches. The relative position of the
2317 fine structure components could well be inaccurate.

As mentioned earlier, in NaCs, the vibrational struc-
ture of the molecular fine structure states is calculated
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to be more dense than in LiCs (see Fig. 6), in particu-
lar the vibrational spacing within the 2 =2 and {2 =0~
states matches the energy spacing between these two com-
ponents. This explains why the observed lines have no
structure as all vibrational lines then collapse into a sin-
gle profile. In the fit presented in Table 2, the 2 = 1
component is found negligible, while the 2 = 07 (D5 /2)
which is close in energy to the 3II manifold, has now a
fairly large weight. This hierarchy actually changes from
the absolute y2-minimum to the neighboring local min-
ima, so that the results for the relative {2 amplitudes are
even less conclusive than for LiCs.

It is interesting to note that the phonon sideband
width w strongly depends on the molecule. The corre-
sponding full widths at half maximum (FWHM) amount
to around 68 cm~! and 50 cm~! for LiCs and NaCs, re-
spectively. Similarly, Higgins et al. [21] obtained in Nag
different FWHM values depending on the electronic state
of the molecule (around 28 cm™! and 130 cm™! for the
transitions 1121;" — 112;' and 1323' — 1323', respec-
tively) and about 30 cm™! for the transition 23X+ «
13X% of NaK. This indicates stronger coupling to the
helium surface of LiCs and NaCs than the lighter alkali
dimers.

4 Conclusion

We demonstrate efficient formation of heteronuclear alkali
dimers (LiCs, NaCs) on helium nanodroplets after suc-
cessive pickup of different species alkali atoms. Different
detection methods including mass selective photoioniza-
tion are used for recording excitation spectra. In order to
well reproduce the spectra available quantum chemistry
potential curves [31] are modified to include fine struc-
ture in a perturbative approach. A pseudo-Lorentzian line
shape function is found to be the best model for the
line broadening induced by the interaction with the he-
lium environment. From least-squares fits we find the as-
signment of vibrational lines and a global frequency shift
of 12.7 (20.7) em~! between experimental LiCs (NaCs)
data and the calculated Franck-Condon spectra.

This demonstrates that even spectroscopy that is lim-
ited in resolution by the alkali-helium surface interactions
puts strong constraints on the calculated potential curves.
The latter are found accurate enough to infer the value of
the transition energies from the lowest level of the ini-
tial 3X T state towards the vibrational series of the 23IT
fine structure manifold with an accuracy of the order, or
better than, one vibrational spacing. Thus the assignment
of vibrational lines of the fine structure states can be accu-
rately predicted for LiCs and for NaCs up to about one vi-
brational energy spacing. Our spectroscopic data actually
provides the first results on the triplet transition system
in LiCs and NaCs, whose spectroscopy is almost unex-
plored yet. The comparison to high-resolution gas-phase
measurements, which are currently under way [37], will
give further insight into the physics of alkali molecules at-
tached to helium nanodroplets. In view of recent develop-
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ments in the field of ultracold quantum gases [11,13], spec-
troscopy of bialkali molecules on helium nanodroplets can
provide important spectroscopic input data for the forma-
tion of ultracold molecular quantum gases through pho-
toassociation. High-resolution rotationally resolved spec-
tra are in principle feasible with HENDI as well by probing
molecules which are desorbed from the droplets [38].

In future experiments, the demonstrated scheme could
also be utilized for decelerating and trapping cold
molecules. The flux of molecule doped helium nan-
odroplets is estimated to be on the order of 1010s~1!,
which corresponds to a density of 102 cm™3. Deceleration
of the doped nanodroplets could be achieved by subse-
quent ionization of the nanodroplets and stopping using
electrostatic fields [39]. Besides the ionization by electron
impact or by photoionization [40] it is also conceivable
to create charged doped helium nanodroplets by electron
capture [41] or by directly doping ions [42]. Subsequent
trapping in an ion trap for doped helium clusters could
be realized in analogy to e.g. trapping metal clusters in
a Penning trap [43]. Finally, photodesorption of the cold
molecules from the helium nanodroplets and trapping in
an electrostatic [7] or magnetic trap [44] is a further op-
tion. A suitable electronic transition towards coupled sin-
glet and triplet excited molecular states may also be used
to transfer these triplet molecules into the singlet man-
ifold, where they exhibit strong permanent dipole mo-
ments.
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