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The absorption spectra of the first electronic exited state of alkali metal atoms on helium nanodroplets formed
of both 4He and3He isotopes were studied experimentally as well as theoretically. In the experimental part
new data on the 2pr 2s transition of lithium on3He nanodroplets are presented. The absorption spectrum
changes drastically when compared to4He droplets, in contrast to sodium where only marginal differences
were observed in former studies. To explain these large differences and to answer some still open questions
concerning the interaction of alkali metal atoms with helium nanodroplets, a model calculation was performed.
New helium density profiles as well as a refined model allowed us to achieve good agreement with the
experimental findings. For the first time the red-shifted intensities in the lithium and sodium spectra are
explained in terms of enhanced binding configurations in the excited state displaced spatially from the ground
state configurations.

I. Introduction

Helium nanodroplets form a unique size-limited quantum
aggregate with fascinating properties. In spite of their very low
equilibrium temperature of only a few 100 mK1 they are fluid.
4He droplets even show the properties of a superfluid and
droplets made of the isotope3He remain normal fluid in that
temperature range.2 The droplets can easily be loaded with a
vast number of atoms and molecules via pick-up from the gas
phase, making helium nanodroplet isolation spectroscopy (HEN-
DI) a powerful spectroscopic tool.3,4 Besides their advantages
as a spectroscopic matrix, helium nanodroplets are very interest-
ing on their own, forming a quantum system on the nano scale.5

Doping helium nanodroplets with alkali metal atoms forms
a peculiar situation compared to adding other atoms or
molecules. Theoretical calculations predict a well depth in the
alkali metal atom-helium pair interaction potential of≈2 wave
numbers.6-8 Kleinekathöfer et al. showed in their work,9 that
for all alkali metal atoms a bound state with very long binding
length should exist, but until now this could not be confirmed
experimentally. However, it was shown that the alkali metal
atoms are weakly (≈10 cm-1) bound to helium nanodroplets.10-13

They reside in a dimple on the surface of the droplets in contrast
to nearly all other dopants that submerge to the center of the
droplets. This makes alkali metal atoms a potential probe for
surface excitations of helium nanodroplets. Recently, experi-
ments and theoretical calculations with droplets formed of3He
doped with alkali metal atoms have been performed. They
showed that the location of the sodium atoms is quite similar
for both isotopes.14,15 However, the absorption spectra show

peculiar differences. Although all stable alkali metal atoms were
studied experimentally and theoretically, there are still unsolved
questions concerning the interaction between the droplets and
the alkali metal atoms.

Figure 1 shows the absorption profiles of the first excited
state of the alkali metal atoms on4He nanodroplets. They are
plotted over energy subtracted by the energy of the D1 atomic
line. The first absorption as well as emission spectra of lithium,
sodium, and potassium were recorded by Stienkemeier et al.11

In respect to the atomic lines, lithium exhibits a red-shifted
asymmetric line. Even further red-shifted, a small shoulder is
found in the spectrum (marked with arrow). The line shape of
the sodium spectrum is similar, but it is slightly blue-shifted
and wider. Here also a red-shifted shoulder is observed. In the
case of potassium the stronger spin-orbit coupling leads to a
splitting of the lines. Additionally, no absorption red-shifted to
the atomic lines has been recorded. The emission spectra in
conjunction with a theoretical model led to the result that the
absorption is composed of different contributions. They differ
in an alignment of the p-orbital in the excited state with respect
to the surface of the droplet. An alignment perpendicular to the
surface leads to aΠ state, one horizontal to the surface to aΣ
state. Upon excitation of aΣ state the atom desorbs from the
droplet (bound-continuum transition) and only emission of free
atoms can be recorded in the experiment. After exciting aΠ
state a bound state (bound-bound transition) is formed and red-
shifted emission is observed. The red-shifted shoulder found in
the experiment in the case of lithium and sodium could not be
explained within their model.11

The rubidium spectrum has first been recorded by Bru¨hl et
al.12 Because of the larger spin-orbit coupling, one observes
two completely separated lines. The D1 line shows a broad
slightly asymmetric profile. The D2 line has more transition
strength and shows a wide blue shoulder. The splitting of the
D2 line was assigned toΠ andΣ contributions. With the help
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of emission spectroscopy the red-shifted emission upon excita-
tion of the Π state was attributed to exciplex formation: an
alkali metal-helium molecule is formed that eventually desorbs
from the droplet. Relaxation to the ground state results in red-
shifted emission intensities and fragmentation.

The 6pr 6s transition of cesium was recorded before in our
work group.13 Cesium showed qualitatively the same absorption
profile as rubidium. As a new method resonant two-photon
ionization was used, which enabled us to count the ions mass
selectively and allowed us to directly decompose the spectra
into different contributions. This method revealed that theΠ3/2

state is further split.
Recent experiments on3He droplets studied the influence of

the selection of isotopes on the absorption spectra.14,15The fact
that 4He droplets are superfluid but3He are normal fluid gives
the possibility to extract the influence of superfluidity on the
spectra. The experiments revealed that sodium is also bound in
a dimple on the surface of the3He droplets. The absorption
spectra are very similar for both isotopes, but the red-shifted
shoulder is missing in the case of3He.

The interaction of helium with alkali metal atoms has also
been studied in the bulk in different aggregate states. Comparing
these results with the ones obtained in helium droplets gives
further hints for the interpretation of the spectra. In the case of
rubidium and cesium, measurements in liquid helium exist. In
the case of the lighter alkali metal atoms, no data in liquid
helium are available because the emission is strongly quenched.16

The absorption of rubidium and cesium is much more blue-

shifted in liquid helium than on helium nanodroplets,17 confirm-
ing the surface location on nanodroplets. The shift was explained
within the bubble model. A splitting of the D2 line was observed
and assigned to the dynamic Jahn-Teller-Effect,18 a possible
candidate for the observed splitting of theΠ3/2 contribution on
helium nanodroplets. Alkali metal atoms additionally were
investigated in dense helium gas via emission spectroscopy.19-21

The observed features in the emission spectra were explained
in the framework of exciplex formation. Furthermore, cesium
was studied in solid helium.22,23Finally, also rubidium has been
studied in solid helium. Emission intensities were nearly
completely quenched, like those for the lighter alkali metal
atoms in liquid helium.24

Alkali metal atoms attached to helium nanodroplets have also
been studied via time-resolved methods, providing an alternative
promising method to reveal couplings of alkali metal atoms to
surface or volume modes of droplets. In particular, the exciplex
formation was the focus of these experiments. The formation
times of sodium25 and potassium27 exciplexes were determined
by time correlated single photon counting. Furthermore, the
technique of femtosecond pump-probe spectroscopy was used
to measure the formation times of potassium28 and rubidium29

exciplexes. Comparing the formation times for both helium
isotopes provided evidence that the cooling efficiency of the
droplet plays an important role in these processes.

In summary, despite a significant amount of data, the spectra
are not fully understood and no satisfying theoretical description
of the alkali metal atom-helium nanodroplet system exist. One
unsolved question is the origin of the red-shifted shoulder in
the absorption of lithium and sodium on4He droplets. Moreover,
in the case of sodium even the assignment of the different peaks
of the spectrum is not clear: fine structure orΠ and Σ
contributions of the spectrum. A further question is the reason
for the splitting of theΠ3/2 line observed experimentally for
cesium.

In this paper, a refined model to calculate the electronic
transitions of the dopant alkali metal using realistic density
profiles for the helium droplets of both isotopes enables us to
answer most of the open questions. These profiles are needed
to properly describe the alkali metal-helium droplet interaction.
Profiles of droplets of up to 5000 helium atoms have been used.
These sizes are comparable to the experimental droplet sizes.
Additionally, we present experimental results for the spectros-
copy of lithium on3He droplets to further support the presented
simulation and interpretations.

II. Experiment

The experiments were performed in a helium droplet machine
applying laser-induced fluorescence (LIF) as well as beam
depletion (BD) spectroscopy. A detailed description of the
experimental setup is presented elsewhere.30 Modifications
include a new droplet source to reach the lower temperatures
needed for generating3He droplets.14 In short, gas of either
helium isotope is expanded under supersonic conditions from
a nozzle, forming a beam of droplets traveling freely in high
vacuum. The helium stagnation pressure in the droplet source
is 20 bar, and a nozzle of 5µm diameter has been used. The
nozzle temperature has been stabilized to 12 and 15 K to form
3He and4He droplets, respectively. These conditions result in
an average droplet size of≈5000 helium atoms.3

The droplets are doped downstream using the pickup tech-
nique: in a heated scattering cell, an appropriate vapor pressure
of lithium is established so droplets pick up one single atom on
average when passing the cell. LIF as well as BD absorption

Figure 1. Absorption spectra of the s to p transition of the alkali metal
atoms Li, Na, K, Rb, and Cs on4He nanodroplets.11,13 The energies
are plotted relative to the atomic D1 line. The gray vertical lines
represent the atomic transitions. See text for further details.
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spectra of the doped droplet beam can be recorded upon
electronic excitation using a cw dye laser. LIF is recorded with
a photo multiplier tube. For the beam depletion measurement,
a Langmuir-Taylor surface ionization detector has been used.31

Here, only the results obtained using LIF are shown as a better
signal-to-noise ratio was achieved when compared to the BD
spectra for lithium doped clusters. However, the BD measure-
ments show identical results when compared to the LIF spectra.

Figure 2 shows the absorption spectra of the 2pr 2s
transition of lithium on droplets of both helium isotopes. In
contrast to sodium, where both spectra are quite similar, the
spectra in the case of lithium differ strongly. Only the line width
is comparable. An interpretation of the different line forms will
be given in the theoretical part of the paper.

III. Theoretical Model

The model to simulate the absorption spectra is based on the
use of pair interaction potentials calculated by Pascale6 and of
alkali-doped helium density profiles obtained within density
functional theory using the He-alkali metal potentials calculated
by Patil.7 Some technical details about the calculation of the
nanodroplet structure can be found in our recent work on doped
helium droplets.5,15,32The heavier alkali metals have been treated
as an external potential, neglecting their zero point motion. For
the lighter Na and Li cases, we have solved the Euler-Lagrange
and Schro¨dinger equations that result from the variations of the
density functional that describes the droplet-impurity complex,
thus taking into account the quantal character of the dopant
atom.

The reason to use Pascale’s potentials to obtain the atomic
shifts is the availability of ground and excited state pair
potentials covering all helium-alkali metal pairs. Pascale’s
potentials do not include the spin-orbit (SO) interaction. For
the heavier alkali metal atoms, the SO coupling is relevant and
it has been taken into account as described below. More recent
pair potential calculations have been done for specific, single
impurities (lithium,33 sodium,34 potassium35).

Due to the general lacking of excited states for He-alkali
metal potentials, we have obtained the crucial dimple structure
using Patil potentials but have then employed the corresponding
density profile in conjunction with the Pascale ground and
excited state potentials to generate the atomic shifts. We want
to point out that we have ruled out the obvious possibility of
using Pascale potentials to obtain the ground state of the droplet
as well as the atomic shifts because these potentials are too

attractive as compared with the more recent ones, thus yielding
too a deep dimple and, hence, an unrealistic atomic shift. This
strategy has turned out to be a reasonable one in view of the
obtained results but clearly indicates that the main limitation to
theoretically describe the shifts is the nonavailability of reliable
He-impurity pair potentials.

Figure 3 shows a section of the density of helium nanodroplets
made ofN ) 1000 atoms for both isotopes doped with the five
stable alkali metal atoms. The false color legend is similar for
both isotopes for the sake of comparison. The heavier the alkali
metal atom, the deeper the dimple. The dimples are deeper for
3He than for4He. It is worth noting the overall lower density
of 3He. These facts have a major influence on the resulting
spectra in the simulation.

To obtain the droplet-alkali metal atom interaction potentials,
we have followed an approach similar to that of Stienkemeier
et al.,11 but now using 3-dimensional droplet density profiles
matching experimental conditions and considering the orienta-
tion of the orbital of the alkali metal atom relative to the helium
atoms of the droplet. We consider the system as a diatomic
molecule, with the alkali metal acting as one atom and the
droplet acting as another. The droplet density is kept frozen
while the excitation takes place (Franck-Condon principle).
Because we are only interested in calculating the absorption
spectra, this assumption is fully justified, as the electronic motion
is an order of magnitude faster than that of the helium atoms.
Therefore, the model does not give information on the time
evolution of the system. For this reason we cannot reproduce
the right line shape, because line broadening mechanisms are
not included. To include inhomogeneous broadening resulting
from droplet size distribution, the line width of the laser, and
similar effects, we have convoluted the calculated lines with a
Gaussian profile with fwhm 5 cm-1. The interaction potential
is calculated by folding the helium density with the interaction
pair potentials, namely,

Figure 2. Absorption spectrum of the 2pr 2s transition of lithium
on 3He nanodroplets compared to that on4He nanodroplets.11 The black
bar covers the atomic lines.

Figure 3. Density profiles of3He and4He nanodroplets withN )
1000 atoms doped with alkalis.

VA on HeN
(nΛ, RB) - VA(nl) ) ∫[VAHe(nΛ,RB-RB′) -

VA(nl)]FHe(RB′) dRB′ (1)
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A represents the particular alkali metal atom,n the principle
quantum number,VAHe the pair potential withΛ the projection
of the angular momentum onto the “molecule axis”,VA

the potential of the alkali metal atom, andl the angular
momentum quantum number. Three-body interaction effects
and effects of higher order are neglected. Figure 4 illustrates
the used coordinate system. In the two-body case, there are two
possibilities for the first electronic excited state. They differ in
the alignment of the p-orbital with respect to the helium atom.
In the horizontal alignment, the projection of the angular
momentum is 0 and the state is calledΣ. A perpendicular
alignment results in aΠ state. We have chosen as the
quantization axis the line connecting the alkali metal atom
and the center of the droplet. Therefore, most of the helium
density is not located on this axis but “sees” the alkali metal
atom at an angle. One finds the helium density up to an angle
of 60°. When calculating the folding, one has to take into
account the relative orientations. To describe a state that is
quantized in a rotated coordinate system, Alexander et al. have
developed an approach based on rotation operators.36 If one
rotates the coordinate system, the angular momentum eigen-
vectors are transformed into a linear combination of those in
the rotated frame. The formulas can be found, e.g., in Zare’s
book.38

The expansion coefficientsDMM′
J are the elements of the

rotation matrixR, andφ, θ, andø are the Euler angles of the
rotation transformation. Strictly speaking, this formula is only
valid for angular momentum eigenvectors|JM〉. But in the case
of the alkali metal-helium interaction potential one can always
assign an atomic angular momentum to the alkali metal atom;
therefore this transformation can be applied. The rotation can
be split into the separate rotations:

The elementsdMM′
J (θ) are determined by

The rotation can be straightforwardly applied to the Hamiltonian,
which becomes

The eigenvalues ofH′ andH are the same, asR is unitary, and
the eigenvectors ofH′ andH are related by the above expression
eq 2.

Lithium and sodium only show weak SO couplings, but one
cannot neglect the SO interaction for the heavier alkali metal
atoms. When incorporating SO in our model, one has to keep
in mind that the rotation is only valid for eigenstates of the
angular momentum. The pair potentials are diagonal in the
uncoupled basis. But transforming these into the coupled basis
leads to a matrix also containing off-diagonal elements. Opposite
the SO coupling is diagonal in the coupled basis but not in the
uncoupled one. This leads to the fact that the pair potentials
transformed into the coupled basis are no longer eigenstates of
the angular momentum operator. One can only combine both
effects either whenVΠ - VΣ . ESO and one can neglect the
SO interaction or whenVΠ - VΣ , ESO and one can neglect
the off-diagonal elements of the potential matrix in the coupled
basis, and in this way avoid mixing of different states. These
terms depend on the internuclear distance. For alkali metal
atoms, SO is prominent at large distances. When approaching
the potential wells,VΠ - VΣ increases and becomes equal to or
larger than the SO energy depending on the alkali metal atom.
In our model we are only interested in the shape of the wells.
We calculatedVΠ - VΣ at the pair potential minimum of the
ground state and compared this to the SO energy. If the SO
energy is smaller, we neglect it for all distances, adding SO
afterward via an appropriate displacement of the potentials.
Otherwise, we incorporate the SO interaction but neglect the
off-diagonal elements. This approach is justified, because the
main contribution to the shifts results from the helium density
in the direct vicinity of the alkali metal atom. The method
introduced by Cohen and Schneider37 cannot be used, because
after applying the rotation one no longer has “pure”Σ andΠ
states. Hence, for lithium and sodium we have neglected the
SO interaction, whereas for rubidium and cesium it has been
considered. In the case of potassium both terms are comparable.
Here we calculated the spectra with both approaches. It turned
out that neglecting SO gives better agreement of the calculated
spectra with the experimental result.

A. Uncoupled Basis.The Hamiltonian corresponding to the
atomic p state in the uncoupled basis is

The rotation matrix is

Figure 4. Illustration of the coordinate system. The droplet corresponds
to the Na(4He5000) complex.

|JM′〉 ) R-1(φ,θ,ø)|JM〉 ) ∑
M′

DMM′
J (φ,θ,ø)|JM′〉 (2)

DMM′
J (φ,θ,ø) ) e-iφMdMM′

J (θ)e-iøM′ (3)

dMM′
J (θ) ) [(J + M′)!(J - M′)!(J + M)!(J - M)!] 1/2 ×

∑
ν

(-1)ν

(J - M - ν)!(J + M - ν)!(ν + M - M′)!ν!
×

[cos(θ

2)]2J+M′-M-2ν [- sin(θ

2)]M-M′+2ν

(4)

H′ ) RHR-1 (5)

H ) (VΠ 0 0
0 VΣ 0
0 0 VΠ

) (6)
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The transformed Hamiltonian H′ has the following form:

This is the Hamiltonian matrix in the aligned basis for the interaction between the alkali metal atom and one helium atom in
cylindrical coordinates. To calculate the interaction potential between the alkali metal atom and the helium droplet system, we use
eq 1. Because the problem has azimuthal symmetry, one can carry out the integration overφ, which gives a 2π factor in eq 1. This
results in a huge simplification of the potential matrix: All off-diagonal elements become zero and one can go on with the calculation
with only the diagonal matrix elements:

B. Coupled Basis.In the case of rubidium and cesium the SO energy∆SO becomes dominant and one has to calculate the
potentials in the coupled basis:

Off-diagonal elements have been neglected and thus one can extract the potential matrices for theJ ) 1/2 and3/2 states:

The rotation matrices are

R ) (e-iφ1
2
(1 + cosθ)e-iø -e-iφx1

2
sin θ e-iφ1

2
(1 - cosθ)eiø

x1
2

sin θe-iø cosθ - x1
2

sin θeiø

eiφ1
2
(1 - cosθ)e-iø

eiφx1
2

sin θ eiφ1
2
(1 + cosθ)eiø ) (7)

H′ ) (VΠ cos2 θ + 1
2
(VΠ + VΣ) sin2 θ x1

2
e-iφ(VΠ - VΣ) cosθ sin θ

1
2
e-2iφ(VΠ - VΣ) sin2 θ

x1
2
eiφ(VΠ - VΣ) cosθ sin θ VΠ sin2 θ + VΣ cos2 θ - x1

2
e-iφ(VΠ - VΣ) cosθ sin θ

1
2
e2iφ(VΠ + VΣ) sin2 θ - x1

2
eiφ(VΠ - VΣ) cosθ sin θ VΠ cos2 θ + 1

2
(VΠ + VΣ) sin2 θ

) (8)

V′Σ(r,θ) ) VΣ(r) cos2 θ + VΠ(r) sin2 θ (9)

V′Π(r,θ) ) VΠ(r) cos2 θ + 1
2
[(VΠ(r) + VΣ(r)] sin2 θ) (10)

H ) (VΠ + ∆SO/3 0 0 0 0 0

0
1
3
(VΠ + 2VΣ + ∆SO)

1
3
x2(VΠ - VΣ) 0 0 0

0
1
3
x2(VΠ - VΣ)

1
3
(2VΠ + VΣ - 2∆SO) 0 0 0

0 0 0
1
3
(VΠ + 2VΣ + ∆SO)

1
3
x2(-VΠ + VΣ) 0

0 0 0
1
3
x2(-VΠ + VΣ)

1
3
(2VΠ + VΣ - 2∆SO) 0

0 0 0 0 0 VΠ + ∆SO/3

)
(11)

H1/2 ) (13(2VΠ + VΣ - 2∆SO) 0

0
1
3
(2VΠ + VΣ - 2∆SO) ) (12)

H3/2 ) (VΠ + ∆SO/3 0 0 0

0
1
3
(VΠ + 2VΣ + ∆SO) o 0

0 o
1
3
(VΠ + 2VΣ + 2∆SO) 0

0 0 0 VΠ + ∆SO/3
) (13)
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Using them on the Hamiltonian yields the potential matrix aligned in the right quantization axis. It turns out that theΠ1/2 state
is spherically symmetric

Both J ) 3/2 states have cylindrical symmetry and so one can carry out the integration overφ, which leads to a simplification of the
matrix:

IV. Results

Figure 5 shows the calculated potentials for cesium on a4He2000 nanodroplet. It also includes the cesium helium pair interaction
potentials for comparison. The ground state has a well depth of 16 cm-1, so cesium is bound to the droplet with a fairly large energy
of 15 cm-1. The resulting potentials for the first excited state are all repulsive. No bound state is found. This means that the cesium
spectrum purely consists of bound-continuum transitions. Potassium and rubidium behave similarly to cesium, but for the lighter
alkali metal atoms sodium and lithium, we have also found bound-bound transitions for theΠ states. Figure 6 shows the obtained
potentials for lithium. TheΠ state has a shallow potential well. Its position is nearly the same as that of the ground state well. This
leads to a direct bound-bound transition. The experiment revealed that afterΠ excitation also for the heavier alkalis the formation
of an exciplex molecule can be observed.12,13,26This finding is not in conflict with the presented model. An excited alkali metal
atom can still attract single helium atoms in its nodal plane, only the total interaction with all helium atoms of the droplet at the
instance of excitation (ground state configuration) is repulsive.

To compare the simulated potentials with the available experimental data, the Franck-Condon factors were calculated using the
program Level 8.039 or BCount 2.240,41 from R. J. Le Roy. To get the right proportions of the different contributions, the electronic
degeneracy factor, the Ho¨hn-London factor as well as the density of states for the bound-continuum transitions were incorporated.

The calculated spectra for cesium on droplets of either isotope are presented in Figure 7. For4He the experimental spectrum is
included for comparison. With the help of resonant two-photon ionization, the spectrum could be decomposed into the excitations
that lead to exciplex formation and these leading to desorption of single atoms. These contributions can be assigned to theΣ1/2 and
Π3/2 states, respectively.

In the4He case, the calculated spectrum fits well the experiment. TheΠ1/2 andΣ1/2 contributions are only slightly shifted, theΠ1/2

state 8 cm-1 to the blue and theΣ1/2 state 7 cm-1 to the red. They show the same profile as the experimental spectra. TheΠ3/2 part
is also only slightly blue-shifted (6 cm-1) but the shape of the profile does fit the experimental findings very well. The experiment
showed that theΠ3/2 transition is composed of at least two pieces. This splitting is not reproduced in the presented theory. A
possible explanation of the splitting is the presence of a dynamic Jahn-Teller effect, which leads to the splitting of theD2 line of
cesium in liquid helium.18 The lower panel of Figure 7 displays the result for3He droplets. The spectrum is qualitatively the same.
All constituents are blue-shifted with respect to4He (Π1/2, 13 cm-1; Π3/2, 25 cm-1; Σ1/2, 2 cm-1). TheΠ3/2 line is broader compared
to the4He case.

We have obtained a similar picture for rubidium. Figure 8 shows the results of the simulation in comparison with the experimental
spectrum. All states are blue-shifted (Π1/2, 20 cm-1; Π3/2, 12 cm-1; Σ1/2, 35 cm-1). The shape of the D1 line is nicely reproduced,
but again the D2 line does not fit well. The unconsidered splitting of theΠ3/2 state might be the reason. Changing of He isotope
leads to the same effects as seen for cesium. The profiles are blue-shifted (Π1/2, 22 cm-1; Π3/2, 40 cm-1; Σ1/2, 6 cm-1) and theΠ3/2

is broadened.
The spectra of potassium on helium droplets are presented in Figure 9. Here the line profiles of the simulation and the experiment

match quite well. Again, one finds a blue shift of the simulated spectrum (Π1/2, 3 cm-1; Π3/2, 11 cm-1; Σ1/2, 8 cm-1). To fit the D2

line, the transition strength to the blue of theΠ3/2 state is missing in the simulation. This might again indicate the mentioned further

R1/2 ) (e-(1/2)iφ cos
θ
2
e-(1/2)iø e-(1/2)iφ sin

θ
2
e(1/2)iø

-e(1/2)iφ sin
θ
2
e-(1/2)iø e(1/2)iφ cos

θ
2
e(1/2)iø ) (14)

R3/2 )

(e-(3/2)iφ cos3
θ
2
e-(3/2)iø -e-(3/2)iφx3 cos2

θ
2

sin
θ
2
e-(1/2)iø e-(3/2)iφx3 cos

θ
2

sin2 θ
2
e(1/2)iø -e-(3/2)iφ sin3 θ

2
e(3/2)iø

e-(1/2)iφx3 cos2
θ
2

sin
θ
2
e-(3/2)iø e-(1/2)iφ cos

θ
2(-2 + 3 cos2

θ
2)e-(1/2)iø e-(1/2)iφ sin

θ
2(-2 + 3 sin2 θ

2)e(1/2)iø e-(3/2)iφx3 cos
θ
2

sin2 θ
2
e(1/2)iø

e(1/2)iφx3 cos
θ
2

sin2 θ
2
e-(3/2)iø -e(1/2)iφ sin

θ
2(-2 + 3 sin2 θ

2)e-(1/2)iø e(1/2)iφ cos
θ
2(-2 + 3 cos2

θ
2)e(1/2)iø -e(3/2)iφx3 cos2

θ
2

sin
θ
2
e(1/2)iø

e(3/2)iφ sin3 θ
2
e-(3/2)iø e(3/2)iφx3 cos

θ
2

sin2 θ
2
e-(1/2)iø e(3/2)iφx3 cos2

θ
2

sin
θ
2
e(1/2)iø e(3/2)iφ cos3

θ
2
e(3/2)iø

)
(15)

VΠ1/2
) 1

3
(2VΠ + VΣ - 2∆SO) (16)

VΠ3/2
) 1

12
[3(3VΠ + VΣ) + 3(VΠ - VΣ) cos 2θ + 4∆SO] (17)

VΣ1/2
) 1

12
[7VΠ + 5VΣ + 3(-VΠ + VΣ) cos 2θ + 4∆SO] (18)
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mechanism that leads to a splitting of theΠ3/2 transition. In the
case of potassium attached to3He droplets the line shape of
bothΠ states changes notably. Besides a quite large blue shift

(Π1/2, 34 cm-1; Π3/2, 33 cm-1), the width of the line increases
from 13 to 38 cm-1. However, theΣ1/2 state remains nearly the
same.

For sodium, experimental data are available for both isotopes.
Additionally, in the case of4He measurements of the different
contributions via emission spectroscopy exist. These are plotted
with the simulated spectrum in Figure 10. In contrast to previous
calculations,11 the sodium spectrum consists mainly of bound-
continuum transitions and not of bound-bound ones. The
transition into theΠ states comes out to be partly bound-bound
and partly bound-continuum. The main transition strength still
arises from the bound-continuum part. All simulated profiles

Figure 5. Simulated potentials for cesium bound to (a) a4He
nanodroplet of size 2000. (b) Cesium helium pair potential.6

Figure 6. Simulated potentials for lithium bound to a (a)4He
nanodroplet of size 5000. (b) Lithium helium pair potentials.6

Figure 7. Simulated absorption profiles of the 6pr 6s transition of
cesium on4He2000and3He2000nanodroplets in comparison to experiment
(exp): (a) integral spectrum, exp; (b) spectrum selective toΠ andΣ
contributions.13

Figure 8. Simulated absorption profiles of the 5pr 5s transition of
rubidium on 4He2000 and 3He2000 nanodroplets, respectively, in com-
parison to experimental results.12

Figure 9. Simulated absorption profiles of the 4pr 4s transition of
potassium on4He1500 and 3He2000 nanodroplets in comparison to
experiment (exp): (a) integral spectrum, exp; (b)Σ part of the
spectrum.11
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are again blue-shifted (Π1/2, 13 cm-1; Π3/2, 18 cm-1; Σ1/2, 46
cm-1). Adding all the contributions achieves a nice agreement
with the experiment. The three features in the maximum of the
profile can be assigned to the bound-bound part of theΠ1/2

transition, the bound-bound part of theΠ3/2 plus the bound-
continuum part of theΠ1/2 transition, and the bound-continuum
part of theΠ3/2 transition. The red shoulder in the spectrum is
not found in this simulation. Again, some transition strength in
the blue of theΠ3/2 is missing, which leads once more to the
conclusion that theΠ3/2 may be perturbed by a not included
mechanism.

Going on to sodium on3He droplets, the simulation reveals
that in this case no bound-bound transitions participate. Figure

11 shows both spectra in comparison. Unfortunately, the
experimental spectrum cannot be decomposed into its contribu-
tions. Only the position of theΠ1/2 state is clear. Here, we also
find a blue shift, in this case of about 25 cm-1. When looking
at the sum of the simulated parts, one gets again an incorrect
profile, leading to the same conclusion as before. The simulated
3He spectrum is 16 cm-1 blue-shifted with respect to the
simulated4He spectrum. Experimentally, a shift of 7.5 cm-1

was found. This means that our simulation yields the gross
feature but overestimates the amount by a factor of 2.

The last alkali metal atom we have studied is lithium. In the
case of lithium the experiments show that theΠ transition is
red-shifted with respect to the atomic lines. This suggests that

Figure 10. Simulated absorption profiles of the 3pr 3s transition of
sodium on4He5000 nanodroplets in comparison to experiment. Upper
panel: (a) integral spectrum; (b) spectra assigned toΠ and Σ
contributions.11 Lower panel: (a) bound-continuum part; (b) bound-
bound part.

Figure 11. Simulated absorption profiles of the 3pr 3s transition of
sodium on3He5000 nanodroplets in comparison to experiment.14

Figure 12. Simulated absorption profiles of the 2pr 2s transition of
lithium on 4He5000 nanodroplets in comparison to experiment:11 (a)
bound-continuum part; (b) bound-bound part.

Figure 13. Simulated absorption profiles of the 2pr 2s transition of
lithium on 3He5000 nanodroplets in comparison to experiment: (a)
bound-continuum part; (b) bound-bound part.
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here theΠ transition should be dominated by a bound-bound
transition. The simulations exactly confirm such a situation. The
resulting absorption spectrum is plotted in Figure 12. The
simulated spectrum reproduces the experimental one quite well,
apart from the red-shifted shoulder. The maximum of the profile
can be assigned to a transition into a boundΠ state, the feature
in the blue shoulder to the continuum transition of theΠ andΣ
states. The maxima of the simulated spectrum are again blue-
shifted (Π, 5.5 cm-1; Σ, 12 cm-1).

The last calculated spectrum is for lithium on3He droplets.
The results can be compared to the spectrum already presented
in the experimental part of the paper. In contrast to4He, the
experimental spectrum reveals that the second peak has more
transition strength for3He (Figure 13). The same behavior is
found in the simulation. The continuum part of theΠ transition
evolves enhanced transition strength. This leads to a rise of the
second peak. Again a blue shift is observed (Π, 6 cm-1; Σ, 9
cm-1). Comparing4He and3He experimentally a blue shift less
than 1 cm-1 is found. In perfect agreement the simulation
predicts a blue shift of 1 cm-1. The wide shoulder in the red is
not reproduced by the simulation. This feature should have the
same origin as the red shoulder in the case of lithium and sodium
on 4He droplets.

V. Discussion

The simulation nicely allows an assignment to all alkali metal
spectra. Nearly all features in the absorption profiles can be
correlated to a specific transition. In general, all simulated
profiles are slightly blue-shifted compared to the experimental
positions. This indicates a global effect that results in a red shift
for all studied spectra. Stienkemeier et al. pointed out that the
presence of a dielectric environment changes the radiative
properties of atoms.11 They found that the helium surface should
lead to a red shift on the order of 9 cm-1, which matches roughly
our observations. For theΣ states we sometimes get larger shifts.
Here a small change in the repulsive wall of the potential can
lead to a huge shift in the absorption.

The obvious splitting of theΠ3/2 state, found in the
experimental data, cannot be explained within the presented
simulation. As already mentioned, experiments in bulk liquid
helium also showed a splitting of theD2 line of cesium and
rubidium. In this case the problem has spherical symmetry and

no orientation effects can lead to the observed splitting like that
for the helium nanodroplets. Kinoshita et al. could explain the
splitting via the dynamic Jahn-Teller effect due to a quadropole
oscillation of the surrounding bubble.18 They experimentally
found a splitting of about 120 cm-1 (depending on the helium
pressure), which was nicely reproduced in their theoretical
model. One could imagine that the same effect is possible for
a dimple structure. As a rough estimate, the splitting should
scale with the size of the dimple, i.e., a residual half sphere
results in half of the splitting. For cesium the dimple makes up
one-third of a full sphere, meaning the splitting should be about
a factor of 3 smaller than for the whole bubble. This value fits
nicely the experimental findings, which showed a splitting of
49 cm-1.

The last point to clarify is the origin of the red shoulder in
the lithium and sodium spectra. These were not reproduced in
the present simulation. The simulation was performed in only
one dimension, moving the alkali metal atom along the atom-
helium droplet “connecting” line. This limits the calculation to
states that are located and vibrate along this axis, the symmetry
axis. In principle, the atoms can also be located beyond this
line and perform vibration perpendicularly to it. Such a state
could in principle be lower in energy. To test the effect of the
displacementX perpendicularly to the connecting line, we have
calculated the interaction potential in two dimensions. Figure
14 shows the resulting potentials for the (a) ground, (b)Π, and
(c) Σ state for lithium on4He and3He droplets with respect to
the atomic asymptote. The upper panels presents the results for
4He and the lower the ones for3He. The energy is displayed in
false colors; green represents neither attraction nor repulsion.
Blue indicates the attractive parts, and red the repulsive ones.
The black line represents the position of the droplet surface,
represented here by the equidensity line that corresponds to half
of the bulk density value.

The ground state has its potential minimum located on the
atom-droplet center connection line, as one would expect. The
Σ state is purely repulsive. But for theΠ state, attractive parts
of the potential are found in the outer region of the dimple. For
4He these are very pronounced with a well depth of≈30 cm-1,
which nicely corresponds to the experimental red shift of the
shoulder of 24 cm-1. For 3He, the attraction is much less with
only a depth of≈10 cm-1, again in good agreement with the

Figure 14. Two-dimensional potentials of (a) the ground state, (b) theΠ state, and (c) theΣ state of lithium on4He5000 (upper panels) and3He5000

(lower panels) nanodroplets.X andR correspond to the position with respect to the droplet center. The black line represents the location of the
droplet surface, see text for explanation.
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experimental findings. Due to the extend of the ground state
potential well along theX-axis, overlap of these states with the
ground state exists (cf. also the zero point motion of the light
alkali metal atoms in the dimple calculated in ref 5).

Comparing the two-dimensional potential of theΠ3/2 states
for all five investigated alkali metal atoms gives further support
to our guessed explanation (Figure 15). Incorporating SO
coupling leads to twoΠ states. Because of the spherical
symmetry of theΠ1/2 state, the potential shows no attraction at
the outer dimple region; only theΠ3/2 does. In the case of4He
droplets all alkali metal atoms show an attractive part in the
potential. The heavier the alkali metal atom, the less attractive
it becomes. Additionally, its position moves to larger values of
X and R, which results in a smaller overlap with the ground
state. This illustrates that one expects no overlap of the ground
state and the attractive part of the excitedΠ3/2 state for the heavy
alkali metal atoms. But for lithium, the sodium one can definitely
reach them. For all3He potentials the attractive part is very
weak and is located at much larger distancesR with respect to
the position of the ground state, making them no longer
accessible. Hence, no red-shifted emission should be expected
for 3He droplets.

The shape of the dimple has a critical influence on the
potential. As discussed before and shown in Figure 3, the depth
of the dimple increases with the mass of the alkali metal atom,
and it is larger for3He than for4He. In the case of a very shallow
dimple, like the one for lithium on4He, a displacement of the
p-orbital leads to only a small overlap with the helium density.
If the dimple is much deeper, a lateral displacement results in

a strong repulsive overlap. We thus conclude that the shape of
the dimple is responsible for the red-shifted shoulder of the
absorption spectrum, which is very sensitive to this shape.
Hence, only shallow dimple states produce red-shifted shoulder
states in the absorption profiles. These states correspond to
vibrations along the surface of the helium droplets, which can
in principle be modeled in full three-dimensional calculations.

VI. Summary and Outlook

We have presented in this paper new measurements of the
2p r 2s transition of lithium on3He nanodroplets. With the
help of a model calculation, the spectra of all stable alkali metal
atoms on 4He and 3He droplets have been simulated. A
comparison with the experimental findings has shown good
agreement, and the different features of the spectra can be
assigned toΠ andΣ type transitions as well as to bound-bound
and bound-unbound transitions. A general blue shift of the
calculated profiles has been observed and has been attributed
to the influence of the dielectric helium environment onto the
electronic states of the alkali metal atoms.

With the help of a two-dimensional calculation of the
interaction potentials, attractive parts of theΠ state on the outer
region of the dimple have been revealed. These are responsible
for the red shoulder observed in the lithium and sodium spectra.
To qualitatively support this finding three-dimensional calcula-
tions of the states and the resulting transitions have to be
performed. These will be presented in a forthcoming paper.
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