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In this paper, we discuss the electronic structure of alkali dimer molecufd3gistates on the surface of a

helium droplet. The perturbation due to the droplet will in general not satisfy rotational symmetry around the
internuclear axis of the diatom and thus, in addition to a broadening and blue shift, will cause a splitting of
electronic levels that are degenerate in the free molecules. We propose a model based on general symmetry
arguments and on a small number of physically reasonable parameters. We demonstrate that such a model
accounts for the essential features of laser-induced fluorescence (LIF) and magnetic circular dichroism (MCD)
spectra of the (ng—a32u+ transition of Rk and K. Furthermore the MCD spectra, analyzed according to

the approach of Langford and Williamsaod [Phys. Chem. A998 102, 2415], allow a determination of the
populations of Zeeman sublevels in the ground state and thus a measurement of the surface temperature of
the droplet. The latter agrees with the accepted temperature, 0.37 K, measured in the interior of a droplet.

I. Introduction Electronic spectroscopy has provided information about
potential energy surfaces of difficult-to-make speéfes:32We
note the high-resolution emission spectra of species released
from the droplet after excitatiof?.33.34

Electronic excitations couple well to the helium motion and
have been exploited to investigate helium excitati®nBis-
persed fluorescencé time-correlated photon countifgmul-
tiphoton ionizatior?® and femtosecond pumjprobe method842
have all been successfully used to look into the dynamics of
excited systems. Electronic excitation has also been a means to

of the weakest existing solvent, which can be loaded almost atinitiate §imp|e chemical reacthons in van der Waals complexes
will with atomic and molecular dopants. Dopants move rather formed in or on the droplét: _ _ _
unhindered within a He droplet, as compared with other " all these applications, spectral assignment is, as mentioned,
matrices, and the weak perturbation eases spectroscopic assigr£ased by the weakness of the helithost interaction. For
ment. chromophores whose gas-phase spectrum is known, it is often
Helium nanodroplets are of great interest for the study of sufficient to treat the d_roplet as a sr_nall perturbatlon. Many
superfluidity on the atomic scafeas manifested in the coupling ~ SPECtra have been assigned and satisfactorily modeled (often
and relaxation (or lack thereof) of electrosit vibrationall© W'th vibrational resolutiorf} by Slmp!y shifting the correspond-
rotationall12 and spiA®15 degrees of freedom. Ongoing 'NY gas-phase spectra and emplrlca_llly allowing for a mode_st
“textbook” experiments are successfully building doped clusters line broadening. The extent of the shift has be_en used to decide
“from the bottom up” (currently up to 72 He atomi€)The size- on the surface-versus-solvated state of atomic dogéfts.
resolved spectra of these clusters are truly bridging the gap Broadening rather than, say, scrambling of levels is normally
between the single atom and bulk matter. Larger droplets arethe factor limiting the information that can be extracted from a
routinely used as cryostats to embed and cool to the temperaturéSPECtrum. In some favorable cases, electronic transitions are
of the droplet the most diverse species, such as atoms, smalfather sharp, and one or more zero-phonon lines are observed.
and largé’ stable molecules, and radicafsas well as to Multiple zero-phonon lines are assigned to different conform-
assemble weakly bound complexXés?! possibly metastable ers' or to elementary eXC'Fat'_OnS of _the ||qu-?'afl&5-1 _
against vibrationaF or electronic excitatiod®24Helium droplets Some systems are special in that interaction with the helium
have also found a niche in the coldZ K) molecule community: environment decreases the symmetry qf the chromophore and
25 despite being in the high millikelvin range, they are useful thus may cause degenerate levels to split. From these, one gains
to produce and study molecules and processes of interest agdditional information on the chromophereroplet interaction.
lower temperature, such as alkali pair potentials, trimers, Which substate is accessed may also have a strong influence
collisions, and molecule deceleration. on the dynamics of the systeth>2-54 Thus, the photon energy
Structural information has come for the most part through of the exciting laser provides a useful control handle for the
rovibrational spectroscopy, starting from the early experi- experimenter. Some of these degeneracies are spin-rél&téd
ment$:26 and continuing with the extensive work of the late and make the system interesting for magnetic studies, light

Helium nanodroplets are capturing the attention of a broad,
steadily growing, community (see refs-b for recent reviews).
A strong drive came from the experimental confirmation of
properties that are both of great interest and unique to He
droplets. The droplets equilibrate by evaporative coéltoghe
very low temperature of 0.37 K (ref 7). They do, however,
remain liquid (even in the presence of a dopant) and are in fact
superfluid® For the brief time-of-flight through a typical vacuum
chamber (108 s), each droplet constitutes an isolated sample

Roger E. Miller and his collaboratotg? polarization effects, and optical pumping.
Triplet alkali dimers are one such system; the structure of
T Part of the “Roger E. Miller Memorial Issue”. the electronic spectra involving3l state has escaped assign-
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ment so far. In this paper, we present measurements of laser-
induced fluorescence (LIF) and magnetic circular dichroism

(MCD) spectra of the (£J1 — &%= band in alkali dimers formed 75007
on the surface of helium nanodroplets. We focus in particular ]
on the Rb molecule, whose electronic structure in the3[1y 5000 -]

state—as perturbed by the helium droptete discuss in detail. 0
We develop a model based on general symmetry arguments and'c i
on a small number of physically reasonable parameters, which = 2500
is able to accurately reproduce both the LIF and MCD spectra. 2 .
The model also reproduces, somewhat less accurately, the E
corresponding K spectra. Further analysis of the RRICD é
spectra with standard methods allows us to conclude that the
valence-electron spins of the molecule have thermalized to the <€
temperature of the droplet. Alkali dimers thus provide the first -2500
instance of a “surface thermometer”.

o

Il. Experimental Procedures -5000 e
Our experimental setup without magnetic field is described 13400 13600 13800
in detail in ref 34. In brief, helium droplets are produced in a wave number / cm'1

SL_Jpersqnic expans_ion of grade 6 helium throughuiansnozzle, Figure 1. LIF (black) and MCD (red) spectrum of the REL)TT,—*
with typical stagnation pressureg0 bar and nozzle temperature, = transition on a He droplet. The spectra were recorded

Ta &~ 14 K, corresponding to a mean size of some 10 000 He gt a laser power of40 mWw.

atoms. The skimmed beam passes through a pickup cell filled

with rubidium metal and heated to 14TC. Under these  out possible interference; this gating time is intentionally shorter
conditions, the likelihood is high that two Rb atoms per droplet than the duration of each step (22 ms), so as to eliminate the
will be picked up. These in turn form a Rimolecule on the counts at the modulation edges. The background-free LIF
droplet in either the 3(2; state (true ground state) or th%\Z‘é signals, unnormalized, are thepr = s — s, ands = 53 — S

state (lowest triplet state). Because of the anticorrelation betweenin the following, we will refer to the spectrum for linearly
formation energy and survival probability, a molecule in the polarized laser light as the LIF spectrum. The MCD signal,
weakly bound triplet state is much more likely to remain on conceptually defined asm = s,+ — s,-, is operationally given
the droplet than one in the singlet state, and the beam becomedy m = 2(s, — §). Measurements done with modulation
correspondingly enrichetf. Because these two states are not between linear and™ polarized light give identical results, thus
observed to interconvert on a He droplet, and because the singletonfirming the validity of our operational definition, which
state does not further enter our analysis, we will refer to the exploits the fact that in the absence of power-saturation effects
a®>, " as the ground state, as if singletRmd triplet R were s = (s+ + s)/2.

chemically different species. The resulting LIF and MCD spectra for the $y—a>,

The beam is crossed at right angle by the slightly focused transition are shown in Figure 1. They have been acquired far
output of a cw Ti:Ab Os ring laser (Coherent 899-01, multiline  from power saturation and have been normalized to the power
operation). The lab reference frame is so defined: the supersonicof the excitation laser. In the customary notation of MCD

and laser beams propagate along the posiivend Z axis, spectroscopy, we indicate these normalized spectraAvithd
respectively. The laser-induced fluorescence (LIF) is collected AA, respectively.

with a low-numerical-aperture lens system along the positive

X axis (vertical) and detected by a Peltier-cooled photomultiplier |, piscussion

tube (Hamamatsu R943-02). The excitation region is immersed

in a magnetic fieldBZ obtained with two NdFeB permanent We have already discussed in ref 34 many aspects of the LIF

magnets (grade N35, diameter 30 mm, gap 17 mm). Within the spectra under investigation, together with dispersed emission

gapB = 2.9 kG. A hole (5 mm diam) is drilled in the center of spectra of the same bands. Here we analyze in detail the

each magnet for laser access. perturbation of the excited electronic states induced by the He
The laser beam is sent into the experimental chamber throughdroplet.

a set of two Al mirrors and a lens. Just before the entrance  We now define some quantities and notations that will be

window, the beam is linearly polarized and passed through a used below. The laboratory-fixed ax®sY, andZ have been

Pockels cell capable of continuously changing the polarization given abovey, y, andz are the axes of the molecule-fixed frame,

state of the beam, without affecting its intensity, as a control z being the molecular axis and the plaxebeing defined by

voltage is varied from-2.5 to 0 kV (@~ to linear,|) or from the two Rb nuclei and the center of mass of the dropleand

0to+2.5 kV (l to o). 2 denote the projections of the electronic and spin angular
LIF and MCD spectra are measured simultaneously with the momenta, respectively, on the molecular axis. The total

following in-phase detection scheme: to cancel the background electronic angular momentu®, with sign, is given byA +

due to scattered laser light, we chop the droplet beam atX. Ag = 70 cnt!is the spir-orbit (SO) constant for Rbin

22.7 Hz; we additionally modulate the polarization of the laser the (1fI1q state, which we deduced from dispersed emission

beam between™ and | at half this frequency, phase-locked to spectra* For K; in the corresponding state (see below), we set

it. This defines a four-step cycle, and the corresponding signals A equal to the atomic valuedp = 19 cnt?! (Y3 of the SO-

S, S, S3, and s, accumulated in a homemade four-channel splitting given in ref 55). Single-electron quantum numbers are

counter for 2 s. Within each step, the counters are gated forindicated withl, s, |, ands, with obvious meanings. Molecular

20 ms, exactly one period of the line frequency, so as to cancelorbitals are indicated with lowercase greek letters as standard;
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g and u subscripts indicate the symmetry under “molecule-fixed”
inversion; &+ superscripts indicate orbitals withl, = 41, x
andy superscripts their symmetric and antisymmetric combina-
tions for reflection through thez plane; the presence or absence
of a bar, respectively, indicates occupation by ar an o
electron §, = —%,, +1/,). Because for two electrons in a triplet
state molecular orbitals are always singly occupied, we omit
the occupation number. All spectra are calculated feom O,

j = 0 of the electronic ground state.

A. The &% State. We assume that the electronic
wavefunction of the molecule in the ground state is not
significantly modified by the weak interaction with the He
droplet. The state is thus well described by a pure Hund's
case (b) since spinspin and higher-order spirorbit coupling
are small for this stateV[3Z;) — V(3Zp) < 0.1 cnt?, ref 56]

Aubock et al.

Y

Figure 2. Pictorial representation ofag and ané molecular orbital
on the surface of a He droplet. They, z frame is molecule-fixed,
with thexzplane perpendicular to the surface: shown here is the special

compared with the temperature of the droplet. For the sake of case where the molecular axis lies parallel to the He surface.

uniformity with the excited state, it is convenient to describe
this state in a Hund's case (a) basi§E, A= In a

magnetic field, the eigenstates of this term are determined by the spectra reported here and may also apply to the other dimers

diagonalizing the Zeeman Hamiltonian in tR&, AZ[basis as
in ref 57.

B. Electronic Structure of the (1)’[ly State on a He
Droplet. Due to the large spinorbit interaction of Rb, the
(1)°[1g term of the free Rpmolecule is split into three electronic

states, according to the projection of the total electronic angular

momentum on the internuclear ax® (= 0, +1, +2). In the
Franck-Condon-allowed region, the state is well in the limit
of Hund’s case (a)A = £1 andX = 0, £1 are good quantum
numbers and? is redundantly given by their sum. We neglect
for the moment thet symmetrization of th&2 = 0 state. The
|IAZQObasis is convenient for inclusion of the perturbation

induced by the He droplet. From the above discussion, based

on a free-molecule picture, one would expect the transition to
consist of three bands corresponding to the transitji@is—
|Q=0<—1,1-—0, 2< 1. Only two peaks are observed in

our LIF spectrum (Figure 1). Practically the same structure has

been observed for Kand KRb153443.5%f particular relevance
here is the fact that for both of them the peak separ&tfis
too large to be accounted for by spiorbit splitting alone.
Similar structures observed for LiCs and NaCs (ref 30) are
also at odds with the free-molecule picture, bug Gef 54) is
not.

Currently, little is known about the energetics and dynamics
of an alkali dimer on a He droplet. Similarly, little is known

mentioned above.

The (111 state of Rb arises from ac(g)(nj) occupation of
molecular orbitals. Including spin, the properly symmetrized
electronic wavefunctiongA = Qare given by

111 2= (0)(y)
-1 1 0= (0,)(7,)
110 10= (1W2)[(0,)(7g) + (05)(7y)]
=10 1= (IV2)[(0474) + (3)(7,)]
11 -1 00= (3,)(7,)

[=1-1-20F (3,)(7T4) 1)
These wavefunctions are eigenfunctions of the nonrelativistic
electronic molecular Hamiltoniartly, plus the spir-orbit
Hamiltonian, Hso = AnL,S, (= AgAS in our chosen basis).
The corresponding energies are given\§llg) + An(|Q| —
1). We use these wavefunctions as basis functions for the
inclusion of a perturbation by the He droplet given by a
HamiltonianHp.

Since He has no magnetic moment, it cannot act directly on

about the He density distribution near the dimer, even in a static the spin state of the electrons. It is thus sufficient to investi-

picture. This makes a quantitative calculation of the perturbation

gate the effect of the He surface on the electronic orbital

induced by the droplet challenging. As mentioned, experimental wavefunctions ofg)(nj). Since Hp does not satisfy rota-
electronic spectra can often be well reproduced by adding ational symmetry around the internuclear axis, it will not be
shift (to the blue, here) and a modest line broadening to the diagonal in the aig)(n;t) basis. However,Hp satisfies oy,
spectrum of the free molecule. Qualitatively, the observed blue symmetry; that is, the electronic wavefunction must be either

shift is easily understood: If the electronic transition of the
molecule is described as vertical (i.e., the positions of all nuclei,
including the surrounding helium, do not change during the very

symmetric or antisymmetric for a reflection through the
xz-plane, which contains the Rb nuclei and the center of mass
of the droplet. This symmetry is satisfied by the wave func-

short time of electronic excitation), the expansion of the tions (gg)(n;), symmetric, and c@)(né), antisymmetric. The
molecular electronic wavefunction increases the overlap of the energy (i.e., the diagonal matrix element$gfin the new basis)
latter with the surrounding helium, which results in a repulsive for the two states will be different since each of them will

interaction.
For an alkali molecule, sitting on the surface of the droplet,

yield a different overlap of the electron cloud with the He

density distribution (see Figure 2). We call these matrix elements

rotational symmetry around the internuclear axis is in general Vx andVy. They are difficult to calculate quantitatively since
broken (except in the special case when the internuclear axis isthe exact He distribution is unknown. We include them as
perpendicular to the droplet surface). This can lead to a splitting empirical parameters, whose value we show to be physically
of degenerate electronic states of the free molecule, which hasreasonable.

been previously ignored. We will now develop a very simple

It is straightforward to transformilp to the basis given by

semiempirical model, which captures the important features of eq 1 using the relation o(,)(ngi) = (1/\/2)[(09)(:1’{;) +
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Figure 3. Correlation diagram for &[T multiplet under the combined
effect of a spir-orbit interactionAn and a crystal field interactioly
asin egs 2 and 3. Dashed vertical lines (shaded region, fpirCkcate

the collocation of various dimers according to the estimated value of
the crystal field splitting, as given in Table 1.

0

i(og)(né)]. The total Hamiltonian in the basis of eq 1 is then
block diagonal and factors into three matrices

IAZQO0 |-10-10(+10+10

|-10-10V vV,

|+10+10V, V )
and

IASQO  |£141420[+1F100

|+£14+1420V+ Ay Vo

[£1F100 VY V- A, (3)

whereV = (Vx + V)2 andVp = (Vx — V)/2.

This Hamiltonian has the same form as that used to analyze
the MCD spectra of the NH radical by Langford and William-
son?®” who give a detailed analysis of the resulting eigenstates,
including Zeeman splitting in an external magnetic field. We
note two typographical errors in their manuscript, namely, that
equation numbering after eq 15 restarts at 11, andihair .,
in the second instance of eq 11 shoulddg w ... TO retain
consistency with their notation, we defitvg = (A2 + Vo?)12
and use folVy the name “crystal field (CF) parameter”. As in

ref 57, the eigenvalues and eigenstates of the Hamiltonian at

this level of perturbation are

ECIL 3) = (A Z] + V)2 +V @)
I*IL, 0= 2~ V4(|°, 1 O |1, —1 00 (5)
PP, +£10= oM, F1 £10- BI°I, £1+10  (6)
P +£10= B°T1, F1 +10+ of T, £1 +10  (7)
with the mixing coefficients
a=Vy/ [V02 +(V,+ An)z] ve 8)
B =Vy/IVy: + (V;, — A2 ©)

Note that Langford and Williamson do not have/aerm,
which they incorporate into a common term valyg(the center
of gravity of the band). A graph dt — V versusV, (both as
nondimensional quantities, scaled to the strength of the-spin
orbit couplingAp) is displayed in Figure 3.
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One of the referees has suggested that the resulting level
structure has a simple physical interpretation (implicit in our
model): the electronic angular momentum in the excited state
of Rb, is quenched by the interaction with the droplet; thus
spin—orbit coupling is averaged out. Formalisms containing a
“guenching Hamiltonian” term, for the analysis of rovibrational/
electronic spectra of van der Waals complexes between an open-
shell molecule and a closed-shell atom/molecule, have been
developed by Mills et ak® Fawzy and HougePP Dubernet et
al. % and Marshall and Lestét.

C. Discussion of the LIF and MCD Spectra.l. The Analysis
of MomentsWith the above Hamiltonian and the tools of ref
57, the populations of the Zeeman levels of the ground-state
manifold can be determined from a moment analysis of the
absorption spectrum. In the following, we assume that the LIF
spectra of the band are faithful representations of the full
absorption spectra. For alkali atoms and molecules on He
droplets, it is considered a good assumption that the fluorescence
guantum vyield is 100%* We indicate the power-normalized
LIF and MCD spectra wittA(¥) and AA(), respectively, with
¥ the wavenumber of the exciting photon. This is consistent
with the notation of ref 57 where, however, the photon energy
E = hcv is used instead.

Thenth moments of the LIF and MCD spectrum are defined

by

A,= [ =P AF) dv (10)

M, = [ — 7)"AA®) di (11)
where? is defined by imposing A= 0; note that, apart from
the integration variable, our integrands differ from those of
ref 57 by a factoiE (consistent with the fact that in their case
A and AA are intensities and in our case are photon counts).

The populations?;, P2, andP3 of the Zeeman sublevels of
the ground state (defined as in ref 57) are related to the
experimental moments by

My/Ag = ugB — Ap(P; — Py)

_ g 2nSinhGueBlkT)
~ 8% T 1172 coshfugBlksT)

(12)

wherege &~ 2 is the electrorg-factor, ug the Bohr magneton,
and kg the Boltzmann constant. The first line in eq 12 is the
general case; the second assumes thermal equilibrium of the
spins at a temperaturg

From our spectra and egs 10 and 11, we obMi\, =
—45 cnT; from eq 12 afl = 0.37 K (the inner temperature of
a He droplet), we gei/Aqg = —42 cntl. We conclude from
this good agreement, as we did fo,® that the population of
Zeeman sublevels has reached thermal equilibrium with the He
droplet. We note that the surface temperature of a droplet has
never been measured. We cannot rule out the possibility that
the surface temperature is lower and the spins have not fully
thermalized, but then to have measured a polarization consistent
with 0.37 K and for two different molecules seems an unlikely
coincidence. We also mention that eq 12 relies on the knowledge
of Ar; if more accurate values foraand Rb should become
available, our values d?; — P; andT will have to be rescaled
accordingly. The values we used &y are reported at the end
of section 111.D.

2. Simulation of the Spectrelnderneath the moment analysis
lies the assumption of a crystal field splitting, although in the
end the CF parameter does not appear in eq 12. As a further
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Figure 4. Correlation diagram for &[T multiplet under the combined
effect of a spir-orbit interaction and a crystal field interaction
dependent on displacement from an equilibrium positin and
molecule-surface angle: left panel, CF interaction varies linearly
with or at @ = 0; right panel, CF splitting varies as (1 cog 6) ator

= 0. The gray Gaussian schematizes the probability distributi@m.of
The dashed line is the center of gravity of the multiplet.

test that the proposed level structure is reasonable for the Rb
(1)3I1 manifold on a He droplet, we look at how well it accounts
for the experimental LIF and MCD spectra. In doing so, we
neglect the - and %-type contributions to the MCD spectrum
(related to magnetic-induced mixing in the excited state and to
Zeeman shifts, respectively), and we only considetype
contributions (related to the populations of the Zeeman levels
of the ground-state manifold; for a more detailed physical
picture, see ref 57).

Assuming that for an ensemble of doped droplets the
internuclear axis of the Rbmolecule is randomly oriented
relative to the magnetic field, the spectra can be calculated,
within an overall scaling factor, with eqs 23 and 25 of ref 57
(the spin temperature is set to 0.37 K). We note that as explicitly
shown in Table 7 of ref 57, the two inner bands in the correlation
diagram contribute to the LIF but not to the MCD spectrum.
The two outer ones contribute to both: additively to the LIF
and subtractively to the MCD spectrum. Furthermore, the MCD
intensities depend o = Ap/V; and thus on the CF-splitting
Vo. For the molecule on the droplety will depend on the
distance of the molecule from the droplet, as well as on the
angled between the internuclear axis and the droplet surface.

Aubock et al.

TABLE 1: Estimates of V(0)j9=2 from Atomic (AV'/2) and

Molecular (vg”) Spectra and Values of Atomic Ap) and
Molecular (An) Spin—Orbit Constants (See Section I11.D)
and the Remaining Parameters of the Simulation®s

A An (AVI2) V¥  VO) orcr T 0o
Ks 19 19 55 55 13947 14 26 26
R, 79 70 100 65 13517 21 24 21
KRb 385 55100 60
Cs, 185 157 220

aAll values in cnt?,

4000
2000 4
.
2000
-4000

AA [ arb. units

8000

6000

4000

A / arb. units

2000

N B
o
o
o

0

A®/ arb. units

13300 13400 13500 13600 13700 13800
wave number/cm

Figure 5. Comparison between measured (black traces) and simulated
(color traces) spectra of Rbtop panel, MCD spectrum; middle panel,
LIF spectrum (green solid lines are the contibutions frghl. 10

and blue dashed lines those frgfbl. OC] the red line is their sum);
bottom panel, blue-filtered LIF spectrua? and sum of thg3I1. 00
contributions. Scaling of the simulated total spectra is arbitrary but the
same for MCD and LIF.

To keep the number of free parameters small, we model the are reported in Table 1. For convenience, the valig@f used

former in the most simple way. First, we assume the probability
to find the molecule at a given displacemedtt from the

in the simulation and reported in Table 1 is measured foom
0, j = 0 of the ground state. The results of the simulation are

equilibrium distance to be Gaussian. Furthermore, we assumeshown in Figure 5. They match the experimental LIF and MCD

V and V, to be linear functions obr (Figure 4, left panel).
Hence the probability distributions &(dr) andVy(dr) are also
Gaussian. Our free parameters are their mean vaN(@,
Vo(0), and widths,g, go. Symmetry arguments dictate that a
Legendre polynomial expansion ®5(dr) to second order in
cos6 must have the fornvo(dr)g=2(1 — cos 6), resulting in

the correlation diagram of Figure 4, right pan¥(or) should
have the form\V(6r)p=mz + [Vio=0(0r) — V(Or)p=r12] cOF 6;

to avoid introducing another free parameter, we only keep its
average value\[(or)jp=o + 2V(3r)jo=x2]/3, which practically
means tha anda do not depend o). We account for the
vibrational structure of the Rbmolecule by convoluting the
resulting spectrum with a Gaussian profile, of widtzg which
was fitted to the calculated FranekCondon profile of the
transition. While the values afrcr, G, andog are reasonable,
they are also strongly correlated; thus at this point their physical
significance should be taken with caution. The simulation

spectra quite well, considering the simplicity of the model. More
importantly, they allow the separation of contributions from the
four CF—SO split states and predict that absorption related to
the|Q| = 1 multiplet be present but unresolved. In our previous
work 34 no fluorescence fromQ| = 1 was detected, and the
doubt remained whether or n¢€2| = 1 was accessed in
excitation. Our present data answer a “yes” to that question but
leave the question open why no fluorescence ftéh= 1 is
detected in emission. In our previous wéfkye observed that

all reasonably possible emission channels (direct emission,
Q-relaxation, dissociation, spin-conversion) are actually open,
but we have not quantified the branching ratios as a function
of excitation frequency. Here we consider the possibility of a
correlation betweenQ| = 1 and spin relaxation to a singlet
state [note that the spin part of the wavefunction vt~ +1
(INCH- |MD) differs from that of a singlet stat¢!{(— |10 only

by a phase factor]. We measured a filtered-LIF excitation

parameters have been “hand-tuned”, and their chosen valuespectrum (filter BG39) where only fluorescence with higher
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Identifying the three peaks observed in experimental spectra

]
g 1000 with the energies of the corresponding eigenstates thus allows
g an estimate of the mean value AV'.
« 0 To relate the pictures of the atom- and molecule-doped
< o_IropIet, we _app_roximate th_e mol_ecular orbitad:g)(ng'y) as a
<1 -1000 t linear combination of atomic orbitals:

5000

(0T ~ %{(sj)(pé’y) HEED (13

Here the subscripts 1 and 2 label the Rb atoms. If we restrict
ourselves to the configuration where the molecule lies flat on
the droplet (and? coincides withx), a direct correspondence
can be made between orbitals in the primed and unprimed
system, and the energy separation betwgeand pY is thus

AV'. From eq 13, one sees that under the above assumptions,
and the further assumptions that (i) the overlap integral between
the summands of eq 13 be small and (ii) the He-density
distribution for the atom- and molecule-doped droplet do not
differ too much; half the atomic splittingV'/2 is a reasonable

A/ arb. units

n
o
o
o

Ab { arb. units
°
o
o

0 estimate ofVp. Indeed the atomic and molecular estimates
13800 13900 14000 14100 14200 summarized in Table 1 are reasonably close.
wave number / cm Assumption (i) is reasonable, since iy ground state from

Figure 6. Same as Figure 5 forKRed and blue solid lines are the  which the molecule is excited has its equilibrium internuclear
normal s_imulation. Red_ an_d blue dashed lines are those after scalinggistance at-6 A. Assumption (ii) is reasonable for the coarse
the two rightmost contributions (froilL; OL) PI1, + 1by afactor  oqtimate we make here; however it is certainly a point to be
1.7. Blue-filtered LIF spectrum digitized from ref 52. . . ’

improved in a more exact treatment.

We summarize the definitions and sources of the parameters
photon energy than the excitation laser is collected, that is, reported in Table 1AV'/2 is estimated from atomic spectra, as
emission from the singlet manifold. The corresponding spectrum just explained, ancii/'(‘)’I from molecular spectra. When avail-
(Figure 5) is very weak (indeed blue fluorescence was not able, that is, for &k and Rb, Vi' is the value from our
observed when dispersing emission with a spectrogréph), simulation. For KRb, it is calculated from the peak separation
indicating that branching ratio to this channel must be small, AE in the LIF spectrum published in ref 34 by the formula
and that the emission pathway ¢f2] = 1 must be via V'(‘)" = 3,[An?2 — (AE/2)]Y2. For Cs an estimate from the LIF
dissociation or relaxation t& = 0. It is interesting, however,  spectrur® is not possible without a full simulation since
to observe that thehapeoftheb|ue-fl|tel’edL|F SpeCtrum IS VE)A/AH seems to be too small for a reliable estimate from the
close to that of the contribution we predict fro@ = +1 peak separations.

(Figure 5, bottom panel). _ For Rl and KRb, Ay is the molecular SO constant
The same observations hold fop Krigure 6). Both LIF and determined from our dispersed emission spettigor Cs, it
MCD spectra are well reprodgced, and aII. four components of 5 the separation between the Fran€@ondon bands calculated

the multiplet are present. Again, the blue-filtered LIF spectrum n ref 54. For the other molecules. we uskg = Ap whereAp

(whose branching ratio, inci(_jent_ally, is muc_h higher than for 5 the atomic SO constant in the low&gk state.
Rb»°9) matches well the contribution we predict frath= +1.

Note however that a perfect match is only obtained if the two |\, conclusions
rightmost contributions (fronI 1 OC] |*I1; =10} are arbitrarily '
scaled by a factor 1.7; at the moment, we cannot explain this We have simultaneously measured the LIF and MCD spectra
discrepancy. of the (1}I1y — &%, transition for Rk on helium nanodroplets.

D. Relation to the 2P State and?P — 2S Spectrum of an We present a detailed analysis of the spectra (and of those
Alkali Atom on a He Droplet. As a further test that our model  previously measured for#based on a molecular Hamiltonian
is physically meaningful, we compare the CF parameter with containing spir-orbit couplingAn and a “crystal field” interac-
the interaction strength of an alkali atom on a He droplet, for tion Vo with the droplet.
which experimental dat&%364 and a reasonable modl, The LIF spectra show a two-peak structure, in contrast to
sometimes referred to as “pseudo-diatomic”, are available. In the three peaks expected from a free-molecule Hamiltonian.
this model, one defines a reference systémy’, Z (we use Accounting for the CF-splitting of thé T state explains the two-
primed coordinates, to distinguish it from the one used so far) peak structure in the LIF spectrum of,KKRb, and Rb and
with the quantization axig joining the center of mass of the  correctly reproduces the MCD spectra. It further predicts that
atom and that of the droplet. A p-state alkali atom is described the “missing” peak is split and broadened and thus hidden in
by its three degenerate orbitals, p¥, p?. The droplet the observed spectrum; fluorescence analysis suggests a cor-

perturbation partly lifts this degeneracy such tpat(perpen- relation between this excitation peak and a singlet-state emission
dicular to the droplet surface) is higher in energy tiprand channel. Our approach may be able to rationalize similar
p¥ (parallel to the droplet surface) by an amouxi’. SO- structures observed in the LIF spectra of LiCs, NaCs, ang Cs

coupling @p) fully removes the degeneracy: one finds three in this case, inclusion of nearby electronic states is necessary.
eigenstate& and the separation between the states with lowest We anticipate that MCD spectra of these molecules will be very
and highest energy is given bAY'2 — 2AV Ap + 9AA)Y2 informative and possibly revealing of a more complex structure.
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From the MCD spectrum of Rbwe deduce a spin temper-
ature in agreement with the corresponding analysis fpfK

Aubock et al.

(31) Ernst, W. E.; Huber, R.; Jiang, S.; Beuc, R.; Movre, M.; Pichler,
G. J.Chem. Phys2006 124, 024313.
(32) Przystawik, A.; Radcliffe, P.; Gode, S. G.; Meiwes-Broer, K. H.;

and with the accepted temperature, 0.37 K, of the interior of @ tiggestamker, J.J. Phys. B2006 39, S1183.

He droplet. These dimers provide the first instance of a “surface

(33) Higgins, J.; Hollebeek, T.; Reho, J.; Ho, T.-S.; Lehmann, K. K;;

thermometer”. Our data indicate that the spins have thermalizedRabitz, H.; Scoles, GJ. Chem. Phys200Q 112, 5751.

and further that the surface temperature is the same as the;

interior temperature.
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