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ABSTRACT: We have studied helium drops doped with Li atoms within finite-range
density functional theory using Li-He pair potentials obtained by the multireference
configuration interaction method combined with augmented core-valence correlation
consistent basis sets of quintuple-zeta quality. The absorption spectrum of Li around the
2p <« 2s transition has been determined by a semiclassical approach, and by the Fourier
analysis of the time-correlation function of the Li atom in the full three-dimensional *IT; »,
2T, /2, and 2% /2 potentials generated by its pairwise interaction with the helium droplet.
We show that the bound-bound contribution to the absorption line is red-shifted and more
pronounced in Li@*Hey than in Li@Hey, for which it is blue-shifted instead, in
accordance with experiments. This fact is related to the experimental appearance of a
red-shifted shoulder in the absorption line of Li attached to *He drops that is absent when
it is attached to 3He drops. © 2010 Wiley Periodicals, Inc. Int ] Quantum Chem 111: 400405, 2011
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Introduction

S uperfluid droplets made of *He atoms are an
ideal matrix for spectroscopic studies at low
temperatures. Because those made of *He atoms are
normal fluid droplets at experimental temperatures
[1], the possibility to compare both systems may con-
tribute to shed light on the quantum nature of Bose
and Fermi systems [2].

Alkali atoms are weakly bound to helium droplets
and reside in dimples on the droplet surface. This has
been established by electronic spectroscopy, which
reveals the shift and width of the electronic transi-
tions of the attached atom, the key observables to
determine the position of the impurity in a helium
droplet, as shown, for example, in [3-6] and refer-
ences therein.

Several experimental and theoretical works have
described the main features of the absorption spec-
trum of alkali atoms on helium droplets [7-14]. In
particular, Monte Carlo (MC) calculations of *He
droplets doped with the lighter Li, Na, and K alkali
atoms are available and have been used to obtain
their dipole absorption spectrum [13]. These MC
studies are limited to a few hundred helium atoms—
in the case of *He droplets these studies are limited
to a few 10ths at most [15, 16]. So far, only den-
sity functional (DF) methods [17] have been able
to describe large drops, made of several thousand
atoms, as those addressed in the experiments. We
want to stress that only calculations for large drops
may allow for a sensible comparison with experi-
ments, as otherwise finite size effects obscure the
comparison. Surface curvature is one such effect,
very relevant when the impurity sits at the drop
surface.

To determine the shape of the absorption
line, MC and DF methods are applied in con-
junction with some approximations, like the
diatomics-in-molecules (DIM) assumption [18], the
Franck-Condon principle and an atomic pairwise
approximation for the drop-impurity interaction,
see, for example, [13, 19]. Usually, a semiclassical
average on the states accessible from the ground state
by a dipole excitation is carried out, instead of the
often technically unfeasible Fourier transform of the
time-correlation function of the dopant atom moving
in the potential energy surfaces (PES) obtained from
the helium-excited impurity potentials. The price
one has to pay for this average is the washing out
of details in the absorption spectrum that may be
relevant, in particular because they appear for *‘He
and not for *He droplets.
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In this work, we complete the analysis of the
absorption spectrum of the lightest alkali atoms in
helium droplets (see [20] for Na) presenting the
results obtained for Li using the Fourier transform
of the time-correlation function. We reproduce a key
experimental feature, namely, that the main absorp-
tion peak of Li@*Hey is red-shifted with respect of
that in the gas phase, whereas it is blue-shifted for
Li@Hey [10, 12]. We have also found a more pro-
nounced bound-bound structure in the former than
in the later, which we are prone to identify as the
red-shifted shoulder observed in the absorption of
Li in *He droplets, although the agreement with the
experiment is only qualitative.

Method

We have used the density functional £ of [21]
for “He, and of [22] for *He, together with, the
Li-He pair potentials of [23], with more dense sam-
pling of the repulsive region similar to the Li-rare
gas potentials obtained in [24]. Specifically, for the
X2% potential the region between 6.35 and 25.0 A
has been thoroughly recalculated, with emphasis
on the Li-He distances between 6.35 and 10.5 A.
Similarly, the excited *% state has been sampled in
more detail in the 5.0-8.0 A and 9.0-20.0 A regions.
For consistency with the rest of the curves pub-
lished in [23], the new points have been calculated
at the singles and doubles multireference configu-
ration interaction (MRCI) level, with a core-valence
quintuple-zeta basis set, augmented with diffuse
functions on both Li and He (=aug(Li+He)-cc-
pCV5Z) consisting of 261 spherical Gaussian func-
tions [(11s10p8d6fdg2h); / (6s5p4d3f2g)ue] [25, 26].
As in [23], basis set superposition errors (BSSE) have
been calculated and corrected for along all calculated
points.

To facilitate the use of these potentials, we have
fit them (by simulated annealing) to an analytical
expression of the kind [27]

5 C C C
Viicne(r) = Ae™ P — F(r) x (r_: + rTlg + ,,le2>
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The parameters are given in Table I. Using them,
one obtains Vii_p.(r) in K when the distance r is
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TABLE |
Parameters of the fit to the calculated Li-He pair
potentials.
X?3 ’n 2%
A 1.6725 x 10* 6.2669 x 10° 8.6936 x 10°
o 0.42685 0 1.6978
B 0.19706 2.8981 0
D 13.988 4.5734 21.456
Ce 1.5992 x 10° 1.9521 x 10° 0
Cio 0 3.7221 x 108 7.0088 x 10°
Ci»  3.2761 x 10" 0 1.7527 x 10"

expressed in A. The resulting fits are shown in
Figure 1.

In our approach, the energy of the Li-He system is
written as a functional of the Li wave function W8 (r)
and the helium atomic density p(r). For °He, we have
used a Thomas-Fermi approximation to express the
kinetic energy density as a function of p(r) and its
gradient [10]. This is justified for the large number
of *He atoms in the drop. Within the pair potential
approximation, we write the energy of the system as

2
E:/dré'[,o(r)]+ h /dr|VlI/gs(r)|2
2my;

+ / / drdr’ | W @) Vyes (I — 1)) p().

We have self-consistently solved the equations that
result from the variations of E with respect to W& and
p(r) [19].

Figure 2 displays the structure of two typical
Li@Hey drops corresponding to N = 1,000, show-
ing that the Li atom sits at the surface of the drop
producing a more pronounced dimple for *He than
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FIGURE 1. Li-He pair potentials. The dots are the
calculated values, and the lines are the result of the fits.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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FIGURE 2. Helium equidensity lines on a plane of
symmetry of the Li-drop complex corresponding to nine
values between 0.1, and 0.9py, in 0.1p, steps, with p,
being the liquid density at 0 K, namely, 0.0218 A-3 for
“He and 0.0163 A3 for 3He. Also shown are several
equiprobability density lines of Li between

0.001 x max{|w9|?} and 0.99 x max{|W%|?}. Left panel:
Li@*Heq go0. Right panel: Li@°3Heq go0. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

for *He. This is an intuitive result, as the surface ten-
sion of liquid *He is 0.274 K A2, whereas that of
liquid *He is 0.113 K A2, For a given N, the *Hey
drop is larger than the *Hey one because the bulk
liquid density p, of *He is about 25% smaller than
that of *He, and the radius of the drop, defined as
the radius at which the drop density equals p,/2, is
R = r,N'/3, with ry = [3/(4mp,)]"/3. We have checked
that the structure of the doped drops is very similar
to that previously obtained [12, 17] using the Li-He
X?¥ potential calculated by Patil [28].

The absorption spectrum around the 2p <« 2s
transition has been obtained from the equilibrium
helium density and impurity wave function employ-
ing the two different approaches mentioned in the
Introduction section. Within the DIM approach,
using the Born-Oppenheimer approximation to fac-
torize the electronic and nuclear wave functions,
along with the Franck-Condon approximation by
which the positions of the atomic nuclei are kept
frozen during the transition, the line shape for an
electronic transition from the ground state (gs) to
the excited state (ex) can be calculated as the Fourier
transform of the time-correlation function

I(w) o< Y / dt e~ eroSt
x / d’r W8 (r)"eM/MHI WEs(r),  (2)
where hw®® is the eigenenergy of Li in its ground

state. The Hamiltonian in the time evolution opera-
tor e®™Hii is defined as H® = T + V(r), where T
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is the kinetic energy operator and V:X(r) is the PES
defined by the mth eigenvalue of the excited poten-
tial matrix Vr(r) = U(r) + Vso, where U(r) is the
convolution of the excited pair potentials *IT and %
with the helium density p(r), whereas Vso accounts
for the spin-orbit coupling [19].

Introducing in Eq. (2) ¥&(@) = ) al'¥!’(r),
where W' (r) are the eigenfunctions of H* and 4 =
[ @r W (r)* W (r) are the Franck-Condon factors, we

obtain

I(a)) o Z / dt e—i(w+oogs)tL Z |a;:1|2€iw\';nt

=Y Y W@t -, ()

where hww!" are the eigenvalues of H;.

When the Franck-Condon factors arise from the
overlap between the ground and excited states
with large quantum numbers, we can assume that
(T) < (V5x), and the Hamiltonian is approximated
by HiX ~ ViX(r). Introducing this approximation
in Eq. (2) and integrating over time one obtains a
semiclassical expression for I(w)

I(w) Z / Er W @)?8 [0 — (V@) /h — 0®)].
' (4)

We have recently proposed a straightforward
method [20] to evaluate this expression using a DF
sampling simulation inspired by that proposed in
[29]. This simulation models the coupling between
the impurity excitation and the vibrations of the
helium cavity around it, substantially contributing to
the broadening of the absorption peak and improv-
ing the agreement with the experiment. During the
sampling simulation, and due to the Li light mass,
the use of the eigenvalue 78 for the ground state
energy was found to be more appropriate, instead
of the pairwise sum described in [20]. A similar
improvement was introduced by Cheng and Wha-
ley in their calculations on the absorption spectrum
of Li in solid H; [30] (see also [13]).

Absorption Spectrum

Figure 3 shows the calculated absorption spec-
tra using the semiclassical method compared to the
experimental results [12]. It can be seen that the shift
with respect to the free atomic lines is small and that
the linewidths are underestimated, as also found by
other authors [12, 13]. Part of the underestimation
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FIGURE 3. Left panel: Absorption spectrum (arbitrary
units) for Li@*Heq o90. The theoretical result has been
obtained using the semiclassical approach by adding the
2%12, 2T142, and 213/, contributions, and normalized so
that the experimental and theoretical peaks have the
same height. The vertical thick lines indicate the location
of the absorption lines of the free Li atom, and the
vertical dotted lines indicate the energy at which the
contribution of the bound-free transitions starts
dominating. The red-shifted shoulder is indicated by an
arrow. Right panel: Same as left panel for Li@3Heq goo. In
both cases, the experimental result [12] corresponds to
N ~ 5,000. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

could be fixed by allowing the Li atom to wander
in the dimple due to thermal effects not taken into
account [19, 31].

As indicated, the semiclassical approach properly
describes the transition to excited states with large
quantum numbers, which in our case correspond
to high energy free states, i.e.,, bound-free transi-
tions. However, it is unable to reproduce bound-
bound transitions since the discrete nature of the
excited-state Hamiltomian is replaced by a continu-
ous potential energy surface. For Li, the contribution
of the 21y, and I3, PES is strongly dominated
by bound-bound transitions, and the semiclassical
approach misses the interesting experimental find-
ing that for *He, the main peak in the absorption
line is red-shifted instead of blue-shifted, as it hap-
pens for *He. On the contrary, the contribution of
the %), PES transitions is of bound-free type and
the long tail in the blue-shifted region of the spec-
trum is well reproduced. As can be seen from Figure
3, this happens for both *He and *He droplets.

The previous discussion stresses the importance
of a full quantum treatment for describing the Li
absorptionline. Figure 4 shows the main result of this
work, namely the absorption spectrum calculated
from the Fourier transform of the time-correlation
function, Eq. (3). For both *He and *He droplets,
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more than 99% of the overlap of the Li gs wave func-
tion with vibrational states of the %Iy, and *I1;,
PES corresponds to bound-bound transitions. On
the contrary, the overlap with states of the 2%, PES
yields bound-free contributions which generate a
continuous, long blue-shifted tail. This produces a
characteristic Li spectrum, with a conspicuous peak
structure that does not appear in any other alkali
atom, see Figure 4.

In the case of *He droplets, the dimple structure
is such that it yields I1; , and I3/, PES deeper than
the ground state X?¥ PES. Hence, the main bound-
bound transitions are red-shifted with respect to the
gas phase ones, and they lie away from the bound-
free tail (left panel in Figure 4). In contradistinction,
the dimple structure in *He droplets yields a *I1;/
PES shallower than the ground state PES, producing
the intense blue-shifted peak close to the bound-free
tail displayed in the right panel of Figure 4. We dis-
play in Figure 5 the X*% and *I13,, PES cut along
the z-axis, each one referred to its asymptotic limit,
to explicitly show this effect. The 2I1;/, PES transi-
tions are red-shifted for *He and *He droplets as well.
These facts qualitatively explain the main features of
the experimental spectrum of Li in helium drops: a
long blue tail and an intense peak, red-shifted in the
4He case, and blue-shifted in the *He case.
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FIGURE 4. Left panel: Absorption spectrum (arbitrary
units) for Li@*He ogo obtained using the Fourier
transform of the time-correlation function. The
experimental spectrum is shown in the inset. The more
intense bound—bound transitions are represented by
dot-topped lines. These lines have been convoluted with
a Lorenzian with a full width at half maximum of 0.6
cm~'. This value has been fixed rather arbitrarily. The
vertical thick line indicates the location of the absorption
lines of the free Li atom. Right panel: same as left panel
for Li@3He goo. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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FIGURE 5. X2% and 2[5, PES cut along the z-axis,
each one referred to its asymptotic limit. These PES
have been obtained by convoluting the corresponding
Li—-He pair potential with the ground-state helium density.
Left panel: Li@“*He4 goo; right panel: Li@3Heq go0. The
main transition is represented by an arrow connecting
the ground-state of Li in the X?>< PES with the lowest
lying state of Li in the 2I13,, PES. Also shown are the first
excited states of Li in the 21'13/2 PES. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

We want to stress that the apparent splitting of the
two I peaks is not a spin-orbit effect (recall that the
splitting of the doublet lines of Li in the gas phase
is very small, ~0.34 cm™). It is due to the delocal-
ization of the impurity in a very anisotropic helium
environment, and appears even for impurities such
as Ca('S) for which there is no spin-orbit splitting
[19]. Because the dimple is broader for *He than for
*He (see Fig. 1), the delocalization is enhanced for
the former, as it allows for a wider lateral motion
of Li. This increases the splitting further, eventually
explaining the appearance of a red-shifted shoulder
in *He and not in *He. This feature of the experimen-
tal spectrum is only very qualitatively reproduced
by our calculations, as in the case of Na, for which
we have also found a sizeable bound-free contribu-
tion from the ITsymmetry PES [20]. For heavier alkali
atoms, their large mass hinders the zero point motion
and quenches the overlap with excited vibrational
states, so that no red-shifted shoulder appears in the
experimental absorption lines [12].

Summary

We have studied the dipole absorption line of Li
atoms attached to helium droplets using a full three-
dimensional approach and the Fourier analysis of
the time-correlation function of the impurity. Both
ingredients are instrumental to properly address the
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absorption spectrum of the lightest alkali atom and,
to the best of our knowledge, they have not been
included simultaneously in previous calculations.
We have shown that the semiclassical approxima-
tion misses the main features that distinguish the
line shape in *He and *He droplets.

The absorption spectrum of Li attached to helium
drops is strongly dominated by quite a few bound-
bound transitions and a continuous of bound-free
trasitions that generate a long blue-shifted tail. These
bound-bound contributions arise from electronic
“jumps” from the X?Z to the Iy, and *I13), PES.

The underestimation of the absorption linewidth
in the case of the lighter alkali Na and especially
of Li atoms, might be likely attributed to thermal
effects not taken into consideration. We want to recall
that the average size of the drops in the experiments
is about N = 5,000, whereas our calculations have
been carried out for N = 1,000. Simulating bigger
drops would essentially yield a broader absorption
line [20]. This is expected to little affect Liina N =
1,000 droplet, as this impurity sits at the outer sur-
face of the droplet and curvature effects are already
small for such a large system.

The different structure of the dimple in *“He and
*He droplets, less marked in the former than in the
latter, is the sole ingredient in the calculation of the
absorption spectrum that turns out to be different for
bothisotopes, and ithas two effects on the absorption
line. On the one hand, the Liatom is more delocalized
laterally in “He than in *He droplets, explaining the
appearance of a red-shifted shoulder in the *He case.
On the other hand, it causes that the relative position
of the I1;/, PES with respect to the X*¥ PES in either
helium isotope are opposite, yielding a main peak
thatis red-shifted with respect to the free atomiclines
for *He droplets, and blue-shifted for *He droplets.

The present work, together with, the previous
ones on other alkali and alkaline earth impurities
in helium drops, shows the suitability of the DF
approach to even reproduce detailed features of their
absorption spectrum as found by electronic spec-
troscopy. To achieve such an accurate description, it
is crucial to have available precise helium-impurity
pair potentials.
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