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Abstract

Electronic absorption spectra of impurities in superfluid helium is developed in time domain, using time-dependent density func-
tional theory to describe liquid “He and time-dependent perturbation theory to describe the electronic degrees of freedom of the
impurity. Angularly isotropic potentials are used to describe the molecule-helium interactions in the ground and excited electronic
states. The calculations rationalize experimentally observed phonon side-bands in *He droplets and in bulk helium, and allow

assignments of spectral features to specific motions of the liquid.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Optical absorption spectroscopy of atoms and mole-
cules has been successfully implemented in both super-
fluid helium droplets [1] and in bulk helium [2]. Of
particular interest is the case of weak electron—phonon
coupling, where the observed phonon side-bands accom-
panying a sharp zero-phonon line interrogate the ele-
mentary excitations of the fluid [3-6]. The absorption
spectrum of glyoxal in helium droplets is prototypical
[3]. A sharp zero-phonon line defines the electronic ori-
gin of the S; « S, transition, followed by a +6 K spec-
tral gap, and phonon wings with two broad maxima at
ca. +8 and +14 K. Depending on the molecule, the
gap region contains a number of additional sharp lines.
Similar spectral features can be identified in bulk he-
lium, but with much lower spectral resolution. The ob-
served band gap and phonon wings have been
explained as a reflection of the superfluid density of
states. The close agreement of the spectral peaks with
the maxima in the density of states of superfluid “He —
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the maxon at k=1.1 A‘l, E=13.8 K and the roton
minimum at k=19 /&*1, E=9.1 K in the bulk — is ta-
ken as evidence of the superfluidity of the doped droplet
[3]. The discrete lines within the gap have been assigned
either to unresolved guest rotations, or to tightly bound
molecule-helium configurations [7,8]. This frequency
domain interpretation does not elucidate the mechanism
of coupling between chromophore and elementary exci-
tations — phonons and rotons. A more direct connection
between spectral features and their underlying micro-
scopic dynamics is sought through the time-dependent
analysis, which we report in this letter. The method re-
lies on time-dependent density functional theory
(TDFT) which we previously introduced to describe
dynamics of the solvated electron in superfluid helium
[9], and it takes advantage of the previously well-
calibrated density functionals [10,11].

2. System and method

We consider a system with two electronic levels,
which adiabatically follow the slowly varying time-
dependent potential that arises from the electron-liquid
interaction. Due to the large separation between the
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electronic levels, the bath modes cannot drive any sys-
tem transitions (7', processes are absent). The interac-
tion potential in both ground and excited electronic
states is taken to be angularly isotropic. This reduces
the treatment to a 1-D problem, where the TDFT equa-
tions can be efficiently evaluated numerically using
spherical coordinates. The calculations assume bulk he-
lium (po = 0.0218360 A™?), initially at 0 K. We use a
2500 point spatial grid, covering r = 3—500 A, and a to-
tal simulation length of 200 ps with 1 fs time steps (for
details, see [9,12]). We will consider both bulk helium,
as well as small (N = 6000) and large (N = 20000) he-
lium droplets. This size range precludes the direct imple-
mentation of three dimensional TDFT methods, which
were recently introduced [12,13].

In the standard perturbative limit of a dipolar transi-
tion, in a weak electric field, the first-order polarization,
PY(r), induced with unit field strength, in the rotating
frame approximation, reduces to

PO = (y @)y () + C.C.

t : t
o i/ exp <f% / Ee (") dt" — iwt/) df +C.C,
. 0 t”
(1)

where u is the dipole transition operator; and E.y(?) is
the difference in the molecule-bath interaction energy
between excited and ground electronic states

Eaild) = [ iR OVRIER = [ RV R SR
@)

where V, and V, are the excited and ground state mole-
cule-He pair-potentials, and pyy. refers to the time-de-
pendent liquid *He density on either the excited (e) or
ground (g) state potential. Note that Eq. (2) can be di-
rectly obtained from the TDDFT calculation. The
absorption spectrum is then obtained through Fourier
transform of the time-dependent polarization (1). The
evaluation of the resulting expression is rather cumber-
some. Instead, we analyze the power spectrum obtained
from the discrete Fourier transform of E.(f), using the
Hanning window function. This procedure correctly

yields the phonon spectrum and allows the identification
of spectral features in terms of dynamical recursions in
the liquid density. However, the extracted lineshapes
are not exact and overtones of resonances are not in-
cluded. We note that the commonly used Anderson
expression [14,15] for lineshapes in terms of static poten-
tials, makes the questionable assumptions of instant
dephasing and over-damped liquid dynamics. We try
to understand the mechanics of these processes.

The essential physics sought is obtained using an
exponential-6 potential to describe the molecule-helium
interaction

A2a4

V(r) = ae 240 _ (3)
The values of the parameters used to model ground and
excited state combinations are shown in Table 1. The
equilibrium liquid density in the ground state is plotted
in Fig. 1 for the case of a strictly repulsive potential (R1-
R4 in Table 1), and for the case of van der Waals bind-
ing (B6 in Table 1). In the latter case, the first shell of the
liquid is strongly localized in_the potential well which
has a depth of 19 K at 5.7 A. This binding energy is
slightly less than what has been estimated for a glyoxal
molecule (~30-60 K, depending on geometry) [3]. The
position of the minimum is nearly that of the rotation-
ally averaged glyoxal-helium interaction [16,17]. De-
tailed descriptions of liquid structure around a variety
of molecular centers can be found in [15].
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3. Results and discussion

Dynamics of the liquid in the excited state is followed
after suddenly switching the potential parameters 4, and
A5 (see Table 1). Snapshots of the ensuing liquid density
on the repulsive R4 potential are shown in the upper pa-
nel of Fig. 2. The profiles illustrate the two characteristic
motions: the fast liquid response is limited to interfacial
compression (z < 7 ps); and the slow motion corresponds
to the breathing of the bubble (¢ > 7 ps). Increasing the
initial bubble radius (ES in Table 1) merely changed the
bubble breathing time with no other apparent changes

Table 1

Parameters for the applied potentials are shown (see Eq. (3))

Potential 4] a% ll% dg . Ael Aoz I{b.im
(X) (A (A) (K A% (A) (A) (A)

R1 3.8003 x 10° 1.6245 0 0 0.05 1 7.5

R2 3.8003 x 10° 1.6245 0 0 0.1 1 7.5

R3 3.8003 x 10° 1.6245 0 0 0.2 1 7.5

R4 3.8003 x 10° 1.6245 0 0 0.6 1 7.5

ES 3.8003 x 10° 1.6245 2.0 0 0.2 1 9.7

B6 3.8003 x 10° 1.6245 0 1.8921 x 10° 0 0.9 ~5

For initial states 4; = 0 and 4, = 1 and the corresponding excited state is obtained with the 4, and A4, values indicated in the table.
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Fig. 1. Ground state liquid structures around the purely repulsive and
van der Waals bound molecules are shown (R1-R4 and B6 in Table 1).

in dynamics. When van der Waals binding is present (B6
in Table 1), great enhancement in the interfacial dynam-
ics is observed with essentially no coupling to the
breathing motion. These characteristic bubble motions
in bulk helium have been discussed in some detail previ-
ously [9]. In the case of droplets, additional dynamics
occurs due to the liquid-vacuum boundary. When the
excitations reach the boundary, both reflection and
evaporation occur. Evaporation in an S-wave is illus-
trated in the lower panel of Fig. 2. Although the density
functional could in principle allow for fractional He
atom evaporation, in this case, the integrated density
approximately corresponds to a single He atom.

|
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Fig. 2. Snapshots of liquid density at given times during the liquid
dynamics is shown in the upper panel. At short times (# < 7 ps) rapid
interfacial dynamics occurs and at later times ¢ > 7 ps slower liquid
breathing dynamics occurs. To demonstrate the effect, calculation was
carried out for the case of R4 in Table 1. The lower panel demonstrates
the quantum evaporation process from the surface of the droplet
(N =20000 with B6 potential).

The absorption spectrum for purely repulsive poten-
tials (e.g. R1-R4 of Table 1) in bulk helium is shown
in Fig. 3. The breathing mode leads to the absorption
near 2 K. Increasing the bubble radius (E5 in Table 1)
leads to a longer breathing period, and accordingly
shifts the absorption closer to the zero-phonon line.
Increasing the external pressure blue shifts this reso-
nance [9], and the peak can be expected to split when
the spherical symmetry of the liquid motion is broken
due to anisotropy in the molecule-helium interaction.
The interfacial compression mode leads to the weak
spectral component at +9 K.

When van der Waals binding is included (B6 in Table
1), the spectrum in bulk helium changes dramatically, as
shown in Fig. 4. The bubble breathing mode is now ab-
sent, the +9 K component gains intensity, a new line ap-
pears at +14 K along with a smaller broad shoulder at
+16 K. The van der Waals well localizes the liquid, pre-
vents the large amplitude breathing motion, and gener-
ates a shell structure that can be identified by the
deeply modulated static density shown in Fig. 1. The ob-
served sidebands are now strictly due to persistent inter-
facial excitations arising from oscillations of the solvent
shells in the bound potential, namely, the localized exci-
tations. The frequencies of the persistent localized exci-
tations, at 9 and 14 K, coincide with the energies of the
maxon and roton minimum built-in the density func-
tional. To ascertain that this is not a coincidence, we
have repeated the same simulations using the density
functional of Dupont-Roc et al. [18], in which the extr-
ema in the dispersion curve are systematically blue
shifted. The observed phonon side-bands faithfully track
this shift. In essence, the impulsive preparation drives
the full spectrum of elementary excitations in the liquid.
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Fig. 3. Absorption spectra for purely repulsive interaction (R3 in
Table 1) are shown with the zero phonon line located at 0 K. The
upper panel displays spectra for helium droplets with N = 20000 (solid
line) and N =6000 (dashed line) and the lower panel shows the
corresponding bulk helium spectrum. The insets show magnification of
the given spectral region.
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Fig. 4. Absorption spectra for van der Waals bound molecules are
shown (B6 in Table 1) with the zero phonon line located at 0 K. The
upper panel displays spectra for helium droplets with N = 20000 (solid
line) and N =6000 (dashed line) and the lower panel shows the
corresponding bulk helium spectrum. The inset shows magnification of
the given spectral region.

However, the local modes that persist are those at the
extrema in the dispersion curve, where the group veloc-
ity drops to zero allowing localization.

The spectra in the finite size helium droplets are dis-
tinctly different from those of the bulk, as seen in Figs.
3 and 4. In comparison with the bulk spectra, the maxon
and roton resonances are smeared out in the droplets.
The droplet spectra are dominated by the oscillations
of the liquid shell bounded by the molecule-liquid and
liquid-gas interfaces. The motion generates a regular
progression between the zero-phonon line and ~7 K,
the upper limit being determined by quantum evapora-
tion. The observed fundamental frequencies are 1.5 K
in the 6000 atom droplet and 1.0 K in the 20000 atom
droplet. These simply correspond to the fundamental
shell oscillation frequencies: w = 2nv/2d, where v = 220
m/s is the velocity of sound in helium, and d is the thick-
ness of the liquid shell around the molecule (d = 35 and
55 A in the small and large droplets, respectively). The
regular recursions of the density packet to the bubble
edge, after being reflected at the droplet wall, modulate
the electronic energy and yield the observable spectrum.
A progression, as opposed to a single line, arises because
the temporal width of the density packet at the turning
points is short in comparison to the recursion period.
These sharp resonances, however, are peculiar to a mol-
ecule located at the center of the droplet, which is im-
posed by the one-dimensional treatment. In practice,
at the characteristic temperature of droplet experiments
of 0.39 K, the soft trapping potential leads to a distribu-
tion in the eccentricity of the molecule, with vanishingly
small probability of finding a molecule at the center
[19,20]. To compare to experiments, in addition to the
eccentricity distribution in a given droplet, the droplet
size distribution must be taken into account. That these
two sources of spectral inhomogeneity preclude the

observation of the shell oscillation resonances, can be
reliably established.

The spectrum of the shell oscillations can be well
approximated as the Fourier transform of the time cor-
relation of the density, c(z) = (6p(0)dp(?)), in which dp(0)
is the suddenly created compression density at the inter-
face by the optical excitation. For concentric bubble and
droplet, the correlation function is periodic, with period
determined by the recursion time of the density packet
reflected between the two boundaries (t = 2d/v). For an
eccentric bubble, there will be dispersion in recurrence
times, given by the distribution of path lengths L, of
re-entrant rays that originate from the bubble wall.
We use ray-tracing to compute path lengths of partial
waves radiating at angle 0, as a function of displacement
of the molecule from the droplet center ¢, for a given
droplet of radius R and bubble radius r, to obtain the
recursion times t,(0,¢) = L;(0,¢)/v, where v is the speed
of sound (see inset to Fig. 5). The time-correlation func-
tion is then constructed as

c(t) = % Z /0 B deP(e) /On ddsindg(t — 1;(9,¢)), (4)

in which g(7) is a Gaussian of width é/v =5 ps, corre-
sponding to the reflection time of a phonon packet of
width & = 5A consistent with the TDFT compression
width seen in Fig. 2. The normalized probability of a gi-
ven displacement, Ne?exp(— V(e)/kT), is dictated by the
potential energy experienced by the impurity in a drop-
let. For the latter, we use the construct of potentials gi-
ven by Lehmann for ionic [19] and neutral impurities
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Fig. 5. Shell oscillation spectra for a neutral impurity trapped in
droplets of radius R=42.5, 62.5 and 100 A7 including the thermal
distribution of eccentricity of the impurity. The spectra are calculated
by tracing the recursion of partial waves reflected between the bubble
and droplet boundaries. A ray trace showing the first two recursions is
shown in the inset.
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[20]. In Fig. 5, we show the resulting spectra for neutral
impurities in three different droplet sizes. The broad dis-
tribution of eccentricities eliminates overtones, leaving a
weak and broadened fundamental resonance shifted
from the zero-phonon line by v = 0.34,0.23 and 0.135
cm~! in droplets of radius 42.5, 62.5 and 100 A, respec-
tively. An effective recursion length, (L(R)) = v/¥c, can
be associated with the surviving frequency: (L(R) = 4.93,
5.05, 5.18 R, for the three different droplet sizes. Due to
the shallow trapping potential, as the droplet size in-
creases, the bubble displacement distribution peaks near
the droplet wall. Consistent with this, (L(R)) tends to
2nR, indicating that the only periodic recursion that sur-
vives is that of the whispering gallery mode. In the case
of ionic dopants, the fact that the eccentricity is limited
by a tighter potential that is nearly harmonic [19], well-
defined spectral progressions develop in the larger bub-
bles. However, these frequencies are rather sensitive to
the size of the droplet, and the inclusion of the broad
droplet distributions encountered in experiments [1],
eliminates all sharp spectral features. The spectra will
be further degraded by homogeneous broadening, due
to the thermal population of surface excitations (ripp-
lons), and energy imparted to the droplet during
pick-up of impurities, which has been neglected in the
present treatment.

4. Conclusions

We have presented a method for direct dynamical
calculations of electronic absorption spectra for mole-
cules embedded in superfluid *He. The calculations pro-
vide insight into the phonon wing structure, and
connect spectral features to the underlying microscopic
dynamics of the liquid. We have considered an ideal-
ized system, subject to spherical symmetry, initially at
0 K. Nevertheless, the calculations capture the essence
of the physics that must govern experimental observa-
tions. We reproduce the 9 and 14 K phonon sidebands
observed both in helium droplets and in bulk helium
[2,3]. Indeed, these peaks correspond to the extrema
in the phonon dispersion curve of superfluid helium.
The dynamical analysis identifies them as persistent
interfacial motion, due to the stationary phonons local-
ized at the guest site. In the dynamical picture, the fact
that the peaks occur at the dispersion curve extrema is
associated with the zero group velocity of phonons,
rather than the increase in the density of states. Indeed,
these bands gain intensity when the liquid is further
localized through dispersive molecule-helium interac-
tions. Otherwise, on strictly repulsive potentials, the
most prominent feature is the liquid breathing mode,
which occurs at a much lower frequency, 1-2 K above
the zero-phonon line. This motion has been studied
through real-time measurements [21]. In finite size

droplets, the harmonic progression of shell vibrations
(w =2mv/2d) appear in the gap between the zero-
phonon line and the atom evaporation limit of 7 K.
The regular sharp progression observed in the TDFT
simulation, is limited to impurities trapped at the center
of the droplet. The eccentricity distribution in a given
droplet size, and the droplet size distribution in exper-
imental realizations, nearly completely destroy the visi-
bility of such resonances. Sharp lines are observed in
the same gap region, in a variety of droplet spectra,
including the well-analyzed cases of glyoxal and tetra-
cene, which have been suggested to arise from vibra-
tions of highly localized helium atoms [22]. Our
analysis supports this suggestion, which otherwise is
based on calculations in small clusters (N < 20) with
strong guest-helium van der Waals binding, ~100 K
[23]. Although broadened by inhomogeneous contribu-
tions, shell vibrations must be present in all optical
spectra recorded in large droplets.
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