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Electronic excitations of helium bilayers on a metal substrate
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Neutral one-hole, one-electron excitations converging to the Hels ionization limit of He bilayers on a metal
surface are studied with linearly polarized synchrotron radiation and time-of-flight techniques. Comparing signals
of emitted electrons, emitted He atoms in metastable excited states, and fluorescence photons as a function of
photon energy and polarization with theoretical results, a detailed picture of the photoexcitation is obtained. We
show that the width of the photoabsorption peaks is governed in an anisotropic way by the large zero point motion
of the He atoms; broadening directly correlates with the shape of the electronic clouds of the absorbing states.
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I. INTRODUCTION

Condensation-induced modifications of electronic exci-
tations are a key topic of condensed matter physics. For
many semiconductors and insulators, outer shell to Rydberg
excitations of the isolated atoms mutate into delocalized
Wannier excitons. Polarization of the matrix reduces the
excitons’ binding energies compared to Rydberg states and
spatially extends their wave functions. Particularly rare gas
solids (RGSs) from Ne to Xe provided an appealing play-
ground for the study of many aspects of Wannier excitons
in matter, including energetics, trapping mechanisms and
trapping dynamics, and the properties of surface states in
regions of reduced symmetry [1-3].

In this context, condensed He is an extreme case that stands
apart. The polarizability of condensed He is small [4], and
due to the large negative electron affinity of condensed He of
—1.3 eV [5], the repulsive interaction between electronically
excited centers and the surrounding matrix is strong. Data
on [Hels]nl excitations clearly rule out the assignment to
Wannier exciton series valid for the heavier rare gases in the
case of liquid and solid He [6-9], He bubbles in metals [10],
and of He clusters and droplets [11-14]. k-dependence of the
excitation energies has been observed only for high-density
solids in pressure cells [9].

Instead, experiment [6—14] and theory [11,15-17] favor
a different picture, depending on the principal quantum
number n of the excited [Hels]nl state. Apart from extremely
compressed He in bubbles [10], the wave functions of the
n = 2 states are confined within the first shell of neighbors,
whereas those of larger n extend over several shells. This
has different effects: (i) a confinement-induced and therefore
density-dependent blueshift and broadening, particularly of
the [Hels]n = 2 derived lines in comparison to the Rydberg
states of isolated atoms; (ii) the appearance of lines that are
dipole forbidden for the isolated atom by mixing of states with
different ¢; and (iii) a pronounced sensitivity of excitation
energies on the excitation site and its environment. [Hels]n =
2 states are mainly affected by the first shell of neighbors
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and [Hels]n > 2 excitations also by the more extended
surroundings [6—17]. At this point, the nature of condensed
He as an archetype of a quantum substance [18] with very
large zero point motion (ZPM) [19,20] comes into play.
The confinement-induced blueshift of the excitation energies
translates via this large ZPM amplitude into line broadening.
Experiments with clusters and droplets of increasing density
in the center demonstrate this nicely [11-13], in agreement
with theory [11,15-17]. Cluster studies also indicate different
behavior of surface and bulk excitations, as expected [11].
Opposed to crystals of the heavier RGSs that show well-
ordered surface layers, and for which comprehensive data
on surface excitons exist [1-3], the bulk-to-surface interface
is less well defined for He clusters. Their density drops
continuously over a rather thick boundary layer of ~0.7 nm
to zero [21]. This makes a clear discrimination of bulk and
surface states and their density related energy changes difficult.
Indirect conclusions are required, based, e.g., on comparison
of fluorescence signals with different decay times, and on
cluster size effects [11]. To the best of our knowledge, no
attempts have been made to characterize interface states of
He enclosed in pressure cells or in bubbles. In summary, a
variety of effects contributes to the condensation shifts seen for
[He]n{ states that are hard to disentangle unless the geometry
of the investigated objects is simplified compared to previous
experiments and investigated in a multiprobe experiment.

In this article, we report on such a study of a well-defined
two-dimensional (2D) system, a He bilayer on top of a
close-packed single-crystal surface. Such layers are perfectly
reproducible and possess a similar density as solid He due
to the Van der Waals attraction by the metal [22]. They are
fully compatible with the requirements of a photoemission
spectroscopy (PES) experiment in ultrahigh vacuum (UHV).
The top He layer is sufficiently decoupled from the substrate
to reveal He-specific excitation properties. The confinement
of excited centers is well defined in all directions, i.e., no
confinement toward the vacuum, and lateral and horizontal
confinement by the neighboring atoms in the layer and
underneath and by the substrate. This enables meaningful
polarization experiments. Excitation with narrow bandwidth
vertically or horizontally polarized synchrotron radiation (SR)
and the detection of different probes (photo- and decay
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electrons, fluorescence photons, and desorbing metastable
He* atoms) associated with theoretical calculations lead to
a detailed picture of the energetics, electronic composition,
and the decay routes of excited states in He bilayers on a metal
surface. In particular, we are able to unveil the role of ZPM
and its interplay with the shape of the excited orbitals.

II. EXPERIMENT

The data have been collected at the UE112-PGM and
TGM-7 beamlines of the SR source BESSY-II, Berlin, with
a time-of-flight (TOF) spectrometer utilizing the single bunch
operation mode of this light source. Investigation of He layers
physisorbed on metal surfaces is nontrivial, in particular under
the conditions of a SR experiment. For bilayers, sample
temperatures below 1.2 K and complete shielding of the
black-body radiation from the 300 K environment is necessary
to avoid rapid infrared (IR)-induced desorption [23]. A “He
bath cryostat was built for this purpose. It was pumped by two
root pumps (1000 m3/h and 500 m?/h) and a rotary piston
pump (200 m?/h) connected in series. The bath temperature
of 0.9 K was measured with carbon resistors. The lifetime
of one liquid He filling (250 ml) was at least 3 hours. The
Ru(0001) crystal on which we prepared the He bilayers was
attached to this cryostat by a monocrystalline W rod with very
good heat conductivity at low temperature. A radiation shield
cooled to 80 K surrounded the cryostat, the crystal mount, and
the spectrometer. The SR entered this shield through a small
aperture. The orientation of the E vector was either parallel to
the surface (A, polarization) or tilted by 10° with respect to
the surface normal (mainly A, polarization; see [24] for more
details of the experimental setup).

The Ru(0001) substrate was cleaned by sputtering with
Ne™, repeated heating to 1450 K in 10~7 mbar of O,, and
final flashing to 1570 K for 60 s [25]. Crystallographic
order, including the absence of misorientation, was checked
by low energy electron diffraction (LEED) and cleanliness
by PES of core (Cls, Ols) and valence levels (Hels and
substrate/contaminant levels). In particular, the shape and the
position of the vacuum edge (see below), which depends on the
work function of the sample, were sensitive to contaminations.
Amounts of adsorbed water in the low percentage range of
a monolayer caused a shift to lower energy as well as a
broadening of the cut-off at the vacuum level. We designed
the cryostat so that cooling of the sample from 1570 K to
less than 1.2 K took less than 20 min to ensure perfect
substrate cleanliness. After cleaning and cooling, He was
dosed onto the crystal through a capillary integrated into the
TOF spectrometer, and the coverage was checked by PES [24].

Before starting the He experiments, the surface quality of
the Ru(0001) sample and particularly the absence of roughness
has been checked by thermal desorption (TD) of Ar and
Xe in a different UHV apparatus, in addition to the in situ
surface checks by LEED mentioned above. This chamber
was equipped with a mass spectrometer modified for high
resolution TD studies (see [26] for details). Ar and Xe atoms
bonded to defect states give rise to TD features different from
the peaks related to the smooth surface [25]. The contribution
of such defects sites to the total TD signal was below the 1%
level for our crystal.
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FIG. 1. (Color online) A TOF spectrum “as measured,” showing
contributions from fluorescence photons (red), desorbing metastable
He* atoms (blue), and photoemission and decay electrons (black).
See text for details.

We used a linear TOF spectrometer with a 25-cm-long drift
tube. It was kept free from electric and magnetic fields by
grids at both ends and a u-metal shield. For data recording,
the entrance grid of the spectrometer was positioned at a
distance of 2 mm from the sample surface. The potential
between sample and entrance grid was set in a way that the
flight time of electrons from the vacuum level with vanishing
initial kinetic energy was approximately 200 ns. A stack of two
multichannel plates (MCPs) behind the exit grid of the drift
tube served as detector. The output of the MCPs was amplified
by 40 dB with a homemade amplifier of 5 GHz bandwidth and
was further processed by a fast discriminator followed by two
time-to-digital converters (TDCs) operated with 39-ps channel
width [27]. A fast switch between the discriminator and the
TDC:s directed the even events to one of the TDCs and the odd
events to the other. By this procedure, we reduced the minimum
time interval for the recognition of pair events to less than 4
ns. BESSY’s bunch marker with a 1.25 MHz repetition rate
corresponding to an 800-ns interval between the light pulses
during single bunch operation started data acquisition. Our
timing accuracy of better than 100 ps [28] resulted typically
in 2000 effective channels for spectra, as shown in Fig. 1.

Due to the linear geometry of our TOF spectrometer,
electrons as well as photons and neutral He* atoms that
propagate line of sight reach the detector of our device and are
amplified by the MCPs, i.e., all of these probes are recorded
simultaneously (see Fig. 1). Fluorescence photons traveling
with speed of light appear before the onset of electron emission.
From the exponential decay of the fluorescence signal, the
lifetime of the excited state is obtained. Photodesorbed He*
atoms, in contrast, are so slow that they do not reach the
detector within 800 ns; their arrival is distributed over many
of the single bunch cycles. They therefore show up as an
hv-dependent background (Fig. 1, blue) under the fluorescence
(Fig. 1, red) and the electron signals (Fig. 1, black). After
untangling these contributions to the raw TOF signal by
using their very different flight time distributions, the electron
signal was converted from the TOF to the kinetic energy
representation. In addition to the Jacobian transformation of
the densities of states, we took the kinetic energy dependent
acceptance angle of our spectrometer into account to obtain
correct signal amplitudes [24,29]. We note that the TOF spectra
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FIG. 2. (Color online) 2D electron spectrum from a He bilayer
on Ru(0001) (A, light, Ey, axis truncated). See text for details.

contain two intrinsic calibration marks for the kinetic energy
scale of emitted electrons: The arrival time of stray light
pulses corresponding to Eyy, = 0o, and the trailing edge of
the electron distribution that is due to secondary electrons
from the vacuum edge with vanishing E\;, (Fig. 1).

By combining Ey;, distributions for closely spaced values
of the photon energy, we obtained dense 2D electron spectra
with the axes of kinetic and excitation energy, respectively (see
Fig. 2 for an example). In these electron spectra, signatures of
photoemission and neutral excitations are clearly discernible.
In Fig. 2, [Hels] photoemission from the outer (ionization
threshold at 23.83 eV) and the inner layer (threshold at
23.25 eV) appear as features with a slope of one. Neutral
excitations in the outer layer are visible at constant photon
energies around 21.6 eV, 22.9 eV, and 23.4 eV. Because of
strong coupling to the metal, neutral excitations of the inner
He layer are broad and weak and do not show up in this figure.
Decay of the [Hels]n = 2 states stimulates electron emission
with a maximum Ey;, of 12 eV.

III. THEORY

A model theoretical study was performed on the He
bilayer/metal system in order to precisely assign the He* states
observed in the experimental spectra and to outline their links
with free He™ atoms. It parallels previous studies on Ne and Ar
excitons [30-32]. It is a one-electron approach, based on wave
packet propagation (WPP), i.e., one solves the time-dependent
Schrodinger equation for the excited electron wave function
W(F,1)

dW¥(F,t)
dt

i

= (T + Ve—ion + Ve—ion image + Ve_He
+ Vefsurface + VOpt)\I’(?vl)v (])

where T is the electron kinetic energy. The various model
potential terms above represent the electron interaction with
the exciton ion core, the ion image, the He neighbors and
the metal substrate. Vop is an absorbing potential at the
edge of the computation box, set to enforce a pure outgoing
boundary condition. The ion core potential V,_i,, is adapted
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from Ref. [33], and the e-He interaction potential has been
adjusted from e-He scattering data following the procedure
in Ref. [34]. The metal substrate is taken as a free-electron
metal described with the local model potential V,_gyface from
Jennings et al. [35]. The electron wave packet is described
in cylindrical coordinates centered on the He* with typically
(450 x 64 x 1024) points in (p, @, z) for 2 ML [36]. This
choice of coordinates is well suited for the present system with
a threefold rotational symmetry (sixfold for the monolayer)
around the He*. It allows an accurate description of the He*
and the first shells of He neighbors. Equation (1) is solved in
the split operator approximation [37] with the initial condition
W(7,t = 0) = Oy(¥), where ®((7) is typically chosen as an un-
perturbed atomic He* orbital. Analysis of the time-dependent
wave packets W(7,t) yields the energies and lifetimes of the
excited states in the system as well as their wave functions. In
the present study, electron escape from the excited He* into
the metal is an open channel; this results in a finite lifetime of
the He* states, and the corresponding decay rate is obtained
via the WPP calculations. This decay channel corresponds to
the one-electron energy-conserving charge transfer process for
the He* decay. It contributes to the broadening of the He* lines
and is one of the key parameters for the discussion of He*
survival probability in the desorption channel.

Additional calculations using the initial condition W (¥, =
0) = u = ®core(7), Where u is an electron coordinate and
®core(7) is the wave function of the core level of the V,_joq
potential, were also performed to get an estimate of the pho-
toabsorption spectrum and its change with light polarization.
Whereas the line positions and widths are accurate, this proce-
dure only gives an approximate estimate of the peak heights in
the absorption spectrum. Further details on the WPP procedure
can be found in Refs. [30] and [38] and references therein.

The He atoms surrounding the He* exciton are arranged
in a bilayer according to perfect fcc/hcp crystal positions.
Only a finite cluster is considered, typically containing 60
He atoms with an interatomic distance equal to 6.75 atomic
units. Such an approach assumes the He* excited states to be
localized on the time scale of the electron dynamics. Actually
itdescribes how an excited He* state is perturbed by a set of He
neighbors and a metal surface, as described in the introduction.
Additional calculations were performed with the He* atom
displaced from its perfect crystal position, either along the
normal to the surface or parallel to it, in order to probe the
effect of ZPM on the absorption spectra. This only yields an
estimate of the ZPM effect since only the He* is displaced.

IV. RESULTS AND DISCUSSION

As one of the main outputs of the present work, for each
of the two light polarizations, Fig. 3 provides in parallel: the
yield of desorbing neutral metastable He* atoms, the yield of
fluorescence (FY) photons, and the partial electron yield (PEY)
together with the theoretical photoabsorption spectrum. Within
experimental scatter, the fluorescence lifetime coincides with
the gas phase value of 0.55 ns for the [1s]2p state [39]. The
PEY signal was obtained by integrating the electron signal over
the entire kinetic energy range covered by the decay electrons.
The background from substrate and monolayer emission has
been subtracted. Several peaks are clearly resolved between
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FIG. 3. (Color online) Yields of metastable He* atoms, fluores-
cence photons (2v), and electrons (™) from a He bilayer on Ru(0001)
as a function of photon energy and polarization (see insets for the
orientation of the E vector) compared to theoretical photoabsorption
data convoluted with a 100-meV Gaussian. Compared to He gas
(top, [40]), the bilayer excitation series is compressed.

the onset of photoabsorption at 20.6 eV and the [1s] edge at
23.83 eV. For A; light, which excites states of X symmetry
with respect to the surface normal, we find the first absorption
maximum at 20.8 eV, slightly above the [1s]2s value of He gas
at 20.62 eV [40]; it is strong in He*, weak in PEY, and nearly
absent in FY. The second maximum is broad and centered at
21.55 eV (PEY), which is above the atomic [1s]2p line at
21.22 eV [40]. It appears in all probe signals but with different
shapes. At higher energies at 22.88 and 22.98 eV, we find
two well-resolved maxima close to the atomic [1s]3p line
(23.09 eV [40]). At 23.45 eV, a fourth peak with a shoulder at
23.32 eV is seen, slightly below the atomic [1s]4p transition
at 23.74 eV [40]. These maxima at higher excitation energy
are weak in the He* signal, and also in the FY traces (Fig. 3).
In summary, we find for A, light a set of two X states for
each principal quantum number n = 2, 3, and 4. For A,, light,
which excites IT states with respect to the surface normal, the
high-energy parts of these doublets persist (at 21.50, 22.98,
and 23.46 eV in PEY), but the low energy parts are much
weaker (20.75 eV) or completely absent [41].

Our calculations reproduce the experimental finding well,
particularly for the n = 2 region. Here we find two X states,
both with mixed s and p character but only one II state
with contributions from 2p but also from 3d. For the larger
principal quantum numbers, the calculation is less precise and
the splitting of the X states is not reproduced. Figure 4 presents
the electron density of the various quasistationary states in the
system. The two lowest A, states look very much like the two
n = 2 s-p Stark hybrids of the linear Stark effect [42]; in
particular, the lowest one is dominantly localized in vacuum.
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FIG. 4. (Color online) Cuts of the calculated electron density of
the n =2 (top) and n = 3 (bottom) ¥ and IT states in the (X, Z) plane.
Logarithmic scale according to the color bars. Origin of coordinates
is on the He* center; Z (L to the surface, Z > 0 in vacuum) and X
(]| to the surface, going through one of the first He neighbors) are in
atomic units.

In contrast, the lowest A, state is much less perturbed (a 2pw
state slightly mixed with 3drr) and appears to be confined by
the He neighbors in the same layer. The two highest states in
Fig. 4 are considerably perturbed. They are both dominantly
localized in vacuum and retain some n = 3 character, though
they cannot be assigned to a single 3¢ atomic state. In this
case, confinement/repulsion by neighbors is so strong that the
electronic cloud is repelled into vacuum.

The relative amplitudes of the maxima in the He*, FY,
and PEY signals shed light on the decay routes of the
different states. Detection of He* or fluorescence photons
both require the following: (i) rapid desorption of the excited
atom to avoid de-excitation via the first He layer with lower
ionization limit or/and the substrate underneath [43], either
by resonant charge [30] or near-field energy transfer [44];
and (ii) appropriate asymptotic behavior: [1s]2s for the He*
signal and [1s]2p for radiative decay [45]. For a large PEY
signal, on the contrary, coupling to the substrate is favorable.
The density plots in Fig. 4 show that the latter requirement
is fulfilled for the IT and the second ¥ state of the n = 2
excitations. The first ¥ state with strong 2s character extends
mainly into the vacuum, pointing to slow de-excitation by
electron transfer, in perfect agreement with the experiment.
All plots show the confinement of the wave functions by the
neighboring atoms [11,15-17] that creates the driving force
toward desorption via the cavity desorption mechanism [46]
(see Ref. [24] for a detailed analysis of the individual decay
processes). We note, however, the surprising appearance of a
small He* signal for the A,, symmetry, which according to
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FIG. 5. (Color online) Calculated absorption spectra for A, and
A, light as a function of vertical (top, AZ > 0 toward vacuum) and
horizontal (bottom) displacement of the excited atom with respect
to the fixed matrix (see text for details). Note that admixture of
2s character with He* asymptotic by horizontal displacement (A,,
spectrum) prevails for the energy range below 21.5 eV (compare
Fig. 3).

our calculations should not contain 2s character. We will show
below that this is only true if ZPM is neglected.

The very large widths of the peaks in the various spectra
are in agreement with results obtained previously [6—14]; they
are attributed to the ZPM of the He atoms (see Fig. 5). We
adopt a value obtained for solid He of (z) = 0.96A = 1.81
atomic units (for one dimension) [19], which is in line with
calculations [20]. This value, which has been obtained for a
bulk crystal, is certainly a lower limit for our samples with their
free surfaces at larger temperature and at lower pressure. In
Fig. 5, spectra calculated for a few distinct displacement values
AZ and AX are shown. Because the electronic transition is
instantaneous (vertical), it randomly probes all displacement
values due to ZPM. The experiment therefore averages over all
spectral shapes related to the continuum of AX and A Z values
within the amplitude of ZPM, resulting in the peak broadening
seen in Fig. 3.

For vertical displacements toward the vacuum (AZ > 0),
the wave function confinement is decreased, and the excitation
energies of ¥ and II states are redshifted toward the gas
phase values (Fig. 5). We note that for the higher quantum
numbers this shift is smaller (» = 3 manifold) or even in
the opposite direction. Actually, the energy shift due to AZ
is directly correlated with the amount of electronic density
pointing toward the substrate (Figs. 4 and 5), confirming the
importance of confinement. Concurrently, the mixing of 2s and
2p and 2p and 3d for the ¥ and IT states is reduced for AZ >
0, and the excitation cross sections are changed accordingly:
The first ¥ peak decreases (toward the vanishing intensity of
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the dipole-forbidden [1s]2s state), the second ¥ maximum
increases (toward the dipole-allowed [1s]2p state), and the
IT state decreases because the admixture of the d component
vanishes. Movement toward the substrate causes changes in
the opposite directions.

ZPM parallel to the surface has an even stronger effect,
stressing the non-isotropic impact of ZPM. The states that
are dominantly localized in vacuum (Fig. 4) are moderately
influenced by a AX displacement in contrast to the IT state at
21.44 eV, which s confined between two neighbors along the X
direction. The AX displacement breaks the crystal symmetry
and splits the IT state at 21.44 eV into two states, symmetric and
antisymmetric with respect to the XZ plane. The symmetric part
mixes with the ¥ states that are also symmetric with respect to
this plane. This results in three or four different [1s5]n = 2 states
for A; or A,, light, respectively (Fig. 5), a substantial peak
broadening and the appearance of alow lying peak for A, light
(Fig. 5) that explains the observation of the He* signal also for
this polarization (see Fig. 3). We note, however, that 2p to 2s
transitions during the desorption process, either substrate me-
diated [44] or via an excimer potential energy surface [47,48],
could also produce a desorbing metastable He*. The widths
of the n = 2 ¥ and IT maxima estimated for a lateral ZPM
amplitude of 1.81 atomic units are around 750 and 550 meV,
respectively, i.e., in good agreement with the experimental
PEY values of 730 and 580 meV. The broadening due to the
vertical AZ displacement is smaller by a factor of 2 (Fig. 5).

V. SUMMARY

We have shown that polarization-resolved excitation mea-
surements, in combination with model calculations, reveal a
very detailed picture of the electronic excitations in the surface
layer of a 2D He bilayer system on a metal substrate. Neutral
excited states with the principal quantum numbers two, three,
and four were evidenced. For each principal quantum number,
contributions with different orbital momenta are strongly
mixed; the compositions depend on the symmetry of the
excited states and the lateral and vertical displacements at
the instant of excitation that partly break this symmetry. These
displacements are governed by the ZPM, i.e., the quantum
character of the condensed He. The possibility of changing the
light polarization with respect to the surface normal and the
simultaneous recording of different probes brought significant
information on both the decay routes and the asymptotic
character of the various individual He* states in the system.
These two features have been essential for the successful
assignment and disentangling of the various effects seen in
the excitation spectrum of this prototypical system.
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