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We report on the experimental observation and theoretical study of the bound state resonances in fast
atom diffraction at surfaces. In our studies, the “He atom beam has been scattered from a high-quality
LiF(001) surface at very small grazing incidence angles. In this regime, the reciprocal lattice vector
exchange with the surface allows transient trapping of the 0.3-0.5 keV projectiles into the quasistationary
states bound by the attractive atom-surface potential well which is only 10 meV deep. Analysis of the
linewidths of the calculated and measured resonances reveals that prior to their release, the trapped
projectiles preserve their coherence over travel distances along the surface as large as 0.2 ym, while being
in average only at some angstroms in front of the last atomic plane.

DOI: 10.1103/PhysRevLett.112.023203

The observation [1] of thermal helium diffraction at a
LiF(001) surface demonstrated that the particle-wave
duality also applies to complex objects, thereby founding
modern quantum physics. Soon after [2] it was realized that
the singularities in the otherwise smooth evolution of the
specular diffracted intensities could be related to the region
of few angstroms above the surface plane, where the
attractive polarization forces induce a potential well accom-
modating few bound states [3—6]. The so-called bound state
resonances (BSRs) [4-11] emerge in diffraction patterns
when the reciprocal lattice vector exchange with the surface
brings the projectile atom into a bound state, where it
remains trapped until subsequent reciprocal lattice vector
exchange. The lattice-assisted transition between the
propagating continuum state and the bound state is also
behind the operation of, e.g., grating couplers used to excite
surface plasmons or to match the waveguide mode with
incident light [12—14]. Owing to their narrow width, the
BSRs offer a high-resolution window into the atom-surface
interaction dynamics in the van der Waals regime, chal-
lenging the theoretical descriptions [15] of weakly bound
systems.

The above studies of the BSRs were performed at
thermal or hyper-thermal energies because diffraction
works best when the probe de Broglie wavelength 4 is
comparable with lattice period. As a second constraint,
specific to the atom-surface interactions, A should remain
larger than the size of typical imperfections such as atomic
displacements due to thermal vibrations, otherwise the
phase information is lost. This decoherence source known
as the Debye-Waller factor forced the use of projectile
energies below 100 meV and usually low crystal temper-
atures. However, it has been recently demonstrated [16—18]
that with grazing incidence geometry the fast atom dif-
fraction (FAD or GIFAD) at surfaces is possible for
scattering of keV atoms despite A is in the pm range.
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This can be understood as due to the quasidecoupling of
the swift motion parallel to the surface and slow motion
perpendicular to the surface, where the latter is charac-
terized by the wavelength back in the A range. In addition,
the decoherence of the atom beam can be made low by
setting optimum scattering conditions [19,20,21]. By now,
the FAD has been observed for a variety of surfaces
[22-27], offering a table-top surface analysis technique.

In this letter we report theoretical investigation and
tour de force FAD “He/LiF(001) experiments allowing
us to reveal for the first time the BSRs in the keV energy
range. While the effect of the BSRs on the diffraction is
similar to that observed 80 years ago [2] with thermal
energy beams, the very fact of their existence in the
keV projectile energy range was highly hypothetical.
Indeed, the energy differences between the BSRs are in
the meV range. Then, from the time to energy uncertainty
principle it follows that for the BSRs to be resolved,
the trapped fast He atoms have to coherently travel
over distances of 10> A, and this is while being only at
some A in front of the last atomic layer. Even though
we are using an LiF(001) target with wide band gap,
the possibility to reduce the electron and phonon exci-
tations and to preserve the coherence is far from being
obvious in such conditions. This is without saying that at
such a fast motion parallel to the surface any surface
defect could be a strong enough perturbation to destroy
the coherence. The observation of the BSRs allows an
unprecedented access to the details of the interaction of
swift projectiles with surfaces including the target exci-
tation probabilities.

In our experiments, *He atom beams with energy E, =
0.2-0.5 keV are grazingly incident at LiF(001) surface
at polar angle ®, as sketched in Fig. 1(a). The beam is
oriented at small azimuthal misalignment angle I" with
respect to the (110) low index direction defined as y axis.

© 2014 American Physical Society
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FIG. 1 (color online).
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(a) Sketch of the experiment. The *He atoms are incident at the LiF(001) surface at grazing polar ® and

azimuthal misalignment I" angle measured from the (110) direction (y axis). The diffraction image corresponds to the actual data
and shows well-resolved diffraction spots comparable with the incident beam profile. (b) Atomistic view of the LiF(001) surface and
schematic trajectory of the projectile in the projectile-surface interaction potential averaged along the (110) axial channel. (c) The
attractive part of the He/LiF interaction potential averaged in the surface plane is shown as function of the z-coordinate perpendicular to
the surface. We also show the probability densities of the first three “He bound states.

The perpendicular to the surface motion of the incident
projectiles is slow, with corresponding momentum &k, =
k sin ® and energy E| = k3 /2M. Here, M is the projectile
mass, and k = \/2ME,, is the total momentum. The motion
parallel to the surface is fast with momentum component
ky ~ k. Upon scattering, the projectiles might exchange a
reciprocal lattice vector with the surface k; — k+
meé,G + né,G, where G = 1.170 a;', and 2, (2,) is the
unit length vector along the x (y) axis defined in Fig. 1(a)
and Fig. 1(b).

It has been shown [20,28-30] that for small misalign-
ment I', the fast projectiles effectively “feel” the potential
averaged along the low index (here (110)) direction as
sketched in Fig. 1(b). The only effective reciprocal lattice
vector exchange is along the x axis across atomic rows
forming the axial channel, i.e., with n = 0. From the total
energy conservation, for small ® and I', the perpendicular
to the surface motion of the diffracted particles is associated
with an energy

E'| = E, — (mG)*/2M — mGkU'/M. (1)

The E'| =0 sets the threshold for the opening of the
diffraction into the (m,n = 0) = m diffraction order. For
E'| > 0 the corresponding diffracted beams located on a
single Laue circle can leave the surface.

The most interesting case for the present discussion is
when E’| <0 and the corresponding diffraction order is
closed. As known from the He atom scattering at thermal
energies (TEAS) [4-11], the “He/LiF(001) potential pos-
ses a slightly corrugated shallow (10 meV deep) attractive
potential well, which is located at 3 A with respect to
the last atomic layer as sketched in Fig. 1(c). This well
hosts four bound states denoted by the quantum number
j=1,...,4 and corresponding to the quantized motion
perpendicular to the surface with negative energy e;

J
[31]. The motion parallel to the surface is quasifree [32].

When E | of the incident projectiles matches the resonance
condition

E, =E" =¢;+ (mG)*/2M + mGkT' /M, (2)

one obtains E', = €;. As a result of the reciprocal lattice
vector exchange, the He atom is trapped in the bound state
above the surface and moves parallel to it. The trapped
states are quasistationary, since the projectile can again
exchange a reciprocal lattice vector with the surface, and
escape into an open diffraction order. The BSRs manifest
themselves as sharp features in the £, or I' dependence of
the diffraction probabilities some meV below the thresh-
olds for the opening of the diffraction orders [4—11].

In a quest for the signatures of BSRs in FAD we used
the experimental setup described in earlier publications
[23,29]. In brief, atomic projectiles are obtained from
the primary He™ ions extracted from a commercial ion
gun, and neutralized in an effusive gas cell. The resulting
fast atom beam is sharply collimated so that the beam
divergence angle of 180 urad is reached. Experiments
are performed in ultrahigh vacuum conditions at a base
pressure of some 107!! mbar. The atoms diffracted by
the surface hit a microchannel plate amplifier stacked
onto a phosphor screen located 740 mm downstream.
The diffraction pattern is captured online by a CCD camera
with a resolution comparable to that of the beam diver-
gence. The LiF(001) sample was cleaved in air and rapidly
introduced into the UHV chamber for the FAD measure-
ments [33]. An annealing to 500 K is sufficient to allow
observation of intense and well-resolved diffraction pat-
terns. By varying the ® angle and the total energy of the
beam we could sample the £, range from some meV up
to some hundreds of meV. Simultaneously, the data have
been taken upon variation of the misalignment angle I'
offering more flexibility in tuning into the resonance
condition [see Eq. (2)].
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FIG. 2 (color online).

Perpendicular energy (meV)

Comparison between experimental (dots) and theoretical (lines) diffraction curves for the beam incident along
the (110) direction. The diffraction probabilities R,, are shown as function of the E| energy for the three lowest diffraction orders.
Results for the specular reflection (m = 0) are shown in black. For nonspecular diffraction we sum the equal +m probabilities:
R_i1 + R, (red); R_, + R, (blue). Panel (a) covers large E | energy scale. In panels (b), (c) the low-energy region is zoomed for the
theoretical (b) and experimental (c) data. The energies of the experimentally observed structures are indicated in panel (c). Panel (d)
shows the WPP results accounting for the BSRs decoherence rate of 1 meV. The WPP method does not apply close to the diffraction

thresholds so that the corresponding energy intervals are shaded in figure.

Theoretical calculations of FAD have been performed
with the time-domain wave packet propagation (WPP)
method detailed elsewhere [17,28,29]. We also used the
stationary approach [34] based on the extraction of the
scattering matrix [35] from the solution of the close-
coupling equations [36]. The projectile-surface interaction
potential has been set such that it is appropriate for both
small and large perpendicular energies of the incident
beam. To this end we took as a basis the low-energy part
of the potential as proposed for TEAS with helium atoms
[4,5,6]. It incorporates the shallow attractive well in front of
the surface shown in Fig. 1(c) and allows us to reproduce
the energies of the BSRs [31]. The high-energy part of the
potential has been adopted from the earlier studies of
He/LiF(001) FAD [17,28,29], and the surface rumpling
[37] has been also included. The two potentials were
merged such that the FAD data are retrieved over a broad
E | energy range.

In Fig. 2 we present the experimental and theoretical E |
energy dependence of the diffraction probabilities R,, for
the “He FAD at LiF(001) surface. The incident beam is
aligned along the (110) direction (I" = 0). The diffraction
probability R, is defined as R,, = J,,/>_,J ¢, Where T,
is the intensity of the #th diffracted beam and the sum runs
over all open diffraction orders. The panel (a) of the figure
covers large E| range, where good agreement between
calculated and measured data is reached. In overall, the well
documented R,,(E ) dependence is retrieved, which can
be described by the Bessel functions within the repulsive
hard wall model [17,18]. However, at low perpendicular
energies the scattering is affected by the shallow attractive
potential well. The description based on the fully repulsive
potential breaks down, and sharp resonant features emerge
particularly clear in the theoretical curves.

The panels (b), (c), and (d) of Fig. 2 zoom at the low
perpendicular energy range. Here, only specular reflection

(m = 0) is possible for £, < 2.3 meV, the first diffraction
order opens at £, = 2.3 meV, and the second diffraction
order opens at £, = 10.1 meV. Because of the small
number of the open diffraction orders, transient trapping
of the projectiles leads to the well contrasted resonant
features. Consistent with four bound states of “*He in the
attractive well of the atom-surface interaction potential
[31], theoretical calculations shown in Fig. 2(b) predict
four j=1,...,4 narrow resonances in the diffraction
probabilities below the m = 42 diffraction threshold.
At the resonance energies given by Eq. (2) with I' =0,
and m = £2, the first diffraction order (m = +1) appears
suppressed because of the interference between the reso-
nant and nonresonant contributions. Consequently, the
specular reflection probability rises to one. Note that the
calculations also show the BSRs connected to the higher-
order diffraction thresholds at £, > 15 meV [Fig. 2(a)].
However, the resonant variation of the diffraction proba-
bilities is smaller in these cases because the outgoing flux
is distributed among larger number of diffracted beams.
Gradually, upon increasing E| the resonances become
graphically unresolvable. It is worth noting that besides the
BSRs, the attractive potential well manifests itself in a
sharp threshold behavior of the diffraction probabilities, as
has been studied in formal scattering theory and low-energy
electron-molecule scattering [38,39].

The calculated BSRs are retrieved in experimental results
shown in Fig. 2(c). The pronounced resonance contrast
predicted by the theory led us to concentrate the exper-
imental effort in the low E, energy range. Here, the
departure of the measured diffraction curves from the
Bessel-like dependence, and sharp m = 41 threshold
behavior is evident pointing out new physics in FAD.
Low decoherence of the beam at small perpendicular
energies [21] allows for a clear observation of the two j = 1
and j = 2 resonances associated with increased specular
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FIG. 3 (color online). E | energies of the resonant structures in
the diffraction curves measured with 300 eV “He beam. The
data are shown as function of the azimuthal misalignment angle
I'. Dashed lines show the resonance energy dispersion as
obtained from Eq. (2) using bound state energies from Ref. [11].
The vertical solid gray line marks the first Brillouin zone
boundary at k¥ = G/2. The energy thresholds for the opening
of the different diffraction orders are shown with correspond-
ingly labeled blue lines.

reflection and reduced m = %1 diffraction. Using Eq. (2)
we determined the binding energies ¢, , of the “He trapped
states in a very good agreement with TEAS data [31].
Thus, the resonance at the incident beam energy per-
pendicular to the surface £, = 4.2 meV corresponds to
€, = —5.95 meV, and the resonance at E;, = 8 meV
corresponds to €, = —2.12 meV. Based on the comparison
with theoretical results, we tentatively attribute a broad
structure at £, ~ 9.5 meV to the j = 3 and j = 4 BSRs.
However, the nearby m = 42 threshold and overlap of
the resonance peaks hinders accurate extraction of the
corresponding binding energies.

The measured resonances display larger widths and
smaller variation of the diffraction probabilities as com-
pared to the theory. The difference between the experiment
and the calculation performed for the elastic scattering at
perfect surface can be attributed to the (i) instrumental
broadening and to the (ii) decoherence due to the target
excitations and defect scattering. Indeed, because of the long
interaction times with LiF(001) surface, the decoherence is
expected to be particularly strong for the projectiles trapped
in the BSRs. To illustrate the effect, we have performed WPP
calculations adding a complex absorbing potential [40,41] to
the projectile-surface interaction. As follows from Fig. 2(d),
inclusion of the loss of coherent particles allows us to
approach the experimental data.

Along with the perpendicular energy E, scan for the
perfectly aligned beam, an alternative procedure to reveal
the BSRs consists of measuring the diffraction intensities
upon variation of the azimuthal misalignment angle I". The
I"-angle scans for several fixed polar incidence angles ®
allow us to determine the position of the resonance features
at the (I', E) plane. In Fig. 3 the resonance energies E'|"/

extracted from the experimental data are shown as a
function of the misalignment angle. Essentially the
resonances below the m = £2 diffraction thresholds are
observed consistently with results reported in Fig. 2. The
linear dispersion given by Eq. (2) with €; values as reported
by Derry et al. [11,31] nicely describes present experimen-
tal data. This further supports the conclusion that transient
trapping of the projectiles into the BSRs is possible in
FAD experiments despite the huge (Ey/e; ~ 5 x 10*) ratio
between the total energy of the projectile and its binding
energy in the potential well above the surface.

Besides the bound state energy extraction, analysis of
the BSRs provides further unprecedented details on the
interaction of swift projectiles with surfaces. Indeed, our
theoretical calculations for the purely elastic scattering
at a perfect surface predict very small resonance widths
AE | ~0.25 meV. These correspond to an elastic lifetime
of 7 = 2.6 ps, meaning that prior to the reciprocal lattice
vector exchange leading to the escape from the trapped
state, the 0.3 keV “He atoms coherently travel a distance
L = 0.3 ym above the surface. The measured resonance
width is ~0.5 meV (~0.7 meV) for the resonance at
E, =42meV (E; =8meV) [31]. Thus, we estimate from
the experimental data L ~ 0.2 ym. This is a lower-bound
estimate for the coherent travel distance L because of the
instrumental broadening effects [41].

In summary, in this experimental and theoretical joint
effort we have found a clear evidence for the coherent
trapping of fast 0.3-0.5 keV *He beams grazingly incident
at the LiF(001) surface. By measuring resonances in the
diffraction patterns, we have shown that the reciprocal lattice
vector exchange with the surface leads to the trapping of the
projectiles in the quasistationary states bound by the 10 meV
deep attractive well of the projectile-surface potential.
This sets the ratio of the total energy to the binding energy
as high as 5 x 10*. Thus, the regime observed here is very
different from the earlier studies with thermal He atom
beams. It is also worth to mention that, while for the
“skipping motion” [42] reported earlier, the keV ionic
projectiles follow classical trajectories bound by the image
charge interaction, the present process is purely quantum.
The very existence of the narrow resonant structures in
diffraction probabilities with a width of a fraction of meV
requires quantum interference between resonant and non-
resonant scattering. Thus, the coherence of the trapped beam
is preserved over basically macroscopic travel distances of
~0.2 um at some angstroms above the topmost atomic layer
of the LiF(001) surface. Along with the high surface quality,
this demonstrates that the electron and phonon excitations
by the projectiles can be very low, a subject that attracts
a vivid interest in the context of surface reactivity [43—46].

This work has been funded in part by the French
Agence Nationale de la Recherche (No. ANR-2011-
EMMA-003-01). M. Debiossac and A. Zugarramurdi
contributed equally to this work.
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