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Light atoms and molecules with energies from 300 eV to 25 keV are scattered under a grazing angle of
incidence from a LiF(001) surface. For impact of neutral projectiles along low index directions for strings
of atoms in the surface plane we observe a defined pattern of intensity spots in the angular distribution of
reflected particles which is consistently described using concepts of diffraction theory and specific
features of grazing scattering of atoms from insulator surfaces. Experimental results for scattering of
H, D, 3He, and 4He atoms as well as H2 and D2 molecules can be unequivocally referred to atom
diffraction with de Broglie wavelengths as low as about 0.001 Å.
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Interference effects in the scattering of particles with
finite rest mass can be understood in the framework of
quantum physics only. Observation of diffraction for
scattering of low energy electrons from a monocrystalline
Ni surface [1] or of thermal He atoms from a LiF surface
[2] were important milestones in establishing quantum
mechanics. In simple terms, such diffraction effects can
be envisioned by the concept of matter waves by de Broglie
[3] with a wavelength for particles of mass M and veloc-
ity v �dB � h=Mv. For electrons with energies of typi-
cally 100 eV the de Broglie wavelength is of the same or-
der of magnitude as interatomic spacings in crystals. This
makes the scattering of low energy electrons and the
resulting diffraction effects (LEED) a powerful tool for
studies on the structure of crystalline surfaces [4]. A simi-
lar regime is met for thermal and supersonic beams of
He atoms [5] in scattering experiments from crystal tar-
gets with extreme surface sensitivity. Diffraction effects of
He atoms and heavier atoms and clusters were also ob-
served for the passage through slits of about �m in width
in order to investigate the coherence of matter waves [6,7].
As a recent example, we mention a nozzle source with a
high degree of coherence probed by slit diffraction pat-
terns [8].

Scattering and interaction phenomena of beams of
fast atoms or ions with matter are generally discussed in
terms of classical mechanics. The main argument is an
extremely small �dB compared to interatomic distances d
in crystals of some Å. For example, quantum effects of
4He atoms=ions of 10 keV kinetic energy (considered as
fast ion beam) can be related to �dB � 0:00143 �A only.
Then for �dB=d � 10�3 it is difficult to observe resulting
diffraction effects, since the interaction of fast atoms/ions
with matter is subject of considerable energy dissipation
phenomena (electronic and nuclear stopping [9] ) which
would result in considerable decoherence for the imping-
ing beams. A discussion on this topic can be found already
in a paper by Bohr [10].

An interesting aspect of this problem are collisions in the
channeling regime [11] where fast atoms or ions are
steered by strings (‘‘axial channeling’’) or planes of lattice

atoms (‘‘planar channeling’’) in terms of small angle scat-
tering. Under such conditions, projectile trajectories are
characterized by two vastly different regimes of scattering:
a ‘‘fast’’ one for the motion parallel to atomic strings or
planes with energy Ek � Eocos2�in � Eo, where Eo is the
initial projectile energy and �in the glancing angle of
incidence; a ‘‘slow’’ motion normal with respect to strings
and planes with energy E? � Eosin2�in � Ek (for, e.g.,
�in � 1 deg holds E? � 3� 10�4Eo). Since the two re-
gimes of motion are widely decoupled it was argued that,
despite high projectile energies of atomic projectiles, dif-
fraction effects might play a role owing to the transverse
motion with relatively low energy and sufficiently large de
Broglie wavelengths [12].

In this Letter we discuss experiments on the grazing
scattering of H and He atoms with energies up to several
keV from a very clean and flat LiF(001) surface. For
scattering along low indexed strings of atoms in the surface
plane we observe structures in the angular distributions for
scattered atoms which can be assigned to diffraction effects
for fast atoms. From the analysis of diffraction patterns we
deduce regimes of coherence which are closely related to
the symmetry of scattering under planar as well as axial
surface channeling conditions.

In our experiments we have scattered neutral He atoms
(mass M � 3 amu and 4 amu) as well as H atoms, H2
molecules, D atoms, and D2 molecules with energies of
300 eV to 25 keV from a clean and flat LiF(001) surface
under a grazing angle of incidence of typically �in �
1 deg. The fast neutral beams were produced via neutrali-
zation of ions in a gas cell operated with He or Kr atoms in
the beam line in front of a UHV chamber (base pressure
some 10�11 mbar). The target surface was prepared by
cycles of grazing sputtering with 25 keV Ar� ions and
subsequent annealing to about 350 �C. The direction of the
incident beam was aligned along a h100i and h110i direc-
tion in the surface plane of the target, in order to achieve
conditions for axial surface channeling [11,13]. Scattered
projectiles are recorded at a distance of 66 cm behind the
target by means of a position sensitive channel plate de-
tector [14].
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In Fig. 1 we show a 2D plot of an angular distribution
recorded for scattering of 0.6 keV neutral H atoms from
LiF(001) under �in � 2:2 deg. The direction of the inci-
dent beam coincides with the h110i direction of the (001)
plane. In the plot a number of prominent streaks can be
identified. The spacings between adjacent streaks are
found to be independent of �in at constant projectile
energy Eo, but decreases with increasing Eo. The angular
distribution shown in Fig. 2 for scattering of 1 keV 4He
atoms under �in � 1:1 deg reveals an even larger number
of peaks.

From previous studies with metal surfaces on this topic
two prominent peaks at the azimuthal rims of the angular
distributions are expected [15,16]. Those peaks are inter-
preted in terms of ‘‘rainbow scattering’’ owing to the
quasisinusoidal variation of the scattering potential [17]

for axial channeling conditions. Here it is not possible to
explain the observed peak structures in terms of classical
scattering by corrugated potentials. In an alternative ap-
proach we analyzed our data in terms of diffraction phe-
nomena. Such an interpretation is also motivated by the
resemblance of the observed pattern with data for grazing
reflection of high energy electrons (RHEED) from surfaces
[18].

The general condition of constructive interference for
scattering from a periodic structure in real space is that the
scattering vector � ~k � ~kout � ~kin coincides with a recip-
rocal lattice vector ~g. This condition can be visualized in
the Ewald construction [4] as, e.g., applied for the analysis
of diffraction spots in LEED or RHEED. In Fig. 3 we have
sketched the planar reciprocal lattice (basis vectors ~g1 and
~g2) for the LiF(001) surface and the projection into this
plane of the wave vector ~kin of the incident particle. For
elastic scattering, i.e., j ~kinj � j ~koutj, diffraction spots ap-
pear under an azimuthal angle � where the tip of the
outgoing wave vector ~kout coincides with a vector ( ~g1,
~g2) of the reciprocal lattice (cf. Fig. 3).

For the data in Figs. 1 and 2 the wave vectors ~kin have a
modulus of 540 �A�1 and 1390 �A�1, respectively, which
exceeds by far for LiF(001) (lattice constant a � 2:014 �A)
the unit for the reciprocal lattice g � 3:12 �A�1. This is a
regime comparable to RHEED and leads to similar diffrac-
tion patterns as for high energy electrons. The azimuthal
angle between the (00) and a (11) spot derived for 600 eV
H atoms from the construction sketched in Fig. 3 is � �
���

2
p
g=kin � 0:46 deg which is consistent with twice the

 

FIG. 1 (color online). Intensity distribution on position sensi-
tive detector for scattering of 600 eV H atoms from LiF(001)
along h110i under �in � 2:2 deg. Color code: red �
high intensity, blue � low intensity.

 

FIG. 2 (color online). Intensity distribution on position sensi-
tive detector for scattering of 1 keV 4He atoms from LiF(001)
along h110i under �in � 1:1 deg.

 

FIG. 3. Ewald construction for the reciprocal lattice of the
surface plane of LiF(001). Note that lengths of vectors kin, kout

do not scale. For details, see text.
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angular splitting between adjacent peaks �� � �0:22	
0:02
 deg in Fig. 1. We therefore interpret the data dis-
played in Fig. 1 as �1 1
, (00), (11) reflexes. The �01
, (10)
reflexes in Fig. 1 appear at slightly larger exit angles in
between. This feature is more pronounced in the data for
1 keV 4He (cf. Fig. 2) where the smaller de Broglie
wavelength of 4:5 � 10�3 �A results in smaller angular spac-
ings between streaks which are in quantitative accord with
the calculations. For the higher energy we reveal an azi-
muthal intensity modulation for the streak pattern
(cf. Fig. 2).

For a more detailed investigation we scattered H, D,
3He, and 4He atoms as well as H2 and D2 molecules
from LiF(001) along the h100i and h110i directions. In
Fig. 4 we have plotted the azimuthal angular shift between
adjacent diffraction streaks as function of �dB for the
different projectiles. We find for both azimuthal directions
the expected linear behavior. A best fit to the two data sets
by a linear dependence yields slopes of �28:7	 0:9
 deg= �A
(h100i) and �20:1	 0:7
 deg= �A (h110i). This agrees well
with the values of 28:5 deg= �A and 20:1 deg= �A, calculated
from � � g=2� � �dB and � � g=

���

2
p

2� � �dB, respec-
tively. We conclude that the observed diffraction patterns
result from the coherence of the atomic beam during
scattering from the planar arrangement of lattice atoms
of the crystal surface. This compares to the conditions
for RHEED.

A closer inspection of Fig. 2 reveals that the diffraction
pattern is located on a circle of radius �in and shows high
intensities for the two outermost peaks. Both features are
attributed to the symmetry for scattering under axial sur-
face channeling, where projectile trajectories are steered
along strings of surface atoms by a scattering potential of
axial symmetry. This results in an intensity distribution of
circular shape with an extremum in deflection angle, the

so-called rainbow angle. For this angle the differential
cross section and the intensity of scattered projectiles is
enhanced (cf. pronounced outermost peaks in Figs. 2 and
5). In passing we note that this type of scattering provides a
sensitive tool for studies on atomic interaction potentials at
surfaces [15,16,19]. This regime of scattering plays an
important role for the observation of diffraction effects
for fast atoms, since scattering of projectiles out of the
collision plane leads to an intensity enhancement for scat-
tering into angles of higher diffraction orders than zero,
similar to the role of blazing for the grating of an optical
spectrometer or the diffraction of thermal He atoms from a
vicinal Pt(997) surface [20].

The second important aspect is the separation of the
motion of projectiles parallel and normal to atomic strings
for axial surface channeling. Then for grazing angles with
respect to a string the normal motion proceeds with veloc-
ity v? � vo sin�in and a correspondingly reduced de
Broglie wavelength by a factor sin�in, typically 2 orders
of magnitude smaller than �dB for vo of the incident atom.
The condition for constructive interference in a plane
normal to atomic strings is n�dB= sin�in � d sin� with d
being the distance between adjacent atomic strings and n
the diffraction order. � denotes the scattering angle in the
plane normal to strings, and diffraction spots appear for
sin� � n��dB=d
= sin�in. As a consequence, the diffrac-
tion angle for a given ratio �dB=d is enhanced by a factor
1= sin�in. In Fig. 5 we show the angular distribution for
3 keV 3He atoms scattered under �in � 1:1 deg (E? �
1:1 eV) along h110i where a fair number of diffraction
spots can be identified. The high intensity for the outermost
peaks is due to rainbow scattering. Compared to the dif-
fraction patterns at lower projectile energies (larger �dB) in
Figs. 1 and 2, the pattern shows axial symmetry with
respect to h110i strings, and streaks owing to the planar
lattice are no longer resolved. The angular positions of

 

〈 〉

〈 〉

FIG. 4. Azimuthal angular splitting �� as function of de
Broglie wavelength for scattering of H (�), D (�), 3He (�),
4He (), H2 (4), D2 (�) from LiF(001) along h100i (upper
curve) and h110i (lower curve). Dashed lines: best fit to linear
dependence � vs �dB.

 

FIG. 5 (color online). Intensity distribution on position sensi-
tive detector for scattering of 3 keV 3He atoms from LiF(001)
along h110i under �in � 1:1 deg. Circles with origin at direction
of atomic surface strings mark interval of angles around �in.
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peaks are observed to be independent ofEo for constant E?
up to projectile energies of about 20 keV. For a detailed
analysis of diffraction pattern as shown in Fig. 5 the
corrugation of the scattering potential at the surface has
to be taken into account which leads to a modulation of
intensities of diffraction spots.

In contrast to our studies with fast neutral atoms we did
not observe diffraction effects with incident ions. This
result is closely related to specific features concerning
the dissipation of projectile energy during grazing scatter-
ing from insulator surfaces. Since for neutral atoms with
keV energies electronic excitations are negligible, the en-
ergy loss for light atoms owing to binary collisions with
surface atoms under large impact parameters amounts to
less than 1 eV [21]. As a consequence, the energy (veloc-
ity) of the incident atoms is almost unchanged and well
defined during and after scattering. For scattering of ions,
however, Coulomb excitations of optical phonons play an
important role resulting in energy loss and straggling of
some 10 eV [22]. In simple terms, this latter process leads
to a smearing out of the wave vectors for the scattered
particles so that the substantial decoherence does no longer
allow one to detect diffraction effects. In this respect one
might detect diffraction of fast atoms also for scattering
from semiconductors, but we do not expect such effect for
scattering from metal surfaces, where electronic excita-
tions are already substantial for grazing scattering in the
keV domain.

In conclusion, we have observed atom diffraction for the
scattering of fast light neutral atoms and molecules from a
LiF(001) surface. In a regime of atomic collisions where so
far trajectories of scattered projectiles have been described
by classical concepts, we find signatures which can be
unequivocally attributed to quantum mechanical effects.
We observe two kinds of diffraction effects which are
closely related to specific features of axial surface chan-
neling. For kinetic energies of typically some 100 eV the
coherence results in diffraction from the planar surface
lattice comparable to, e.g., RHEED, whereas for projectile
energies in the keV domain the slow transverse motion
(transverse coherence) with respect to atomic strings might
lead to the observation of diffraction patterns for �dB as
low as 10�4 �A and possibly lower. A particular potential of
our work are studies on decoherence phenomena relevant
for the transition from quantum to classical scattering.
Such phenomena could be studied under our conditions
of scattering in detail. In this respect a more refined analy-
sis of the diffraction pattern provides valuable information
on the scattering process.

We thank the DFG (Project No. Wi 1336) for financial
support, and K. Maass and J. Sölle for their assistance in
the preparation of the experiments.

Note added in proof.—During completion of our studies
we learned of similar work performed by Roncin et al.
[23].
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