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(54) A device for reflecting beams of atoms or molecules

(57) The present invention relates to a device for co-
herently reflecting a beam of atoms or molecules, said
device comprising a crystalline substrate with a high-
quality surface on which a metal surface structure is de-
posited such that the specular reflectivity of the beam is

about 20 % or higher and a method for producing the
same. It further relates to an atom-optical apparatus con-
taining said device and its use in high vacuum or ultra-
high vacuum systems, and a method for reflecting a
beam of atoms or molecules by using said device.
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Description

[0001] The present invention relates to a device for
reflecting beams of atoms or molecules, in particular He
atoms or H2 molecules, a method for producing said de-
vice and a system, in particular a microscope or lithog-
raphy device, comprising said device. The present in-
vention also relates to a method for reflecting atoms or
molecules.
[0002] Helium (He) atom scattering is a powerful, well-
established technique for investigating the structural and
dynamical properties of surfaces, as it is described e.g.
in "E. Hulpke (Ed.) 1992, Helium Atom Scattering from
Surfaces, Springer Series in Surface Sciences Vol. 27,
Springer (Berlin)" and "D. Farias and K.H. Rieder, Rep.
Prog. Phys. 61, 1575 (1998)". Because of the low ener-
gies used (10-100 meV), neutral He atoms probe the
topmost surface layer of any material in an inert, com-
pletely nondestructive manner. This means that a Scan-
ning Helium Atom Microscope (SHeM), where a focused
beam of neutral He atoms is used as an imaging probe,
would be a unique tool for reflection or transmission mi-
croscopy, with a potential resolution of 20-50 nanome-
ters. It could be used to investigate glass surfaces, bio-
logical materials and fragile samples which are difficult
to examine by other methods, mainly due to the appear-
ance of sample charging or electron excitation effects.
[0003] The physical realisation of such a microscope
requires the development of a device (hereinafter also
referred to as "mirror") able to focus a beam of low energy
neutral He atoms into a small spot on the sample to be
examined.
[0004] Electrostatic bending of a hydrogen passivated
Si(111) crystal to focus a 2 mm He beam to a final spot
diameter of 210 microns is demonstrated in "B. Holst and
W. Allison, Nature (London) 390, 244 (1997)". However,
the most serious limitation for improving the resolution is
given by the low intensity obtained in the focused peak,
which is a consequence of the poor reflectivity of such
surfaces (∼ 2%).
[0005] It is also known in the art to use the combination
of microskimmers with Fresnel zone plates to focus a He
beam down to 1.5 micron as described in "R.B. Doak,
R.E. Grisenti, S. Rehbein, G. Schmahl, J.P. Toennies
and Ch. Wöll, Phys. Rev. Lett 83, 4229 (1999)". However,
again the very low intensity in the focused central peak
poses a serious limitation for use in a microscope. In fact,
as compared to mirror focusing, the use of Fresnel zone
plates implicates significant disadvantages: the focused
intensity is much smaller, it does not offer true white light
focusing and it suffers from chromatic aberrations.
[0006] US 2004/0238733 A1 discloses an atomic re-
flection optical element for an atomic wave designed to
increase the (coherent) reflectance of the atomic wave
by using a porous surface structure, a structure support-
ing a very thin film or a structure in which the insular
portion (reflection surface) of a reflection-diffraction grat-
ing is narrowed. The materials used for those structures

are silicon, silicon carbide or silicon nitride.
[0007] In the development of a device suitable to focus
a beam of low energy atoms, such as neutral He atoms,
the problem of using a surface for atom optics must be
considered at both the macroscopic level, where classi-
cal mechanics is applicable, and the microscopic level,
where quantum effects dominate.
[0008] At the macroscopic scale, the device must be
bent to a Cartesian reflector surface to avoid aberrations.
Recent results have shown that Si(111)-wafers with ap-
propriate properties can be produced by improved cur-
rent crystal cutting and polishing technologies.
[0009] The most serious problem arises at the micro-
scopic scale, as a consequence of the large cross section
for defects characteristic of He atom scattering, as de-
scribed in "B. Poelsema and G. Comsa, 1989, Scattering
of Thermal Energy Atoms from Disordered Surfaces,
Springer Tracts in Modern Physics vol. 115, Springer
(Berlin)". This requires surfaces of outstanding crystal-
line perfection, homogeneous over large scale lateral dis-
tances (10s of nanometers or more). Furthermore, the
surface must be inert, since the mirror surface must be
held atomically clean for long periods.
[0010] Semiconductor surfaces can be produced with
smaller density of steps and point defects than metal sur-
faces. However, the large charge corrugation at semi-
conductor surfaces results in a large loss of intensity from
the specular beam into several diffracted beams.
[0011] Metals, on the contrary, reflect He atoms mostly
into the specular beam, the diffracted ones being many
order of magnitude smaller. Unfortunately, metal crystals
as such are not suitable as mirrors. First, their surfaces
usually show a higher step/defect density. Furthermore,
most metals are highly reactive, it is difficult to produce
very thin metal crystals and the mechanical properties
are less desirable, in particular the crystals are prone to
display mosaic structures. Thus, a combination of a sem-
iconductor substrate covered by a layer of a suitable met-
al may provide a solution to the above problem. However,
such composite structures are difficult to prepare since
many metals show a persistent tendency to grow in a
three-dimensional (3D) mode, i.e. by forming 3D islands,
on most semiconducting surfaces.
[0012] It is therefore a first object of the present inven-
tion to provide a device for (coherently) reflecting a beam
of atoms or molecules without the disadvantageous prop-
erties as discussed above. It is a further object of the
present invention to provide a process for producing the
device in a reproducable and controlled manner. The de-
vice should have high specular reflectivity so that the
focused beam can be used in the operation of a micro-
scope or a lithography device or other atom-optical com-
ponents.
[0013] According to the present invention, the first ob-
ject is solved by a device for (coherently) reflecting a
beam of atoms or molecules, said device comprising a
crystalline substrate with a high-quality surface, e.g. a
(100) or (111) surface, on which a metal surface structure
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is deposited such that the specular reflectivity of the
beam is about 20 % or higher. Preferably, the crystalline
substrate is based on a semiconductor.
[0014] The present invention also relates to a method
for producing a device as defined in any of the preceding
claims, said method comprising the steps of:

a) providing under high vacuum or ultra-high vacuum
conditions a crystalline substrate with a high-quality
surface (clean or passivated);

b) depositing on top of the high-quality surface of the
crystalline substrate a metal to form a metal surface
structure such that it covers uniformly the crystalline
substrate on the atomic scale.

[0015] Furthermore, the present invention relates to a
microscope, in particular a scanning helium atom micro-
scope (SHeM), or a lithography device or another atom-
optical component using the device of the present inven-
tion, and to a high vacuum or ultra-high vacuum system
comprising said device, microscope or component.
[0016] Finally, the present invention relates to a meth-
od for reflecting, in particular focusing, a beam of atoms
or molecules by using a device as defined above, and to
a method for operating a microscope or a lithography
device using the scattering of atoms or H2 molecules,
under high vacuum or ultra-high vacuum conditions,
comprising providing a beam of atoms or molecules, re-
flecting the beam by using a device as defined above
and detecting the diffraction or transmission intensities
of the beam after interaction with a material to be exam-
ined.
[0017] As used herein, the terms "atoms" or "mole-
cules" also relate to those species which carry a charge,
i.e. ions of atoms and molecules, and which may be ma-
nipulated (reflected, focused) by using the devices and
methods of the present invention.
[0018] Preferred embodiments of the present inven-
tion are described in the dependent claims.

Brief Description of the Figures

[0019]

Figure 1 shows at the top and in the middle angular
scans of He scattered from the clean Si(lll)7x7 sur-
face. At the bottom, evolution of the He specular in-
tensity during the deposition of Pb on top of this sur-
face at 140 K is shown.

Figure 2 shows a series of 100 nm 3 100 nm STM
images recorded during the deposition of Pb on the
(√3x√3)Pb/Si(lll)R30 surface at 158 K. The (√3x√3)
Pb/Si(lll)R30 structure is prepared by depositing 1
ML of Pb on the clean Si(111)-(7x7) surface at 158
K, followed by a 5 minute anneal to 700 K to desorb
the excess Pb. The result of this preparation is the

ordered (√3x√3)Pb/Si(lll)R30 structure, with a total
Pb coverage of 1/3 ML. This coverage is defined with
respect to the unrecon-structed, bulk terminated Si
(111) surface, i.e. there is one Pb atom for 3 Si atoms.
The images have been taken with a sample bias of
3 V and correspond to 0.7 (1 min), 1.3 (2min), 2.0
(3min) and 6.6 ML (10min) of additional Pb. Figure
2e shows the evolution of the specularly reflected
He beam intensity during the deposition of Pb on top
of a (√3x√3)Pb/Si(lll) R30 surface at 114 K.

Figure 3 shows a series of 500 nm x 500 nm STM
images of a 6.6 ML-thick Pb film deposited at 158 K
and heated to different temperatures.

Figure 4 shows at the top a 500 nm x 500 nm STM
image of 7.1 ML-thick Pb film deposited at 98 K and
heated to 260 K. Most (94 per cent) of the surface
is covered with 7 ML Pb. Not a single step is visible
in the image. At the bottom, a He diffraction spectrum
corresponding to a surface covered with 4 ML Pb at
120 K is shown.

Figure 5 shows 2 mm x 2 mm (top) and 50 nm x 50
nm (bottom) STM images of the Si(111)/Pb-(√3x√3)
R30 structure according to the present invention.

Detailed Description of the Invention

[0020] As summarized above, the present invention is
based on a device for coherently reflecting a beam of
atoms or molecules comprising a crystalline substrate
with a high-quality surface on which a metal surface
structure is deposited such that the specular reflectivity
of the beam is about 20% or higher, preferably higher
than 50%, more preferably higher than 70%, for example
75% or 85%.
[0021] In this context, the term "high-quality surface"
as used herein means a surface which is cleaned and
treated by methods known in the art to provide a surface
which is atomically flat over lateral scales of the order of
one micron, for example 0.8 to 1.2 microns. Preferably,
the surface is atomically flat over a lateral scale of more
than one micron, for example, 1.2 or 1.5 microns, or more
preferably more than 2 microns, e.g. 5 microns or more,
or even 10 microns or more than 10 microns.
[0022] The preferred substrate surfaces are (100) and
(111) surfaces, in particular those of semiconductor sub-
strates like Si or Ge cut along the (111) plane. In partic-
ular, a high-quality semiconductor substrate surface is a
Si(111) surface treated under vacuum conditions, i.e.
high vacuum conditions characterized by very low pres-
sures of 10-10 to 10-11 mbar, to result in a Si(111)-(7x7)
surface. One process for preparing such a surface is to
outgas the Si(111) sample at 900 K for a prolongated
period of time (6-24 hours, depending on sample quality).
The oxide layer that covers the surface is then removed
by flashing the substrate to 1450 K for 15 seconds watch-
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ing that the pressure does not exceed 1310-9 mbar. The
sample temperature is then decreased slowly to room
temperature at a rate of about 1 K per second. Such a
procedure leads to the appearance of excellent helium
diffraction patterns from the 7x7 surface reconstruction
of Si(111), as shown in Figure 1 in the angular scans of
helium scattered from that surface. Another well-known
process for preparing such a surface is via anisotropic
etching reactions conducted outside the vacuum cham-
ber, as detailed in D. Baredo et al., Surf. Scie. 601 (2007)
24-29. For example, Si wafers having a Si(111)(7x7) sur-
face may be used. These wafers may have a thickness
in the range up to to 1000 microns, in particular 5 to 500
or 300 to 500 microns, e.g. about 500 microns. However,
depending on the mechanical requirements and the de-
sign of the system in which the substrate is to be used
other thicknesses may be used. For example, a thickness
in the range from 5 to 100 microns such as 50 microns
may be preferred.
[0023] The metal surface structure deposited on the
high-quality semiconductor substrate surface, in partic-
ular a Si(111)-(7x7) surface, can be (and preferably is)
prepared according to the following procedure.
[0024] In general, a suitable metal, in particular a metal
selected from the group consisting of Pb, Sn, Ag, Au, Al
and Pb or mixtures thereof, in particular Pb, is deposited
under high vacuum or ultra-high vacuum conditions at
temperatures at about room temperature, i.e. at about
300 K. The metal may also be deposited at temperatures
below room temperature, for example, at temperatures
in the range from 90 to 200 K, for example, 90 to 150 K.
It will be understood by the person skilled in the art that
those temperatures may vary depending on the chemical
nature of the metal.
[0025] The metal is generally deposited on the surface
by physical vapor deposition, i.e. by evaporation from a
suitable source of metal, e.g. a Knudsen cell, at rates of
0.1 to 2.0 ML/min, more preferably 0.1 to 1.0 ML/min, in
particular 0.1 to 0.7 ML/min, for example 0,5 ML/min.
[0026] In this context, the term monolayer (ML) means
three times the coverage in the well-ordered (√3x√3)
Pb/Si(lll)R30 structure (see above).
[0027] After deposition of a desired amount of metal,
for example 1 ML or more, for example 2, 3, 4, 5, 6, 7,
9, 10, 11, 12 or 13 ML, the metal surface structure thus
formed may be subjected to an annealing (heating) pro-
cedure to modify and to improve the structure of the met-
al/semi-conductor composite material to enhance the
specular reflectivity of a beam of atoms or molecules
scattered from such surface.
[0028] In general, the annealing step may be conduct-
ed at temperatures from room temperature to about 800
K, for example in a temperature range from 300 to 700
K, in particular 500 to 700 K, preferably at about 700 K.
During the annealing step (hereinafter also referred to
as heating step), the temperature may be raised at a rate
of 1 K/sec. The end temperature may be held constant
for time periods of several minutes, e.g. 1 to 10 minutes,

in particuar 1 to 5 such as 3 minutes.
[0029] Heating the metal films, in particular a Pb film,
will produce an atomic rearrangement which further in-
creases the helium intensity specularly reflected as larg-
er areas of the film may become atomically flat, in par-
ticular defect free. Also, excess metal may be removed
from the surface.
[0030] According to a preferred embodiment of the
present invention, after depositing a first amount of metal,
and subsequent heating of the metal surface structure
thus formed, a second amount of metal may be depos-
ited. Again, after deposition of the second amount of met-
al, heating may be applied.
[0031] According to the present invention, it has been
found that metal films having a layer thickness of 1, 3, 5,
7, 9, 11, 13 MLs (after heating to the temperature range
in which each of them are stable) show good stability and
reflectivity properties. Without being bound to a theory,
it is believed that those thicknesses are stabilized by dis-
crete Quantum Well States.
[0032] A preferred structure produced by the proce-
dures of the present invention described above is a Si
(111)/Pb-(√3x√3)R30 structure with a total Pb coverage
of about 1/3 ML, which is obtained after depositing 1 ML
of lead on top of Si(111)7x7 high-quality surface and sub-
sequent annealing to about 700 K for 3 minutes. STM
images of this preferred structure are shown in Figure 5.
The high helium specular reflectivity of this surface is
shown in the bottom spectrum of Figure 4. Other pre-
ferred structures are selected from the group consisting
of (2x1), (2x2), (2x4), c(8x4) and c(4x4) Pb structures on
Si(100).

Examples

[0033] The following examples further illustrate the in-
vention.
[0034] The experiments are carried out in two different
UHV (=Ultra-High Vacuum) chambers with base pres-
sures in the low 10-11 Torr. In this context, it is noted that
the terms "High Vacuum" and "Ultra-High Vacuum" are
known to the person skilled in the art. Throughout this
specification, they have the meaning commonly used in
the art. The first one contains a variable temperature
Scanning Tunneling Microscope (STM), whereas the
second chamber is a high-resolution He scattering ap-
paratus with a time-of-flight arm and a fixed angle of
106.8˚ between incident and outgoing beam [12]. Both
chambers offer the capability to evaporate in-situ, a rear
view Low Energy Electron Diffraction (LEED) optics that
is also used for Auger Electron Spectroscopy (AES), ion
gun and mass spectrometer. High-quality Si(111) wafers,
0.5 mm thick, cleaned by standard methods prior to in-
sertion in the UHV chambers, are used as substrates.
Inside the vacuum the samples are in general cleaned
by heating to 1400 K while keeping the base pressure in
the 10-10 Torr regime, which leads to the appearance of
excellent He diffraction patterns from the 7x7 surface re-
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construction of Si(111), as shown in Fig. 1. STM exam-
ination of the clean surfaces shows atomically resolved
terraces larger than 2 microns, confirming the very low
misalignment of the wafers. Pb is evaporated from Knud-
sen cells at slow rates of 0.1-0.7 ML/min, while the sam-
ples are either in the microscope or in the He diffractom-
eter at 90-150 K.

Example 1

Deposition of Pb on a Si(111)7x7 surface

[0035] The bottom graph of Fig. 1 shows the specular
intensity of He measured during the deposition of Pb on
Si(111)7x7 at 140 K. The initial specular intensity from
Si(lll)7x7 is fairly small (105 counts/sec) as most of the
intensity goes into the numerous diffracted beams (see
Fig. 1). Apart from a first weak maximum upon completion
of the wetting layer (i.e. the layer formed after depositing
about 2/3 ML of Pb), the reflected intensity is negligible
for the first 4 ML of Pb. It reaches a maximum 18 times
more intense than on the starting surface for a 4 ML-thick
Pb film, which corresponds to the completion of the magic
islands that are the first stage of the growth. From that
moment on, the intensity oscillates as new layers are
added, basically in a layer by layer fashion.

Example 2

Deposition of Pb on a (√3x√3)Pb/Si(lll) surface struc-
ture

[0036] Growing directly on the Si(111) 7x7 substrate
never results in films of enough lateral perfection. If the
surface is prepared, however, to present the (√3x√3)
Pb/Si(111)R30 structure, subsequent deposition of Pb
leads to films of much higher perfection. The (√3x√3)
Pb/Si(111)R30 structure is prepared as described above.
The resulting surface was examined by STM. Fig. 2b
shows the specular intensity recorded during deposition
of Pb on (√3x√3)Pb/Si(lll)R30 at 114K. Well defined os-
cillations are detected in a wide temperature range
(100-160 K). There is a hint of a first maximum at 1/3 of
a ML, followed by clear maxima which are separated by
the time needed to deposit a single monolayer from 2 to
7 ML. Then, maxima in the specular intensity are ob-
served every 2 MLs.
[0037] The diffraction spectrum corresponding to 4
ML, recorded along the [110] azimuth, is shown in the
middle of Fig. 1. Only specular diffraction is observed in
the angular distribution, as expected from a close-packed
metal surface. A similar spectrum is obtained along the
[121] azimuth (not shown). The specular intensity
amounts to 20% of the incoming He beam intensity,
which represents an improvement of more than one order
of magnitude with respect to the results obtained from
hydrogen passivated Si(111) surfaces (as reported in D.
Barredo et al., Surf. Sci. 601, 24 (2007)).

[0038] Fig. 2 shows a series of STM images recorded
for increasing Pb coverages during deposition on the
(√3x√3)Pb/Si(111) surface at 158 K which are charac-
teristic of the surface morphology in the 100-150 K range.
[0039] Fig. 2a shows the surface covered with 0.7 ML
of Pb and illustrates the presence of a dense array of
small features 2 Å’ high that cover uniformly the substrate.
This coverage corresponds to the wetting layer. All film
thicknesses are given here above the wetting layer,
which corresponds, as indicated, to 2/3 of ML of Pb. For
1.3 and 2.0 MLs of Pb (see. Fig. 2b and 2c, respectively),
the surface consists of small islands with a size that in-
creases with the coverage, but that remains smaller than
the coherence length of the incoming He beam. The large
density of island boundaries and defects is consistent
with the small reflected intensity of He before the maxi-
mum at 2 ML. Fig. 2d shows that, by the time the specular
intensity displays clear oscillations, the surface contains
islands, typically 250 A wide. The difference in height
across the image is 1 ML. The Pb islands show an atom-
ically flat top, (111)-oriented, as demonstrated by atomic
resolution images (not shown). Each island is a (111)-ori-
ented Pb nanocrystallite, where electrons from the sp
band of Pb are efficiently confined between the vacuum
barrier and the Si band gap around the Fermi energy.
Each Pb crystallite, then behaves as a 1D quantum well.
The confinement discretizes the s-p band of Pb and the
corresponding Quantum Well States (QWS) can be de-
tected by local tunnelling spectroscopy performed on top
of islands of different heights or by Angular Resolved
Photoelectron Spectroscopy.
[0040] Observation with STM reveals that the films de-
posited at low temperature are continuous, but "atomi-
cally rough", i.e. they usually contain significant fractions
of (at least) three adjacent atomic layers, i.e. a 8 ML-thick
film deposited at 136 K contains 25.4 percent of 9 ML,
39 percent of 8 ML and 36.5 percent of 7 ML (always
above the wetting layer).
[0041] STM performed in situ at variable temperature
is used to follow the evolution of the morphology of the
films during a quasistatic annealing with a temperature
ramp of 1K per minute. Heating the Pb films produces
an atomic rearrangement and a further increase in the
He intensity specularly reflected, as larger areas of the
film becomes atomically flat. The maximum reflected in-
tensity is approximately the same (7 x 106 c/s) for thick-
nesses of 1, 3, 5, 7, 9, 11, 13 MLs upon heating to the
temperature range in which each of them are stable.
Without being bound to a theory, it is believed that those
thicknesses are stabilized by discrete Quantum Well
States.
[0042] Fig. 3 shows the snapshots from an STM movie
recorded during the heating of a 6.6 ML Pb film. The film
shows a flat granular structure with no change up to 180
K. Above 200 K, the dominant height start to decompose
and pits that reach the wetting layer appear. The image
at 268 K illustrates the decomposition of the film in 9, 11
and 13 ML-high regions, i.e some of the magic heights.
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The dark areas correspond to the wetting layer.
[0043] Figure 4 shows the surface morphology of a 7.1
ML thick film of Pb deposited at 114 K and annealed to
260 K. The film is atomically flat and most of the surface
(94 per cent) is 7 ML-thick. Only 5 per cent of the surface
is occupied by 9 ML-thick regions (bright areas) and a 1
per cent for 5 ML-thick regions imaged as dark small
islands. Notice that not a single step is visible in the im-
age. Very large scale STM images indicate that the film
at 260 K is atomically flat over lateral scales larger than
10 microns. In these conditions, the total reflectivity for
He atoms is 20 percent of the incident He beam (at 21
meV), that is, 20 times higher than for Si(lll)-H(lxl) pas-
sivated surfaces under similar scattering conditions (as
reported in D. Barredo et al., Surf. Sci. 601, 24 (2007)).
[0044] The above results show that Quantum Size Ef-
fects can be used to stabilize close to room temperature
atomically flat films of Pb grown on Si(111), with the same
degree of perfection as the substrate. A He specular re-
flectivity of 50% can be obtained from these Pb/Si(lll)
surfaces working at θi = 53.4˚ and Ei = 21 meV. At a
larger angle of incidence (θi ∼ 70˚) and an incidence en-
ergy close to Ei ∼ 10 meV, specular reflectivity values as
large as ∼ 70% can be obtained. This means that a Scan-
ning Helium Atom Microscope designed to work under
this conditions and using a mirror based on a crystalline
substrate, in particular a semiconductor/metal system as
described above will have a signal more than one order
of magnitude larger than in current prototypes, which will
result in greatly enhanced resolution.
[0045] The device of the present invention can advan-
tageously be used in an atom-optical apparatus. Non-
limiting examples of apparatuses are a microscope, a
scanning helium atom microscope, a lithography device,
a holography device, an interferometer or a cooling de-
vice for atomic beams, or indemagnifying mirrors or other
atom-optical apparatuses. In particular, it can be used
as a means for focusing a beam of atoms or molecules.
[0046] The following documents, of which some have
been explicitly referred to above, have been considered
in the context of the present invention.
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Claims

1. Device for coherently reflecting a beam of atoms or
molecules comprising a crystalline substrate with a
high-quality surface on which a metal surface struc-
ture is deposited such that the specular reflectivity
of the beam is about 20 % or higher.

2. Device according to claim 1, wherein the crystalline
substrate is a semiconductor.

3. Device according to claim 1 or claim 2, wherein the
atoms or molecules are selected from the group con-
sisting of He atoms, Ne atoms, H2 molecules or O2
molecules.

4. Device according to any one of the preceding claims,
wherein the crystalline substrate is based on silicon
or germanium.

5. Device according to any one of the preceding claims,
wherein the crystalline substrate is a silicon wafer.

6. Device according to any one of the preceding claims,
wherein the metal is selected from the group con-
sisting of lead, tin, silver, gold, copper and aluminium
or mixtures thereof.

7. Device according to any one of the preceding claims,
wherein the crystalline substrate is a silicon wafer
having a Si(111)(7x7)-surface which is atomically flat
over lateral scales of the order of 1 micron.

8. Device according to any one of the preceding claims,
wherein the substrate with the metal surface struc-
ture is selected from the group consisting of (2x1),
(2x2), (2x4), c(8x4) and c(4x4) Pb structures on Si
(100) and a (√3x√3)Pb/Si(100)R30 structure.

9. Device according to any one of the preceding claims,
wherein the metal structure has a height of 2, 3, 4,
5, 6, 7, 8, 9, 20 or more layers.

10. Method for producing a device as defined in any of
the preceding claims, said method comprising the
following steps:

a) providing under high vacuum or ultra-high
vacuum conditions a crystalline substrate with
a high-quality surface;
b) depositing on top of the high-quality surface
of the crystalline substrate a metal to form a met-
al surface structure.

11. Method according to claim 9, further comprising a
heating step after step (b) to improve the surface
structure and/or to desorb a certain amount of the
metal deposited in step (b).

12. Method according to claim 10, wherein subsequently
to the heating step further metal is deposited and
potentially subjected to a further heating step.

13. Method according to claim 10 or claim 11, wherein
the heating step is conducted in the temperature
range of 650 to 750 K, in particular at about 700 K.

14. Atom-optical apparatus, containing a device as de-
fined in any of claims 1 to 9 or as prepared according
to any of claims 10 to 13.

15. Atom-optical apparatus according to claim 14,
wherein the atom-optical apparatus is selected from
the group consisting of a microscope, a scanning
helium atom microscope (SHeM), a lithography de-
vice, a holography device, an interferometer or a
beam-cooling device.

16. High vacuum or ultra-high vacuum system compris-
ing a device as defined in any of claims 1 to 9 or as
prepared according to any of claims 10 to 13, or an
atom-optical apparatus according to claim 14 or 15.

17. Method for focusing a beam of atoms or molecules
by using a device as defined in any of claims 1 to 9
or as prepared according to any of claims 10 to 13.

18. Method for operating an atom-optical apparatus as
defined in any of claims 14 and 15 using the scat-
tering of atoms or molecules, under high vacuum or
ultra-high vacuum conditions, comprising providing
a beam of atoms or molecules, reflecting the beam
by using a device as defined in any of claims 1 to 9
or as prepared according to any of claims 10 to 13,
and detecting the diffraction or transmission intensi-
ties of the beam after interaction with a material to
be examined.

19. Method according to claim 18, wherein the beam is
focused.

11 12



EP 2 061 039 A1

8



EP 2 061 039 A1

9



EP 2 061 039 A1

10



EP 2 061 039 A1

11



EP 2 061 039 A1

12



EP 2 061 039 A1

13



EP 2 061 039 A1

14



EP 2 061 039 A1

15



EP 2 061 039 A1

16

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• US 20040238733 A1 [0006]

Non-patent literature cited in the description

• Helium Atom Scattering from Surfaces. Springer Se-
ries in Surface Sciences, 1992, vol. 27 [0002]

• D. FARIAS ; K.H. RIEDER. Rep. Prog. Phys., 1998,
vol. 61, 1575 [0002]

• B. HOLST ; W. ALLISON. Nature (London), 1997,
vol. 390, 244 [0004] [0046]

• R.B. DOAK ; R.E. GRISENTI ; S. REHBEIN ; G.
SCHMAHL ; J.P. TOENNIES ; CH. WÖLL. Phys.
Rev. Lett, 1999, vol. 83, 4229 [0005]

• Scattering of Thermal Energy Atoms from Disordered
Surfaces, Springer Tracts. B. POELSEMA ; G.
COMSA. Modern Physics. Springer, 1989, vol. 115
[0009]

• D. BAREDO et al. Surf. Scie, 2007, vol. 601, 24-29
[0022]

• D. BARREDO et al. Surf. Sci., 2007, vol. 601, 24
[0037] [0043]

• Helium Atom Scattering from Surfaces. Springer Se-
ries in Surface Sciences. Springer, 1992, vol. 27
[0046]

• D. FARIAS ; K. H. RIEDER. Rep. Prog. Phys., 1980,
vol. 61, 1575 [0046]

• R.B. DOAK ; R.E. GRISENTI ; S. REHBEIN ; G.
SCHMAHL ; J.P. TOENNIES ; CH. WÖLL. Phys.
Rev. Lett., 1999, vol. 83, 4229 [0046]

• Scattering of Thermal Energy Atoms from Disordered
Surfaces. B. POELSEMA ; G. COMSA. Springer
Tracts in Modern Physics. Springer, 1989, vol. 115
[0046]

• R. J. WILSON ; B. HOLST ; W. ALLISON. Rev. Sci.
Instrum., 1999, vol. 70, 2960 [0046]

• Z. ZHANG ; Q. NIU ; CH.-K. SHIH. Phys. Rev. Lett.,
1998, vol. 80, 5381 [0046]

• L. GAVIOLI ; K. R. KIMBERLIN ; M.C.
TRINGIDES ; J.F. WENDELKEN ; Z. ZHANG.
Phys. Rev. Lett., 1999, vol. 82, 129 [0046]

• R. OTERO ; A.L. VAZQUEZ DE PARGA ; R. MI-
RANDA. Phys. Rev. B, 2002, vol. 55, 10791 [0046]

• M. HUPALO ; M.C. TRINGIDES. Phys. Rev. B,
2002, vol. 65, 115406 [0046]

• V.B. SANDOMIRSKII. Sov. Phys. JETP, 1967, vol.
25, 101 [0046]

• H.J. ERNST ; E. KULPKE ; J. P. TOENNIES. Phys.
rev. B, 1992, vol. 66, 16081 [0046]

• K. BUDDE ; E. ABRAM ; V. YEH ; M.C. TRING-
IDES. Phys. Rev. B, 2000, vol. 61, R10602 [0046]

• M. OZER ; Y. JIA ; B. WU ; Z. ZHANG ; H. WEITER-
ING. Phys. Rev. B, 2005, vol. 72, 113409 [0046]

• M.H. UPTON ; C.M. WEI ; M.Y CHOU ; T. MILLER ;
T.-C. CHIANG et al. Phys. Rev. Lett., 2004, vol. 93,
026802 [0046]

• B.J. HINCH ; C. KOZIOL ; J,P. TOENNIES ; G.
ZHANG. Europhys. Lett., 1989, vol. 10, 341 [0046]

• J.H. DIL ; J.W. KIM ; S. GOKHALE ; M.
TALLARIDA ; K. HORN. Phys. Rev. B, 2004, vol.
70, 045405 [0046]

• Y.-F. ZHANG et al. Surf. Sci., 2005, vol. 596, L331
[0046]

• P. SAALFRANK. Surf. Sci., 1992, vol. 274, 449
[0046]

• D. BARREDO ; F. CALLEJA ; A. WEEKS ; P.
NIETO ; J.J. HINAREJOS ; G. LAURENT ; A.L.
VAZQUEZ DE PARGA ; D. MAC LAREN ; D.
FARIAS ; W. ALLISON. Surf. Sci., 2007, vol. 601,
24 [0046]

• R.C. JAKLEVIC ; J. LAMBE. Phys. Rev. B, 1975,
vol. 12, 4146 [0046]

• M. JALOCHOWSKI ; E. BAUER ; H. KOPPE ; G.
LILIENKAMP. Phys. Rev. B, 1992, vol. 45, 13607
[0046]

• Y. GUO et al. Science, 2004, vol. 306, 1915 [0046]
• D. EOM et al. Phys. Rev. Lett., 2006, vol. 96, 027005

[0046]
• F. CALLEJA ; M.C.G. PASSEGGI JR. ; J.J.

HINAREJOS ; L. VAZQUEZ DE PARGA ; R. MI-
RANDA. Phys. Rev. Lett., 2006, vol. 97, 186104
[0046]

• P. CZOSCHKE ; H. HONG ; L. BASILE ; T.-C. CHI-
ANG. Phys. Rev. Lett., 2004, vol. 93, 036103 [0046]

• L. ABALLE ; A. BARINOV ; A. LOCATELLI ; S.
HEUN ; M. KISKINOVA. Phys. Rev. Lett., 2004, vol.
93, 196103 [0046]

• P. CZOSCHKE ; H. HONG ; L. BASILE ; T.-C. CHI-
ANG. Phys. Rev. Lett., 2003, vol. 91, 226801 [0046]

• BERKHOUT JJ ; WALRAVEN JTM. Scattering of
Hydrogen-Atoms From Liquid-Helium Surfaces.
Physical Review B, 01 April 1993, vol. 47 (14),
8886-8904 [0046]



EP 2 061 039 A1

17

• He-Scattering: A Gentle and Sensitive Tool. R. B.
DOAK. Surface Science. Springer-Verlag, 1992
[0046]

• D. BARREDO ; F. CALLEJA ; A.E. WEEKS ; P.
NIETO ; J.J. HINAREJOS ; G. LAURENT ; A.L.
VAZQUEZ DE PARGA ; D.A. MACLAREN ; D.
FARIAS ; W. ALLISON. Si(111)-H(1x1): A mirror for
atoms characterized by AFM, STM, He and H2 dif-
fraction. Surf. Sci., 2007, vol. 601, 24-29 [0046]

• BLOCH I ; KOHL M ; GREINER M ; HANSCH TW ;
ESSLINGER T. Optics with an atom laser beam.
Physical Review Letters, 16 July 2001, vol. 87 (3
[0046]

• SABA CV ; BARTON PA ; BOSHIER MG ; HUGH-
ES IG ; ROSENBUSCH P ; SAUER BE ; HINDS EA.
Reconstruction of a cold atom cloud by magnetic fo-
cusing. Physical Review Letters, 18 January 1999,
vol. 82 (3), 468-471 [0046]

• DA MACLAREN ; W ALLISON. Microscopy with
atomic beams: Contrast in a Scanning Helium Micro-
scope Inst. Phys. Conf. Ser., 2004, vol. 179 (10),
383-388 [0046]

• ROACH TM ; ABELE H ; BOSHIER MG ; GROSS-
MAN HL ; ZETIE KP ; HINDS EA. Realization Of a
Magnetic-Mirror For Cold Atoms. Physical Review
Letters, 24 July 1995, vol. 75 (4), 629-632 [0046]


	bibliography
	description
	claims
	drawings
	search report

