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Flexible thin metal crystals as focusing mirrors for neutral atomic beams
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The development of novel reflective optical elements is essential to improve the focusing of neutral atomic
beams. The recent availability of commercial thin crystals led to a renewed interest in curved mirrors as reflective
elements for He microscopy. We have investigated the reflectivity to incoming He atoms of Cu(111), Ni(111),
and Ru(0001) crystals of thickness between 50 and 150 μm. The results have been compared with the ones
obtained from bulk crystal surfaces. Our study reveals that a 100 μm thick Cu(111) crystal is the best candidate
to be employed as a curved mirror, with an absolute reflectivity of 20% and a long-range crystalline order larger
than 200 nm. In contrast, much lower reflectivities (3%–14%) have been measured for thin Ni(111) and Ru(0001)
crystals. Finally, we show that a thin (100 μm) Cu(111) crystal can be bent by an electrostatic field to focus
an incoming He beam to a spot of 350 μm. Due to the focusing properties of the mirror, a direct beam with
less collimation can be used, leading to a larger reflected intensity. The absolute focused intensity is two orders
of magnitude larger than previously reported. This represents a big step forward towards achieving the goal of
building a high-resolution scanning helium atom microscope.
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I. INTRODUCTION

Thermal energy neutral helium atoms probe the outermost
surface layer of any material in an inert, completely nonde-
structive manner [1]. Due to the low energies used (usually
less than 100 meV), the interaction occurs through the electron
density distribution of the topmost surface atoms. Thus, He
atoms are ideally suited to investigate all kinds of materials, in-
cluding insulating and/or fragile surfaces, biological samples,
or polymeric nanostructures, without damaging them. One of
the crucial challenges for the construction of high-resolution
He microscopes is the development of optical elements that
can handle the focusing of neutral He atoms.

In order to solve this problem, two main paths have been
pursued in the last decade: diffractive optical elements using
Fresnel zone plates [2–4], and reflective elements using curved
mirrors [5,6]. By using Fresnel zone plates, the helium beam
has been focused below 1 μm [3]. However, a major problem
with Fresnel zone plates is that they suffer from chromatic
aberrations, in addition to the low intensity of the focused beam
(approximately 5%–10% of the incident beam). Chromatic
aberration is an issue for He microscopy, because the He
beam, generated by a supersonic expansion, will always
have a given velocity distribution [7,8]. The use of curved
mirror surfaces could solve these limitations. Besides being
inherently achromatic, mirrors can focus an incident beam with
a diameter of several millimeters, leading to higher focused
beam intensities.

Creating surfaces that are both curved and smooth at the
atomic scale is a major challenge. Due to the high sensitivity of
He atoms to surface defects, their density must be very low [9].
A good candidate to be used as a mirror is a thin semiconductor
crystal, like Si(111), since their surfaces can be manufactured
with larger terraces and smaller density of defects than metal
surfaces. This approach has been followed in the past, using

electrostatically bent thin Si(111) crystals as mirrors. However,
two main problems persist when semiconductor crystals are
used: the poor flexibility and the large surface corrugation
compared to metal crystals. The former is essential to bend
the crystal electrostatically, whereas the latter imposes a
limitation to the intensity of the specular peak. In effect,
highly corrugated surfaces lead to the appearance of many
diffraction channels, causing a loss in intensity of the specular
peak [1]. As a consequence, the absolute specular reflectivity
for Si(111) is with approximately1% considerably smaller than
the high reflectivity measured for metal surfaces (from 15% to
40%) [10,11].

Until now, technical restrictions limited the thickness of
the metal crystals used. However, nowadays commercial
crystals of about 50 μm are available for many metals. This
characteristic allows the manipulation of metallic surfaces and
the possibility of a controlled bending of the metal itself. But
so far no investigations have been reported on the surface
quality and the long-range order of these thin crystals, which
are determinant factors of the quality of the reflected He beam.

We have studied four different thin crystal surfaces:
Cu(111) of 100 μm, Ni(111) of 100 and 50 μm, and Ru(0001)
of 150 μm. In order to asses the quality of these surfaces,
these results have been compared with data measured from
bulk crystals of the same metals. These metals are especially
interesting from the point of view of their use as mirrors
for He atoms, since a graphene layer can be grown on
Ru(0001), Ni(111), and Cu(111). This keeps the surface
clean and stable even after exposure to ambient conditions,
while the absolute reflectivity remains high: more than 20%
for graphene/Ru(0001) [12,13] and graphene/Ni(111) [11,14],
and 5% for graphene/Cu(111) [15,16]; in addition, the surfaces
maintain their reflectivity in vacuum for periods of weeks
or month, a huge advantage for microscopy applications.
In our current study, we demonstrate that a thin (100 μm)
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Cu(111) crystal exhibits the largest ordered domains, and
that its flexibility allows focusing He atoms with a very high
reflectivity.

II. EXPERIMENTAL DETAILS

Three different thin metal crystals from MaTecK have been
used in this study: Cu(111), Ni(111), and Ru(0001). The
crystals are disks with a diameter of 10 mm and with different
thicknesses: 100 μm for Cu(111), 100 and 50 μm for Ni(111),
and 150 μm for Ru(0001). A comparison has been made with
results obtained with Cu(111), Ni(111), and Ru(0001) bulk
crystals. These samples are 2 mm thick, and have disk shapes,
with a diameter of 8 mm.

The crystals were mounted on a sample holder which can be
heated by electronic bombardment and cooled down to 100 K
using liquid nitrogen. The surface temperature was measured
with a C type thermocouple spot welded to the sample edge.
For the thin crystals, the mounting has been modified to
prevent a deformation of the thin crystals themselves. For this
purpose, the sample has been placed between a molybdenum
disk at the bottom and a molybdenum ring with an aperture
of 5 mm on top, and tightened so that the sample remains
as flat as possible during the preparation procedure. The
electrostatic bending of the sample was achieved by removing
the molybdenum disk, allowing the free movement of the thin
crystals. The sample, electrically grounded with the upper
electrode (the molybdenum ring), remained insulated from
the lower electrode (the filament) by a sapphire ring, allowing
high voltage application to the electrode structure.

Clean metal surfaces were prepared in situ in UHV by
15 min cycles of ion sputtering [0.6 keV for Cu(111), 1 keV for
Ni(111) and Ru(0001) with PAr � 2 × 10−5 mbar] followed
by flash annealing at approximately 850 K for the Cu(111)
and 1170 K for Ru(0001) and Ni(111). Few cycles (2–3)
were found to be enough to prepare the thin crystal surfaces,
in comparison to more than ten cycles needed for the bulk
crystals. Surface cleanliness and order were checked by
looking at the angular distribution of the specularly reflected
He beam.

Characterization by helium atom scattering (HAS) was
carried out using the HAS apparatus located at LASUAM
(Laboratorio de Superficies de la Universidad Autónoma de
Madrid). The scattered He atoms are recorded by a quadrupole
mass spectrometer mounted on a two-axis goniometer. This
configuration allows the determination of the absolute diffrac-
tion reflectivities by recording directly the incident beam
intensity [17]. The incident beam energy can be changed by
cooling or heating of the platinum nozzle. The collimation
of the incident beam can be varied by a diaphragm whose
diameter can be changed through a rotary disk with apertures
of different diameters (400–4000 μm), leading to beam sizes
of 1.2 until 12.2 mm, respectively, at the sample position.

III. RESULTS AND DISCUSSION

Figure 1(a) shows a comparison of angular distributions of
He atoms scattered from the four thin different metal surfaces:
100 μm Cu(111), 50 and 100 μm Ni(111), and 150 μm
Ru(0001). The intensity (I ) of the specular peaks has been

FIG. 1. (a) Angular distributions of He atoms scattered from
different thin crystals: 100 μm Cu(111) (blue), with a beam energy
Ei = 64 meV; 50 μm Ni(111) (green) at Ei = 64 meV and 100 μm
Ni(111) (black) at Ei = 28 meV, and 150 μm Ru(0001) (red)
at Ei = 28 meV. (b) Comparison of He reflection from Cu(111)
with two different thicknesses at the same experimental conditions
(Ei = 64 meV and TS = 90 K): 2 mm crystal (black) and 100 μm
thin crystal (red).

normalized with respect to the intensity of the incident beam
(I0). Since the intensity and width of the specular peaks depend
on the quality of the surface, it is clear that the best result is
obtained for the Cu(111) thin crystal (blue). The specular peak
of the Cu(111) surface has a FWHM of 1◦, which corresponds
roughly to the angular resolution of the HAS machine. An
estimation of the domain size w is given by the relationship
FWHM ∼ 1/w, where w is known as transfer width that
corresponds to the largest period of the grating which can be
straightforwardly resolved with a given instrument [7]. Thus,
the average terrace size of Cu(111) surface is at least 200 nm,
i.e., one order of magnitude larger than the transfer width of
our system. The specular absolute reflectivity is 20% for an
incident energy Ei = 64 meV.
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TABLE I. Summary of results obtained for thin and bulk crystals.

Crystal Thickness Ei (meV) Reflectivity FWHM Terrace size

Cu(111) 100 μm 64 20% 1◦ >200 nm
Ni(111) 100 μm 28 14% 1.7◦ 49 Å
Ni(111) 50 μm 64 3% 2.5◦ 20 Å
Ru(0001) 150 μm 28 5% 1.4◦ 89 Å
Cu(111) 2 mm 64 11% 1.5◦ 52 Å
Ni(111) 2 mm 64 43% 1◦ >200 nm
Ru(0001) 2 mm 28 53% 1.1◦ >200 nm

For the other thin crystals investigated the measured FWHM
for the specular peak is larger, and an estimation of the
corresponding domain size can be obtained from the surface
coherence length [18,19]. The specular peak of the 100 μm
Ni(111) sample (black) has a FWHM of 1.7◦, which gives an
average terrace size of 5 nm, smaller than the one measured
for bulk Ni(111) crystal (>200 nm). Likewise, the absolute
specular intensity is 14% at Ei = 28 meV, whereas the
reflectivity measured for the Ni(111) bulk surface is 43%
at the same incident energy. If the thickness of the Ni(111)
crystal is reduced, the reflectivity gets worse. A FWHM of
2.5◦ is measured for the thin Ni(111) crystal of 50 μm, which
yields an average terrace size of 2 nm. Similarly, the reflected
specular intensity is reduced to 3% of the incident beam. This
effect can be due to two main reasons: the fact that thin metal
crystals tend to wrinkle after heating, and the lower quality
of thin crystals. The first hypothesis can be excluded since
the mounting of the sample forced the crystal to be flat (see
Sec. II). Therefore, we believe the second reason is more likely,
meaning that a worse surface quality is obtained below a given
crystal thickness. Finally, the 150 thin μm Ru(0001) crystal
has been measured (red curve). Also in this case the quality of
the surface is not comparable to the bulk one. The FWHM of
this thin crystal is 1.4◦ and the average terrace size is 9 nm. Its
specular absolute reflectivity at Ei = 28 meV is 5%, which is
a factor of 10 smaller than for the Ru(0001) bulk surface under
the same incident conditions. A summary of all the measured
surfaces is presented in Table I.

The comparison of the spectra in Fig. 1(b) between the
thin Cu(111) crystal and the Cu(111) bulk presents a quite
remarkable result: the thin Cu(111) crystal shows a specular
peak even sharper than the one from the Cu(111) bulk
surface (FWHM = 1.5◦), measured under similar scattering
conditions (TS = 90 K, Ei = 64 meV). Furthermore, the
absolute specular intensity of the thin crystal is more than
twice that of the bulk. These observations demonstrate the
high quality of the thin Cu(111) crystal, in particular its long
range crystalline order. The high specular reflectivity and large
crystalline domains, in addition to its flexibility, makes the
100 μm Cu(111) crystal surface a good candidate to build
a mirror for neutral atomic beams. For this reason, we have
selected this surface to investigate its focusing properties.

The Cu(111) surface was mounted using the modified
sample holder described in Sec. II. The upper electrode had
an aperture of 5 mm to allow the He beam in, and it was
electrically grounded. The lower electrode was insulated from

FIG. 2. (a) He diffraction spectrum from Cu(111) thin crystal
(black spectrum) and incident beam spectrum (red spectrum), both
measured at an incident beam energy Ei = 64 meV. Differences in
the shape are evident: Whereas the incident beam is Gaussian, the
diffracted beam is not. (b) Three Gaussian error functions curve are
plotted together with the measured beam profile, each one with a
different standard deviation (σ ). The error function that best fits
the specular profile is the corresponding to σ = 0.3. This gives an
estimated specular size of 350 μm.

the sample by a sapphire ring, in order to allow applying a
high voltage to the electrode structure.

Figure 2(a) shows the best beam focus achieved by
reflection obtained with the thin Cu(111) crystal measured at
θi = 60◦ and Ei = 64 meV (black), compared to the incident
beam (red). The shape of the beam changes when a high voltage
is applied to the electrodes: the direct beam is approximately
Gaussian, whereas the profile of the reflected beam follows a
different distribution. Since the width of the focused beam is
smaller than the width of the detector aperture, the measured
angular distribution comes out convoluted with the aperture.
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In order to estimate the size of the focused beam, we have to
take into account how the final distribution is generated under
the current experimental conditions. A convolution between
a rectangular function (to model the finite aperture of the
detector) and a Gaussian (to model the He beam) is used to
model the observed angular profile.

For the symmetry of the rectangular function, one may
also want to take just a Heaviside function into account. The
Heaviside step function

f (x) =
⎧⎨
⎩

1, x � 0,

0, x < 0

is the mathematical description for an ideal edge. The Gaussian
distribution in one dimension has the form

h(x) = 1

σ
√

2π
e− 1

2 ( x−μ

σ
)2
, (1)

where σ is the standard deviation of the distribution and μ is
the mean of the distribution. The best fit for the slope of the
observed data is provided by the convolution of a Gaussian
with a Heaviside function. It is defined as

(f ∗ g) = 1 + erf

(
x√
2σ

)
, (2)

where

erf(x) = 2√
π

∫ +∞

0
e− 1

2 ( x−μ

σ
)2

(3)

is the error function.
From the best-fit curve shown in Fig. 2(b), we estimate the

size of the specular spot to be 350 μm. This is at least a factor
5 better than the values obtained for high-quality flat samples.
Unfortunately, due to technical problems with the sample
holder, we could not further optimize the focusing conditions,
so it is not unlikely that the beam has been focused at a point
slightly away from the detector’s position. To make sure that
the beam has also been focused in the direction perpendicular
to the polar scan direction, out-of-plane measurements have
been performed (not shown). Also along this direction the
width of the specular peak reaches the value of the angular
resolution of the HAS machine. However, in this direction
the resolution of our equipment it not sufficient to perform an
accurate fit along the polar scan direction.

Since we could not change the sample-detector distance,
the behavior of the beam at the detector position has been
studied by changing the collimation of the incident beam. Five
apertures of different diameters (400, 750, 1200, 2000, and
3000 μm) have been employed to obtain different widths for
the direct beam.

Figure 3 shows the FWHM and specular intensity plotted
as a function of the beam’s size at the diaphragm’s position.
As expected, the intensity of the incident beam increases with
increasing illuminated surface area and the same happens with
the specular intensity (red line). The FWHM of the specular
peak (blue continuous line), in contrast, remains unchanged
even after increasing the illuminated area by a factor of
approximately 40, whereas the FWHM of the direct beam
increases; the same happens for a flat crystal surface (not
shown). In fact, due to the finite aperture dimensions of both

FIG. 3. Effect of beam collimation on the width and the intensity
of reflected beam from curved thin 100 μm Cu(111). Blue: FWHM of
reflected and direct beam shown on the left axis. Red: Total intensity
of the reflected specular peak shown on the right axis.

detector and source, the angular distributions suffer a certain
angular broadening, intrinsic to the instrument [7]. This leads
to an increase of the width of the specular peak when the size
of the diaphragm aperture increases. For the HAS machine
used in the current work, the angular broadening expected for
an aperture of 400 μm is 1.6◦ (and the one for an aperture of
3000 μm is 9.6◦).

In contrast, for a curved surface focusing the reflected
He beam at the detectors position, the angular broadening is
expected to be drastically reduced and should be independent
from the incident beams size. Our experiment confirms
this expectation. The absolute reflectivity is 65%, with an
incident energy of Ei = 28 meV and a surface temperature
of 90 K, using the smallest aperture of the rotatory diaphragm
(400 μm). Furthermore, as shown in Fig. 4, at Ei = 28 meV
the intensity of the specular peak increases by a factor of 5
when we go from a diaphragm of 400 to one of 1200 μm,
while the FWHM remains constant. As far as we know, this
is the highest value ever measured from a clean metal surface.
These results are a clear indication of focusing of neutral He
atoms by the thin Cu(111) crystal.

IV. CONCLUSIONS

In summary, four different thin crystals have been investi-
gated: 100 μm Cu(111), 50 and 100 μm Ni(111), and 150 μm
Ru(0001). In order to select the surface that exhibits the best
quality and the highest He reflectivity, an accurate analysis
of their specular peaks has been carried out. The quality of
the thin Ni(111) and Ru(0001) crystals was found to be worse
than the corresponding bulk ones: the He reflectivity for the
100 μm Ni(111) surface is 14%, decreasing to 3% for the
50 μm one. Similar results have been obtained for the 150 μm
thin Ru(0001) crystal, whose absolute reflectivity is 5%. The
corresponding average terrace size lies between 2–9 nm. In
contrast, the quality of the 100 μm Cu(111) crystal exceeds that
of a bulk crystal, presenting both a high reflectivity (20%) and
long-range crystalline order (>200 nm). A quite significant
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FIG. 4. Comparison of He atoms scattered from Cu(111) surface
by an incident beam with a collimation of 400 μm at diaphragm
position (black) and 1200 μm (blue). The incident conditions are
Ei = 28 meV and θi = 30◦. The intensity of the specular peak
increases by a factor of 5 while the FWHM remains constant when
the diaphragm is changed from 400 to 1200 μm.

finding from the current study is that a beam of neutral He
atoms has been focused to a spot of 350 μm, with an absolute
specular intensity two orders of magnitude larger than any He
reflectivity previously reported for a flat or curved crystal. In
order to improve the focal spot with this sample, a modification
of the present experimental setup will be required. Finally,
owing to their high quality, the thin Cu(111) crystals could be
used instead of Cu metal foils when the crystallinity of the
substrate is important to achieve best result, like for instance
in the growth of large-area monocrystalline graphene [20] or
hexagonal boron nitride [21].
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