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Mirrors for atoms and molecules are essential tools for matter-wave optics with neutral

particles. Their realization has required either a clean and atomically smooth crystal

surface, sophisticated tailored electromagnetic fields, nanofabrication, or particle

cooling because of the inherently short de Broglie wavelengths and strong interactions

of atoms with surfaces. Here, we demonstrate reflection of He atoms from inexpensive,

readily available, and robust gratings designed for light waves. Using different types of

blazed gratings with different periods, we study how microscopic and macroscopic

grating properties affect the mirror performance. A holographic grating with 417 nm

period shows reflectivity up to 47% for He atoms, demonstrating that commercial

gratings can serve as mirrors for thermal energy atoms and molecules. We also observe

reflection of He2 and He3 which implies that the grating might also function as a mirror

for other breakable particles that, under typical conditions, do not scatter

nondestructively from a solid surface such as, e.g., metastable atoms or antihydrogen

atoms.
1 Introduction

In 1923, Louis de Broglie postulated the wave nature of particles in his thesis,
introducing the concept of matter-wave wavelength, which is inversely propor-
tional to the product of the particle's mass and velocity. In the same decade, his
idea was experimentally conrmed for electrons (1927)1 and atoms of thermal
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energy (1930)2 sequentially. Shortly aer that, the short wavelength due to the
small mass of the electron and the expected analogy of matter-wave optics to
photon optics led to the development of the electron-optical imaging system, the
rst electron microscope (1932).3 This rapid development was possible because
the strong interaction of electrons with static electromagnetic elds allows easy
focusing of electrons. Since then, the electron microscope has become an indis-
pensable tool in various elds of modern science and engineering, including
physics, material science, chemistry, life sciences, and chemical engineering.

As for neutral atoms, however, their interaction with elds is not strong
enough to manipulate them easily. This difficulty has delayed the establishment
of the atom microscope. Only in the twenty-rst century were two types of scan-
ning helium microscopes (SHeM) in operation. In these apparatuses, probe
atoms, typically thermal energy (5–100 meV) neutral helium atoms, are either
collimated by a pinhole4–9 or focused by a Fresnel zone plate.10–13 Spatial resolu-
tions of 0.35 mm (ref. 5) and 1 mm (ref. 13) have been reported, respectively. The
new scanning microscopes can image delicate surfaces such as biological
samples, nonconducting material, and organic lms, even under the inuence of
electric or magnetic elds.7 Such surfaces are challenging to image with the
electronmicroscope. On the other hand, the weak interaction, which was a hurdle
for controlling atoms, is benecial for interferometry applications. Therefore,
atom interferometry has found numerous applications in modern sciences, of
which examples are inertial sensors, the detection of the He2 molecule, and
polarizability measurements.14 These microscopes and interferometers employ-
ing atoms and molecules are based mostly on their transmission through
nanostructures such as Fresnel zone plates and transmission gratings, pinholes,
or non-material diffraction gratings formed by a laser eld. However, these
instruments surprisingly rarely use mirrors, which are ubiquitous components in
traditional optical instruments.

On the other hand, various mirrors for atoms and molecules have been sug-
gested, which can be categorized into three types according to the underlying
reection mechanisms: classical-reection mirrors, quantum-reection mirrors,
and mirrors based on multiple edge-diffraction reection. In the classical
description of scattering from a solid surface, the particle is reected when it
reaches the classical turning point of the particle–surface interaction potential.
That is the well-dened point along the particle trajectory where the particle's
kinetic energy has been fully converted into potential energy. In the quantum
mechanical picture, on the other hand, partial reection of the particle's wave can
occur at both positive and negative potential slopes without reaching a classical
turning point. A familiar example of this counterintuitive quantum phenomenon
is the partial reection of a wave from a downward potential step, an illustrative
problem found in most quantum mechanics textbooks. This effect can occur at
the attractive long-range branch of the particle–surface potential and is referred
to as quantum reection (or quantum threshold reection). The probability of
quantum reection depends strongly on the incident particle's kinetic energy. It
approaches unity in the limit of vanishing incident energy. Another intriguing
non-classical reection mechanism is multiple edge-diffraction reection. This
occurs when particles scatter from a periodic array of half planes, as shown
schematically in the lower part of Fig. 2(a). Here reection is mediated solely by
diffraction of the matter waves at the half plane edges. The edges of a blazed
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 251, 160–170 | 161
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optical diffraction grating can effectively serve as an array of half planes, as
indicated in the upper part of Fig. 2(a). The three reection mechanisms can be
differentiated experimentally through different dependencies of their reectivity
on parameters such as incidence angle, initial kinetic energy of the particle, type
of particle, surface structure, and surface temperature.

Atomically smooth solid surfaces, namely crystal surfaces, were the rst
atomic/molecular mirrors dating back to the earliest atom optics experiments.
Using a LiF crystal surface, Estermann and Stern proved the wave-type properties
of atoms and molecules.2 Since then, atom scattering via classical reection from
a crystal surface has ourished as a tool for studying surface physics and chem-
istry.15,16 In these experiments, an atomically smooth surface is generally neces-
sary to reect thermal energy atoms and molecules with a speed of hundreds
of m s−1 since their de Broglie wavelengths are on the order of 100 pm. Alter-
natively, magnetic elds,17–19 electrostatic elds,20 and electromagnetic waves21

have been used as mirrors for slow atoms and molecules of relatively long
wavelengths. The underlying physics of these mirrors is also classical reection of
atoms andmolecules slower than 30m s−1 from the interaction potential between
the particle and eld.

Liquid helium lms coated on a solid surface22–24 and, subsequently, at25–29

and structured solid surfaces30,31 have served as quantum-reection mirrors. Since
quantum reection allows an atom or molecule to be reected from a surface
before reaching the classical turning point,32,33 the quantum-reection mirror
does not need to be as atomically smooth as the crystal-surface mirror. However,
its reectivity is negligible for typical conditions of thermal kinetic energies and
near-normal incidence. Observable quantum-reection probabilities can only be
expected if the incident velocity component normal to the surface is exceedingly
small. Accordingly, the rst quantum-reection mirrors were demonstrated for
slow atoms incident at grazing incidence angles of 1–10 mrad.22,25 Under normal
incidence these mirrors only work for ultracold atoms of minimal velocities, such
as a Bose–Einstein condensate.27,31 Grazing incidence, on the contrary, allows
thermal atoms to be quantum reected from various surfaces.26,29 Furthermore,
a curved quantum-reection mirror made a thermal-energy beam of 4He atoms
one-dimensionally focused to a spot width below 2 mm,28 which could become
a focusing element of a scanning He microscope.

Multiple edge-diffraction reection (MEDR), which is a coherent reection
process of the particle's wave,34 was rst demonstrated with nanoscale ridged
structures for ultra-cold atoms under grazing incidence conditions.35,36 An
experimental analysis of the diffraction efficiencies for He and D2 beams reected
from a square-wave grating composed of 10 mm wide strips separated by 400 mm
conrmed the MEDR model description.37 Yet, in order to achieve high reection
efficiency, as needed for a useful mirror, ner ridged surfaces prepared by
nanofabrication techniques will be needed.

Each type of mirror comes with specic challenges. For instance, the crystal
surface mirror typically requires substantial surface preparation and mainte-
nance processes such as annealing, ultrahigh vacuum, and possibly low surface
temperature of 100 K. Although these mirrors can work for atoms and molecules,
their lifetime is less than ten hours even in ultrahigh vacuum of 10−10 mbar.38,39

To overcome this limitation efforts have been made to stabilize crystal surfaces by
coating them with a graphene monolayer. The maximum reectivity of monolayer
162 | Faraday Discuss., 2024, 251, 160–170 This journal is © The Royal Society of Chemistry 2024
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graphene-coated Ru [MLG/Ru(0001)] at 100 K is approximately 20% for He atoms,
which can be recovered by annealing to 450 K even aer being exposed to air.40

Electromagnetic-eld mirrors can reect thermal energy atoms under grazing
incidence conditions with reectivity close to 100%.41,42 But they lack the
robustness and compactness of solid mirrors. As for quantum-reection mirrors
their reectivity approaches unity for extreme grazing incidence, but it readily
decreases with increasing incidence angle. MEDR mirrors require nano-
fabrication (nanoscale ridged surface) or have low reectivity for a mirror (400
mm-period grating). Bulky and low-reectivity mirrors get less suitable as the
number of mirrors in an instrument increases. Delicate prerequisites in
manufacturing, preparing, and maintaining processes make a mirror expensive.
Therefore, these mirrors are not well established in matter-wave optical
instruments.

A robust, compact, and, ideally, inexpensive mirror with near 100% reectivity
for atoms and molecules would expedite the development of neutral-particle
matter-wave instruments, such as microscopes and interferometers, paralleling
applications of conventional mirrors in the wide variety of optical systems used in
science and technology.

Here, we show that a commercial blazed grating with sub-micrometer period
can function as a mirror for He atoms with a reection probability of up to about
50%. While the reectivity of this grating decreases slowly as the incidence angle
increases, it still remains above 10% even when the incidence angle is 4 mrad. To
determine the underlying reection mechanism of this mirror, we measure the
specular reection efficiencies of three blazed gratings with different periods for
He atomic beams under grazing incidence. The trends of the observed reection
probabilities for the gratings with different periods are qualitatively explained by
the MEDR model.34,37 Comparison of the experimental results obtained with
plane-ruled and holographic gratings of identical period but different micro-
scopic and macroscopic shapes allows us to study how these properties affect
their performance as mirrors. In addition, by using the mirrors to reect fragile
helium clusters, He2 and He3, with high reectivity, we demonstrate that the new
mirror can work for more complex and delicate particles as well.

2 Method

Fig. 1(a) and (b) show schematics of the blazed gratings and the experimental
setup, respectively (see ESI†43 for details). In brief, the molecular beam of mean de
Broglie wavelength ldB (327, 164, and 109 pm for He, He2, and He3) is produced by
supersonic expansion of pure He gas from a source reservoir with stagnation
pressure P0 and temperature T0. At T0 = 9.0 K, we set P0 to 0.5 and 2 bar for the
atom and cluster experiments, respectively. The beam is collimated by two 20 mm
wide slits (Slit 1 and Slit 2) before it scatters off the commercial optical grating. We
investigate four blazed gratings: three plane-ruled gratings and one holographic
grating. Grating periods (d) range from 417 nm to 20 mm and nominal blaze
angles (g) range from 0.8° to 16.8° [see Fig. 1(a)]. An angular spectrum of the
incident or reected beam is measured by precisely rotating the homemade mass
spectrometer equipped with an entrance slit (Slit 3). As shown in the inset of
Fig. 1(b), in the plane of incidence formed by the incident wavevector and grating
normal, we dene the incidence angle qin and detection angle qdet with respect to
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 251, 160–170 | 163
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Fig. 1 (a) Schematics of plane-ruled and holographic gratings. (b) Schematic of the
experimental setup; the inset shows the diffraction configuration in the plane of incidence
along with the incidence angle (qin), detection angle (q), and detector angle (qdet). (c)
Spectra of the incident (black) and reflected (red) beams. The angular distribution is
indicated by a plot of the He+ signal as a function of the detector angle qdet, i.e., the angle
between the incident beam and the detector position.
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the grating plane and the incident beam axis, respectively. Examples of measured
incident and reected spectra are shown in Fig. 1(c). From these angular proles
we determine the widths (win and w) and areas (Ain and A) of the incident and
reected beam together with qin. For specular reection qin = qc/2, where qc is the
central angle of the reected peak indicated in Fig. 1(c). See ESI†43 for details of
data analysis.
3 Results and discussion

In our rst experiment, we study the underlying reection mechanism of the
gratings by comparing the measured reectivity for the three plane-ruled gratings
of period d = 20 mm, 3.3 mm, and 417 nm as a function of qin with the behavior
predicted by the MEDR mechanism as shown in Fig. 2. For each grating, the
reectivity increases with decreasing qin (except for the smallest qin values). At any
qin the reectivity increases as the period decreases (except for the smallest qin
values). We apply the MEDR model by approximating the blazed grating by an
array of parallel half-planes, as depicted in Fig. 2(a), and introduce the universal

parameter u ¼
ffiffiffiffiffiffi
2d
l

r
sin

qin

2
of theMEDRmechanism. In this model, the efficiency

of specular reection from the structure approaches unity as u approaches zero,
as shown in Fig. 2(b). Therefore, a decrease in qin or d reduces u, leading to
stronger reection. This trend qualitatively agrees with the experimental results
for the three gratings. Note that, for the given geometry of the gratings, the largest
qin is much smaller than the blaze angle g. Thus, specular reection cannot result
from reection at the grating facets, but can only result from scattering at the
edges.

To study how the microscopic and macroscopic properties of a grating affect
its reectivity and the width of the reected beam, we compare two series of
experimental results for plane-ruled and holographic blazed gratings with d =

417 nm (Fig. 3). We choose the gratings of the shortest period since their largest
reectivity is desirable for future usage. According to the manufacturer, holo-
graphic gratings, inherently, show fewer periodic errors, spacing errors, and
surface irregularities than plane-ruled gratings. AFM images of the two gratings
(see Fig. S1 in ESI†43) conrm that the edges of the holographic grating are
164 | Faraday Discuss., 2024, 251, 160–170 This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Sketch of multiple diffraction of atoms at the edges of a grating. We approximate
the grating edges by half-planes (indicated by black bars). (b) Specular reflection efficiency
e0 predicted by the multiple edge-diffraction reflection (MEDR) model. The efficiency is
plotted as a function of the universal parameter u. (c) The experimental reflectivities of the
gratings as a function of incidence angle qin.
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smoother than those of the plane-ruled grating. The standard deviations of edge
heights for the holographic and plane-ruled gratings are observed to be 10 and
19 nm, respectively. Furthermore, their macroscale atness (over the entire
grating area) is different. The plane-ruled grating appears to be effectively at,
with an average radius of curvature greater than 2000 m. In contrast, the holo-
graphic grating exhibits a convex overall shape corresponding to a radius of
curvature of ∼500 m. See ESI†43 for details of the grating characterization results.

The holographic grating exhibits higher reectivity for He atoms than the
plane-ruled grating over the entire range of qin from 0.5 to 15 mrad, as demon-
strated in Fig. 3(a). We attribute this to the fact that the edges of the holographic
grating are more homogeneous than those of its ruled counterpart. In particular,
the reectivity decrease observed for the smallest incidence angles (qin < 1 mrad)
might result from microscopic imperfections in the plane-ruled grating that are
absent for the holographic grating, which has a more regular shape. The
maximum reection probability reaches 47% at qin = 0.82 mrad, which is 2.5
times greater than the MLG/Ru(0001) mirror based on the classical reection
mechanism.40

Note that under maximum reection conditions, the reected beam differs in
shape compared to the incident beam, with an increased peak width (namely, w >
win), as shown in Fig. 1(c). The wider peak width implies that the grating surface is
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 251, 160–170 | 165
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Fig. 3 Comparisons of the experimental results achieved with the plane-ruled and
holographic gratings with d = 417 nm. The results for the plane-ruled grating are colored
black, and those for the holographic grating are colored red. (a) Reflectivities for He atoms
(open squares) and clusters (filled circles) from the two gratings. (b) Angular widths w
(FWHM) for the atoms and clusters measured with increasing qin. The horizontal solid
(dotted) lines represent the widths of the incident atom (cluster) beam,win, for each series
of experiments. Vertical bars represent the uncertainties resulting from Gaussian fitting
processes. The blue dashed curve indicates the calculatedw values for a cylindrical convex
mirror with a curvature radius of 480 m.
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not macroscopically at. The macroscopic curvature of the holographic grating
accounts for the increased peak width. Fig. 3(b) shows the variation in w with qin

for the two gratings. The change in w for the holographic grating conrms the
convex shape of the nominally at grating in agreement with the AFM results. The
measured width agrees reasonably well with the calculated width at qin < 5 mrad.44

However, since the radius of curvature of the grating is ill-dened (see Fig. S2(f) in
ESI†43) and the alignment among the three slits and the grating plane [see
Fig. 1(a)] is not perfect, we do not expect agreement over the entire qin range. If the
grating were concave, w would have shown a minimum at a certain incidence
angle.28

In contrast, the width of the beam reected from the plane-ruled grating is
close to win [black horizontal line in Fig. 3(b)] at qin > 1.6 mrad (open squares),
which is expected for reection from a at surface. For qin < 1.6 mrad, the
166 | Faraday Discuss., 2024, 251, 160–170 This journal is © The Royal Society of Chemistry 2024
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projected width of the grating is smaller than the width of the collimated incident
beam, so only a part of the incident beam hits the grating. This fraction of the
beam increases with qin. This partial reection explains the decrease in w at qin <
1.6 mrad.

These observations conrm that the gratings function as efficient mirrors for
He atoms under grazing incidence conditions. In particular, the 417 nm-period
gratings can work as mirrors whose performance depends on their macroscopic
and microscopic properties, such as macroscopic curvature and surface
irregularities.

Knowing that optical gratings can work as a good mirror for He atoms, we
investigate their performance for small helium clusters, He2 and He3. As a result
of the extremely small binding energies of He2 and He3 (0.15 meV (ref. 45) and 11.4
meV (ref. 46), respectively), they represent ideal model systems for studying non-
destructive scattering of weakly-bound or metastable particles. For instance,
classical reection would lead to break-up of fragile He clusters, de-excite meta-
stable atoms, or annihilate antihydrogen atoms. We utilized the plane-ruled and
holographic blazed gratings with d = 417 nm to reect a mixture of He clusters,
mainly He3 with a small amount of He2. In Fig. 3(a) and (b), the black and red
lled circles represent the reectivity and peak widths observed for the clusters
reected from the plane-ruled and holographic gratings, respectively. The mirror
reectivity for clusters is found to be lower than that for He atoms. We attribute
this to the fact that the de Broglie wavelength of He3 in the helium beam is three
times shorter than that of He, thereby increasing uwhich is inversely proportional
to

ffiffiffi
l

p
. Although the reectivity for He3 is not as high as that for He atoms, the

substantial reectivity is expected to facilitate further studies with these fragile
particles.

Regarding the peak widths, the variations in w for the helium clusters closely
follow those observed for He atoms. This conrms that the width variation is
independent of the particle type, and depends solely on the grating's macroscopic
shape.

The macroscopic curvature of a grating-type mirror for matter waves is
signicant in two ways. First, the low peak height of a broadened beam results in
a reduction in the signal-to-noise (S/N) ratio. Therefore, a simple reection
experiment with a low reectivity for the particle would suffer from a small S/N
value when the mirror is curved. A planar grating over a range of a few centi-
meters is thus favorable for such an experiment. Second, we can exploit the
grating curvature to focus an incident beam. A concave grating with a properly
tailored radius of curvature resulting in a focal length of tens of centimeters works
as a concave mirror in matter-wave optics. The high reectivity of a grating-type
mirror facilitates an advanced Kirkpatrick–Baez (AKB) geometry for matter
waves that allows tight beam focusing under grazing incidence conditions and
requires four reections.47,48 For example, if each mirror's reectivity is 80, 50, or
20%, the intensity of the beam focused by the AKB system is 41, 6.3, or 0.16% of
the incident beam intensity. The performance of an AKB system consisting of four
grating MEDR mirrors of 50% reectivity would, hence, be forty times better than
one with four MLG/Rumirrors. Therefore, an AKBmicroscope using the reection
of neutral helium atoms from concave gratings could complement the other types
of scanning helium microscopes that have been demonstrated thus far based on
a Fresnel zone plate10–13,49 and a pinhole.5,8,50,51
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 251, 160–170 | 167
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4 Conclusions

In conclusion, we demonstrated that commercially available plane-ruled or holo-
graphic blazed gratings can serve as mirrors for matter waves under grazing inci-
dence conditions. The maximum reection probability is as high as approximately
50% for a 417 nm-period holographic grating. Moreover, we applied this grating to
reect fragile He2 and He3 molecules, which readily dissociate upon colliding with
a at surface. Our results imply that reection from grating mirrors via the MEDR
mechanism offers a general approach that could be used with other fragile or
metastable particles, such as antihydrogen atoms, for example. However, inherent
imperfections of the grating edges on the microscale and the deviation from at-
ness of our gratings on the macroscale reduce the performance of the gratings as
a mirror and cause the reection probability to deviate from the MEDR model
predictions. In the future, we can improve the quality of the gratings as mirrors by
reducing the period, minimizing periodic errors and edge roughness, and main-
taining an appropriate macroscopic surface atness. Furthermore, a ne grating
with a well-dened macroscopic curvature could function as an excellent focusing
element. These ndings can, therefore, pave the way for developing improved
microscopes and interferometers that use atomic or molecular matter waves.
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19 M. Metsälä, J. J. Gilijamse, S. Hoekstra, S. Y. T. van de Meerakker and

G. Meijer, New J. Phys., 2008, 10, 053018.
20 S. A. Schulz, H. L. Bethlem, J. van Veldhoven, J. Küpper, H. Conrad and

G. Meijer, Phys. Rev. Lett., 2004, 93, 020406.
21 M. A. Kasevich, D. S. Weiss and S. Chu, Opt. Lett., 1990, 15, 607–609.
22 V. U. Nayak, D. O. Edwards and N. Masuhara, Phys. Rev. Lett., 1983, 50, 990–

992.
23 I. A. Yu, J. M. Doyle, J. C. Sandberg, C. L. Cesar, D. Kleppner and T. J. Greytak,

Phys. Rev. Lett., 1993, 71, 1589–1592.
24 J. J. Berkhout, O. J. Luiten, I. D. Setija, T. W. Hijmans, T. Mizusaki and

J. T. M. Walraven, Phys. Rev. Lett., 1989, 63, 1689–1692.
25 F. Shimizu, Phys. Rev. Lett., 2001, 86, 987–990.
26 V. Druzhinina and M. DeKieviet, Phys. Rev. Lett., 2003, 91, 193202.
27 T. A. Pasquini, Y. Shin, C. Sanner, M. Saba, A. Schirotzek, D. E. Pritchard and

W. Ketterle, Phys. Rev. Lett., 2004, 93, 223201.
28 H. C. Schewe, B. S. Zhao, G. Meijer and W. Schöllkopf, New J. Phys., 2009, 11,

113030.
29 B. S. Zhao, H. C. Schewe, G. Meijer and W. Schöllkopf, Phys. Rev. Lett., 2010,

105, 133203.
30 F. Shimizu and J. Fujita, J. Phys. Soc. Jpn., 2002, 71, 5–8.
31 T. Pasquini, M. Saba, G. Jo, Y. Shin, W. Ketterle, D. Pritchard, T. Savas and

N. Mulders, Phys. Rev. Lett., 2006, 97, 093201.
32 H. Friedrich, G. Jacoby and C. G. Meister, Phys. Rev. A: At., Mol., Opt. Phys.,

2002, 65, 032902.
33 J. Petersen, E. Pollak and S. Miret-Artés, Phys. Rev. A, 2018, 97, 042102.
34 E. Bogomolny and C. Schmit, Nonlinearity, 2003, 16, 2035–2059.
35 H. Oberst, D. Kouznetsov, K. Shimizu, J. Fujita and F. Shimizu, Phys. Rev. Lett.,

2005, 94, 013203.
36 D. Kouznetsov and H. Oberst, Phys. Rev. A: At., Mol., Opt. Phys., 2005, 72,

013617.
37 J. H. Lee, L. Y. Kim, Y.-T. Kim, C. Y. Lee, W. Schöllkopf and B. S. Zhao, Phys.

Rev. Lett., 2019, 122, 040401.
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 251, 160–170 | 169

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fd00155e


Faraday Discussions Paper
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 3
0 

 2
02

4.
 D

ow
nl

oa
de

d 
on

 0
6-

11
-2

02
5 

13
:1

2:
59

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
38 D. Barredo, F. Calleja, A. Weeks, P. Nieto, J. Hinarejos, G. Laurent, A. V. de
Parga, D. MacLaren, D. Faŕıas, W. Allison and R. Miranda, Surf. Sci., 2007,
601, 24–29.

39 G. Anemone, A. A. Taleb, S. D. Eder, B. Holst and D. Faŕıas, Phys. Rev. B, 2017,
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