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1. Overview

1.1 Introduction to matter waves

In 1923 Louis de Broglie presented his theory of matter waves, stating that @éri-
odic phenomenoriis associatedyvith any isolated portion of matter or energy[1 3].

He thereby proposed that for every moving particle a wavelengthyg can be related

to the momentum p, extending the wave-particle duality from photons [4] to mat-
ter. The implications of this prediction were groundbreaking: In contrast to classical
particles, matter waves show interference, acquire phase shifts, and can be manipu-
lated with optical elements, such as lenses and mirrors. This leads to matter-wave
interferometers. Moreover, due to the particles' rest mass, their wavelength is or-
ders of magnitude smaller than the one of visible light, which provides us with the
means to observe ner features than in a conventional microscope. Already in 1931
the electron microscope was proposed [5 7] and it was demonstrated only two years
later [8]. This was just six years after de Broglie's hypothesis was experimentally
con rmed for electrons [9, 10]. Nowadays, electron microscopy with all its facets
and di erent setups is an indispensable tool in research and industry [11 16].

The wave nature of matter was proven countless times for neutrons [17], atoms [18],
as well as diatomic [18] and polyatomic molecules [19]. Transferring the concept of
interference to these particles opened completely new possibilities. When a patrticle,
such as an atom, interacts with an external eld, its energy is modi ed. As soon
as the interaction ends, the unperturbed system is recovered and there is no possi-
bility to classically infer whether the interaction took place unless it in uenced the
particle's degrees of freedom. However, for matter waves, the interaction is analog
to a local change in refraction index for light [20, 21]. Both lead to a phase shift
that is detected by letting the beam interfere with a reference beam in an interfer-
ometer, making information about prior events accessible. Based on this, numerous
interferometer schemes have been realized for matter waves e.g. Mach-Zehnder,
Ramsey-Bordé, and Talbot-Lau [22 29]. Moreover, in contrast to light, matter in-
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teracts strongly with electromagnetic and gravitational elds. Thus, it is possible to
extend the principle of interferometry to physical e ects that cannot be studied with
light. As many di erent particles are available, we can choose the proper one for a
given scienti ¢ question: neutrons can be di racted through bulk material [30, 31],
while electron microscopy provides atomic resolution for samples ranging from met-
als to biological samples [11 13, 32]. Especially atom interferometry matured over
the last decades into a highly versatile workhorse in several areas of physics [33]. It
is utilized to measure atomic properties [34, 35], test the weak equivalence princi-
ple [36 38], and study relativistic e ects, such as time dilation [39 45]. It has been
employed in studies of (de)coherence and dephasing [46 53], measurements of fun-
damental constants, e.g. the ne structure constant [54 58] and the gravitational
constant G [59 61], as well as in the search for dark energy [62, 63].

The rich internal structure of molecules adds a new scale of complexity to the ex-
periments [19, 64]. While this makes the experiments more challenging, molecule
di raction and interferometry allow for studying these complex matter waves in
great detail. This includes the static [65] and the optical polarizability [66], mag-
netism [67], absolute absorption cross sections [68], sorting of molecules [69], and the
impact of conformational dynamics [70]. The motivation for such experiments is to
do gquantum-enhanced metrology with biological molecules in the gas phase [71 73]
and explore the limits of the quantum-mechanical superposition principle [74 78].

On Earth, the observation time in experiments with freely falling matter waves is
limited by the physical dimensions of the experimental apparatus. To increase the
interrogation time and thus the sensitivity, atom interferometry was performed on
microgravity platforms, including drop towers [79 81], sounding rockets [82], and the
International Space Station [83]. These ongoing and future missions [84] are impor-
tant stepping stones to realize quantum technologies in space [85 88], for instance, to
establish atom-based gravitational wave detectors [89 95]. Also on Earth, there are
e orts to realize large-baseline detectors for gravitational waves and dark matter [96
98]. At the same time, quantum technologies have matured to a level that allows
for compact and mobile devices [99, 100]. The core elements of these are atomic
chips to miniaturize interferometers [101 104] or cavities and ring traps to coun-
teract gravity [105 107]. Especially gyroscopes [108 114], gravitymeters [115, 116],
gravity gradiometers [117 121] or combinations of those [122, 123] are promising
approaches.

Fundamentally, each apparatus employing matter waves consists of three types of
components: (i) a source creating the matter wave, (ii) the optical elements that
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manipulate the matter wave, and (iii) the detector. Optical elements are thus a key
component in these setups and new approaches to manipulate matter waves often
led to disruptive technologies. Two examples from the eld of electron microscopy
are the electromagnetic lens [124] and aberration-corrected optics [125]. In most
cases, however, optical elements are based on gratings. These can be standing light
waves, nanomechanical di raction masks, or even surfaces.

1.2 Summary of the thesis

The strong drive to maximize the sensitivity of matter wave interferometers led
to numerous approaches to act on delocalized particles. Nevertheless, many open
guestions remain, especially in molecular matter-wave optics. These include ways to
increase the e ciency of a given beam splitter, reduce unwanted interactions, and
use gratings in a new context. In the presented thesis, we describe our achievements
in the realization, testing, and exploration of new grating mechanisms and their
applications for molecular matter-wave di raction. These include both mechani-
cal and light gratings. To characterize the gratings as thoroughly as possible, we
concentrate on diraction at a single grating. Furthermore, we present novel ways
to manipulate and study two-dimensional materials employing atomic beams that
open new vistas for materials research.

In Chapter 2 we focus on molecular diraction through nanomechanical transmis-
sion gratings. Such masks provide an e cient and simple way to realize gratings as
they modulate the wavefront of the incoming beam. In rst approximation, they
do this independently of the internal properties of the di racted particles and can
thus be used for a wide range of particles, ranging from antimatter [126] to macro-
molecules [19, 127]. However, for polarizable particles the dispersive Casimir-Polder
interaction of the particles with the grating must be considered [128, 129], [Al, AS,
A4]. If the particles traverse the slit too close to the grating wall, they are either
removed from the beam or the phase shift exceeds the longitudinal coherence, pre-
venting interference. To minimize this interaction we reduce the grating thickness
to the physical limit, that is, a single layer of graphene [A4]. We show that such a
feat is possible and that the resulting gratings can be used for high-contrast di rac-
tion of complex molecules. Going into the regime of ultra-thin gratings requires an
adapted theoretical description of the attractive interaction [130], [A3]. While in
atomic di raction, the thickness of the grating bar is often treated as an in nite
half-plane [128, 131], this is no longer true for ultra-thin gratings, especially when
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they reach the thickness of a single layer of atoms [A3, A4].

In diraction experiments with nanomechanical masks, the details of the grating
manufacturing process are highly important [A3, A6, B2]: Writing patterns with a
focused beam of gallium ions can evoke attractive interactions between the di racted
molecule and the grating that are up to an order of magnitude larger than ex-
pected [A3]. We attribute this to the in uence of ion-beam-induced modi cations
and implanted ions in the membrane [A5, A6, B2]. A key experiment in this regard
is the di raction of polar molecules through nanomachined membranes [A5]. While
non-polar molecules always experience an attractive interaction, it can be attractive
or repulsive for polar molecules. We thus expect a broadening of the diraction
peaks that is indeed observed in the experiments. This can be prevented by coating
the insulating membrane with gold and substituting gallium with a lighter ion in
the milling step [132], [A6].

Nanomechanical gratings provide large freedom in the creation of diraction ele-
ments. Thus, nearly arbitrary patterns can be written into membranes, leading to
optimized di raction masks for a speci c scienti ¢ purpose. Examples for this are
gratings containing just a few slits [25, 133], [ALl, A2]. Due to their conceptual sim-
plicity, they are perfectly suited to give a pedagogical introduction to matter-wave
di raction: Students can contrast and compare the patterns for matter-wave and
light di raction. We provide this description for a single-, double-, and triple-slit
pattern [Al]. Moreover, such masks can be used to test fundamental principles,
e.g. the contribution of trajectories to a di raction pattern that do not obey Born's
rule [134, 135], [A2].

In Chapter 3 we discuss in detail the interaction of atoms with single-layer graphene.
Tailoring the mechanical, optical, or electronic properties of two-dimensional (2D)
materials to a speci c application is a widely discussed route [136 138]. In this
respect, we demonstrate that freely suspended membranes can be manipulated on
large scales with the help of focused ion beams [A4, B1, B2]. Besides patterning
of the membrane [A4, B2], we show that also deliberate amorphization is possible,
resulting in local changes of the electronic, chemical, and mechanical properties of
the membrane [B1]. When the dimensions of a modi cation are increased from the
atomic scale to the micrometer level, morphological changes have to be taken into
account as well. For instance, cutting the membrane leads to a length-dependent
crumpling and scrolling of the resulting nanoribbons [139, 140], [A4, B2]. This is
highly relevant for the realization of kirigami patterns in graphene [141, 142].
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The re ection of atoms from surfaces is a well-established technique to study atom-
surface interaction potentials, layer growth, and surface properties [143, 144]. Also,
the prospect of using the transmission of protons and atoms through graphene was
discussed as an analytical tool. We show that in this case, the energy of the par-
ticle plays a crucial role. While protons at 5 keV have been proposed in several
publications for analytic applications [145, 146], we demonstrate that using such a
high energy is not bene cial [B3]. However, this changes when the energy of the
atom is below the damage threshold of the membrane, being at 80 eV for atomic
hydrogen [B4]. In this case, the interaction is completely non-destructive and we
predict a high probability of coherent transmission through graphene. This facil-
itates the study of 2D materials with neutral atoms in transmission, addressing
current challenges in studying radiation-sensitive materials [147 150].

In Chapter 4 we turn to laser gratings. In atom interferometry, all state-of-the-art se-
tups employ light gratings to split, di ract, and recombine the matter wave [26, 151].

In many realizations, these are combined with Bloch oscillations [55, 152] to increase
the momentum separation along the interferometer arms and thus the sensitivity of
the device [57, 58, 114, 153]. In all large-momentum beam splitters for atoms, the
light's wavelength is precisely detuned from the respective atomic resonance to en-
sure high e ciency. For internally hot molecules the large number of populated
internal states renders this approach impossible. To demonstrate Bragg di raction
and realize a large-momentum beam splitter also for internally hot molecules, we
focus 15 W of light at 532 nm to a spot size of about 6Am perpendicular to the
ight direction of the molecular beam [C1]. The resulting di raction patterns show

all the expected features of Bragg diraction. We establish that both an equal-
amplitude beam splitter (14~k) and a large momentum transfer {8~k) are possible,
even in the presence of absorption. Cooling the molecules can dramatically reduce
the number of populated states, bringing most of the particles to the vibrational
ground state. We illustrate that this can be exploited to address spectroscopically
isolated electronic transitions of di erent molecular structures to sort them in the
gas phase [C3]. This extends the spectrum of methods to achieve conformer isola-
tion, which typically builds on the Stark e ect and thus di erences in the molecular
dipole moment [154 156].

Establishing light gratings for molecules typically requires intense laser radiation [28,
127, 157, 158]. In case this is not available, enhancing the radiation with a cavity is a
viable route. However, this becomes challenging in the ultraviolet (UV) as often or-
ganic contamination leads to fast degradation of the re ective optics in vacuum [159
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161]. Existing routes to address this issue employ gaseous oxygen [162, 163] or a
completely clean setup [164, 165]. However, these solutions are not compatible with
molecule di raction in ultra-high vacuum (UHV). Instead, we present stable perfor-
mance of a cavity for 266 nm in UHV with several watts of intra-cavity power [C4].
Our study suggests that the resistance to contamination is connected to the micro-
chemical environment of the mirror coatings. This explains an existing controversy

in the literature about coatings based on SiQ[166, 167].

A valuable asset in realizing and aligning di raction gratings is the possibility of
measuring the laser beam waist at the crossing point with the molecular beam
in vacuum. While many applications exist for laser prole measurements, these
are typically not compatible with UHV requirements. We solve this by moving a
cut and stripped multi-mode ber in the vacuum chamber with anxyz-stage [C2].
Scattering light at the tip and guiding it to a detector outside the chamber allows
us to measure the laser waist with high accuracy. With this device, we measure
beam pro les with micrometer resolution about 10Qum away from a highly-re ective
mirror, an achievement that was indispensable for the success of molecular Bragg
di raction [C1].



2. Molecular di raction at
nanomechanical gratings

2.1 Introduction

Mechanical gratings play a substantial role in interference experiments. All early
demonstration of matter-wave diraction used crystalline surfaces as gratings [9,
17, 18] and surface diraction remained an active eld of research ever since [14
16, 143, 144, 168 171]. Nowadays, it is routinely used to characterize surfaces and
their structure [172, 173], including the dynamics and coverage of adsorbates [14,
16, 174], the study of interaction potentials [173], and the observation of processes
occurring at interfaces [169]. Crystalline surfaces are also used as coherent mirrors
and lenses for atomic matter waves [175 177] with the prospect of monolithic atom
interferometers in re ection [178].

Patterned surface gratings are being used in neutron di raction [179], in atomic
quantum re ection experiments [180 184], and to realize beam splitter for elec-
trons [185]. Here the interest is, for instance, to modulate the di raction e cien-
cies [135, 186] and study di erent di raction regimes [187, 188]. The rst patterned
transmission masks were developed in 1959 and had a period off2r2[189 191]. Pi-
oneering single-slit di raction experiments with atoms [192] and neutrons also used
slits in the micrometer regime [193]. Technological advances in nanostructuring led
to smaller grating structures, nally reaching a period of100 nm [129, 194 196].
With current nanotechnology, nearly arbitrary di racting structures can be realized

in suitable membranes. Besides gratings, this includes slits to introduce coherence in
incoherent beams [197] and disks to study Poisson's spot [198, 199]. More elaborate
patterns are Fresnel zone plates to focus beams of neutral atoms [200, 201], phase
masks to realize angular momentum states for atoms [202], and holograms for ad-
vanced atomic lithography [203 205]. Complete interferometers using nanomechan-
ical gratings have been demonstrated for electrons [206 208], neutrons [209 211],
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atoms [24, 25], molecules [78, 212] and even anti-matter [126]. Nanomechanical
gratings are also essential in some Talbot-Lau interferometers where they induce
coherence and are used to read out the spatial interference pattern [28, 127].

A key bene t of nanomechanical di raction masks is that for most matter waves they
act as a wavefront beam splitter: either the matter wave traverses a slit or it collides
with the grating bar and is removed from the beam. This process is independent
of the particle properties, facilitating the comparison of di erent matter waves in
one device [34, 35, 67, 213]. This is di erent from modern atom interferometers
employing light gratings. In the latter case, the wavelength of the laser grating is
typically red-detuned from an atomic resonance to exploit the increase in optical
polarizability. For thermally evaporated molecules, the population of internal states
is completely unknown. Thus, it is not possible to address specic resonances.
Moreover, in high-mass interferometers a wide range of molecules is investigated, so
choosing a set of lasers to match only one system is unreasonable.

While nanomechanical gratings seem to be universal, polarizable systems e.g. atoms,
clusters, and molecules, are a ected by the dispersive Casimir-Polder (CP) interac-
tion [128, 129, 131, 214]. Recently, there has been increasing interest in these ef-
fects [215, 216], partly motivated by the prospect of advanced atom lithography [217].
In di raction, the CP interaction leads to a position-dependent phase shift (x) that
scales with the particle velocityv, the thicknessT along the ight direction ( z), the
potential constant C3, and the distancer from the grating wall. The non-retarded
limit corresponds to the van der Waals regime and the phase reads

Z T

(x) = %/ . % dz : (2.1)
If the attractive interaction gets too large, it either removes the particles from the
beam or induces a phase shift that exceeds the longitudinal coherence. In both
cases, the particle cannot contribute to the di raction pattern anymore. This is an
issue for high-mass interference, as the polarizability and therefore ti@ coe -
cient scales with the number of atoms in the molecule. In consequence, the gratings
will get opaque at some point, which can be counteracted by reducing their thick-
ness [A4]. Going for thinner gratings requires to adapt the theoretical treatment of
the interaction: equation (2.1) was derived approximating the grating thickness as
an in nite half-plane, which is not ful lled in the limit of ultra-thin gratings [130],
[A3]. In the following, we use the term "Casimir Polder" for both retarded and

non-retarded interactions.
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Nanomechanical masks can be manufactured using electron beam writing [194], pho-
tolithography [196], or focused beams of ions [129]. While the grating parame-
ter [196] and their imperfections [218] have been studied in great detail, the impact
of the fabrication method remained largely unexplored. Indeed, we see that de-
pending on the manufacturing process, the attractive interaction is signi cantly
enhanced [A3]. This systematic e ect has a huge impact on applications, including
the study of Casimir-Polder interactions [215 217]. We ascribe the phenomenon
to the impact of charges buried in the grating [A3, A5] and demonstrate working
measures to reduce this e ect [A6].

In the following part, we rst provide a pedagogical introduction to the eld of
molecule interference, discussing di raction through a few slits [A1]. We then show
how the mask can be used to put bounds on multi-path interference, that is, a
deviation from Born's rule [A2]. After that, we explore the theoretical framework
for describing molecular di raction through ultra-thin nanomechanical gratings [A3]
and demonstrate its realization using patterned single-layer graphene [A4]. Di ract-
ing polar molecules through nanomechanical gratings allowed us to associate the
surprisingly large attractive interaction observed in the experiments with the in u-
ence of patch elds originating from charges buried in the grating [A5]. Finally, we
demonstrate a route towards mitigation of these e ects, facilitating the di raction
even of highly-polar molecular systems [A6].

2.2 Research Summary

2.2.1 [Al] Single-, double-, and triple-slit di raction of molec-
ular matter waves

Matter-wave diraction and interferometry are powerful and very versatile tech-
nigues to study numerous physical e ects [33]. To further exploit the potential and
develop new applications, it is vital to foster a general understanding of the under-
lying principles also for non-physicists. This is especially important given current
e orts to provide market-ready solutions based on quantum e ects [99, 100]. To
support this endeavor, we provide an easy-to-follow introduction taking di raction
through nanomechanical slits as an example. The target audiences of this publica-
tion are high-school teachers and students.

We rst recapitulate the di raction of light through a single, a double, and a triple
slit to set the stage and allow the readers to refresh their knowledge of optics.
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Figure 2.1: Di raction of molecules through a single (a), a double (b), and a triple
slit (c) [219]. The scale bars in the electron micrographs correspond to 200 nm (left)
and 5 um (right). Sending molecular matter waves through the masks results in
di raction patterns spanning the range of velocities from 140 to 430 m/s. The lower
trace shows the vertical sum over the velocity band from 140 to 150 m/s, indicated
by the dashed line in the signal of the single-slit pattern. The summed raw traces
are overlaid with a Itered signal.

Then, we discuss the basic components of the apparatus and their functions in the
experiment. This includes, among other things, the role of Heisenberg's uncertainty
relation in the creation of the matter wave and the meaning of coherence. After
that, we present the observed molecular di raction through a few slits (cf. Fig. 2.1)
and compare it to the expectations for the di raction of light.

The di erences stem from the internal complexity and the particles’ mass. A major
point of the discussion is the e ect of the attractive Casimir-Polder interaction,
which induces a phase shift in the matter wave. Based on Heisenberg's uncertainty
relation, we illustrate how to arrive at a simple estimate of the e ect and demonstrate
how the interaction can be adapted. Thus, the e ect of the Casimir-Polder force
can be visualized in the experiment although it is in the atto-Newton regime. This
allows the students to directly relate to the resolution power and the possibilities
that technologies based on matter waves o er. Furthermore, the paper addresses
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