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Diffraction of polar molecules at nanomasks with low charge density
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The wave nature of matter is a cornerstone of modern physics and has been demonstrated for a wide range
of fundamental and composite particles. While diffraction at nanomechanical masks is usually regarded to be
independent of internal atomic or molecular states, the particles’ polarizabilities and dipole moments lead to
dispersive interactions with the grating surface. In prior experiments, such forces largely prevented coherent
diffraction of polar molecules as they induce dephasing of the matter wave in the presence of randomly
distributed charges inside the grating. Here, we show that surface milling using neon ions facilitates the
fabrication of lowly charged nanomasks in gold-capped silicon nitride membranes. This allows us to observe
diffraction of polar molecules with over four times larger electric dipole moment than in previous experiments,
opening a path towards distinction of structural conformers in matter-wave experiments.
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I. INTRODUCTION

Advances in the machining of nanomechanical transmis-
sion masks have led to a multitude of optical elements
for matter waves. These include slits, gratings, zone plates,
and holograms for electrons [1-3], neutrons [4], atoms,
and molecules [5-13]. Diffraction at nanomechanical grat-
ings was the key to proving the existence of the helium
dimer [14] and in the first demonstration of the wave na-
ture of hot Cgy fullerenes [12]. Nanomechanical masks
have been successfully employed in full-fledged matter-
wave interferometers across a mass range spanning seven
orders of magnitude [15-20]. This wide applicability stems
from the fact that nanogratings modulate the wavefront
of the incident matter wave. In first approximation, this
effect is independent of any internal particle property,
and nanomechanical gratings are hence considered to be
“universal.”

For applications in electron interferometry, however, the
nanogratings must be conductive to prevent decoherence due
to random potentials caused by trapped charges [17,21].
Atoms and molecules, on the other hand, are affected by the
dispersive Casimir-Polder interaction [22—24]. This conserva-
tive potential attracts the particles towards the grating walls,
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thus populating higher diffraction orders than one would ex-
pect based solely on the geometrical slit width. In the case
of highly polarizable macromolecules, the attraction becomes
so pronounced that it may even require substituting mechan-
ical gratings by optical ones [25,26]. To mitigate this effect,
gratings have been thinned down to the level of single-layer
graphene [27]. Nevertheless, even in thin membranes ion
beam writing can implant ions or alter the material, which
causes additional interactions [28-30]. These might exceed
the Casimir-Polder interaction by an order of magnitude, thus
dominating the interaction while the particle traverses the
grating [28]. The ensuing phase shift depends on the molec-
ular geometry, the velocity, internal degrees of freedom, and
in particular the charge distribution inside the molecule and
the membrane [31,32]. Even though matter-wave diffraction
is about the center-of-mass motion of particles, dephasing
associated with the orientation of polar molecules close to
nanomechanical masks can suppress the observation of inter-
ference [32].

In our present paper, we push the development of
nanomasks to create gratings that are compatible with the
coherent diffraction of molecules with electric dipole mo-
ments beyond 8 D. This is achieved by employing neon ion
beam milling, which deposits less charges in the material than
the more common gallium ion beam writing. In addition, we
apply a thin gold coating onto the insulating silicon nitride
membranes before the milling step. Because of their increased
versatility, the masks presented here allow us to derive useful
information about the structure and bond configurations of
molecules in the gas phase. We exemplify this in the analysis
of 6,11-dihydroxy-5,12-naphthacenedione, where we can dif-
ferentiate between conformational isomers using matter-wave
diffraction.
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FIG. 1. (a) Experimental setup: Molecules are sublimated by a
microfocused laser beam and collimated horizontally to below 3 urad
before being diffracted at a nanomechanical grating. The diffraction
pattern is collected on a quartz window and imaged using fluores-
cence microscopy. (b) Scanning electron micrographs of gratings G1
(20-nm thickness) and G2 (55-nm thickness) illustrating the period d
and the slit width s. The zoomed-out view on the right of G1 shows
the 600-nm high horizontal support bars. (c) Nanomechanical grating
illustrating the 5-nm thin gold coating on top of the SiN, membrane.

II. EXPERIMENTAL SETUP

Our experiment is based on earlier work [33] and sketched
in Fig. 1(a). We coat a thin film of molecules onto the inside
of a vacuum window and evaporate it with a laser beam at
A = 421 nm, focused to a spot size below 5 um. The emergent
molecular beam is collimated by a vertical slit to a divergence
angle smaller than 3 urad before it reaches the diffraction
grating at L; = 0.91 m behind the source. About L, = 0.70 m
behind the grating the diffraction pattern is captured on a
170-um-thick quartz slide, which closes the vacuum chamber.
The molecular pattern is detected and imaged using wide-field
laser-induced fluorescence microscopy.
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FIG. 2. Molecular structures of the systems used in this study:
phthalocyanine (M1), 6,11-dihydroxy-5,12-naphthacenedione (M2),
5,12-naphthacenequinone (M3), and Nile red (M4).

Gratings in previous matter-wave diffraction experiments
were manufactured using electron beam writing [5], pho-
tolithography [37], or focused gallium ion beam writing
(Ga-FIB) [33]. Here, we use a focused beam of neon ions
(Ne-FIB) to mill the gratings into two different silicon ni-
tride membranes (SiNy, Ted Pella) with a thickness of 15
and 50 nm, respectively. Both membranes were coated with a
5-nm thin gold layer on one side to neutralize implanted
charges and to shield electric fields [see Fig. 1(c)]. The writing
was done on an Orion NanoFab system (Zeiss, Germany) us-
ing the NPVE software package (Fibics Inc., Canada). We used
an ion energy of 25keV and an ion current of about 10 pA
with a 20-um beam defining aperture for a source pressure of
neon of 5 x 107® Torr. The dwell time for both patterns was
5 us, with a dose of 0.1 nC/um?.

The resulting gratings are shown in Fig. 1(b). To ascer-
tain the grating parameters, the images were converted to
grayscale, vertically integrated, and normalized. The minima
in these image traces correspond to the slits in the grating.
An array of Gaussian functions was fitted to these minima to
extract the grating period d. The geometrical slit width s is
the full width at half maximum of these Gaussian peaks. The
grating G1 is t = 20 nm thick with ad = 97(2) nm period and
slit width s = 46(2) nm. For G2 the parameters are t = 55 nm,
d = 99(2) nm, and s = 43(2) nm. In both cases, the uncertain-
ties are limited by the resolution of the electron microscope
imaging. The structure is additionally stabilized by 600-nm-
wide horizontal support bars [see Fig. 1(b)]. Note that, even
though we present two specific gratings here, several gratings
were written in similar membranes yielding consistent results.

To explore the compatibility of the gratings with coher-
ent diffraction of polar particles, we compare the patterns
of the four molecules shown in Fig. 2. These are phthalo-
cyanine (M1), 6,11-dihydroxy-5,12-naphthacenedione (M2),
5,12-naphthacenequinone (M3), and Nile red (M4) with
their molecular parameters shown in Table I. In this pa-
per, especially the magnitude of the electric dipole moment
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TABLE I. Properties of molecules used in the experiment: chem-
ical formulas, mass, and permanent electric dipole moment. The
listed dipole moments refer to experimentally obtained values unless
otherwise specified. The two values for M4 have been obtained using
solvatochromic and thermochromic studies respectively and hence
vary slightly [36]. We use the higher value of 8.9 D throughout the

paper.

Label Formula Mass (u) Dipole moment (D)
M1 C3,H gNg 514.54 0.0 [34]

M2 CsH 004 290.27 0.4 (see Fig. 4)

M3 C1sH190, 258.27 0.9 (calc.)/2.3 (expt.) [35]
M4 CyH3N,0, 318.38 8.4-8.9 [36]

is relevant, which varies between zero for phthalocya-
nine and 8.9D for Nile red. For the different ground
state geometries of M2 these were computed using density
functional theory within the GAUSSIAN 16 program pack-
age. We used the LC-wPBEh functional [38] together with
the def2tzvpp basis set [39,40]. The fluorescence excita-
tion Wavelengths ()\-Ml = 661 nm, )‘-MZ,M3 =421 nm, XM4 =
532nm) and imaging bandpass filters (A = 711/25nm,

Amz.msz = 550/88 nm, Ay > 550nm) were chosen to match
the respective absorption and emission spectra.

III. RESULTS AND DISCUSSION

Diffraction of the nonpolar molecule phthalocyanine (M1)
at the 20-nm grating G1 leads to well-resolved diffraction
peaks up to the fifth order, as shown in Fig. 3(a). For the
55-nm grating, we observe no significant changes in the pop-
ulation of higher diffraction orders [Fig. 3(i)]. To compare
the interaction strength of a molecule with different gratings,
we fit the diffraction patterns with a textbook diffraction for-
mula using a reduced effective slit width seg. It mimics the
population of higher diffraction orders due to attractive inter-
actions by reducing the width of a noninteracting slit and was
initially introduced in the context of helium diffraction [41].
This approach is motivated by the attractive forces deflecting
molecules that traverse the grating close to the walls to beyond
the range of the detection screen. Thus, only those parts of the
wave function that pass close to the slit center will contribute
to the final interference pattern. In our analysis, we consider
only the grating interference fringes within the zeroth order
peak of the single-slit diffraction pattern as higher orders fall
below the noise level.
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FIG. 3. [(a)—(d)] Normalized interference patterns behind the 20-nm thin grating. The molecules are sorted by their increasing electric
dipole moment from left to right. The diffraction patterns are shown over a detector region of 300 x 300 um?. [(e)—(h)] Vertically binned
and normalized traces of the regions enclosed by the white lines in the upper row. The light gray traces in the background are raw data; the
black lines were smoothed using Savitzky-Golay filters for ease of view. The velocity bands were chosen for good contrast and good signal
strength, centered around Ags = [4.3;5.7;4.8;3.9] x 1072 m. The velocity scale for M3 and M4 is tentative because the peak separation and
signal-to-noise ratio do not allow for an unequivocal assignment of v over the whole image. All images are background corrected to account
for illumination artifacts. [(i)—(p)] Same as upper two rows but for the 55-nm thin grating. The black squares in (k) block bright spots caused
by contamination. In all panels, the x scale is the same as on the screen in the laboratory. To convert it to diffraction angles in urad, multiply

the scale by 1.25 (L, = 0.8 m).
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Theoretically more rigorous approaches describe the inter-
action, for instance, using Green’s function and integrating
over all forces along the molecular path [28,31]. In principle,
this allows us to account for the attractive forces during the
approach of the molecule towards the grating and geometrical
details such as grating wedge angles. However, we decided
against following this approach here, since this conceptually
sophisticated model still needs to be complemented by a
correction factor depending on the experimental details. In
earlier studies, this factor was between 2 and 8, depending
on the particle, the grating geometry and its deviations, and,
most likely, the local charge distributions [28]. Luckily, and
in contrast to earlier fabrication methods based on etching
or Ga-FIB, neon FIB is known to produce nicer and steeper
edges of milled structures [42], so that ignoring any potential
wedge angles is a reasonable approximation.

For the 55-nm-thick grating G2 in our present experiments,
the width of the Ne-FIB written slit is reduced from s = 43 nm
to sef = 20 nm, corresponding to a reduction factor s/seg of
2.2. This is significantly less than the factor of 3.3 observed in
earlier experiments for M1 diffracted at a grating of compara-
ble material and geometry (SiNx, # = 45 nm thick) but written
with a focused gallium ion beam [27]. To test whether the
reduction in the attractive interaction is due to fewer charges
deposited in the material during the milling step, we have
performed simulations using the software package SRIM [43].
We compare the implantation probability for gratings G1 and
G2 considering both Ne ions at 25keV as used here and Ga
ions at 35keV as used in previous realizations [33]. We sim-
ulate 10000 ion trajectories at normal incidence and compute
the number of implanted ions by subtracting the transmitted
and backscattered ions from the total amount. For Ga™ at
35keV, this results in implantation probabilities of 54.3 %
for the thinner grating (G1) and 90.1 % for the thicker one
(G2). In contrast to this, the probabilities are significantly
lower for 25-keV Ne ions: 0.14 % for G1 and 0.76 % for
G2. This decrease in implantation probability corroborates the
assumption that the number of implanted charges in Ne-FIB
milled gratings is overall lower, further motivating our method
and justifying the interpretation. Increasing the grating thick-
ness does not significantly influence se¢, again suggesting that
the implanted charges are the dominant effect observed. The
assumption is further supported by noting that both gratings
were manufactured using identical Ne beam parameters. This
is an important asset when the goal is to enable quantum
diffraction of polar molecules at nanostructured masks.

The question now is how this improvement in the fab-
rication process affects the diffraction of polar molecules.
In earlier experiments with gratings written via Ga-FIB in
insulating SiO, membranes, the interference fringe contrast
was already lost for molecules with a dipole moment of only
1.8 D [32]. Additionally, the membrane was ultrathin (8 nm)
and the geometrical slit width s amounted to 82 nm, substan-
tially wider than in our present paper. In contrast to this, we
still observe a finite interference contrast for Nile red (M4)
diffracted at G1, even though its electric dipole moment of
8.9 D is more than four times larger than in the earlier studies
[Fig. 3(d)]. In addition, we observe that increasing the thick-
ness of the grating from 20 to 55 nm leads to similar results
for all molecules, suggesting that the amount of implanted
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FIG. 4. Three conformation isomers of 6,11-dihydroxy-5,12-
naphthacenedione, their relative energy AE, and their ground state
dipole moment p.;. The absence of a dipole moment is indicative
of a proton rapidly hopping or being shared between the oxygen
atoms. While conformers [(a),(c)] are compatible with the matter-
wave interference date, conformation (b) is experimentally clearly
excluded.

charges is small and comparable. While the SRIM-computed
probability is higher for the thicker grating, both are well
below 1 %, providing further evidence for this assumption.

Impact of molecular geometry on diffraction pattern

Although dephasing due to local charges is considerably
smaller in gratings written via Ne-FIB than in previous ex-
periments [32], it is not entirely suppressed. Here we exploit
this to make statements about the molecular geometries in
the gas phase. As the loss of contrast is a function of the
electric dipole moment, we can extract qualitative information
about it from the observed matter-wave fringe contrast. We
use this here specifically to study the structures of the two test
molecules, 6,11-dihydroxy-5,12-naphthacenedione (M2) and
naphthacenequinone (M3).

The two lowest-energy structures of M2, as obtained from
our density functional theory calculations, are shown in Fig. 4.
In Fig. 4(a) the OH groups are rotated toward the carbonyl
groups, leading to an overall dipole moment of 0.4D. In
contrast to this, when both OH bonds are pointing away from
the neighboring carbonyl groups, as shown in Fig. 4(b), the
dipole moment increases by more than an order of magnitude
to 5.3 D. In the experiment we find a high-contrast diffraction
pattern for this molecule [Fig. 3(b)] which is only compati-
ble with a small dipole moment, thus clearly excluding the
possibility of the conformation isomer [Fig. 4(b)]. For the
closely related molecule naphthazarin (M2 without the two
outer hexagon rings) this conformational isomer is a stable
minimum, lying 270 meV higher in energy than Fig. 4(a) [44].
However, even at a temperature of 800 °C in the source, the
population of this conformational isomer is only on the order
of a few percent. Hence, it is unlikely that it is responsible for
the observed fringe pattern.
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Another possibility is that the protons hop between the two
binding sites on a timescale faster than the transit time of the
molecule through the grating, effectively averaging out any
possible dipole moment. In an aqueous solution, proton hop-
ping is known to occur within 2 ps [45—47]. For M2 traveling
at 300m/s through the 20-nm-thick grating the transit time
is 70 ps, which is long compared to the hopping time. Addi-
tionally, hopping may be facilitated by the internal molecular
energy acquired during sublimation in the source.

For compound M3, one may expect an overall dipole mo-
ment close to zero, since the partial dipole moments of the
two carbonyl groups seem to compensate each other. How-
ever, as shown in the third column of Fig. 3, the observed
dephasing is much stronger than for M2. While earlier theo-
retical (0.87 D) and experimental works (2.3 D) differed [35],
the observed dephasing points towards a dipole moment of
at least 2D, corroborating the prior experimental value. In
all these experiments, one may speculate about the influence
of molecular temperature. Thermally induced electric dipole
moments have been observed in earlier matter-wave experi-
ments with functionalized diazobenzenes, where they had a
strong effect [48]. For phthalocyanine M1 the observation of
high-contrast fringes indicates that it is too stiff to induce
sizable thermal dipole moments. A similar geometric stability
is predicted for the aromatic ring systems of M2 and M3. In
Nile red (M4), the thermal contribution, however, is expected
to be non-negligible.

In earlier matter-wave experiments, measurements of
atomic polarizabilities [49,50] and molecular magnetism [51]
were calibrated with specific atoms. It is tempting to propose
the same for diffraction at our gratings employing diatomic
molecules of well-known dipole moments as a reference.
However, the molecule-wall interaction also depends on un-
known parameters, such as excited rotational and vibrational
states. This hampers an exact determination of the electric
dipole moment. Nevertheless, the experiments allow us to
estimate the magnitude, giving valuable insights into the
molecular structure in the gas phase.

IV. CONCLUSIONS

The fabrication of nanomechanical gratings using focused
neon ion beams, capped with a thin gold layer, allowed us
to observe interference of highly polar molecules at nanome-
chanical gratings. Such systems have until now inaccessible
to matter-wave diffraction at mechanical masks. While dis-
persive forces close to the grating wall are often perceived as
an obstacle to quantum experiments, we exploit them here to
shed light on the internal structure of the molecules, mediated
via their electric dipole moment. Grating diffraction is thus
a surprisingly powerful tool to study aspects of molecular
structure and physical chemistry. Interestingly, this informa-
tion is accessible even while quantum delocalization prevents
nature and the observer from knowing the exact location of
the molecule in free flight. Comparing interference patterns of
the same molecule behind different gratings should also pro-
vide information about surface charges implanted during the
writing process or accumulated during the deposition process.
Matter-wave diffraction of polar molecules is thus a sensitive
tool to study charge effects.

Mechanical nanogratings will remain important for the ma-
nipulation of atoms and small molecules of low polarizability
and low ionization yield and gratings with periods even below
50nm seem to be in range. Such a tiny period cannot be
achieved by optical diffraction gratings, and it would be rele-
vant for the realization of two-dimensional diffraction masks
for lightweight, fast, and polar molecules.
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