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We investigate effects of a permanent electric dipole moment
on matter-wave diffraction at nanomechanical gratings. Specif-
ically, the diffraction patterns of hypericin at ultra-thin car-
bonaceous diffraction masks are compared with those of a po-
lar and a non-polar porphyrin derivative of similar mass and
de Broglie wavelength. We present a theoretical analysis of the
diffraction of a rotating dipole highlighting that small local
electric charges in the material mask can strongly reduce the
interference visibility. We discuss the relevance of this finding
for single grating diffraction and multi-grating interferometry
with biomolecules.

1 Introduction

Nanomechanical gratings [1] have played a major role in
matter-wave interferometry since the first diffraction ex-
periments with atoms. They were used to study a vari-
ety of atomic [2–5] and molecular systems [6], as well as
weakly bound van der Waals clusters [2, 7]. Ring-shaped
periodic structures in thin membranes also proved use-
ful as Fresnel zone plates [8, 9]. Such experiments with a
single diffraction element were soon complemented by
closed interferometers [10–12] used to investigate the in-
fluence of decoherence [13–15], inertial forces [16], and
the interaction with external fields [17, 18].

Material gratings are often regarded as universal since
the periodic beam depletion is seemingly independent
of the internal structure of the particle. This generality is,
however, impaired by attractive interactions between the
grating and the diffracted molecule, such as the Casimir-
Polder interaction. The influence of van der Waals forces
can be reduced by using gratings with a thickness of
a few nanometers, or even masks made of single-layer
graphene [19].

Yet, electric charges on the grating may still lead to
phase averaging of the de Broglie wave. Earlier studies

showed that electron waves above a metal may experi-
ence decoherence [20–23]. A broadening of the diffrac-
tion orders was observed for slow electrons diffracted at
material gratings [24, 25]. For polar molecules, a dipole-
charge interaction has also been seen to reduce the
quantum fringe contrast in earlier interferometric de-
flection experiments [26].

In the present article we investigate effects of a per-
manent electric dipole moment on matter-wave diffrac-
tion at material gratings. This is of particular im-
portance for quantum interference experiments with
biomolecules, most of which come with a permanent
electric dipole moment due to the functional groups re-
quired for molecular recognition. We find that the pres-
ence of residual charges on the grating mask can give
rise to surprisingly effective contrast reduction caused by
phase averaging due to the rotating dipole.

We start by demonstrating quantum diffraction of hy-
pericin at a grating made of amorphous carbon. Hyper-
icin is a naturally occurring antiviral, antidepressant and
anti-inflammatory substance [27], discussed as a photo-
sensitizer in photodynamic tumor therapy [28, 29]. We
compare the molecular diffraction pattern of hypericin
to that of a polar and a non-polar tetraphenylporphyrin
derivative in order to assess the influence of its dipole
moment. We then provide a model for the diffraction of
polar particles at thin, charged gratings, accounting for
the thermal rotation of the molecular dipole in the elec-
trostatic field of these surface charges. Finally, we discuss
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Figure 1 Molecules evaporated by a focused laser from a coated
sourcewindowpropagate in z-direction towards the gratingwhere
they are diffracted. They impinge on a quartz plate further down-
stream and are visualized by laser-induced fluorescence. The mag-
nifier shows an artist’s view on hypericin and its permanent elec-
tric dipole moment.
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Figure 2 Chemical structure of the molecules used for matter-
wave diffraction experiments: Hypericin (1), TPP (2a) and
MeOTPP (2b).

alternative reasons for the observed signal reduction and
conclude that electric charges are a probable source.

2 Experimental setup

The experimental apparatus is sketched in Fig. 1
and described in detail in [30]. We use meso-tetraphenyl-
porphyrin (TPP, Porphyrin Systems, purity > 98%), 5-(4-
methoxycarbonylphenyl)-10,15,20-triphenylporphyrin
(MeOTPP, TCI-Scientific, purity > 90%) and hyper-
icin (AvaChem Scientific, purity > 98%) as purchased,
without further purification (see Fig. 2). The molecular
samples are dissolved in acetone to prepare a homoge-
neous film on a vacuum entrance window after solvent
evaporation.

A continuous desorption laser beam (421 nm,
62 mW) is focused to a spot with a waist of 1.6±0.1μm at
the inner surface of the coated window. The small size of
the source ensures that the evaporated molecules exhibit
a transverse coherence of around 5 μm at the position of
the grating, 1555 mm downstream. The molecular beam
is collimated to 10 μrad by two slits before it passes the
nanomechanical grating.

Two different gratings were used: A first grating with
a periodicity of 100 nm was milled into a 21 nm thick
amorphous carbon membrane (TEMwindows) [30]. A
second grating was milled into an 8 nm thick SiO2 matrix
with a periodicity of 160 nm (TedPella).

After the diffraction process the molecules propagate
through vacuum before they are absorbed on a quartz
plate 585 mm behind the grating. They are observed
in laser-induced fluorescence. In different runs, each
molecular species is optically excited by a laser that
matches its absorption spectrum. TPP and MeOTPP are
excited at 661 nm, while radiation at 532 nm is used for
hypericin. The resulting fluorescence is collected by a
20-fold microscope objective and imaged onto a UV-
enhanced CCD camera (LOT ORIEL iXon 885-KCS-VP).

3 Experimental results

In Fig. 3 a we show the molecular pattern obtained for hy-
pericin diffracted at the carbon grating. Three dominant
diffraction peaks can be observed which have an inten-
sity maximum at a molecular velocity around 250 m/s.
The height dependence in the separation of the diffrac-
tion orders is due to the fact that slower molecules fall
deeper in the gravitational field of the earth before they
hit the detector. Comparing this diffraction pattern to the
one of TPP (Fig. 3 b), one observes that the signal of hy-
pericin is diffusely broadened: the individual diffraction
orders are wider than for TPP. This is illustrated by the
intensity distributions at different velocities accompany-
ing the diffraction images in Fig. 3.

For TTP the width of the individual diffraction or-
ders increases slightly with velocity while for hypericin
the opposite trend is observed. Since TPP and hypericin
are chemically rather different, we repeat the experiment
with MeOTPP. The molecules TPP and MeOTPP are struc-
turally very similar. The main difference, apart from a
small mass difference (TPP: m = 614.8 amu, MeOTPP:
m = 672.8 amu) is that MeOTPP has a permanent elec-
tric dipole moment of about 1.8 D due to the benzoic
acid methyl ester side group [31], as evaluated numer-
ically. As shown in Fig. 3 c, we observe the broadening
of the diffraction peaks also for MeOTPP. For the fast
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Figure 3 Molecular diffraction images of (a) hypericin, (b) TPP and (c) MeOTPP. In the lower panels the respective intensity distributions
for fast (middle, 270-290 m/s) and slow velocity classes (bottom, 160-180 m/s) are shown. For each trace the FWHM of the diffraction
peaks is given as extracted from a Gaussian fit to a common line width.

velocity class the full width at half maximum (FWHM)
of the diffraction peaks is 9.7 ± 0.1 μm for TPP and
14.5 ± 0.2 μm for MeOTPP. As stated before, the diffrac-
tion orders of slow TPP molecules get narrower which
can be explained by their higher transversal coherence.
For MeOTPP, however, their width increases from 14.5 ±
2 μm to 20.0 ± 0.3 μm.

In order to test whether the visibility reduction is re-
lated to the interaction with the grating, we repeated the
diffraction experiments for TPP and MeOTPP with a grat-
ing made of silicon dioxide (SiO2) instead of amorphous
carbon. This is motivated by their difference in the elec-
tric conductivity. The respective diffraction patterns and
intensity distributions are shown in Fig. 4. The diffrac-
tion orders are spaced more closely, because the period
of this grating is 160 nm compared to 100 nm for the car-
bon grating. Nevertheless, one can clearly distinguish the
diffraction orders for TPP. For MeOTPP individual diffrac-
tion orders can no longer be identified and the observed
signal resembles the envelope of the single slit diffraction
pattern.

Note that the SiO2 grating is much thinner than the
carbon gratings (8 nm compared to 20 nm) and has a
larger geometrical slit width (82 nm) compared to the
carbon mask (55 nm). This suggests that van der Waals
forces are not responsible for the observed contrast re-
duction. On the other hand, we observe a stronger pop-
ulation of higher order diffraction peaks in the case of
SiO2, which indicates a more pronounced particle-wall
interaction in the case of the dielectric mask.

While our observations suggest that the visibility
reduction is due to dipole-grating interactions, other
dipole-related mechanisms are also conceivable that
give rise to a beam broadening. One possible reason for
a contrast reduction is a potential increase in the effec-
tive source size. However, both the measured laser focus
and depleted molecular traces on the desorption win-
dow rule out this effect. Moreover, molecules with a per-
manent dipole moment might also diffuse more rapidly
on the detector plate than non-polar particles. This was
tested by depositing molecules through a narrow slit in
front of the detector plate. The width of the transmitted
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Figure 4 Molecular diffraction images of TPP (top) and MeOTPP
(bottom) at the silicon dioxide grating.

stripe was independent of the molecular species which
excluded an increase in surface diffusion. Finally, colli-
sions with gas molecules can also lead to the suppres-
sion of quantum interference [15], and the influence of
the molecular dipole moment on collisional decoher-
ence was discussed in [32]. However, tests in the current
setup showed that the momentum transfer from a sin-
gle gas particle is sufficient to deflect the molecule way
beyond the small detection region (400 × 400 μm2),
leaving the contrast unaffected.

In summary, our experimental findings imply that the
dipole and velocity-dependent contrast reduction must
be caused by interactions with the grating. Given that the
gratings were milled with a focused gallium ion beam,
which is known to deposit surface charges [33], it is likely
that charges were implanted into the membrane during
the patterning process. This is also consistent with dis-
crepancies that were found between the observed and
predicted Casimir-Polder interactions at nanomechani-
cal silicon nitride gratings [34]. In the following section,

we present a theory that evaluates the possible role of
residual charges in the diffraction of polar molecules.

4 Theory

In order to determine the influence of grating charges on
the interference pattern, we consider a polar symmetric-
top molecule characterized by the three moments of in-
ertia I1 = I2 = I �= I3 as well as an electric dipole moment
d0. We denote its center-of-mass (CM) position by r and
its orientational degrees of freedom (DOFs) by �. The
molecule is thermally emitted with longitudinal velocity
vz from a point-like source (located at z = 0), diffracted
from an infinitesimally thin, charged grating of trans-
verse extension �x (at z = L) and finally detected at the
screen (at z = 2L). Denoting the grating direction as x,
we can neglect the y-dependence since the extension of
the grating in this direction exceeds the spatial coher-
ence of the particle. Since the longitudinal kinetic energy
exceeds the transverse kinetic energy and the average
grating potential by orders of magnitude in a typical ex-
periment, it can be described in the eikonal approxima-
tion [35]. Thus, the longitudinal CM coordinate z = vzt is
effectively eliminated and the transverse state operator
ρ2L at the detector is related to the transverse state oper-
ator ρ0 at the source by successive application of the free
time evolution from the source to the grating, the grating
transformation t̂ and the free time evolution to the de-
tection screen, respectively. Tracing out the orientational
DOFs then yields the interference pattern.

The grating transformation operator t̂ maps the state
ρL in front of the grating onto the state ρ ′

L directly after
the grating, ρL �→ ρ ′

L = t̂ρLt̂†. The influence of the grating
mask can be modeled with the help of the aperture func-
tion |t(x)| ∈ {0, 1}, which is unity within the grating slits
and zero elsewhere [36]. On the other hand, the phase
imprinted onto the molecular state while it is traversing
the grating depends on the interaction potential between
the grating and the molecule. For simplicity we assume
that the dominant interaction is due to homogeneously
distributed surface charges on the grating. They create
an electric field which reaches out along the z-direction.
Thus, the interaction potential is

V (x, z,�) = −d0m(�) · E(x, z), (1)

where m(�) is the orientation of the molecular dipole
moment and E(x, z) is the electric field due to the
charges.

In a more realistic description of the interaction
between molecule and grating, one would add the
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Figure 5 Electric field lines of a thin, homogeneously charged grat-
ing of period d, surface charge density σ0 and opening fraction
f = 1/2.

dispersive Casimir-Polder interaction [34] to the poten-
tial (1), which is not included in the present model.
The electrostatic field E(x, z) can be calculated from
Coulomb’s law applied to a thin grating with surface
charge density σ0, period d, opening fraction f and width
�x [37]. The resulting field is depicted in Fig. 5. For mod-
erate charge densities the potential energy of the molec-
ular dipole in the field is much lower than the mean
rotational energy kBT . Since the orientational DOFs are
initially thermally distributed at a high temperature, the
molecule rotates freely while traversing the field and we
can utilize the free rotor approximation [38]. This means
that the phase shift for each rotation state

∣∣�mk
〉

of the
molecule is obtained by integrating the expectation value
of the potential energy in this rotation state along the
straight eikonal trajectory [38]. For the case of a thin grat-
ing the explicit calculation shows that the phase shift
takes the particularly simple form

φ(x) = �φ

[
x
d

− f
2

tri
( x

d

)]
, (2)

where �φ = (1 − f )d0σ0d/�ε0vz is the maximal phase dif-
ference between two neighboring slits. Here, we denote
by tri(x) a 1-periodic triangular wave with

tri(x) :=
{

2x/f for 2|x|/f ≤ 1,[
sgn(x) − 2x

]
/(1 − f ) for 2|x|/f > 1,

(3)

for x ∈ [−1/2, 1/2) and we take the center of the coordi-
nate system to be the center of the grating. The resulting

grating transformation operator can thus be written as

t̂ = |t(x̂)|
∞∑

�=0

�∑
m,k=−�

eiφ(x̂)Q�mk ⊗ |�mk〉〈�mk|, (4)

where Q�mk = mk/�(� + 1) is the expectation value of
cos θ̂ in the state

∣∣�mk
〉

[39–41], with θ the angle between
the dipole and the grating axis. Here we assumed for
simplicity that the molecular dipole is aligned with the
molecule’s symmetry axis. Extending the current model
to the cases where the dipole is not aligned with the sym-
metry axis of the molecule is straightforward, although
the resulting expressions will be more complicated [38].

The grating transformation (4) is the thermal average
of angular momentum dependent grating transforma-
tions with angular momentum dependent phase shifts.
The phase (2) consists of a linear and a periodic contri-
bution, which compensate each other within each grat-
ing slit, so that the maximal phase difference between
two neighboring slits is �φ. The periodic contribution
tri(x) to the eikonal phase (2) describes an alternating
phase modulation of the matter-wave for each fixed ex-
pectation value Q�mk, while the linear contribution de-
scribes a transverse momentum kick, experienced by the
molecule due to its interaction with the charged grating.
This momentum kick can shift the interference pattern
either to the left or the right. In particular, for fixed Q�mk

the transferred momentum is (1 − f )d0σ0Q�mk/vzε0 and
its direction is determined by the quantum numbers m
and k. The average over the quantum numers �, m and
k then leads to phase averaging and thus the signal con-
trast is reduced. Relation (2) implies that the effect is rel-
evant as soon as �φ � 2π .

In order to evaluate the interference pattern, one suc-
cessively evaluates the free propagation from the source
to the grating, the grating transformation and the flight
from the grating to the screen. In the end, the orien-
tational DOFs are traced out. Using that they are ther-
mally distributed at a very high temperature, T � �

2/ĨkB

with Ĩ the dominant moment of inertia of the particle,
we can replace the sum over the discrete values Q�mk

by an integral over the continuous classical mean value
q = 〈cos θ〉 ∈ [−1, 1] [38].

The thermal distribution pth(q) of q gives the statis-
tical weight of each phase shift q�φ. It is shown in the
Appendix that

pth(q) = 1
2

− 1
2

√
I
I3

[
1√

1 − (1 − I/I3) q2

+ ln

(
(1 + √

I/I3)|q|
1 + √

1 − (1 − I/I3) q2

)]
, (5)
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Figure 6 The probability distribution of the classical dynamic
mean value q = 〈cos θ〉 (5) for I/I3 = 1/2 (very oblate symmet-
ric top), I/I2 = 5 (slightly prolate symmetric top) and I/I3 = 100
(very prolate symmetric top).

as depicted in Fig. 6. This distribution is independent of
the temperature T and it is a function of the ratio I/I3 be-
tween the molecule’s two independent moments of iner-
tia. For I/I3 → 1/2 (thin disc) the distribution is broad,
while it approaches the δ-distribution for I/I3 → ∞
(linear rotor).

The resulting interference pattern at the detection
screen can then be written as

S(x) ∝
∫ 1

−1
dq pth(q)

∣∣∣∣
∫ ∞

−∞
dx′ |t(x′)|eiφ(x′)q

× exp
[
−i

2πx′(x − x′)
d�x

]∣∣∣∣
2

. (6)

Here, �x = 2π�L/Mvzd is the distance between two
neighboring diffraction peaks in the far field, i.e. for
�2

x/�xd � 1. In the far field, the position space integra-
tion in Eq. (6) can be carried out explicitly and the signal
for an N-slit grating is

S(x) ∝ sinc2
(

πf x
�x

)

×
∫ 1

−1
dq pth

(
q
) sin2 [

πN
(
x/�x − q�φ/2π

)]
sin2 [

π(x/�x − q�φ/2π)
] . (7)

This expression shows that the charge-free N-slit inter-
ference pattern gets blurred by the distribution pth. From
this relation it is apparent that phase averaging can be-
come important for �φ � 2π .

In Fig. 7 we show the theoretically expected interfer-
ence pattern for a prolate symmetric top molecule for

three different charge densities. One observes that the
signal contrast is significantly reduced even for moder-
ate charge densities.

5 Discussion

Our experiment demonstrates that polar molecules are
more prone to dephasing at nanomechanical diffraction
gratings than non-polar but similarly polarizable ob-
jects. The effect is more pronounced for slow particles.
This is consistent with our model of charged gratings
which predicts a velocity-dependent broadening of the
diffraction orders. We therefore attribute the lead-
ing dephasing mechanism for polar molecules at our
nanomechanical gratings to local residual charges. Our
observation may also be relevant for earlier experiments
with polar particles which did not discuss this effect ex-
plicitly [30, 42].

The charges are most likely deposited during the fab-
rication process. Charge densities up to 1013 e/cm2 were
found in silicon nitride irradiated with a gallium ion
beam [33]. While the electric conductivity of amorphous
carbon depends on a number of parameters like fab-
rication, thickness and temperature, its value exceeds
the respective value for SiO2 by several orders of mag-
nitude. Hence, electric charges implanted in SiO2 are
less likely to be neutralized and should result in stronger
electric fields than in amorphous carbon. Eliminating
the influence of local charges is ambitious since even

Figure 7 Theoretically expected far-field interference pattern of a
prolate symmetric-topmolecule (M = 505 amu, I/I3 = 10) with
dipole moment μ0 = 4 D [43], motivated by the experiment with
hypericin, for three different charge densitiesσ0. Themolecular ve-
locity is vz = 280 m/s, the distance L = 585 mm, the opening
fraction f = 0.55 and the grating period d = 100 nm.
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nanometer-sized metal layers do not suffice to shield the
fields and nearby grating support structures may also
carry charges.

6 Conclusion

Our experimental results indicate that the interaction
between residual charges in a nanomechanical diffrac-
tion mask and polar molecules can cause a significant
loss of visibility in quantum interference. The compari-
son between two different grating materials shows that
this effect is more dramatic for gratings with higher sur-
face charge density (SiO2). The theoretically predicted
phase-averaging due to the rotation of the molecular
dipole is qualitatively consistent with the experimental
results.

We find that the use of material gratings as co-
herent manipulation elements in quantum optics be-
comes increasingly challenging for particles of high po-
larity. This suggests that future interferometry with large
polar biomolecules will require at least one optical
grating. However, when working with incoherent molec-
ular sources, at least one absorptive grating is usu-
ally required to prepare the required spatial coher-
ence. Nanomechanical masks can still serve this purpose
even though they imprint field-induced phase shifts. In
Talbot-Lau near-field interferometry [12] phase shifts
and attractive forces in the first of three gratings do not
scramble the final interference contrast, they may even
enhance it by narrowing the effective slit transmission
function. Molecules with a very large dipole moment
may be removed from the beam only if the local grating
attraction becomes too strong.
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Appendix

A Statistics of free rotations

In this appendix we derive the classical thermal dis-
tribution pth(q) of the dynamic mean value q = 〈cos θ〉
for symmetric top molecules as required for our

purposes. This distribution determines the probability
density of deflection angles of polar particles travers-
ing an inhomogeneous field of moderate strength [44–
46]. In order to calculate pth(q), we consider a free
symmetric top, with the classical Hamilton function

Hrot(�, p�) = 1
2I

(
(pϕ − pψ cos θ)2

sin2 θ
+ p2

θ

)
+ p2

ψ

2I3
, (A.1)

where � = (ϕ, θ, ψ) are the Euler angles in the z-y′-z′′

convention, p� = (pϕ, pθ , pψ ) are the canonically conju-
gate momenta and 1/2 < I/I3 < ∞. The three conserved
quantities of the free rotor dynamics are the rotational
energy (A.1) and the two angular momenta pϕ and pψ ,
and they define the classical rotation state of the body.
The dynamic mean value 〈cos θ〉 can be calculated by
separation of variables and subsequent integration:

〈cos θ〉 = 1
τrot

∫ τrot

0
dt cos θ(t) = pϕpψ

2ErotI + p2
ψ (1 − I/I3)

,

(A.2)

where the rotational period τrot of θ-rotations is given by
[38]

τrot = 2πI√
2ErotI + p2

ψ (1 − I/I3)
. (A.3)

We note the close resemblance between the classical
mean value (A.2) and the quantum mechanical expecta-
tion value Q�mk = mk/�(� + 1).

The thermal distribution pth(q) of the mean value q =
〈cos θ〉 is defined by

pth(q) =
∫

d� dp� δ[q − 〈cos θ〉]pth(�, p�), (A.4)

where pth(�, p�) is the Boltzmann distribution of the ro-
tational energy (A.1). The distribution (A.4) can be eval-
uated by following the derivation presented in [38], and
a straightforward calculation yields the probability den-
sity (5). It is normalized, even and independent of the
temperature T . Thus its first moment 〈q〉 vanishes and
its second moment can be calculated to be

〈q2〉 = 1
3

1
1 − I/I3

(
1 −

√
I
I3

arcsin
√

1 − I/I3√
1 − I/I3

)
. (A.5)

The second moment is strictly decreasing for increasing
I/I3 and in the limit I/I3 → ∞ (linear rotor) it tends to-
wards zero. For instance, for spherical tops, I/I3 = 1, we
have 〈q2〉 = 1/9. In the linear rotor limit I/I3 → ∞ the
distribution (5) approaches the δ-distribution, pth(q) →
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δ(q), and the mean value 〈cos θ〉 vanishes for all rotation
states.

Key words. Matter-wave interferometry, biomolecules, dephas-
ing, hypericin, dipole moment.
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[42] W. Schöllkopf, R. E. Grisenti, and J. P. Toennies, EPJ D
28, 125 (2004).

[43] C. Etzlstorfer and H. Falk, Chem. Month. 129, 855
(1998).

[44] E. Gershnabel and I. Sh. Averbukh, Phys. Rev. Lett. 104,
153001 (2010).

[45] E. Gershnabel and I. Sh. Averbukh, J. Chem. Phys. 135,
084307 (2011).

[46] E. Gershnabel and I. Sh. Averbukh, J. Chem. Phys. 134,
054304 (2011).

1600025 (8 of 8) C© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwww.fp-journal.org


