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The observation of interference patterns in double-slit exper-
iments with massive particles is generally regarded as the ulti-
mate demonstration of the quantum nature of these objects.
Such matter–wave interference has been observed for electrons1,
neutrons2, atoms3,4 and molecules5–7 and, in contrast to classical
physics, quantum interference can be observed when single
particles arrive at the detector one by one. The build-up of
such patterns in experiments with electrons has been described
as the “most beautiful experiment in physics”8–11. Here, we show
how a combination of nanofabrication and nano-imaging allows
us to record the full two-dimensional build-up of quantum inter-
ference patterns in real time for phthalocyanine molecules and
for derivatives of phthalocyanine molecules, which have masses
of 514 AMU and 1,298 AMU respectively. A laser-controlled
micro-evaporation source was used to produce a beam of
molecules with the required intensity and coherence, and the
gratings were machined in 10-nm-thick silicon nitride membranes
to reduce the effect of van der Waals forces. Wide-field
fluorescence microscopy detected the position of each molecule
with an accuracy of 10 nm and revealed the build-up of a determi-
nistic ensemble interference pattern from single molecules that
arrived stochastically at the detector. In addition to providing
this particularly clear demonstration of wave–particle
duality, our approach could also be used to study larger
molecules and explore the boundary between quantum and
classical physics.

When Richard Feynman described the double-slit experiment
with electrons as being ‘at the heart of quantum physics’12 he was
emphasizing how the fundamentally non-classical nature of the
superposition principle allows the quantum wavefunction associ-
ated with a massive object to be widely delocalized, while the
object itself is always observed as a well-localized particle. Recent
experiments have focused this discussion by demonstrating the
stochastic build-up of interference patterns11,13, by implementing
double-slit diffraction in the time domain14,15 (including down to
the attosecond level16), and by identifying a single molecule as the
smallest double-slit for electron interference17,18 that enables funda-
mental studies of decoherence19. The extension of this work20 to
large molecules requires a sufficiently intense and coherent beam
of slow and neutral molecules, a nanoscale diffraction grating, and
a detector that offers a spatial accuracy of a few nanometres and
a molecule-specific detection efficiency of close to 100%. We
achieve that in this work with a combination of micro-evaporation,
nanofabrication and nano-imaging.

Our experimental set-up comprises three sections: beam prep-
aration, coherent manipulation and detection (Fig. 1). The molecules

need to be prepared such that each one interferes with itself, and all
lead to similar interference patterns on the screen. Because the trans-
verse and longitudinal coherence functions are determined by the
Fourier transforms of the source spatial extension and velocity distri-
bution21, we require a good collimation and velocity selection. Under
‘far-field’ conditions we can approximate the molecular wave-
functions as plane waves, and the angle un of the nth order diffraction
peak is given by the equation sin un¼ nL/d, where L¼ h/mv is
the de Broglie wavelength, h is Planck’s constant, m is the particle
mass, v is the velocity, and d is the period of the diffraction grating.
Massive particles therefore need to be slow to achieve sizable diffrac-
tion angles. Although deceleration techniques have been advanced for
molecules even as complex as benzonitrile22, effusive beams (Fig. 1b)
are still well suited for preparing slow beams of particles a hundred
times more massive than that23,24.

For thermolabile organic molecules, which may decompose when
heated to their evaporation temperature, we use a laser micro-source
(Fig. 1a), which reduces the heat load to a minimum. A blue diode
laser is focused onto a thin layer of molecules deposited on the
inside of the entrance vacuum window W1, which can be moved
by a motorized translation stage. Although high temperatures can
be reached locally, this affects only the particles within the focus
area. In comparison to a Knudsen cell, the heat load to the sample
is therefore reduced by two to three orders of magnitude (to several
10 mW). Spectral coherence is achieved by sorting the arriving
molecules according to their longitudinal velocity and their respective
freefall height in the Earth’s gravitational field25.

The collimation slit S defines the spatial coherence of the mole-
cular beam. The slit and the grating width further downstream
narrow the beam divergence to less than the diffraction angle. The
grating is machined into a thin SiNx membrane and has a period
of d¼100 nm. To minimize the dispersive van der Waals inter-
action between the molecules and the grating wall we reduce the
grating thickness from 160 nm (as in earlier diffraction experi-
ments5,20) to as little as 10 nm in our present set-up. This is impor-
tant for the manipulation of complex molecules, which may exhibit
high polarizabilities, permanent and even thermally induced electric
dipole moments26,27. Each individually diffracted molecule finally
arrives at the 170-mm-thin quartz plate W2, which seals the detector
vacuum chamber against ambient air. The gradual emergence of the
quantum interference pattern is then observed by means of wide-
field fluorescence microscopy of W2.

Imaging of single molecules in the condensed phase began about
two decades ago28, and various methods for subwavelength optical
imaging have been developed since29. Here, we make use of a
scheme that is similar to single-molecule high-resolution imaging
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with photo-bleaching (SHRIMP)30. Even if the pointspread function
of an optical emitter is bound to Abbé’s diffraction limit, it is still
possible to determine its barycentre with nanometre accuracy, if
the signal-to-noise ratio is high enough and as long as the point-
spread functions of neighbouring molecules do not overlap.

The phthalocyanine molecule PcH2 (Fig. 1d) and its derivative
F24PcH2 (Fig. 1e) were selected because they are stable molecules
and efficient dyes, even in vacuum. The molecular sample on W2
was illuminated under a shallow angle so that the excitation laser
did not enter the imaging optics. Fluorescence was collected by a
microscope objective, filtered, and imaged onto the single-photon-
sensitive electron-multiplying charge-coupled device (EMCCD)
camera. (See Supplementary Table S3 for full details of the
imaging optics.)

Figure 2 shows a typical fluorescence image of surface-deposited
phthalocyanine molecules. We detect �1 × 105 fluorescence
photons per molecule before abrupt bleaching or desorption is
observed from one frame to the next, in support of the claim that
we monitor single molecules and not aggregates. By fitting a two-
dimensional Gaussian to each molecular image we can determine
its position with an accuracy of 10 nm. This would even fulfil the
detector requirements of matter–wave near-field interferometry31.

The high detection efficiency exceeds that of electron-impact
quadrupole mass spectrometry by more than a factor of 104. This
large gain allows us, for the first time, to optically visualize the
real-time build-up of a two-dimensional quantum interference
pattern from stochastically arriving single molecules, as shown in
Fig. 3. This series was recorded with an effusive source (Fig. 1b)
heated to 750 K. A typical velocity of 150 m s21 then corresponds
to a de Broglie wavelength of LdB¼ 5.2 pm. The actual velocity dis-
tribution is reconstructed from the molecular height distribution on
the detection screen and turns out to be slightly faster and narrower

than thermal. The pictures represent a balance of the continuous
accumulation of molecules and intermittent bleaching by the
imaging laser (3 s per frame for Fig. 3a–d). Figure 3 shows the
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Figure 2 | Single-molecule imaging of PcH2 with subwavelength accuracy.

Plots show photon numbers at various position at six different time points

(starting at the back), as extracted from the frames of a movie recorded

with an EMCCD camera. Two molecules are localized on the quartz surface

next to one another. After frame IV, molecule 2 either bleaches or desorbs

again. Our experiments indicate that bleaching typically occurs after the

detection of �1 × 105 photons. We detect each molecule with a signal-to-

noise ratio of �20, which enables us to determine the barycentre of their

pointspread function with an accuracy of �10 nm. Most molecules remain

immobilized on the nanoscale and the interference pattern persists even

over days.
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Figure 1 | Set-up for laser-evaporation, diffraction and nano-imaging of complex molecules. a, Thermolabile molecules are ejected by laser micro-evaporation.

A blue diode laser (445 nm, 50 mW) is focused onto window W1 to evaporate the molecules coated on its inner surface. A CMOS camera and a quartz

balance (QB) monitor the evaporation area and the molecular flux. b, Stable molecules can be evaporated in a Knudsen cell. The collimation slit S defines the

beam coherence. The molecular beam divergence is further narrowed by the width of the diffraction grating G. c, Electron micrograph showing

that the grating is nanomachined into a 10-nm-thin SiNx membrane with a period of d¼ 100 nm. The vacuum system is evacuated to 1 × 1028 mbar. Molecules

on quartz window W2 are excited by a red diode laser (661 nm). High-resolution optics collects, filters and images the light onto an EMCCD camera.

d,e, The molecules for this study: phthalocyanine PcH2 (C32H18N8, mass m¼ 514 AMU, number of atoms N¼ 58, d) and its derivative F24PcH2

(C48H26F24N8O8, m¼ 1,298 AMU, N¼ 114, e). The mass, atomic number and internal complexity of F24PcH2 are approximately twice those of PcH2.
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influence of the van der Waals force quite clearly. The high fringe
visibility up to the fourth interference order can only be explained
by an effective slit narrowing32 by a factor of about two due to the
molecule–wall interaction, even for gratings as thin as 100 atomic
monolayers. The relative importance of the molecule–wall inter-
action is discussed in the Methods and Supplementary Fig. S2.

The high sensitivity of fluorescence detection now also allows us
to extend far-field diffraction to more complex molecules. In Fig. 4
we compare specifically the interference pattern of the fluoro-
alkylated phthalocyanine F24PcH2 with that of PcH2, both starting
from the new laser micro-evaporation source (Fig. 1a), which
allows us to record the interference patterns with a material con-
sumption 100 times smaller than when using a Knudsen cell.

To account for the higher polarizability of F24PcH2, this exper-
iment was performed with wider slits (75 nm) than those used
for Fig. 3 (s¼ 50 nm). Again, we see clear quantum interference.
We retrieve one-dimensional projections from the two-dimensional
diffraction patterns by vertically integrating over a part of the
velocity distribution (Fig. 4c,d). The solid lines in these diagrams
represent the textbook-like diffraction of plane waves at a grating.
They also include an incoherent average over the known source
extension as well as over the detected velocity range. We find
agreement between the numerical model and our experiment if
we fit a van der Waals constant of C3¼ 16 meV nm3 for PcH2
and C3¼ 98 meV nm3 for F24PcH2 in the interaction with the
SiNx walls. Details of the modelling are available in the Methods
and the Supplementary Information.

The uncertainty in this fit is estimated to be �50%. Precision
measurements of C3 will become possible in the future with a more
accurate determination of the open slit width across the entire
grating, better velocity selection, systematic variation of the grating
thickness, and a more rigorous theoretical description of the
molecule–wall interaction. To obtain the numerical fit of Fig. 4d it
was necessary to convolute the calculated interference pattern with a
Gaussian with a standard deviation of 3 mm. This smearing may be

attributed either to surface diffusion or to a low contribution of frag-
mented molecules within the molecular beam. Diffusion would in fact
be consistent with the design specifications of this molecule: F24PcH2
is fluorinated to reduce its binding to the surroundings, to facilitate
evaporation. Note that in contrast to Fig. 3 the patterns of Fig. 4
show high contrast only to the first diffraction order. This is related
to the larger grating slit width used in this experiment.

Compared to our previous molecular far-field experiments6, we
have improved the source economy by a factor of 1,000, reduced
the grating thickness (and the corresponding van der Waals phase
shift) by a factor of 16, and increased the detection efficiency to
the level of single molecules. Fluorescence imaging with nanometre
accuracy is orders of magnitude more sensitive than the ionization
methods used in previous work, and it should be possible to detect
many natural and functionalized organic molecules, and also
quantum dots, with this method. Scanning tunnelling microscopy
has been used for single-molecule interference imaging33, but our
approach offers recording speeds that can be up to 1,000 times
faster over an imaging area that is 105 times larger. Although the
effects of the van der Waals force are still evident for membranes
as thin as 10 nm, it should be possible to reduce or even eliminate
these effects in future experiments by using gratings made of
double-layer graphene or made of light34.

The diffraction of single molecules at a grating is an unambigu-
ous demonstration of the wave–particle duality of quantum
physics35,36. It is only explicable in quantum terms, independent
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Figure 3 | Build-up of quantum interference. a–e, Selected frames from a

false-colour movie recorded with an EMCCD camera showing the build-up

of the quantum interference pattern for PcH2 molecules. Images were

recorded before deposition of the molecules (a) and 2 min (b), 20 min (c),

40 min (d) and 90 min (e) after deposition. Scale bars, 20mm (a–e). The

colour bar ranges from 25 to 120 photons in a–d and from 220 to 650

photons in e. a–d are taken from Supplementary Movie 1, and the wide-field

view in e is taken with the same objective as Supplementary Movie 2. The

movie frame rate was 0.1 Hz for the first 20 min (a–c). Thereafter it was

reduced to 0.05 Hz to allow for another dynamic equilibrium of bleaching and

the arrival of fresh molecules. Collimation slit S (Fig. 1) was cut into a 50-nm-

thick SiN membrane and had dimensions of 1mm (width) and 100mm

(height). Diffraction grating G was cut into a 10-nm-thick SiN membrane

(width, 5mm; height, 100mm), with period d¼ 100 nm. Width of the

individual slits: s¼ 50 nm. L1¼ 702 mm, L2¼ 564 mm. The arrow pointing

downwards indicates the direction of the gravitational acceleration g.
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Figure 4 | Comparison of interference patterns for PcH2 and F24PcH2.

a,b, False-colour fluorescence images of the quantum interference patterns

of PcH2 (a) and F24PcH2 (b). We can deduce both the mass and the velocity

of the molecules from these images, because diffraction spreads out the

molecular beam in the horizontal direction, and the effects of gravity mean

that the height h on the screen (left axes) depends on the velocity v of the

molecule (right axes). The colour bar ranges from 220 to 400 photons in a,

and from 220 to 600 photons in b. The true fluorescence of both

molecules starts at wavelengths above 700 nm. c,d, One-dimensional

diffraction curves obtained by integrating the fluorescence images in a and b

between h¼2160 mm and h¼2240 mm (dashed yellow lines in a and b),

which corresponds to velocity spread Dv/v¼0.27. All imaging settings are

specified in Supplementary Table S1. Collimation slit S (Fig. 1) was 3 mm

wide (defined by a pair of steel razor blades with 300 nm edge width).

Diffraction grating G was cut into a 10-nm-thick SiN membrane and had

dimensions of 3 mm (width) and 100 mm (height), with period d¼ 100 nm

(width of individual slits s¼ 75 nm). L1¼ 566 mm, L2¼ 564 mm.
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of the absolute value of the interference contrast. In contrast to
photons and electrons, which are irretrievably lost in the detection
process, fluorescent molecules stay in place to provide clear and
tangible evidence of the quantum behaviour of large molecules.

Methods
Molecular synthesis and sample preparation. The three-step synthesis of F24PcH2
comprises the formation of a fluorinated phthalonitrile followed by the assembly
of a fluorous zinc phthalocyanine derivative and a final demetallation step37 (see
Supplementary Methods for synthetic protocols and analytical data). A solution
(PcH2)/suspension (F24PcH2) of molecules in acetone was smeared onto the BK7
entrance window to form a thin layer. Inhomogeneities in the sample thickness
may occur but do not influence the final diffraction pattern. We observed some
liquefaction during the micro-evaporation, which also homogenized the sample.

Fabrication of the nanogratings. The SiNx gratings were produced by focused
ion beam (FIB) milling into a 10-nm-thin membrane (from TEMWINDOWS.com).
The FIB milling was carried out in the ionLiNE system (from RAITH GmbH) using
gallium ions at E¼ 35 keV and with currents ranging from 1 pA to 7 pA. The
gratings have a period of 100 nm and opening widths of 50 nm (Fig. 4a) and
75 nm (Fig. 4b).

Cleaning the quartz window. In situ plasma cleaning was used to clean the surface
of the quartz window. Outside: air at atmospheric pressure. Inside: nitrogen at
1 mbar. Discharge: a.c. voltage of 1.5 kV and 10 kHz, with a 0.5 mm electrode at
a distance of 0.5 mm from the window. The grounded vacuum chamber served as
the counter-electrode.

Numerical modelling of the diffraction images. We fit our data using diffraction
integrals in the paraxial (Eikonal) approximation. In the last step, this involved an
incoherent sum over all coherent diffraction patterns associated with molecules
starting from different source points, which caused limited spatial coherence, and with
different velocities, which cause limited spectral coherence. To identify the contributing
velocities we fit the molecular distribution on the screen to a Maxwell–Boltzmann
velocity and took into account all vertical constraints in our set-up. We could thus
assign the forward velocity of a molecule according to its vertical position on the screen.
The van der Waals interaction between the polarizable molecule and the dielectric
grating wall was taken into account in the phase of the grating transmission function.
The phase term c¼ exp(iC3D[1/Dx3þ 1/(s – Dx)3]/hv) was multiplied by the binary
transmission function given by the period and opening fraction of the grating. C3
denotes the van der Waals constant, which we determined from a numerical fit of the
expected diffraction curve to the observed interference pattern. The distance Dx of a
particular molecule to its nearest grating bar as well as its longitudinal velocity v and the
grating thickness D are important for the effective momentum kick during passage
through the grating. We assumed Dx to be constant for each molecule during the transit
time through the grating. We neglected all fringe effects, such as attraction outside the
grating slit. To illustrate the high significance of surface–wall interactions even for a
grating as thin as 10 nm and a molecular transit time of only 100 ps, we compared our
experimental data with different theoretical assumptions in Supplementary Fig. S2.
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In the version of this Letter originally published, in Fig. 1c, the two white arrows were 
incorrectly positioned; they should have appeared as shown here. This has now been 
corrected in the HTML and PDF versions.

Real-time single-molecule imaging of quantum interference
Thomas Juffmann, Adriana Milic, Michael Müllneritsch, Peter Asenbaum, Alexander Tsukernik, Jens Tüxen,  
Marcel Mayor, Ori Cheshnovsky and Markus Arndt

Nature Nanotechnology 7, 297–300 (2012); published online 25 March 2012; corrected after print 25 July 2012.

ERRATUM

100 nm

© 2012 Macmillan Publishers Limited.  All rights reserved. 

 


	Real-time single-molecule imaging of quantum interference
	Methods
	Molecular synthesis and sample preparation
	Fabrication of the nanogratings
	Cleaning the quartz window
	Numerical modelling of the diffraction images

	Figure 1  Set-up for laser-evaporation, diffraction and nano-imaging of complex molecules.
	Figure 2  Single-molecule imaging of PcH2 with subwavelength accuracy.
	Figure 3  Build-up of quantum interference.
	Figure 4  Comparison of interference patterns for PcH2 and F24PcH2.
	References
	Acknowledgements
	Author contributions
	Additional information


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    35.29000
    35.29000
    36.28000
    36.28000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50000
    8.50000
    8.50000
    8.50000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG PRINT PDF Job Options. 4th September 2006. PDF 1.3 Compatibility. Adds Trim and Bleed boxes top Nature pages where none exist.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


