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Electron interferometry with nanogratings
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We present an electron interferometer based on near-field diffraction from two nanostructure gratings. Lau

fringes are observed with an imaging detector, and revivals in the fringe visibility occur as the separation
between gratings is increased from 0.2 to 2.7 mm. The oscillations in visibility depend predictably on the
wavelength of incident electrons. This verifies that 5 keV electrons diffracted by nanostructures remain coher-
ent after propagating farther than the Talbot length, and hence proves that a Talbot-Lau interferometer for
electrons can be built with nanostructure gratings. Distorted fringes due to a phase object are used to demon-
strate an application for this type of electron interferometer.
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Near-field interference effects that result in self-similar
images of a periodic structure were noticed by Talbot in
1836, and later described as Fourier images [1-3]. One re-
markable feature of these images is that revivals in visibility
occur as the plane of observation is separated from the peri-
odic structure by multiples of the distance @*/\, with d being
the period of the structure and A the wavelength of the light
(or de Broglie waves) illuminating the structure. Twice this
distance is known as the Talbot length z;=2d*/\. At least
partially coherent waves are required to observe self-images
of a single grating (the Talbot effect). However, a related
phenomenon (the Lau effect) occurs with incoherent light if
two gratings are used [3-5]. Fringes are then formed behind
the second grating, and the fringe visibility oscillates as a
function of grating separation. These so-called Lau fringes
can be observed directly on a screen, thus making a Lau
interferometer as shown in Fig. 1.

Here we present a Lau interferometer for electrons based
on two nanostructure gratings that each have a period of d
=100 nm. With medium energy (5 keV) electrons that have a
de Broglie wavelength of A=17 pm, the Talbot length is
1.16 mm. An imaging detector 80 cm beyond the gratings
was used to observe the Lau fringes shown in Fig. 2, and the
fringe visibility as a function of grating separation is plotted
in Fig. 3. Revivals in fringe visibility are observed to occur
at exactly the half-integer multiples of the Talbot length as
predicted in [3-5]. To further support the claim that these are
Lau fringes, i.e., fringes due to wave interference effects, we
present evidence that the fringe revival spacing changes pre-
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dictably with de Broglie wavelength (also shown in Fig. 3).
If the fringes are analyzed with a third grating (even a digital
mask in the image processing can achieve this purpose), then
this apparatus serves as a Talbot-Lau interferometer. How-
ever, even more information is gained by studying images of
the Lau fringes directly.

Interferometers based on the Talbot and Lau effects have
found applications in light optics [3,5,6], in atom optics
[7-11], and more recently with x rays [12]. Yet even though
electron interferometry is a mature field [13-16], neither Lau
nor Talbot-Lau interferometer designs have been operated
with electrons until now.

Perhaps the chief reason that Talbot-Lau interferometers
have not previously been created for electrons is that suitable
periodic structures have not been available. Crystals with a
lattice period on the order of 1 nm can serve as a grating, but
at typical transmission electron microscope energies the re-
sulting Talbot length (less than 200 nm) is too short for many
practical interferometer experiments [17]. A further compli-
cation is that the angular misalignment of the two gratings
must be smaller than one grating period over the height of
the beam. Hence alignment within 107% rad would be re-
quired for a Lau interferometer built with crystal gratings
and a 1-mm-high incoherent beam. These limitations are
overcome by using nanostructure gratings with a 100 nm pe-
riod capable of coherently transmitting electrons. Then the
Talbot length is increased to 1 mm, and the alignment toler-
ance for a Lau interferometer is relaxed to 1073 rad.

Nanostructure gratings are not new. In 1959 Médllenstedt

FIG. 1. (Color online) Lau interferometer for
electrons. There is a variable aperture
(50-200 pm) at plane A, a magnetic lens ML, a
beam focus (~10 um beam waist) at plane S,
nanogratings G1 and G2, an optional phase object
at plane P, and a charge-coupled device (CCD)
imaging screen. In our experiments z; is in the
range 0—3 mm, and z=80 cm. The distance be-
tween S and G1 is typically 2 cm, and the diver-
gence of the beam from S is 5X 1073 rad. Not
shown: the thermionic tungsten filament, grid
cap, and condenser lens are located before A.
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FIG. 2. Lau fringes formed with 5 keV electrons and two
100-nm-period gratings separated by 0.6 mm (half the Talbot
length). This figure was obtained by imaging a phosphor screen
with a CCD.

and Jonsson [18,19] were able to diffract 50 keV electrons
using five slits in a copper foil spaced by 1 um. Other ex-
amples of diffractive nanostructures for electron optics use
surface features supported on top of a substrate [20,21], but
due to the material thickness none of these transmit low-
energy electrons as well as the fully perforated gratings that
we use here. The gratings that we use are fabricated by Savas
et al. [22], and were recently used to study electron diffrac-
tion [23-25]. Results presented here confirm that these grat-
ings can be used for interferometry with medium-energy
(3-5 keV) electrons.

In the rest of this paper we describe the electron optics
setup, and briefly discuss the diffraction theory used to
model the revivals in Fig. 3. We comment on the role of
image charge interactions between electrons and the nan-
ogratings. Then we demonstrate an application of this inter-
ferometer: the study of the index of refraction for electrons
due to fields around a charged needle tip.

Lau fringes have highest visibility when the grating sepa-
ration (z) and the distance to the screen (z) satisfy

2
720z nd
= (1)
otz A
Then the period of the Lau fringes is
p+2
d'=d=">—, ()
20

where d is the period of the gratings. Equations (1) and (2)
are derived in the Fresnel approximation in Refs. [3,6,11].
Because the distance to the screen is typically 800 times as
long as the separation between gratings (z/z,=800) in our
experiment, the fringes are effectively magnified so that d’
=800d. The ratio of periods for G1, G2, and the detected
fringes is therefore 1:1:800.

To model the shape and visibility V= (0= Imnin)/ T max
+14n), of the fringes as a function of grating separation we
used a calculation described in reference [11] to evaluate the
Fresnel-Kirchhoff integral:
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FIG. 3. (Color online) Revivals in fringe visibility as a function
of grating separation (z). Data (symbols) are compared to theory
(line) from Ref. [11] for two gratings each with 40% open fraction.
Visibility maxima are found when the gratings are separated by a
half-integer number of Talbot lengths, and this depends on the elec-
tron accelerating voltage (V,..). The maximum visibility is 40% for
both the 3 and 5 keV electrons (the theory curve has been scaled
down to account for background signal in the experiment). Visibil-
ity decays when the fringe period is comparable to the resolution of
the detector.

2
I(x3,x,)

3)

f t2(x2)exp(i2%7(€1 + €2)>dx2

where t, is the amplitude transmission function of G2, ¢,
=\zg+(x,—x))% and €,=z’+(x3—x,)? (see Fig. 1). The
function £, is described in [23,24]. Equation (3) describes the
intensity at point x3 on a screen due to waves originating
from point x; in the plane of G1. All possible paths from x;
to x, (incurring path length €,) and subsequently from x, to
x3 (incurring path length ¢,) interfere at x;. This represents
coherent diffraction of waves by grating G2. Next the model
allows for the width of the incident beam the finite size of
the windows in the first grating by summing intensities:

1(X3)=J |t1 () 1 (xa,x) ), (4)

where #; is the amplitude transmission function of G1. This
theory was used to generate the curves in Fig. 3 and the
theoretical portion of Fig. 4.

We emphasize that the fringe visibility in this wave-optics
model is insensitive to the size of the incident beam, but does
depend on the wavelength as summarized by Eq. (1). Both of
these features are confirmed with our data: revivals in vis-
ibility are observed to occur when the grating spacing z,
satisfies Eq. (1) regardless of the lens and aperture settings.
In addition, this model predicts the fractional Talbot effect, in
which fringes with half the period predicted by Eq. (1) are
formed when zy=3/4z;. These half-period revivals are also
observed in the data (see Figs. 4 and 5 at G1-G2 separation
of zp=0.85 mm).
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FIG. 4. Lau fringes vs grating separation for 5 keV electrons.
(Theory) The theoretical composite was generated with the theory
given in Ref. [11]. A point spread function for the imaging detector
(Gaussian with rms 40 um), and the open fraction of the gratings
(40%) is included in the theory. (Experiment) Each row in this
composite image is a row from a different raw image obtained with
different values of G1-G2 separation (z). To compensate for ex-
perimental noise in the transverse position of the gratings, which
leads to phase shifts in the fringes, each row has been shifted to
locate a maximum at position 0.3 mm.

While a classical ray-optics model based on the shadows
of two gratings can predict magnified (projected) grating im-
ages and also revivals in visibility, we note here that a ray-
optics model fails to explain several features of our data. For
example, classical ray models predict that the revival spacing
depends strongly on the beam width and is independent of
beam wavelength. It also fails to predict the half-period re-
vivals. Finally, the Fresnel number for our setup is F
=d*/\zp=1, and in general ray optics is valid only when the
Fresnel number for a system is far greater than 1. Thus, a
classical Moiré interpretation is insufficient to describe this
experiment.

Our experimental data are best fit by a grating transmis-
sion function for G1 and G2 that is described by a 40% open
fraction (which agrees with independent measurements), and
a weak image-charge interaction between electrons and the
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FIG. 5. Power spectra of Lau fringes vs grating separation for
5 keV electrons. Each column of pixels is generated by a Fourier
transform of a row of data in Fig. 4. Note that the fractional Talbot
effect produces the double-spatial-frequency features at 0.85 mm.
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FIG. 6. Distorted fringes around the shadow of a charged needle
placed in plane P (Fig. 1). Consecutive fringes are labeled on the
top and bottom to emphasize the discontinuity that arises due to the
wire acting as a biprism. The 100-um-diameter wire was held at
4.5 V, and surrounded by a grounded cylinder of radius 3 cm.

grating bars. The image-charge interaction was discussed in
detail in [23,24], and it has a similar effect on the electron
optics as the Casimir-Polder interaction does for atom optics
[11,26,27]. We include the strength of the image charge as a
free parameter in the transmission function 7, for the second
grating. The best fit with the data was obtained using an
image charge of ¢'=0.03e|.

Additional analysis of the shape of the fringes was ac-
complished by taking the Fourier transform of images such
as Fig. 2. These image transforms show how the spatial fre-
quency of the fringes change with grating separation. A com-
posite image of fringe spectra, in which each vertical column
in the image represents the one-dimensional spatial fre-
quency spectrum of fringes for a specific grating separation
(zg), is shown in Fig. 5. As in Fig. 4, the fractional Talbot
effect is clear at the grating separation z,=0.85 mm. The
higher harmonics of spatial frequency indicate that the
fringes are not purely sinusoidal, but tend in places to look
more like the binary (Ronchi rule) masks made by ideal ab-
sorbing nanostructure gratings. This is the self-imaging prop-
erty of the Talbot and Lau effects.

To demonstrate that this interferometer can be used to
study phase shifts for electrons due to various objects, we
inserted a charged wire in the beam after the second grating
in plane P of Fig. 1. Like a lightning rod, the tip of the wire
causes large gradients in electric potential. The electric po-
tential in the space around the wire changes the index of
refraction for electron waves and distorts the interference
fringes as shown in Fig. 6.

Multiple paths through the interferometer sample different
parts of the phase object; therefore we are sensitive only to
gradients in the index of refraction, not the index directly.
This design is known as a shearing interferometer and shifts
in fringe position are proportional to [d/dx]®(x,y) and dis-
tortion in the fringes is associated with [d/dx]*®(x,y), where
®(x,y)=[n(x,y,z)kodz, with n(x,y,z) being the index of re-
fraction [3,5,6,12,15]. For electron de Broglie waves this is
D(x,y)=\2m/h>)[E+|e|V(x,y,z)]dz where V(x,y,z) is
the electric potential, E the incident energy of the electrons,
m the electron mass, e the magnitude of the electron charge,
and 7 Planck’s constant divided by 27r. Thus, this interfer-
ometer is sensitive only to gradients in potential energy, i.e.,
forces.
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A continuous wire produces a uniform linear phase gradi-
ent [V®(x,y)] with opposite sign on either side of the wire.
That is how it serves as a biprism [14]. Around the tip of the
freely suspended charged wire, however, there is a strong
double-gradient term [V>®(x,y)]. Hence fringe distortion is
expected around the tip of the charged wire, and uniform
fringe shifts are expected along the sides. Since the shifts are
perpendicular to the wire, and in general the wire can be
skew to the grating bars, fringes on either side of the wire
can appear out of step as indicated in Fig. 6. This serves as a
proof of principle that the interferometer setup presented
here can be used to study differential phase shifts due to a
phase object.

We are aware of the construction of a Mach-Zehnder elec-
tron interferometer by Batelaan and co-workers, which re-
quires a much higher degree of electron spatial coherence
than our interferometer [28]. Our results are distinct in that
we use an incoherent electron beam and we image electron
interference fringes directly. The imaging tool allows us to
detect fringes with arbitrary period (d’), and thus permitted
us to study quantitatively the revivals in fringe visibility as a
function of grating separation. Imaging also enabled us to
observe the fractional Talbot effect with electrons and nano-
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structures. The most useful result of using an imaging detec-
tor is the ability to study fringe distortions due to phase
objects in the electron interferometer.

In conclusion, we demonstrated an electron interferometer
that uses two nanostructure gratings and near-field interfer-
ence effects. We demonstrated the Lau effect for electrons
and observed revivals in fringe visibility when the gratings
are separated by multiples of the Talbot length. This type of
electron interferometer does not require spatially coherent
electron waves from the electron gun, but still it tests how
well the nanostructures generate and preserve coherence for
electron waves. The effect of image-charge interactions be-
tween electrons and the grating structure was observed, but it
does not inhibit the electron interference. The apparatus is a
rudimentary shearing interferometer, and serves to demon-
strate differential phase shifts. We have thus shown that
metal-coated silicon nitride nanostructure gratings can be
used as elements for coherent electron optics.

The authors acknowledge D. Bentley for the electron gun,
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work was supported by the National Science Foundation
Grant No. 0354947 and No. 0526954.
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