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In 1949, at the end of a paper dedicated to the concept of the refractive index in electron optics,
Ehrenberg and Siday noted that wave-optical effects will arise from an isolated magnetic field even
when the rays themselves travel in magnetic-field-free space. They proposed a two-slit experiment, in
which a magnetic flux is enclosed between interfering electron beams. Now, through access to mod-
ern nanotechnology tools, we used a focused ion beam to open two nanosized slits in a gold-coated
silicon nitride membrane and focused electron beam induced deposition to fabricate a thin magnetic
bar between the two slits. We then performed Fraunhofer experiments in a transmission electron
microscope equipped with a field emission gun and a Lorentz lens. By tilting the specimen in the
objective lens field of the electron microscope, the magnetization of the bar could be reversed and the
corresponding change in the phase of the electron wave observed directly in the form of a shift in the
interference fringe pattern. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942462]

In 1949, Ehrenberg and Siday observed that the expres-
sion for the electron-optical refractive index contains the
vector potential and not the magnetic field strength, conclud-
ing that “one might expect wave-optical phenomena to arise
which are due to the presence of a magnetic field but not due
to the magnetic field itself, i.e., which arise whilst the rays
are in field-free regions only”." They proposed an arrange-
ment, whereby an enclosed magnetic flux is placed between
two interfering beams in a two-slit experiment and predicted
that the presence of the flux should result in a detectable
phase shift. This effect was rediscovered ten years later by
Aharonov and Bohm? in the context of quantum mechanics
and is considered to be of great importance as it is the first
example of quantum gauge phenomena (see, e.g., a historical
report by Hiley?). It also raised a lively controversy between
theoreticians and experimentalists, which has been thor-
oughly reviewed by Olariu and Popescu.* The off-axis hol-
ography experiments on toroidal superconductors by
Tonomura and co-workers” can be considered the last word
of an experimental feat started by the pioneering experiment
of Chambers.® A recent paper by Batelaan and Tonomura’
initiated another debate about the attribution of credit,&9
confirming that the effect still stimulates and stirs the scien-
tific community.

Here, we take advantage of our previous expertise in the
realization of the Feynmann thought experiment using modern
instrumentation,'®'" in order to realize the Ehrenberg-Siday
proposal in a transmission electron microscope (TEM). The
experimental setup is shown schematically in Fig. 1. A point-
like monochromatic electron source S is imaged onto a plane
OP by a lens L. If two narrow slits, which are separated
by distance d, are inserted after the lens, then a two-beam
Fraunhofer interference pattern of spacing s is observed on the
plane OP, with a zeroth order maximum on the symmetry
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plane. The spacing of the interference fringes is given by the
expression

_ic
S=
where 4 is the de Broglie wavelength of the electrons and the
camera length ¢ is the distance between the plane of the slits
and the observation plane. Let us insert a constant magnetic
flux @ after the slits in the region of the geometrical shadow
between them. This localized flux can be generated by a mag-
netic field oriented perpendicular to the plane of the figure,
for example by an infinite coil or, equivalently, an infinite
uniformly magnetized bar of constant cross section. In both
cases, the field is zero in vacuum, apart from a negligible con-
tribution arising from the closure field if the length of the coil
or bar is finite. The phase difference between the two electron
paths, which is given by the expression'>*

ey

Ap=—-0, (2)

acts on the interference fringe system produced by the two
slits but not on the diffraction envelope from each individual

FIG. 1. Schematic diagram illustrating the basis of the Ehrenberg-Siday
experiment, where an enclosed magnetic flux @ is inserted between two slits
in a two beam interference experiment.

© 2016 AIP Publishing LLC
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slit.* The interference fringe system is displaced laterally
with respect to the position for which ® =0 by a distance
Ax, which can be determined from the equation

== o 3)

A phase difference of 27 results from the presence of flux
@ = 27h/e = 4.135 x 10~ Wb. An intensity maximum is
no longer observable in the symmetry plane unless A is a
multiple of 2n. This result is gauge-independent, with the
flux being related to the circulation of the vector potential. In
order to observe this effect, which is easier to realize on a
small scale using a magnetized bar than a coil, it is necessary
to compare the results of experiments carried out for differ-
ent values of magnetic flux. Taking advantage of modern
nanotechnology techniques, we started by depositing Co bars
in square patterned shapes on a C film (see Fig. 2). This pro-
cess involves direct-write nanolithography and is based on
the use of a focused electron beam to decompose gas precur-
sor molecules (typically metallorganics) that have been
adsorbed onto the substrate. Metal atoms are deposited onto
the surface, while volatile ligands are pumped away after
fragmentation of the molecules.'?

The lateral dimensions of the patterns and the presence
of a magnetic signature were initially confirmed using scan-
ning electron microscopy (SEM), atomic force microscopy
(AFM), and magnetic force microscopy (MFM) (see supple-
mentary material).'> As a result of the lack of purity of the
deposited material, the saturation magnetization does not
reach the value expected for bulk Co.'* Moreover, it is diffi-
cult to measure its cross-sectional shape accurately. Several
depositions were, therefore, performed, in order to obtain
values of the enclosed magnetic flux that were suitable for
the interference experiments.

FIG. 2. Fresnel defocus image recorded in a transmission electron micro-
scope showing the presence of a magnetic domain wall in one of the bars of
a square patterned Co structure. The domain wall is visible as an abrupt
change in the Fresnel fringes in the lower part of the square. Additional do-
main walls are present at three of the corners of the square.
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We used Lorentz TEM to confirm that the Co rods were
magnetized along their lengths by acquiring Fresnel defocus
images at 200kV using a conventional TEM (JEOL 2010).
We tilted the specimen in the magnetic field of the weakly
excited objective lens to observe changes in the asymmetry
of the contrast of the Fresnel fringes at the edges of the rods.
It was occasionally possible to observe the presence of a do-
main wall separating regions in the same Co rod that were
magnetized in opposite directions. Such a domain wall can
be seen in the lower part of Fig. 2.

Figure 3 shows simulations of Fresnel defocus images
performed for an opaque magnetic bar of width 90 nm. In
each image, there are two reversals in magnetization 2 ym
apart. The four simulations correspond to phase shifts across
the bar of n/8, n/4, n/2, and 7. The defocus value used in the
simulations is 15 mm.

In order to realize the Ehrenberg-Siday experiment, two
slits were fabricated in a commercial silicon nitride membrane
using a focused ion beam (FIB) workstation (FEI Strata
DB 235 M). The sample consisted of a 3-mm-diameter, 200-
um-thick silicon frame, with a 100 um x 100 yum square win-
dow at its centre. The entire sample was covered by a bi-layer
comprising a 200-nm-thick silicon nitride membrane and a
further 100-nm-thick Au film. The Au film was deposited
onto the membrane before fabricating the slits. In order to cre-
ate the slits, a 9pA beam with a nominal spot size of 10 nm
was scanned over two 30 nm x 480 nm boxes, spaced 500 nm
apart, for 4s for each box. The resulting slits were 48 nm
wide, 490 nm apart, and 490 nm in length, as shown in Fig. 4.

The magnetic flux between the slits was provided by a
Co nanorod, which was deposited between the slits using
similar focused electron beam induced deposition (FEBID)14
parameters to those used to fabricate the structure shown in
Fig. 2. A Co carbonyl precursor Co,(CO)g was used, and a
5kV (110 pA) electron beam in an SEM was scanned across

FIG. 3. Simulations of Fresnel defocus images of an opaque magnetic bar of
width 90 nm at 15 mm defocus for an enclosed magnetic flux that results in a
phase shift of 7/8, n/4, 7/2, and 7 from the top to the bottom.
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2579 nm

FIG. 4. SEM image of the two slits and Co nanorod. The Co nanorod is the
vertical bar in the centre with length 2579 nm. The slits are the dark features
on either side of the Co nanorod.

a 0.03 um x 2.5 um area under gas flow for 50 s, resulting in
a 70-nm-wide, 50-nm-thick, and 2580-nm-long rod, as
shown in Fig. 4.

Experiments aimed at demonstrating the Ehrenberg-
Siday effect were carried out at 300kV in an FEI Titan TEM
equipped with a field emission gun, a Lorentz lens and a
Gatan Imaging Filter (GIF). The specimen was inserted in
the standard specimen plane, and its Fraunhofer diffraction
pattern was recorded using (a) a camera length of 6.1 m on a
standard charge-coupled device (CCD) camera located
below the projection chamber of the microscope and (b)—(e)
a camera length of 63 m on the GIF CCD camera, in order to
highlight the broad central diffraction maximum modulated
by interference fringes, as shown in Fig. 5.

The diffraction pattern shown in Fig. 5(a) was
recorded with the specimen untilted in magnetic-field-free
conditions. The presence of the magnetic flux is difficult to
identify unless flux variations are introduced and differen-
ces between images are compared. Therefore, in a first se-
ries of experiments, a vertical magnetic field of 180 mT
was applied by weakly exciting the objective lens of the
microscope. The specimen was tilted about a horizontal
axis lying in the specimen plane and perpendicular to the
lengths of the slits and the bar. As visual observations
carried out by manually tilting the specimen between
*20° indicated a jump in the interference fringes when
the specimen tilt angle was approximately *=5°, a series of
images was acquired at —2° (Fig. 5(b)), —4° (Fig. 5(c)),
—6° (Fig. 5(d)), and —8° (Fig. 5(e)). Although there are
small shifts in the position of the pattern, the images shown
in (b) and (c) are clearly in registry, as are those in (d) and
(e). A phase shift of approximately *m/2 can be seen
between the patterns in (c) and (d), which is due to a rever-
sal in the magnetization direction of the Co rod between
the slits at a specimen tilt angle of approximately —5°.
Intensity profiles generated from the Fraunhofer patterns in
(c) and (d) are shown overlaid onto each other in Fig. 5(f)
(—4° in blue and —6° in red).

Appl. Phys. Lett. 108, 083108 (2016)
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FIG. 5. (a) Low-angle electron diffraction image taken using a conventional
(pre-GIF) CCD camera. (b)—(e) Low-angle electron diffraction images taken
using a GIF CCD camera, recorded after tilting the sample between —2° and
—8° in —2° steps. (f) Intensity line scans of (c) in blue and (d) in red.

A small but clear asymmetry in the interference pattern
with a shift of the interference fringes with respect to the dif-
fraction envelope can be observed, confirmed by the fact that
the blue interference fringe maxima are higher than the red
ones in the left part and lower in the right part of Fig. 5(f).
This means that the two line scans cannot be overlapped by a
rigid translation but are instead mirror symmetric and corre-
spond to translations of the interference fringe system with
respect to the diffraction envelope in opposite directions due
to opposite magnetic phase shifts (see supplementary mate-
rial)."* Moreover, owing to the finite lateral partial coherence
of the electron beam and the point spread function of the
CCD camera, the minima do not reach a value of 0, as would
be predicted for perfect coherence.

In order to obtain a more complete picture of the
change in magnetization with specimen tilt angle, we also
carried out dynamic experiments by recording images as
the specimen tilt angle was varied continuously between
*+20° (Multimedia view). Figure 6 shows the result of
acquiring such a movie, separating it into individual frames,
identifying the position and angle of the diffraction pattern
in each frame, projecting the intensity parallel to the direc-
tion of the slits and placing the final one-dimensional line
profiles above one another. Thus, in Fig. 6, the horizontal
direction is the diffraction angle, while the vertical direc-
tion represents time and, therefore, also specimen tilt angle.
From the top to the bottom of Fig. 6, there are two tilt
cycles, in which the magnetization of the Co rod reverses
twice.
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FIG. 6. Projected one-dimensional line profiles extracted from a movie of
the interference pattern and displayed above each other from top to bottom,
showing sideways shifts in the fringes and thus changes in the direction of
magnetization in the Co rod during two tilting cycles between —25° and
25°. The vertical scale shows the approximate specimen tilt angle. As the
actual tilt angle was not measured for each frame of the movie, this has been
interpolated and is non-linear because the stage tilt rate was not constant.
(Multimedia view) [URL: http://dx.doi.org/10.1063/1.4942462.1]

Although lateral shifts of the Fraunhofer images due to
slight backlash in the specimen stage prevented their detailed
comparison, it was possible to observe sudden movements of
the fringes in correspondence with changes in magnetization
of the Co rod. The fringe shift could be identified unambigu-
ously, as the lateral shift and angular difference between
consecutive frames is small. Moreover, analysis of the line
scans across the transition (although poorer in quality when
compared with standard images) shows the same behavior as
in Fig. 5(f), confirming the shift of the interference fringes
with respect to the diffraction envelope (see supplementary
material). 13

In conclusion, we have presented an experimental real-
ization of the Ehrenberg-Siday proposal, which involves car-
rying out a two-slit electron interference experiment with a
magnetic flux enclosed between the interfering electron
beams. The experiment has been made possible by making
use of modern nanotechnology and adds another important

Appl. Phys. Lett. 108, 083108 (2016)

aspect to the Feynmann-Young two-slit experiment—that
electromagnetic potentials are not simply useful mathemati-
cal tools but also have a physical meaning.>*
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