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The magnetic lines of force of a single flux quantum (fluxon) penetrating a superconducting film (Pb)
were observed directly and individually by the electron holography technique using the Aharonov-Bohm
effect. The phase contours of the electron wave not only confirm the quantized flux value A /2e but also
reveal, by phase amplification, internal structure of a single fluxon. With the film thickness 0.5 um,
each fluxon, after penetrating the film, fans out or makes a U shape returning to another point on the
film surface. With thicker films, fluxons form a bundle with a flux amounting to several times A/ 2e.

PACS numbers: 74.60.Ge, 61.16.Di, 74.70.Be

Many of the fruitful studies of superconductivity dealt
with magnetic effects, such as the Meissner effect, the
magnetic flux quantization,' and the lattice formation of
fluxons in type-II superconductors.? One is naturally led
to attempt observing the structure as well as the dynami-
cal behavior of a single fluxon.

The first observation of fluxons was achieved by Ess-
man and Tréuble;> they developed a high-resolution Bit-
ter technique to observe a replica of the distribution of
fine cobalt particles deposited on a type-II superconduc-
tor surface with an electron microscope, verifying
Abrikosov’s prediction? that the fluxons would form a
triangular lattice.

The fluxons were observed also by electron inter-
ferometry utilizing the Aharonov-Bohm effect,* in which
two electron waves get a relative phase shift of = when
their paths enclose a magnetic flux of h/2e, which is
equal to the fluxon value. Lischke® and Wahl® detected
the leakage of the fluxons trapped in a superconducting
tube. Boersch et al.” took a step forward to observe
thermally activated jumps of pinned fluxons from one
pinning center to another. Indeed, it is the merit of this
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technique that it enables one to see the magnetic field
pattern directly without recourse to its still replica, such
as in the Bitter technique,’ thereby providing a new way
to trace the dynamical behavior of fluxons. So far, how-
ever, the fluxon has been detected merely as a line of
dislocations of parallel interference fringes by half of
their spacing, the line not being sharp enough to permit a
clean determination of the motion, not to mention the
internal structure, of the fluxon. Another type of obser-
vation of a single fluxon has recently been achieved with
scanning tunneling microscopy;® this technique probes
the electronic structure surrounding the fluxon at the su-
perconductor surface, while the Aharonov-Bohm effect
in the above experiments and ours senses the magnetic
field structure.

The present Letter is the first report of our electron-
holographic studies of the fluxons. We have succeeded
in observing the magnetic field structure of a single
fluxon penetrating a superconducting thin film. Recal-
ling that the electron-holographic interferometry® with
n-times phase amplification (see below) produces one
spacing displacement of fringes for a pair of electron
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FIG. 1. Interference micrographs of magnetic fluxes penetrating superconducting Pb films (phase amplification, x2). Film thick-

ness (a) 0.2 um and (b) 1.0 um.
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FIG. 2. 16-times phase-amplified interference micrograph

of a single fluxon (film thickness =0.2 um and sample temper-
ature =4.5 K).

paths enclosing a magnetic flux of #/ne, we see in Fig. 1
(n=2) (a) isolated single fluxons that have penetrated a
Pb film as thin as 0.2 um, and (b) a bundle of fluxons in
the case of a Pb film of thickness 1 um. A closer look
can be taken of a single fluxon by increasing the magni-
tude n of the phase amplification (Fig. 2, n=16). Fur-
ther discussions will be given below after a brief descrip-
tion of our experimental procedure.

Our superconducting films were fabricated by eva-
porating Pb on one side of a tungsten wire (diameter of
30 um) at room temperature, whose surface was made
clean and smooth in advance by flash heating to 2000 K
with an electric current. A sample is shown in Fig. 3.
The films were made up with grains of single crystals, so
that special attention was paid to preparing films almost
free from surface roughness, pinholes, and cracks on
grain boundaries. The characteristics of the prepared
samples were critical temperature 7. =7.2 K, and resid-
ual resistance ratio p3g k/p7.s x =50~-80.

We note that, although Pb is a type-I superconductor,
an applied magnetic field produces penetrating fluxons
such that they are well separated from each other when
the thickness of the Pb film is less than 0.5 um (Ref. 10)
as is the case for Fig. 1(a).

Our experiment consisted of two steps: electron-holo-
gram formation and optical image reconstruction. The
setup for the first step is shown schematically in Fig. 4.
The electron microscope differs from a conventional one
in four respects. First, a 150-kV field-emission gun is
used so that the electron beam may be highly coherent
and well collimated (illumination angle =5x10 ~8 rad).
Second, it is equipped with a newly developed low-tem-
perature stage, which can keep a sample at low tempera-
tures down to 2 K. Third, it has a controllable elec-
tromagnet to apply a magnetic field of 0-100 G on the
sample in a horizontal direction. And fourth, an electron
biprism!! is installed to form an interference pattern be-
tween object and reference beams.
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FIG. 3. Superconducting sample. (a) Scanning electron mi-
crograph; (b) sketch.

In this experiment, we apply a weak magnetic field of
0.2-1.0 G perpendicularly to the sample, and then cool
the sample down to 4.5 K on the low-temperature stage.
One-half of the collimated electron beam illuminates the
sample for the observation of the magnetic fields
penetrating the sample, and the other half acts as the
reference beam. They are led to form an interference
pattern on the image plane by the electron biprism. The
image is formed through the intermediate lens and not
through the usual objective lens, since the latter has to
be turned off so that its magnetic field will not affect the
sample. The image is enlarged 1000-2000 times by elec-
tron lenses and is recorded on film to make a hologram,
of which the spacing and the total number of interfer-
ence fringes are 75 um and 200, respectively.

Optical reconstruction from the hologram using a He-
Ne laser makes interference micrographs. The process is
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FIG. 4. Electron-optical system for hologram formation.
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rather simple; a collimated laser beam illuminates the
electron hologram to produce two diffracted beams, one
carrying a reconstructed image and the other carrying
its conjugate. A Mach-Zehnder-type interferometer
makes these two images overlap to form a twice phase-
amplified interference micrograph, taking advantage of
the fact that two image amplitudes are complex conju-
gate to each other. This micrograph, prepared in the
form of an interferogram, can be used as a twice phase-
amplified hologram to repeat the above process to attain
the higher phase amplification. Experimental details of
the process are described in Ref. 12. An amplified in-
terference micrograph can also be obtained using a digi-
tal image analysis technique. '3

Let us now discuss the interference micrographs thus
obtained for the magnetic fields penetrating the super-
conducting film. Figure 1 shows the twice phase-
amplified contour fringes, which can be directly inter-
preted as projected magnetic lines of force, each repre-
senting a flux of 4/2e.'* We note that, although a uni-
form external field is applied to the sample, only the
magnetic fields generated by the current induced in the
superconductor are observed here, because the uniform
field affects equally the object electron beam passing by
the sample and the reference beam passing far away.
The magnetic lines of force are quite different in the two
micrographs, Figs. 1(a) and 1(b), where film thicknesses
are 0.2 and 1.0 um, respectively. In the right half of Fig.
1(a), a magnetic line of force penetrates the film in an
extremely localized region, and then fans out into free
space. Its flux is #/2e and therefore it is identified as a
single fluxon. This identification is confirmed by further
experiments as will be described below.

In addition to such an isolated fluxon, we observed an
antiparallel pair of fluxons connected by a U-shaped line
of force, as shown in the left half of Fig. 1(a). The anti-
parallel pair of fluxons may have been created when the
film was cooled through the Kosterlitz-Thouless regime '’
just below T, the presence of which is expected from the
two-dimensional character of the thin film. The fluxon
oriented against the applied magnetic field may survive
to be observed as long as the field is not too strong and
the pair is pinned by some mechanism so that the two
would not meet to annihilate each other.

We emphasize that the antiparallel pair of fluxons has
never been observed by any method, say, Bitter’s, so far
available, since none of them can tell the polarity of the
magnetic field.

In the micrograph 1(b), magnetic flux penetrates the
film in a bundle of several fluxons. This is a case of a
thicker film, of thickness ~1 um; it is known that the in-
termediate state occurs in a film thicker than 0.5 um,
causing the film to split into normal and superconducting
domains. '°

Internal structure of a fluxon line can be observed in
highly phase-amplified interference micrographs. An ex-

ample is shown in Fig. 2; the amplification ratio n is 16,
and consequently each line of force represents a flux of
h/16e. We note that the number of lines here is 8, and
hence the total flux amounts to %/2e in agreement with
the fluxon value. The diameter (half-width) of the
fluxon at the superconductor surface is determined'®
from this micrograph to be approximately 1500 A, which
value is not inconsistent with the penetration depth
~500 A (Ref. 17) of Pb. In order to extrapolate the
fluxon profile into the superconductor, theoretical calcu-
lations are now in progress. Direct observations of the
fluxons inside are also being planned with a higher-
energy electron beam that can traverse the supercon-
ducting film.

In order to make sure that the magnetic fluxes we ob-
served in the above experiments are due to supercurrents,
we confirmed by the same electron-holographic interfer-
rometry (i) that the fluxes remain frozen even after the
applied magnetic field is removed, and (ii) that the
trapped fluxes disappear completely when the sample
temperature is raised above 7.

Thus, we have developed a method and observed the
detailed structure of the magnetic field of a single fluxon.
Our expectations are that this method will enable us to
investigate various kinds of previously inaccessible fun-
damental features of superconductors. For example, it
should help in determining the mechanism of anisotropic
superconductivity in high-7, materials, in clarifying the
flux pinning mechanism limiting critical currents, and in
searching for a possible flux quantum different from
h/2e 1819
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FIG. 1. Interference micrographs of magnetic fluxes penetrating superconducting Pb films (phase amplification, x2). Film thick-
ness (a) 0.2 ym and (b) 1.0 gm.



FIG. 2. 16-times phase-amplified interference micrograph
of a single fluxon (film thickness =0.2 um and sample temper-
ature =4.5 K).
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FIG. 3. Superconducting sample. (a) Scanning electron mi-
crograph; (b) sketch.



