
































































































































































































































































































































Quantitative phase analysis in electron holographic
interferometry

Toyohiko Yatagai, Katsuyuki Ohmura, Shigeo Iwasaki, Shuji Hasegawa, Junji Endo, and Akira Tonomura

Holographic interferometry in an electron microscope and its phase analysis technique are described. The
fringe scanning method is used to gain high sensitivity in phase detection. An example of measuring a
magnetic field of a fine particle is presented. The measurement accuracy for median filtering is about 1/70
fringe corresponding to the magnetic flux sensitivity of 6 X 10-17 Wb. Noise reduction techniques are also
discussed.

1. Introduction

Holography has been successfully used in an elec-
tron microscope since the field-emission electron mi-
croscope was developed.1 -3 This microscope differs
from a conventional electron microscope in two re-
spects: a field-emission electron gun provides a coher-
ent electron beam and a Mollenstedt-type electron
biprism is used as a wavefront beam splitter for record-
ing holograms.

In an earlier stage of the electron holography tech-
nique, correction of spherical aberration in an electron
optical system was a major objective to improve its
spatial resolution. 6 Then a 3-D imaging technique, a
phase-contrast method, and an interferometric tech-
nique 7 were discussed. Among applications of elec-
tron holography, electron holographic interferometry
promises to make unique contributions. With it
thickness variations and magnetic field distributions
in a microscopic region can be detected.

To gain high sensitivity in interferometric phase
measurement, the use of the optical phase amplifica-
tion techniques 9 was discussed to obtain tenfold am-
plification of the reconstructed phase by using higher
diffraction orders.710 Recently Takeda et al., used
the FFT method of subfringe analysis for electron
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holographic fringes.1' They described phase varia-
tions much smaller than 2 r that could be detected
without recourse to optical reconstruction or optical
interferometric measurements.

In this paper, using the fringe scanning technique for
fringe analysis of an electron interference hologram is
discussed. It gives us high sensitivity and high spatial
resolution in phase measurement. The quantitative
phase measurement technique in electron holographic
interferometry is useful for magnetic field measure-
ments in the microscopic region as well as for small
thickness variation evaluation. We first present a
brief review of electron holographic interferometry
and then discuss the use of the fringe scanning tech-
nique.

II. Electron Holographic Interferometry

A. Electron Holography

A schematic diagram of an electron holographic sys-
tem is shown in Fig. 1. A specimen is positioned in
one-half of a collimated beam; the other half is used as
the reference beam. An image of the specimen is
formed through an objective lens. A M6llenstedt-
type electron biprism is situated between the objective
lens and the image plane. The M6llenstedt biprism is
composed of a central thin wire and two ground-poten-
tial electrodes on both sides. Application of a positive
electric potential to the wire makes the image and the
reference beam overlap giving interference fringes.
The interference fringe pattern is magnified by a mag-
nification lens and recorded on film as an electron
hologram.

By using an optical system an image of an electron
hologram can be reconstructed, as shown in Fig. 2. A
hologram is illuminated by a collimated monochro-
matic light. An electron objective lens has a very large
spherical aberration, which limits the resolution of the
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Fig. 1. Schematic diagram of an electron hologram recording.

Reconstructed
image

Fig. 2. Optical reconstruction system of an electron hologram.
Phase difference amplification is done by using higher-order dif-

fracted waves.

electron microscope. When this spherical aberration
needs to be reduced, a correction lens is used in an
optical reconstruction system to compensate the
spherical aberration of the electron optics.

B. Phase in Reconstructed Image

In an optically reconstructed image, the phase of the
transmitted electron beam is also reconstructed. Su-
perimposing a plane reference wavefront on the recon-
structed image gives an interference fringe pattern
corresponding to the phase contours of the object. In
an optical reconstruction system for the interference
microscope based on the electron holography, two col-
limated laser beams coherent with each other illumi-
nate a hologram, so that the plus Kth order and the
minus Kth order reconstructed images make a phase-
difference amplified interference pattern by a factor of
2K. As described later, a combination of the first- and
zero-order diffracted waves is used to obtain an inter-
ferogram without phase amplification.

The phase difference between an object beam and a
reference beam is caused by two sources: thickness
variation and magnetic flux. The effective refractive
index n of a nonmagnetic specimen can be derived as

n = 1 + Vo/250, (1)

where Vo is the mean potential of the specimen and 00
is the initial electron potential. Thus the phase
change due to thickness variation d is given by

AO = n d. (2)

The phase difference resulting from the magnetic flux
is described by

AO =-2r * e/h f BndS, (3)

where e is the electron charge and h is Planck's con-
stant. According to Eq. (3), a 27r phase difference or
one fringe in an interferogram corresponds to a closed
magnetic flux of hie = 4 X 10-15 Wb. This value

PZT

Fig. 3. Schematic diagram of hologram reconstruction and fringe
analysis.

represents high sensitivity compared with that of any
other conventional field-measurement techniques.

Ill. Phase Analysis

A. Procedure and Experimental Apparatus

Figure 3 is a schematic of the setup for reconstruct-
ing an electron hologram and making the fringe scan-
ning phase detection of the reconstructed image. In
the first experiment presented, the zero-order diffract-
ed wave is used as the reference beam and so the plus
first-order and the zero-order diffracted waves are su-
perimposed to obtain an interference fringe pattern.
One of the reconstructed beams is phase shifted with a
PZT driven modulation mirror, so that the phase of the
interference fringe pattern is adjusted to make phase-
sensitive detection. When making phase-difference
amplification of the reconstructed image, we superim-
pose the plus and the minus first orders of diffraction
to obtain an interference fringe pattern with the twice-
amplified phase distribution.

The interference fringe pattern is detected with a
high-resolution low-distortion TV camera and is
stored in a frame memory. Fringe data are transferred
to a minicomputer. The PZT transducer is controlled
by a minicomputer via a D-A converter.

B. Algorithm

Let us suppose that the interference fringe pattern
with the modulated reference phase in can be written
as

f(x,y,30 ) = a(xy) + b(x,y) cos[o(xy) + 6,n' (4)

where k(xy) is the phase to be evaluated and a(xy)
and b(x,y) are the average fringe intensity and the
fringe contrast, respectively. In the fringe scanning
method, one of the mirrors is stepwise moved through
half of the wavelength so that the relative phase an of
the interferogram is changed:

an = 2r/N (N = 1,2,. . .N-1), (5)

where N denotes the number of mirror movements.
The irradiance at each point in the interference pat-
tern goes through one cycle of periodic variation. The
computer determines a best-fit sinusoidal function for
the irradiance vs the amount of phase shift at each
point of the interference pattern. The phase of the
best-fit function is a direct measure of the test wave-
front.

According to the fringe scanning phase detection
principle,12 summations with sinusoidal weights
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N-1
c(x,y) = E f(x,y,6 0) cos27rn/N,

n=O

N-1
s(x,y) = E f(xyen) sin27rn/N

n=O

(6)

(7)

are calculated to extract the sinusoidal parts of the
intensity variation. The phase of the interferograms
is given by

O(x,y) = tan' s(X,y)
c(x,y)

(8)

The calculated arctangent values are wrapped be-
tween i 7r rad. The unwrapped phase value gives the
correct shape corresponding to the phase profile.

C. Data Analysis Software System

To make automatic data acquisition and phase anal-
ysis, we developed a software system whose flow dia-
gram is shown in Fig. 4. If necessary, prior to entering
a main processing routine, preprocessing procedures
are performed. The preprocessing step includes the
piezoelectric translator calibration. The nonlinear
characteristic of the piezoelectric translator is mea-
sured. The coefficients of the calibration quadratic
curve of translation vs the input voltage are evaluat-
ed.13 By using these evaluated coefficients, a correct-
ed voltage is available for the phase-shifting proce-
dures.

In the first processing step, a series of interferograms
with different reference phases and the first-order re-
constructed image without the reference beam are
stored in a computer memory. This first-order recon-
structed image is used to reduce background noise in
the interferograms in the next step. Noise reduction
procedures are performed in the second step. TV
frame averaging, unweighted local averaging, and me-
dian filtering are used to reduce statistical noise in
interferograms. To obtain enhanced fringe contrast
and to reduce the background noise, the first-order
reconstructed image is subtracted from the interfero-
gram data. The phase of the interferogram is calculat-
ed according to Eq. (8). The computation of phase by
any inverse trigonometric function only provides
phase principal values between 7r rad. In the third
step, this phase unwrapping is performed. In the
postprocessing step, the aberration of the optical inter-
ferometer and the tilt phase term are subtracted from
the unwrapped phase data. Finally, calculated phase
data are displayed in an arbitrary format.

D. Noise Reduction

The noise sources to be considered in electron holo-
graphic interferometry are (1) phase irregularity in a
carbon film base which supports the specimen, (2)
speckle noise caused by dust and such in the optical
reconstruction system, (3) thickness irregularity and
scattering of a hologram, and (4) electronic statistical
noise: shot noise and thermal noise in a TV camera.

In spatial noise due to the first three sources, we use
noise reduction techniques by digital image processing

IMAGE DATA INPUT

Interference fringe
1-st order image

PRE-PROCESSING

TV frame integration
Median, average filtering

Subtraction of 1-st order image

DISPLAY

Grey level
Perspective

I END|

Fig. 4. Flow diagram of the software system for automatic data
acquisition and phase analysis.

including local averaging, median windowing, and
some spatial filtering. In particular, median window
filtering is powerful in reducing salt-and-pepper spa-
tial noise without reducing spatial resolution. Spa-
tially independent noise such as salt-and-pepper noise
in the analyzed phase distribution is serious enough to
perform phase unwrapping, resulting in fatal errors
near the phase discontinuity area. TV frame averag-
ing in time provides for reduction of the statistical
noise from the fourth statistical source above.

In addition to the technique mentioned above,
speckle noise due to the reconstructed optical system
could be reduced by using incoherent illumination to
decrease the effects of diffraction patterns from dust
and by using a liquid gate method to compensate phase
irregularity in a hologram surface.

IV. Experimental

As shown in Fig. 3, the experimental system is divid-
ed into two parts: optical and electronic. The optical
system used is a Twyman-Green interferometer with a
reference phase-modulation function. The fringe
analysis system consists of high-resolution TV camera
(Hamamatsu C1000), frame memory, piezoelectric
translator and its driver, and a DEC LSI-11/23 mini-
computer system. The video signal is converted to an
8-bit digital signal and stored in the frame memory of a
Hamamatsu C1901 with a 16-bit resolution. Because
of the 16-bit resolution in the intensity range, 256
frames maximum can be accumulated in the frame
memory to reduce statistical noise in the video signal.
A piezoelectric translator (Burleigh PZ-91) makes the
phase modulation. A programmable high voltage sup-
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Fig. 5. Magnified version of an electron hologram. Holographic
carrier fringes are observed between the arrows.

I 1000 A I
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Fig. 7. Interference micrograph of (a) magnetic particle and (b) its
fringe intensity profile along a central cross section.

Fig. 6. Reconstructed image of a cobalt particle. Fig. 8. Interferometric micrograms
phases.

with different reference

ply is developed in which a 12-bit Datel HK12BGC D-
A converter generates the reference signal.

Electron holograms are recorded in a 125-kV field-
emission electron microscope. The interference
fringes are magnified 30,000 times in the electron mi-
croscope and recorded on Kodak 4489 electron micro-
scope film as a hologram. The carrier frequency is 20
lines/mm. A magnified version of an electron holo-
gram is shown in Fig. 5. The specimen is a magnetic
cobalt particle mounted on a carbon thin film. Be-
tween the arrows indicated in the figure two electron
beams are the overlapped and interferometric fringes
obtained. The number of holographic carrier fringes
in this area is -250.

Figure 6 shows a reconstructed image of a cobalt
particle. The image is reconstructed without a refer-
ence beam in the optical system shown in Fig. 3. The
size of the particle is -2000 A. The speckle noise is
obvious in the reconstructed image.

The interferometric fringe pattern is shown in Fig.
7(a), which is obtained by superimposing the first-
order diffracted wave and the zero order from the
hologram of Fig. 5. An intensity profile along a central
cross section is shown in Fig. 7(b). The interferogram

has a salt-and-peppery appearance due to the random-
ness of the speckle. Five interference fringes are ob-
served in the reconstructed image. Since the particle
is verified to be planar and triangular by another meth-
od, the outer three fringes are due to the thickness
variation and the inner two fringes correspond to mag-
netic flux inside the particle.

Figure 8 shows interferograms with 7r/2 reference
phase difference. The principal values of the phase
are calculated according to Eq. (8). The calculated
phase distribution is shown in Fig. 9(a). Phase irregu-
larity from speckle noise is observed in the phase pro-
file along a central cross section shown in Fig. 9(b). By
using a 3 X 3 pixel median filtering window, this type of
phase irregularity is reduced as shown in Fig. 10.

Figure 11 shows a grey level version of an unwrapped
phase distribution and its profile along a central cross
section. In the unwrapped phase distribution, a tilted
phase term due to optical misalignment or a back-
ground phase is compensated by using a least-squares-
estimation method. A 3-D plot of the unwrapped
phase distribution is shown in Fig. 12.
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Fig. 9. Calculated phase distribution: (a) wrapped phase and (b)
its profile along a central cross section.
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Fig. 10. Result of median window filtering of phase distribution
shown in Fig. 9.

To evaluate the measurement noise or the accuracy
limit of the measurement, variance of the calculated
phase data is estimated. Figure 13 shows the phase
profiles for evaluation of measurement noise. The
phase profile (a) in Fig. 13 is an unfiltered phase ob-
tained by unwrapping the profile shown in Fig. 9(b).
Median filtering of the phase profile (a) gives the phase
profile (b), which corresponds to Fig. 11(b). The
phase profile (c) is the result of twice-applied median
filtering of the phase profile (b). The noise levels or
accuracy limits (a), (b), and (c) are estimated to be
1/50, 1/60, and 1/70 fringe spacing, respectively.

A-

(b)

aC
la

A

-B

0
Position

Fig. 11. (a) Unwrapped phase distribution and (b) its profile along
a central cross section.

57r

0~~~~~~~~~~~ 0 A

Fig. 12. Three-dimensional plot of the phase distribution shown in
Fig. 11.

67.

A B
Position

Fig. 13. Phase profiles in linear parts of Figs. 9(b) and 10(b).
Evaluated phase variances are 1/50 and 1/70 fringes, respectively.

In the phase amplification case, higher diffraction
orders are used to make interference fringes. If the
plus first order and the minus first order in reconstruc-
tion are used, the phase of the interferogram is magni-
fied by a factor of 2.
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V. Concluding Remarks

We have described the importance of the phase-
sensitive detection method in the electron holographic
microscope. The fringe scanning phase-detection
technique is applied to a phase-amplified holographic
fringe pattern recorded with magnetic field distribu-
tion. In the present experiment the measurement
accuracy is from about 1/50 to 1/70 fringe, depending
on filtering. This corresponds to a magnetic flux sen-
sitivity of from 6 X 10-17 to 8 X 10-17 Wb. Using
higher diffraction orders, a noise reduction technique,
and a more stable interferometer, we expect to obtain
much higher accuracy of the present situation. Ac-
cording to theoretical considerations 1/1000-fringe ac-
curacy for the fringe scanning algorithm is expected in
the ideal case.

This paper is based on one presented at the OSA
Topical Meeting on Holography, 31 Mar.-2 Apr. 1986.
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Books continued from page 376

Physics of New Laser Sources. Edited by N. ABRAHAM, F.
ARECCHI, A. MOORADIAN, and A. SONA. Plenum Press, New
York, 1986. 460 pp. $75.00.

This book is a collection of articles based on the lectures and
seminars presented at the NATO Advanced Study group of the
Europhysics School of Quantum Electronics which was held at Cen-
tro I Cappuccini, San Miniato, Tuscany, 11-21 July 1984. The
subject matter of the articles provides updated information for
young researchers and advanced graduate students who are already
engaged in the area of lasers or for those wishing to enter this area.
The topics covered are also likely to be of interest to both scientists
from industrial laboratories as well those in the academic community.

Abraham, Arecchi, Mooradian, and Sona assembled at the meet-
ing some of the world's pioneers in the laser field to lecture on the
developments of new laser sources currently available up to 1984.
The topics reviewed in this book are excimer, alexandrite, dye, pulse
compression, semiconductor, and C3 lasers, free electron lasers, syn-
chrotron radiation, and Er lasers to name a few. Articles on phase
conjugation and stimulated Raman scattering are also present.
Two important laser sources not covered in the text in any great
depth are other tunable solid-state lasers based on Cr+, V+, and Ti+
ions and the supercontinuum laser.

This book can help serve as a reference for the end laser user
community who needs to be informed about the state of the art of the
future laser generation and how to explore uses of these new laser
sources in future applications.

R. R. ALFANO

Laser Processing and Diagnostics: Proceedings of an Inter-
national Conference. Edited by D. BAUERLE Springer-Verlag,
New York, 1984. 551 pp. $34.00.

Laser Processing and Diagnostics is the proceedings of an inter-
national conference held in Linz, Austria, 15-19 July 1984. This
interdisciplinary conference was devoted to fundamental aspects
and applications of laser processing. The invited and contributed
papers contained in the proceedings volume are compiled into five
separate complementary chapters on topics ranging from basic stud-
ies of photophysical and photochemical processes at surfaces to
photo-assisted semiconductor processing and laser diagnostics of
gas phase and surface processes. The primary emphasis of the book
is in the area of laser processing of electronic materials. The papers
are generally well written, and the editor has organized them into a
coherent and logical format. Also, an extensive subject index has
been compiled; this is a valuable addition that is often lacking in
conference proceedings.

The first chapter is devoted to fundamental aspects of the interac-
tion between laser radiation and solid surfaces and applications of
transient heating methods for processing of electronic materials.
The chapter contains fifteen papers which address issues relating to
laser-induced phase transformations in Si, Ge, Te, GaAs, CdTe,
InSb, Si-on-insulator structures and metals. Since such a wide
variety of materials is treated, details concerning laser-solid interac-
tions in any single system are necessarily limited. Nevertheless, the
chapter provides a good introduction to laser annealing and tran-
sient processing and offers an informative survey of work in this
field.

The emphasis of the second chapter is on the photophysics and
photochemistry of gas-surface interactions. Although this is a rela-

continued on page 409
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Computer Reconstruction from Electron Holograms and Observation of Fluxon Dynamics

T. Matsuda, A. Fukuhara, T. Yoshida, S. Hasegawa, ' and A. Tonomura
Advanced Research Laboratory, Hitachi, Ltd. , Hatoyama, Saitama 350-03, Japan

Q. Ru
Tonomura Electron Wavefront Project, Research Development Corporation of Japan,

c/o Advanced Research Laboratory, Hitachi, Ltd , Hato. yama, Saitama 350-03, Japan
(Received 5 October 1990)

The customary optical reconstruction can be replaced with digital computations to dynamically and
quantitatively observe microscopic magnetic fields. Electron holograms of time-varying fields are first
recorded on videotape. Next, each hologram is reconstructed and phase amplified by computation. In-
terference micrographs are then reedited on the videotape. Using this method, the movement of fluxons

trapped in a thin superconductive film of lead are observed for the first time near the critical tempera-
ture. The fluxon diameters on the surface look thicker when the sample temperature is raised from 5 K.
Fluxons then begin to move near 7 K and finally disappear at the critical temperature 7.2 K.

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

Quantized magnetic fiux (lluxon) ' plays an important
role in both the fundamental and the practical aspects of
superconductivity. For example, the critical current of a
superconductor depends on fluxon dynamics, i.e., how
fluxons can be fixed at some pinning centers around the
current level. A fluxon is shaped like an extremely thin
thread unobservable even by optical microscopy. In ad-
dition, it has a very small magnetic Aux, h/2e
(=2X10 ' Wb). For static observation, the Bitter
method has often been used. Here, magnetic powders
sprinkled on superconductor surfaces and accumulated
at fluxons are observed by electron microscopy. Howev-
er, up to now no methods have been available to dynami-
cally observe fluxons.

Recently, new methods have been developed for
fluxon observation. From these, we used electron holog-
raphy to directly and quantitatively observe magnetic
lines of force of a single fluxon based on the Aharonov-
Bohm eAect, without recourse to its static replica.
Thus, this provides us with a new possibility to observe
the dynamical behavior of fluxons.

Electron holography is a two-step imaging process.
An electron interference pattern (hologram) between an

object wave and a reference wave is first recorded in an
electron microscope, and then the object image is recon-
structed by laser-beam illumination onto the hologram.
The exposure time for the recording is determined from
the electron-beam brightness and the sensitivity of the
photographic film. Note that it is at least a few seconds.

In the present experiment, we have attempted to use
dynamic electron holography with video instead of a
photographic system. The experimental arrangement is
shown in Fig. l. An electron interferogram (hologram)
was formed in a 150-kV field-emission electron micro-
scope in which a Mollenstedt-type electron biprism
was installed. The interferogram was dynamically ob-
served with a TV camera (Gatan) and recorded on
videotape. The object magnification ranged from 10000

Electron microscope

Monitor VTR

TV Camera

Frame
memory
device ~ Computer

ro o o o

FIG. 1. Experimental arrangement for dynamic electron
holography.

to 30000 times on a 20-cm monitor display. The video
signal from the tape was digitized and stored in a
memory device with 512 frames (max), and then trans-
ported frame by frame to the Appollo DN 10000 com-
puter.

The electron phase distribution was numerically com-
puted by the computer from the hologram recorded in

each frame by the Fourier transform method, ' and was
displayed as a phase-amplified (2&&) contour map'' in

units of half an electron wavelength. Since a magnetic
fiux of h/e produces a phase shift of 2tt between two
electron waves enclosing the flux, one contour corre-
sponds to the magnetic line of force from a single fluxon,
h/2e '2

The quality of the resultant contour map was poor
compared with that of conventional maps reconstructed
from holograms recorded on film. This was inevitable
for dynamic observation because the exposure time for
taking an electron hologram was as short as 30 s, and
also because the number of carrier fringes in the holo-
gram was as small as 10-50.

Therefore, to eliminate some deterioration, such as
that due to Fresnel fringes produced from the biprism
wire edges, we made use of the fact that the objects here
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Electron Wave

agnetic
eld

(a)
2@m

Coil Superconductor Coil
FIG. 2. Interference micrographs of trapped fluxons (phase

amplification, 2x). (a) Original micrograph. (b) Processed
micrograph.

FIG. 3. Experimental arrangement for observation of fluxon
bundles trapped in a superconductor.

were magnetic fields; magnetic fields in a vacuum cause
phase distributions with harmonic-function shapes. De-
tails of the numerical reconstruction and the image pro-
cessing will be reported elsewhere. '

An example of a reconstructed contour map is shown
in Fig. 2(a) and a computational improvement of it in

Fig. 2(b). Evidently, the processing removes only noise
and does not introduce any artifacts. Contour fringes
here can be interpreted as magnetic lines of force in

h/2e flux units, ' since the map is phase amplified 2
times. The direction of the flux can be determined from
the corresponding interferogram. One can observe at a
glance how magnetic flux trapped inside a superconduct-
ing Pb film leaks into the vacuum.

An arrangement for fluxon observation is schematical-
ly shown in Fig. 3. A thin tungsten wire 30 pm in di-
ameter was cleaned and smoothed by resistive heating,
and lead, approximately 0.7 pm in thickness, was eva-
porated onto one side of it. This sample was first cooled
down to 5 K at the liquid-He low-temperature stage in

the electron microscope. It was confirmed by observing
an electron interferogram on the TV monitor that there
were neither magnetic fields not other disturbances such
as electrostatic fields due to the charging eAects. The
sample temperature T was raised to around 8 K, just
above the critical temperature T, =7.2 K for lead, and
then a magnetic field of 0.5-5 6 was applied perpendicu-
lar to the lead film. Since the intermediate lens was em-

ployed for image focusing and the magnetic objective
lens was not used in this experiment, there was no mag-
netic field component parallel to the film. When the
sample temperature was recooled to 5 K, the magnetic
fluxons were trapped in separately squeezed units, fluxon
bundles, '

by the superconducting lead film. The applied
magnetic field was turned ofI' to avoid even the slightest
movement of the electron interference pattern during the
observation due to the possible drift of the field-coil
current.

The trapped fluxons remained stationary at 5 K as in
our previous static observation. When the sample tem-
perature was again raised, the diameters of the fluxons
gradually increased. After the fluxons began to move at
T—T„the produced hologram was recorded on video-
tape for 10-20 min without a break. Since the ffuxons
kept still for a period and then suddenly moved, only a
short scene of a few seconds including the flux change
was selected and reconstructed numerically for observa-
tion as magnetic lines of force. The manner of flux
changes was rather spontaneous and various: Fluxons
appeared to move abruptly from one pinning center to
another, to go and return between two pinning centers,
and finally vanish when an antiparallel pair of fluxons at-
tracted each other. When T exceeded T„all trapped
fluxons disappeared.

Figure 4 shows the time variation of the flux shown in
Fig. 2. One may notice two differences from our previ-

(a) (c)
FIG. 4. Interference micrographs of fluxons trapped in superconducting lead film (phase amplification, 2&&). (a) t =0 s. (b)

r =0.13 s. (c) t =1.33 s.
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ous static results observed at 4.5 K with the magnetic
field on, where the fluxons were in the same direction as
the applied field and had thin necks on the sample sur-
face. In the present case, however, most trapped fluxons
were antiparallel pairs, and did not have thin necks.
Thick necks result from the increase in penetration depth
at T—T, ~ Thicker necks may be due to the fact that the
fluxons move into the shadow of the wire, and that the
electron beam cannot pass through their true necks. An-
tiparallel pairs of fluxons may have been produced when
a strongly pinned Auxon attracted an oppositely directed
fluxon from the film edge so as to make the total mag-
netic energy smaller, since fluxons can inove at T—T, .

Photographs (a)-(c) in Fig. 4 show how the thermally
excited Aux behaves: Three fluxons in the upward direc-
tion (shown by arrows in the figure) are trapped in the
center of Fig. 4(a), and three magnetic lines of force
leak into the vacuum. At t =0.13 s, the Auxons shift to
the left corner of Fig. 4(b). It can be seen in the frame
that two upward Auxons and two downward Auxons are
connected by magnetic lines of force. At t =1.33 s, only
a single upward fluxon remains, thereby producing a
broad magnetic line. Strictly speaking, since the flux
change is completed after a lapse of 0.03 s, a single
frame interval, the behavior of a specific flux cannot be
followed. It can be followed, however, if the time resolu-
tion becomes high enough to catch transient states be-
tween the two frames before and after the change. Or,
one can follow the flux movement in a wider field of view
even if the resolution is insufficient.

An example of a lower-magnification observation is
shown in Fig. 5. One can see the whole aspect of mag-

2/m

netic lines produced from up and down Iluxons trapped
at various locations of the superconductor. The Aux dy-
narnics can be explained here as follows.

Fluxons remained almost stationary for 3 s in Fig.
5(a) and then suddenly moved within only 0.03-s inter-
vals as seen in the three successive frames (b), (c), and
(d). The U-shaped double magnetic lines in the central
part in Fig. 5(a) hardly change. Here, only the inner
magnetic line shrinks from frame (a) to (b). The U-

shaped magnetic line in the right part changes slightly as
shown in the figure, while the double magnetic lines in

the left part almost disappear within only 0.03 s between
frames (c) and (d), presumably by approaching and
overlapping two antiparallel fluxons. Thermal energy
must have excited the Aux and allowed it to move over
the pinning barriers.

In other cases, however, the flux change was faster and
two interferograms (holograms) before and after the
change were doubly exposed in a single frame. The
resultant contour map appears to consist of two regions
having two diAerent Aux distributions as shown in Fig. 6.
This map results from the production of a Moire pattern
of the two interferograms. Planning is now under way
for a new system to resolve such quick fluxon dynamics.

In conclusion, the present technique, electron hologra-

phy combined with video recording and computer recon-
struction, could open the way to dynamic observation of
microscopic magnetic fields. For the first time, Auxon

dynamics were actually observed with a time resolution
as fast as 3'p s. In the near future, we will try to observe
Auxon movements through electric-current injection in

the hope that such direct observations will elucidate the
flux-pinning mechanism, especially for high-temperature
superconductors.

We are very grateful to Professor C. N. Yang of the
State University of New York for his helpful discussions.
The authors would like to thank M. Takizawa and K.
Shibata of the Central Research Laboratory, Hitachi,
Ltd. for their kind cooperation in operating the frame

(b)

~IXj

(c)

FIG. 5. Dynamic observation of fluxons trapped in super-
conducting lead film (phase amplification, 2&&). (a) t =0 s.
(b) t =3.43 s. (c) t =3.47 s. (d) t =3.50 s. FIG. 6. Interference micrograph of fluxons in transit.
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memory device and the Appollo DN 10000 computer.
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