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Abstract

Differential microscopy isrealized by conventional
off-axiselectron holography with an electron biprism behind
the specimen. Two phase images reconstructed from two
holograms obtained with slightly different potential s of the
electron biprism are utilized to make a one-dimensional
differential image. Polystyrene latex particles which are
charged by electronirradiation and abarium ferrite particle
which has a single magnetic domain were used to
demonstrate that the differential image is independent of
the distortion of the reference wave.
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Introduction

A transmission electron microscope equipped with
afield-emission electron gun (FE-TEM) makesit possible
to construct an electron holographic interferometer using
an electron biprism [18]. Off-axiselectron holography has
been successfully used in the observation of phase objects
such as magnetic fields [4, 17] and electrostatic potentials
[2, 10]. Off-axis electron holography can reveal the
distribution of magnetic flux density and inner potential s of
substances if such a magnetic or electric field is localized
into asmall region. In off-axis holography, awell defined
reference wave is indispensable for evaluation of the
interferencefringes. |nmany cases, however, the magnetic
or electric field extendsbeyond the lateral coherencelength
of the electrons, which meansthat only the phase difference
between an object wave and thereference wave is obtained.
As aresult, the information extracted from the hologram
with the distorted reference wave does not accurately
expressthefieldsor the potentials of the object. Moreover,
for the observation of magnetic substances, a distortion-
free or plane reference wave restricts the observation area
to the region near the edge of the specimen. The magnetic
lines of force near the specimen edge are liable to close
inside to suppress the leakage of flux into a vacuum;
therefore, the magnetic structuresinside are often of interest
to us.

One of the ways to surmount this problem of the
distorted reference wave has been shown by Matteucci et
al. [10]. Their analysis using a computer simulation can
reveal an accuratefield for some simple cases. Differential
interferometry [13], a typical example of shearing
interferometry, isanother useful method for observing phase
objects when a plane reference wave cannot be obtained.

With regard to electron holographic interferometry,
some configurations have been reported for differential
interferometry. They illuminate the specimen with two
coherent el ectron beamsinclined toward each other by using
abeam splitter placed infront of the specimen. Leuthner et
al. [8] and Takahashi et al. [14] installed an electron biprism
in the illumination system of a scanning transmission
electron microscope (STEM) equipped with a detection
systemthat hasareferencegrating. Thereported resolution
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Figure 1. Schematic electron-optical system for electron
holographicinterferometry. V= potential of the biprism.

of this scanning-type interferometer is not very high so far
(>5nm). A projection-type differential interferometer has
been reported by Mankoset al. [9]. They utilized the same
STEM configuration to makeinterferencefringesin ashadow
image and showed magnetic domainsin acobalt film. Their
interferometer, however, requires intrinsically larger
defocusing of the object for a larger interference region.
Kruit and Buist [5] used acrystalline beam splitter inserted
intoaTEM instrument equipped with an ordinary thermionic
electron gun. Thelr technique requires that the crystalline
beam splitter has a large uniform area of orientation and
thickness and that it is inflexible of changing the fringe
spacing. They are both obstaclesin practical applications.
These disadvantages of thelast two types of interferometers
may be overcome by installing the electron biprism in the
illumination system of the FE-TEM instrument [6, 11]. On
theother hand, in conventional electron off-axisholography
[18], using the FE-TEM instrument which has an electron
biprism behind the specimen (off-axis TEM holography),

theinterferenceregionislimited by only thelateral coherent
length of the electron waves. A resolution higher than STEM

holography is easy achievable [12, 15] with off-axis TEM

holography, which hasimproved the precision of its phase
measurement [ 7], but sufficiently small shearing of the object
wave hasbeenimpossible. If two holograms, which havea
dlight differencein the sheared regions of their object wave
by the reference wave, are recorded, then the interference
of thetwo obj ect wavesreconstructed from these holograms
offers shearing interferometry. When the amount of the
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shearing is sufficiently small, this interference pattern
corresponds to the differential of the phase of the object
wave. Today, we can reconstruct the phase numerically
and can directly obtain its differentiation. In this paper,
preliminary results of differential microscopy by off-axis
TEM holography arereported for the el ectrostatic potential
around charged polystyrene latex particles and a barium
ferrite particle which hasasingle magnetic domain.

Principle

The phase increment of an electron beam transmit-
ted through an electromagnetic potential (A,V) isderived
from the Schrédinger equation with the Wentzel-Kramers-
Brillouin (WKB) approximation[1] as,

21
®=—" j(mv )
L
where eV = (U/2)mLVLPF, L is an electron trajectory, 7 is
Planck’s constant, and m, e and v are the mass, charge and
velocity of the electron, respectively. When an additional
electrostatic potential Vs, which is owing to an object, is
small enough, the phase shift introduced by thefirst term of

Equation (1) showsadifference of potentials projected along
the two trajectories as

@

where Va and A are the accelerating voltage and the elec-
tron wavelength, and integration is carried out along a
closed path L, connecting two electron trgjectories. For a
magnetostatic potential, the second term of Equation (1), @
directly corresponds to the magnetic flux passing through
the surface S, enclosed by the two tragjectories as
21e
¢ = e IBnds ©)
S
where B, is the component of the magnetic flux density
normal tothesurfaceS,. Consequently, aone-dimensional
differential image of the electron phase shows acomponent
of the projected electric field E parallel to the differential
direction and a perpendicular component of the projected
magnetic flux density B [3, 19].

Electron holograms are generated by the interfer-
ence of amodul ated object wave and aplanereferencewave
asshowninFigure 1. If thespecimenincludesalongrange
field which extends into the reference wave, the phase
reconstructed from the hologram isno longer the true phase
distribution of the object wave. Instead, it revealsthe phase
difference between the object and the reference waves as
illustrated in Figure 2, wherelong rangefield originating at
the center of the object strongly modulates the
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Figure 2. Equi-phaselines of an electron wave coming through along rangefield (a) are overlapped by an electron biprism
(b). Itisobviousin cross sectional views that the phase reconstructed from the hologram is not the true phase distribution
(c) but the difference between an object wave and amodul ated reference wave (d). @(x) = phase distribution; w = interference
width.

referencewave and overlapswith the object in the hologram. The shearing of theinterference region essential for
In such a case, differential interferometry might be a thedifferential interferometry is achieved by changing the
powerful tool for accurately measuring the object phase. potential applied to the electron biprism, as illustrated in
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Figure 3. Let the phase distribution of the electron after
coming through the objective plane, @(x), which extends
over the reference region, and an object wave, Y(x) =
exp{-i@(X)}, be overlapped to make a hologram with a
reference wave, Y(x-w) = exp{-i@p(x-w)}, at the potential of
thebiprism, V. o= Vo Theamount of wisalmost equal to the
interferencewidth. Assuming the magnification to be unity,
and the coordinates of x to be common in the object and the
hologram plane, the intensity of the hologram is expressed
as
1(xX) = Chp(x+wi2)+(x-wi2) [P (@)
and the phase image reconstructed from this hologram is
(19]
b, (X) = x+W/2)-@(x-W/2). )
When Vi changesto V+dV, the point overlapping
with the object is sheared by dw from point Ato A’, and the
second phase image,

,(X) = QOCHWI2+WI2)-(x- W/ 2-cwi'2) ©)

expansion of the width.

Vbp=-Vo-dV
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isreconstructed. Subtraction of these two images gives a
differential of the original phase. Although both the object
wave and the reference wave then shift against the
observation coordinates, if we fix the position of the ref-
erencewavein the subtraction, we obtain the differential of
the object wave as

SE) ={ § (- WI2+dW/2)-, (x-Wi2)} [chw
={ @p(x+aw)-@(x)} /dw

Fixing the position of the object, on the other hand,
we have that of the reference wave d@(x-w). This proce-
dure can be realized by digital recording and processing
systems.

When the phase shift of the object wave or the ref-
erencewaveislarge, determination of the carrier frequency
is very difficult. In the Fourier transform reconstruction
method, therefore, it is usual to refer to blank holograms
recorded in aunperturbed vacuum area at each condition of
the biprism.

Sometimes we may be ableto reconstruct the origi-
nal phase @(x), whichisfreefromtheeffect of thereference
wave, by integrating d@(x) along x-direction as,
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Figure4. Low magnification transmission el ectron micro-
graph of polystyrene latex particles (9= 1.0 um) (). Two
spheresindicated with arrowheads (A and B) were recorded
in an electron hologram (b) from both sides of an electron
biprism (BP). Bars=5um (ina) and 1 um(inb).

9(9= [3e0gdx+C, ®

Xo

wherex, isthe edge of theinterference region, and constant
C showsthe phase at the point x,. If theintegrated phaseis
one-dimensional, the constant C can betaken arbitrarily. In
the case of two-dimensional phase distribution, however,
valuesof Cat x, for every line haveto be determined or be
replaced with an equal value in order to reconstruct a
meaningful distribution.

Experiment

A Hitachi HF-2000 FE-TEM (Hitachi Ltd., Tokyo,
Japan) equipped with aGatan 679 (Gatan, Pleasanton, CA)
slow-scan CCD camerawas used to make holograms, and
the processing was performed on apersonal computer. The
objective lens and condenser lenses were turned off, and
two intermediate and two projective lenses were excited
maximally, resulting in amagnification of 2000 timeson a
fluorescent screen. The exposure time was controlled not
by a magnetic deflector (the usual system of Hitachi’s
electron microscopes combined with the slow-scan CCD
camera), but by a mechanical shutter. Thisis essential in
electron holography, because source drift, which is due to
thetime delay of ferrite cores of the deflector coils, causes
theinitial phase of the electron to drift. Typical exposure
time was 20 seconds and readout time from the CCD to a
framememory was 2 seconds per frame of 2000 x 1000 pixels.

Resultsand Discussion
Figures 4 and 5 show the results obtained with dif-

ferential microscopy of polystyrenelatex particlesof 1 um
indiameter charged by electronirradiation[16]. Theelectron
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wave, including two charged particles which are indicated
by arrowheadsin alow magnification transmission el ectron
micrograph in Figure 4a, was superimposed by an electron
biprism (BP) withV, =-13V to makeahologram, Figure4b,
in which electric fields around the latex spheres modulate
the reference waves. A blank hologram was obtained in a
sufficiently far vacuum areaat the same biprism condition
and was used in order to reconstruct a phaseimage, Figure
5a, from which another phase image, Figure 5b,
reconstructed from ahologram recorded with pr =-13.5V,
was subtracted. Theamount of shearing, dw, wasabout 0.1
pum. The subtraction was performed to keep the coordinates
of particle A the same in both reconstructed waves so that
the potential around particle B is differentiated along the
lateral direction in Figure 5¢c. The variance of the
differentiated phase along the edge of the differentiated
area (vertical direction) in Figure 5c is below 120. This
value is not so large considering the sensitivity of this
preliminary work, and we can integratethedifferentia image
so that the potential distribution, free from the effect of the
reference wave, is revedled, as shown in Figure 5d. The
dark band in Figure 5d is due to the indeterminable areain
the phase that corresponds to particle A. As easily
understood from Figure 4a, the asymmetrical distribution of
the potential around B means the interaction with particle
A, namely, the potential at the side facing particle A has a
larger gradient than that at the other side.

Figure 6 shows the one dimensional differentiation
of aBaferrite particle. Thelarger particleinthetransmission
electron micrograph in Figure 6a has a single magnetic
domain, asisrecognized from the hologram (Fig. 6b; Vip =
-16.0V) and asimply reconstructed phase image (Fig. 6c).
Another phaseimage recorded with adlightly higher biprism
potential Nbp =-15.6 V) wassubtracted from Figure6c, yield-
ing adifferential image Figure 6d. Thedifferentiationwas
performed along the horizontal axis, therefore, Figure 6d
shows the vertical component of magnetic flux B around
the particle asdescribed in the Principle section. Thedark
contrast around the particlein Figure 6b isdueto the effect
of the biprism. Some part of the scattered waves at the
crystal edge or deflected waves by the magnetic field was
shaded by the biprism. However, the phase distribution of
the electron wave is not as serious as the intensity
distribution. Of course, the lack of information causes
inaccuracy of phase measurement, and detailed
investigation of thisinaccuracy remains.

Theaccuracy of thedifferentiation isdetermined by
the amount of shearing, whichis controllable by supplying
potential within the detectablelimit of phasedifference. In
practice, however, it hasto be noticed to keep the direction
of shearing perpendicular to the prism wire. The shearing
direction was often not exactly perpendicular to the prism
wire, apparently owing to theinhomogeneous biprism field



T. Tanji and T. Hirayama

at theends of thewire. Thisisespecially important intwo-
dimensional differential interferometry.

Finally, we mention another kind of differential inter-
ferometry. If werealizeatrapezoidal prism or amonoprism
which does not deflect the reference wave but only the
object wave as shown in Figure 7, we obtain a differential
interferogram from one hologram. As the reference wave
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Figure 5. Differential
interferometry of latex spheres
[16]. (a) A phase image
reconstructed from a hologram
(fig. 4b) taken with the biprism
potential V,=-13.0V; (b) another
phaseimageof V, =-13.5V; (c)a
one-dimensional differential
image; and (d) integrated image
showing a true phase dis-
tribution. Bar =1 pm.

Figure 6. Differential inter-
ferometry of amagneticfield. (a)
Low magnification trans-mission
electron micrograph of Ba-ferrite
particles. The particle indicated
by an arrow-head was processed:
(b) a hologram; (c) phase image
reconstructed from (b) showsthat
it has a single magnetic domain;
and (d) the differen-tial image
denotesthevertical component of
the magnetic field around the
particle. Bars=3pum.

does not shift by changing the potential of the prism, we

can use adouble exposure technique, and the reconstructed

intensity shows the differential of an object phase.
Conclusion

Electron differential interferometry was accom-
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Figure 7. Monoprism and trapezoidal prism make it pos-
sibleto reconstruct adifferential interferogram fromadouble
exposed hologram. x coordinates are perpendicular to the
prismfilaments; V = potential.

plished by conventional off-axis electron holography with
an electron biprism behind a specimen. A serious effect of
the distorted reference wave was eliminated clearly. The
actual distribution of the electrostatic potential was
reconstructed, and acomponent of the magnetic flux around
a small particle was demonstrated. This technique, in
combination with the high-precision phase measuring
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system already developed, will increase accuracy in
measuring long rangefields, such aselectromagneticfields.
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Discussion with Reviewers

P. Kruit: According to Equation (7), you must first recon-
struct the two images and then subtract the images. Is it
not necessary to unwrap the phase before you do the sub-
traction? If not, how do you get rid of thelargejump where
oneimageis 2re+d@different from the other image?
Reviewer 11: Isthe reconstructed field still differentiated
linearly?

Authors: In actuality, we performed the subtraction using
two wave-functions, i.e.,

exp{i5(x)dw} =
exp{ it (x-W/2+dw/2)} exp{ -, (x-W/2)}

then d@(x) in Equation (7) was obtained. So, we did not
need the phase unwrapping. This procedure is possible
only if the amplitude of the object waveisuniform outside
the particles.

P. Kruit: Ingenera, inyour experience, how large arethe
differential phases compared to the absolute phases that
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you measure in the images?

Authors: Although thereis no meaning in comparing the
differential phases to the absolute ones, the former is
generally smaller than thelatter, as shownin Figures5 and
6.

P. Kruit: How doyou interpret Figure 6d quantitatively?
Authors: For the contrast outside the particle, quantitative
interpretation is not so easy, though it is possible
qualitatively. That is, in the area where the reconstructed
phasein Figure 6¢ changes rapidly in the lateral direction,
the differential phasein Figure 6d shows darker or brighter
contrast than other areas.

P. Kruit: Please describe the other kind of interferometry
that you mention at the end of the Resultsand Discussion
section? How can you get a differential interferogram by
adding two holograms?

Authors. It is the same principle as a double exposure
hologram. That is, we can record many wavefrontsin one
film (or other media) and reconstruct them simultaneously
[13]. Sothesameinterferometry asthose consisting of two
object electronwaves[5, 6, 9, 11] isavailable.

Reviewer 11: What is the effect of the charge in distance
between spheresA and B when the biprism voltegeisvaried?
Authors: Varying of the biprism voltage causes no effect
on the electrostatic potential of the object, including the
leaking out potential. The effect of the charge means that
the gradient of the potential is steeper between A and B
than in other areas.

Reviewer 11: Thedifferentiation stepisabout 0.1 pm, sothe
resulting images should be probably averaged, as features
below 0.1 um may beartifacts.

Authors. We agree. With regard to the contrast outside
the particle, the fine structure is due to the variation of the
constant in Equation (8) (in Fig. 5d) and the effect of Fresnel
fringes.

H. Lichte: Canyou expand on the discussion of the effect
that the overlapping direction is not perpendicular to the
fringes.

Authors: Although thisaffectsto the accuracy of results, it
isaproblem of experimental skill, and also, we can select
data to keep the direction perpendicular to the fringes.
Detailed discussionswill also be necessary for more accurate
experimentsin future.

H.Lichte: Equation1says: “whereeV = (1/2)mLV[E....";
why absolute modulus of v?
Authors: Becausevisavector.
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H. Lichte: If Visthe potential of the object related to the
accelerating voltage Va, then thisrelationiswrong. Instead
it should read e(Va+V) = (1/2)mv2.

Authors: This depends on the reference point of the
potential. If wetakethereference point at the vacuum just
on the surface of a specimen, the V should be replaced by
V+Va, but if wetakethereferenceat the emitter, whichisnot
so strangein general, potential VincludesVa. Theequation
expressesavery general case. Inorder to avoid confusion,
we replace the additional potential V in Equation (2) with
Vs.

H. Lichte: In Resultsand Discussions, the authors state
“However, the phase distribution of the electron wave is
not as serious as the intensity distribution.” Why is this
true?

Authors: Actualy, intheintensity distribution, the shadows
by the biprism seem asif they were something real. Onthe
other hand, the reconstructed phase does not show an
abrupt change but continuous shift due to the magnetic
field around such shadow areas in many cases. Thisis
because only a part of the scattered wave is shaded by the
prism, and the rest contributesto theimaging (interference
fringes appear even in such shadows) and because the
phase of electron wave tends to be continuous. But, as
stated in the Results and Discussion, lack of information
causes inaccuracy of phase measurement.

H. Lichte: Isresolution the point of this paper?

Authors: Yes, it is the only point at which using TEM
holography may be superior to using STEM one in
differential microscopy.
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