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Coherent Foucault imaging: A method for imaging magnetic domain

structures in thin films

J. N. Chapman, A. B. Johnston, and L. J. Heyderman
Department of Physics and Astronomy, University of Glasgow, Glasgow G12 80QQ, United Kingdom

(Received 20 April 1994; accepted for publication 19 July 1994)

A method for imaging magnetic domain structures in the transmission electron microscope is
described. Coherent Foucault imaging provides a direct means of producing a magnetic
interferogram which reveals the quantitative distribution of magnetic induction across the specimen.
The technique requires the high coherence of a field-emission gun system and the ability to position
an aperture accurately to cut part of the diffraction pattern. A simple analytical theory, together with
computer simulations and experimental results, is presented to demonstrate the power of the

technique.
1

I. INTRODUCTION

The Lorentz modes of transmission electron microscopy
are widely used for the study of domains and domain wall
structures in thin ferromagnetic films. A number of different
imaging techniques exist but all have in common the fact
that magnetic contrast arises as a result of the small deflec-
tions that the electron beam undergoes due to the Lorentz
force acting on the moving electrons as they pass through the
specimen. Alternatively, the same phenomena can be viewed
from a wave-mechanical standpoint in which case the mag-
netic specimen acts to modulate the phase of the electron
wave.!

The various experimental techniques in use have been
reviewed extensively elsewhere.”® Of those which are nor-
mally implemented in a fixed-beam or conventional trans-
mission electron microscope (CTEM), the Fresnel and
Foucault modes are the most widely employed. Using
Fresnel imaging, domain walls are revealed as narrow bright
or dark bands on an otherwise constant background as a re-
sult of defocusing the imaging lens. In the Foucault mode,
domain contrast is revealed by inserting a blocking aperture
in the back focal plane of the imaging lens, thereby prevent-
ing some electrons from contributing to the image. The Fou-
cault mode, unlike the Fresnel mode, has marked directional
properties and pairs of images with the blocking aperture
rotated through 90° are required to obtain a clear picture of
the magnetic structure. Between them, the Fresnel and Fou-
cault modes provide information on the overall domain ge-
ometry and the direction of magnetization in, at least, the
larger domains. However, they are ill suited for providing a
quantitative description of the spatial variation of magnetic
induction across the specimen and do not readily reveal
gradual or subtle changes in magnetization direction.

For these purposes either the differential phase contrast
imaging mode* or electron holography® are more suited. The
former uses a scanning transmission electron microscope and
is not considered further here. The latter is normally imple-
mented on a fixed-beam instrument but requires an electron
biprism to be situated beneath the specimen to interfere elec-
tron waves that have passed through the magnetic specimen
with those that have passed adjacent to it. An electron holo-
gram is formed in the recording plane of the microscope and
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can be reconstructed optically or by computer to reveal a

magnetic interferogram which maps lines of force, separated

by the flux quantum h/e across the magnetic specimen.
While this indeed usually provides all the information re-
quired (exceptions being when wall structures themselves are
of concern and when the phase shift is very small) it is ob-
tained only after processing the recorded hologram and
hence is not as useful as the Fresnel and Foucault modes for
rapid surveys or studies of large specimen areas to identify
the structures of greatest interest.

The most successful implementations of electron holog-
raphy have been achieved on microscopes equipped with a
small bright electron source such as a field-emission gun
(FEG).® In this article we revisit the Foucault mode and in-
troduce a very significant modification to show that, when
practiced on an FEG instrument, it can provide directly mag-
netic interferograms of the kind discussed above in the con-
text of off-axis electron holography. Indeed, the mode can
properly be regarded as a kind of in-line holography and one
which is capable of providing a quantitative description of
the magnetic induction distribution across a specimen in real
time. The basic theory behind the so-called coherent Fou-
cault (CF) imaging is given in Sec. II. Thereafter, computer
simulations are presented in Sec. III which confirm the pre-
dictions of the simple theory and which demonstrate the sta-
bility of the fringe patterns to small variations in the posi-
tioning of the aperture. Section IV provides a description of
the experimental implementation and presents results from
small regular magnetic elements defined by electron-beam
lithography. Finally, a brief discussion is given about likely
application areas for the new technique.

il. SIMPLE APPROXIMATE ANALYTICAL THEORY OF
COHERENT FOUCAULT IMAGING

To illustrate how a magnetic interferogram is generated
by simply inserting an aperture at an appropriate point in a
CTEM column we consider a uniformly magnetized semi-
infinite thin magnetic film as shown in Fig. 1(a). The speci-
men transmittance fy(x) of such an object is given by

fo(x)=exp(iyx)H(x)+[1—-H(x)], €y
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FIG. 1. (a) A semi-infinite uniformly magnetized magnetic thin film; (b)
schematic of the corresponding intensity distribution in the diffraction plane.

where H(x) is the Heaviside function equal to umty for x>0
and to zero for x<<0 and 7y is given by 2weBt/h." By is the
saturation induction of the magnetic material and ¢ is the film
thickness. The form of the complex disturbance in the back
focal plane of the lens F(k) is given by the Fourier transform
of the specimen transmittance and may be written as

F(k)=8(k)/2+ 8(k— y)/2—if2mk+i/2m(k—y). (2)

The intensity distribution in this plane is shown schemati-
cally in Fig. 1(b). If now an aperture of the form H(k) is
introduced which removes all negative spatial frequencies,
the complex disturbance in the image plane f;(x) will differ
from that in the object plane. It is straightforward to deter-
mine the form of this disturbance numerically but, other than
around x=0, the disturbance can be approximated by a
simple analytical expression. This is obtained by noting that,
provided the aperture just fails to cut the central delta func-
tion, the only term in Eq. (2) which is significantly affected
is the third term, i/2mk, as none of the others has an appre-
ciable value for k<<0. Thus, on application of a second Fou-
rier transform, to move to the image plane we obtain an
expression of the form

fi(x)=exp(iyx)H(x)+ 53— 5 sgn(x)®[ 8(x)/2+i/2mx],

@)
where ® denotes a convolution and sgn(x) is equal to +1 for
x>0 and to —1 for x<0. Equation (3) can be evaluated to
yield

fix)=exp(iyx)H(x)+ 37— & sgn(x) —A(x), @

where A(x) is a function which is strongly peaked about the
origin but falls away rapidly on either side of it. Thus, for
x<0, the image disturbance assumes a constant value (<1),
while for x>0 it is of the form

filx)=[e+cos(yx)]+i sin(yx). ©)
More precisely, for the example given the constant value in
the region x<<0 is 2 while € is equal to 3. These numerical
values change, however, if the aperture is moved slightly to
just remove the central delta function, although the generic
form remains unaltered under these conditions.

The important observation from the above is that the
introduction of the aperture in the back focal plane has re-
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sulted in an additional term € being present in addition to that
directly attributable to the magnetic specimen in the region

SN T, tha £ ity digtrihe
x>0. Thus, the intensity distribution I(x) in this region is

given by
I(x)=u+ v cos(yx), 6)

where w and v are constants whose values again depend on
the preCISe pOSltlomng of the aperture. We see then that the
region occupied by the magnetic specimen consists of a set
of interference fringes, running parallel to the induction di-
rection, with a periodicity #/eBgyt.

As what has been described so far is simply the basic
Foucault technique, it is worth asking the question why such
fringes are not well known in practice and why the simple
analysis performed above has not, to the authors’ knowledge,
been reported before. The answer to this question is that
unless the mlcrOSCOpe is cqu1ppeu with a FEG the source
subtends a sufficiently large angle that the visibility of the
fringes is reduced to zero. Under these conditions Foucault
images just show regions in which differently oriented do-
mains appear with different intensity levels, which is pre-
cisely what a classical argument based on beam deflections
would predict. We return to a fuller discussion of the experi-
mental conditions that must be fulfilled to see magnetic in-
terferograms in Sec. IV.

Using the technique described so far, it is apparent that
information is lost if the specimen is more complex than the
very simple example shown in Fig. 1. For example, if it has
two domains, oriented along the positive and negative y axes
as shown in Fig. 2(a), a problem arises in that electrons pass-
ing through the domain with magnetization along the nega-
tive y axis will inevitably hit the aperture itself and play no

FIG. 2. (a) and (b) simple one- and two-dimensional magnetization distri-
butions suitable for investigating CF imaging; (c) and (d) the corresponding
diffraction patterns with a half-plane phase-shifting aperture superposed; ()
and (f) as (c) and (d) but with a phase-shifting aperture containing a single
small hole.
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further role in the image formation process. This problem
can be overcome using a modification to the procedure de-
scribed above in which the solid aperture is replaced by an
electron transparent phase-shifting aperture, such as a thin
foil of uniform thickness containing a hole. Furthermore, we
note that the phase shift ® is given by

&=nVT/AE, (7)

where V is the mean inner potential of the phase-shifting
film, T is its thickness, and A and E are the wavelength and
energy of the electron beam, respectively. Thus, by varying
the thickness of the film the magnitude of the phase shift can
be selected by the experimenter.

If the magnitude of the phase shift is chosen to be 7
radian, the effect of a half-plane aperture is to multiply the
disturbance in the back focal plane by sgn(k). For a speci-
men of the form shown in Fig. 1 the complex disturbance in
the image plane, equivalent to Eq. (3), is

fi(x)=exp(iyx)H(x)+}~ 7 sgn(x) ® (i/ mwx), )
which can be written in the form
filx)=exp(iyx)H(x)+3—2A(x). ©)

It follows, then, that Eq. (6) still holds, albeit with different
values for the constants x4 and v. Thus, a magnetic interfero-
gram with fringes of the same spacing is again formed and,
in this instance, the amplitude of the disturbance everywhere
in the back focal plane has been unaffected. The advantage
of a phase-shifting aperture becomes clear when we consider
a one-dimensional object of the form shown in Fig. 2(a) or
more general two-dimensional magnetization distributions. A
simple example of the latter, which relates to the experimen-
tal results detailed in Sec. IV, is shown in Fig. 2(b).

To gain insight into the kind of effects we might expect,
we consider a magnetic specimen of finite extent defined by
a shape function s(r) where r is a two-dimensional vector
and s(r) assumes a value of unity within the specimen and
zero outside it. With the usual assumption that the magnetic
specimen modulates only the phase of the electron wave
@(r), the specimen transmittance can be written as

fo(r) = explig(r)]s(r) +[1-s(r)], (10)
and the disturbance in the back focal plane is of the form
F(k)=¥(k)®S(k)+ (k) —S(k). (11)

Here ¥(k) and S (k) are the Fourier transforms of exp[i ¢(r)]
and s(r), respectively. It is important to note that for most
magnetic specimens the first term generally makes no sig-
nificant contribution in the vicinity of k=0 and that, for
specimens in which the magnetization is principally oriented
along a small number of directions, there are many radial
directions in k space along which the contribution from the
first term is negligible. We now insert a half-plane aperture
introducing a phase shift of 7 so that the edge of the film just
misses the central delta function and lies along one of these
directions, denoted by &, . Under these conditions, individual
regions where W(k)®S(k) is appreciable are either unaf-
fected or suffer in their entirety a phase change of o. Hence,
the only term that it is significantly affected by the insertion
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FIG. 3. The diffraction pattern from the object shown in Fig. 2(a).

of the film is S(k) which must be replaced by S(k)sgn(«,).
This is illustrated schematically for both the magnetization
distributions of Figs. 2(a) and 2(b) in Figs. 2(c) and 2(d),
respectively.

Moving to the image plane the complex disturbance
takes the form

fir)=explie(r)Is(r)+1-s(r)®i/mx[&(y)].  (12)

The last term is strongly peaked around the edges of the
specimen and if its effect can be ignored elsewhere, it is clear
that, once again, strong fringes are formed within the mag-
netic sample as a result of a mixing of the first two terms
within its boundaries.

So far the phase-shifting aperture has been assumed to
be in the form of a semi-infinite half-plane. In practice an
approximation to this can be realized by using the edge of a
film or a sufficiently large hole whose dimensions apprecia-
bly exceed those of the magnetic diffraction pattern itself. A
variation on this is realized if a hole whose size is small
compared with that of the magnetic diffraction pattern is po-
sitioned as shown in Figs. 2(e) and 2(f). Under these condi-
tions all magnetic spots suffer the phase shift ® as all of
them pass through the thin film aperture. This contrasts with
the case already considered where some magnetic spots are
phase shifted while others are not. In both cases, the only
part of the diffraction pattern that undergoes a differential
phase shift is that part very close to the center and the analy-
sis given above is broadly applicable to both cases. Differ-
ences that arise according to the form of aperture used are
discussed in the following section.

Ill. COMPUTER MODELING OF COHERENT
FOUCAULT IMAGES

To explore the detailed form of the intensity variation in
a CF image computer modeling has been used. The object is
represented by a one- or two-dimensional complex array of
512 or (512)° points. Typically the magnetic object occupies
the central portion of the array and is surrounded by free
space. To illustrate the effect of various apertures we con-
sider an object of the form shown in Fig. 2(a). For subse-
quent comparison with experimental results the magnetic
material is assumed to be a permalloy film with a saturation
induction of 1 T and a thickness of 50 nm. The width of each
domain is taken as 0.5 um and the total window size is 2.0
pm. The diffraction pattern corresponding to the object is
obtained using a fast Fourier transform and its intensity dis-
tribution is shown in Fig. 3. It can be seen that the pattern
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FIG. 4. Calculated CF images of the object shown in Fig. 2(a) obtained
using an opaque half-plane aperture; images (a), (b), and (c) show the effect
of moving the edge of the aperture in single-pixel steps across the center of
the diffraction pattern.

consists of three prominent lobes with relatively low inten-
sity values in between. The spatial frequencies at which the
magnetic contributions assume their maximum values are
+0.012 nm™! and they are separated from the central spike
(arising from the free space surrounding the specimen) by 24
pixels. This is sufficient to allow the aperture edge to be
located with at least as high a precision as can be achieved
experimentally. Apertures themselves are chosen to be of the
opaque half-plane, phase-shifting half-plane, or phase shift-
ing small hole kind. The magnitude of the phase shift can be
varied, as can the size of the hole for the last-named variant.
Thereafter, the aperture edge position is specified with re-
spect to the diffraction pattern, the complex distribution
modified appropriately, a second Fourier transform per-
formed, and the square modulus of the resulting distribution
displayed to yield a CF image. In a typical sequence a num-
ber of aperture positions are specified and the resulting im-
ages provide information over what range of aperture loca-
tions magnetic interferograms are observed and the stability
of the fringe pattern to small variations in aperture position.
A fuller description of these and the artefacts that arise from
an incorrectly positioned aperture is in preparation7 while
below we show results with the aperture near optimally po-
sitioned to confirm the predictions of the simple analytical
approach of Sec. IL.

Figure 4 shows what happens as an opaque aperture is
moved at single-step (0.5 um™?') intervals from one side of
the sharp central maximum to the other. In all cases fringes
are clearly seen in one domain while near zero intensity is
present in the other. The fringe width is not completely con-
stant but varies by <10% as the aperture moves from one
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side of the central maximum to the other. Movement of the
aperture edge further from the central position leads to im-
ages displaying fringes of the same form but reduced visibil-
ity.

The effect of replacing the opaque aperture by an iden-
tically located half-plane aperture introducing a phase shift
of ar radian is seen in Fig. 5. Fringes of similar spacing and
comparable visibility are now present in both domains. Fur-
thermore, the total number of fringes present across the
specimen remains constant at 13 as the aperture is moved
across the central spot. Note that at the center of the fringe
pattern there is a near discontinuity which results from the
fact that electrons passing through only one domain suffer a
phase shift due to the aperture in the back focal plane. This is
not the case when a phase-shifting aperture containing a
small hole is used. Some results for this case are shown in
Fig. 6. Here one edge of the hole is held in its optimal posi-
tion (where it cuts the center of the diffraction pattern) while
the size of the hole is varied. In Fig. 6(a) the hole is unreal-
istically small with a size of 2-step intervals (1 um™") while
in the remaining figures its size is increased to 6 and 10
units. Thus the largest hole extends ~40% of the distance to
one of the magnetic peaks in the diffraction pattern and this
is comparable with the apertures used to obtain the experi-
mental results detailed in the following section. Figure 6
shows, once again, that apart from a modest variation in
fringe visibility the coherent Foucault image is very stable to
the kind of changes in imaging conditions that will inevitably
occur.

Under the various imaging conditions used in Figs. 5 and
6 the fringe spacing varies by less than 10% about a mean
value of 80 nm. This compares favourably with A/eBt (as

Intensity
S = N W s W

Intensity

S = N W Ao

Intensity

S = N W st

FIG. 5. As Fig. 4 but using a phase-shifting half-plane aperture.
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FIG. 6. Calculated CF images using a phase shifting aperture containing a
small hole, the hole being positioned asymmetrically so that one edge cuts
the center of the diffraction pattern. The sizes of the hole in (a), (b), and (¢)
are 2, 6, and 10 pixe] units, respectively.

predicted by the simple theory of Sec. II) which for the mag-
netic parameters used in the simulation evaluates to 82.5 nm.

IV. EXPERIMENTAL COHERENT FOUCAULT IMAGING

We have demonstrated coherent Foucault imaging using
a modified Philips CM20 FEG TEM to obtain magnetic in-
terferograms of small permalloy elements fabricated by elec-
tron beam lithographic and evaporation techniques.8 Indi-
vidual elements (with magnetic induction and thickness as
described in the previous section) are rectangular in shape
with dimensions between 0.2 and 4.0 um. Their study pro-
vides insight into the effect of shape and size on magnetic
properties and they form a near-ideal micromagnetic model
system. Furthermore, their dimensions are comparable to
what might be expected for the next generation of pole-tip
regions of recording heads and magnetoresistive sensors in
ultrahigh density recording systems.

The principal modifications to the TEM relevant to the
work described here are the inclusion of two additional super
mini-lenses sited above and below the main objective lens.’
These so-called Lorentz lenses are nonimmersion lenses and
allow high quality images to be obtained while the specimen
remains in magnetic field-free space. Using these lenses,
suitably excited, it is possible to accurately locate the diffrac-
tion pattern in the relevant aperture plane while images can
be seen either on the microscope viewing screen or, through
the use of a low-light-level TV pickup system, on a TV
monitor. The latter is recommended as it facilitates the accu-
rate final positioning of the aperture which is done by maxi-
mizing the visibility of the fringes in the image.

J. Appl. Phys., Vol. 76, No. 9, 1 November 1994

The opaque aperture used to obtain the experimental im-
ages was simply a standard TEM aperture with a large hole.
In practice the edges of such apertures are neither completely
abrupt nor uniform but, with care, regions suitable for block-
ing part of the magnetic diffraction pattern could be found.
Phase-shifting apertures were fabricated by ion-beam milling
small holes in a silicon nitride membrane supported on a
robust silicon substrate containing a central window. Holes
significantly larger than the extent of the magnetic diffraction
pattern were used as approximations for half-plane phase-
shifting apertures while holes =<1 um in diameter were
needed when the phase shift was to be applied to the central
portion of the diffraction pattern alone. In practice a number
of holes of varying size were etched in the same membrane
to accommodate different experimental investigations. It
should be noted that in the most suitable plane for locating
apertures in our instrument the distance between a magnetic
diffraction spot and the central spot is ~3 um for 50-nm-
thick permalloy elements.

As the silicon nitride was in the form of a uniform amor-
phous thin film and ion-beam milling allowed regular shaped
sharp edged holes to be introduced, the phase-shifting aper-
tures were in many ways more satisfactory than their opaque
counterparts. However, one problem that remained was the
appropriate thickness to ensure a phase shift of  radian.
Equation (7) shows how this depends on both the film thick-
ness and the mean inner potential. Unfortunately, the authors
are unaware of any measurement of the latter quantity in the
literature. Guided by measured values for similar
materials'®!! a value of 10 eV was assumed. With this value,
a film thickness of 50 nm, and an electron energy of 200 keV,
a phase shift very close to ar radian is predicted. Further-
more, computer simulation suggests that differences intro-
duced due to small departures from 7 radian are very small
suggesting that a precise knowledge of inner potential is not
required.

Figure 7 shows coherent Foucault images of a permalloy
element with dimensions 3X1 um?. As predicted, fringes are
present in only some of the domains when the opaque aper-
ture is used. Furthermore, a small amount of blurring is vis-
ible close to the boundaries between those domains where
fringes can be seen and those which appear simply as regions
of low intensity. This is a result of a lack of abruptness and
consequent incomplete opacity at the aperture edge. The
lower image in Fig. 7 shows the advantages of using a phase
shifting aperture. High-visibility fringes are apparent across
the magnetic element as a whole and give a direct and im-
mediate picture of the spatial variation of induction. This is
shown schematically in Fig. 8 and consists of a solenoidal
distribution comprising three flux closure circuits within the
element. The number three is determined by the aspect ratio
of the element under investigation.

Figure 9 provides other examples of coherent Foucault
images, both recorded with the small hole phase-shifting ap-
erture, to show the kind of information that is accessible
when more complex magnetic structures are studied. In the
upper part of Fig. 9, a somewhat different solenoidal magne-
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FIG. 7. CF images of a Permalloy element using an opaque aperture and a
phase-shifting aperture containing a small hole.

tization distribution is seen in a more elongated element.
Here, the central portion of the element contains a 180° wall
and, as expected for a permalloy film of 50 nm thickness,
this is of the cross-tie type. The interferogram provides an
immediate and vivid picture of the near continuous variation
of magnetization direction close to the wall but also shows
how, near the edge, the magnetization once again lies parallel
to the element axis to avoid the creation of surface magnetic
charge. What happens when one of the dimensions of an
element is reduced sufficiently to preclude complete flux clo-
sure is shown in the lower part of Fig. 9. The resulting non-

FIG. 8. Schematic of the magnetization distribution of the element shown in
Fig. 7.

5354 J. Appl. Phys., Vol. 76, No. 8, 1 November 1994

FIG. 9. CF images of Permalloy elements supporting more complex mag-
netization distributions.

solenoidal magnetization distribution has a particularly com-
plex variation close to the ends of the element; however, the
attempt to introduce a degree of flux closure and the conse-
quent reduction of surface magnetic charge on the end faces
of the element can be seen clearly in the coherent Foucault
image. Using other Lorentz microscopy techniques this in-
formation is either more time consuming or, indeed, impos-
sible to obtain.

V. CONCLUSIONS

We have shown that, by taking advantage of the very
small source size available from a field-emission gun, the
well established Foucault imaging technique can be devel-
oped to yield additional guantitative information that is not
readily accessible using the other modes of Lorentz micros-
copy in frequent use. The resulting images can be thought of
as magnetic interferograms (or in-line holograms) and
closely resemble those obtained using off-axis holography.
However, an important advantage of the Foucault technique
is that the fringes can be clearly seen on the viewing screen
or on a TV monitor in real time so that useful information is
available directly and without any processing whatsoever. Of
particular value, using techniques of this kind, is access to a
direct measure of the flux linked along an electron trajectory

Chapman, Johnston, and Heyderman



as well as the overall form of its spatial variation. The former
information is determined from the spacing of the interfer-
ence fringes.

We are particularly encouraged by the robustness of the
magnetic interferograms themselves. Theoretical simulations
have shown that they are relatively insensitive to small varia-
tions in imaging conditions and our practical experience is
that once a phase-shifting aperture has been accurately lo-
cated the system is very stable. Furthermore, no problems
have been encountered to date with either damage to the
aperture or a buildup of contamination on its edge. This sug-
gests that the imaging mode will be of use for extensive
investigations involving a large number of magnetic ele-
ments or in situ experiments involving, for example, the ef-
fect of temperature variation on the domain structure.
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