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VECTOR IMAGING OF MAGNETIC MICROSTRUCTURE

M. H. Kelley, John Unguris, M. R. Scheinfein,
D. T. Pierce, and R, J. Celotta

An ability to study the properties of micro-
scopic magnetic structures and to investigate
magnetic properties with submicron spatial res-
olution is important both for its fundamental
scientific value and its usefulness in applied
magnetic technology. As the size of magnetic
devices decreases, and the density of recorded
information increases, new diagnostic tech-
niques must be developed with which these new
magnetic structures and processing techniques
can be characterized. Many current techniques
for the investigation of magnetic structures
suffer either from poor spatial resolution or
from the inability clearly to separate con-
trast due to magnetic structures from that due
to topographic or other physical features. We
describe a method of magnetic imaging that
overcomes many of the difficulties of other
current techniques and that allows quantitative
analysis at high spatial resolution of the
vectorial properties of sample magnetization.

Bxperimental Method

Magnetization arises from the orientation of
the magnetic moments of individual electrons in
bulk material. Consequently, the problem of
microscopic characterization of magnetic prop-
erties can be resolved by measurement of the
spin orientation of electrons in a small region
of a magnetic solid. The technique described
in this work is based on the observation that
low-energy secondary electrons produced by
high-energy electron bombardment, as in scan-
ning electron microscopy (SEM), retain the spin
orientation they had in the bulk.' A measure-
ment of the spin polarization of these secon-
dary electrons gives a direct measurement of
the magnetization in the small region from
which the secondary electrons originate (Fig.
1). The technique of imaging magnetic micro-
structure through spin analysis of electrons
ejected by a focused high-energy electron beam
has been called Scanning Electron Microscopy
with Polarization Analysis (SEMPA).2~"

The SEMPA technique has several features
that make it an attractive tool for micromag-
netic studies. First, the spatial resolution
is substantially better than for any other
currently available technique for studying
bulk specimens. The resolution in SEMPA is
the same as in conventional SEM images, with a
potential resolution better than 10 mm. Sec-
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ond, unlike other methods used to study mag-
netic microstructure, the magnetic information
from SEMPA is essentially independent of, but
recorded simultaneously with, the topographic
information. This separation makes possible
detailed studies of the relationship between
physical and magnetic structures. Third, the
polarization signal and magnetic contrast are
large. The secondary-electron current can
typically be 10-50% of the incident electron
beam, and typically has a spin polarization
between 5% and 30%, depending on the sample.
Finally, SEMPA is a surface analytical tool
because the secondary electrons have a mean
escape depth of only a few nanometers. SEMPA
is thus an excellent tool for studies of the
magnetic properties of surfaces and thin £ilms.

Our SEMPA apparatus (Fig. 2) has three basic
components: the electron microscope, the sec-
ondary-electron collection and transport op-
tics, and the spin polarimeter.®>® The SEM is
fully ultrahigh-vacuum compatible and is fit-
ted with an ion gun for surface cleaning and
an Auger analyzer for surface characterization.
A spatial resolution of 40 nm can be achieved
with this instrument. The electron optics
collect the spin-polarized secondaries emitted
from the sample and form them into a beam
suitable for use with the spin polarization
analyzers.

The two spin analyzers together allow for
the determination of all three orthogonal com-
ponents of the vector magnetization. The
first detector, referred to as in-plane in Fig.
2, measures two components, Py and Py, in the
plane of the sample surface. The second de-
tector, referred to as out-of-plane ‘in Fig, 2,
is oriented perpendicular to the in-plane de-
tector and measures both the out-of-plane com-
ponent Pz and a redundant in-plane component,
which provides a diagnostic for the calibra-
tion of the two spin analyzers. An electro-
static quarter-spherical switchyard determines
which of the two SEMPA detectors is active.

The basis for spin analysis is the scatter-
ing of a spin-polarized electron from an atom
with large nuclear charge, gold in this case.
There is a relativistic effect, the spin-orbit
interaction, which causes spin-polarized elec-
trons to be scattered with different probabil-
ity into two detectors that are symmetrically
placed relative to the direction of incidence.
This scattering asymmetry is used in spin ana-
lyzers to determine the polarization of an in-
cident electron beam.

Our spin analyzer consists of an annular
anode that is split into four quadrants, each
of which measures the intensity of electrons
backscattered from an evaporated gold film and
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FIG. 1.--Principle of scanning electron micros-
copy with polarization analysis (SEMPA).
FIG. 2.--Schematic of SEMPA apparatus.

amplified by a microchannel plate multiplier.
A pair of opposed quadrants determines one com-
ponent of the incident spin polarization, say
Px, through the relationship:
11 -1

a b
5T +1 e

a b
where Ig and Ip are the electron fluxes mea-
sured by the two quadrants, and S is the ana-
lyzing power of the detector. Each SEMPA de-
tector determines two orthogonal components of
the spin polarization, and hence of the sample
magnetization. The sum of the intensities from
any two opposing quadrants is proportional to
the total secondary-electron current. As the
primary electron beam is rastered over the sam-
ple, each detector simultaneously measures the
conventional secondary-electron image and two
images giving the electron spin polarization
projected along two perpendicular axes.

A single crystal iron whisker provides a
good system for illustrating the SEMPA tech-
nique. The magnetic properties of iron single
crystals are quite well understood, so the in-
terpretation of the polarization images is
straightforward. In particular, for the case
of an iron (100) surface, the magnetization is
parallel to the surface along one of the two
easy magnetization axes. Because there is
no out-of-plane component, only data from the
in-plane detector are necessary. In additionm,
the magnitude of the magnetization in ferro-
magnetic materials is constant and does not de-
pend on the direction. Figure 3 shows both the
conventional secondary-electron image and the
Px and Py polarization components for a small
region of the whisker. Several features of
these images are particularly noteworthy.
First, contrast between the magnetic domains is
clearly visible in the polarization images,
magnetization in the positive x or y direction
(or spin polarization is the negative x or y
direction) is indicated by white pixels. The
second important feature is the presence of
two instrument effects that interfere with ac-
curate polarization measurements, One effect
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allows a remnant of the topographic image to
be visible in both Px and Py. The other con-
tributes a background polarization signal that
varies smoothly over the images. Both these
experimental artifacts must be corrected by
the data analysis. Finally, in the format in
which the data are presented in Fig. 3, it is
rather difficult to visualize or to interpret
quantitatively what is going on in the magnet-
ic structure.

There are thus two areas of immediate in-
terest: (1) what data processing is required
to permit quantitative analysis of the polar-
ization images, and (2) how the results should
be presented for the most convenient interpre-
tation.

Row Data Processing

Data processing is required to minimize two
basic problems: spurious feedthrough of topo-
graphical information into the polarization
images, and systematic offsets for zero polar-
ization. Each is caused by a lack of azimuthal
symmetry about the detector axis as the elec-
tron beam strikes the gold target. Any physi-
cal asymmetry causes an artificial asymmetry
between the signals collected by opposing pairs
of anode quadrants and results in artificial
polarization contrast. For example, as the
primary electron beam is scanned over the sam-
ple, the secondary electron beam may be scanned
over the gold target. This feature gives rise
to the smoothly varying background in the po-
larization images. Topographic features ap-
pear in the polarization images because the
secondary electrons from a surface with topo-
graphical structure are not emitted with azi-
muthal symmetry about the mean surface normal,
These systematic effects can be minimized, but
not always completely eliminated, by careful
adjustment of the secondary electron transport
optics. One final instrumental effect, the
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FIG, 3.--SEMPA micrographs overall detection efficiency of in-
of single crystalline iron dividual quadrants, adds a polariza-
whisker. (a) Conventional tion offset that is constant over an
secondary electron image. entire image,
Spin polarization projected In practice, one can determine
along (b) x, (¢) y direc- the artificial polarizations very
tions, reliably by recording for each image
10 um a corrgspgnding image in which the
magnetic information is absent, by
replacing the gold target in the de-
tector by a graphite target. Carbon
atoms have insufficient nuclear
charge to generate polarization con-
trast through the spin-orbit inter-
action, so that the graphite-scat-
tered images contain only the sys-
tematic and artificial asymmetries
and can be used to correct the po-
larization data, apart from the con-
stant overall zero offset.

Graphite background images for
the previously shown region of the
iron whisker are presented in Fig.
4. The extraneous topographic fea-
tures are clearly visible. Figure 5
shows the images with the graphite
backgrounds subtracted. The smooth-
ly varying background has been re-
moved, along with much of the ex-
traneous structure. The remaining small features are likely real, the result of nonmagnetic
contamination of this sample.

There are two principal concerns about the background correction process., First, the noise
in the corrected images has increased by roughly v2 because the noise in both primary images
contributes to the difference image. Second, because the gold-scattered and graphite-scattered
images are recorded separately, small drifts in the apparatus can introduce registration prob-
lems between the two images. The registration can be adjusted with the image processing soft-
ware and has so far presented no major difficulties.

At this point, the polarization information is essentially correct as displayed. The remain-
ing problem is that neither the gold-scattered images nor the graphite background images have a
well-defined absolute zero of polarization. If the two images have different zero offsets, that
difference will appear in the corrected images as well. For the iron whisker images, the cor-
rection is straightforward because one has prior knowledge that the magnitude of the polariza-
tion is constant across the image. A bias polarization can be determined and subtracted from
each image such that the resultant image has maximally uniform polarization magnitude.

For samples where such prior knowledge is not available, the zero bias must be determined in
some other manner. Our preferred technique is to record test images of nonmagnetic samples,
using both the gold and graphic scattering targets. On the basis of these nonmagnetic data,
fine adjustments to the transport optics and detector gains can be made so that the zero bias
for the gold-scattered and graphite-scattered images is the same. That done, subtraction of the
graphite background also corrects for the zero bias.

Presentation of Results

Thus far, the magnetic information has been presented in terms of the projections of the spin
polarization along three orthogonal axes. Because visualization of vector fields is generally
difficult, an alternate representation is-desirable in which the most important features are
clearly emphasized. For the magnetic domains in an iron whisker, and many similar systems,
there are two important goals. The first is to determine the direction of the magnetization
vector in order to study the relative orientation of adjacent domains. The second is to study
the magnitude uniformity of the magnetization independent of its direction. For such studies,
it is convenient to present images that correspond to the magnitude and direction of the in-
plane spin polarization. These images, referred to as Qxy and Dxy, respectively, are related to
Py and Py by

P
= /P Z+ 1P % = -1 X 3
Qxy = VP 7T+ py (2) ny tan Py (3

These images for the iron whisker are shown in Fig. 6. It is evident in Fig. 6(a) that the
magnitude is essentially constant, with the possible exception of the domain walls where there
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4 is an apparent drop in polarization.
The detailed behavior of magnetiza-
tion in domain walls is an important
topic, but the spatial resolution of
the present images is insufficient
for quantitative analysis of the
walls. One principal effect of fi-
nite resolution on the determination
of a signed quantity like the spin
polarization is to depress the ap-
parent magnitude in regions, such as
the domain walls, where the sign
changes rapidly. This finite reso-
lution effect can fully account for
the deficit observed in Fig. 6(a).

In Fig. 6(b) the in-plane spin
polarization direction is shown.
Dark corresponds to polarization in
the +x direction, with increasing
angles (in the counterclockwise
sense) represented by increasing in-
tensity in the image, until white
again corresponds to the +x direc-
tion. Arrows in the figure indicate
the mean polarization direction for
the several domains. The polariza-
tion direction can be determined
quite well with this technique. A
pixel intensity histogram for

FIG. 4.--Iron whisker., Instrument induced polarization Fig. 6(b) indicates an approximately
contrast along (a) x, (b) y directioms. Gaussian distribution of angles with
FIG. 5.--Iron whisker. (a) x, (b) y components of spin a width of about #10° about the mean
polarization, corrected for instrumental effects. polarization direction. The width

of the mean is indicative of the ex-

tent to which the uniformity of spin

polarization throughout a domain can
be verified. The angular difference between the mean polarization directions for adjacent do-
mains can be determined substantially more accurately.

This representation, which is convenient for the two in-plane components, becomes almost es-
sential for the visualization of the vector field in systems where out-of-plane magnetization is
also possible. An example of such a system with large out-of-plane magnetization is cobalt.

The crystal orientation of the cobalt sample studied was such that the preferred magnetization
direction for the bulk was normal to the surface. In order to reduce the magnetic energy at the
surface, the magnetic domains break up at the surface in a complex way, but retain a significant
out-of-plane component to the magnetization. The in-plane component is constrained by crystal
anisotropies to lie primarily along the six crystalline symmetry axes. Images of Py, Py, and Py
for the cobalt samples are shown in Fig. 7. The observed vector field is rather complex and
difficult to deduce from inspection of these image; the need for a more convenient representation
is clearly indicated. As in the previously discussed case of magnetization in iromn, the impor-
tant physical questions concern the uniformity of the in-plane and total polarization magnitudes,
the in-plane direction, and the component out-of-plane of the total polarization vector.

In Fig. 8 are shown the images for the in-plane direction and magnitude. Six inensity levels,
corresponding to regions polarized primarily along each of the six crystalline axes, are clearly
visible in Fig. 8(b). It is also apparent that a gray scale is not the best representation for
the angular information. Whenever possible (as in the oral presentation of this work) color can
be used to significant advantage for representing the direction information.

The apparent deficit at the domain walls of the in-plane polarization magnitude is very pro-
nounced in Fig. 8(a), and significantly larger than that expected from a consideration of finite
resolution effects. This finding seems to indicate a real loss of the in-plane spin polariza-
tion at the domain walls. It can be seen from Fig. 7(c) that the in-plane domain walls corre-
spond very well with regions of large positive or large negative out-of-plane polarization.

The picture that emerges from inspection of Figs. 7(c) and 8 is that at domain walls, where
the in-plane components of the magnetic vectors from the adjacent domains point toward each
other, the composite magnetization is directed into the sample. Where the adjacent in-plane vec-
vectors point away from each other, the net magnetization points out of the sample. It is as if
underlying bulk domains, which are polarized normal to the surface, act as ''sources' or '"sinks"
of the observed polarization vectors. Further measurements will be required to characterize the
magnetic properties of this sample fully.
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Conelusions

It is has been shown in the present work
that with adequate data-processing techniques,
quantitative studies of vector magnetic prop-
erties can be performed. It has further been
demonstrated that a judicious choice of data
representation can aid enormously in the visu-
alization of the magnetic vector fields.
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