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The high spatial resolution imaging of magnetic microstructure has important ramifications
for both fundamental studies of magnetism and the technology surrounding the magnetic
recording industry. One technique for imaging surface magnetic microstructure on the 10-nm-
length scale is scanning electron microscopy with polarization analysis (SEMPA ). This
technique employs a scanning electron microscope {SEM) electron optical column to form a
medium energy { 10-50 keV), small probe { < 50 nm) of high current { > i nA)ona
ferromagnetic specimen. Secondary electrons excited in the ferromagnet by the high spatial
resolution probe retain their spin-polarization orientation as they leave the sample surface, The
spin polarization of the emitted secondary electrons can be related directly to the local
magnetization orientation. A surface magnetization map is generated when the spin
polarization of the secondary electrons is analyzed as the electron beam is rastered point-by-
point across the ferromagnet’s surface. In this review article we review the important
instrumental components characterizing the SEMPA system. Characteristics of the electron
probe forming optics, electron spin-polarization analyzers with associated transport optics, and
signal processing electronics will be described. Emphasis on the fundamental design
requirements will be stressed. Data acquisition, storage, and processing, as it applies
specifically to SEMPA, will be reviewed. Instrumental artifacts specific to SEMPA will be
outlined and techniques for their correcticn given. Examples of magnetic images at high spatial

resolution will be shown.
I INTRODUCTION

The goal of spin-polarized electron microscopy is to de-
scribe guantitatively the magnetization distribution in ferro-
magnetic systems. Since the physical parameters that char-
acterize ferromagnetic systems vary over several orders of
magnitude, the resulting magnetic structures in ferromag-
nets have length scales that vary widely. On large length
scales { > 10 pm), a ferromagnet breaks up into domains in
order to minimize its energy. Such domain configurations
can only be calculated for the simplest of structures, and in
general they are extremely complex and must be determined
by observation. The structure of magnetic domains is not
only of fundamental interest, but also of considerable tech-
nological importance. The size of domains sets a packing
limit for high-density magnetic recording media while the
sharpness of the domain boundaries limits the signai-to-
noise performance. On somewhat finer length scales { > 200
am}, the structure of the domain wall that separates do-
mains of different orientation can be scen. Domain walls
may be of the Bloch, Néel, asymmetric Bloch, or cross-tie
types. All of these domain walls display complicated magne-
tization distributions, which again, for all but the simplest of
cases, cannot be calculated and must be observed. The size of
the domain walls may eventually set the nltimate limit on the
density of conventional magnetic storage media. Finally, at
extremely fine length scales { <50 nm), the structure of
magnetic singularities characterized by Bloch lines, Néel
caps, and magnetic swirls are seen. These structures may
exhibit extremely complex and singular magnetization dis-
tributions.

Most methods used for the observation of magnetic mi-
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crostructure rely on the magnetic fields present in ferromag-
netic systems. For example, in the Bitter method’ fine mag-
netic particles in solution are placed on the surface where
they agglomerate in the fringe fields that are produced at
domain walls. The agglomerated particles that decorate the
domain walls are imaged using optical techniques. In Lor-
entz microscopy, the incident electron probe is deflected by
the net magnetic field of the sample. In refiection Lorentz
microscopy” bulk magnetic samples may be observed with
modest spatial resofution (1000 nn ), while in trapsmission
Lorentz microscopy,™ where thin samples are required
(r < 300 nm), very high spatial resolution (10 nm) observa-
tion of magnetic microstructure is routine. When the inci-
dent electron beam is formed by a scanning transmission
electron microscope (STEM) and a subdivided electron de-
tector is used, a differential phase contrast mode of maguetic
imaging is possible. These signals yield a Lorentz contrast of
extremely high (5 nm) spatial resolution.” TEM techniques
provide a response averaged over the thickness of the speci-
men. A constraint on all transmission electron techniques is
that samples must be thinned, resulting in magnetization
distributions that for most materials do not resemble those of
bulk samples. A new technigue, magnetic force microscopy
(MFM ), achieves contrast through the magnetostatic inter-
action between a ferromagnetic tunneling tip and the fringe
fields of the ferromagnet. MFM can be used to locate domain
walls and analyze them with high spatial resolution (100
nm).® All of these techniques derive image contrast from
interactions of the probe with the magnetic fields of the sam-
ple and hence offer only an indirect measurement of the sam-
ple magnetization distribution. The magneto-optic Kerr ef-
fect” directly measures the sample magnetization
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distribution by determining the rotation of the plane of po-
larization of light upon reflection. As an optical method, its
spatial resolution is diffraction limited to optical wave-
fengths.

The development of SEMPA resulted from the observa-
tion that secondary electrons extracted from ferromagnets
have their magnetic moments parallel, and consequently
their spins antiparallel, to the magnetization vector at their
originating point on the sampie.®” This feature is character-
istic of transition metal systems as observed in Ni,'? Fe,"!
Co,'" and the ferromagnetic glasses.” More generally, spin-
polarized secondaries may result from excitations by either
electrons or photons. Since the polarization of the emitted
secondaries is directly proporticnal to the magnitude and
reflects the direction of the net magnetization density for
most magnetic systems, a magnetization map is generated by
measuring the electron-spin polarization point-by-point
across a sample’s surface. The principle of scanning electron
microscopy with polarization analysis (SEMPA ), which in
a certain sense constitutes a magnetic spectroscopy, is illus-
trated schematically in Fig. 1. A finely focused beam of me-
dium energy electrons is used to excite (localized) spin-po-
larized secondary electrons at the sample surface. The
emitted spin-polarized secondaries that carry the signature
of the local magnetization of the sample are collected and
spin resolved. Magnetization maps can be obtained from the
surface of bulk specimens, thin films, and monolayer-type
films. The only significant constraints upon the sample is
that it be conducting or semiconducting at the surface to
prevent charging under the electron beam and that it not
have enormous magnetic fringing fields that can depolarize
the emitted secondary electrons.

The structure of this review article is as follows. In Sec.
I1, an overview of the whole SEMPA system will be given.
This is followed in Secs. 111-V1 by detailed descriptions of
the individual components that constitute the SEMPA sys-
tem, the probe forming electron optical column, the spin
analyzer, the transport optics, and the signal processing elec-
tronics. In Sec. V11, the performance of the entire SEMPA
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FIG. 1. The principal of SEMPA. A scanned beam of electrons incident on
the surface of a ferromagnet creates spin-polarized secondary electrons that
are subsequently spin analyzed.
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system is summarized with an emphasis on system perfor-

“mance and limitations. Different SEMPA systems in other

laboratories are briefly described. Section VIII is devoted to
data acquisition and processing. Characteristic examples are
used to illustrate system performance and the elimination of
instrumental artifacts.

1i. SEMPA COMPONENTS: OVERVIEW

The SEMPA technique requires a coupling of diverse
and complicated electron-optical components. We will iso-
late and characterize each of the individual components of
the SEMPA system, with an emphasis on the optimization of
the complete system.

SEMPA is a surface-sensitive, magnetic microstruc-
tural analysis technique. Traditional constraints that apply
to conventional surface science analysis instrumentation
also apply to SEMPA. The environment local to the speci-
men must be clean enough to prevent adsorbed gases from
coating the surface and diminishing the desired magnetic
signals. Since the magnetic contrast is derived from polar-
ized secondary electrons generated near the surface, the
magnetic contrast is sensitive to surface elecironic structure
changes, contamination, and altered work fupnctions, as is
the conventional secondary electron intensity contrast.'”
The vacuum requirements are best met in an environment
where the pressure does not exceed 1X 107 Torr. Usual
ultrahigh vacuum techniques, including all metal seals in the
specimen vacuum chamber, are required to prevent conta-
mination of the specimen surface. Conventional surface
science preparation {sputter ion gun) and characterization
(Auger electron spectrometer ) tools should be used to assess
the state of the surface. It may be further required to have
both heating and cooling capabilities in the sample stage as-
sembly to anneal surfaces and perform temperature-depen-
dent studies or preparations.

A schematic of our SEMPA instrument is shown in Fig.
2. SEMPA is a scanning, focused electron beam experiment.
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FIG. 2. A cross section of our SEMPA column.
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The first critical element of a SEMPA system is the probe
forming electron optical column. The probe forming optics
have many of the same requirements that conventional scan-
ning electron microscopes (SEMs) and scanning auger mi-
croprobes (SAMs) impose on beam energies, currents, and
spot sizes. The design specifications for the electron optical
column for application to SEMPA will be given in Sec. IIL

The second essential component of the SEMPA system
is the electron-spin polarization detector. The SEMPA sys-
tem may be equipped with a single spin detector,'>'* or mul-
tiple spin detectors'® as shown in Fig. 2. Ideally, two detec-
tors are used for the acquisition of all three orthogonal
components of the polarization vector signal. The electron-
spin polarization detectors comprise the single most impor-
tant component of the SEMPA system. 1t is the inherently
inefficient performance of all electron-spin polarization de-
tectors which makes SEMPA both difficult and time con-
suming compared to the acquisition of conventional second-
ary electron intensity images. The time necessary to acquire
a SEMPA image is typically shorter than the time to acquire
an Auger map. As in the past, considerable effort has been
exerted toward the improvement of spin detectors. In Sec.
IV, a detailed discussion of the spin-polarization detector
performance will be given with an emphasis on the adapt-
ability of the detector to SEMPA.

The polarized secondary electrons generated under the
focused electron beam must be transported to the spin detec-
tors with a well-defined object-image relationship. We char-
acterize the transport optics to be all the lens elements
between the sampie in the main chamber and the spin detec-
tors, as schematically indicated in Fig. 2. The transport op-
tics must further extract the secondary electrons as efficient-
ly as possible without introducing any deletericus effects
into the focused incident electron beam. This requirement
places rather strict limitations on incident beam energies and
maximum extraction voltages for the transport optics. Final-
ly, the transport optics must be capable of mapping the
scanned spot of the secondary electrons produced under the
incident rastered beam, to a position on the spin detector
such that undesirable instrumental asymmetries are not in-
troduced. Important design considerations for the transport
optics will be given in Sec. V.

The electron probe forming column, spin-polarization
detectors, and assaciated transport optics comprise the es-
sential electron optical components of the SEMPA system.
In addition to these components, we characterize the acqui-
sition of magnetic signals using new configurations of parti-
cle counting detectors and associated electronics as another
critical SEMPA component. We will describe how the signal
processing electronics can be implemented in the SEMFPA
system in Sec. VL.

iti. PROBE FORMING ELECTRON OPTICAL COLUMN

The characteristics of the SEMPA probe forming elec-
tron optical column, as schematically depicted in Fig. 3, de-
pends upon many important electron optical and mechani-
cal parameters. The important electron optical parameters
are the incident beam energy E,, beam current /,, probe di-
ameter at the specimen 8, and the probe forming objective
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FIG. 3. A cross section of a generic electron optical column illustrating
some key design parameters such as the working distance W, the exit lens
bore W, distance of approach of SEMPA extraction optics ¥, stage tilt
angle ©, and SEMPA transport optics angle 6, .

lens working distance W,. The working distance is defined
as the distance between the exit pole face of the objective lens
and the specimen along the incident beam axis, as shown in
Fig. 3. A parameter associated with the electron optical
characteristics of the column is the residual magnetic field at
the specimen surface. The magnitude of the stray field de-
pends upon the diameter of the exit bore ¥, of the objective
lens, in the case of magnetic objective lenses, and more gen-
erally on the magnetic shielding available for the entire col-
umn. Although we have selected magnetic electron lenses
for the probe forming optics in our schematic depiction of
the column design, all electrostatic lens columns have been
realized.’® These columns have the distinct advantage of re-
duced magnetic fields at the sample, but in general, it is
much more difficult to achieve high current in small probes
using only electrostatic lenses. Important mechanical pa-
rameters are the maximum stage tilt angle ©,, the maxi-
mum SEMPA extraction optics access angle to the sample
8, and the closest approach of the extraction optics to the
specimen plane W, all shown in Fig. 3. Associated mechani-
cal design considerations are the stage drift, thermal-me-
chanical stability, and associated acoustic vibrations within
the column.
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The selection of an incident eleciron beam energy is the
first design compromise. Higher beam energies are em-
ployed for higher-resolution probes, but lower beam ener-
gies exhibit higher secondary electron yields. In most elec-
tron probe forming systems, submicron beam diameters can
be obtained for electron energies above S keV. The secondary
yield decreases rapidly as beam energies are raised. The sec-
ondary electron yield from Al, for example, falls from 0.40 at
an incident beam energy of 5 keV to0 0.05 at 50 keV.'’ Since
potlarization detectors are of low efficiency, we would like to
operate the electron optical column at lower incident beam
energies and keep the secondary electron yield as high as
possible. The selection of the incident beam energy must also
inciude any effect that the SEMPA extraction/transport op-
tics will have on the incident focused electron beam. The
extraction optics must have extraction fields on the order of
100 V/mm to achieve adequate collection efficiency (see
Sec. V}. Incident beam energies below 10 keV experience
deflection aberrations in this extraction field.?® Thus, we
place a lower limit on SEMPA beam energies of 10 keV, the
nominal operating point of our instrument.

The current available in the finely focused electron
probe depends explicitly on the type of cathode used in the
electron gun.'” Cathodes commonly used in electron probe
forming instruments can be classified into two major catego-
ries: thermionic emission and field emission cathodes.
Newer photoemission cathodes are just beginning to appear
as electron sources in probe forming instruments.”®

Examples of thermionic emitters are the tungsten (hair-
pin)'? and lanthanum hexaboride (LaB, )'’ emitters. These
sources are characterized by high emission currents, large
solid angles of emission, moderate- to high-energy spreads
AE > 1eV, and large electron optical source sizes. Due to the
large intrinsic source size of thermionic cathodes, the system
demagnification must be on the order of several thousand in
order to form a small probe. Thus, thermionic cathodes are
good sources for systems where the final probe diameter is
relatively large, 5> 100 nm. The current in the final probe
decreases very rapidly as the system demagnification is in-
creased making thermionic sources not optimal for use in
sub 100-nm spatial resolution systems. The exceptional fea-
ture of thermionic cathodes however, is their excellent cur-
rent stability leading to good noise immunity.

Field emission cathodes' can be further classified into
two subcatagories: cold field emission and thermally assisted
field emission. In field emission, electrons are extracted from
the source by applying a large electric field, which reaches a
value on the order of 53 V/nim at the surface of the emitting
tip. In cold field emission, electrons tunnel through the po-
tential barrier at the surface from the Fermi level inside the
metal. Moderate emission currents I, = 10uA, smali energy
widths AE = 0.25 eV, and extremely small electron optical
source sizes 8, = 2-6 nm are characteristic for these emit-
ters.”! The system demaguification necessary to employ
these sources in high spatial resolution systems need only be
on the order of 10, thereby making these emitters the stan-
dard in the highest spatial resolution instruments. Unfortu-
nately, the cold field emitters suffer from short-term current
instabilities caused by ion backstreaming to the source
through the gun.””
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Thermal field emitters may be operated in the thermal
field emission mode or in the Schottky emission mode.”
These cathodes are characterized by high emission currents
1, > 0.5 mA, moderate energy widths AE > 0.5 ¢V, and mod-
erate electron optical source sizes 8, > 8 nm.”* The total sys-
tem demagnification nmust be about 10. These sources have
much more stable emission®? than cold field emitters, and
have much higher emission currents, making them ideal for
applications in high spatial resolution spectroscopy experi-
ments.

Electrons extracted from the cathode in the gun are fin-
ally focused to a spot on the sample by the objective lens.
Magnetic electron lenses have intrinsically lower aberra-
tions than electrostatic electron fenses where the comparison
is made for lenses with the same first-order optical proper-
ties. This is because the intensity of the magnetic field can be
concentrated into extremely small regions of space using
high permeability magnetic pole pieces. The intensity of the
electric field in electrostatic iens fields is limited by vacuum
breakdown. Magnetic lenses most often constitute the probe
forming lens of choice. Long focal length magnetic lenses,
such as those required in an SEM, are capable of forming
moderate to high spatial resolution probes.” The ultimate
spatial resolution achievable in any electron optical column
will be a complex combination of the choice of the cathode,
the aberrations of the gun, condenser lens and objective lens,
diffraction effects, and space charge beam spreading.®® In
scanning electron microscope columuns, the spherical aberra-
tion of the probe forming objective lens increases rapidly
with increasing working distance. In fact, the spherical aber-
ration coefficient is roughly proportional to the focal length
to the third power. Thus, it is desirable to have as short a
working distance as possible for optimal probe formation.
However, in SEMPA, the polarized secondary electrons
must be extracted from the sample surface in a region free
from magnetic fields. The design compromise is between
longer working distances and smaller probes. Decreasing the
working distance decreases the diameter of the probe while
increasing the working distance might reduce stray magnet-
ic fields at the sample. Increased working distances are also
desirable since space is required tc extract the polarized sec-
ondary electrons. Another design compromise in the selec-
tion of an objective lens involves the choice of the exit bore of
the lens W,. One minimizes the stray field by decreasing the
exit lens bore af the expense of decreasing the maximum scan
range. v

In Fig. 3, the SEMPA access (maximum) angle O, is
shown. This angle is the maximum angle that the SEMPA
extraction optics makes with a plane perpendicular to the
incident electron beam direction. This angle will be limited
by the objective lens working distance W, and the geometri-
cal shape of the objective lens pole piece.” It is desirable in
SEMPA to have the plane of the specimen paraliel to the
plane of the spin-polarization detectors. If this criteria is to
be met, the specimen tilt angle 6, = 90° — 8,. The larger
the specimen tilt angle 9, the larger the probe is at the
sample in the direction of the tilted plane, that is, as the stage
is tilted, the probe becomes elliptically elongated along the
tilt direction. To minimize this probe elongation along the
tilt direction, it is desirable to minimize B, . Clearly, as 6, is
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minimized, 8,, increases until the SEMPA extraction optics
interferes with the objective lens pole piece. Optimally, 8,
should be as small as possible, but for most objective lens
shapes, and typical working distances necessary to extract
the polarized secondary electrons, 8, ~45°=8©,,. This re-
sults in a probe-size elongation in the tilt direction of /2.

The spatial resolution of SEMPA will be limited by the
long-term stability of all of the components over the time
necessary for the acquisition of 2 magnetic image. For long
acquisition times, the mechanical stability of the stage will
ultimately be the limiting factor in determining the spatial
resolution. For experiments where the specimen must be
heated or cooled, the thermal-mechanical stability of the
sample/stage assembly can critically limit the final spatial
resolution.

The ultimate spatial resolution in the SEMPA magnetic
images depends critically upon the performance of the elec-
tron probe forming column. The lateral spatial resolution
necessary for any particular set of experiments depends
upon the length scales of the magnetic properties being in-
vestigated. For reasonable SEMPA acquisition times, a top-
ic that will be addressed in Sec. VI, incident beam currents
of at least 1 nA are necessary (we assume nominal values of
the secondary electron yield to be 0.25-0.40). With the
further constraint that the working distance of the objective
lens be at least 10 mm, we conclude that field emission
sources are best suited for investigations in the range below
100 nm and thermionic sources such as LaB, provides suffi-
cient current for probe sizes above 100 nm.

What is the correlation between the spatial resolution
that is expected in SEMPA images with the beam diameter
in SEM? The energy deposited into bulk samples is charac-
terized by the well known “blooming” phenomenon where-
by the beam expands greatly in the bulk due to multiple
scattering.!” Does this degrade the spatial resolution in
SEMPA? The escape depth of true polarized secondary elec-
trons has been calculated to be on the order of nanometers.”’
As in conventional SEM, the resolution of the magnetic sig-
nal obtained from polarized secondaries excited by SEM
probes should be that of the focused beam, for beam diame-
ters in excess of about 10 nm. For nm scale beams, the ulti-
mate resolution can be estimated by a combination of the
incident beam profile and the spatial distribution of the sec-
ondary electrons generated from multiple scattered elec-
trons that are close enough to the surface to escape.”® In
general, long focal length objectives are not capable of form-
ing nm scale probes without immersing the sample in the
field of the objective lens. For our purposes, the lateral spa-
tial resolution of SEMPA wili be defined as the probe diame-
ter at the sample surface.

V. SPIN-POLARIZATION DETECTORS
A. Analyzer performance

The electron spin-polarization analyzer is central to the
SEMPA experiment. Although there has been considerable
progress in reducing the size and increasing the efficiency of
spin detectors, the fact remains that spin detectors are terri-
bly inefficient. For example, the measurement of a beam po-
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larization comprised of ¥, electrons is £, + 6P, where the
uncertainty or relative error of the measurement is
8P = 1/(NF)'?. Fis the figure of merit for a spin-polariza-
tion analyzer and will be discussed below. The figure of merit
for the highest-performance spin detectors rarely exceeds
1 X 107 In the case of the measurement of the polarization
of a beam comprised of N, electrons, the relative uncertainty
of the beam polarization is §2 /P, = 1/(PIN,F)'?, while
the relative uncertainty in the intensity measurement is
SN /N, = 1/(N,)"*. Comparing these expressions, we can
see that it takes at least 10* times as long to acquire a polar-
ization measurement as an intensity measurement with the
same statistics! This places SEMPA intermediate between
SEM and Auger imaging in signal acquisition time.

The spin-dependent interaction which is the basis of
most electron-spin detectors is the spin-orbit interaction.
When an electron of spin s scatters from the central potential
V{r) of some high Z element, there is an additional term in
the interaction Hamiltonian that results from interaction of
the electron spin s with its orbital angular momentum 1 in
the central potential field.”” The spin-orbit interaction has
the effect of making the cross section larger or smaller for
electrons with spin paralle] or antiparaliel to the normal n to
the detector scattering plane. Thisis referred to as Mott scat-
tering as contrasted to Rutherford scattering where the spin-
dependence of the scattering is not included. The scattering
plane is defined as that plane in which both the incident and
scattered electron trajectories lie. The normal to the scatter-
ing plane n is defined in terms of the incident wave-vector k,
and the scattered wave-vector k; as follows:

n = (k, Xk, )/ |k Xk (O
The cross section for the scattering can be written™
o(0) = I(6){1 + 5(8)Px], (2)

where P is the beam polarization, n the normal to the scatter-
ing plane, f{©) the angular distribution of backscaitered
current, and S(8) is the Sherman function for the detecior
scattering material. The Sherman function is a measure of
the strength of the spin-dependent scattering, and is in gen-
eral a complicated function of beam energy and angle.***' In
order to determine the polarization of the beam, one mea-
sures a spatial asymmetry 4 between the number of electrons
scattered to the “left” ¥, and the number to the “right” V.
The left and right detectors are defined relative to the inci-
dent beam direction and the normal to the scattering planen.
The *“up-spin” direction is defined to be paralliel to u, and the
“down-spin” direction is antiparallel to n. The nieasured
scattering asymmetry A4 is

A=(N, ~ Ny (N, + Ng)=PFS§, (3)

which is directly related to the beam polarization by 4 = PS5,

where § is the integrated Sherman function for the entire

range of angles collected. ,
The figure of merit £ for a spin-polarization detector is

29

defined as”
F=58%/1,, (4)
where 71s the backscattered current intensity collected at the

electron counters and 7, is the incident beam intensity. The
figure of merit is characteristic of the counting statistics of a
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polarization experiment and is useful for comparing differ-
ent spin-polarization detectors.

Systematic errors also contribute to the uncertainty in
spin detectors. There are several types of instrumental asym-
metries. Since the measurements are based upon a left/right
scattering asymmetry, any instrumental asymmetry in the
detector introduces an offset into the measurement. These
asymmetries may be the resuit of unequal gains in the left
and right channels of the signal processing electronics, une-
qual sensitivities of the electron multipliers, and mechanical
imperfections that result in a detector geometry that is not
symmetric. Other instrumental asymmetries may be intro-
duced by motion of the incident beam. Uncontrolled appara-
tus asymrmetries of this type, such as changes in the position
or angle of the incident electron beam on the scattering tar-
get in the detector, are undesirable. Care should be taken to
minimize these disturbances by designing the coupling elec-
tron optics to produce minimal instrumental asymmetries.

One of the main differences in spin analyzers is that the
incident beam energy for scattering within different detec-
tors may vary over three orders of magnitude from around
100 eV to 100 keV. The most obvious implication of this
observation is that we might expect that the physical size of
the detectors will vary greatly, which is indeed the case.
Low-energy spin detectors can be made far more compact
than their high-energy counterparts. However, in low-ener-
gy scattering detectors, surface cleanliness of the scattering
target is extremely important, while high-energy detectors
are relatively insensitive to the surface of the scattering tar-
get in the detector. We will now review the properties and
operation of the more common spin detectors and then dis-
cuss the differences which are important for application to
SEMPA.

A Mott analyzer is a device for measuring the spin com-
ponent transverse to the scattering target in the detector by
utilizing the left-right asymmetry of the spin-dependent
Mott scattering of electrons at high energies from high atom-
ic number targets. Until recently, Mott analyzers had cylin-
drical symmetry, operated at incident energies of 100-200
keV, and detected the asymmetry at scaitering angles
around 120° (to the incident beam direction}.”**>* The
Sherman function S{O) is a function of the scattering angle
for high-energy Mott scattering and is a2 maximum near
120°>* The detector efficiency is maximized by collecting
scattered electrons over the angular range of 120° 4 20°
where the Sherman function is still large. An alternative to
the classical Mott design has been constructed using spheri-
cal symmetry in order t¢ minimize instrumental asymme-
tries.>> Although these Mott detectors have high Sherman
functions and reasonably high figures of merit, they are phy-
sically large and bulky, and require high voltages. Their
large size makes them particularly difficult to adapt to
SEMPA.

Lower-energy Mott analyzers and retarding Mott ana-
lyzers have been realized in a number of new spin polari-
meters.”**! In this case, an electron beam is accelerated in a
radial field between an outer electrode at nearly 1 keV poten-
tial to 20-30 keV by an inner electrode. It scatters from a
target and is then decelerated by the same radial fieid before
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striking a detector at the lower potential. They have reduced
size when compared to the traditional Mott analyzers. The
electrons are once again collected at angles around 120° to
the incident beam. The retarding field present in these detec-
tors helps discriminate against inelastically scattered elec-
trons to prevent them from reaching the electron counters.
Retarding Mott analyzers have been realized in spherical®
and cylindrical geometries.***' A salient feature of retard-
ing Mott analyzers is that the electron detectors (counters)
are at low voltage and the vacuum housing is at ground po-
tential making them much more convenient than traditional
Mott detectors. However, high voltages are still required
and their physical size is still sufficiently large that interfac-
ing with an electron microscope column is difficult. Further,
the retarding fields greatly limit their efficiency.

The analyzers discussed above operated in an energy
range higher than 20 keV. The low-energy electron diffrac-
tion (LEED) electron-spin polarization detector, in con-
trast, operates at about 100 eV.** In this detector the dif-
fraction from a single crystal target, usually W, is exploited
by detecting the spin asymmetry of scattered electrons con-
centrated in the diffracted beams from the target’s surface.
The collimating properties of diffraction by a single crystal
make this a very efficient spin analyzer. This detector can be
quite small due to the low energy of the scattering. Further-
more, this detector has a high Sherman function and figure
of merit, but suffers from sensitivity to incident beam angu-
far deviations. The constraints on the incident beam angular
spread { < 2°) and energy spread { < 5eV) are severe but are
not an insurmountable problem for application to SEMPA.
The main drawbacks of this detector are the reguirements
that the crystal target be flash cleaned at high temperatures
{ > 2000 K) every quarter hour, and that it be maintained in
a 1107 ' Torr vacuum which may be incompatible with
the electron microscope chamber.

Another low-energy electron-spin polarization detector
is the absorbed current detector.**™* The absorbed current
detector may be the cheapest and simplest of all spin polari-
meters. The spin dependence of the absorbed current results
primarily from the spin dependence of elastic scattering.
When electrons of one spin orientation are preferentially
scattered, electrons of the other spin orientation are prefer-
entially absorbed. The absorbed current detector operates at
a beam energy where the unpolarized secondary electron
yield is one, that is, where the number of elecirons leaving
the sample and incident upon the sample are equal, leaving
zero absorbed current. Spin-dependent absorbed currents
are measured relative to this operating point by detecting
negative currents for one spin orientation and positive cur-
rents for the other spin orientation. This detector has a high
figure of merit, but it is extremely sensitive to the incident
beam angles onto the surface of the scatterer in the detector.
Furthermore, because it cannot be used in a pulse counting
mode, it is extremely difficult to measure small currents at
high bandwidths as required in SEMPA.

The last electron-spin detector that we consider is the
low-energy diffuse scattering (LEDS) detector.”* Like
the LEED and absorbed current detectors, it operates at low
energies of about 150 eV. It employs an evaporated polycrys-
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FIG. 4. A cross section of the LEDS detector. The divided anode assembly
is shown in the inset as viewed from the Au target.

talline Au target, which is stable and remains clean for a
number of days in a 1 X 107 Torr vacuum. The polycrystal-
line film diffusely scatters the incident electrons. The effi-
ciency of this detector is increased by collecting the scattered
electrons over large solid angles. This results in the highest
figure of merit of any spin-polarization detector.’” The de-
tector is compact, movable, and in general well suited to 2
number of experiments including SEMPA.

Since the low-energy diffuse scattering polarimeter is
the detector of choice for our SEMPA apparatus, we include
a schematic cross section in Fig. 4 and will briefly describe its
operation.”®”? We will use it as an example to motivate the
discussion on instrumental asymmetries. In the LEDS de-
tector, electrons of 150-eV kinetic energy are incident upen
the evaporated Au scattering target. The Au target, the elec-
trode coplanar with the target £, and the input drift tube are
all at the beam potential such that the electrons enter into the
detector in a field-free region. The input optics are used to
achieve the desired beam focus on the Au foil. The electrons
are backscattered from the Au target diffusely. The angular
dependence of the elastic scattering, including the elastic
spin asymmetry scattering has been calculated by Fink and
co-workers.*** Owing to the nearly isotropic angular distri-

TABLE I. Comparison of the performance of the different polarimeters.

bution of the emitted electrons, the focusing electrode £, is
negatively biased by — 125 V relative to the Au foil. This
deflects the electrons such that their trajectories are normal
to the grids &, and G,. The energy selectivity of the retard-
ing grid G, is thereby greatly enhanced and both the Sher-
man function and the collection efficiency are increased. G,
can be held at the incident beam potential (energy) orata
slightly positive { 4 75 V) bias with respect to the Au foil.™
Positive &, helps keep the electrons’ trajectory normal to the
grids. G, is the energy selecting electrode. This grid is nomi-
nally negatively biased by — 30 10 — 50 V with respect to
the Au target such that no true secondaries created at the Au
target reach the channel plates. Once the electrons pass
through G,, they are multiplied by channel plate electron
multipliers and detected by a high voltage anode which is
divided inte four sections. Each anode subsection subtends
an azimuthal angie of 90° as indicated in the inset of Fig. 4.
Two orthogonal components of the polarization vector may
be measured simuitaneously with this detector as,

= 1/8(Ne — N3/ (Ne + Ny, (3)
P, =1/8(Np — Np)/(Ny + Np), (6)

where &, is the number of electrons counted by guadrant
*“.” This detector achieves its high performance by having a
very high collection efficiency 7 /f,, obtained by collecting
the scattered electrons over very large solid angles. The per-
formance is further enhanced by carefully selecting the cut-
off energy for the scattering from the Au target by insuring
that the scattered electron trajectories are nominally perpen-
dicular to the grids. Optimum selection of the minimum and
maximum scattering angies subtended by the grids is fixed
by the entrance drift tube and X, .

The important parameters of the various polarization
detectors are summarized in Table 1. We include in Table [ a
comparison of the detecior incident electron energy £, de-
tector Sherman function §, the fraction of collected current
I/1,, the figure of merit F, the detector’s physical size, and
the vacuum reguirements. The figure of merit is applicable
for spin-polarization experiments where the uncertainty is
determined by counting statistics. It is also desirable to have
a detector with a high Sherman function to minimize the
effects of instrumental asymmetries. The absclute valae of
the detector Sherman function of spin polarimeters are all
calibrated against the traditional Mott detector which in
turn is usually calibrated against theoretical values,*>?15%3
For application to SEMPA, it is extremely important that

171, F Size Vacnum
Analyzer E, (keV) 5 (X107 (x10°YH (my {Torr) Reference
Mott 100 - 0.26 1.5 1.0 10 I[x10°° 32
Ret. Mott 30 -0.17 7.0 2 0.1 1x10°° 3R
LEED 0.105 - 0.27 22 1.6 0.001 P10~ 44
Abs. curr. 0.162 N ® 1.0 0.001 Ixin ? 48
LEDS 0.150 -~ 0.10 10 1.0 0.001 X107 30
LEDS 4,150 — Q.11 20 2.0 0.001 Ix10? 52

* Parameters not strictly defined for this detector. Sec Ref. 48,
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the detector be small. When the detector is interfaced to the
electron optical column, it must not mechanically destabi-
lize the column itself. Finally, it is desirable that the detec-
tor’s vacuum requirements be compatible with those of the
specimen chamber in the electron optical column for easy
interfacing.

B. instrumental asymmetries

Instrumental asymmetries can be caused by nonuni-
formities in the spin detector. Any geometrical asymmetry
or a variation in the gain in the electronics in the signal chan-
nels can manifest itself as an error in the polarization mea-
surement. This is a consequence of the fact that the detectors
rely on a left/right scattering asymmetry in order to measure
the polarization of an eleciron beam. All of the detectors are
sensitive to the position and angle of the beam at the detec-
tors. Owing to imperfections in mechanical alignment, or if
precise beam alignment and control during an experiment
cannot be guaranteed, an instrumental or false asymmetry
may occur. Any effect that introduces spurious signals sys-
tematically into either the left or right scattering channels
introduces a false asymmetry.®*%*>® Another cause of in-
strumental asymmetry results from the actual movement in
position or angle of the incident beam. Such beam movement
is characteristic of many spin-polarized eleciron experi-
ments such as SEMPA and spin-polarized photoemission.
Any of these effects contribute to the total systematic instru-
mental asymmetry 4,. In order to characterize 4, we must
determine the total number of electrons reaching the left and
the right scattering channel of the detector for a given beam
alignment condition.

A schematic cross section of a “generic” polarization
detector based on the principles described above is shown in
Fig. 5(a). A detector consists of a left and a right channel,
labeled L and R (relative to the incident beam direction).
There are two detectors shown in the figure, differing only in
an overall size, where the first detector, labeled “1,” consist-
ing of L and R channels, is in close proximity to the Au foil,
and the second detector “2,” also consisting of L and R
channels, is further from the Au foil. Assume that the out-of-
plane angles are identical to the in-plane angles; in other
words, the electron detector cross section could be that of a
conventional Mott analyzer with circular acceptance aper-
tures into the L and R electron counters. As indicated, both
of the detectors subtend the same solid angle at the Au tar-
get, and thus both deteciors have the same collection effi-
ciency and must therefore have the same figure of merit.
Further, both of the detectors have the same average scatter-
ing angle from the central axis of the detector, denoted by
8,, and the same inner and outer limits on the scattering
angles, 8, and 9,,, The coordinates of the intersection of
the axis of each channel with the detector planes for the two
detectors are different, and are denoted by X,, %,, Z,, and Z,.

For an unpolarized incident electron beam, the number
of electrons collected in channels L and R is given by

det dQ

where [, is the current measured by a signal channel,
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FIG. 5. (a) A cross section of a generic spin analyzer that determines polar-
ization by left/right scattering asymmetry. Two separate detectors are
shown, a small detector “1” and a larger detector “2.” (b) Displacement
asymmetry and {c) angular asymmetry resolting from poorly controfled
beams.

do(6,9)/d} is the differential cross section for the scatter-
ing process, and {2, is the solid angle subtended by a signal
channel. The instrumental asymmetry 4, associated with
this configuration is

A=, — I/, +1p). (8)

If the beam moves or tilts on the scattering target, an instru-
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TABLE . Comparison of detector instrumental asymmetries for various polarimeters.

X z A A
Analyzer Reference {mm) (mm} &, B, e {%/mm) {9%/deg)
Mott 35 26.7 13.6 63° 43 83° 6.1 2.0
Ret. Mott 34 294 17.0 60° 54° 66° 5.5 2.0
Ret. Mott 38 4.0 8.5 59° 49° 69° 13.9 2.1
LEDS 50 3.7 37 45" kit 6(° 280 6.0
LEDS 52 12.8 112 49° 30 68° 6.0 6.0
mental asymmetry 4, will result from changes in the solid AAB) = do(8,%) Je 9)
angle £} and changes in the relative cross section o, (G,9) B TS e '
subtended by each channel. We consider these effects for the do(6,®)
two detectors proposed in Fig. 5(a). g(A)y = f ——-;,—g-;——w det, . (1)

det 4

Figure 5(b) depicts a pure displacement A of the beam
at the Au foil. It is clear now that the two detectors are no
longer identical. Without considering the relative change in
the cross section for the two detectors, it is evident that de-
tector 1, the smaller of the two, suffers from the larger instru-
mental asymmetry. As the beam moves towards one channel
of the detector, as in this case towards the R channel, that
channel receives more electrons due to the incremental solid
angle subtended; the other channel, the 1. one in this case,
receives less, yielding a negative displacement instrumental
asymmetry 4,,. 1t seems that the requirement that the spin-
polarization detector be small for application to SEMPA
contradicts the need for the detector to be large to minimize
beam displacement instrumental asymmetries. This is a de-
sign issue of extreme importance, for we seek to keep the
physical size of the detector small while we wish to have the
detector's electron optical size to be large in order to de-
crease ifs sensitivity to instrumental asymmetries.

Figure 5(c) depicts a pure angular deviation A8 of the
incident electron beam. As can be seen, there is no change in
solid angle due to a pure tilt. However, when the angular
dependence of the cross section is taken into account, an
angular instrumental asymmetry, 4,5, resuits. The cross
section has a functional © dependence that exhibits a strong
enhancement in the backscatiered direction.

Spin-polarization analyzers appear to have non-negligi-
ble instrumental asymmetries as summarized in Table I1*2
Careful electron optical design is required to further reduce
this deleterious effect as detector sizes decrease.

Consider the schematic depiction of a detector and the
ray paths in Fig. 6. This is a generic spin-polarization detec-
tor. The incident electron ray paths are shown off-axis and
tilted. The ray is displaced towards the R channel, yet it is
tilted toward the L channel. Qualitatively, in this regime, the
R channel receives more electrons due to the displacement
and the enhanced solid angle, but yet it receives fewer elec-
trons due to the tilt and the decrease in da(©)/d6. Similar-
iy, the L channel receives more electrons due to the tilt, yet
fewer due to the displacement. If the asymmetry due to dis-
placement can exactly baiance that asymmetry due to angle
for a given set of input conditions, then the total instrumen-
tal asymmeiry 4, can be markedly reduced. To meet these
conditions, the following criteria must be met?">74°°;
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The integral of the cross section over the detector must be a
function of the misalignment angle AS, and the integral of
the cross section over the detector must also be a function of
the displacement misalignment A. What is essential for com-
pensation is that the angular and displacement asymmetrics
are equal and opposite. We find that the functional depen-
dence of both integrals is quasilinear. Since the asymmetries
are quasilinear in displacement and angles, we can balance
them against each other using the first-order real imaging
properties of electron lenses on the input to the detector.
Note that the displacement misalignment integral is domi-
nated by changes in the solid angle. If these {linear) relation-
ships can be satisfied, then a set of (linear) equations in
misalignment angle AS and misalignment displacement A
can be solved to vield zero instramental asymmetry for
known detector displacement and angular asymmetries.
This is driven by the fact that most physical designs auto-
matically constrain the likely displacements and enforce
some kind of correlation between the displacements and an-
gles at the detector target foil. We wish to exploit this corre-
fation when we discuss the role of the transport optics and
propose some solutions to the instrumental asymmetry
problem for the SEMPA experiment.

It is instructive to compare once again the relative mer-
its of the various detectors presented in light of the discus-
sion on asymmetry. The obvious advantage to a high-energy
polarimeter is that the electron optical properties of these

Beam
= Ag

FIG. 6. Instrumental asymmetry compensation scheme whereby angular
and displacement asymmetries cancel each other.

Scanning etectron microscopy 2509




systems tend to be, although not always, less sensitive to
misalignment asymmetries. This is a direct censequence of
operating at higher beam energies. However, these systems
are necessarily larger and can introduce mechanically desta-
bilizing effects into the probe forming electron optical col-
wmn.

V. TRANSPORT OPTICS

The purpose of the transport optics is twofold. Primar-
ily, the transport optics must efficiently extract, collect, and
transfer the spin-polarized secondary electrons from the
specimen surface to the spin-polarization detectors. Second,
the transport optics must map the scanned spot under the
electron beam on the specimen surface, which serves as a
source of polarized electromns, to a place on the detector scat-
tering iarget such that instrumental asymmetries are mini-
mized.

Some general concepts involving phase space allow us to
describe the collection and transfer aspect of the transport
optics most precisely. For macroscopic electric and magnet-
ic fields, the conservation law of Helmholtz-Lagrange {(e.g.,
Refs. 57 and 58) states that, for any two points along a beam
path, the product of the beam’s energy E, cross-sectional
area A, and solid angle ) are constant. The subscripts “s”
and “‘d ” denocte the sample and detector planes, respectively:

dE, dA, dQ, =dE, d4, d0,. (11)

The design problem of the transport optics in the SEMPA
system is to map the phase space at the specimen surface to
the detector. The phase space at the sample surface is ap-
proximated by multiplying £, =4 eV 44 eV, 4, = 767/4,
where & is the incident beam probe diameter and
1, =27 (1 — cos B, ). O, is the maximum take-off angie of
secondaries, as measured from the sample normal, allowed
into the entrance aperture of the extraction electrodes.

For the LEDS detector, for example, we have deier-
mined that the instrumental asymmetry is 4, = 6% /mm.
For the same detector, with a detector Sherman function of
§ = 0.10, the measured polarization will vary by P=A4,,/
§ = 60 %/mm. If the absclute measurement of the polariza-
tion due to instrumental asymmetry has to be on the average
about 0.5%, we find that the maximum displacement of the
beam on the detector must be smaller than 10 um. We take
this to define an upper limit on the illumination area of the
detector, 4,. Since the convergence angle of the beam inci-
dent on the Au target is fixed to be less than 2° (homogen-
eously distributed about the electron optical axis such that
the net angular instrumental asymmetry is zero), and the
beam energy of the detector is £, = 150 eV, the product £,
Ay O, =22 eV pm?® sr. If this is matched at the input to the
transport optics, and nominally E, =4 eV and 4,
7.85x 1077 pm? (characteristic of a 100-nm-diam probe),
then the maximum acceptance solid angle into the entrance
of the transport optics can be £}, = 27. This means that one
should ““ideally” be able to collect all of the electrons and
transfer them to the detector for the fixed beam case and
achieve the desired polarization resolution. We will deal
with the issues of a scanned beam shortly.

In order to determine the efficiency with which elec-
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trons can be extracted from the sample surface it is necessary
to consider the sample (the cathode) and the first electirode
of the transport optics (the extraction electrode) as the elec-
tron optical equivalent of a2 gun. Essentially, the sample is
part of the transport optics, and, as such, the sample and
stage should be as flat and uniform as possible.

In Fig. 7, an idealization of the extraction region near
the sample is shown. Ideally, the sample and the front plate
of the extraction electrode should be parallel for the simplest
beam extraction control. Noncoplanar configurations do ex-
ist, but the analysis and beam control is more complicated.>
The equations of motion for a secondary electron emitted
from the sample surface at an energy E, corresponding to a
potential ¥V, at an angle from the sample normal 6, can be
solved analytically. The maximum distance from the axis
Fmax that the particle can lie at the extraction electrode plane
at a potential ¥, and can stili be collected is given by

2W, AT
= sin es[cos 65(003“ O, + )

The angle O, that the electron makes at the extraction
electrode plane is given approximately by

tan ©, = sin ©,/(cos’ O, + V/V,)'/% (13)

The effective object for the transport optics, shown in Fig. 7,
is determined from the intercept of the asymptotic ray trajec-
tory at the extraction electrode with the optic axis. The vir-
tual object position is a critical parameter for the correct
design of the electron optics.

In order to determine the relative size of the extraction
fields, we must look at the requirements that [imit the size of
the transport optics lens elements. As determined in Sec. 11,
the working distance of the lens is about 10 mm, the stage is
tilted by 45° to the incident eleciron beam, and the extraction
electrode for the transport optics is likely to be no closer than
10 mm to the sample surface. Given these constraints, we
determine that the size of the transport optics at the extrac-
tion electrode should have a maximum inner diameter of
about 10 mm. The acceptance aperture should be on the
order of 2.5 mm in diameter, perhaps even smaller. Fora 2.5-
mm-diam entrance aperture, the differential angular collec-

Y
max -

(12)
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Electrode
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Plane tncident Electron
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[ s Wy
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v

FIG. 7. Schematic of electron optics of extraction region near the sample.

2510

Scanning electron microscopy



tion efficiency dv,,, /dE, can be determined as a function of
the incident beam energy and extraction potential as given in
Table I11. The secondary electron angular emission distribu-
tion is assumed to be cosine like Ref. 17. The total angular
collection efficiency 7,,, i the integral of the differential
angular coliection efficiency weighted by the fraction of sec-
ondary electrons emitted in that energy interval. The total
collection efficiency of the transport optics 7., is a product
of the angular collection efficiency #,,, and the energy col-
lection efficiency 7.,.. The energy collection efficiency can
be determined from a model secondary electron energy dis-
tribution,'” which can then be integraied over the energy
window of the detector to determine the fraction of secon-
daries collected. We select the nominal energy value for the
peak in the secondary electron energy distribution tobe4 eV.
The fraction of electrons in a specified energy window is
approximated in Table IV.

In order to achieve the highest possible efficiency for all
true secondaries, for the limited design criteria given above,
the energy window should be 4.0 4 4.0 eV and the extrac-
tion potential should be 500 to 1000 V or larger. The total
angular efficiency is obtained by weighting each element in a
column of Table ITI by the secondary electron energy distri-
bution function. This requirement of a large collection effi-
ciency demands a large extraction field. The 1000-V extrac-
tion field was used in Sec. HI to place a lower limit on the
incident beam energy in the electron optical column.

Once the electrons have been extracted from the sample,
the virtual object point is the new source, or the object for the
transport optics. The image must now be mapped onio the
detector plane. Polarization detectors only measure compo-
nents of the spin in the plane of the scattering target in the
detector. When all three components of the vector polariza-
tion must be measured, the transport optics must be capable
of distributing the beam to either of two perpendicularly
oriented detectors, as shown in Fig. 2. An alternative tech-
nique for the measurement of all three components of the
polarization vector is the use of a spin rotator®* and only
one polarization detector. Although both of these options
are viable, we will emphasize the design constraints in the
present system. We utilize a quarter-sphere®>®® “switch-
yard” to deflect the electron beam onto the “right-angle”
detector, without rotating the spins in order to measure the
component of the spin polarization out of the plane of the
sample. The principal of spin rotation is reviewed in Refs.
6064 and will not be explained here.

TABLE I Differential angular collection efficiency vs extraction elec-
" trode poterntial.

dy.../dE, in (%) at electrode potential (V)

Energy
(eV) 100V 250V 500V 1000 v 1500 v
1.0 38.0 97.5 100.0 100.0 100.0
2.0 19.2 48.3 97.5 100.0 100.0
4.0 9.5 25.0 438.3 97.5 100.0
6.0 6.5 16.5 32.8 65.4 97.3

8.0 4.8 117 25.0 48.3 73.4
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TABLE IV. Fraction of secondary electrons within an energy window,

Nominal energy E| Enecrgy window AE, Pene
(eV) (eV) (%)
4.0 + 0.25 44
4.0 - 0.50 85
4.0 + .00 15.9
4.0 + 2.00 27.9
4.0 -+ 3.00 36.5
4.0 + 4.00 41.1

The optical properties of low-energy electron lenses can
be computed from the numerical solution of the electrostatic
potential problem and the subsequent integration of the
charged particle trajectories through the fields. An invalu-
able compendium of electron optical properties of common
electron lens configurations has been compiled by Harting
and Read.®” The electron optical design problem is to trans-
port the electrons from the sample region extraction elec-
trode, now at a potential of 500-1500 V, to the detector plane
at a potential of 150 V. In our system , the quarter sphere
necessarily breaks the symmetry of the transport optical col-
um. If a beam of electrons is incident on the quarter sphere
in a parallel bundle, then at the exit to the guarter sphere, the
distribution of trajectories is focused to a point. Since we
require that the electron beam envelope entering each of the
detectors be equivalent, extra lenses must be included in ei-
ther the “straight-through” or “right-angle” leg of the trans-
port optics. If this is done, the beam profile at both detectors
can be equivalent except for the effects of dispersion in the
quarter sphere.®

In Fig. 8, a cross section of our transport optics system is
shown. Secondary electrons are extracted from the sample
by an extraction electrode E, at 1496 volts and enter the
column through aperture 4,. Since the nominal design ki-
netic energy of the secondary electrons is 4 eV, the kinetic
energy of the electrons as they enter the electron optics is

1500 eV, The virtual object pesition for the first lens of the
transport optics is shown. Electrons are focused to a mini-
mum beam diameter, or waist, at aperture 4, by the einzel
lens composed of electrodes E, — E, — E,. Deflector D, is
used to align the beam with the center of 4, The einzel lens
composed of electrodes £, — K, — E, is used to form the
next beam waist at aperture 4, Deflector D, is used to align
the beam with the center of this aperture. Deflector I, hasa
secondary function which will be described later. Aperture
A, is essentiaily the beam defining aperture, which limits
both the spatial and angular extent of the beam. It further
limits the energy spread in the beam through the large chro-
matic aberration present in the long focal length einzel lens
composed of electrodes E; — £, — E.. The lens composed
of electrodes £; — E, — E, focuses the beam to another
minimum waist at aperture 4, This is the object point for
the quarter-sphere deflector. Electrode £, together with the
quarter-sphere deflector form a lens that will force the two
separate legs of the system to have equivalent beam enve-
lopes. When the quarter-sphere potential is 340 V, the beam
is not deflected and the straight-through detector is selected.
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When the quarter-sphere pass energy is 1500 V, as indicated
on Fig. 8, the beam is deflected by 90° and the right-angle
detector is selected. The optional aperture 4,, is present to
block any stray electrons generated in the guarter-sphere
from entering the detector. The final zoom lens composed of
electrodes £, — K|, — E,,; 1s used to focus the electrons
onto the Au foil in the detector while reducing the beam
energy to the necessary 150 ¢V. Deflectors D and D, can
control the angle and position, respectively, of the beam at
the Au foil plane. We have found that the extracted elecirons
that are allowed to enter the SEMPA transport optical col-
umn can be transmiited to the detector with nearly 1009
efficiency for a properly aligned beam.

The deflector D, in the transport optics performs a dual
purpose. Besides the static deflection for beam alignment, it
is also a dynamic element. This deflector is an octupole with
a dynamic descan incorporated from the electron probe-
forming column control electronics. We mentioned that in-
strumental asymmetries can severely degrade the perfor-
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mance of the SEMPA detectors. We alluded to the
possibility of a compensation scheme, which we will discuss.
However, it is also possible to dynamically remove the asym-
metry due to the beam scan by forcing it to be stationary on
the detector’s scattering foil. When the beam in the electron
microscope column is rastered by the deflection coils in the
column, the spot is moved across the sample surface. This
means that the object position for the SEMPA optics is mov-
ing as well, making the object seem as large as the scan field.
One way of compensating for this is to use the signal that has
been generated to drive the scan coils in the electron optical
column to “descan’ the beam within the SEMPA transport
optics. We take the scan signal from the column and feed it
into the octupole descan deflector D, 180° out of phase with
the original scan. Thus, the beam is defiected back onto axis
at aperture 4, We can effectively remove all of the scan-
generated instrumental asymmetry in our system for scan
fieids as large as 70 m at the specimen using this technique.
Although aberrations in the deflection become apparent for
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scan fields larger than 150 um, we are able to see magnetic
images in real time for scan fields as large as 300 um in
otherwise uncompensated detectors.

The other technique for eliminating or reducing the in-
strumental asymmetries due to scanning in SEMPA is to use
compensation at the spin analyzer as described in Sec. IV B.
It is desirable to implement both a descan correction and a
compensation of the detector in order to remove most fully
all instrumental artifacts.

Recall that the compensation condition requirements
given in Sec. IV B indicated that a linear relationship existed
between the tilt and displacement asymmetries at the Au foil
in the detector. In phase space ([r — €] space that for this
problem can be separated inte two subspaces [x — ©, ] and
[y — @, ] relevant tc measuring the two orthogonal compeo-
nents of the electron spin in the detector}, the compensation
condition is a straight line. In other words, if a trajectory
strikes the foil at some displacement from the central axis,
then it must also strike the foil at the “"magic” compensation
angle where the displacement and angular instrumental
asymmetries are equal and opposite. Thus, the second de-
sired function of the transport optics is tc map the incident
region of phase space for any experiment onto the Au foil
such that the final phase space map maiches the compensa-
tion condition.’> We have optimized the input optics of the
LEDS detector for variations in the position of the beam,
characteristic of beam wobble for polarized photoemission
studies. We found that, using the compensation technique,
we were able to reduce the displacement asymmetry from
6% /mm to 0.35%/mm over a 4-mm scan field.”> We are
currently in the process of implementing this asymmetry
compensation scheme in addition to the dynamic descan on
our SEMPA apparatus.

Vi. SIGNAL PROCESSING ELECTRONICS

Each detector determines two components of the spin
polarization vector through the measurement of the coflect-
ed electron current in opposing detector quadrants and the
use of Egs. (5) and (6). Itis the function of the data acquisi-
tion electronics to make stable, low noise measurements of
the collected electron current. The circuitry required de-
pends, in large measure, on the current expected to reach the
electron detectors. For low currents, as might be expected
when the electron probe beam is focused to very high resolu-
tion, individual pulse counting is necessary to avoid the noise
introduced by analog devices and to maintain the high data
acquisition rates desired for images. At high currents, which
are available in a microscope with a LaB, cathode operated
at moderate resclution, analog signal processing becomes
necessary. This is because of the count rate limitations of
microchanme! plates (MCP) operated in the saturated or
pulse counting mode.

Microchannel plates are generally considered to have a
linear response up to an output current of 10% of their strip
current.’® When used for pulse counting, their operating
characteristics can be more complex. For example, because
of the statistical nature of the charge multiplication process,
not all input electrons cause the same size pulse of output
charge. However, a well-defined pulse height distribution is
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necessary to allow a discriminator to trigger on each signal
pulse but effectively eliminate most background noise. Such
a puise height spectrum is best obtained from channel plates
with channel aspect ratios, length to width of 80:1.°
Further, to avoid problems with ion feedback,”* channel
plates are often operated in the chevron configuration where
the channels of the first plate meet those of the second plate
at a slight angle. If a gap is left between the plates in the
Chevron configuration, the pulse height spectrum will then
depend upon the field between the plates, as the field con-
trols how many channels of the second plate are excited by a
single event in the first plate.”’ Currently, satisfactory pulse
counting operation is obiained with no gap between plates.
Moire effects have not been observed.” For example, in a
three-plate configuration, an average of seven channels are
excited in the final plate,”*"

In order for the charge pulse to be discernabie from
noise, sufficient gain must be available, but this gain will
decrease at high count rates. This is because the charge that
comes from a single channel of the second channel plate
comes from near the end of the channel and must be replen-
ished by the power supply. Otherwise, the field at the end of
the plate will be lower, the secondary coefficient wili de-
crease, and the charge multiplication process will be greatly
reduced. The time it takes to recharge the channel depends
on the channel plate conductance and capacitance® ™ and
will be several milliseconds for typical channel plates. This
effect, referred to as charge saturation, limits the maximum
couitt rate. However, if the incident electron flux is roughly
uniformly distributed over the channel plate surface, then
the probability of a second pulse in the “dead” channel is
reduced in proportion to the total number of channels. With
increasing count rate, some channels will be iriggered before
they are fully recharged and the modal gain, i.e., the gain
corresponding to the peak of the cutput pulse height distri-
bution, will begin to decrease.” In continuous operation, the
output current can, at best, approach the sum of the input
current and the bias current. This causes a nonlinear rela-
tionship between input and output when the output current
exceeds about 109 of the wall current. The relationship
between the system’s overall particle detection efficiency
and count rate will depend in detail on the level of electronic
amplification, the discriminator setting, and the shape of the
pulse height distribution function. Occasionally, the litera-
ture® describes lincar, “pulsed” operation seemingly
above the 10% current limit given above. This refers to gat-
ing the incident flux off for several milliseconds to allow the
channels time to recharge between brief exposures to a high
incident flux. The instantaneous output currents can then
exceed the 10% limit or even the bias current.

The requirement of a linear transfer function imposes a
count rate limit of, r,,, = 0.14,,,. /(eG), where {, is the
channel-plate bias, e is the electron charge, and G is the gain.
For a two-plate chevron assembly operating with an overall
gain of 10° a typical second-stage channel plate, 40 mm in
diameter’® with 25-um-diam channels, would have a bias
current of 4 4 A and a maximum count rate of 625 kHz/qua-
drant. Similar channel plates are now available with bias
currents of 160 p#A and a maximum count rate of 25
MHz/quadrant.”’
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If the count rate limitations of the channel plate are ac-
ceptable, then care needs to be taken in the rest of the count-
ing chain to ensure reliable operation. For example, the
quadrant anode structure must be designed to minimize
cross talk between adjacent channels.”™ Otherwise, pulses
from adjacent channels will appear a2t reduced amplitude
and fill in the valley in the pulse height spectrum below the
peak, making pulse discrimination more uncertain. This ef-
fect is easily diagnosed by comparing the pulse height spec-
trum of an individual quadrant to that of all quadrants con-
nected together. Reduction of interanode capacitance and
capacitive coupling from each anode to common surround-
ing surfaces, including the rear chanunel-plate surface, is ef-
fective in reducing this problem. Fifty-chm cabling, feed-
throughs, amplifiers, and discriminators should be used if
voltage-sensitive detection is used. Preamplifiers with band-
widths of 1 GHz and 300 MHz discriminators are readily
available.”™ It is most convenient to have a blocking capaci-
tor internal to the vacuum system so that low-voltage feed-
throughs can be used. Alternatively, a charge-sensitive
preamplifier could be used, but its speed may further reduce
the maximum count rate below the maximum set by the mi-
crochannel-plate linearity requirement.

Pulse widths of less than 1 ns are common in stacked
microchannel plates'' and facilitate high-speed counting.
Dark currents of less than 1 count/cm?/s are typical. Local
noise sources or hotspots are vsually associated with dust
particles on the surface™ which can be minimized with care-
ful handling.

For high detector current levels, the channel-plate bias
voltage is decreased to establish a linear transfer function
and analog detection is used. Each pair of channels consists
of two matched current-to-voltage converters, followed by
function modules that calculate the sum and difference of
the two quadrant signals. The sum and, after amplification,
the difference signals are converted to a pulse train by sepa-
rate voltage-to-frequency converters. Pulse transformers
provide the isolation necessary for the input stages to operate
at the microchannel plate anode voltage and the signals are
counted with a conventional scaler and timer system. Since
the difference signal may change sign, an offset voltage of
60% of full scale is applied to that voltage-to-frequency con-
verter to prevent zero crossing and minimize digitization
errors. For analog detection, the signal path out of the vacu-
um system should use guarded feedthroughs floating at the
anode voltage to minimize noise due to leakage currents.

The computer controlled data acquisition system in-
cludes four 16-bit scalers and a timer. Data are accumulated
as 16-bit integers, but are scaled by the relevant maxima and
minima and stored on disk as 8-bit integers. The data system
controls the digitally derived microscope scan voltages, the
dwell time at each point, and the dimensions of the scan data
array.

The convenience with which these parameters can be
changed and the shortest time it takes to acquire a magnetic
image both have a significant impact on the ease of use of a
SEMPA instrument. In a normal SEM, the intensity signal
derived from the full secondary emission provides sufficient
signal to allow images to be presented at near video rates,
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greatly facilitating focusing and searching for important
structural features. Since the magnetization images are inde-
pendent of the intensity images, the operator of a SEMPA
instrument will sometimes be faced with the problem of lo-
cating relevant magnetic structure in a region of indistinct
physical structure. For this purpose it is important that the
frame rate be as rapid as possible. At the reduced data array
size, 64 X 48, a new image is presented every 2 s. Computer
improvements could increase the frame rate to 3 frames/s.

Each data frame can be made to replace the previous one
or frames can be accumulated to signal average. Short dwell
times can be used and frame averaging can be continued
until either a sufficient signal-to-noise ratio is obtained or
stage drift becomes a concern at higher magnifications. Sin-
gle key strokes are used to double (or half) the data array
dimensions and toggle between averaging and frame replace-
ment, allowing a simple transformation between surveying
the sample and beginning serious data acquisition. A contin-
uous, automatically scaled, live display of the intensity im-
age and two magnetization images is always available.

Vil. SYSTEM UNIFICATION AND PERFORMANCE

We have discussed the individual components that con-
stitute the SEMPA system. These elements must be unified
into a coherent unit for optimum system performance. The
requirements to be met are mainiy mechanical. In our instru-
ment, the SEMPA transport and extraction optics must be
on a bellows such that the SEMPA apparatus may be ex-
tracted during ion sputtering or the acquisition of Auger
electron spectra. The SEMPA transport optics and associat-
ed detectors should not introduce any extra acoustic noise or
vibrations into the probe forming electron optical column.
The vacuum requirements of the transport optics, detectors,
and the electron optical column should all be compatible.
The entire system should be bakeable. The stray magnetic
fields in the main chamber and in the entire SEMPA trans-
port optics system should be kept to a minimum. Careful
magnetic shielding of the entire system is essential any time
that iow-energy electrons are involved in an experiment.

The SEMPA system performance can be determined by
considering each of the elements in the measurement process
serially. Consider the production process of secondary elec-
trons at the specimen surface. Assume that the current inci-
dent on the specimen is /;, and that the probe diameter on the
sample is §. The incident electron beam creates secondaries.
The yield is a function of the incident beam energy, the angle
of incidence, and the material.!” The range of secondary
electron yields is summarized in Table V. As can be seen, the
secondary electron yield is approximately §,, = 0.25-0.40in
the 10-20 keV incident energy range. The secondary yield is
enhanced by the 1/cos ©, dependence on the angle of inci-
dence,'” where O, is the angle of the surface normal relative
to the incident electron beam, such that our value of &,

= 0.35-0.55. Assume that &, = 0.45.

We have already considered the energy and angle collec-
tion efficiencies of the transport optics as a function of ex-
traction electrode potential in Sec. V. We concluded that we
could achieve adequate performance from an extraction po-
tential of about 1000 V. We found an energy collection effi-
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Clency 7., = 0.41fora4.0eV + 4.0eV energy window. The
angular collection efficiency .., corresponding to thisis a
weighted sum of the vertical column in Table I for the
1000-V electrode potential. Since there are mostly 4.0-eV
electrons, and the distribution of secondary electrons in en-
ergy falls off rapidiy with energy,'” the angular collection
efficiency of the extraction optics is no less than n,,, = 0.90.
The transport optics may have a transmission as high as
1.00, but as a lower bound for normal operation, we have
determined that the transport optics between the extraction
electrode and the detector has a transpori efficiency of %,
= (.875. ‘

The conversion efficiency for the Au target in the LEDS
electron-spin polarization detector has been measured,”™?
and is the parameter I /1, discussed in Sec. IV. This conver-
sion efficiency for current incident on the Au target to the
current incident on the detector channel plate input is 7,4,
== (.04 for nominal operating conditions. The collection ef-
ficiency for the entire system is the product of all of the indi-
vidual collection or transmission coefficients:

7? = ncxe, T:’em 77«» nAu .

The total transmission in our system is 7 = 1.3%.

In order to estimate the signal level and integration time
required to provide a useful magnetic image, we consider a
specific change in polarization and calculate the integration
time necessary to reach the signal-to-noise ratio considered
adequate for the observation of that change. Let us consider
the case of differentiating between two adjacent domains
with oppositely directed magnetization. Further, assume
that the sample is oriented so that the full polarization is
measured by one detector, that is the measured component
of Pwillbe + P for one domain and — P for the other. The
total change in that polarization component between the two
domains, i.e., the signal, is 2P. The signal-to-noise ratio,
SNR, for a polarization image can be estimated most easily
for the case of counting statistics, but we will simultaneously
consider modifications necessary for analog detection. If the
electron microscope beam incident on the sample is repre-
sented by a current f,, then the mean number of particies
striking the sample in time 7is /,7/e, where e is the electronic
charge. Assuming that the number of particies is Poisson
distributed with this mean value, then the variance will also
be I;r/e. Of course, there may be additional noise in the
beam, due, for example, to variations in the cathode emission
process.

At the sampie, each incident eleciron produces an aver-
age of 8, secondary electrons. Because the secondary emis-
sion process allows for 0, 1, 2, or more electrons for each
incident particle, the noise analysis must include the vari-

(14)

TABLE V. Characteristic secondary electron yields vs incident beam ener-
gy.

Element Ey==1keV 5 keV 20 keV S0 keV
Al 1.0 0.40 .10 0.05
Au 1.0 0.70 0.20 0.10
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ance associated with both the incident flux and the variance
about the “gain factor” 8, .%* At this point the mean num-
ber of secondary electrons is 8, ;7/¢ and their distribution
is not strictly Poisson distributed. The statistical distribution
is mixed and may alternately be described by a Polyza distri-
bution,*? which can range in shape from an exponential to a
Poisson distribution. More simply, by restricting attention
to the mean and variance of the distribution, one can allow a
factor in the variance to represent the additional noise be-
yond Poisson variation.*!

From this point until the electrons hit the front of the
channel plate in the spin detector, they pass through a num-
ber of filters, each characterized by an efficiency #, consist-
ing of %oes Doxas Tho» a0d 7,,,. Each of these filters can be
modeled as either allowing or not allowing the electron to
pass. The outcome only has two values, § or 1, characteristic
of a binomial trial. Further, the cascade of binomial distribu-
tions is itself a binomial distribution while the cascade of a
Poisson and a binomial distribution remains Poisson distrib-
uted.®? If we multiply the mean number of secondaries by
Wexe Mexa To Maa We obtain the mean number of electrons at
the channel-plate input. Had the mean number of secondar-
ies produced at the sample been Poisson distributed, then
this would also equal the variance in the mean value of elec-
trons scattered from the Ay, since this quantity would also
be Poisson distributed. Since the statistics of secondary pro-
duction generates non-Poisson distributions, this simple ap-
proach does not yield the correct variance. Fortunately,
there is a seif normalization in polarization measurements
due to the fact that in Eq. (5), for example, all of the mea-
sured guantities are proportional to the value of the flux
incident on the Au target of the polarization detector.
Hence, all of the noise sources described so far will be com-
mon to both channels A and C, and will not contribute to an
error in the polarization measurement.

The backscattering of the electrons at the Au target can
be viewed in a similar way. A cross section determines what
fraction of electrons of a given spin will arrive in quadrant A
at the front of the channel-plate multiplier, and a second
cross section is applicable for quadrant C. Whether an elec-
tron is scattered or not is a random process and we can there-
fore characterize this as having a binomial distribution. As
the number of particles increases, the binomial distribution
approaches a Poisson distribution as a limif. The result is
that the number of counts arriving at the channel-plate input
are Poisson distributed with variance equal to their mean
values. Before reaching the anode of the detector, each elec-
tron must hit a sensitive part of the front channel plate sur-
face, a binomial filter with 7, = 0.85,”* and have its charge
multiplied by the cascade process of secondary emission
within the channel-plate assembly. For analog signal detec-
tion, we must include the noise present in the gain intro-
duced at this stage.”” For electron multipliers, where 2 cas-
cade of secondary emission processes is used to provide gain,
the noise is strongly dependent on the first secondary emis-
sion coefficient. The noise to be expected can be approximat-
ed by defining the anode noise figure to be a factor ¥ equal to
the actual standard deviation in the output divided by that
expected assuming Poisson statistics. For the chevron chan-
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nel plates used here, a typical anode noise figure of ¥ = 1.25
can be expected.* However, if the channel plates are operat-
ed in the pulse counting mode and exhibit a saturated pulse
height spectrum that shows that each incident electron has
undergone sufficient muitiplication to place it distinctly
above a fixed discriminator level, then Poisson statistics can
again be expected to apply, and y = 1.

Kessler™ shows that for a particle counting measure-
ment of a polarization P= (1/SY (N, — N, )/ (N + N},
as defined in Eq. (5), the one standard deviation statistical
error is approximately AP = [1/(N. + N,)S?1"% For
analog detection in channel-plate chevrons, this error esti-
mate will be increased by a factor of about 1.25, the anode
noise figure . Note that in Kessler's approach, the approxi-
mate error in the polarization measurement is independent
of the value of the polarization. This is not strictly true for
large values of the polarization.®

After substituting 6, 7., 7/2¢ for (N. + N,), we
can calculate the signal-to-noise ratio for pulse detection,

SNR=2P /AP = 2PS(1,5,, ., 7/2e) "% (15)

Solving for 7 gives us the dwell time required for each pixelin
the image as a function of the desired signal-to-noise ratio
and the experimental parameters:

= (SNR)?e/(2P2S 1S 1., )- (i6).

Mow assume that the channel plates can be used in pulse
counting mode and that the maximum counting rate is 10
MHz per quadrant. This will impose an upper limit on the
useable current in the column to be in the range of | nA.
Assume that I, = 1 nA. The dwell time per pixel in our im-
plementation will be 7 = 1.33(SNR)*/P? us. In Table VI a
summary of pixel dwell times is given for various desired
signal-to-noise ratios, and various polarizations, under the
assumptions given above with an incident beam current of 1
nA. In electron microscopy, a signal-to-noise ratio of § is
considered adequate to distinguish a signal change.!” How-
ever, frequently domain images with lower signal to noise
figures are acceptable because of the tendency towards visual
averaging within the distinct domains.

To translate the figures in Table VI into magnetic image
acquisition times, the elements in the table must be multi-
plied by the number of pixels in an image. Thus, it takes
about 54 s to acquire a 256 X} 256 pixel image with a signal-
to-noise ratio of 5 and a mean polarization of .20 {(with all
of the assumptions made above such as J, =1 nA and
S= ~01L

TABLE VI Pixel dwell times as a function of the desired SNR and beam
polarization.

Pixel dwell time 7(ms), I, = 1 nA

We now consider an example of 2 measurement of a
domain wall profile where the resolution of a large number
of polarization levels is desired and a large acquisition time
may be necessary. While the acquistion time may be unlimit-
ed in principle, realistic time limitations are imposed by
stage drift, beam heating of the sample, sample contanmina-
tion, and miscellaneous long time constant instabilities with-
in the electron optical column. We consider an instrument
with a probe size of 10 nm and a probe current of 1.0nA. An
instrument with these specifications at a 10-mm working
distance is characterized as a high performance SEM. Sup-
pose that drift and other tnstabilities limit the total acquisi-
tion time to 25 min. We will make a measurement composed
of a single 128 pixel line scan across the domain wall. The
dwell time per pixel must be less than 7 < 11.7 5. The polar-
ization is — P on one side of the wall and + P on the other
side. If we wish to discriminate N levels within the magneti-
zation profile of the wall, then the signal of 2P that was used
in Eq. (15) must be replaced by 2P /N. Let us choose
N = 20. Given the time constraint, we can determine a mini-
mum detectable polarization £, for a line scan of a given
signal-to-noise ratio for a wall profile resolved into N levels.
The minimum detectable polarizations above are given in
Table VI for various signal-to-noise ratios.

We know of three operational SEMPA systems, and
several others that are being built. In Fig. 9(a), a schematic
of the Koike et af.'***%-1% SEMPA system is given. Their
system utilizes a cold field emission source in 2 standard
SEM optical column. They analyze the polarized electrons
with a conventional high-energy {100 keV) Mott detector.
Their spatial resolution for SEMPA is near 30 nm."* They
have used their system to study the micromagnetic structure
of Fe, 808992100  Gipe I3RTEXI06  »p  Fe polyerys-
‘[Zil, £3,88--80,93,1060 CO, 13,85,91,100 permalloy thin-fim
heads, %499 surface Néel walls, '*°%% and written bits. '
In Fig. 9(b), the SEMPA configuration of Kirschuner ez
al A0 40 shown. They have a field emission electron
source in a standard SEM electron optical column and a
LEED detector. Their SEMPA spatial resolution is near 40
nm.'” They have used their system to study a surface Néel
wall in Fe.'*'°1%2 We have shown a schematic of our
SEMPA apparatus in Fig. 2, the details of our LEDS detec-
tor in Fig. 4 and the complete transport optics in Fig.
g.1:#103-117  This system has been used to study
FeSi, 1510410911115 forromagnetic glasses,'> 121 thin-film
permalioy heads,”*'* surface Néel walls,’>" 57 thin per-
malloy films,''>"""7 and uniaxial Co.''"*"®* We routinely
achieve a spatial resofution of 50 nm when acquiring mag-
netic images in our present system.

TABLE VIL P, for a wall profile divided into 20 polarization subinter-

P SNR =2 SNR == 3 SNR == § SNR =: 10 vals for a 10-nm resolution SEMPA measurement. 7, = 1 nA and a2 128
pixel line scan is assumed.
0.01 53.185 119.666 332.407 1329.626
0.1¢ £.532 1.197 3.324 13.296 SNR=1 SNR=2 SNR=3 SNR=5 SNR=10
0.20 0.133 0.299 0.831 3.324
.40 0.033 4.075 3.208 0.831 Foin (.0067 0.013 0.020G 0.033 0.067
2518 Rev. Sci. instrum., Vol. 61, No. 10, October 1980 Scanning electron microscopy 2516




Gold Foill
//

7 222N
% - D2 po—Micit Detector
| o
i
5 _ Acceleration
' T} Elsctrode
}
AN

\

Exiraciion _ T—
Elecirode

Electron Gun

{a)

Tt~ Extraction Electrode

FIG. 9. (a) SEMPA system developed by Koike and co-workers (Ref. 13).
(b) SEMPA system developed by Kirschner and Oepen (Ref. 14},

Vil DATA PROCESSING AND EXAMPLES OF SEMPA
IMAGES

Each time data are acquired in a SEMPA experiment,
either the polarization and the intensity signal, or the left and
right detector signals, may be stored. Both of these alterna-
tives are functionally equivalent, although we have found it
more convenient to do the subtractions and additions in
hardware, as prescribed by Eqgs. (8) and (6). Additionally,
if the detectors are configured in pairs'>'® such that two
components of the spin polarization can be recorded simul-
taneously, two independent sets of data are acquired simul-
taneously. In the ensuing discussion, we will describe the
analysis for the images in the “straight-through” detector in
our SEMPA system in Fig. 2. The two components of the
polarization that are measured are the in-plane (in the plane
of the sample surface) components P and P,.

The spin polarization for a representative sampling of
the valence band by exciting electron-hole pairs can be esti-
mated from the number of total valence elecirons/atom in
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the metal », and the number of Bohr magnetons/atom ny.
The number of Bohr magnetons/atom is found by determin-
ing the difference in the number of “spin-up” and “spin-
down” electrons per atom. We estimate that the average
magnitude of the polarization measured in SEMPA wiil be
P=ng/n,, and summarize the results in Table VIIL
Further, spin-dependent mean free path considerations””*
enhance the value of the polarization in the low secondary
electron energy region. The magnetization direction is in the
opposite direction to the electron-spin direction. For 3d
transition metals, the magnitude and the direction of the
magnetization can be determined from measuring the polar-
ization, and hence we present magnetization maps. For more
complicated systems, such as the rare-carth transition-metal
systems, the rare earth elements introduce 4/ {polarized)
electrons. These electrons are not easily excited in the sec-
ondary electron cascade. Thus, the SEMPA signal from a
system such as TbFeCo will be proportional primarily to the
FeCo subnetwork. '

The images are stored in P, P, I, and I, data struc-
tures. The individual signals from the four separate quad-
rants of the detector (inset of Fig. 4) can be recovered sim-
ply. Although the data are recorded in 16-bit format, they
are stored in 8-bit format after rescaling. The hierarchy of
data processing steps for vector magnetic images is given
below.

A. Data processing

Instrumental asymmetries are caused by inhomogene-
ities in the spin detectors, unegual gains in the channels of
the signal processing electronics and beam misalignment
within the detector. Each of these effects will produce an
error in the measured spin asymmetry. When the beam is
scanned as it is in SEMPA, the beam within the detector
moves, causing scan-rejated instrumental asymmetries. We
discussed the compensation and descan methods for remov-
ing most of the scan-related asymmetry. Even so, for large
scan fields (> 150 um), residual scan asymmetries exist in
the magnetic images. These scan asymmetries are remaoved
in the processing of the data. Any zero offset in the polariza-
tion measurement may also be removed in data processing.
Finally, a third type of instrumental asymmetry may also be
present in highly corrugated samples. This asymmetry is the
result of topographical effects on the sample surface that
may cause electrons to be emitted from the surface at “unu-
sual” angles. These skewed trajectories are imaged onto the
detector target where they can produce spurious asymme-
tries. These asymmetries result directly from electron trajec-
tory effects at the sample surface. These asymmetries are

TABLE VIII Estimated polarization for 3d transition metals.

Metal Ny 7, P
Fe 2.22 8 0.28
Co 1.72 9 0.19
Wi 0.54 i0 0.054
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characteristic only of the particular sample surface and ex-
traction field. There is no systematic way to remove these
effects for all samples electron optically. Therefore, we intro-
duce an additional scattering target in the detector to accom-
plish this.

Two separate scattering targets are included in the
LEDS spin detector. The Au target, which is used for spin
analysis can be rotated on a rotatable feedthrough such that
it faces an Au evaporator. The evaporator is used {0 renew
the surface of Au on the target every few days. When the Au
is rotated towards the evaporator, another target faces the
beam. We use a graphite scattering surface for this target.
Graphite, with Z = 6, has an extremely low Sherman func-
tion, such that both spin-up and spin-down electrons are
essentially scattered isotropically. This target can be used o
remove any spurious effects which result from trajectory re-
lated instrumental asymmetries. These spurious effects are
the results of (1} scan-generated instrumental asymmetries
which are not completely removed by the descan unit, and
(2) aberrant electron trajectory related asymmetries result-
ing from large surface topography effects. Each SEMPA im-
age acquired with the Au detector target can be associated
with a corresponding image taken with the graphite target.
We stress that this is only necessary for situations where the
surface topography of the sample perturbs the trajectories
enough to introduce spurious instrumental asymmetries into
the measurement. When a graphite image has been recorded
in the identical conditions to the original SEMPA image,
and the two images are regisiered, then the graphite image
can be subtracted from the Au target image to remove or
reduce topographic “feedthrough.”

The first operation in the data processing sequence is the
multiplication of the images by — 1, thus changing the im-
ages from polarization maps into magnetization maps.
These images may have some remaining instrumental asym-
metries which must be removed. One technique is fo acquire
a graphite image (once again, both components £, and P, of
the graphite image are acquired simultaneously) and to sub-
tract it from the SEMPA image for each magnetization com-
ponent. An alternative, for images where there are no ob-
vious topographic feedthrough trajeciory asymmetries, is to
fit the image with a plane to remove the residual instrumen-
tal asymmetries. For all but the lowest magnification im-
ages, where the asymmetry becomes nonlinear, we subtracta
background plane. This is done automatically by sampling
theimage at a number ( > 20) of points of identical domain
orientation and doing a linear least-squares fit. In the case
where the domain structure is complicated and domains of
similar orientation cannot be identified, then one must rely
on the graphite image subtraction method. Once the back-
ground subtraction of the images has been performed, then
the zero offset must be corrected. The zero offset correction
is the result of having an arbitrary zero in the polarization
detector, > ¥

The offset calibration of spin-polarization detectors is
extremely difficult when the incident beam polarization can-
not be modulated in order to find the zero of the asymmetry.
In general, each measurement’s precision is high, but the
absolute vahie may be slightly offset. To determine the zero
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offset in the SEMPA images, line scan profiles across the
domains can be analyzed. When the domain structure is ori-
ented symmetrically on the surface, the identification of this
offset is easiest. In the case where the domain structure is
maore complicated, errors in subtracting the zero offset will
be revealed in subseguent data processing. Once the offsets
have been identified and subtracted from the images, the
magnitude and angle of the magnetization maps can be de-
termined.

There are several formats to represent the data. We use
two data formats: the first uses the projection of the magneti-
zation on orthogonal axes, i.e., M, and M, and uses z grey
map color scheme where white (black) represents the maxi-
mum value of the magnetization in the positive (negative)
directions. The second format uses the magnitude |M | and
the angle 9 of the magnetization vector projected on some
plane with various color mapping schemes. Whether or not
it is easier to identify a surface magnetic domain structure in
M, and M, images or in |M | and © images depends largely
upon the surface magnetic microstructure.

For all but the hardest magnetic materials, we expect
that the magnetization vector should lie entirely in-plane.
This is even true for Bloch walls, which terminate at the
surface in surface Néel walls,''” as we shall show shortly.
The magnitude of the magnetization is determined as

M= [M.+M; +M2]'" (17
and the direction with respect to the positive x axis of the in-

plane magnetization is (in the absence of any out-of-plane
components)

S=tan""(M,/M,).

(18)

The magnitude of the magnetization should be uniform. We
use the magnitude of the magnetization as a precise check on
the accuracy of our data processing.

This constitutes the basic data processing sequence.
Other features such as image rotation, image expansion,
multiplication by scalar constants, addition and subtraction
of scalar constants, filtering and line scanning, which are
standard image processing routines, are also possible. Once
the data have been processed, it can be represented by a black
and white image (map) comprised of 256 grey levels or it
may be represented by a pseudo-color image (map) com-
prised of 256 color levels. It is most important to represent
the angle maps using psuedo-color representation. The color
in the maps must be multivaiued. The direction (color) cor-
responding to 0° and 360° must be the same. This can only be
implemented using pseudo-colors if no color in the mapping
is to be repeated. We will show examples of pseudo-color
representations.

B. Examples

In Figs. 10(a)-10(d), images of the surface magnetic
domain structure for a FeSi (100) surface are shown. The
surface was ion sputtered with a I-keV argon beam, and the
surface was reannealed at 700 °C. The 256 x 192 pixel im-
ages, 253 um across, were obtained with an incident beam
current of 15.5 nA, and a dwell time of 4.0 ms/pixel. These
images took about 3 | min to acquire. In Fig. 10(a) the stan-
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FIG. 1. Images of FeSi (100) surface. Images are 253 gem across. (a) Sec-
ondary electron intensity image, (b) #, (¢} M,, and (d} |M| images.
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dard secondary electron intensity image is shown. The mot-
tled surface is clearly visible, although the surface is relative-
ly flat and smooth. The x component of the magnetization
vector M, and the y component of the magnetization vector
M, are shown in Figs. 10(a) and 10(b), respectively. No
graphite images were recorded for this image since there
were n¢ asymumetries present of topographical origin and the
backgrounds were removed by plane subtraction. In this and
all black and white SEMPA images, white corresponds to
magnetization along the positive direction while black corre-
sponds {0 magnetization in the negative direction. In this
and all the SEMPA images to be presented, positive x, y, and
z point to the right, up, and out of the page (towards you),
respectively. FeSi is 2 magnetic system characterized by cu-
bic magnetic crystalline anisotropy. The easy axes, the direc-
tion along which the magnetization vector points in its low-
est energy configuration, are along the Cartesian axes. It is
energetically unfavorable to have the magnetization point-
ing out of the surface due to the magneiostatic energy that
would result. Therefore, on the surface of any cubic anisctro-
py material, there are four easy directions in the surface, and
should therefore be four principal domain directions. These
can easily be identified by the white and black regions in
Figs. 10(b) and 10(c).

In Fig. 10(d), the magnitude of the in-plane magnetiza-
tion vector is given. As can be seen, the image is essentially
structureless, except for dark lines at the domain wall boun-
daries. The dark lines at the domain wall boundaries are
artifacts from the measurement, and do not imply that the
magnetization is reduced at domain walls, These artifacts
are the result of a finite probe size sampling a vector signal,
that is, a probe that is larger that the domain wall samples
the magnetization on either side of the domain. As the mag-
netization has the opposite sign on either side of the domain
wall, the measured signal for the magnetization is necessar-
ily decreased. This produces minima ir the magritude of the
magnetization distribution across domain walls,

To understand the details of the artifact quantitatively,
examine the experiment as depicted in Fig. 11{a). This is the
model of a2 180° domain wall on the surface of Fe. On the
left(right) the magnetization points along the negative(po-
sitive) y axis. The domain wall is in the center. Detailed
studies of domain wall profiles at surfaces have been under-
taken, '9% 17 and results of these studies will be shown later to
illustrate the guantitative results available from SEMPA.
For now, assume that the wall profile varies sinuscidally
across the interface as M, = M, cos(x/W), and M,

= M, sin{x/ W), for a wall width of . Assume that the
probe intensity is Gaussian distributed, of width 6. The loss
of the magnetization signal across the wall results from the
convolution of the finite probe size with the magnetization
distribution in the wall. This two dimensional convolution
has beer: done numerically and the results for W = 150 nm
and 200 nm are given in Fig. 11(b). The minimum magneti-
zation at the center of the wall, is shown as a function of the
sampling probe diameter 8 for two “idealized” wall widths
W. The solid lines are included to guide the eye. Also shown
are the measurements of the magnitude of the magnetization
in the center of the walls as a function of probe size. The
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FIG. 11. (a) Schematic of finite-sized probe that samples a 180° domain
wall causing some magnetic information to be lost. (b} Lost polarization
due to the finite beam size in a surface wall of Fe. Measured and calculated
values for the dip in the |4/ | distribution at the center of the wall as a fune-
tion of probe diameter 8.

agreement is qualitatively good, the disparity resulting
mainly from the simplified model of the wall structure.''” To
avoid any loss of information in the domain walls, the inci-
dent probe size must be selected judiciously. We have ob-
tained results where the magnitude of the magnetization is as
expected from these arguments, and is constant across a do-
main wall.'!”

In Fig. 12 we present data from a single-crystal Fe (100)
whisker surface that has been ion sputtered with 1-keV ar-
gon and reannealed at 700 °C. The image is 85 um across.
The whisker itseif is about 32 um wide and several mm long
with its long axis oriented vertically. The 256 < 192 images
were recorded with an incident beam current of 8. 7nA and a
dwell time of 2 ms/pixel. In Fig. 12(a), the secondary elec-
tron intensity image is shown. The top surface of the crystal
isin the center, and the left side of the crystal is in the shadow
at the left. The samiple stage is seen on the right. Electron
microscopes have exiremely long depth of focus, and we will
see the utility of this in these images. In Figs. 12(b) and
12{c) the raw, unprocessed x-component and y-component
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magnetization images are shown respectively. The four sur-
face domains present in cubic anisotropy materials are clear-
Iy visible. Also evident are numerous serface structures in
the magnetization images that seem to result from the strong
topographic contrast present in the intensity pictures. Since
this example will be used to illustrate the complete process-
ing of SEMPA data, it is instructive to compute the raw
signais measured by the x-detector quadrants “A” and “C”
of Fig. 4. Figures 10{d) and 10(e) show the images recorded
by quadrant “A” and guadrant “C,” respectively. It is clear
that almost no magnetic contrast is seen. The magaetic im-
age is superimposed on a sizeable background signal. Thusin
SEMPA long data acquisition times are necessary in order to
accumulate reasonable siatistics. Finally, since there are
many topographic artifacts present on the surface of the im-
ages in 12(b) and 12{c¢), we anticipate that some improve-
ment can be obtained by the subtraction of the graphite im-
ages. The images for the x and y components recorded with
the graphite target are shown in Figs. 12(f) and 12(g).

The processed images, where the background has been
removed by the subtraction of the graphite target image, are
shown in Fig. 13. Figures 13(a} and 13(b) show the x and y
components of the magnetization, respectively. We can no-
tice two consequences of the graphite subtraction. First, the
surface structures that caused ihe trajectory-related asym-
metry at the detector have been greatly reduced, especially in
the x component of Fig. 13{a). Second, the magnetization
down the side of the whisker is now clear and well-resoived.
The images look flat, as they should. The edges of the top
surface of the whisker can be identified by the corners of the
diamond domain, the rest of the image being from the side of
the whisker. The domains that continue down the left side of
the crystal are resolved and of the same intensity as those on
the surface. No other domain observation technique affords
such enormous depth of field. Finally, in Figs. 13(¢c) and
13(d) are the magnitude and the direction maps for this
image. Once again, the characteristic wall intensity loss is
seen resulting from the large probe sampling the surface.
Note that the 90° walis show less magnetization foss than the
180° walls. Figure 13 (¢) contains the color wheel representa-
tion for the angles in the map.

To illustrate the possibility of measuring all three com-
ponents of the spin polarization at one time, Fig. 14 depicts
images from the sorface of an hep (0001) Co single crys-
tal.' " The surface of the Co crystal was ion sputtered with a
1-keV Ar beam and the surface was cyclically annealed at .
400 °C. The 256 < 192 pixel images are 18 gm across and the
image was recorded with 3.0 nA of current. The dwell time
per pixel is 30 ms, such that the total acquisition time is
about 25 min. These images have about 80-nm spatial resolu-
tion, although our system is capable of 50-um resolution.'””
In Fig. 14(a) the standard secondary electron intensity im-
age is shown. In Figs. 14(b)-14(d) the x, y, and z compo-
nents of the magnetization, respectively, are shown. The do-
main pattern from this sample is extremely complex.'*® In
Fig. 14(e), the in-plane magnetization angle, defined in Eq.
{18), is shown together with the color whee!l specifying the
angular map. The in-plane magnetization seems to have a
gnasi-six-fold symmetry.!'® Furthermore, the out-of-plane
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FIG. 12. Image%’ of single crystal Fe (100). Images are 85 um across. {a) Secondary electron intensity image, (b} raw 3, (¢) raw M, signals. (d)
'Reconstructed sxg{nal to one quadrant of deteqor, and {e) the signal on the opposite quadrant illustrating the weakness of the magnetic signal. (f) Graphite
image in M, and {g) M, used to reduce spurious asymmetries due to trajectory effects from surface topography.
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FIG. 13. Processed images of Fig. 12. (a) M, (b) M, (¢) [M [, and (d) © images with the corresponding color wheel (¢) for the angle map.

magnetization seems to serve as a source and sink for the in-
plane closure domains at the surface. Similar results from Co
have been observed with magneto-optic Kerr effect'®® with
necessarily reduced resointion because it is an optical tech-
nique.

We conclude our examples with some applications of
technological importance. The SEMPA technique can be
combined with other surface science analysis techniques to
yield micromagnetic and microchemical information. In
Figs. 15(a}) and 15(b) we show permalicy magnetoresistive,
radiation-hard memory elements, which are about 15 gm
wide from tip-to-tip of the back of the arrowhead. The struc-
tures serve as memory elements by having two stable mag-
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netic states that have different magnetoresistance. Figure
15(a) shows an Auger image using the Niline at 54 eV while
Fig. 15(b) shows the x component of the SEMPA signal. An .
ion beam was used to sputter the sample with its focus at the
right edge of the frame. The memory elements are thinnest
near the sputter crater on the right, and get progressively
thicker to the left of the sputter crater. The effect that the
sputtering has on the magnetization in the film is clear in the
image. To the left of the sputter pit, the permalloy elements
become thicker and their domains more stable. This example
further demonstrates how easy it is to correlate the physical
and chemical structure with the micromagnetic structure
using this instrument.

Seanning electron microscopy 2522



A second technological example is given by bits written
onto 700-A-thick CoNi hard disk material. The sample was
sputter cleaned using 2-keV Ar ions. In Fig. 15(¢), a low-
density pattern was written onto the disk. This 256X 192
pixel image is 25 um across and shows the well-defined edge
profiles for the written bits. In Fig. 15(d}, a high-density
pattern is used to write bits onto the same medium. This
256 192 pixel image is 12.6 gm across. The dwell time per
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FIG. 14. SEMPA images of the surface of an hep (0001) Co crystal. The
magnetization images are 18 um across. (a) Secondary electron intensity ,
(b) M, (c} M, and (d) M, images. The in-plane angle map {e) and the
carresponding color wheel (f) are also shown.

pixel is 4 ms. The ragged edge transitions are characteristic
of noisy media and are clearly visible. The size scales in-
volved here would prohibit the observation of this phenome-
non with any optical technique, and thinning the specimen
for viewing by TEM Lorentz micrascopy would destroy the
domain patterns. SEMPA appears to be a unique technigue
for such observations of magnetic microstructure.

Finally, we show the x and the y components of the
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FIG. 15. (a) Aunger map of Ni 54-eV line of magnetoresistive memory element array. Individual arrowheads are 15 gm acvoss and 19 gm long. (b) M| image
corresponding to {a). (¢) Low-density written bits on T00-A CoNi, full scale width of 25 gzm. (d) High-density written bits on 700-A CoNi, fuli-scale width
of 12.6 um. (e) Thin-film magnetic recording head M, and () M, images. Head is approximately 175 gm wide.

magnetization of a permalloy thin-film recording head in
Figs. 15(e) and 15(f}, respectively. The permalioy is 1.5 um
thick. This sample was sputter cleaned with 1-keV Ar ions.
The 256X 192 images are 281 pm across. The dwell time per
pixel is 10 ms. The domains in M, and the closure domains
in M are clearly visible. Diefects in the preparation of mag-
netic thin films have been diagnosed in our lab using
SEMPA.
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LIST OF VARIABLES

E,-—Incident electron beam energy onto specimen.
{,—Incident electron beam current onto specimen.
&—Incident beam diameter on specimen.
W,—SEM column objective lens working distance.
W,—SEM column objective lens bore.
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S, —Specimen tilt angle relative to the incident beam.

8,,—Transport optics angle relative tc plane perpen-
dicular to the incident beam.

W,—Distance from specimen to extraction electrode
plane.

AE—Electron energy spread of electron source.

I —Emission current of electron source.

S,—Effective diameter of electron source.

P—Beam polarization; P, P, and P, are components.

F—Electron spin analyzer figure of merit.

n—Normal to electron scattering plane.

k,—Electron wave-vector incident on scattering target.

k,—Electron wave-vector after scattering from scatter-
ing target.

S§(©)—>5Sherman function (spin-asymmetry scattering
coefficient ).

S—Detector Sherman function.

o{B)—Scattering cross section.

1(8)—Angular intensity scattering in spin detector.

A—Scattering asymmetry.

N, —Number of electrons scattered into left channel of
spin detector.

Np—Number of electrons scattered into right channef
of spin detector.

4 ;—Instrumentai asymmetry.

A ;,~—Displacement instrumentai asymmetry.

A jo—Angular displacement asymmetry.

do/d{t—Differential scattering cross section.

AG—Angalar tilf of incident beam in detector.

A—Displacement of incident beam in detector.

8,, —Inner detector angle relative to Au surface nor-
mal.

S
mal.

E, E —Energy of emitted secondaries in detector “d”
and on the sample “s5.”

A A, ~Hlluminated area of emitted secondaries in de-
tector ““d ” and on the sample “s.”

0 ,.8,—Solid angle of emitted secondaries in detector
*d” and on the sample “s.”

V—SEMPA extraction electrode potential.

V. —Emitted beam equivalent potential.

G —Angle of emitted secondary electrons relative to
surface normal.

e —Maximum radius at extraction electrode of emit-
ted secondaries.

©,—Asymptotic angle of secondary electron trajectory
at extraction electrode.

Texa—Angular collection efficiency of extraction elec-
trode which is the integral over £, of a differential collection
efficiency du,,, /dE, multiplied by the electron energy dis-
tribution N(E,).

Tese —Fraction (in energy) of secondary electrons col-
lected by extraction optics.

&..—Secondary electron yield coefficient at specimen.

17— L ransport efficiency of SEMPA optics.

1 an—Collection yield in full detector.

11.,——Channel plate collection efficiency.

—Quter detector angle relative to Au surface nor-

out
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7—Ratio of current on detector channel plate input to
i,

£ —FElectrede potentials in transport and detector op-
tics, = 1,2,....

G —Grid electrode potentials in detector, i = 1,2,

D,~Transport optics deflectors, i = 1,2,....

A,—Transport optics apertures, f = 1,2,... .

y—Anode noise figure.

e—Electronic charge.

SNR—Signal-to-noise ratio.

r—Dwell time per pixel during data acquisition.

n,~—Number of valence electrons/atom.

1 ;—Number of Bohr magnetons/atom.

M—Sample magnetization; M, M, and M, are com-
ponents. '

©—Magnetization angle in specimen plane.

W-—Domain wall width on surface.
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