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Abstract. The surface magnetism of as-cast and field annealed amorphous
Co66Fe4Ni1B14Si15 in ribbon form has been studied by spin-polarized secondary electron
spectroscopy, by recording energy-resolved spin asymmetry hysteresis loops and by scanning
electron microscopy with polarization analysis. Large lateral variations in surface
magnetization have been detected, indicating that Co66Fe4Ni1B14Si15, in particular, and
ferromagnetic melt-spun ribbons, in general, are not suitable as standard sources of polarized
electrons. Deposition of an iron film onto the Co66Fe4Ni1B14Si15 did not result in a more
uniform surface but rather served to emphasize the substrate magnetic structure. Thus
utilization of ferromagnetic melt-spun amorphous alloys as substrates for the growth of thin
magnetic films should be undertaken with caution.
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1. Introduction

During the last 5 years the use of spin-resolving, low-energy
electron spectroscopy has expanded, leading to a demand for
a reliable, easy-to-use, standard source of polarized electrons
for polarimeter calibration. The use of GaAs-based polarized
electron sources is becoming more widespread, but they are
not yet easy to use owing to the artistry required in generating
a negative-electron-affinity surface and the sensitivity of this
surface to contamination.

Since the overall efficiencies of polarimeters are always
rather low, an attractive option is to use the relatively high
polarization and intensity of the secondary electron (SE)
cascade from a ferromagnet. To a first approximation, this
polarization is proportional to the magnetization and hence
the sample must be uniformly magnetized in order that the
polarization is independent of the position across the surface
used. Although the SE polarization emission spectrum has
been measured accurately for single-crystalline Fe [1], the
fine structure in this and the complications introduced by
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the use of single crystals have prompted a search for a more
convenient standard.

As early as 1987, Hopster had suggested that commer-
cially available Fe–B-based ferromagnetic amorphous metal
ribbons (e.g. Fe82B12Si6, Fe60Ni20B20 and Fe44Ni37B19)
could be used as ‘calibrated’ spin-polarized electron sources
[2]. These materials have many advantages; they can be con-
veniently mounted as closed loops which are easy to magne-
tize and give minimal stray fields, the isotropic SE emissions
have high polarizations which vary smoothly with energy
and the surface cleaning is very simple. However, these Fe-
based materials have moderate-to-high magnetostriction co-
efficients and thus, in the as-cast (strained) state, they exhibit
rich domain structures [3, 4] which are strongly influenced
by any subsequently applied stresses [5, 6]. The anisotropies
induced by stress can be very large and it is difficult to pro-
duce samples with a spatially uniform magnetization, even
when the sample is apparently magnetically saturated. We
have reported previously [7] that amorphous Fe80B20 in the
as-cast state exhibits strong local variations in SE polariza-
tion which are clearly incompatible with its use as a standard.
Field annealing of the Fe-based materials can improve their
magnetic homogeneity [8–10], but the procedures are highly
material specific and there is often a degree of recrystalliza-
tion, rendering them brittle.
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More recently, Klebanoff has advocated the use of
unannealed (as-cast) amorphous Co66Fe4Ni1B14Si15 ribbon
as a polarized electron standard [11]. Although the SE
polarization from this material is only about a third that
from the high-concentration Fe-based alloys (corresponding
to the differences in saturation magnetization), the Co-
based alloys close to this composition have essentially zero
magnetostriction and so might be expected to be easily
saturated to a uniformly magnetized state.

Another role for amorphous ribbons is as substrates
for the deposition of thin magnetic films [12, 13]. In this
case the strong exchange coupling between the film and the
easily magnetized substrate can be used to magnetize the
deposited film. We report here on the feasibility of using
Co66Fe4Ni1B14Si15 ribbon for each of the above purposes.
Measurements both on the as-cast and on field-annealed
material were made using spin-polarized secondary electron
spectroscopy (SPSES) and SEMPA (scanning electron
microscopy with polarization analysis).

2. Experimental details

Amorphous ribbon samples of Co66Fe4Ni1B14Si15 (Allied
Signal Inc) were used either as-cast or after field annealing at
0.08 T under flowing argon at temperatures of up to 350◦C
for 5 min. For each type of experiment, 5 mm wide strips
were cut parallel to the long (roll) axis of the ribbon and
these were then formed into closed loops with the overlapping
ends clamped together. The samples were arranged with the
shiny (air) side outwards and they could be magnetized in
the longitudinal direction of the loop by passing a current
through a small coil wrapped around the strip.

The SPSES experiments were performed on Station 6.1
of the Synchrotron Radiation Source (SRS), which was de-
signed for UHV (base pressure 2×10−10 Torr) photoemission
work over the photon-energy range 80–180 eV. As a conse-
quence of the baking out of the experimental chamber, all
samples measured in it were subjected to a heating cycle af-
ter mounting (135◦C maximum). Emission was stimulated
either with 135 eV photons or with 1.6 keV electrons, in each
case at near glancing incidence (5–10◦) and with incident
beam diameters of about 0.5 mm. The spin polarization at
normal emission was measured with a ‘microMott’ polarime-
ter mounted at the exit of a rotatable 50 mm radius hemispher-
ical electron-energy analyser. Four data-acquisition channels
allowed the simultaneous determination of two mutually per-
pendicular polarization components,PLong andPT rans , which
are defined as longitudinal and transverse with respect to the
long axis of the ribbon (both components are in the surface
plane). The asymmetry,A, the directly measured parameter
in a spin polarimeter, is related toP by A = Seff P and the
instrument was operated with an effective Sherman function,
Seff , of 0.12. This equipment has been described in detail
elsewhere [14]. The SPSES data were recorded either as
asymmetry spectra,ALong,T rans(Ek), from samples in a fixed
magnetic state, or as energy-resolved (asymmetry) hystere-
sis loops (ERHL),ALong,T rans(I ), by using SEs with well
defined kinetic energies,Ek. Before the SPSES measure-
ments, the samples were cleanedin situby argon-ion etching
for a period of at least 2 h. This resulted in a minimization (to

less than about 5%) of the C and O impurity levels detected
by Auger spectroscopy.

The SEMPA images were obtained in a separate
apparatus using a 1 nAunpolarized 5 keV primary electron
beam focused to a 5µm spot. Secondary electrons of
energies up to about 60 eV were collected at near-normal
emission and their longitudinal (with respect to the ribbon)
polarization component measured in a 20 keV retarding field
Mott detector (withSeff ' 0.14 and of similar basic design
to that utilized above). Data were obtained as 128× 128
pixel ALong(x, y) images with a dwell time of 150 ms per
pixel, as line scans,ALong(x), and as fixed position (spot-
mode)ALong(I ) hysteresis loops. The SEMPA apparatus is
described in more detail elsewhere [15].

3. Results and discussion

The spin-integrated photoemission spectrum of the valence
band and a 30 eV ERHL for Co66Fe4Ni1B14Si15 have been
reported previously [12]. We have measured the secondary
electron polarization spectrum,P(Ek), of this material at the
SRS on a number of occasions, using either electron or photon
excitation, and have consistently found the usual increase in
polarization below 10 eV. However, the unexpected presence
of a significant transverse asymmetry component indicated
that themeanmagnetization of the area probed was not
collinear with the longitudinal axis of the ribbon. This
prompted a more detailed investigation of lateral variations
in spin asymmetry.

Our first studies of the uniformity of the ribbons
were made by recording electron-excited ERHLs at various
positions along the transverse (short) axis of a sample; typical
results for the as-cast material, taken at 1 eV, are shown in
figure 1. Clearly, these loops reveal considerable variations
in squareness, symmetry about zero field, coercive field
and, most importantly, in the asymmetry changes1ALong(I )

and1AT rans(I ). At only one position do the latter two
parameters have values close to the expected ones of about
±0.017 and zero, respectively. This exercise was repeated
but using 135 eV photons as the primary excitation source
and selecting 0.5 eV SEs. Similar lateral variations were
observed, see figure 2, indicating that the problem is unrelated
to the particular excitation source used. It is also unlikely
that the variations are related to the topmost surface layer
since ERHLs taken at these very lowEk values are more
representative of the bulk [16]. We have attempted to
make magneto-optical Kerr effect (MOKE) measurements on
Co66Fe4Ni1B14Si15 ribbon in the same manner as reported for
Fe80B20; however, it proved impossible to obtain hysteresis
loops from this material.

In order to investigate the finer-scale spatial variation
of the magnetization in the as-cast state, SEMPA data were
obtained from this material. Figure 3 shows a sequence of
images from the same 1.9 mm× 2.6 mm area in different
magnetic states. The middle two panels are of the remanent
state and show clearly that the upper portion of the imaged
area of this particular (closed loop) sample is demagnetizing
at zero magnetizing current. We note especially that the
streak-shaped region at the very top of these images is always
antiparallel to its surroundings in the remanent state. This
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Figure 1. Transverse and longitudinal ERHLs at 1 eV for as-cast
Co66Fe4Ni1B14Si15 obtained using 1.6 keV primary electrons. The
errors in this and the following figures are comparable in
magnitude to the size of the data points.

behaviour is shown most clearly by the crossing of the two
remanent-state asymmetry line scans along XX, which are
presented as the upper section of figure 4. It is important
to note that the three spot-mode hysteresis loops taken at
points along XX, shown as the lower section of figure 4,
are rather similar at first sight and thus would not, on their
own, immediately suggest that the sample was magnetically
inhomogeneous in the remanent state. (A closer examination
of the middle loop, taken from the region which is reverse
oriented, actually does show clear differences in shape from
the other two and the expected time dependence of the lowest
current part.)

The top and bottom panels of figure 3 are the
SEMPA images taken with the magnetizing current held
at its maximum negative and positive values (±0.5 A,
respectively). Labelling these ‘saturated’ states is clearly

Figure 2. Transverse and longitudinal ERHLs at 0.5 eV for
as-cast Co66Fe4Ni1B14Si15 obtained using 135 eV photons.

incorrect, since the magnetization direction remains fixed
over a large proportion of the imaged area, independent of the
magnetizing current direction. In particular, the bottom right-
hand corners of both these images (and also of the remanent
state images) are largely white, so a spot-mode hysteresis
loop from most points within this area would not exhibit
any significant change in asymmetry with applied current.
(Although this region is predominantly blocked in the positive
direction, there are some changes occurring on a finer length
scale, indicated by the appearance of some reverse-oriented
regions in the positive ‘saturated’-state image.) It is clear that,
despite the very low magnetostriction of this material, there
is significant frozen-in anisotropy in its as-cast state which
cannot be overcome at 50 times the apparent coercive field.

These SEMPA data are qualitatively similar to those
we obtained from as-cast Fe80B20 [7], although in that
case there was little difference between the remanent- and
‘saturated’-state images. Both sets demonstrate graphically
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(a)

(b)

(c)

(d)

Figure 3. SEMPA imagesALong(x, y) from an as-cast sample of
Co66Fe4Ni1B14Si15. Negative (a) and positive (d) ‘saturated’ state
images, repectively, recorded with the maximum magnetizing
current (0.5 A) applied to the sample. Negative (b) and positive (c)
remanent-state images, respectively, taken with zero magnetizing
current. The longitudinal (roll) axis is indicated by the
double-headed arrow and XX shows the direction of the linescans
of figure 4.

the problems involved in using either the remanent or
(apparently) saturated states of as-cast metglas ribbons as

(a)

(b)

Figure 4. (a) Asymmetry line scansALong(x) along the line XX
in figure 3 for the positive (full line) and negative (broken line)
remanent states. (b) Spot-mode hysteresis loopsALong(I ) at three
points along the line XX. The vertical scale is common to both
sections.

polarization standards for electron spectroscopy, particularly
when broad-beam techniques are used.

In an attempt to improve the magnetic homogeneity of
the sample, field annealing of pre-cut ribbons was carried out
to temperatures below the crystallization temperature of the
alloy. The field was applied parallel to the long axis of the
sample once it had reached the annealing temperature and was
removed only when the sample had cooled to below the Curie
temperature. Field annealing has been applied to nanocrys-
talline Fe73Cu1Nd3Si13.5B9, for example, and shown to result
in squarer hysteresis loops [17]. Figure 5 presents electron-
excited ERHLs from the field-annealed material which still
reveal large lateral variations in polarization. There is evi-
dence that there has been a slight improvement in homogene-
ity, leading to squarer loops and slightly higher asymmetry
amplitudes over some of the sampled areas. However, there
are still areas where the amplitude is very small and the data
from areas with large values ofALong also have significant
AT rans . This is further demonstrated clearly by the asym-
metry spectraALong,T rans(Ek), given in figure 6, which are
very similar to those from as-cast samples. In particular, a
large transverse asymmetry is still observed at low secondary
electron energies.

We have also investigated the possibility of achieving
a reproducible asymmetry by deposition of a thin film of
iron onto the surface of unannealed Co66Fe4Ni1B14Si15.
Although this approach lacks the simplicity of a simple ribbon
sample as a source of polarized electrons, it is still easier than
the use of a single-crystalline sample or a negative-electron-
affinity polarized electron source. This experiment also has
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Figure 5. Transverse and longitudinal ERHLs at 1.5 eV for
field-annealed Co66Fe4Ni1B14Si15 obtained using 1.6 keV primary
electrons.

some bearing upon the use of alloy ribbons as substrates for
the deposition of thin films which are then magnetized by
the strong exchange coupling between the substrate and the
film. If the domain structure in the substrate persists in the
film, then clearly experimentation on the film will result in
position-dependent data. We found that low-energy EHRLs,
whilst exhibiting, as expected, larger asymmetry changes
than those for the uncoated ribbon, again proved to be position
dependent. This confirms the findings of VanZandtet al
[18] that deposition of an iron overlayer onto a ferromagnetic
substrate is an effective means of enhancing the polarization
of the underlying substrate domain structure.

Overall, the results clearly show that both as-cast
and field-annealed samples of Co66Fe4Ni1B14Si15 are
magnetically inhomogeneous. The majority of our SEMPA
images from cobalt ribbons contain evidence of domain

Figure 6. Secondary electron asymmetry spectraALong,T rans(Ek)
of field-annealed Co66Fe4Ni1B14Si15 obtained using 1.6 keV
primary electrons.

structure due to locked-in anisotropy. The lateral scale of
these structures is larger and they are less complicated than
those found in the high-concentration iron metglasses, but in
both cases they have clear correlations to the roll direction
and they change after annealing. In the light of Flanders
and Morito’s observation [19] of creep-induced anisotropy
in Co66Fe4Mo2Si16B12, a material which exhibits zero
(bulk) magnetostriction, we therefore attribute the locked-in
anisotropy we observe at the surface of Co66Fe4Ni1B14Si15

to residual strains resulting both from the melt-spinning
fabrication process itself and from forming the material into
a closed loop (which is necessary in order to minimize stray
magnetic fields). We are at present unable to ascertain to
what extent such anisotropy persists away from the surface.

4. Summary

The secondary electron polarizations of Co66Fe4Ni1B14Si15,
in particular, and melt-spun amorphous ribbons, in general,
are strongly position dependent, indicating that they are
not suitable as standard sources of polarized electrons.
Deposition of iron onto the ribbons does not result in
a more magnetically uniform surface–rather it serves to
emphasize the substrate magnetic structure–thus utilization
of ferromagnetic melt-spun amorphous alloys as substrates
for the growth of thin magnetic films should only be
undertaken with caution.
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