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Abstract

Recent results on spin polarized photoemission and photon excited secondary electron emission from the surfaces of
ferromagnetic amorphous alloys Fe-B, Co-B and Fe-Y are reviewed. Spin resolved density of states calculations suggest
that the spin polarization profile is very sensitive to the theoretical model chosen, but experiments demonstrate that the spin up
density dominates at the Fermi edge in the iron-based alloys, while the spin down density is greater in the cobalt alloy.
Variation of photon energy from 15-110 eV allows polarization of sp states to be probed as well as d states and evidence for
contributions to the magnetic moment from Y in FegY 4 and B in Co4;B; are examined. Photon excited secondary electrons
provide a flexible monitor of surface magnetization: relative contributions to the polarization from spin polarization in the
conduction band and spin dependence of the mean free path are separated by studying the variation of electron polarization
with the kinetic energy of emission. © 1998 Elsevier Science B.V.
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1. Introduction

Amorphous alloys have a number of large-scale
commercial applications, the most important of
which spring from their ‘soft’ magnetic properties.
For example, as wear-resistant thin films they find
use in tape recorder heads, as strips they are the
basis of electronic article surveillance tags [1] and
wound into toroids they find use in compact power
supplies. In the USA and Japan in particular, they are
also widely used in the cores of the ubiquitous local
area distribution transformers.

Most ‘standard’ metallic samples exhibit a degree
of crystallinity, which means that the constituent
atoms are, more-or-less, ordered. In contrast to this,
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amorphous metals are prepared by techniques that are
designed to ensure a breakdown in the long-range
order, such as melt spinning or sputtering, and as a
result of this their properties are often strikingly dif-
ferent from those of their crystalline counterparts.

A fundamental parameter relevant to the study of
magnetic materials is the net spin density of the
valence electrons and any technique that can provide
insight into this is an important probe of magnetism.
This is especially true for transition metal systems for
which any magnetism due to the orbital moments is
largely quenched and thus the magnetism, M, is pro-
portional to ny —n |, where n ; (| represents the
number of electrons in the conduction band with spin
up(down). In spin polarized photoemission the
polarization, P, of an energy selected photoemitted
beam is determined. P is the difference signal
for the two spin orientations divided by their sum
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ie [Ny =N |VIN; +N]where N ;()is the number of
spin up(down) electrons emitted. As N (|, may be
closely related to n 1, there is a direct connection
between P and M.

This paper reviews the prediction of recent self
consistent theoretical calculations of the spin resolved
densities of states of amorphous magnetic alloys [2,3]
with experimental spin resolved photoemission results
obtained on the spin polarized photoemission facil-
ities at the Daresbury Laboratory [4-6]. The systems
considered are Fe B,y and Co4;B 3, prototypes of the
technologically important magnetic alloys, and
FegoY s which shows a rich variety of magnetic
behaviour.

2. Experiment

Daresbury Laboratory routinely operates two
polarimeters on stations of the SRS. The first a con-
ventional high-energy (100 kV) Mott polarimeter [7].
The second a compact, lower scattering voltage
(20 kV) retarding potential polarimeter; both have
been described in detail elsewhere [8,9]. The latter
polarimeter facility, in particular, incorporates a
number of advantageous features.

1. The polarimeter has four channel plate detectors
rather than the more usual channeltrons. This has
led to a compact device that is capable of simul-
taneously resolving two components of an elec-
tron beam polarization without sacrificing spin
sensitivity.

2. The polarimeter is mounted at the exit to a hemi-
spherical energy analyser that offers good energy
resolution and which itself is mounted on a two-
circle goniometer. The whole apparatus can then
be used on a range of stations of the SRS: flex-
ibility that means that experiments over a wide
range of photon energies and photon polarizations
are, in principle, possible.

3. The apparatus is also consistent with a range of
standard sample handling and cooling options,
including both liquid N, and liquid He cooling.

In making a comparison between theory and
experiment it is important to understand what is actu-
ally measured: in the experimental arrangement of
Fig. 1 the sample is magnetized in the horizontal
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Fig. 1. Schematic diagram of the Daresbury spin detection system.

direction leading to the emission of photoelectrons
with a net spin bias also in the horizontal direction.
Through the L.S spin orbit interaction with the Au
atoms in the Mott polarimeter there is then an asso-
ciated asymmetry in the signals of the two vertical
detectors, but no asymmetry in the horizontal signals.
The vertical signals are then processed to give P =
(Nt =N )N +N)asin Fig. 2: the measured P
may then be combined with a conventional spin aver-
aged photoemission signal to give the spin up and spin
down emission profiles that are related to (but not
necessarily equal to) the spin resolved densities of
states calculated by the theoreticians. Measuring P
is not easy: maxima in P may occur when N + N |
is small, but N — N | comparable, i.e. associated
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Fig. 2. Comparison of the spin polarization of FegB 4 and Co7,B 3
for a photon energy Av = 35¢ V [5].

with near minima in the respective densities of states.
Long-term detector stability coupled with the require-
ment of high statistical precision are then needed to
give reliable spin resoived photoemission profiles.
The Daresbury facilities have been demonstrated to
satisfy these demands.

The flexibility in photon energy that synchrotron
sources provide is important in obtaining good spin
polarized results for a number of reasons. At high
photon energies the cross-sections for conduction
band photoemission are very low (although See and
Klebanoff [10] have successfully used Mg Ko radia-
tion to obtain such data): at photon energies of 50-
100 eV photoemission becomes strongly surface
sensitive and comparison with bulk state densities
becomes doubtful. For iy = 30 eV the Fe 3d cross-
section dominates those of B or Y [11] so that the spin
resolved experiment essentially probes the Fe 3d spin
resolved partial densities of states of the materials. For
these reasons photon energies of Av = 35eV and
110 eV were chosen for the majority of the Daresbury
experiments, though some investigations at very low
photon energies (~15eV) have been carried out to
probe moments on elements other than Fe.

The true secondary electrons (conveniently studied
in the electron kinetic energy range 1-20eV) also
exhibit spin polarization and have the bonus that
they are much more plentiful than the conduction
band photoemission. At the higher energy (20-
30 eV) theory [12] implies that P is closely related

to(m —n)(nt +n), where here n ; (|, denotes the
total electron content of the spin up(down) conduction
band.

In the studies reviewed here the samples of FegyB ;g
and Co77B 3 were prepared by melt spinning in a He
or Ar atmosphere and then cleaned in situ by argon ion
bombardment [5,6]. Compositions were checked by
in-situ Auger electron spectroscopy and by XPS on
the RUSTI Scienta spectrometer at the Daresbury
Laboratory. The amorphous character of the ribbons
was confirmed by X-ray diffraction both before and
after experiment. FegY 49 samples were in situ mag-
netron sputtered on an amorphous alloy substrate
(Co77B;3) already formed in a closed loop with an
associated magnetizing coil [7]: these conditions
have been shown to produce amorphous films in the
metal composition range 0.32-0.88 [13]. By varying
the current in the magnetizing coil and observing the
low-energy secondary electron emission hysteresis
loops may be readily obtained. At room temperature,
FegoB g and Co#7B,; were consistently ferromagnetic
for all compositions achieved—see Fig. 3. In contrast,
Fe,Y 190 showed no hysteresis at room temperature,
but on lowering the temperature to 114 K Feg Y4
became ferromagnetic, while FeyYq, remained
paramagnetic.

3. Theory

The last 10 years has seen great progress in under-
standing the ground state electronic properties of
complex materials through the application of self con-
sistent quantum mechanical formalisms within the
local density approximation. Understanding amor-
phous magnetic alloys requires two important exten-
sions of conventional methods. Firstly, spin polarized
electronic structure calculations are required and sec-
ondly the amorphous environment has to be simulated
by incorporating appropriate short-range order within
a supercell which is large enough for the artificially
imposed long-range periodicity to have litile effect.
This may be achieved by using molecular dynamics
within a hybridized nearly free electron tight binding
approach [3]: such simplified interatomic potential
models can be solved for very large unit cells
(>1000 atoms), but the basic pattern that
emerges may be incorporated into a smaller supercell
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Fig. 3. The spin polarized detection system operated as a surface magnetometer: hysteresis loops for FegB g at secondary electron energies 1,
20 and 30 eV. The left and right detectors (L and R) show no asymmetry on average, while the top and bottom detectors follow the near

surface magnetisation (« (T — B)AT + B)).

(~60-70 atoms) upon which a self-consistent electro-
nic structure calculations can be carried out. Self-
consistency with spin polarization in cells of such size
still poses problems and early calculations achieved
self-consistency for an ‘average atom’ in the cell [14]
or limited self consistency berween the exchange
splitting and the magnetic moment within a Hubbard
Hamiltonian [15]. Recently Hafner et al. [2,3]
achieved full local self consistency in a linearized—
muffin—tin—orbital (LMTO) supercell model, which
gives similar average magnetic moments to previous
methods, but for Fe By, demonstrated the appear-
ance of negative Fe moments at low B concentration.

For Fe rich Fe B ;g0 the recent theoretical methods
are in broad agreement as exemplified by the spin
resolved densities of states for FeggB o calculated by
Hafner et al. [2]—Fig. 4. In the 8-10eV binding

energy region (not shown) there is a non bonding
non spin polarized B 2s band in both the majority-
and minority-spin channels, ie no net spin polariza-
tion. At lower binding energy hybridized Fe 3d/B 2p
states show strong spin dependence. In the majority-
spin band, the two prominent peaks are reminiscent of
the e,/ty, splitting in crystalline bee Fe. The relatively
high coordination in the amorphous environment
leads to similar, though broadened, peaks. Crudely,
the minority-band is shifted relative to the majority-
band so that only the lower of the ‘e/t,,’ peaks is fully
occupied. At a more quantitative level, the theoretical
predictions are highly model dependent and spin
resolved photoemission can potentially resolve these
differences. Co,B g, exhibits a similar pattern with
important differences that will emerge in the com-
parison with the photoemission data.
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Fig. 4. (a) Experimental spin resolved electron energy distribution
(EDC) curves of amorphous FegBy [5]. (b) Theoretical spin
resolved bulk density of states by Hafner et al. [2], broadened to
take account of the experimental energy resolution.

In the case of Fe, Y g, [3] there is strong evidence
of ferrimagnetic character and at Y concentrations
>30% the relationship between the spin resolved
density of states and that of Fe is much less clear
(Fig. 5). However, the level of agreement between
theory and experiment will be very sensitive to the
structural integrity of the methods as in this system
there is a tendency to form Fe clusters at high Y
levels—the extent to which this occurs will strongly
influence the spin polarization profile.

4. Comparison of theory and experiment
Fig. 4 compares the experimentally determined

spin resolved photoemission energy distribution
curve of FeyBy for photon energy Av = 35 eV with

the calculation by Hafner et al. [2] of the occupied
bulk Fe 3d partial density of states broadened to take
account of the finite energy resolution (~0.2 eV) of
the photoemission experiment. Since the degree of
hybridization with B 2p states is consistent throughout
this region the total spin resolved density of states is
very similar to the partial state density, but the photo-
ionization cross-section at Ay = 35 €V is Fe3d domi-
nated [11]. As noted previously, the theoretical
majority-spin band show ‘e,;” and ‘75,1 like features,
while in the minority-band only the ‘e, |’ are filled
with ‘t5, 1 occupation just commencing. The experi-
mental spin resolved EDCs show a similar pattern,
although the high binding energy feature is less
prominent than in the theory. This is a well known
matrix element effect in which the transition rate
increases by a factor of ~2 between the bottom and
top of the d-band in this photon energy regime [16].
The splitting between the peaks is smaller than in the
theory and ‘7o, | *-like peak is prominent at slightly
smaller binding energy than in the theory. The experi-
mental EDCs are very similar at 35 and 110eV and
are also similar to those of polycrstalline Fe [6]. As
shown in Fig. 4, the majority-spin states have higher
density than the minority-spins at the Fermi edge, a
result consistent with the theoretical predictions of
Hafner et al., but contrary to the earlier work of
Nowak et al. [14] and Bratkovsky and Smirnov [15].

Co77B 3 is similar in profile, but with an important
difference—the minority-carriers are now in the
ascendancy at the Fermi edge as shown in the polar-
ization measurements in Fig. 2. The additional d
electron leads to further filling of the minority-band
with the second majority-peak being pushed away
from the Fermi edge [16]. This effect can also be
observed in the X-ray photoemission studies of See
and Klebanoff [10], but is more clearly resolved in
this soft X-ray study.

In Fes;Y 43, theory predicts that single broad peaks
dominate both the majority- and minority-spin bands
with the majority-band shifted well below the Fermi
level so that the minority-density predominates at the
Fermi edge. This is contrary to our experimental
observations (hy = 110 ev), namely a pattern not dis-
similar to polycrystalline Fe, but with lower net polar-
ization. This is probably due to the tendency of Y and
Fe atoms to segregate at higher Y concentrations, a
phenomenon indicated by the molecular dynamics
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Fig. 5. Experimental spin resolved EDC curves of FeqY 40 [6] compared with theoretical spin resolved bulk densities of states of Fes;Y 43 of
Becker and Hafner [3], broadened to take account of experimental energy resolution.

calculations of Becker and Hafner [3] and further
suggested by conventional photemission on Fe,Y 0,
alloys (hy = 40.8 eV) by Cossy—Favre et al. [17]. The
64-atom unit cell used in the fully self-consistent elec-
tronic structure calculations was insufficient to model
this segregation behaviour, but qualitatively the effect
is likely to drive the polarization towards elemental
metal behaviour with the lower asymmetry partly asso-
ciated with the disordered superparamagnetic moments
of Fe-rich clusters, as suggested by Coey et al. [18].
At a photon energy of hv = 110¢eV the Y cross-
section is close to its Cooper minimum {11] and so
the experiments are monitoring Fe moments and
carry no information about possible ferrimagnetic
behaviour with oppositely oriented Y moments. In
the systems discussed here, it would be helpful to
probe the magnetic behaviour of the atomic species
complementing the transition metal (B or Y). This can
be approached in two ways, either by variation of
photon energy or by studying polarization of the
true secondaries. In Fe B4, and Co,B g, the B 2p

cross-section becomes comparable with Co and Fe 3d
cross-sections at ~iv~15eV [11]: preliminary experi-
ments under these conditions reveal a different
polarization pattern from that obtained in experiments
at iv =35 eV and 110 eV with a distinct dip in P at
binding energies around 2 eV. Whether this can be
interpreted as photoemission contributions of B
atoms with no moment or with B moments opposite
to that of Fe is currently under investigation.
It is not possible to find a photon energy regime
where the Y cross-section is as great as that of Fe,
but there is some evidence of ferrimagnetic behaviour
in the secondary electron spin polarization of FgY 4.
Following the ideas of Penn et al. [12] the secondary
electron polarization at E~20 eV corresponds to the
average spin polarization in the conduction band,
while at lower electron energy the spin asymmetry
becomes greater than the conduction band polariza-
tion due to the spin dependence of the mean free paths
of the emitted electrons. This is just the behaviour
observed in FeggB,y (Fig. 3). However, Fg Y4 has
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an anomalously low secondary electron polarization
(7% at 1 eV) compared with a conduction band polar-
ization of 14%. The conduction band photoemission is
probing only the Fe 3d moments, while the secondary
electron emission may be more representative of all
the moments in the system. Further experiments
examining systematic trends in P with composition
and secondary electron energy are in progress.

5. Conclusions

Recent theories of the spin resolved densities
of states of amorphous Fe,Bp_,, Co.Big, and
Fe,Y 100 are shown to be in reasonable accord with
spin-polarized photoemission data, In the borides
correct spin densities at the Fermi edge are predicted,
while in Fe,Y g, evidence of clustering of Fe and Y
atoms is revealed. Future developments in synchro-
tron sources and spin polarimeters will open the way
for spin polarized electron emission to become a more
routine monitor of surface magnetism.
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