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mains. These results may have significant impli-
cations for understanding the particle-size de-
pendence of demanding reactions in heterogene-
ous catalysis. In such systems involving transi-
tion-metal clusters we may reasonably expect
that electronic configurations will change in the
same size region as observed here for Sm.
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The bandlike XVV Auger transitions of glass-forming elements are shown to pro-
vide a sensitive method for investigating the electronic properties of metallic glasses.
For amorphous Fe&&B&8 „Be„,not only do the Auger results correlate remarkably
we11 with the magnetic data, but more importantly, a 14-eV shiR was detected in the
Be XVV Auger spectra between x = 4 and x = 5. This large shift reflects a pronounced
change in the short-range order of this metallic glass system.

PACS numbers: 75.50.Kj, 71.25.Mg, 79.20.Fv

Attempts to understand the magnetic behavior
of iron-base metallic glasses in terms of satura-
tion magnetization (M, ), the average magnetic
moment per Fe atom (p„,), and the Curie temper-
ature have been limited to magnetization meas-

urements supplemented by such experiments as
Mossbauer and NMR spectroscopies for indirect
information on related electronic properties. We
demonstrate in this Letter that the energy and
line shape of the Auger XPP (P is the valence
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level) transitions of glass-forming elements in
metallic glasses provide a new probe of their
electronic structure.

There are two basic types of Auger transitions
depending on the interaction strength of the final
two holes. ' If the hole-hole interaction is strong,
the Auger spectrum is derived from multiplet
states of the two interacting holes. These quasi-
atomic spectra do not reflect the electronic en-
vironment of the atom. If the hole-hole interac-
tion is weak, then the XVVAuger line shape rep-
resents the self-fold of the valence band density
of states and large line-shape changes are ob-
served when such an element is placed into a dif-
ferent chemical environment. The hole-hole de-
localization essential to bandlike Auger spectra
is commonly found for broadband sp elements
such as aluminum rather than for narrow-band
transition metals. A method' for distinguishing
bandlike and quasiatomic XVV Auger transitions
is based on the effective hole-hole interaction en-
ergy given by

U, gg
= E(X) —E( V) —E( V) —E(XVV),

where E(XVV) is the energy of the Auger line,
and E(X) and E(V) are the energies of the core
and valence bands, respectively, measured by a
one-electron hole spectroscopy such as x-ray
photoemission (XPS), x-ray emission (XES), or
ionization loss (Il S). The Auger spectrum is
either bandlike or quasiatomic, depending on
whether the value of U, ff is nearly zero or large,
say 5 eV. If E(V) is at the Fermi level, then

E(XVV) will attain its maximum value, E~(XVV),

and Eq. (1) becomes

cation of AES to the amorphous Fe-B-Be alloys
thus had the additional incentive to confirm this
puzzling magnetic behavior besides the purpose
afore mentioned.

Random sections of each alloy in ribbon form
were analyzed in a PHI TFA Auger spectrometer
with use of a 3-keV, 2- pA electron beam with a
100-p, m spot size. Intensive Ar' ion bombard-
ment was required to prevent reabsorption of
carbon- and oxygen-bearing gases onto the sam-
ple surface. From their relative sensitivity fac-
tors, 4 the surface concentration of either element
was estimated to be less than 0.1 at. % which was
too low to affect the K VV spectra of B or Be.

In Figs. 1(a) and 1(b), the Auger spectra from
Fe»B,J3e, and Fe»B„Be„respectively, show
that the Be E VV transition for x = 5 appears at
106.2 eV but for x=4 it occurs at 92.3 eV. Such
a large shift of 13.9 eV for such a small change
in composition is very unusual. Spectra taken but
not shown for x = 2 show the same low-energy Be
XVV line as for x= 4 while that for x= 6 has the
same energy as x= 5. No line near 106 eV was
observed at the five percent level for x ~4 and
none near 92 eV at the ten percent level for x~5.
No changes were observed in the B or Fe Auger
transitions.

Before discussing the implication of the Be
K VV energy shift in the Fe„B„„Be„alloysit is
necessary to consider the Be K VV Auger spec-
trum in other Be alloys and compounds. In agree-
ment with previous workers' we find that the Be

Upf f E(X) —E~»(XVV) (2)

which does not involve the valence state energies.
Many metallic glasses consist of a transition

metal and one or more glass-forming metalloids
such as B, I', and Si. These elements are pre-
cisely those that form sP valence bands in their
elemental solids. Therefore, they should exhibit
bandlike XVV Auger spectra that should be a sen-
sitive probe of the electronic structure of me-
tallic glasses. In particular, the effects of a
changed local chemical environment of the glass-
forming elements on the magnetic and electronic
properties of the alloys can be directly studied as
a function of composition and temperature.

The amorphous ternary system Fe828]8 Be„
was chosen for study because the alloys with x up
to six, i.e., 6 at. % Be, exhibited an anomalous
peak in p, F, between 4 and 5 at. % Be.' Our appli-
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FIG. 1. Auger spectra of sputter-cleaned amorphous
Fe8,B(8 Be„showing the 13.9-eV shift of the Be %IV
transition when x goes from 5 to 4 at. lo Be.
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K &V spectrum of elemental Be consists of a sin-
gle asymmetric line with an energy of 105 +1 eV.
The energy of the Be 1s core level is 111 eV, '
and the peak in the valence band density of states, '
as determined by XES, lies 3 eV below the Fer-
mi level. Using Eq. (1) we find U,fr=0 eV sug-
gesting the bandlike nature for the Be E VV tran-
sition in Be metal. We have measured E~,„(KVV)
at 110.0 +0.5 eV so that Eq. (2) gives U, &f of
about 1 eV. The latter result thus provides con-
clusive evidence for the bandlike nature of this
transition since it avoids the question of the dif-
ferent matrix element effects across the valence
band that might occur when comparing XES and
AES spectra. Jennison, Madden, and Zehner'
have shown that the major component of the Be
K VV line shape in Be metal is the ls2P2P transi-
tion with a smaller 1s2s2P component as a low-
energy shoulder.

The Be KVV spectrum from Fe»Be„Fe,Pe„
and Fe70Be„alloys was found to be a single asym-
metric line at 106.0 +0.3 eV. From ILS the bind-
ing energy of the Be 1s state was within 0.6 eV of
that measured for elemental Be, while E (KVV)
was 110+1 eV for all three alloys. With Eq: (2)
these results conclusively demonstrate the band-
like nature of the Be K VV spectra for these al-
loys, independent of any assumptions concerning
the unmeasured values for E(V). From Eq. (1),
E( V) = 3 eV as was the case for elemental Be.
Thus the 2P states of Be are essentially unaffect-
ed when Be is placed in the iron-rich Fe-Be al-
loys.

The Be K&VAuger spectra for the Fe-Be al-
loys and elemental Be are in sharp contrast to
that of BeO.' The most intense line for BeO oc-
curs at 94 eV, whereas the 105-eV line is absent
because the Be 2P orbital has been significantly
depopulated by an ionic charge transfer. The
Auger final states are primarily composed of O
2P states some 7 eV below the Be 2P state in Be
metal. This type of Auger transition, involving
orbitals not on the same atom as the initial core
hole, is often called interatomic. The Be ls
state binding energy in BeO is 3 eV higher than
it is in Be." In the absence of any change in
E( V) this would produce an Auger line 3 eV high-
er for BeO when compared with that from Be
metal, instead of the nearly 10-eV lower energy
actually observed. The Be E VV Auger spectrum
of BeO illustrates a case where a large energy
shift can be interpreted in the handlike picutre.

The Be KVVAuger spectra from the x=5 and
x= 6 Fe»B» „Be„alloys have the same E~(K VV)

as Be metal and the Fe-Be alloys, thereby con-
firming that the Be 2P states are essentially un-
changed in energy. Since similar Be K VP spec-
tra were observed in elemental Be with exclusive-
ly Be-Be bonding and in Fe-rich Fe-Be alloys
with predominantly Fe-Be bonding, it was diffi-
cult to determine from either our Auger results
or other techniques whether or not clustering or
segregation of Be had occurred in the x= 5 and
x= 6 ternary alloys, which would result in prom-
inently Be-Be bonding. But because our amor-
phous alloys were prepared by induction melting
and rapid quenching and because segregation of
minor elements in these alloys has not been re-
ported as a common phenomenon, we did not
favor this possibility.

The Be K&V spectra from the x= 2 and x= 4 al-
loys, with energies near 92 eV and no 105-eV
component, represent a drastic change from
those measured for elemental Be, the iron-rich
Fe-Be alloys, and the Fe82B» „Be„alloys with
x= 5 and x= 6. The 92-eV Be KVV spectra for
x=2 and x=4 alloys must be considered anomal-
ous. From ILS the binding energy of the Be ls
state in the x= 4 and x = 5 alloys was 112.2 +0.5
eV and 111.9 &0.5 eV, respectively. Thus, the
energy shift of the Be KVV Auger transition on
going from x= 4 to x= 5 must be due to a change
in the valence local density of states of Be. Be-
cause of the highly local nature of the Auger proc-
ess the large 14-eV energy shift could only occur
if the nearest-neighbor environment of all of the
Be atoms had been drastically altered when x
goes from 4 to 5. It is this conclusion from the
Auger experiments and its correlation with the
magnetic properties of this amorphous alloy sys-
tem that is the main result of this investigation.

The absence of the 105-eV Auger line in the
x=2 and x=4 alloys and its association with an
occupied 2p orbital indicates that for these alloys
the Be 2P orbital may have become depopulated.
A reduction in the intensity of an Auger transition
due to a reduced occupancy of the final state has
been reported" for the oxygen 1s2P2P line in a
series of oxides. In our case, the reduction is
nearly complete and comparable to that observed
for BeO. On the basis of a charge transfer of the
Be 2P electrons, which accounts for the absence
of the 105-eV line, several alternative sources
remain for the final Auger states, notably a
1s2s2s transition and an interatomic-type transi-
tion. Both could produce the 92-eV line. In the
interatomic case, the nature of the final state is
not known except that it cannot be the 0 2P state

735



VOLUME 47, NUMBER 10 PHYSICAL REVIEW LETTERS 7 SEPTEMBER 1981

since the oxygen concentration in the sputtered
alloys is too low to have a significant effect. An-
other possibility is the ls2p2p transition with the
2P state still occupied but shifted 7 eV below the
energy it has in every other metallic Be alloy.
Since Be segregation would produce primarily
Be-Be bonding and a prominent 105-eV transi-
tion, Be segregation can be ruled out for the x
~4 alloys. The unusual 14-eV shift of the Be

EPV Auger line in the ternary Fe-B-Be alloys
requires further data on the valence band from
either XPS or XES before various possibilities
can be critically examined.

There are two major shortcomings in the analy-
sis of XVV Auger line shapes. One is the use of
ion beam sputtering which can produce composi-
tional or structural changes in alloys. " Another
is the low energy of an XVVAuger transition, typ-
ically less than 200 eV. Since this limits the es-
cape depth of the Auger electrons to about 5 A,"
the technique is highly surface sensitive. How-
ever, the observed Auger changes with alloying
in the sputter-cleaned Fe82Bys „Be, system and
the high degree of correlation with the bulk mag-
netic properties suggest that Auger analysis of
~&V transitions may be widely applicable.

In common with Auger spectroscopy, XES and
core level shifts in XPS can also be used to probe
the chemical changes of individual elements. We
expect that they, along with Auger analysis of
XVV spectra, will complement the widely used
techniques of NMR and Mossbauer spectroscopy
in the study of the electronic properties of metal-
lic glasses. In conclusion, our Auger results (a)
establish in metallic glasses a discontinuous
change in atomic bonding with alloy composition,

possibly involving a charge transfer of the type
usually found only in ionic compounds, a.nd (b)
correlate very well with the unusual bulk magnet-
ic properties of the amorphous Fe„B„„Be„al-
loys system.
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