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Photoemission investigation of the electronic structure of amorphous
and crystalline Fe„Zrtoo „(x=25, 33,91)
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We have measured polycrystalline Fe, polycrystalline Zr, and Fe„Zr 100 „metallic glasses
(x =25, 33,91) in the amorphous and crystalline state by means of uv photoemission and Auger elec-
tron spectroscopy. The results are analyzed in terms of the electronic density of states. The amor-

phous Fe-Zr samples show an increasing density of states at the Fermi level with increasing Fe con-
tent in agreement with calculations and specific-heat measurements.

I. INTRODUCTION

In the last years much attention has been paid to Zr-
based metallic glasses and, in particular, to the system
Fe Zr&oo . By using the well-known melt-spinning tech-
nique, one is able to force Fe Zr&00 into the amorphous
state in two different ranges of atomic concentrations,
namely for 88(x (92 (Ref. 1) and for 20(x (40. The
physical properties are very different in both regimes. The
Fe-rich glasses are ferromagnetic and show Invar-like be-
havior of some of their magnetic properties, ' while the
Fe-poor glasses are superconductors for x & 29. For
x &40 they are magnetically ordered and in the range
29 & x & 40 neither superconducting nor magnetic order
could be detected.

In spite of the fact that these properties might be under-
stood more satisfactorily by considering the density of
electronic states N (E) or the density of states at the Fermi
level N(EF), up to now only one photoemission measure-
ment of a Fe-Zr glass has been published to our
knowledge (see also Refs. 6 and 7). Since the preparation
of metallic glasses may not always lead to exactly the
same samples due to different cleanliness of the com-
ponents and other specific experimental conditions, a
confirmation of the reported photoemission results seems
to be useful. Moreover, a study of a metallic glass system
in a certain range of concentrations allows the observation
of systematic effects in the density of states and their rela-
tion to other physical properties. For example, the
differences of the crystallization temperature are notice-
able for the Fe-Zr glasses. For Fe»Zr9 and Fe20Zr80
values of 500'C (Ref. 8) and 385'C (Ref. 9) were found,
respectively. The inhuence of ordering on the electronic
structure may be studied in the Fe-poor regime, where for
x =33 and 25, single-phase crystallization was observed'
and possible effects of ordering are therefore not obscured
by multiphase crystallization.

In the present work we attempt to correlate the experi-
mental electronic structure for the different concentration
regimes with the physical behavior of this system. Our re-
sults from Fe25Zr75 will also be compared with a theoreti-
cal density of states. ' As experimental methods we used
uv photoelectron (UPS) and Auger electron spectroscopy
(AES). By means of the latter method, surface concentra-

tion of the components and contamination were deter-
mined as well as effects of charge transfer on alloying,
which was examined by looking at the shape and position
of the Fe M2 3 VV Auger transitions.

II. EXPERIMENT

The apparatus used for the measurements consists of a
main ultrahigh-vacuum (UHV) chamber with a base pres-
sure of approximately 10 ' mbar, which contains an
electron energy analyzer, a noble-gas-discharge lamp for
generating uv line radiation and an electron gun for exci-
tation of the Auger electrons. Via a gate valve the sam-
ples are transferable to the measuring position from a
small preparation chamber, where the sample surfaces can
be treated by Ar+ or Ne+ bombardment and heating.
The energy distribution curves (EDC's) of the photoemit-
ted electrons are measured with an energy resolution of
better than 60 meV. They are corrected for the transmis-
sion function of the analyzer after a constant background
has been subtracted from the raw data. The EDC's are
plotted against the initial energy referring to the Fermi
level EF ——0. More details of the experimental setup have
been described by Heimann et al. "

We studied Fe Zr, oo (x =25, 33,91) and polycrys-
talline Fe (99.999% purity) and Zr (99.7% purity). The
metallic glasses were prepared by melting the com-
ponents of the same cleanliness in an Ar arc. After
homogenizing them in high vacuum for 15 min at a tem-
perature of 1250 C they were transformed into the
amorphous ribbons by melt spinning. Although the
above purity was the best one available for the present
experiments, diffusion of bulk impurities to the surfaces
caused some difficulties, as will be discussed below. The
amorphous state of the ribbons was controlled by x-ray
diffraction. Before mounting the samples in the prepara-
tion chamber, they were polished mechanically with dia-
mond powder and electrolytically in a solution of 87
vol% CH3CHOH and 13 vol% HC103 (Fe33Zr67 and
Fe2sZr75) ol 80 vol% CH3CH2OH and 20 vol% HCI
(Fe9|Zr9). In situ cleaning was performed by bombard-
ment with Ar+ and finally with Ne+ of 500-eV energy
and heating in the case of the amorphous samples well
below the crystallization temperature.

To crystallize the samples they were annealed at 500'C
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for several hours. Single-phase crystallization of Fe25Zr75
and Fe33Zr67 (Ref. 9) was confirmed by x-ray diffraction
after the photoemission measurements. Our ordered
Fe9'Zr9 sample contained three crystalline phases (a-Fe,
Fe3Zr, and Fe2Zr) in agreement with previous results.

Surface concentration of the constituents was controlled
by measuring the Fe Mz3VV(45 eV), Fe L3VV(701 eV)
and Zr M4 &N, N& (145 eV) Auger transitions. The inten-
sity ratio of the Fe and Zr peaks closely followed the bulk
concentration of the constituents. The intensity ratio did
not show changes after crystallization, which means that
segregation effects of one component may be neglected.
However, annealing to 500'C always produced apprecia-
ble surface contamination with C and 0, which had to be
removed by subsequent bombardment-heating cycles. Al-
though every metallic glass sample was exposed to more
than 30 bombardment cycles, the final surfaces (except for
Zr) still showed a small residual contamination in the or-
der of several percent of a monolayer.

Cleaning of Zr turned out to be especially difficult.
After the first heating to temperatures at a few 100'C the
EDC's essentially contained contributions from a thick
oxide layer, the Fermi edge was then not visible. We esti-
mate the contamination of the finally measured Zr sample
to be in the order of one monolayer. The difficulty of
cleaning the metallic glass samples and of keeping them
clean was certainly related to the Zr content and its high
reactivity. In order to be sure that the shape of the
valence bands was not influenced by the residual contam-
ination, a controlled adsorption of 02 on Fe»Zr9 up to an
exposure of 50 )& 10 ' rnbar s was performed. The
relevant results are mentioned in Sec. III.

the increase in the intensity for the amorphous samples
immediately below Ez with increasing Fe content. For
x =91 the maximum of the EDC lies directly below Ez,
which means that the Fermi level is located in a rising
part or at the maximum of the density of states. For
x =33 and 25 the maximum of the EDC's lies 0.8 eV
below E~, and N(E~) is therefore smaller than for x =91.
There is even a little difference between x =33 and 25. A
second systematic effect is an increasing broadening of the
whole high-energy structure (A) with decreasing Fe con-
tent. That the EDC's reflect properties of the density of
states was confirmed by measuring at different photon en-
ergies (%co=16.85 eV and in some cases also fico=11.83
eV). Within the accuracy of the data no systematic
changes of 3 with photon energy could be observed.

For an estimation of the general trend of N(E~) with
the Fe concentration, the flat part of the EDC's directly
below the Fermi level was approximated by straight lines
(dashed-dotted lines in Fig. 1). Their height at Ez (indi-
cated by the solid circles) may be used as qualitative mea-
sure for N(E~) and their position confirms the small de-
crease of N(Ez) with Fe concentration. The effects of the
small residual surface contamination on the shape of the
EDC s in the vicinity of EF was found negligible. Ad-
sorption of 02 on Fe» Zr9 and measurements on surfaces
with heavy contamination showed that structure A is only
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III. RESULTS

In Fig. 1 results from the amorphous (a) and crystal-
lized (c) Fe-Zr glasses are shown as solid and dashed
lines, respectively. The EDC's consist of a main peak (A)
between —2 eV and Ez, whose detailed shape will be dis-
cussed below, and some additional features below —2 eV
(a, b, c, and B). These additional structures, which are
superimposed on a background of inelastically scattered
electrons, appear with considerable intensity and are
mostly an indication of the fact that the surfaces were
contaminated to some extent. The presence of 0 is visible
by the peaks observed at —5 eV (a) and —6 eV (b) for
x =91, 33, and 25, respectively. Satellite emission from a
two-hole bound state' may also contribute to the energy
region at —6 eV. C contamination is associated with a
small structure at —3 eV (c) and is only seen distinctly
for crystallized Fe2&Zr75 At —4 eV a peak (B) is found
for Fe33Zr67 and Fe25Zr75 which could not be related to
surface contamination and is therefore explained by a
density-of-states feature of these materials. Our
identification of the peaks associated with adsorbed
species is based on AES measurements of samples with
different amounts of surface contamination in the course
of the preparation procedure.

The main structure (A) of the EDC's, i.e., the energy
region between —2 eV and EF, shows systematic effects
with concentration. The most important observation is
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FICr. 1. Photoemission (Ace=21.22 eV) from amorphous (a-)
and crystallized (c-) Fe Zr~pp (& =25, 33,91).
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FICz. 2. Photoemission (Ace=21.22 eV) from a-Fe~5Zr75 c-Fe,
c-Zr, and a-Fe~4Zr76 (Ref. 5).

inAuenced, when the contamination peaks a, b, and c have
an intensity, which is comparable or larger than that of
A. This is certainly not the case for the results presented
in Fig. 1.

On crystallization of the samples the high-energy struc-
ture A does not show differences compared to the amor-
phous state for the ribbons with x =33 and 25. For
x =91 a large effect is found, it appears as a reduction of
the density of states at EF. The latter observation may be
related to the precipitation of a-Fe. A similarity of the
EDC from c-Fe9&Zr9 with that of c-Fe (see Fig. 2) is obvi-
ous. Differences in the low-energy region may be ex-
plained by an increased surface concentration of impuri-
ties for the annealed samples (in particular for Fez~Zr75).
The overall agreement of the high-energy parts of the
EDC's from the Fe-Zr samples with those of c-Fe and c-
Zr (see Fig. 2) makes it plausible that they reAect the d-
electron contributions of the constituents.

In Fig. 2 a comparison is made between our EDC's
from a-Fez5Zr75 c-Fe, and c-Zr and published results
from a-Fez4Zr76. The agreement between the experimen-
tal EDC's from the Fe-Zr glasses is fairly good. Small
differences exist at EF, which may be explained by a
different energy resolution of the instruments, and in the
low-energy region, which may be related to a different
amount of surface contamination and, eventually, to a
different background subtraction. For c-Zr only the
high-energy region is shown. The low-energy part is
dominated by emission from the 0 layer. The energy po-
sition of the maxima of the contamination peaks observed
on c-Zr is indicated by the vertical bars (labeled b and c).
We believe that structure B, which is not seen for Fe9]ZI9
and Fe, may be assigned to emission from Zr states. It
should be mentioned that N(EF) of the Fe-Zr glasses is
remarkably higher than N(EF) of Fe. The intensity of
the EDC from Zr at EF may be influenced by the 0 layer.

Since for the metallic glasses our uv line source has
been operated under the same conditions, it is possible to
compare their photoemission intensity provided the sur-
face quality of the samples is not too different. We might

then estimate the relative contributions to the EDC's from
the Fe and Zr atoms. Since the free-electron-like sp elec-
trons occupy a relatively broad band of states and there-
fore cannot contribute appreciably to the maximum of the
EDC's, our estimation is essentially valid for the occupied
d states. Experimentally we found that the intensity at
the maximum is smaller by a factor of 0.4 for Fe33Zr67
and of 03 for Fe25Zr75 compared to emission from
Fe9&Zr9. If we use the atomic values for the number of d
electrons at Fe and Zr sites (6 and 2, respectively), we
may roughly evaluate the relative photoionization cross
section for the Fe 3d and Zr 4d electrons. Effects of
charge transfer and of changes of N (E) with x are ignored
by this procedure. At a photon energy Ace=21. 22 eV, we
estimated the cross section per electron for the Zr 4d elec-
trons to be at least a factor of 5 smaller than for the Fe 3d
electrons, which means that, e.g. , for Fez5Zr75 the contri-
bution to the EDC from the Zr 4d partial density of states
is only in the order of 20%%uo and for Fe9/Zr9 2%%uo and
therefore negligible for the latter material.

The work function of the samples was determined from
the known energy difference between EF and the low-
energy photoemission threshold. For the various samples
we found the following data: c-Zr (3.5 eV), a-Fez5Zr75
(3.61 eV), c-Feq5Zr75 (3.63 eV), a-Fe33Z167 (3.59 eV), c-
Fe33Z167 (3.58 eV), a-Fe9&Zr9 (4.39 eV), sputtered c-
Fe»Zr9 (4.85 eV), annealed c-Fe»Zr9 (4.13 eV), and c-Fe
(4.91 eV). The experimental error is 0.05 eV except for
Zr, where the work function might be smaller by several
0.1 eV due to the non-negligible surface contamination.
For Zr we made the observation that surface contamina-
tion always led to an increase of the work function. The
work function of the Fe-Zr samples did not change on the
crystallization for x =25 and 33, which is an indication of
the same chemical constitution for the surfaces in the
amorphous and crystalline state. The large effect ob-
served for x =91 may be explained by the precipitation of
a-Fe, which is exposed to the vacuum on sputtering.

Finally, we attempted to locate the energy position of
the Fe Mz 3 VV Auger transitions. For the maximum we
found the following values: a-FeqqZr75 (43.50 eV), a-
Fe33Zr67 (43.60 eV), a-Fe»Zr9 (43.71 eV), and c-Fe (44.05
eV). A small systematic shift of the Fe Mz 3 level with
decreasing Fe concentration towards smaller binding ener-
gies is suggestive.

IV. DISCUSSION

Moruzzi et al. have computed the density of states of
crystalline fcc FeZr3 in the AuCu3 structure and com-
pared it with a photoemission measurement of a-
Fe24Zr76. ' They suggested that the essential features of
the electronic structure of the glassy alloy may be ex-
plained by the band structure of the ordered material.
Our measurements support their suggestion by additional
arguments. we are reminded that our EDc of a-Fe25zr75
shows features in the low-energy part, which are absent in
the experimental data of Oelhafen et al. (Fig. 2). While
the lower-most peak (b) at —6 eV was assigned to 0
emission structure, B at —4 eV could not be explained by
emission from adsorbed atoms. Since this peak is absent
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for the Fe-rich sample (see Fig. l), we explain this struc-
ture by emission from Zr states. A comparison of our
photoemission results with the calculated density of states
(Fig. 3) indeed shows agreement of the observed feature B
with a small peak at —4 eV in the theoretical curves,
which is mainly related to the Zr partial density of states.

A second point to be noticed is the fact that the experi-
mental EDC of a-Fe25Zr75 shows its maximum at —0.8
eV and has a falling slope towards EF, while the total
theoretical density of states is approximately constant
below EF. This observation may qualitatively be ex-
plained by the slopes of the partial density of states which
is rising for Zr and falling for Fe. Since the photoioniza-
tion cross section is larger for Fe than for Zr states, we
see that the weighted sum of both should decrease to-
wards EF as is observed in the experiment.

For Fe»Zr9 no theoretical density of states has been
published, so far. Waseda et al. ' have shown by means
of x-ray diffraction measurements that the atomic struc-
ture of Fe-rich Fe-Zr glasses mainly depends on the dense
random packing of Fe atoms. It might therefore be useful
to compare the EDC with the calculated density of states
of amorphous Fe. ' The calculation shows that the unhy-
bridized Fe 3d bands have their maximum density of
states immediately at EF, the consideration of 4s state hy-
bridization moves the maximum to somewhat lower ener-
gies. This is consistent with our observation that the
maximum of the EDC for a-Fe»Zr9 is located at EI;. It
is quite obvious that on going to crystalline Fe a lowering
of the total energy is achieved, which finds its expression
in a lowered value for N (EF) for c-Fe, see Fig. 2.

A remarkable feature of our measurements is the fact
that in the glassy alloys N(E~) increases with increasing
Fe concentration. The opposite has been concluded from
measurements of the magnetic susceptibility. On the oth-
er hand, in the Fe-poor regime an increasing N(EF) with
increasing Fe concentration has been deduced from
specific-heat studies, ' although the unknown phonon-
electron coupling constant and the non-negligible magnet-
ic contribution to specific-heat values' makes this con-
clusion somewhat uncertain.

The breakdown of superconductivity for concentrations
of x )29 is not related to a decrease of N(EF), according
to our measurements, but could be explained by the in-
creasing magnetic interaction of the Fe atoms. ' ' An in-
crease of N ,'EF ) with Fe content has recently been found
theoretically by Xanthakis et al. ' for x =20 and 30 and
is therefore in agreement with the present data.

We did not attempt to determine quantitatively the
center of gravity for the occupied part of the d electronic
states. From the measurements it is apparent, however,
that the width of the d band structure A increases with
increasing Zr content of the glasses, see Fig. 1. From this
observation it might be suggested that an electron transfer
from Zr to Fe atoms takes place leading to an increase of
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tial and total density of states from FeZr3 calculated by Moruzzi
et al. (Ref. 7).

the Fe and Zr d electron repulsion with increasing Zr con-
centration, which gives rise to a shift towards lower initial
energies of the observed structure. This behavior may
also qualitatively be deduced from the observed effects in
the work function of the samples, where a systematic
reduction with increasing Zr concentration was found.

V. CONCLUSION
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The EDC's from amorphous and crystalline Fe-Zr al-
loys and those from crystalline Fe and Zr have been ex-
amined in terms of the density of electronic states. For
all samples a peak near the Fermi level was observed,
which has a basewidth in the order of 2 eV and was as-
signed to emission from the Fe 3d and Zr 4d electrons.
By comparing the intensities of the EDC's the photoion-
ization cross section of the Zr and Fe d electrons was es-
timated to be a factor of 5 smaller for the Zr 4d electrons
in relation to that of the Fe 3d electrons. This means that
the observed feature at EF essentially reflects the behavior
of the Fe d electrons. For the Fe-Zr samples an increas-
ing density of states at EF with increasing Fe concentra-
tion was obtained reaching a maximum value for x =91.
This behavior is in agreement with calculations and
specific-heat measurements in the Zr-rich regime.
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