PHYSICAL REVIEW B

VOLUME 34, NUMBER 8

RAPID COMMUNICATIONS

15 OCTOBER 1986

Empty and occupied electronic states of Cu, Y-, amorphous alloys as probed
by inverse and direct photoemission spectroscopies

M. Martin and Tran Minh Duc
Institut de Physique Nucléaire et Institut National de Physique Nucléaire et de Physique des Particules,
Universite Claude Bernard Lyon I, 43 Bld. du 11 Novembre 1918,
69622 Villeurbanne Cédex, France

J. Rivory
Laboratoire d’Optique des Solides, Université Pierre et Marie Curie, 4 Place Jussieu, 75230 Paris Cédex 05, France

R. Baptist
Laboratoire d’Electronique et de Technologie de I’Informatique, Institut de Recherche Technologique
et de Développement Industriel, Commissariat a I'’Energie Atomique, Centre d'Etudes Nucléaires,
85X-38041 Grenoble Cédex, France

G. Chauvet
Département de Recherche Fondamentale, Service de Physique, Groupe de Physique des Semiconducteurs,
Commissariat a I’Energie Atomique, Centre d'Etudes Nucleaires,
85X-38041 Grenoble Cédex, France
(Received 7 July 1986)

The densities of the unoccupied states of CugY1o and Cuz4Y26 alloys have been probed by in-
verse photoemission in the ultraviolet range and compared with those of pure Cu and Y. This,
along with direct photoemission spectra, allows for the determination of Cu3d- and Y 4d-band
energy positions and widths in the joint density of empty and occupied states. From these data an
increase of empty d-like states along with a resulting decrease of empty sp-like states is revealed
as well as a hybridization of the Cu 3d and Y 4d levels.

INTRODUCTION

To describe the electronic structure of solids, it is neces-
sary to investigate the density of states both below and
above the Fermi level (Er). The density of occupied states
of amorphous metallic alloys has been studied thoroughly,
as reviewed by Oelhafen,! but experimental studies of un-
filled states are still scarce.>”* Calculations of densities of
such states are nevertheless available.>~'°

The empty states play an essential role in excitation pro-
cesses and in numerous physical properties, such as optical
properties. Thus it is well justified to attempt to map
them. We have previously presented photoemission results
of Cu,Y;-, amorphous alloys, describing the occupied
electronic states dominated by the Cu 3d band.!" The Y
4d band was nearly empty and thus we are urged to probe
the unoccupied electronic states. We present here the first
inverse photoemission measurements on amorphous
Cu, Y, -, alloys.

EXPERIMENT

The inverse photoemission (IPE) spectra are obtained
with an inverse photoemission spectrometer in the ultra-
violet range.'> This apparatus is connected to a pho-
toelectron spectrometer (VG Esclab), operating at a resi-
dual gas pressure in the low 10 ~°-Pa range.

The samples are prepared as before!! in a chamber at-
tached to the spectrometer, by sputtering Cu-Y targets
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with an Ar*-ion gun operating at a voltage of 4 kV and a
current of 50 uA, onto a tantalum substrate. The films are
transferred directly into the spectrometer without expo-
sure to the atmosphere. X-ray photoelectron spectroscopy
(XPS) studies have demonstrated the very high reactivity,
mainly towards oxygen, of these alloys. A possible con-
tamination is not easily located by IPE measurements, and
thus the chemical analysis facility of XPS is used to deter-
mine the contamination free time of the samples. The
cleanliness of the samples is also checked by ultraviolet
photoelectron spectroscopy (UPS) which is even more sen-
sitive to contamination; the O 2p band appears around 6-
eV binding energy and is well separated from the proper
electronic structures of the alloys.

HelI radiation is used for the UPS mesurements at 40.8
eV. For the IPE measurements, the initial kinetic energy
of the impinging electrons is 34.6 eV (with respect to the
Fermi level of the sample). Under these conditions, the
electron mean free path is nearly the same for both UPS
and IPE experiments, and therefore, the analyzed depth as
well. The IPE excitation current is estimated at 300
pA/cmz.

RESULTS AND DISCUSSION

The inverse photoemission spectra of pure Y, Cuy4Y 2,
CugoY 10, Y203, and pure Cu are shown in Fig. 1. For the
purpose of comparison of their shape, all spectra are nor-
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FIG. 1. Inverse photoemission measurements of Cu74Y 2, and
CugoY10 amorphous alloys and of the pure constitutents. The
spectrum of Y,0; is added because Y is easily oxidized on the
surface. Notice that all the spectra are normalized at their max-
imum height.

malized at their maximum height. Although the spectrum
of Cu is similar to those reported previously,'>!* by con-
trast the spectrum of Y differs from that of Speier et al. !>
In this latter experiment electrons up to 1486.6-eV Kkinetic
energy were used. The main difference arises for the
structure at 5 eV above Eg, which is more apparent in the
spectum of Speier et al., and may be attributed to cross-
section effects, as previously discussed for Ni and Pd.!%!’
The spectrum of Y,03 is shown to determine the spectral
range influenced by the presence of an oxidation layer,

which could distort the density of states (DOS) of the al-
loys.
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FIG. 2. Occupied and unoccupied electronic levels of two
Cu, Y -x amorphous alloys and of pure Cu and pure Y, matched
with respect to the Fermi level. (Ej is the initial kinetic energy

of the impinging electrons relative to the Fermi level of the sam-
ple.)

MARTIN, DUC, RIVORY, BAPTIST, AND CHAUVET 34

The alloys and pure Y have quite similar spectra. They
are dominated by Y 4d-like states. However, a modifica-
tion of the spectra can be seen as a function of the compo-
sition. The maximum located at 1.9 eV above Er for pure
Y is shifted away from Er by about 0.5 eV in the alloys.
Furthermore, the DOS at Er [D (Ef)] is smaller in the al-
loys than in pure Y, relative to the DOS at the maximum.
The empty-band width is almost constant around 8 eV. In
order to follow the gradual change of the width with con-
centration, the instrumental resolution, which is about 0.7
eV, can be neglected.

A general view of the DOS both below and above Ef is
provided by Fig. 2, and the corresponding data summa-
rized in Table I. Occupied and unoccupied states are
matched at the Fermi level which is measured in both UPS
and IPE experiments. We have used Cu to locate Er. The
steplike function of Cu at Er, convoluted with the spec-
trometer response, puts the experimental Fermi level at
the middle of the step for both UPS and IPE measure-
ments. When the position of Ef is correctly determined,
the matching of UPS and IPE spectra is realized with
respect to the intensity at Er. The relative DOS intensities
of the alloys and their pure constituents are determined
from their measurements by IPE. The IPE intensities are
simply divided by the time and the current in order to be
normalized.

The photoemission spectrum of CugoY o has not been
reported previously. This spectrum closely follows the

TABLE I. Binding energy with respect to the Fermi level and
total width in eV of & bands of pure Cu, pure Y, and Cu, Y-,
amorphous alloys with IPE emission intensity and area. The last
row indicates the normalized area as calculated from the concen-
tration of the alloys. An increase of the density of unoccupied d

states is found in the IPE spectra of the alloys by comparing the
last two rows.

Cu Y CuniY2s  CugoYio
ecuia (V) 3.0 3.5 3.2
Total width (eV) 3.2 2.75 3.10
(UPS)
eysaqa (V) —2.25 —2.60 —-2.95
Total width (eV) 10 9.5 9.0
(UPS & IPE)
Intensity
normalized 15 100 70 70
at the maximum
of empty states
Normalized area
of unoccupied 25 100 72 63
band Acuy,_,
Weighted area
xAce+(100—x)Ay 25 100 44 32

100
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general trends observed for the other Cu,Y— alloys.'
The copper 3d band shifts to higher binding energy with
respect to pure Cu, the high-binding-energy side being lo-
cated at the energy observed in the Y-rich alloys. On the
other hand, as in the case of the other alloys, the low-
binding-energy side of this band is not as steep as in pure
Cu. This observation could be indicative of increasing s -d
hybridization in this energy range.%'® Furthermore, the
direct photoemission spectrum of CugYo exhibits a
higher density of states at the Fermi level, as well as be-
tween the Fermi level and the onset of the Cu3d-like
band, than in pure Cu. This shape cannot be explained by
a simple superposition of the density of states of the pure
constituents.

The total width of the Y 4d-like band shows a narrow-
ing of less than 10% from Y to CugoYjo. The width stays
at about 10 eV, roughly divided between 8 eV in the empty
states and 2 eV in the occupied states. The bandwidth is
determined by both the number of Y-Y pairs, which de-
creases in the alloys, leading to a narrowing of the d band,
and the number of Y-Cu interactions which tends to widen
this band. The small observed d-band narrowing may
then be related to strong interactions between Y and Cu
states.

In the CugoY ;o amorphous alloy, as in the CusY crystal-
line compound,'® the Y atoms do not have Y nearest
neighbors; therefore, our results for CugpY o can be com-
pared with impurity-type calculations. Calculations for Y
impurities embedded in an ordered Cu matrix?® show a
large hybridization between Y and Cu levels. The results
of these calculations and our CuggY ¢ measurements for
empty states are in good agreement as far as the general
shape and width are concerned (Fig. 3). A significant
difference appears, however, at 4-5 eV above Er. The
resonance shown by the calculations, and indicated by an
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FIG. 3. Solid line represents the UPS and IPE measurements
of the DOS of a CugYo amorphous alloy. The dashed line
shows calculated local DOS of Y impurities embedded in a Cu
ordered matrix (courtesy of R. Zeller). The arrow indicates a
structure which results from an interference between the Y emp-
ty states and the L7 high-symmetry point of the Cu matrix.
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arrow in Fig. 3, results from an interference of the virtual
Y bound state with the Cu empty states at the L7 high-
symmetry point. The topological disorder of the amor-
phous alloys is expected to be responsible for the disap-
pearance of this resonance.

An important quantity influencing a number of proper-
ties is the density of states at Er, D (Er). Apart from the
fact that D(Er) decreases relative to the intensity of the
maximum of empty states, as observed in Fig. 1, we find in
Fig. 2 an absolute decrease of D(Er), in agreement with
calculations for Cu-Zr alloys®® and Cu-Y alloys.?!

Our measurements as a whole are therefore in favor of a
hybridization between the Cu 3d and the Y 4d states; oc-
cupied Cu 3d-derived states must be present on Y sites, as
shown by x-ray emission spectroscopy, on parent
Cu,Zr, -, alloys,?? and reciprocally we must find empty
Y 4d -derived states on Cu sites. This is due to the fact
that the centroid of the Y 4d band is located above Efr
(Table I). A confirmation of this statement is given by ap-
pearance potential spectroscopy measurements,’> which
show d-like empty states on Cu sites in CugoZry and
CuyoTigo amporphous alloys. More detailed information
can be gained from the evaluation of the areas of the mea-
sured spectra of the empty density of states. As observed
in Table I, the area measured for Cu,Y;-, alloys is
greater than the value obtained by weighting the area of
the pure metals, indicating an apparent excess of d-like
empty states in the alloys. An increase of empty d-like
states at the expense of empty sp-like states on the Cu
sites (i.e., an intra-atomic electron transfer from d to sp
states) may therefore explain this apparent excess. An
unambiguous interpretation of our results necessitates a
better knowledge of the d and sp IPE cross sections.

Previous XPS mesurements'! on the Cu 2p3/; core-level
asymmetry in the same Cu,Y, -, alloys, have shown an
increase in the asymmetry parameter when going from
pure Cu to the alloys, suggesting an increase of the local
DOS at Ef on the Cu sites. From the analysis of our IPE
measurements, these states are expected to be sp-like.

CONCLUSION

We have reported for the first time a direct picture of
the density of empty states in metallic glasses, given by in-
verse photoemission.

In combination with previous photoemission measure-
ments on the same alloys, these results allow for a realistic
description of the electronic structure of noble-
metal-early-transition-metal alloys.

These alloys cannot be viewed as split-band-limit alloys;
on the contrary, strong interactions between the Cu 3d and
Y 4d bands can be inferred from the following observa-
tions: (i) a smaller than expected variation of the
Y d-band width by alloying, (ii) an excess of d-like empty
states in the alloys, and (iii) the gradual change of the
density of states at the Fermi level.

In the case of Cu-Y alloys, the interaction is particularly
important because the difference between the bandwidth
of pure Cu and Y, togther with the difference between
their atomic energy levels, are important.??
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