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Energy-distribution curves (EDC’s) of photoelectrons emitted normal to the surface of single crystals of
Cuyg3Nig g7, Cug6Niggs, and Cug,4Nig,s have been measured at high energy and angle resolution. Incident
photon energies of 11.83, 16.85, and 21.22 eV were used. The annealed alloy samples show a surface
segregation of Cu, which is essentially restricted to the outermost atomic layer. By bombarding the samples
with low-energy (600-eV) Ar ions, the Cu-enriched surface layer can be removed and the Cu surface
concentration is then not much different from that of the bulk. By measuring the EDC’s of the annealed
samples, properties of the surface electronic structure of the Cu-rich surface layer are obtained, which in the
Cu d-electron region is dependent on the single-crystal face and the Cu concentration. The EDC’s of the
bombarded surfaces are believed to represent mainly the bulk electronic properties of the alloys. In this case
the Ni-derived states have similarities to those of pure Ni, whereas the Cu-derived levels show distinct
differences in shape and position compared to the results of pure Cu. Both effects are qualitatively
understood in the light of recent calculations of the complex band structure of Cu-Ni alloys.

I. INTRODUCTION

It has recently been demonstrated that by mea-
suring directional photoemission normal to clean
single crystals of tungsten, very direct informa-
tion on the electronic structure along the corres-
ponding symmetry lines in the Brillouin zone can
be obtained.! When applying this technique to the
noble?? and ferromagnetic transition metals*5 we
also found a strong correlation between the en-
ergy-distribution curves (EDC’ s) of the photo-
emitted electrons and the electronic properties of
the relevant symmetry directions in Kk space. Fol-
lowing these ideas it seemed promising to also
study directional photoemission at high energy and
angle resolution for random alloy single crystals.

For the present work we have chosen a series
of copper-nickel alloys in the Ni-rich region (Cu
concentration =24 at.%). Cu-Ni is often regarded
as a typical representative of a binary substitu-
tional alloy; at high temperatures it forms a met-
allurgical simple system with fcc lattice through-
out the entire composition range. Because of this
simplicity and some other interesting properties
Cu-Ni alloys are used as model substances in cal-
culations of the electronic structure of random
binary alloys. A number of density-of-states cal-
culations by means of the coherent-potential ap-
proximation are now available®® as well as calcu-
lations of the complex alloy band structure along
main 'symmetry directions of the Brillouin zone
based on the coherent-potential®® and the aver-
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age-{-matrix approximation.* We expected that,
in particular, properties of the complex band
structure may be derived from the measurements
of directional photoemission from Cu-Ni single
crystals. '

A knowledge of the bulk electronic structure of
Cu-Ni alloys is especially desirable for an ex- -
planation of the magnetic properties. Ni-rich al-
loys are ferromagnetic above a critical Ni con-
centration. Our alloy'samples all belong to the
ferromagnetic region. One of our aims was,
therefore, to study whether the influences of mag-
netic interactions can be seen in the experimental
results. In the light of the itinerant-electron theo-
ry of ferromagnetism!? the exchange splitting be-

" tween the majority and minority-spin Ni-derived

subbands should be reduced in the alloys. Since
our previous photoemission study* of single-crys-
tals of Ni has shown that consequences of the band
structure calculated within the concept of the itin-
erant-electron theory of ferromagnetism can be
confirmed, it may be expected that systematic
trends with increasing Cu concentration of possible
magnetic origin are derivable and thus support
our interpretation of the results from pure Ni.
Besides the bulk properties of Cu-Ni alloys, the
surface electronic structure of the system deserves
detailed experimental investigation. As a matter
of fact, the photoemission technique is very suit-
able for such studies because of its high surface
sensitivity. From a theoretical point of view the
modification of the electronic states by the pres-
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ence of the surface has been investigated by
Moran-Lépez et al.'® and Berk.'* Both authors
find a narrowing of the local density of states at
the surface of transition-metal alloys when com-
pared with the bulk. A narrowing of the energy
bands in the surface region might therefore be
visible in the experimental EDC’s.

Other interesting features of the surface of
Cu-Ni alloys are the dependence of the surface
concentration of the alloy constituents on various
surface treatments and the electronic structure of
the altered surface layer. That such effects occur
was first deduced from studies of the catalytic
activity of Cu-Ni alloys,®!¢ which can be changed
in a drastic way by annealing, ion bombardment ,
and oxidation-reduction treatment. By using low-
energy-Auger-electron, 17:!2 yltraviolet-photoelec-
tron-spectroscopy®® (UPS) and ion-scattering ex-
periments,?° it has recently been established that
the surface becomes enriched in Cu by annealing
the samples. This is also expected on the basis
of theoretical arguments.”™23 On the other hand,
sputtering is known to remove preferentially Cu
from the surface.?*

Previous UPS'%?%% and x-ray-photoelectron-
spectroscopy?” (XPS) studies have shown that the
Cu-Ni system possesses a clear split-band pattern
but have not revealed much fine-structure details
within the Cu- and Ni-derived d-electron region.
Apart from changes of the intensity ratio of the Cu-
and Ni-related structures and of their energy po-
sition and width upon alloying, the main character-
istics of the EDC’s remain rather insensitive to
sample preparation, surface treatment, orienta-
tion, and concentration of the alloy constituents.

Soft-x-ray emission?® and absorption®® measure- -

ments have brought up similar information to the
UPS and XPS experiments.

We show in the present work that by measuring
directional photoemission of single-crystal faces
more detailed information on the electronic struc-
ture of the Cu-Ni system is obtained than could be
derived previously from angle-intergrating mea-
surements.'®?5%27 Qur EDC’s are, in fact, quite
sensitive to the Cu content and show a high degree
of specificity in photoemission from different di-
rections of the Brillouin zone. A comparable in-
vestigation of a paramagnetic (Cu-rich) Cu-Ni sin-
gle crystal was reported quite recently by Gyorffy
et al.,'® who measured directional photoemission
at different angles with respect to the surface nor-
mal and interpreted their results in terms of the
complex bulk band structure calculated within the
framework of the coherent-potential approxima-
tion.. In our work we only consider photoelectrons
emitted normal to the single-crystal faces. In
addition to a discussion of the bulk properties we

pay special attention to an investigation of the Cu-
enriched surface layers, where the electronic
structure shows a strong influence on various ex-
perimental parameters.

II. EXPERIMENT

We studied the following single-crystal faces of
the Cu-Ni system: Cuy, o3 Nig, o, (110), Cu,,,¢Nig g,
(111), Cuy, ,, Niy, ,6(110), and Cu, ,, Nij, ,6(111),
where the subscripts refer to the mean bulk con-
centration determined by x-ray fluorescence tech-
nique to within an accuracy of 0.5 at.%. The crys-
tals were grown by the Bridgman method.® An
x-ray microanalysis of the alloy surfaces could
not detect inhomogeneities to within 0.5 at. % on
the scale of 2 um, but precipitation of smaller
clusters following the heat treatments may be pos-
sible® and eventually influence the measured spec-
tra. Such effects will be discussed later.

The samples were prepared by spark cutting the
bulk crystals. The desired orientations were ob-
tained within an accuracy of 1.5°as deduced from
Laue diffraction patterns, which showed the sharp
spots of the corresponding fcc planes. After mech-
anical and electrolytical polishing, the samples
were treated in situ by repeated anneal-sputter
cycles. Annealing was performed at 750-800 K
for 1-8 h in a base vacuum of 7 X10® Pa in the
preparation chamber of the photoelectron spectro-
meter.® An annealing time of 2 h was found suf-
ficient to provide a Cu-rich surface of a high-tem-
perature equilibrium phase, since no essential
changes in the spectra could be observed when the
samples were annealed for longer periods of, for
example, 8 h. Because of the slow diffusion of Cu

-and Ni atoms at room temperature,3?® the surface

composition remained stable during the measure-
ments.

- Sputtering was accomplished by bombarding the
surface with Ar ions of 600-eV energy for 0.5-60
min. The flux of ions was (1.2+0.2) X 10'? ions
/em? sec as determined by means of an arrange-
ment of small collectors instead of the sample and
a picoamperemeter.

For comparison and in order to estimate the
thickness of the Cu-rich surface layer we have
also studied thin Cu films in the monolayer region,
evaporated onto a Ni(111) single-crystal substrate.
The average thickness of the films was monitored
by a quartz oscillator with an accuracy of 0.3-0.5
monolayer.

The spectra were obtained by using the rare-gas
resonance lines of He (21.22 eV), Ne (16.85 eV),
and Ar (11.83 eV). Electron emission was mea-
sured normal to the surface of the samples within

_ an acceptance cone of 10° full width. This means



that, in general, the reduced wave-vector com-
ponent E" of the photoelectrons inside the sample
is approximately zero provided that periodicity of
the lattice is preserved. Only a few and relatively
weak elements of structure are explained by -scat-
tering from other directions of the Brillouin zone,
where E" is not negligible. The EDC’s were mea-
sured at room temperature. The base pressure

" in the analyzer chamber amounted to 108 Pa. The
instrumental resolution was better than 0.06 eV
for all measurements. A constant background was
subtracted from the spectra and the raw data were
corrected for the instrumental transmissibn func -
tion of the analyzer and for the doublet character
of the Ne and Ar radiation. More details of the
experimental apparatus have been published else-
where.® ’

III. RESULTS AND DISCUSSION

A. Cu enrichment at the surface of annealed Cu,,,Nig ;¢ (110)

Evidence for Cu enrichment in the surface re-
gion of Cu-Ni alloys by means of an UPS study was
already manifested in recent works of Yu et al.'°
This fact is also seen in the EDC’s of our annealed
samples by the high intensity of the Cu d-electron-

related features, which are located at -4 to -2 eV .

with respect to the Fermi level E, (Fig. 1). They
are separated from the main Ni d-electron region
of approximately —-1.5 eV to E; and overlap only
with a weak feature observed at -2.6 eV for pure
Ni.* To study the surface segregation in some
more detail we attempted to remove the Cu-en-
riched surface layers by means of controlled Ar-
ion bombardment following the annealing process

and measuring the EDC’s after each anneal-sputter-

cycle.

The results of this experiment are shown in Fig.
1, where a series of EDC’s from Cu,_,, Ni,, ,5(110)
obtained after different sputtering times at a pho-
ton energy of 21.22 eV are displayed. The upper-
most curve corresponds to the spectrum of the
annealed sample. The electronic structure of the
Cu-derived d-electron region, represented by the
features A, B, and C, is extremely sensitive to
the surface treatment, while the Ni-derived states,
mainly indicated by a peak a, remain unaffected.
A short sputtering of the annealed sample de-
creases the intensity of the Cu peaks in a drastic
way and, at the same time, moves peak B. This
behavior is associated with the presence of a Cu-
rich surface layer formed during the annealing
process and which is continuously removed by the
ion bombardment. .

We have examined whether a kind of depth com-
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FIG. 1. Energy-distribution curves of photoelectrons
emitted normal to the (110) face of Cug ¢4Ni, ¢ after
different sputtering times following the annealing pro-
cess.

position profile of the annealed surface can be
deduced from our measurements. Mainly two dif-
ficulties arise with respect to this problem. (i)
The sputtering process itself causes a disturbance -
of the concentration profile within a certain dam-
aged layer, which was estimated by Ho et al. to
have a thickness of approximately 10 A for Ar-ions
of 600-eV energy.?* (ii) The peak heights in the
EDC’s are certainly related to the content of the
alloy constituents, but no simple conversion be-
tween these values is possible. In addition, the in-
tensity of the Ni-related peak a of the annealed
and shortly bombarded surfaces is reduced by ab-
sorption in the Cu-enriched surface layer

Keeping in mind these limitations we have as-
sumed that from the intensity ratio of peak A to
peak a one may obtain at least an estimate of the

" thickness and the composition profile of the Cu-

rich surface region. By comparing the time vari-
ation of the experimental intensity ratio during
the ion bombardment (see Fig. 1) with a model of
preferred sputtering of a binary-alloy system,?*
we found reasonable agreement for sputtering
times larger than 2 min. However, in the first
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1-2 min of sputtering, when the Cu-rich surface
layer is removed, the measured intensity ratio
cannot be described by the kinetic model of Ref.
24, where a homogeneous bulk concentration is
assumed at the beginning of the sputtering. Our
main conclusion from this observation is that im-
mediately after the removal of the Cu-rich surface
layer essentially the bulk alloy composition is
achieved in the surface region, which does not
change too much with continued ion bombardment.

An estimate for the thickness of the Cu-rich sur-
face layer can be obtained by calculating.the time,
which is necessary for the removal of one mono-
layer. Using the known sputter yields** * and ion
flux the results are 80 and 140 sec for clean Cu
and Ni surfaces, respectively. For the alloy sur-
faces the equivalent time is assumed to lie within
these limits. Since after a time of about 100 sec
of sputtering the intensity ratio is already close
to the calculated value according to the theory of
Ref. 24, the Cu enrichment is essentially restricted
to the outermost atomic layer. This conclusion is
supported by the fact that the intensity ratio of the
annealed sample is approximately equal to that of
one monolayer of Cu.on a Ni(111) face® (see Fig.
5).

The large Cu surface concentration is also ex-
pected on the basis of theoretical studies,®-23
where a Cu concentration of 70% (Ref. 23) or of
even more than 90% (Ref. 21) was derived for the
first atomic layer of a Cu-Ni sample with a bulk
concentration used in our measurements. Another
experimental value for the Cu surface content was
given by Watanabe ef al., who found Cu enrichment
in the first layer to be about 75%.!°

B. Photoemission from the alloys

Figures 2-5 show EDC’s obtained at three differ-
ent' photon energies for the alloys, which were first
annealed for 2 h (solid lines) and then sputtered for
- 3-3.5 min (dashed lines). We have chosen the
length of the sputtering time in order to remove
the Cu-enriched surface layer most completely but
not to damage the bulk layers too seriously. The
Cu content in the surface of the sputtered samples
is somewhat different from the quoted value of the
bulk. For Cu,,, Ni, ,; the surface region contains
21-at.% Cu as calculated from Eq. (5) of Ref. 24,
and for sputtered Cu, ,4Nij 4, and Cu,, o, Ni,, o, One
obtains 14- and 2.6-at. % Cu, respectively. Be-
cause the difference in composition between the
bulk and the sputtered surface is not too large,
we may regard the EDC’s of the sputtered sam-
ples as representative for the bulk, at least as
concentration of the alloy constituents is con-
cerned. Whether the damages introduced by the
sputtering process have influences on the mea-
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FIG. 2. Energy-distribution curves of photoelectrons
emitted normal to the (110) face of annealed (full lines)
and sputtered (dashed lines) Cuy, 5 Nig, 7¢.

sured EDC’s is not known precisely. From our
studies of clean metals®™ we have seen, however,
that only a few elements of structures of the EDC’s
are especially sensitive to ion bombardment. In
most cases only a broadening of the observed
structures is obtained for longer periods of sput-
tering (e.g., 10 min and more).

The spectra of the annealed alloys correspond
to a superposition of two or more component spec -
tra, one characterizing the bulk and the others the
Cu-rich layers. However, the bulk contribution to
the total intensity of the peaks in'the Cu d-electron
region does not exceed 10% in any case, and there-
fore the Cu peaks can be attributed essentially to
the electronic states of the Cu-enriched surfaces.

In addition to the EDC’s of the annealed and sput-
tered surfaces, we show in Fig. 5 three EDC’s
(dashed-dotted lines) for a system, where Cu with
an average thickness of about 2 A has been evapor-
ated onto a Ni(111) single-crystal face. '

C. Surface electronic structure of the annealed alloys

Several theoretical models®~2% have been applied
to the problem of surface segregation of binary
alloy systems. One of the most recent attempts
was reported by Kerker et al.?® who derived a mi-
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FIG. 3. Energy-distribution curves of photoelectrons
emitted normal to the (110) face of annealed (full lines)
and sputtered (dashed lines) Cuy,(3Nig, g7

croscopic theory for the electronic forces respon-
sible for surface segregation. In this theory prop-
erties of the electronic structure play an important
role and we therefore discuss our photoemission
results from the annealed samples in some more
detail. It has to be noted that the effect of the an-
nealing temperature on the composition profile
will not be considered in the present work. In this
sense the annealing process is only regarded to be
responsible for an acceleration of segregation,
which would develop too slowly at room tempera-
ture for observation in an UPS experiment.

In Figs. 2 and 3 our results from Cu, ,, Ni,, ,4(110)
and Cu,_ o3 Nig,4;(110) are shown. One of the most
striking features of the EDC’s of the annealed al-
loys (full lines) is the fact that the main peaks
(A, B, C, and a) for either sample are stationary
in the initial energy position when different photon
energies are used. The intensity of the Cu-related
peaks (A, B, C) compared to the Ni emission (a)
is about the same for %#w=21.22 and 16.85 eV. For
7w =11.83 eV the Cu peaks of Cu,,,Ni, ,; are re-
duced because of an increased exit depth of the
photoelectrons and they cannot be observed for
Cu, ;3 Nig ;. Invariance of structures indicates
their relation to the density of initial states. In
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FIG. 4. Energy-distribution curves of photoeledtrons
emitted normal to the (111) face of annealed (full lines)
and sputtered (dashed lines) Cuyg,yNi, -

UPS studies of the (110) faces of the noble metals?
the same effect has been found and was tentatively
explained by surface photoemission, where the k-
conserving selection rule for the perpendicular
component of the wave vector is relaxed and the
EDC’s, therefore, resemble the one-dimensional
density of states of the corresponding symmetry
direction in the Brillouin zone. As a matter of
fact, the electronic structure of the annealed sur-
faces cannot be described by energy bands of a
three-dimensional Brillouin zone but still we may
assume that the Cu-related peaks at 16.85- and
21.22-eV photon energy reflect the density of
states at the center of the surface Brillouin zone.
The electronic structure of the Cu-derived spec-
tral region of the (110) faces of the alloys shows
appreciable influences of the actual Cu concentra-
tion. This fact can be seen if one compares the
EDC’s from Cu, ,, Ni,, ., measured after different
sputtering times (Fig. 1) and those of Cug ,, Nig, .6
(Fig. 2) with the results of Cu o, Ni, 4, (Fig. 3).
Note that by bombarding the annealed Cu, ,, Nij ;4
(110) surface for a time of 1 min a similar EDC
is found as from annealed Cuyg,,,Niy 4, (110). The
energy position of A at -2.35 eV is practically in-
dependent from the Cu surface concentration,
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FIG. 5. Energy-distribution curves of photoelectrons
emitted normal to the (111) face of annealed (full lines)
and sputtered (dashed lines) Cuy, gNij g4. Emission from
a 2-A-thick Cu overlayer on Ni(l11) is also shown
(dashed-dotted lines).

whereas the low-energy states représgénted by peak
B located at —4.1 eV for Cu, ,, Nij . shift towards
higher energy with decreasing Cu content, and
finally merge with the states corresponding to
shoulder C. = ‘

It has to be emphasized that such effects were
not observed by Yu et al.*® who always obtained a
structureless energy distribution in the Cu region
independent from Cu surface concentration. Here
we demonstrate that the Cud electrons of the Cu
surface layer mainly occupy two discrete energy
levels whose energy position is influenced by the
Cu concentration. The shape of the Cu-derived
structures has no clear relationship to the emis-
sion of the (110) face of pure Cu.? It is true that
peak A coincides with a main peak of Cu(110) but
the rest of the structure has no counterparts in
the EDC’s of pure Cu.

Peak a of the alloy samples (Figs. 2 and 3) or-
iginates from Ni d electrons, which leave the
sample through the Cu-rich surface layer. Com-
paring the Ni-related structures of the alloys with
those obtained from pure Ni,* we do not find defin-
ite differences except for structure d’’ which will

be discussed below. In Ref. 4 the pronounced peak
of Ni(110) was related either with nondirect emis-
sion from the high density of majority spin states
at the X point of the Brillouin zone or with emis-
sion from surface states. We now favor our first
interpretation, which is also supported by the fact
that structure a of the alloy sample does not show
differences whether the Cu-rich surface layer is
present or not (full line and dashed line). An in-
teresting point is that the Cu surface layer ob-
viously does not influence the emission mechanism
of the Ni d electrons in the alloys compared to Ni.
Since in Ref. 2 this mechanism was explained by
the participation of unoccupied surface states, we
may assume that'these surface states persist in
the annealed alloy samples.: More experiments are
needed to clarify the above interpretation.

The EDC’s of the annealed (110) faces of the al-
loys obtained at a photon energy of 11.83 eV ex-
hibit an additional shoulder labeled d”, which is
absent in the spectra, where the Cu-rich surface
layer is removed (dashed lines in Figs. 2 and 3).
The occurrence of such structure is especially
surprising for the Ni-rich sample Cu, o5 Niy, g7,
where the Cu-derived states cannot be identified
directly due to the small Cu content and the large
mean free path of the photoelectrons at a ‘photon
energy of 11.83 eV. In this case, the removal of the
Cu-rich surface layer can only be deduced from
the weakening of shoulder d’’. "As explanation for
this effect we suggest that elastic scattering of
photoelectrons at the Cu surface layer might con-
tribute to the energy distributions of the normally
emitted photoelectrons. A similar effect has been
observed by Anderson and Lapeyre® for W(100),
where a small H, coverage caused umklapp scat-
tering via reciprocal vectors of the surface super-
structure. In our case diffuse scattering might
also be possible. Further studies at different take-
off angles have to be performed to. support the
above explanation.

In Figs. 4 and 5 our results from the (111) faces
of Cuy 4 Niy . and Cuy ¢ Nig g are displayed. In
addition, emission from an evaporated Cu over-
layer of 2-A mean thickness onto a Ni(111) sub- .
strate is shown (dashed-dotted lines in Fig. 5).
Again the Cu-related structures A and B show
large differences when measured from the annealed
and the bombarded surfaces, whereas the Ni re-
gion remains fairly unaffected by the surface
treatment, As in the case of the (110) faces we
therefore believe that the Ni-derived structures
can essentially be associated with the bulk prop-
erties of the alloys, which will be discussed in
Sec. III D.

The energy position of A and B is independent
from photon energy, which means that as for the



annealed (110) faces they may be interpreted as
representative for density of initial states. The
Cu d electrons mainly occupy levels, which give
rise to the pronounced maximum A at a similar
energy position as the maximum of the (110) faces.
Occupied states at this energy are also observed
for the thin Cu overlayer on the Ni(111) face (Fig.
5). It shall be mentioned here that for Cu over-
layers with increasing thickness the emission of
bulk Cu(111) gradually develops.® For the an-
nealed samples a shoulder B appears about 1 eV
below peak A. In this energy region clear differ-
ences are observed between the results from
the (110) and (111) faces of the alloys. -As for the
(110) faces no relationship of the Cu-related struc-
tures is present compared to those of bulk Cu
(111).3

Whether a narrowing of energy bands in the al-
loys occurs in the presence of the surface!®!¢ can-
not be deduced from our EDC’s with certainty.
From our measurements of Cu, % and Ni,* no
manifestations of such effects could be found for
the pure metals. Since the Ni-derived states in
the alloys have similar widths as in pure Ni, a
narrowing of these states near the surface is not
indicated. The Cu subbands of the bombarded sur-
faces show a reduced width when compared with the
EDC’s of the pure metal but this may also be
caused by alloying effects (see Sec. III D).

D. Bulk electronic structure of the alloys

According to our discussion in Sec. III A, the
surface concentration of the shortly bombarded
alloy samples is not much different from the con-
centration of the bulk. We assume that the mea-
sured EDC’s of such surfaces (dashed lines in
Figs. 2-5) reflect properties of the bulk electronic
structure insofar asthe ECD’s of pure Cu (Ref. 2) and
Ni (Ref. 4) surfaces may be related to the bulk band
structure. This does not exclude the possibility that
surface processes still are important at the applied
photon energies. It has been suggested,? for ex-
ample, that an explanation of EDC’s of Cu (110) is
possible by a surface photoemission process,
where transitions from bulk energy bands occur to
unoccupied surface states. Our concept is there-
fore somewhat different from that of Ref. 19, .
where it is assumed that for photon energies in the
range near 20 eV mainly surface properties are
probed because of a small escape depth of the
photoelectrons.

If one compares the EDC’s of the bombarded al-
loy surfaces with those of pure Cu,?® and Ni,* the
most striking observations are as follows. (i) The
Ni-derived peaks of Cu, ,,Niy, o, (110) and Cu,,,
Ni,, ,6(110) closely resemble the emission of pure
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Ni. (ii) The Ni-derived structures of the (111)
faces of Cu,,,¢Ni, g, and Cu,,,, Nij, 7 also show cer-
tain similarities to those of Ni, but some charac-
teristic differences are also observed. (iii) The
Cu-derived features for every alloy sample have a
rather low intensity, which is less than might be
expected from the Cu content. Only for the sam-
ples containing 16% and 24% Cu structures may be
identified, which correspond to Cud electrons.
These structures, contrary to the Ni-related peaks,
do not reveal similarities to emission of the faces
of Cu. The small hump appearing at -2.7 eV in
the EDC’s of Cuy,q;Ni, o,(110) is probably due to
transitions of Ni d electrons, since a similar
structure is measured for pure Ni.

The effect of alloying for these Ni-rich samples
is apparently more pronounced for the Cu elec-
tronic states than for the Ni d electrons. This
fact is consistent with the theoretical works of
Refs. 7, 8, and 11, where the Ni states of Cu-Ni
alloys for small Cu content retain much of their
characteristics of pure Ni, while for the Cu states
an appreciable broadening is expected. In the the-
oretical results reported by Kirkpatrick et al.® a
continuously increasing broadening of the main
maximum of the Ni density of states also is ob-
tained, if Cu is diluted in Ni more and more. This
effect can hardly be seen in our measurements:
the Ni peak a of Cu, ,, Nij, ,5(110) (Fig 2) has ap-
proxifriately the same width as for pure Ni.*

At this point it has to be remembered that we do
not measure angle-integrated properties and a
comparison with computed bulk density of states
has to be carried out with special care. Only the
general behavior of angle-integrated properties
may possibly be extracted from our experimental
data and.a comparison with calculations of the al-
loy complex band structure®™ would be more ap-
propriate. Before we do so some more general
facts in our experimental data will be discussed.

The Ni peaks of the (111) faces of the alloys
(Figs. 4 and 5) clearly show a shift with photon
energy (b-b’-b” and c-c¢’-¢”). Such shifts are usu-
ally explained by the occurrence of direct transiti-
ons, which might therefore be present in our Ni-
rich alloy samples. However, a possible chemical
clustering of Ni atoms cannot be ruled out com-
pletely,®+37 and may also lead to observable direct
transitions from Ni clusters. We do not believe
that such effects are dominant in our case, since
the differences in the Ni region of the EDC’s from
the annealed and bombarded surfaces are fairly
small. We would expect more pronounced cluster-
ing after sputtering, which was performed at room
temperature and could accelerate the formation of
clusters by transfer of activation energy through
the bombarding Ar ions.
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The Cu transitions in the alloy samples are found
in the energy region between -4 and -2 eV. A de-
pendence from photon energy is not observed and
the emission may therefore be related to the den-
sity of states by nondirect transitions. Some fine
structure details are seen for Cu, ,, Nij . (Figs. 2
and 4). For Cu, ,¢Ni, 4,(111) (Fig. 5) only a weak
hump may be recognized in the Cu subband region
and eventually assigned to the Cu impurity level.
Because of the weakness of all these features a
definite interpretation is somewhat uncertain, how-.
ever.

Properties of the complex band structure of
Cu-Ni alloys as calculated by Bansil et al.!! by
means of the average-{-matrix approximation,
should be directly observable in our experimental
results. Following this theory for Ni-rich alloys
the Ni subbands are expected to persist with some
additional broadening compared to pure Ni and
would explain our observation of direct transitions
in the EDC’s of the (111) faces for the Ni d-elec-
tron region. A certain increase of the widths of
the direct Ni transitions is also observed with in-
creasing Cu concentration in the experimental
EDC’s. This fact may be deduced by comparing
the measurements of Figs. 4 and 5, where the Ni-
derived features appear less resolved for Cu, ,,
Ni, .- Such behavior is understood on the basis
of the results in Ref. 11.

According to the theory the broadening of the Cu
subbands should be enhanced when compared with
the Ni bands and could account for our conclusion
that for the Cu d-electron region density of initial
states are seen. The main difference between our
measurements and the calculation is the energy
position of the Cu subbands, which appear much
closer to the Fermi level than was predicted the-
oretically. ‘

Finally, possible influences of the ferromagnetic
properties of our alloy samples are discussed.
According to the itinerant-electron theory of ferro-
magnetism,!? a reduction of the exchange splitting
in the Ni-rich Cu-Ni alloys with increasing Cu con-
tent is expected. It has to be mentioned that the
11.83-eV EDC of the annealed Ni(111) face shows
a doublet structure near the Fermi level, which
was tentatively explained by transitions from bands
of opposite spin.* This doublet should disappear in
the alloy spectra because of the reduced exchange
splitting, which is actually observed in our EDC’s
(Figs. 4 and 5). However, the doublet of the an-
nealed Ni(111) face could also be removed by ev-
aporating ultra-thin films of Cu onto Ni (see Fig.
5) and even by sputtering of Ni(111) for a few min-
utes. The surface sensitivity of one component of
the doublet structure may probably be expected,
since it was interpreted in Ref. 4 as due to a sur-

face photoemission process®® from a high-density-
of-states region of majority spin electrons, and
the second component as due to direct transitions
from a minority spin band. But it is obvious that
lack of such doublet structure in the alloy EDC’s
does not necessarily confirm consequences of the
itinerant-electron theory of ferromagnetism for
the Cu-Ni system. We therefore conclude that no
direct answer can be obtained regarding the prob-
lem of ferromagnetism in Ni and the Cu-Ni alloys
by our room temperature measurements of Cu-Ni
samples.

IV. CONCLUSION

By measuring angle-resolved photoemission
spectra normal to single-crystal faces of Cu-Ni
alloys in the Ni-rich region and employing a photo-
electron spectrometer with high energy and angle
resolution we have shown above that results are
obtained, which could previously not be found in
angle-integrating measurements of single crystals
or polycrystals of Cu-~-Ni. The advantages of this
technique are especially valuable for the study of
the surface electronic structure of the annealed
alloys, where Cu segregation in the outermost
atomic layer is observed. The EDC’s of such sur-
faces reveal pronounced differences in the Cu-de-
rived energy region on sample orientation of the

"single crystals and on Cu concentration, and they

may be related to the density of initial states of
Cud electrons with E,, approximately zero. The
Ni emission is practically independent from the
Cu surface layer. '
After shortly bombarding the annealed samples
the Cu-enriched surface layer can be removed and
the surface concentration is not much different
from that of the bulk. In this case the EDC’s are
considered to represent bulk properties and a re-
lation to the complex alloy band structure is ob-
tained. Compared to the pure metals the Cu-de-
rived states are then shifted to the Fermi level
and have no similarities to emission of Cu, while
the Ni-derived states show only minor differences
to those of pure Ni. Both effects are understood
on the basis of recent theoretical investigations
of the Cu-Ni system. A clustering of Ni atoms
cannot be ruled out completely in the alloys but
is not believed to be very important in our mea-
surements. A surprising fact, therefore, is the
occurrence of direct transitions in the Ni regime
for the (111) faces of the alloys. A narrowing of
energy bands in the surface region cannot be de-
duced from our experimental results with certainty.
Regarding magnetic interactions in the alloys no
conclusive evidence is found either to support or
to contradict requirements of the itinerant-elec-
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tron theory of ferromagnetism in these Ni-rich
samples.

Future studies of single-crystal faces of Cu-Ni
alloys should include angle-resolved measure-
ments at different take-off angles of the photoelec-
trons for the annealed and shortly bombarded sur-
faces. In the first case information can be pro-
vided, whether a two-dimensional energy band
structure exists for the Cu-enriched surface layer,
and in the second case more properties of the com-
plex alloy band structure may be deduced. An ex-
tension of such measurements to alloys in the Cu-
rich region seems also promising and could sup-
port the recent angle-resolved photoemission re-

sults on Cuy ., Ni, ,,(100) as reported by Gyorffy
et al *°
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