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The complex dielectric constant of Au, Cu, and Au-Cu alloys has been determined between 18 and 35 eV
from multiangle reflection measurements performed with the ACO synchrotron radiation source. The
different techniques as well as the reliability and accuracy of the results are discussed in detail. The optical
properties of pure Au and pure Cu are compared, and their modifications upon alloying are investigated by
both static and differential experiments. Special attention is paid to pure Au, where fine structure in the
main absorption peak is related to the presence of two critical points, the location of which is discussed. The
Au spectrum is found to be rather insensitive to alloying with Cu, while on the Cu-rich side the behavior is
completely difFerent; different interpretations are proposed.

I. INTRODUCTION

'The optical properties of the noble metals and
their alloys have been extensively investigated in
the visible and near-ultraviolet range by static
and modulation (thermoreflectance, piezoreflec-
tance) techniques and are presently well under-
stood. ' The electronic band structures a few eV
on both sides of the Fermi level have been ac-
curately determined and it has been demonstrated
in the case of Cu that theoretical computations are
able to reproduce the experimental optical absorp-
tion within the one-electron picture, not only in

energy position of the different structures, but also
in absolute magnitude. 2 On the contrary at higher
energies, although the gross features of the optical
properties have been established a, long time ago
with conventional sources, ' ' little effort has been
dedicated to the interpretation of the data. Up to
50 eV, the optical absorption is still dominated
by electronic excitations from the filled d bands
located a few electron volts below the Fermi level
to excited states higher in the conduction band.
Attempts at determining the empty part of the elec-
tronic band structure at such high energies have
already been made, a.t least for Cu, ' and for
Au, ' ' ' but the exact position as well as the iden-
tification of the different states are still uncer-
tain.

The recent development of synchrotron radia-
tion sources has made more detailed investiga-
tions of these metals and their alloys possible
over a wide spectral range in the middle and far
ultraviolet, by high-resoluti. on optical or photoemis-
sion experiments. Quite recently, the properties
of Au in the 6-35-eV range have been considered
again, special atterition being paid to the region
where Au presents a quite strong absorption peak,

i.e. , 18-25 eV. Thermoreflectance measure-
ments, ""as well as constant initial-state energy
photoemission spectroscopy, ' have revealed new
structures in the spectra and emphasized a pos-
sible role of 5d to 5f transitions in this spectral
range. However, a reliable assignment of the.
various structures is still lacking. We have,
therefore, undertaken a comparative study of the
two noble metals Au and Cu in a spectral range in
which both metals present an absorption maxi-
mum of unequal strength, i.e. , from 18-35 eV.
Our purpose was to determine their complex diel-
ectric constant directly in absolute magnitude with
high energy resolution, from the analysis of mul-
tiangle ref lectivity measurements. For these ex-
periments, we have used the synchrotron radia-
tion source ACO of Laboratoire d'Utilisation du
Rayonnement Electromagnetique (LURE), Orsay,
taking into account the polarization of the incident
beam in our experimental situation. Besides the pure
metals, we have also investigated the optical proper-
ties of their alloys for various concentrations, in or-
der tobetter understand the nature of final states in
both metals through their modification upon alloy-
ing. These alloy studies have been performed by
the same method as for pure Au and pure Cu, and
also by a differential method, which might be ap-
plied as well to different problems such as sur-
face. layers, etc.

We describe first the principle of the method
and give a critical analysis of its possibilities and
of the difficulties encountered in our special ex-
perimental conditions. We then describe briefly
the experiment. The results obtained for the com-
plex dielectric constant of pure Au, pure Cu, and
of their alloys as a function of composition are
compared and discussed.
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II. TECHNIQUE

A. Reflectivity measurements

The ref lectivity R of an opaque sample at a
given wavelength depends upon thn e angle of in-
cidence 8 and the polarization of the li hte ig tbeam,

p n e complex dielectric constant &=e +i&
of the material which we want to determine. (We
assume that the s
achiev

ample is homogeneous wh' h
'

ved by thorough annealing, and that no sur-
face layers are present. ) W'th special care in the
experimental conf iguratio 't'

n, i is possible with a
synchrotron radiation source to achieve a hi h

beam polarization in the vacuum ultraviolet b
on y such special care has not been taken;

avio e, ut

i was necessary tothis was our situation and it
treat the olariz
be fix
t p

'
ation as an additional quant t tniy 0

cid t t he
ized by the measurements. The

'

ci en onto the
e mtensity in-

ci t he sample can be decomposed into

respectively, perpendicular and parallel to the plane
of incidence. Writing n =I /(I +I ),, + ~j, we have the
experimental ref lectivity R = R, (
polarization is sometimes characterized by P
= I~ -I,)/(I~+I, ), then P = 1-2o..]

The angular dependent ref lectivity R (8) is thus
a functio~ of three unknowns, e

s o e ref lectivity at a minimum of three
angles of incidence are necessary to fix these
three unknowns. In practice, as we shall see the

— presence of exo experimental errors xequire that mea-
)

surements be taken at more th th

equately determine the unknowns. A different
way of solving the problem 'm consists of taking
an average of ref lectivities after a rotation of the
ref lectivity chamber by 90' about t
ion. is is a useful (though cumbersome) tech-

nique since the rotation averages the o

~ of 0.5.

'
n, an one is then dealing with a well-d f- e ined

In order to determine the best range f L9 to o use

ofe e n
experiments for an accurate d te e ermination

o e„e„n,we made model calculations of the
rms errors in i„e„andn, using values of e,
and q, appropriate to the vacuum ultrav'ol t
g' and assuming 1/q fractional errors in mea-
surements of R at tha three angles of incidence. The
results of theese calculations" showed that spacin
the angles as widel y apart as possible increased
the sensitivity to both & and +. We an n. We have also con-
s ruc ed isoreflectance curves in the (e e )
for several angles of incidence and for z =0.0
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FIG. 1 Isoreflectance curves in the (e &, e ) lane
for the two extreme values f th
(continuous lines) and 1.0 (dashed lines), and for
angle of incidence 0=30'. ' ' esThe shaded area indicates

e region of sensitivity to e 2.
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m the case for Au; (ii) for a given value of the
dielectric const ant, the ref lectivities are h' h t

-p arized light (o. = 1.0); (iii) the dielectric
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flected intensities, for which the light has an in-
verted distribution across a photodetector that
never has uniform spatial sensitivity. )
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FIG. 2. Variations of the Seraphin coefficients (see
text) n and P with the angle of incidence for g (con-
tinuous lines) and p (dashed lines) polarizations, for two
sets of values of e

&
and e 2. (a) e &-—0, e 2

——1, and (b)
6 (= l~ E'2= l.

B. Differential reflectivity measurements

A useful technique for reducing the impact of
systematic errors is that of differential reflec-
tivity, . where one compares two samples with re-
flectivities 8, and 8, in a periodic fashion and
measures the quantity P = 2(R, -R, )/(R, +R,) di-
rectly. The technique can be applied to the study
of.surface layers"" or to bulk changes in the

sample associated with alloying. " It is not a
true modulation technique in the sense that the
properties of one sample are modulated periodic-
ally, but a differential technique in the proper
sense of the term. By comparing two samples
(which may have quite different properties) at the
same time, many of the systematic errors in
alignment, in beam intensity, polarization, and
distribution, in surface contamination, etc. are

reduced.
The modulation and differential techniques are

often applied to the normal-incidence ref lectivity
only, and one is unable to determine the changes
in dielectric constant directly. We have made
measurements at several angles of incidence 8

and have thus found hQy and 4&, directly, ~&, and
6E' 3 being the differences in &, and e2 between the
two samples. For small changes in e, one can
write the change in ref lectivity as aR/R (8) = o. Ae,
+j3 Ae„wher en and p, the Seraphin coef-
ficients, "are functions of q, and g„0and n.
Figure 2 illustrates the variations of n~ and P

~

with angle of incidence for s- and p-polarized light
for values of c, and e, typically found in the vacuum
ultraviolet. It can be seen that the coefficients
vary most with angle of incidence with p-polarized
light, so this would be the preferred polarization
for differential measurements.

In our use of this technique we have first mea-
sured R (8) for one sample to find e„e„ando. ,
and have then performed the differential measure-
ments. To find Aq, and Ae, we have taken z to
have the value obtained in the first experiment
and, rather than use the first order expression
above, we have written R, =R,(1-—,'P)/(1+-,'P) and

evaluated the changes in the dielectric constant
exactly.

C. Experiment

'The optical measurements were performed with
the synchrotron radiation from the ACO storage
ring (LURE, Orsay) between 16 and 40 eV. The
ultrahigh vacuum (ion pump and liquid-He cryo-
pump) experimental chamber contained an evap-
oration set-up for depositing pure metal or alloy
films and a precision goniophotometer for in situ
ref lectivity measurements at different angles of
incidence between 30' and 70'. Before entering the
expe imental chamber, the light was deflected up-
wards and sidewards with respect to its initial di-
rection by a series of toroidal and plane mirrors
and was dispersed horizontally by a normal in-'
cidence monochromator. Between the monochro-
mator and the main chamber, the light passed
through a first chamber (also serving for differen-
tial pumping) containing a toroidal platinum mir-
ror working at 60' angle of incidence, which fo-
cused the beam onto the sample. In such an ex-
perimental situation, the inciderit light was likely
to have lost much of its initial horizontal linear
polarization. Independent measurements of the
beam polarization performed at another exit of
the same monochromator (one plane mirror less
on the light line) in the 17-25-eV range indeed
showed that the light was elliptically polarized,
the small axis (close to vertical) increasing with
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increasing energy around 25 eV, while the el-
lipse was rotating away from the horizontal. We
shall see that qualitatively similar results (taking
into account the presence of two more mirrors
on the beam in our case) were deduced from our
measurements. In addition to this depolarization
of the beam, which proved to be rather unfavor-
able for the sensitivity of the method which we
had chosen, the presence of so many mirrors on
the light line led to an effective intensity about as
large as that of a conventional source, and caused
spurious effects on the intensity and polarization
of the beam, mainly due to contamination layers
on the mirrors. For all these reasons, as empha-
sized in Sec. IIA, we were obliged to take the po-
larization of the incident light as an unknown, and
to determine it from our measurements together
with the optical constants. On the other hand, we
found that the beam had a short-term stability
of 1 in 104 (over periods of about 1 sec), super-
imposed on a long-term drift as the storage-ring
current decreased. This encouraged us to de-
velop the differential technique for studying alloy-
ing (and surface layer) effects. The samples were
opaque (about 1000-A thick) films of the pure me-
tals Au and Cu and of their alloys with various
compositions, deposited by coevaporation with

a two-crucible electron gun onto glass substrates
polished to a supersmooth finish (7-10-A rms
roughness) and carefully cleaned. The pressure
during evaporation rose from the 10 '- Torr to the
10 '-Torr range. The thickness and composition
of the deposits werecontrolled by a quartz micro-
balance after suitable calibration. The films could
be annealed in situ just after deposition with a rad-
iating oven. The alloy composition was determined
a poste~io~i from the value of the lattice parameter
as deduced from x-ray diffraction measurements
with 1/o accuracy.

The optical measurements were performed in sitst
with the help of the precision goniophotometer lo-
cated inside the same vacuum chamber. It con-
sists of two concentric rings supporting the sample
holder and the light detector, respectively, which
are rotated about the same axis (8-28 movement).
The angular accuracy of the goniometer is 0.01'.
The sample holder has two positions: a horizontal
one for film deposition and annealing (and pos-
sibly surface examination) and measurement of
the incident intensity (sample out of the beam),
and a vertical one with a precise alignment of the
sample surface on the goniometer axis for mea-
surement of the reflected intensities (sample on
the beam). Two light detectors were successive-
ly used in two different sets of experiments: a
channeltron in the 10-40-eV range, then a conven-
tional photomultiplier-sodium-salycilate combina-

tion in the 16-35-eV range. The photomultiplier
was eventually preferred, because the channeltron
proved to be far too position sensitive for such
precision measurements at different angles of
incidence, even with good optical alignment. An

aperture mask was placed in front of the photo-
multiplier in order to define the detector position;
a cooling manifold was used to prevent heating
of the photocathode during bakeout.

AWood's anomaly in the efficiency of the mono-
chromator grating at 357 A provided both an ac-
curate wavelength calibration and an estimation
of second-order light intensity by looking at the
corresponding residual second-order peak at 714
A. In both sets of experiments, results free from
second-order effects were obtained for energies
greater than 18 eV. On the high-energy side, the
photomultiplier was sensitive to stray light and
the data above 30 eV were systematically dis-
carded. With the channeltron it was possible to
go to higher energies but with less accuracy than
below 30 eV due to the rapid decrease of the in-
tensity.

The light detector output was recorded each 1 A
on magnetic tape with the help of the LURE data
acquisition facilities. The measurements were
made continuously with wavelength and the data
thus had the resolution of the monochromator,
which was about 1 A. The data were subsequently
punched out on computer cards for analysis.

In addition to these static measurements, we
performed, in the same vacuum chamber, the dif-
ferential measurements based on a tuning-fork
technique. The sample holder was simply re-
placed by a vibrating one, bringing alternatively
into the beam the two halves of a substrate with
pure metal on one half (ref lectivity R,) and an alloy
on the other (ref lectivity R,). The signal, mea-
sured by conventional modulation techniques, was
P = 2(R, -R,)/(R, +R,) These mea.surements were
also made at different angles of incidence. A cal-
ibration for P was obtained by deflecting the beam
to one edge of the sample, thus putting R, equal to
zero. The noise in the synchronous signal with
a 3-sec time constant and a 1-A bandwidth corre-
sponded to a value of P of +0.002, the signal itself
being of the order of 0.1

HI. EXPERIMENTAL RESULTS

A. Analysis of the data

The experimental procedure measured first the
incident intensity (sample out of the beam), then
the reflected intensity at seven angles of incidence:
30, 40', 50', 55, 60', 65', and 70'. The data
had to be corrected for: (i) zero (dark) intensity,
which could be quite large compared to the signal
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when the measurements were made with the photo-
multiplier, in particular for Cu at high energies,
where the ref lectivity falls off very rapidly; (it)
decrease with time of the incident intensity, which
can be approximated by e '; P was determined
by fitting the results of repeated measurements of
R(70) at different times during the experiment by
an expression of the above form; p was of the
order of 0.0025 min '. The whole set of Re(e)
curves were then obtained by dividing the correct-
ed reflected intensities by the corrected incident
intensity. The R(8) data obtained with the photo-
multiplier were smoothed by various weighted lin-
ear interpolation procedures over three or five
points (one point each 1 A)." No such treatment
was necessary for the data obtained with the chan-
neltron.

The Re(v) values obtained with the photomul-
tiplier were estimated to have about 1&0 absolute
fractional error up to 25 eV, a few percent at
higher energies. The values obtained with the
channeltron suffered from systematic errors due
to inaccuracy in alignment. While the absolute
values of R(8) were in error, the alignment prob-
lem would not affect their spectral dependence.
We therefore used scaling procedure for this data,
bringing the values of R (8) at h&u =22 eV to be iden-
tical to the values computed using e, and e, deter-
mined from the photomultiplier data and a mean
value for the polarization +. These scaled experi-
mental curves Re(up) were then used in the usual
fitting procedure to calculate the three parameters

and n at each energy . Dif fe rent value s of
z were chosen for the scaling procedure, the one
offering the best self-consistency in the whole pro-
cess being retained in the end. While we do not
place confidence in the absolute values of &, and &2

determined in this way, we have used these re-
sults to compute the derivatives Be,/B~ and

Be,/B~ (as well as BR/B&u) rather than the photo-
multiplier results because of their much lower
noise.

A least-square fitting program (BMDX-BB from
the UCLA computer library" ) was used to deter-
mine the three parameters q„c„andn from the
seven values R(8,. ) at each wavelength. The re-
sidual mean-square deviation per point was usual-
ly of the order of 10 ' to 5&& 10 ', rising to a few
10 at the highest energies, where the experi-
mental uncertainties on R were larger. Figures 3
and 4 show typical results (continuous curves)
of the determination of (a) e, and e, and (b) u as
a function of energy in the case of pure Au and
pure Cu, respectively. In all experiments, the
polarization factor z remained approximately con-
stant at low energies, from 18 up to about 25 eV,
then increased steadily towards 1 as the energy
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FIG. 3. (a) e ~ and e 2 and (b) e as a function of energy
between 18 and 30 eV as determined simultaneously from
photomultiplier reflectivity data for pure Au (continu-
ous lines). The e

&
and e 2 spectra obtained by fixing e

at 0.65 (dashed lines), as well as those deduced from
channeltron data (with n= 0.50) (dotted lines) are also
indicated. The error bars on the latter curves corres-
pond to the changes in c producted by changes in e of
+ 0.05.

increased. The approximately constant value at
low energies depended on the experimental con-
ditions (i.e. , the characteristics of the incident
beam in the particular run) but always lay between
0.5 and 0.8, while the increase at higher energies

was more or less rapid. This means that in our
experimental situation the incident light was
predominantly s polarized in the whole spectral
range (in spite of the initial p-polarization of the
source) and that its state of polarization varied
with energy as well as from one run to another.

Usually n reached 1 at 30 eV. We have already
emphasized that our experimental data suffered
from stray light effects above 30 eV and became
less accurate, which is presumably the reason
for the unphysical result of + greater than 1. How-
ever, we take the increase of n fx'om 25-30 eV as
real in agreement with the conclusion of the di-
rect- determination of the beam polarization men-
tioned above. "

When using such a fitting procedure with three
parameters, one must take into account the fact
that the parameters are strongly correlated. The
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.5- tb)

metals experiments. R,»,„wasthen deduced from
the experimental data and the same fitting pro-
cedure allowed to determine the complex dielec-
tric constant of the alloy, z being fixed at the
value chosen for theA, „„computation. Changing
the values of n or its variation with energy in the
whole procedure modified very little the shape
and the magnitude of the Ae, and 6&, spectra,
leaving the different structures at the same posi-
tions in energy.

B. Discussion of the results

5-

20 25
ENERGY ( ev)

30

FIG. 4. (a) e
&

and c
&

and (b) e as a function of
energy between 18 and 30 eV as determined simultane-
ously from photomultiplier reflectivity data for pure
Cu (continuous lines). The e'

&
and e 2 spectra obtained

by fixing e at 0.70 {dashed lines) are also indicated.
The error bars on the latter curves correspond to the
changes in e produced by changes in n of +0.1.

Figure 5 shows the most reliable E'y and f2
spectra for pure Au between 18 and 34 eV (con-
tinuous curves). It must be recalled that, in the

case of Au, the dependence on n is unfortunately
quite critical and that the absolute values of q,
and q, cannot be ascertained to better than. +0.1
in most of this spectral range (except around 22

eV, where the accuracy is better). At high ener-
gies around 30 eV, the error is larger, +0.2. On

the same figure, we have reported the spectra
obtained by Hagemann et al."by a Kramers-
Kronig analysis performed on a set of available
reflection or absorption data going from 10 '-300
eV, some of them modified in order to match the

program gives the correlation coefficient matrix,
which showed a very strong correlation between

&, and a. , and a still important correlation be-
tween e, and n. If now a was considered as known

and fixed to a, certain value (depending or not on

energy), the fitting procedure with only two pa-
rameters q, and e, gave very reliable results.
In a second step, we have therefore given to n,
either the values deduced by smoothing the o. (~)
curves obtained above, or a constant value equal
to the mean value in the low-energy range, and
we have computed e, and e, again. This procedure
provided a check on the results of -the first step
and also allowed us to investigate the influence of
the choice of n on &, and q„the physical quan-
tities of interest. The results obtained for exam-
ple by fixing + to 0.65 and 0.70 for Au and Cu,
respectively, are indicated in Figs. 3(a) and 4(a)
(discontinuous curves).

In the differential experiments, we measured the
quantity P for three angles of incidence 8= 50',
60, 70'. For the analysis of this data, R,

„„

for
each value of 8 was computed using for c, and c,
the values determined previously and for + a value
consistent with those determined from the pure

1.5
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/

/
/

/
/

/
/

/
/

k
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5.0

20 25 30
ENERGY t,

'eV )

FIG. 5. e
&

and e 2 spectra between 18 and 34 eV for
Au as deduced from the multiangle reflection data (con-
tinuous curves) and from the Kramers-Kronig analysis
described in the text (dotted curves); the dashed curves
represent the results given by Hagemann et al. (Ref. 25),
the 4 represent the results obtained by Canfield et al.
(Ref. 6).
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other ones in the regions of overlap (discontin-
uous curves). These results correspond to the
second version proposed by Hagemann et al. ,
which uses ref lectivity data in the spectral range
in which we are interested. Even in this case,
there are important discrepancies, well beyond
the limit of our errors, between these Kramers-
Krdnig results and our directly determined re-
sults. The general shape of the curves is never-
theless the same, and the gross features are lo-
cated at the same energies. This illustrates the
difficulties encountered when using a Kramers-
Kronig analysis, even when data are available in
a large energy range, if these data are not per-
fectly consistent (which is especially the case for
Au, as pointed out by Hagemann et ai. ) and if the
absolute values of the dielectric constant are not
adjusted by fitting at one or more points to values
ascertained by another method. On the same
figure, we have also indicated some of the results
obtained by Canfield et al. ' by a multiangle re-
flection technique similar to ours, but with con-
ventional sources. These values are in better
agreement with ours, especially for &„the values
of e, are greater in the whole spectral range,
which must be related to the fact that the reflec-
tivities which they measured were slightly higher
than ours.

Figure 6 shows the &, and e, spectra, which we
have obtained for pure Cu (continuous curves), to-
gether with the results of Hagemann et al. , de-

0
20 25

EVERGV (-~v~
30

FIG. 6. e ~ and e 2 spectra between 18 and 34 eV for
Cu. as deduced from the multiangle reflection data (con-
tinuous curves) and from the Kramers-Kronig analysis
described in the text (dotted curves); the dashed curves
represent the results given by Hagemann et al. (Ref. 25).

duced in a way similar to pure Au (discontinuous
curves). In this case, the choice of o. has much
less importance in our method and these spectra
are determined with an accuracy of ~0.05 over
most of the energy range; the uncertainty is only
a little larger for g, at high energies. One can
see that here the agreement with the Kramers-
Kronig curves is quite good both in shape and in
absolute values; indeed the different data used
for the-Kramers-Kronig analysis were more re-
liable and consistent.

In order to obtain the complex dielectric con-
stant in a wider spectral range, and also to check
the self-consistency of our results, we ourselves
performed a Kramers-Kronig analysis of normal
incidence ref lectivity data chosen in the following
way: for Au we took, between 18 and 34 eV, the
R values computed from our most reliable e, and

e, results (Fig. 5); between 2 and 6 eV, the R val-
ues computed from E, and &, determined by 'Theye"
from thin-film measurements; between 6 and
18 eV, the R values given by Canfield et al. ' The
Theye and Canfield et at. results agree quite well
at 6 eV, but it was necessary to progressively
lower the latter above 12 eV to obtain a good match
with our results at 18 eV. For energies lower
than 2 eV, we used different Drude extrapolations,
which only influenced the low-energy part of the
final result. For energies greater than 34 eV,
we used for R an extrapolation of the form R(&u)
=R (~g(~,j&u)', where &u „=34 eV and s is an
adjustable parameter. " s was determined by fit-
ting the computed c, and c, at@a =22 eV to the
values determined directly; we found s = 3.25. The
same procedure was followed for Cu, using as
ref lectivity data, besides our R values between
18 and 33.5 eV, the values given by Canfield and
Hass between 6 and 18 eV (Ref. 7) and the R values
computed from &, and &, as determined by Johnson
and Christy" between 0.65 and 6 eV from thin film
measurements. In this case we found s =2.85.
The results obtained by our Kramers-Krdnig anal-
ysis between 18 and 34 eV are shown in Figs. 5 and
6 (dotted lines). The agreement with the e, and

e, curves determined directly from the ref lectivity
at different angles of incidence is very good for
Cu, less good for Au, again because of the neces-
sary scaling between the different sets of data in
this case.

Figure 7 shows the optical conductivity @(de, as
a function of energy in the whole spectral range
up to 34 eV for pure Au and pure Cu. These
curves are in good agreement with those deduced
from electron-energy-loss experiments. " The
free-electron contribution at low energies, as
well as the onset of interband transitions can be
easily recognized. It is worth noting that for Cu,
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tion of energy computed from the results of Fig. 7 for
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the low-energy part of the interband conductivity,
which is known to be essentially related to tran-
sitions from the whole d band (about 3 eV wide)
to the conduction band at the Fermi level with
some contribution of conduction band to conduc-
tion band transitions at L (critical point), is well
separated from the two other main peaks, cen-
tered, respectively, at about 14.5 and 25.5 eV.
The strength of the structures in the conductivity
decreases as the energy increases. The spec-
trum for Au is remarkably more complicated, a
striking feature being the high values of the con-
ductivity at intermediate energies and the great
concentration of oscillator strength around 21 eV.

Knowing &, over such a large spectral range,
we were able to compute the effective number of
electrons involved in optical transitions as a func-
tion of energy, N„,(m), given by

l (d Ea((d ) d(d = p1T(OpNeff(4P) q

0

w~ being the free-electron plasma frequency.
Figure 8 shows these results. They are essen-
tially similar to those obtained by Beaglehole, '
only the absolute values are slightly different.
One can see that X,«rises very slowly with in-
creasing energy for Cu, more rapidly for Au. A
well-marked bump corresponds for Au to the large
structure peaking at 21 eV in h~e, (e). N,«reaches
6.6 electrons per atom at 33 eV for Au, only 3.2
for Cu. The excitations of all available electrons:
1 for the conduction band and 10 for the d band, are
far from being exhausted at this energy. Because
of the lack of reliable experimental data at higher

energies, we did not try to compute N,« further.
We turn now to the investigation of the different

structures which appear in the E'y and &, spectra.
For Au

I Fig 3(a)],. e, and e, in the 18—25-eV
range look very much like the complex dielectric
constant for an oscillator, with a large peak be-
tween 18.5 and 22. 5 eV in e, and a characteristic
maximum-minimum structure in &,. Some ad-
ditional fine structure can be detected on the chan-
neltron results which present lower noise: the
main peak in c~ appears to be split, with two dis-
tinct maxima centered at about 20 and 21.4 eV.
For Cu IFig. 4(a)], e, is much smaller than for
Au in the low-energy range and it decreases slow-
ly continuously with energy, except for a small
bump centered at about 25 eV.

In order to investigate more precisely the fine
structure. which shows up in the &2 spectrum for

Au, we have computed the derivative se, /B&u.

Figure 9 shows this spectrum in the 18-34-eV
range, together with the derivative &R/ear (de-
duced from the ref lectivity curve at the angle of
incidence 30). It can be seen at once that BR/s&u

presents more structure than se2/s~ and, more-
over, that the structures in the two curves do not
coincide. Indeed if the R and the q2 spectra both
display the same overall shape with a large peak
at low energies and a bump superimposed on the
decrease at higher energies, the main peak,
while starting at about the same energy, is cen-
tered at much lower energy in e, (about 21 eV) than
in R (about 22.5 eV). This shift comes from the
fact that the spectral dependence of e, also in-
fluences the R shape. The &, derivative spectrum
confirms that the q, peak indeed presents two
maxima separated by about 1.5 eV. At higher
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FIG. 10. e 2 spectra between 18 and 30 or 34 eV for
three AuCu alloys with Cu concentration equal to
(a) 10.5, (b) 68 and (c) 92 at.$; the spectra of pure Au
and pure Cu are also indicated.

energies, Bs,/B&o shows little structure except
around 30 eV, while BR/B&o shows secondary
structure in R around 24.5 and 26.5 eV. It is
worth noting that the analysis of thermoreflectance
measurements on Au in this spectral range also
showed that the 6&, spectrum presented less fine
structure than the b,R spectrum. " Clearly mea-
surements of R alone are not enough to discuss
characteristics of optical absorption, at least for
these metals. Determination of the behavior of
the complex dielectric constant is absolutely nec-
essary.

We have determined by the same methods the
complex dielectric constant of several Au-Cu al-
loys deposited by coevaporation of the two metals
and annealed in situ. Figure 10 shows the c,
spectra for three alloys with Cu concentrations equal
to (a) 10.5, (b) 68, and (c) 92 at.%, respective-
ly, as well as for pure Au and pure Cu. Qn the
Cu-rich side, the comments already made for
pure Cu on the determination of c, also apply to
the alloys; curves (b) and (c) are therefore deter-
mined with good accuracy. The overall shape of
both &, and e, curves remains very much Cu-like,
even for a Au concentration as large as 32%. The
only effects of alloying on e, are to, shift the char-
acteristic bump to lower energies (to 24—24. 5 eV
and 22.5-23 eV, respectively), to make it more
pronounced, and to enhance the values in the low-
energy range.

On the Au-rich side, the same difficulties as for
pure Au were encountered in the determination of
the dielectric constant; the absolute values in
curve (a) must therefore be considered as ap-
proximate (they are moreover deduced from chan-
neltron data). However, this curve is practically
identical in its shape to the pure Au one. In order
to confirm this observation, we have computed
both BR/B~ and Bs,/B&o for the alloy; no signifi-
cant differences with the derivatives for pure Au

can be detected, except perhaps in the details of
fine structure of the main e, peak.

In order to understand what happens at inter-
mediate Cu concentrations, we have studied an al-
loy with 32 at.%%uOof Cu, thi s tim eby th edifferen-
tial method. Figure 11 shows the b, c, and Ae,
spectra deduced from these measurements. Both
present essentially a large peak, positive for s&„
negative for ~q» in the region of the main peak
in &2 for pure Au, with a subsidiary small wing of
opposite sign at lower energy. A two-minima
structure can be detected in the main peak of
6&» corresponding roughly to the fine structure
in e2 for pure Au. The effects of alloying in this
particular case seem therefore to be 8. broadening
of the absorption edge of pure Au and an apprec-.
iable reduction of the characteristic peak in the
20-24-eV range. This would lead for the alloy to
c, and &, curves looking more Cu-like than Au-
like, with a bump centered at about 19.5-20 eV
superimposed on a large background decreasing
with increasing energy.



6312 BEAGLEHOLE, DE CRESCENZI, THEYE, AND VUYE

01-

40—
QQJ4,

(eV)-

M 0.
a 20

IO

%~ (ev)

FIG. 12. Optical conductivity h &e &' for Cu and Au cal-
culated using the model of atomic d states excited to
plane-wave final states.

15 20 25
E NERGY ( ev )

30

FIG. 11. Variations of the complex dielectric con-
stant of Au upon alloying with Cu: E«and Ae~ as a
function of energy for a Cu concentration of 32 at.$,
as determined from the differential reflectivity data with
o. = 0.64.

IV. CONCLUSION

As me have already noted, the overall absorp-
tion of Au is seen in Fig. 7 to be stronger than
that of Cu. The simple model outlined by Beagle-
hole" which estimated the absorption by atomic
d electrons excited to free-electron final states
indicates just this enhanced absorption. Figure. 12
shows the absorption spectrum calculated with
this model using Herman and Skillman's" atomic
d wave functions. 'The enhanced absorption is due
to the more spatially extended Au 5d states in com-
parison with the Cu Sd states.

While band structure calculations have been car-
ried through for Cu (Refs. 9, 31) and Au, ""which
can provide some indication of the energies of cri-
tical structures, there are unfortunately no cal-
culations of the optical absorption in our energy
range to compare mith experiment. Since the d
bands are quite flat, the dominant features are
likely to be associated with the conduction band, and
the peaks willbe associated with large regions of k
space in which the conduction bands are reasonably
flat and where the matrix elements favor excitation.
Hermanson et a/. ' have assigned the dominant Au
peak at 21 eV to excitations at the center of the Bril-
louin zone (I'). To us this seems unlikely, since esti
mates show that the structure in the density of final
states around I" is weak. It appears much more likely

that the structure will be associated with states
near the edge of the Brillouin zone. The doublet
seen in our results in the Au peak (splitting 1.5
eV) indicates that two critical points are involved,
either from d-band structure or associated with
two final states. This splitting of the Au peak has
also been observed in thermoreflectance measure-
ments made by Olson et al. ,

"who report features
at 19.8 and 21.0 eV. Piacentini" comments that
a line-shape analysis of the thermoreflectance
6& clearly indicates that these transitions do not
occur at I', which is in agreement with our own
conclusions.

Janak et at.' have found that they were able to
obtain a good comparison between photoemission
experiments and theory for Cu for photon energies
up to 25 eV by applying a "self-energy" correc-
tion to the band energies, which involved a stretch-
ing of the band states above the Fermi level by
about 8%. Without this stretching, final states at
I' lie in range to produce the observed optical
peaks, but with this stretching, and assuming a
similar stretching to occur also for Au excita-
tions, states atX and K of the Brillouin zone fall
in the appropriate range for this optical structure.
Hecent angular -resolved photoemission experi-
ments on Cu (Refs. 32, 33, 34) have confirmed
the conclusions of Janak et al. , and have been able
to map out sections of the Cu d band. The last
authors34 have noted that Au appears to show un-
usual final states; we mill return to this below.

We turn to the alloy data, and here we find a
somewhat unusual behavior. We would expect the
two related peaks to move continuously from the
energy of one pure metal to the other on alloying.
In fact this only occurs on the Cu-rich side; the
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peak energies are plotted versus alloy concentra-
tion in Fig. 13, the rate of variation of the excita-
tion energy being -0.08 eV/at. %. On the Au-rich
side we observe no shift, only a reduction in
s trength.

Low-energy optical studies of these alloys"'"
measuring the onset of d to Fermi-level excita-
tions have shown that the d states move continuous-
ly from the energy of one pure metal to the other
on alloying. The data of Beaglehole and Erlbach
can be analyzed to show that the top of the d band
moves upwards with respect to the bottom of the
conduction band from Au to Cu, almost linearly.
(We obtain a shift rate of 0.02 eV/at. % on the Au-
rich side and 0.03 eV/at. % on the Cu-rich side. )
Thus the implications of our alloy data must be
that the final-state critical points move on the Cu-

rich side downwards at a rate of about -0.05 eV/
at.% and on the Au-rich side upwards at a rate
of about+0. 02 eV/at. %.

This sort of asymmetry in the motion of band
states is not unreasonable. Indeed a parabolic be-
havior of critical points is the usual observation
even at low-excitation energies. a ""At high-
excitation energies one might expect even stronger
asymmetries than at low-excitation energies,
since the Au atomic potential has low-lying empty
5f states which are absent in the case of Cu.
Several authors have commented that these empty
low-lying 5f states in the Au atomic potential may
be an important factor in the optical absorption of
Au. ~ " If they are present, then an alternative
explanation for the alloy results is possible. The
5f states appearing only in the Au potential would
lead to localized excitations around the Au atoms,
and so their associated structure would not move
on alloying with Cu.
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