
PHYSICAL REVIE% B VOLUME 16, NUMBER 10 15 NOVEMBER 1977

Optical properties and electronic structure of dilute Cu-Au, Cu-Zn, Cu-A1, Cu-Ga,
Cu-Si, Cu-Ge, Cu-Sn, and Cu-As alloys*

R. J. Nastasi-Andrewst and R. E. Humme1

Department of Materials Science and Engineering, University of Florida, Gainesville, Florida 32611
(Received 17 January 1977)

A systematic study of the optical properties of a large range of a-phase copper-based alloys was

undertaken. The solutes were selected to include elements with one, two, three, four, and five valence

electrons. The differential reflectometer, which is capable of determining within a hundredth, of an

electron volt the energy for interband transitions of electrons, was used for the investigations. Using a line-

shape analysis, three different transitions could be identified: (i) A threshoM energy for interband transitions

around 2.2 eV which involves the upper d bands and the Fermi energy. This transitional energy does not

change for solute concentrations up to approximately 1 at.%, confirming the theory by Friedel concerning

screening of solute charges at low solute concentrations. Experimental evidence is given which suggests that

both the d bands and the Fermi energy are raised by alloying. (ii) Lower d-band to Fermi energy transitions

around S eV behave in many respects similar to the upper d-band to Fermi energy transitions, except that

the lower d bands appear to be raised much less due to alloying. (iii) A conduction-band to conduction-band

transition around 4 eV was observed to decrease in energy with alloying. Copper-gold alloys do not show any

changes in the threshold energy due to solute additions. Additional broad structure around 3 eV indicates

that transitions originating from gold d bands may be involved.

INTRODUCTION

The optical constants of copper have been stud-
ied in great detail. ' " %'ithin the past ten years,
this work has been supplemented to an increasing
extent on copper alloys. "" Unfortunately, a va-
riety of techniques have been used to investigate
the different alloy systems, making it rather dif-
ficult to perform reliable comparisons between
the data. Likewise, disagreement between vari-
ous types of band calculations, alloy theories,
and results in number, location, and energy of
the interband transitions for copper alloys has
been of concern.

There is general agreement among various in-
vestigators that the structure observed in the
spectral reflectivity of copper and its dilute al-
loys around 2.2 eV is due to upper d-band to Fer-
mi energy transitions. There appears to be a
rather wide range of energies (3.45-4.0 eV) where
some investigators observed structure and as-
signed it to a transition from X, to X,i (Refs. 5,
8, 9, 10, 1V, 18, and 22). The lack of agreement
on the exact energy may be due to different types
of experimental techniques and theoretical models
used. It should be noted that this structure is weak
and that the X, -X4. transition does not show up in
the calculated optical spectrum of copper. ' It has
been speculated therefore that the structure be-
tween 3.45 and 4.0 eV is due to volume effects' or
to transitions from the Fermi energy to the upper

band ""
The L,. -L, transition definitely appears both in

experiments as well as in calculations. Structure

assigned to this transition has been observed pri-
marily between 4.2 and 4.8 eV; however, the ex-
act energy is unknown (Refs. 5, V, 9, 10, 1V, 18,
23, and 2V). Structure which is observed at ener-
gies around 5 eV is generally attributed to lower
d-band to Fermi energy transitions. ~'6'2' " (For
more details, reference should be made to a lit-
erature review, "mhich includes the theoretical
models governing interband transitions in copper
and its alloys, and a, compilation of the relevant
experimental results. )

This paper presents a systematic and compre-
hensive study of the optical properties of a large
range of e-phase copper-based alloys. The so-
lutes were selected to include elements with one,
two, three, four, and five valence electrons, in-
cluding gold, zinc, aluminum, gallium, silicon,
germanium, tin, and arsenic.

The investigations mere performed using the
differential ref lectometer mhieh is capable of de-
termining within a hundredth of an electron
volt the energy for interband transitions of elec-
trons. The technique involves the modulation of
the alloy composition within the same binary sys-
tem." In modulation spectroscopy an optical prop-
erty of a material, such as the ref lectivity, is
measured as an oscillating perturbation, which
modulates the band structure of the material, is
applied to it. By observing the change in property,
'the derivative mith respect to the perturbation is
essentially obtained. Conventional spectral re-
flectance measurements of metals and alloys lack
sharp structure due to the spreading of energy
levels to energy bands. By using modulation tech-
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niques, such as compositional modulation, ~ sharp
structure can be observed due to changes in the
band structure which are caused byb the change in
alloy composition.

EXPERIMENTAL

A d t led description of the differential reflec-
tometer was given by Holbrook and Humme . n
the px esen s y,t tud an improved version of this in-
strument was used employing mirrors instead of
lellses Rlld R Illolloclll'olllatol' wltll R lllgllel" I'esolu-
t'on and extended spectral range,e (8000-2000 ).ion

h t ity has been increased to observrve dif-
ferences in reflectivity up to 10 . ig
from a monochromator, is alternately scanned by
a vl rR lngb t mirror on two alloys whic are mount-
ed side y sl e.b d The signal from a photomultlp ier
tube which picks up the reflected light from the
specimens ls e electronically processed to obtain

~R B.the norma lze ilized difference in ref lectivities
were melt-The alloys (purity generally 99.999%) were me

e un erd d helium atmosphere in Vycorcor tubes, After
nd subse-1 the samples were cold rolled an suCOO lIlg,

the solidusquently homogenized slightly below the so i
temperature orf 2 weeks under vacuum. The al-
loys were then cold rolled again and reannealed
for one hour at 600 C under vacuum to produce a
uniform and fine grain size.

Two R oys wl11 ith the same type solute but of
-2% dif-sli htly different composition (usually

ference) were cold mounted si e y si
slg y

side b side with vir-
t 11 no gap in between. The sampam les were thenuR y . Rm

icall polished using standard meta gllo ra-
phic procedures (ending with 1-ym lamon
ishing compound on felt cloth~„ rinsed with meth-
ano dried, and immediately transferred to the
differential ref lectometer. Since both a y
derwent identical preparation procedures at the

es of the metal sur-ame time, any possible changes o e m
h s deformation, oxidation, e c., are

differ-nearly identical and subtract out due to the l er-
ential technique. The measurements can there-

~idation of the alloysfore be performed ln air.
decreases only the peth ak height but does not alter
the energy o e pef th aks This has been substan-

ted b comparing differential ref lectograms
obtained from specimens measured
and several months after polishing.
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FIG. 1. Selected differential reflectograms for vari-
alloys. The parameter is the average

zinc content of the two alloys in at.%.

Some of the differential ref lectograms of the al-
loys are presented in Figs. 1- .1-4. Four .distinct

eaks can usually be observed, whic h will be de-peR S can
s of thesesigna e ated as peaks A-D. The energies o

bles I-III.peRks or Rf ll alloys are presented in Tables
A le t te question which arises imme la e y

is the one about the correlation between a certain
eak in a differential ref lectogram and a specific

interband transition. To assess th is one has to

0
hR
R

(%)

l
0I-

RESULTS AND DISCUSSION

Thjssu ylsat d
' continuation of work done by

s usedummel and Andrews. " Some of the alloys useHummel an n. r
here have been on hand from earlier expier ex eriments.
*hey have been. remeasured, bebecause of the change

t der to eliminate the possibilityin equipment in or er o
of systematic errors.

2oog(nm)SOO SOO 4 O

FIG. 2. Selected differential reQectograms for vari-
ous copper-aluminum alloys. ps. The arameter is the
average alum&num conal ' content of the bvo alloys in at.%.
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FIG. 3. Selected differential reflectograms for vari-
ous copper-silicon alloys. The parameter is the average
silicon content of the two alloys in at.%.

write a quantum-mechanical equation for the re-
flectivity, making several assumptions for a given
interband transition, and to form the derivative of
this ref lectivity with respect to the modulated pa-
rameter, here, the composition X. By such a
"line-shape analysis, " a possible confirmation
between theory and experiment can be obtained.
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FIG. 4. Selected differential reGectograms for vari-
ous copper-arsenic alloys ~ The parameter is the aver-
age arsenic content of the two alloys in at.%.

FIG. 5. Calculated I ($) vs $ diagrams for a d-band
to Fermi, -energy transition. 5'($) is essentially AR/R
and $ is proportional to the photon energy. (Compare
to the vicinity of peakA in the experimental differential
reflectograms. )

Also, based on certain other parameters in the
theory, the exact energy for the electron transi-
tions (Er) in the material can be obtained from the
structure in the differential ref lectogram. An
analysis of this kind was recently done by Ender-
lein et a/. " for a d-band to Fermi energy transi-
tion (e.g. ,

peaked).

The line-shape analysis yield-
ed that ~R/R is proportional to a function F(S)
=cos(8 —Q) sin@, where 8 =arctan (P/u) (n and P
are the "Seraphin coefficients, ""whose spectral
dependence for copper is shown elsewhere" ), and

i gs=n1/(S +1) ', where S is proportional to the
photon energy. Selected F(S) functions for partic-
ular 0 values are plotted in Fig. 5. For peak A,
8 ranges from 0' to 90'. For 8 =90', F(S) is sym-
metrical around S =0 and the peak energy Em„ is
equal to the transition energy Er. For 8 =0', F(S)
is asymmetrical about S =0 and E& lies in the mid-
dle between the minimum and maximum. For all
other values of 0, the true transition energy E~
has to be found by curve fitting. " This has been
done for our experimental data. The resulting
transitional energies are listed in column 4 of
Table I. By comparing columns 3 and 4, one no-
tices that these corrections amount usually to a
few hundredths of an electron volt, i.e., are gen-
erally very small.

We have shown elsewhere" that for the correct-
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TABLE I. Maximum energy E~ and corrected transitional energy Ez for peak A as a function of composition for
various copper-based alloys. Error limit for Em~ is +0.004 eV; for Ez +0.007 eV.

Composition
of alloys

(at.%)

Average
composition

(at.%) (ev) (ev)

Composition
of alloys

(at.%)

Average
composition

(at.%)
E~
(ev) (ev)

0-0.5
0 1

0-2.5
2.45-7.3
4.8-7.3
9.8-12.5

17.36-18.09
18.2-19

copper-zinc

0.25
0.5
1.25
4.88
6.05

11.15
17.73
18.60

2.198
2 ~ 199
2.210
2.255
2.269
2.378
2.435
2.439

2.180
2.182
2.187
2.227
2.240
2 ~ 343
2.416
2.413

0-0.5
0.5-1
1 1.5
1.5-2
2-3
3-4
4-6

copper-silicon

0.25
0.75
1.25
1.75
2.5
3.5
5

copper-germanium

2.216
2.223
2.236
2.245
2.253
2.274
2.296

2.180
2.185
2.185
2.206
2.206
2 233
2.248

0-0.1
0-0.5

0.5-0.25
0 1

0.1-1.5
0.5-1.5
1.5-2

2-3
3-4
4-5
5-6
6-7
7-8
8-10

0-1
1-2
2-4
4-6
6-8
8-10

10-12

copper-aluminum

0 ~ 05
0.25
0.375
0.5
0.8
1
1.75
2.5
3.5
4.5
5 ~ 5
6.5
7.5
9

copper-gallium

0.5
1.5
3
5
7
9

11

2.219
2.214
2.227
2.207
2.208
2.204
2.233
2 ~ 237
2.263
2.273
2.293
2.309
2.316
2.344

2.210
2.215
2.236
2.259
2.283
2.326
2.346

2.187
2 ~ 189
2.176
2.185
2.188
2.183
2.198
2.208
2.231
2.249
2 ~ 267
2.279
2.290
2.329

2.179
2.193
2.207
2.233
2.254
2.311
2.331

0-1
0-2
1-2
1-3
2-3
3-5
5-7
7-9

0-0.5
0.5-1
1-1.5
1.5-2
2-3
3-4
4-6

0-0.5
0-1

0.5-1
1-2
2-3
3 4
4-5

0.5
1
1 ' 5
2

2.5
4
6
8

copper-tin

0.25
0.75
1.25
1.75
2 ~ 5
3.5
5

copper-arsenic

0.25
0 ' 5
0.75
1.5
2.5
3.5
4.5

2.221
2.232
2.235
2.245
2.251
2.277
2.299
2.343

2.219
2.226
2.231
2.246
2.256
2.272
2 ~ 289

2.246
2.250
2 ~ 245
2 ~ 260
2.289
2.301
2.319

2.178
2.187
2.190
2.195
2.210
2.229
2.242
2.274

2.178
2.178
2.189
2.198
2.211
2.226
2.238

ly chosen 8 value, a calculated &IjS) curve agrees
quite well with an experimental differential re-
flectogram. One can therefore state with reason-
able confidence that peak A. and the substructure
around this peak are caused by electron transi-
tions from the upper d bands to the Fermi energy.

Threshold energy for interband transitions (peak
A). In Fig. 6, the transitional energies E~ for peak
A as a function of average composition X for cop-
per-based alloys are plotted. (For Cu-As alloys
no correction with reasonable accuracy could be
obtained in the usual way" because E „is dis-
torted by structure at higher energies, Fig. 4.)
The results can be seen to be qualitatively the
same among the alloy systems investigated: Un-

2.3-
E

(e$)—

2.25-

AI

2.2-
0

s v0
I I

3 4 5
x lat. /.}

FIG. 6. Corrected transitional energies E z for peak
A as a function of solute concentration for Cu-Zn,
Cu-Al, Cu-Ga, Cu-Ge, Cu-Si, and Cu-Sn alloys. a:
possible error in marking maxima; b: possible error
introduced by line-shape analysis.
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TABLE II. Energy (E~) of peak D and shift in energy
~~) compared to pure Cu as a function of composition
for various copper-based alloys. Error limit for E ~ is
+ 0.007 eV.

TABLE III. Energy (E'~) of peak B as a function of
solute concentration for various copper-based alloys.
Error limit for E~ is +0.007 eV.

Average composition
of alloy
(at.%)

E~
(eV) (eV)

Average composition
of alloys

(at.%)

copppr-zinc

E~
(eV)

0.5
1.0
1.5

copper-germanium

5.06
5.06
5.16

copper-silicon

0.03
0 ~ 03
0.13

0.25
0.5
1.25
4.88
6 ~ 05

11.15

4.319
4.036
3.972
3.716
3.651
3.250

0.25
0.75
1.25
1.75
3.5

5.03
5.08
5.09
5.30
5.57

0
0.04
0.06
0.27
0.54

0.25
0 ' 5
0.75
2 ' 5
3.5
4.5

copper-arsenic

5.04
5.06
5.06
5.39
5.64
5.80

0.01
0.03
0.03
0.74
0.64
0.77

til slightly above 1 at'. %, the solute additions do
not vary the threshold energy appreciably from
that of pure copper, as has been observed before
by Hummel and Andrews. " Friedel" predicted
this type of behavior and related it to "screening"
effects. He argued that for the first few atomic-
percent solute additions to copper, the additional
charge from the higher valent solute is effectively
screened and the copper matrix behaves as if the
impurities were not present. The matrix remains
unperturbed and it must thus have the same Fermi
level as the pure metal. This remains true as
long as the impurities do not interact.

After this initial flat portion, the E~ versus X
curves show, in the present range, a linear in-
crease in energy with increasing solute concentra-
tion (Fig. 6). The alloys presented behave very
similarly, i.e., the difference in the threshold en-
ergies varies only within a few hundredths of an
electron volt. A similar observation was made by
Hummel and Andrews" on copper-based alloys
with zinc, aluminum, or gallium, using the peak
maxima E in the ref lectograms as the basis for
the transitional energy. (With the present im-
proved differential reflectometer and its higher
resolution, a larger separation of the E „versus
concentration behavior of the individual alloy sys-
tems can be observed, Fig. 7. However, when the
small corrections are employed to E,„, as done

0.5
1.5
3
5
7
9

11

copper-gallium

3.834
3.760
3.526
3.292
3.176
2.876
2.756

copper-aluminum

0.05
0.25
0.5
1
1.75
2.5
3.5
4.5
5.5

copper-tin

0.25
0.75
1.25
1.75
2.5
3.5
5

3.717
3.932
3.939
3.924
3.619
3.595
3.361
3.351
3.256

3.794
3.620
3.535
3.377
3.274
3.103
2.819

235-
E ax-
IeV)

23—

Si,Ge, Sn

2.25 —,o

oSn
xSj
~Ge

I I I

3 4
(

5
)

6 7 8

FIG. 7. Maximal energy for peaked as a function of
solute concentration for Cu-Zn, Cu-A1, Cu-oa, Cu-Ge,
Cu-Si, Cu-Sn, and Cu-As alloys. a: possible error in
marking maxima; b: possible error in alloy composi-
tion.
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ET
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Ge

2.25

I

1.05
I

1,25

FIG. 8. Transitional energies for

peaked.

as a function
of 3 for Cu-gn, Cu-A1, Cu-Ga, Cu-Si, Cu-Sn, and
Cu-As alloys {3f is the number of electrons per atom).
a: possible error in marking maxima and introduced
by line-shape analysis.

in Fig. 6, the separations become much smaller. )
If the Fermi energy were the only parameter in

the band structure responding to solute additions,
that s, toa . e ea.sed

'
be ofe» et o sp

atom (rigid-band model), then all alloy systems
would be expected to behave alike in a 3 versus
E~ plot, where & is the number of electrons per
atom. That this is not the case (Fig. 8) can be in-
terpreted by the assumption that the Fermi energy
is raised much less than. predicted by the rigid-
band model and/or that with increasing solute ad-
ditions, the d bands are proportionally raised in
energy.

Recently, Bansil, Ehrenreieh et al,"developed
the concept of charge renormalization which ar-
rives from a different point of view to a. similar
result. In this theory, it is postulated that when

impurities are added to copper, the potential of
the copper atoms is modified. In Figs. 9(a) and 9(b)
the energy displaeements from states for pure
copper and pure zinc (assuming a hypothetical Zn

crystal having an fce structure and the same lat-
tice constant as Cu) to a "neutral atom" configura-
tion are shown. One notices a narrowing of the Cu
d bands (which results from the reduction of Cu-
Cu interactions with increasing Zn concentration),
a downward shift of Ez„and a rise in Fermi en-
ergy E~. The rise in E„, which is due to the in-
crease in the number of electrons per atom' is
lower than predjeted by the rigid-band model be-
cause of the lowering of the bottom of the conduc-
tion band, Eq, . Charge renormalization finally
raises the Cu d bands. This results in a rela-
tively small energy increase for the upper d-band
'to Ejp 'tl'allsltlon wltll lncl'easillg X [see Flg. 9(c)]
Our experimental results agree with this finding.

It is interesting to speculate as to why all in-

vestigated copper alloys exhibit a, similar increase
in the transition energy with increasing composi-
tion: As shown above the Fermi enex'gy inex'eases
proportionally as the average number of electrons
per atom increases. Despite a simultaneous low-
ering of Ez, it can be assumed that the Fermi
energy still rises slightly more in, say, copper-
silicon than in copper-aluminum. Qn the other
hand, the amount of charge transfer from silicon
to copper can be considered to be greater than
that from aluminum to copper, thus raising the
top of the d bands more for silicon than for alu-
minum. By a combination of the rising Fermi
energy and the risin. g 4 bands due to charge trans-
fer, it is possible to get similar transitional en-
ergies for different alloys of the same solute con-
centration. Possible reasons for not obtaining
e«eely the' same transition energy could be due
to various mechanisms such as influences of atom-
ic diameter, effective mass, effective number of
free electrons, change in lattice parameter, and
others.

Transition around 5 eV. It is widely agreed in
the literature~'"'0 "that absorption around 5 eV
ean be identified from the optical spectra involv-
ing transitions from the Eouer 4 bands to the Fer-
mi energy. It seems therefore to be appropriate
to employ a similar line-shape analysis, as for
peak A, to the observed structuxe around 5 eV.
One has to keep in mind, however, that in this
energy region, 0. is negative and P positive, "so
that the P/n ratio is negative (contrary to the con-
dition around 2 eV where the p/a ratio is posi-
tive"). The negative P/n ratio should result in a
line shape which is inverted compared to the one
for peak A. ." This can indeed be observed in the
differential ref leetograms at energies around 5
eV involving peaks C and D (Fig. 4). To investi-

X5

Ep
1

)Z.n d-

PURE NEUTRAL CR ) banda
Cu, Zn ATOM

&a)

FIG. 9. Schematic energy-level diagrams for (a)
pure copper and pure zinc {assuming both have fcc
crystal structure), (b) a-copper-zinc alloys, neutral
atom model, {c) e-copper-zinc alloys, charge renor-
malization (from Ref. 26).
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FIG. 10. Energy of peak D (Em~) and shift in energy
(AEm~) compared to "pure copper" as a function of
composition for various copper-based alloys.

gate this further, it is desirable to select an al-
loy system in which the 5-eV peak dominates over
other structure in its vicinity. Pells and Mont-
gomery, "using conventional optical techniques,
have shown that this is the case for Cu-As and,
to a certain extent, also for Cu-Ge. In these al-
loy systems, the "high-energy" peak" (around 5

eV) was observed to be much stronger than the
so-called "low-energy" peak" around 4 eV.

By inspecting various differential ref lectograms,
e.g. , Fig. 3 (Cu-Si) and Fig. 4 (Cu-As), a pro-
nounced maximum C can be seen which is closely
followed by a sharp minimum D. This type of be-
havior cannot be observed in the differential re-
flectograms for Cu-Zn (Fig. 1), for which alloys,
according to Pells and Montgomery, "the peak
around 4 eV is predominant. The differential re-
flectograms of these alloys confirm, therefore,
qualitatively the observations which were obtained
from conventional optical data.

In deducing information about the behavior of the
structure around 5 eV from the differential re-
flectograms, one has to take into account that the
location of the maximum C may be influenced by
the close vicinity of a possible structure around
4 eV. Parallel to the reasoning in the previous
section, one may argue that the basic information
about the 5-eV peak is contained in the minimum
D, and that similarly as for the 2-eV peak, a
small correction has to be applied to obtain the
correct transition energy. From the experience
presented in the previous section, it can be as-
sumed that the actual transition energy is a few
hundredths of an electron volt smaller than the
energy of peak D. Since we are basically inter-
ested in the energy shifts due to alloying, this
minimum D and its shift compared to pure copper
will only be considered in the following analysis.
(The "pure copper" point was obtained by extra-
polating the curve to X =0.) Table II and Fig. 10
show that the energy difference increases with
increasing solute concentration. This behavior is
similar to that observed for the upper d-band to

Fermi energy transition, and can be interpreted
similarly by considering that the Fermi energy is
raised with increasing solute concentration.

As for the threshold energy, practically no
shift in energy can be observed up to about 1 at.%
solute, which suggests that indeed, as for peak
A, a d-band to Fermi energy transition is in-
volved. Particular attention should be given to
the fact that the threshold energy (upper d-band
-Zz transition) rises as an average only 1.2X10 2

eV per at.% solute, whereas the present transi-
tion (lower d-band-Zz) rises by about 16X10 'eV
per at.% solute, i.e. , more than ten times as much.
Since the rise in Fermi energy is, of cour se, the
same in both cases, the difference can only be at-
tributed to a difference in the behavior between
the upper and lower d bands. Qur results seem
to indicate that the lower d bands are either not
affected at all by alloying or move only small
amounts.

Transition around 4 eV. It is widely assumed
that the structure around 4 eV which is found in
conventional as well as in modulated optical spec-
tra is due to interband transitions between two
"conduction bands, " for example from I,. to L,
(Refs. 5, 7, 9, 10, 17, 23, and 27). Therefore,
a line-shape analysis, which uses as a basis d-
band to Fermi energy transitions, cannot be uti-
lized here.

Pells and Montgomery' infer from their experi-
ments that in Cu-Zn alloys, the 4-eV transition is
more pronounced than a possible 5-eV transition.
This is confirmed by the differential ref lectograms
for these alloys (Fig. 1): peaks Band C are strong-
ly pronounced, whereas peak D is only visible in
the form of a small deviation from an otherwise
smooth curve.

When the positions of peaks B and C are plotted
versus solute concentration for Cu-Zn, ""both
curves run essentially parallel to each other.
This suggests that the same information is con-
tained in both peaks. Therefore, the information
about the energy shift of the transition around 4
eV will be considered to be contained in peak B
since for some alloy systems peak C may be in-
fluenced by higher-energy structure.

The energy change of peak B with respect to in-
creasing alloy concentration for various copper
alloys can be found in Table III and Fig. 11. It is
shown there that the energy of peak B decreases
sharply with increasing solute concentration, as
observed before by several investigators for the
transitions around 4 eV, and also predicted
through several band calculations for the conduc-
tion-band to conduction-band transition I,~ —L,
(Refs. 14—16, 18, 19,. 21, 24, and 26). The de-
crease in the transitional energy is largest iri
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Cu-Sn and smallest in Cu-Zn with Cu-Ga and Cu-
Al in between. It appears significant that the be-
havior is alike for both Cu-Ga and Cu-Al alloys
which possess identical electron concentrations
per atom, indicating that the shift of the energy
is strongly influenced by the electron concentra-
tion. of the solute. Further discussions have to
await detailed band calculations which take into
account the change in the conduction bands due

to alloying.

Cu-Au ALLOYS

UPPer d-band to I'ermi energy transitions. The
discussion of copper-gold alloys is treated sepa-
rately because their differential reflectograms
possess somewhat different features than those of
the aforementioned alloy systems. The peaks are
marked with lower-case letters to signify the dif-
ference (Fig. 12). The threshold energy for elec-
tron transitions from the top of the d bands to the
Fermi energy can be taken, as before, from the
structure in the differential ref lectograms aro droun

e (peaks a and h), even though these peaks are
less pronounced. The line shape is simila t th

eoretical curves for 8=330', " i.e., it has a, flat
tail toward higher energies, which makes correc-
tions difficult.

In Fig. 13, the energy of peak b is plotted versus
solute concentr ation for copper-gold alloys. It
can be seen that, within the reading error of the

maxima, the threshold energy for interband tran-
sitions is not changed. This behavior is expected
since both copper and gold have the same valence
electron concentration. Thus, by replacing Cu

FIG. 12. Selected differential reflectograms for
various copper-gold alloys.

2.3

3

0 2
L

6
x(ac. y)

10

p&Q. 13. Energy of pea.k 5 as a function of composi-
tion for Cu-Au a oys. g: possible error in marking
maxima.

atoms with Au atoms, the difference between the
Fermi energy and the top of the copper d bands
apparently remains unchanged in accordance with
the rigid-band model.

Locker d-b
befor

- and to Jerks energy transst~ons A
efore, an energy. for the lower d-band to Fermi

energy transition can be deduced from the differ-
ential ref lectograms from peaks f and Fi 1

w ic is, as before, around 5 eV. It seems to be

with
'

significant that these transitions become weak
wi increasing gold additions, as ca b 'nf d

rom the disappearance of this structure at higher
gold concentrations.

Conduction-band to conduction-band t ansitions.
Structure around 4 eV which can be observed in

Fig. 12 (peaks & and &) is similarly, as before,
interpreted to be caused by cond t' -band to
conduction-band transitions. In Fig. 14 the shiftt

in energy of this transition can be followed using
the minima d. Nith increasing gold concentra-
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found to increase steadily from 1.2&&10"/sec (for
"pure" copper) to 1.9X10'4/sec for copper with
about 9 at.% solute concentration.
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FIG. 14. Energy of peaks c and d as a function of
composition for Cu-Au alloys.

tion, the transitional energy decreases. This
shift is about one order of magnitude smaller
(1.7&&10 ' eV/at %A.u) than that observed for the
same transition in Cu-Al and similar alloys (12.7
X10 2 eV/at. % Al), suggesting only small changes
in the conduction bands when gold is alloyed to
copper.

Broad structure. The differential ref lectograms
(Fig. 12) show a broad structure around 2 eV.
This structure can be considered to be the result
of several closely spaced interband transitions
which cannot be individually resolved. For their
interpretation, it should be kept in mind that some
of the gold d bands lie in the same energy inter-
val as the copper d bands, so that additional in-
terband transitions, originating from the Au d

bands, are possible. In Fig. 14, the shift of the
maximum of this structure is plotted. It can be
seen that the maximum c increases with increas-
ing gold concentration, suggesting a lowering of
the gold d bands due to alloying. This seems to
be similar to the lowering of the Zn d bands with

increasing solute additions due to charge renor-
malization, as shown in Fig. 9.

Lifetime broadening. The initial and the final
states of a given electron transition are not con-
sidered to be sharp, as is presented in a band
diagram, but are somewhat broadened. " (This is
a consequence of the limited time an electron
stays at an excited energy level and of the uncer-
tainty principle. ) From the differential reflecto-
grams, this "lifetime broadening" I can be ob-
tained" by & =~&a~,„-&sr~tan (2&+4v). The lifetime
broadening, calculated from our data, has been

CONCLUSIONS

The present results, in conjunction with recent
theories, suggest that both the Fermi energy as
well as the top of the d bands increase in energy
with increasing solute concentration in a very spe-
cific way so that the threshold energies for inter-
band transitions are identical within 1 or 2% for
n-phase copper-based alloys having the same so-
lute concentration. The results confirm the pre-
dictions of Friedel that up to a solute concentra-
tion of about 1 at.% the additional electrons are
effectively screened so that essentially no change
in the electronic configuration occurs in this con-
centration range.

A behavior similar to that involving transitions
from the top of the d bands to the Fermi energy
was found for the shift of a transition around 5 eV.
This confirms theoretical considerations that at
this energy, transitions from the lower d bands
to the Fermi energy are involved. The larger
shift of this 5-eV peak with increasing solute con-
centration compared to the threshold energy seems
to indicate that the lower d bands are not affected
as much as the upper d bands by alloying.

A further transition around 4 eV behaves in

many respects differently than the aforementioned
transitions and is observed to decrease in energy
with increasing solute concentration. Conduction-
band to conduction-band transitions are believed
to be involved in this structure.

Copper-gold alloys do not show any change in
the threshold energy due to solute additions, thus
indicating that the Fermi energy as well as the
copper 4 bands remain essentially unchanged with
alloying. Additional structure between 2 and 5 eV
indicates that transitions from the gold d bands
may occur.
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