
PHYSI CA L RK VIE% B VOLUME 18, NUMBER 12 15 DECEMBER 1978

Ultraviolet photoelectron spectroscopy of zinc-copper systems during atomic diffusion
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We have measured the energy-distribution curves (EDC s) (h v = 21.2 eV) during atomic diffusio in the

following Zn-Cu samples: an evaporated Zn substrate with 120-A Cu overlayer, an evaporated Zn substrate

with 55-A Cu overlayer, and a Zn(0001) face with 55-A overlayer. Owing to diffusion, the intensity of the
Cu-3d structure decreases with time and that of the Zn-3d structure increases. In the case of an evaporated

substrate, a fast decay of the Cu signa1 is seen owing to Cu diffusion along Zn grain boundaries; a lower

extreme for this diffusion coefficient Dc„z„ is between 8)(10 " and 8 g 10 "cm'/sec. Diffusion of Zn along

Cu grain boundaries also takes place with (3 5 Dz„c„S20) && 10 "cm'/sec. In all the samples a slower bulk

diffusion of Cu in Zn is seen; in this case the decay of the Cu signa1 can be fitted with a simple theoretical

model giving (3 & Dc„&5) X 10 ' cm'/sec. This diffusion takes place in condhtions of chemical-concentration

gradient as shown by the EDC's, where a marked modification of Cu-3d structure is seen during diffusion;

the most evident spectroscopic result is a shift (up to 1.6 eV) of the Cu-3d peak towards higher binding

energies. The chemical-concentration conditions originate a diffusion coefficient which is about two orders of
magnitude greater than that of Cu in Zn in the limit of low concentration. We discuss qualitatively the

importance of the energy associated with electron states in determining this increase of Dc„, and we show,

on a spectroscopic basis, that about an order of magnitude can be accounted for in this way.

I. INTRODUCTION

The electron states of the Zri-Cu system have
been studied by photoemission both in the case of
bulk alloys' ' and of Cu deposed onto Zn sur-
faces'4; the electron states have been calculated
for g-brass, ' o.-brass, ' and for a hexagonal over-
layer of Cu onto a Zn (0001) face.' Photoemission
results for related systems such as Cd-Ag are also
available. ' Thus the relevant spectroscopic re-
sults for various systems containing Zn and Cu in
equilibrium are rather well understood; it seemed
sensible and timely to apply the UPS (ultraviolet
photoemission spectroscopy) method to the study
of the Zn-Cu system in conditions far from equili-
brium in which atomic diffusion is a consequence
of concentration gradients. ' This is the subject of
the present paper in which we give a spectroscopic
discussion of bulk Cu diffusion in Zn in conditions
of chemical gradient, i.e., in conditions in which
the variation of the chemical potential for reasons
other than entropy of mixing cannot be neglected. '
In this connection we discuss the importance of the
electron-state energy in increasing the diffusion
coefficient with respect to the condition of extreme
dilution of Cu in Zn; this discussion would be hard-
ly possible without the present sPectxoscoPic basis.
We also obtain a measurement of the Cu diffusion
coefficient in Zn.

Moreover, we evaluate the Zn diffusion coeffi-
cient along Cu grain boundaries and we obtain a
lower extreme for the Cu diffusion coefficient a-
long Zn grain boundaries.

The pr'esent work has also some methodological

value which is beyond the specific interest of the
results on the Zn-Cu system.

H. EXPERIMENTAL METHOD

The experiments were carried out by deposing a
thin Cu overlayer onto a Zn substrate and by mea-
suring the UPS spectra of the system at increasing
times. Owing to the diffusion, the intensity of the
Cu-Sd peak decreases while that of the Zn-Sd peak
increases. From this time-evolution information
on the diffusi, on near the surface are obtained; in
the meantime information on the nature of the
bonds of Cu diffusing in Zn are given by the modi-
fication of the shape and of the position of the Cu-
M peak. These effects are well seen with good
sensitivity and resolution with UPS."

In the standard diffusion experiments with elec-
tron spectroscopy the concentration profile n(x, t)
versus depth x after diffusion time t is obtained by
means of sputtering. The present experiment dif-
fers from the standard ones in several respects:

(i) Since sputtering is not used, the environment
of the diffusing atoms is not perturbed and mean-
ingful spectroscopic results on the electron states
during diffusion are obtained.

(ii) The diffusion coefficient D is not obtained
from the fitting of the profile" but in a more in-
direct way by fitting the time evolution of the in-
tensity of the Cu-Sd peak. lf Ic„(t) is the area of
the Cu-Sd structure at diffusion time t, the ratio
Rc„=Ic„(t)/Ic„(0+)giving the Cu intensity normal-
ized to that immediately after Cu deposition may
be easily expressed in the three-step model of pho-
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toemission" as III. APPARATUS AND THE EXPERIMENTAL PROCEDURE

The optical-absorption distance is not present in
(1) since it is much higher than the electron escape
depth L; the value of I. is also constant over the
3d linewidth. "Formula (1) is particularly simple
because we have assumed that the matrix element
for optical excitation is independent of the concen-
tration. In the present angle-integrated experi-
ment at h v= 21.2 eV, this approximation is reason-
able since (i) Janak et al. '~ demonstrated that the
final states in the calculation of the energy-distri-
bution curve (EDC) from Cu can be adequately de-
scribed by nearly-free-electron functions; this
description is obviously even more satisfactory
when the Zn concentration increases, i.e. , the
matrix elements do not depend strongly on the Cu
concentration through final states; (ii) for pure Cu
Janak et al. '4 showed that photoemission from d-
bands is marginally inQueneed by initial-state ef-
fects on the matrix elements owing to their little
dispersion. This argument should work also in
our case at decreasing Cu concentration since the
shift of the 3d-Cu peak seen in the present experi-
ment is basically due to a charge-decompression
mechanism, as discussed below, rather than to
dispersion effects. The function nc„(x, t, D) is the
Cu concentration profile normalized so that R~„
(0,D) = 1 and is taken as the solution of the diffu-
sion equation with appropriate boundary conditions.
We will assume D as a constant parameter so that
the fitting between calculated and measured Rc„(t)
functions gives an average D value. Less accurate
although satisfactory D values are obtained than in
the sputtering-profile experiments since an inte-
gral property of nc„(x, t) is measured; this is the
price to pay in order to obtain spectroscopic in-
formation on the electron states during
dxffusxon.

(iii) A sputtering-profile experiment on a thick
diffusion couple"" gives the value of the interdif-
fusion coefficient D; in the present case the over-
layer is very thin and is rapidly consumed by the
diffusion so that one obtains, to a good approxima-
tion, the diffusion coefficient of Cu atoms in the Zn
substrate. This coefficient is the one under chemi-
cal gradient' as will be shown later.

For all these reasons the experiments similar to
the present ones are in a sense complementary fo
those based on sputtering profiles; it seems par-
ticularly challenging to extend the application of
the method to other systems having d-electron
peaks which are particularly well detected in the
photoelectron spectra.

The apparatus had two connected UHV chambers:
one for sample preparation and the other for the
electron-spectroscopy measurements. In both
chambers the pressure was -1 x 10 "Torr. All
the UPS measurements were carried out with He I
(21.2 eV) light and the EDC's integrated over the
angles were measured with a spherical-grid re-
tarding-potential analyzer (solid angle =0.5 x 2v

Sr). The light was incident normally onto the sam-
ple; the windowless He lamp was differentially
pumped and the He pressure in the chamber during
the measurements was in the 10 ' Torr range. A
LEED-Auger apparatus was also available. The
sample preparation chamber was equipped with a
Zn evaporator, a Cu evaporator, a quartz thick-
ness monitor, and an argon-ion gun.

The following sets of measurements were taken.
(i) A Zn substrate (-5000 A) (deposition rate =10

A/sec) was evaporated onto the manipulator head
and .a mass of Cu equivalent to 120 A of bulk Cu
was deposed onto it successively (deposition rate
=0.2 A/sec). The EDC's were measured before
Cu deposition (time 0 ) and at increasing times
after deposition over a period of about 3 d.

(ii) We prepared a Zn evaporated substrate adja-
cent to a (0001) face of a single crystal cleaned by
sputtering and annealed at 130'C. The crystal face
gave a high-quality LEED pattern. Then we cov-
ered both substrates with the same Cu evaporation
equivalent to -55 A [evaporation rates as in (i)].
The EDC's from both the samples were measured
alternately at increasing times in order to obtain
an accurate comparison between the diffusion in
the single crystal and in the Zn evaporated film.

In all measurements the samples were at room
temperature (295'K); the temperature of the sam-
ple did not change derring evaporation.

In all cases no impurity was detected with UPS.
The purity of the evaporated films was also tested
in a separate set of measurements with Auger
spectroscopy. The overall stability of the appara-
tus was carefully tested. The long term drifts
were lower than 2/o with negligible influence on the
results.

At the end of the measurements a portion of the
evaporated substrate (shielded from Cu deposition)
was explored with a scanning electron microscope"
although no systematic analysis was carried out.

IV. RESULTS

The EDC's measured at increasing times are
collected in Figs. 1 and 2. Figures 1 and 2(a) refer
to the case of a polycrystalline substrate with 120-
and 55-A Cu, respectively, while Fig. 2(b) refers to
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FIQ. 1. Photoelectron energy-distribution curves from
a sample constituted by an evaporated Zn substrate with
120-A Cu deposition at time t= 0 sec. The curves mea-
sured at increasing times are labeled by the time at
which the Cu-3$ peak is measured. The curve at t=0
sec is that of pure Zn. The curves are measured with
HeI light (hv = 21.2 eV) and are p'lotted vs the initial ener-
gy measured in eV from the Fermi level Eg.

the case of a Zn (0001}face with 55-A Cu.
The d-state peaks are the fingerprints of Zn and

Cu in the EDC's. The prominent peak -10 eV be-
low the Fermi level E~ is due to Sd-Zn electrons,
while the structure around -3 eV below E~ is due
to Cu Sd electrons.

The evidence of diffusion is dramatic: at increas-
ing times a marked increase of the Zn structure
and a marked decrease of the Cu structure are e-
vident, while the shape and the position of the Cu-
3d structure change significantly when Cu concen-
tration decreases.
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FIQ. 2. Photoelectron energy-distribution curves from
a sample constituted by an evaporated Zn substrate with
55-A Cu deposition(a) and from a sample constituted by
a (0001) Zn face with the same 55-A deposition (h}. The
curves measured at increasing times are labeled by the
time at which the Cu-3d peak is measured. The curves
are measured with He I light (hv= 21.2 eV) and are plot-
ted vs the initial energy measured in eV from Fermi lev-
el &F.

points refer to the 55-A deposition and the open
points to the 120-A deposition. The value Iz,(0 )
is the result from the EDC taken before Cu evapo-
ration while Ic„(0') is taken from the first EDC
measured after the Cu deposition onto the Zn sin-
gle crystal; in this case no Zn signal is seen and

the EDC is that of bulk Copper.

A. Grain-boundary diffusion

The curves of Fig. 3 shows clearly that the dif-
fusion of the Cu is very fast at short times in the

0.5

V. EVALUATION OF THE DIFFUSION COEFFICIENTS

The time dependence of the EDC's is clearly ex-
ploited by plotting the area of the Zn and Cu-Sd
structures versus time. %e have collected in Figs,
3 and 4 the values of Rc„=Ic„(t)/Ic„(0')and of Rz,
=Iz,(t)/Iz, (0 ) for all the measurements. The solid
lines interpolate the values pertaining to the crys-
talline substrate and the dashed lines the values
pertaining to the evaporated substrates; the black

10 15 20 t 25 (10 sec)

FIQ. 3. Ratio& ——Ic„(t)/Ic, (0') between the area of the
Cu-3a structure at time t and the area immediately after
the Cu deposition. The open points refer to the measure-
ments of Fig. 1 and the black points to the measurements
of Fig. 2. The dashed line interpolates the results for
evaporated Zn substrates and the solid line interpolates
the results for the (0001) Zn substrate.
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FIG. 4. Ratioz„= Iz„(t)/Iz„(0 ) between the area of the
Zn-3d' structure at time t and the area before the Cu de-
position. The open points refer to the measurements of
Fig. 1 and the black points to the measurements of Fig.
2, The dashed line interpolates the results for evapo-
rated Zn substrates and the solid line interpolates the
results for the (0001) Zn substrate.

case of evaporated substrate, while a slower pro-
cess operates at longer times. The initial fast
process is absent or is extremely reduced in the
case of the single-crystal substrate.

As the consequence of the fast diffusion a great
fraction of the Cu deposited onto the Zn film goes
beyond the region explored with photoemission and
the overlayer is already semitransparent to Zn

photoelectrons in the first EDC's. The R~„values
from the two sets of measurements with the evapo-
rated substrate are very similar in spite of the dif-
ference in the initial Cu quantity. Thus the initial
process is so fast that the memory of the quantity
of deposed Cu is lost on the time scale of the ex-
periment.

We attribute the fast process which is peculiar of
the evaporated substrate to the diffusion of Cu a-
long Zn grain boundaries. It is well known that
grain boundaries are preferential paths which act
as short circuits for the diffusing atoms; evidence
of this process for many other film systems is
given in the review paper by Baluffi and Blakely"
and the present results give the spectroscopic evi-
dence of this process for the Zn-Cu system.

Approximately -65% of the Cu-M signal is lost in
less than &t = 2000 sec; on the basis of the escape
depths of Ref. 13 we can say that the Cu thickness
is reduced from do j.20 A to d& l0 A. This gives
a lower extreme for the diffusion coefficient Dc„z,
of Cu along Zn grain boundaries

needed. The order of magnitude of o, is fixed in
the following way.

(i) We have seen with the electron microscope
that the film is made of islands having transverse
dimensions -2000 A. This result together with the
typical grain boundary sizes quoted in Ref. 18 fixes
1/ot » 200.

(ii) Zn films prepared in identical conditions in
another experiment" showed in the He I EDC and
oxygen uptake 4-5 times greater than a single cry-
stal. Thus the crystallites are hardly smaller than
several hundreds of angstroms otherwise a too
large surface will be available for chemisorbtion.
This limits 1/n ~ 20.

The lower extreme of Dc„z, is thus between 8
x10" and 8x10 '4 cm'/sec.

The grain-boundary diffusion coefficient Dz
of Zn along Cu grain boundaries can be estimated
from the curve Rz, (t) of Fig. 4 pertaining to the
crystalline substrate (solid line). In this case the
initial fast rise of the Zn signal is basically due to
short-circuit diffusion of Zn in the Cu overlayer.
The flux Jz„of Zn atoms arriving at the sample
surface can be estimated from the increase of
Rz, (t) and one obtains in analogy with Ref. 20

d l -is 1D' = J ——= 10 "—cm'/sec
CCV Q

where d is the overlayer thickness, c is the Zn

concentration at the i.nter face and o, is dilution fac-
tor. Another approximate expression for D'z„~„may
be obtained according to Hall and Morabito" from
the time of first appearance of the Zn signal. This
relation combined with (3) gives

(3D»'z, c„» 20) x 10 "cm'/sec

30» 1/a» 200.

The fact that Dz c is considerably lower than

D'c„z, is consistent with the fact that grain-bound-
ary diffusion is faster when the grain material has
a low melting point as discussed by Baluffi and
Blakely. "

B. Bulk diffusion

(d, -d)' 1 d', 1
cu, zn

= 4 x 10-"—cm'/sec1
Q

(2)

where n is a dilution factor equal to the transverse
area of the grain boundaries divided by the area of
the sample. " The value +Dc„z, is the effective
diffusion coefficient in the experiment; in order to
obtain Dc„z, and independent evaluation of n is

In order to evaluate the diffusion coefficient of Cu
in bulk Zn it is convenient to consider, in a first
step, the results in the case of evaporated sub-
strate. In this case the initial fast diffusion is so
rapid that the overlayer is consumed in a short
time and a reasonable boundary condition for the
diffusion equation is n(x, 0) = 6(x) giving the well-
known Gaussian solution. By inserting it in (1) one
obtains a theoretical function Rc =F(L,D, t). Once
the escape length I. is given (10 A in the present
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FIG. 5. Fitting. of the measured Rc„values (see Fig.
3) for the evaporated Zn substrates case (solid line) with
the theoretical expression explained in the text (dashed
line). The value Dz„—-3 "10 ~9 cm /sec of the bulk dif-
fusion coefficient of Cu in Zn is obtained.

case),the best fit of measured Rc„(t) with the theo-
retical curve gives the value of D. In order to do
a meaningful fitting it is necessary to eliminate the
effect of the initial fast diffusion. A simple and
reasonable way is that of fitting the measured Rc„(t)
function only beyond a short time t, chosen in
such a way that the effect of grain-boundary diffu-
sion is exhausted before t, and by assuming Rc„(t,)
=1., i.e., by assuming t, as the initial time of slow
diffusion. within the spatial resolution of the mea-
surements, the 5(x) boundary condition for slow
diffusion is still valid since the average diffusion
length due to this process is smaller than the
electron escape depth; strictly speaking this is
a proof a Posteriori based on the internal consis-
tency of the treatment. The fitting is presented in
Fig. 5 with t, = 4000 sec; the agreement between,
theory and measurements is very good and D
= 3 x10 "cm'/sec is obtained. We have ascer-
tained that the choice of t, is not critical and has
little influence on the D value. The fact that the
fast diffusion can be separated out with this pro-
cedure is confirmed by a calculation of Rc„(t) by
assuming D = (I/o. )Dc„z,. In this case the theoret-
ical curve decays to negligible values before t,.

This estimation of D is confirmed by the consid-
eration of the results pertaining to the crystalline
substrate. In this case the calculation of the n(x, t)
function to be inserted in expression (1) is much
more difficult; we have interdiffusiori with an over-
layer which is consumed along the time scale of the
experiment. ' Luckily enough, such a detailed theo-
ry is not necessary to confirm the previous value
of D; it is sufficient to fit the long-time behavior
of the experiment. This can be done by decompos-
ing the overlayer in a number of sheets and by con-
sidering their diffusion with increasing initial times
with a 6-like boundary condition for each of them.
This rough way to account for interdiffusion is ob-
viously much more satisfactory at longer times.
Within this scheme the fact that Rc„(t) decays more

RC
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F&G, 6, Fitting (for t) 10~sec) of the measured Ac„
values (see Fig, 3) for the (0001) Zn substrate case
(solid line) with the theoretical expression explained in
the text (dashed l.ine). The value Dc„=5 10 scm /sec
of the bulk diffusion coefficient of Cu in Zn is obtained.

10

rapidly in the crystal than in the film at long times
may be qualitatively understood. In fact, even at
long times R c„(t) contains a contribution coming
from the copper which begs the diffusion a rel-
atively short time earlier; this fact increases the
slope of the calculated Rc„(t) since the slope of
Rc„(t) with 5 initial condition is higher at short
times (see Fig. 5). By dividing the Cu overlayer
in 15 sheets we did a fit of the measurements for
t~10' sec which is presented in Fig. 6; the fitting
is satisfactory and the value Dc„=5 x 10 "cm'/sec
is obtained in reasonable agreement with the esti-
mation given above.

Thus-the buIk diff~sion coefficient of Cu in Zn is
(3 &D ~ 5) x10" cm'/sec at room temperature";
this is the average value along the history of the
sample in the present experiment.

VI. ELECTRON STATES AND DIFFUSION MECHANISM

As far as the Cu Sd states are concerned the
most relevant results shown by Figs. 1 and 2 are
the narrowing of the structure and its shift towards
higher binding energies when Cu concentration de-
creases. This effect has its counterpart in the
spectroscopy of Zn-Cu alloys: by assuming the
maximum of the Sd structure in bulk Cu as a ref-
erence point, a shift of =1 eV has been seen in /-
brass' and a, shift of =1.3 eV has been seen in 20%
Cu alloy. ' The extrapolation to zero Cu concentra-
tion of all the data of Ref. 2 gives a shift of =1.6
eV. This shift indicates that Cu is more "atomic"
when diluted in Zn; in the language of Ref. 22 this
is basically due to the fact that the sp charge is
decompressed with respect to bulk copper and this
fact renormalizes the d states to higher binding en-
ergies, i.e., towards the situation of the isolated
atom where the maximum decompression occurs.
This charge decompression takes place also in the
present case in the layer explored by UPS. At
short times some evidence of Cu not diluted is
given in the EDC's (shoulder around 2.5 eV) while
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d lny
din@ ' (4)

where N is the fractional percentage of Cu and y is
the chemicaL activity. If p,

' indicates all contribu-

at long times all the Cu atoms are diluted in the
sense that the (Cu-Cu) interaction has little effect
on the electron states and only a shifted d line is
seen in the EDC's. One can state that the correla-
tion between the concentration decrease and the d-
state shift in the present experiment is similar to
that iri bulk alloys. In consideration of this fact
it is interesting to compare the diffusion coeffi-
cient of the present experiment with those quoted
in the literature for Cu-Zn alloys. The relevant
features are (i) in the Zn reach systems such as &-
(Cu-Zn) and y-(Cu-Zn) alloys the D values are
much higher than the D value of the present experi-
ment (3-4 orders of magnitude difference on the
basis of the results of Refs. 23-25 extrapolated to
room temperatures}. (ii) In g-brass26 the extra-
polation of the Qu diffusion data to room tempera-
ture is diffj, cuL& but it is possible to state that the
Cu diffusion coefficient is much smaller than in the
present experiment (probably three orders of mag-
nitude).

These facts point out the well-known importance
of structural properties in determining the D val-
ues; the D values for equilibrated alloys help very
little in predicting the behavior near surfaces and
interfaces and ad hoc experiments are needed.

The phases formed near the surface have very
different behavior from that of the alloys having
similar composition in spite of the analogies in the
electron density of states. Probably the behavior
of vacancies is important in determing these dif-
ferences, since the diffusion in these systems is
basically due to a vacancy mechanism. "

The above situation must not be thought of as the
proof that the contribution of electron-state ener'gy
to the diffusion process is not important; we have
only shown that this effect is not the only. one to be
considered. The importance of electron-state en-
ergy is pointed out if one compares the diffusion
coefficient of Cu at low concentration in Zn (Ref.
28) with the present value which is a mean value in
a situation where chemical gradient effect due to
high Cu concentration are present. In the present
case our D is about two orders of magnitude higher
than in the case of Cu diluted in Zn. The electron
energy contribution to this reinforcement factor is
not negligible as is shown by the present rough
speculations which are possible since spectroscop-
ic results on diffusion are available.

According to the Darken theory'2' the reinforce-
ment factor in conditions of no vacancy flow is
given by

tions to the chemical potential with the exception of
the entropy of mixing, the Darken factor can be
written

l N dp. 1
N

kT dN &T &N

A contribution to p,
' comes from the electron-state

energy of Cu atoms which gain binding energy a-
long diffusion as shown by Figs. 1 and 2. This con-
tribution can be evaluated provided that the mea-
sured shift of the 3d peak can be correlated to the
total electron energyvariation of the system. This
can be done only approximately on the basis of a
very crude model which, nevertheless, is in our
opinion rather pictorial. The argument largely re-
lies upon the discussion of cohesive energy of Refs.
30 and 31. The authors demonstrated that the re-
normalization of total atomic Hartree-Fock energy
gives a relevant contribution (-30/p} to the cohesive
energy of Cu, the rest being due to hybridization
energy which increases with bandwidth. The rele-
vance of renormalization energy is typical of
noble metals as shown in Ref. 31, while this con-
tribution is negligible for transition metals. In
our experiment, when Cu concentration decreases,
the narrowing of the d band of diffused Cu proceeds
at slower rate than the shift due to renormalization;
thus a rough assumption is that during diffusion the
electron-state-energy variation is dominated by the
renormalization effect. We have assumed that the
variation of Hartree-Fock energy calculated in
Ref. 30 is linear in the 3d shift and we have calcu-
lated the variation of energy in Eq. 5 by consider-
ing the shifts corresponding to the cases N= —,

'
(see also Ref. 1) and N « —,

' (at the end of the experi
ment). On this basis one finds that the reinforce-
ment factor in Eq. 5 can reach at most an order of
magnitude. The argument is not quantitative and
must not be overestimated in consideration of the
numerous approximations involved and of the diffi-
culties in total energy calculations. Nevertheless
it shows, on a phenomenological basis, the rele-
vance of electronic contribution to the diffusion.

VII. CONCLUSION

We have presented photoelectron-spectroscopy
results taken on the Cu-Zn system during atomic
diffusion and we have pointed out significant modi-
fications of the shape of the EDC's as a conse-
quence of the diffusion. The discussion of these
results has been carried out at two distinct levels:
one kinetic and the other spectroscopic.

The consideration of the kinetics (i.e., the time
dependence of the Cu- and Zn-Sd peak intensities)
allow diffusion coefficients to be determined. We
have measured the bulk diffusion of Cu in Zn in
conditions of chemical concentration gradient, we
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have evaluated the Zn diffusion coefficient along
Cu grain boundaries and we have obtained a lower
extreme for the Cu diffusion coefficient along Zn
grain boundaries.

The most relevant spectroscopic result is the
shift of the Cu-3d structure towards higher binding
energies during the diffusion process; this is the
cons~uence of the reduction of the Cu-Cu inter-
action with a decompression of the Cu atoms which
gain binding energy during diffusion. On this phe-
nomenological basis we have shown that it is pos-
sible to discuss qualitatively the contribution of
electron-state energy to the diffusion process. Al
though this contribution is not the most important
one in determining the increase of Dc„with re-

spect to the case of low Cu concentration, it is by
no means negligible since it increases the diffusion
coefficient for approximately an order of magni-
tude.

We have incidentally shown the usefulness of the
present experimental method md interpretation
scheme which can greatly help also in the study of
the diffusion of other systems having d. peaks in
their density of states.
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