PHYSICAL REVIEW B

VOLUME 35, NUMBER 3

15 JANUARY 1987-11

Electron scattering times from weak localization studies of Au-Pd films

J. J. Lin and N. Giordano
Department of Physics, Purdue University, West Lafayette, Indiana 47907
(Received 14 February 1986)

Measurements of weak localization effects have been used to determine various electron scattering
times in Au-Pd films with different thicknesses d and resistivities p, which have been prepared by
sputtering and thermal evaporation. In all cases the inelastic scattering appears to be due to two-
dimensional electron-electron scattering in the presence of disorder. For the sputtered films the
magnitude of the inelastic scattering time 7; is in reasonable agreement with the theory. However, a
similar analysis of the results for the evaporated films seems to indicate that in this case the magni-
tude of 7; is not consistent with the theory. The spin-spin scattering time 7; was found to vary as d
and p were changed. The observed variation of 7, does not appear to be consistent with current

theories.

I. INTRODUCTION

It is now fairly well established that the electrical prop-
erties of disordered metals are dominated by two effects,
localization and electron-electron interactions.! ~® A good
deal of work in this area, especially in effectively two-
dimensional systems,* i.e., thin films, has shown that the
magnetoresistance in small magnetic fields is controlled
by what has come to be known as weak localization. It
has also been shown that measurements of weak localiza-
tion can be used to determine various electron scattering
times. These scattering times are in many cases difficult
or impossible to measure with other techniques, and thus
weak localization has the potential to become a powerful
tool in the study of scattering processes in metals. We
have recently reported results for the inelastic scattering
time, 7;, and the spin-spin (also called magnetic impurity)
scattering time, 7, for sputtered Au-Pd films of various
thicknesses.” Some features of those results were unex-
pected, and in this paper we describe further experiments
which were designed to study in more detail the variation
of 7; and 7, as the thickness, the resistivity, and the
method of preparation of the Au-Pd were varied.

II. RESULTS

The essential features of our experiments and the
analysis were the same as in our earlier work,” and will
therefore not be discussed in detail here. The samples
were thin films with thicknesses in the range 100—250 A,
which were prepared by either dc sputtering AuyoPdg, or
thermal coevaporation of AugPdyy. Both of these will be
referred to as Au-Pd in the following. The as-prepared
films had resistivities of 500 and 50 Q) cm, respectively,
at room temperature, and 480 and 46 uQ cm at low tem-
peratures. In addition, the resistivities of some of the
sputtered samples were varied by annealing, which was
accomplished by heating to typically 150°C in an Ar at-
mosphere. In most cases glass substrates were used, al-
though for a few samples quartz was employed. In the
discussions below, the substrates will be assumed to be
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glass unless specifically stated otherwise. The magne-
toresistance was measured for fields less than 10 kG, and
temperatures in the range 1.5—15 K using standard tech-
niques.’

The analysis was conducted in the same manner as in
our previous work.” The results for the magnetoresistance
were first fit to the full theoretical expressions,g’9 in which
the spin-orbit scattering time 7, , and the phase breaking
time 74 (which is a combination of 7; and 7;; see below),
were both allowed to vary. The fits indicated that, as ex-
pected, the spin-orbit scattering in Au-Pd is very strong,
and we were only able to set an upper limit of approxi-
mately 4x107!3 sec on 7, . In the strong spin orbit
scattering limit, which is appropriate in this case, the pre-
diction for the magnetoresistance as a function of field is
independent of the actual value of 7, , and is given by%°
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Here Rp is the sheet resistance, ¥ is the digamma func-
tion, and the “phase-breaking” field H is defined by

Hy=H,+2H, , @)

with H;=%#/4eDt;, etc., for 7,. Note again that in ob-
taining (1) we have assumed that 7, is much less than ;
and 7, and also that the spin scattering is isotropic. The
results given in this paper were all obtained from fits to
(1), but fits to the full theory [including 7, (Refs. 8 and
9)] gave essentially identical results.

The results for the magnetoresistance and the quality of
the fits were similar to those shown in Ref. 7. The fits
yielded the phase-breaking field Hy directly (and as dis-
cussed above did not depend on the spin-orbit scattering
rate). From H, the phase-breaking time 7, was deter-
mined. The quantity 7,4 is related to the inelastic and
spin-spin times by [see (2)]
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Some results for 74 are shown in Fig. 1. Here we show re-
sults for a number of samples with different values of Ry,
thickness, and resistivity. The “rollover” seen at low tem-
peratures in Fig. 1 can be understood in the following
way.!? The spin-spin time is due to scattering by magnet-
ic impurities, and hence should be temperature indepen-
dent, while 7; is expected to increase as the temperature is
decreased. Thus as the temperature is lowered and 7; in-
creases, T4 is dominated more and more by 7, and there-
fore approaches a constant, which from (3) is equal to
7,/2. Qualitatively similar behavior for 74 has been ob-
served in a number of other materials, including Ag,lI
Cu,''=1% and Ti."

From the results in Fig. 1 we estimated ; in the follow-
ing way.!> Since we expect 7; to vary as a power of tem-
perature,*~% i.e., ~T 77, a plot of T;I as a function of TP
should yield a straight line, whose slope and intercept
yield the magnitude of 7; and 7, respectively. It was
found that in all cases, i.e., for sputtered, evaporated, and
annealed Au-Pd, p ~1 with an uncertainty of about 20%
agreed best with the results. This is the value of p which
corresponds to two-dimensional electron-electron scatter-
ing,'®~ 1% and this mechanism has been observed in past
studies of metal films,>!>!%1%20 including our previous
work on as-prepared sputtered Au-Pd.” Results for the
magnitude of 7; at 1 K are shown in Fig. 2. The solid
lines in Fig. 2 are drawn proportional to R5', and to
within the uncertainties, all of the results for the sputtered
films, both as-prepared and annealed, fall on common
curves of this form. This is in agreement with the theory,
which predicts!’
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FIG. 1. Phase-breaking time, 7, as a function of temperature
for several samples: a sputtered, annealed sample with
R5=157Q (W); a sputtered, annealed sample with Rp=153Q
(®@); a sputtered, as-prepared sample with Rp=327Q (A); a
sputtered, as-prepared sample with Rp=381Q (X); an eva-
porated sample with Rp=27€ (O); an evaporated sample with
Rp=38Q (O).
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FIG. 2. Magnitude of 7; at 1 K for sputtered, as-prepared
samples (O), for sputtered, annealed samples (®), and evaporated
samples (). The solid lines are guides to the eye which are
drawn proportional to Rg', which is the theoretically predicted
dependence of 7; on Rp.
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The absolute magnitude of 7; predicted by (4) is about a
factor of 4 larger than the upper solid line in Fig. 2. It is
thus in reasonable agreement with the experimental values
for the sputtered films, especially considering that this
comparison involves no free parameters. We also note
that this level of agreement is comparable to that found in
previous work.* However, the results for the evaporated
films fall about a factor of 50 below the prediction (4),
which seems much too large to be considered acceptable.
The reason for this discrepancy is not clear, since accord-
ing to the theory 7; should depend only on the value of
R, and not on the composition of the sample or its
method of preparation. Hence, the fact that the two types
of samples were prepared in different manners should not,
at least according to the theory, affect this comparison.

It is interesting to note that the magnitude of the inelas-
tic “field,” H;=*%/(4eDr;) [see (2)] varies smoothly with
R. This is illustrated in Fig. 3 where it is seen that the
results for all of the samples, sputtered and evaporated,
fall approximately on a common curve, in contrast to Fig.
2. This suggests that the behavior is in fact a smooth,
continuous function of Rpg for all samples. It is only
when the results are expressed in terms of scattering
times, by essentially just normalizing the results in Fig. 3
by the diffusion constant D to obtain the scattering time,
Fig. 2, that the difference between the two types of sam-
ples becomes evident. This would seem to suggest that
the theory has somehow omitted a subtle dependence of 7;
on the diffusion constant, or that perhaps the factor of
R which enters the theory (4) is for some reason dif-
ferent from the value measured experimentally. Another
possibility is that our estimate of the diffusion constant is
incorrect. However, it is hard to see why this estimate,
which is based essentially on free-electron theory ideas,?!
should be accurate for the sputtered films, but fail so bad-
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FIG. 3. Inelastic field as a function of Rg, for sputtered,
as-prepared samples (O), for sputtered, annealed samples (@),
and evaporated samples (O). The solid line is a guide to the eye.

ly for the evaporated films. Since the evaporated films
have a lower resistivity by as much as a factor of 10, we
would expect that the diffusion constants should also
differ by approximately this factor, independent of the
manner used to estimate the diffusion constant. In addi-
tion, measurements of interaction effects in zero magnetic
field?? can also be used to provide an independent estimate
of D for sputtered and evaporated Au-Pd. Those experi-
ments showed that sputtered and evaporated samples with
the same resistivity exhibit interaction effects of the same
magnitude, which implies that such samples have the
same diffusion constants. This is strong support for our
method of estimating D for these films. It is thus very
hard to see how the discrepancy with the theory in Fig. 2
could be due to any mis-estimate of the diffusion con-
stant.

Results for the spin-spin scattering time 7, are given in
Fig. 4. The value of 7, is of order 10~!! sec, in good ac-
cord with the spin-spin scattering times observed in other
systems.!! ~1* However, we see that for the sputtered sam-
ples 7, varies approximately as Rg'. This is quite
surprising since 7 should be a “bulk” property, and there-
fore not depend on the film thickness. For the as-
prepared samples, Rq~d ~! where d is the film thick-
ness. One could argue that if the spin-spin scattering oc-
curred predominantly at the surface of the film, then 7,
should also vary as R !, since surface scattering would
become more important (and more probable) as d is de-
creased. This explanation can be tested in the following
way. We see from Fig. 4 that the annealed sputtered films
also fall on the same common curve as the as-prepared
sputtered samples. Since annealing changes R but not
d, these results are not consistent with an explanation in-
volving surface scattering. While nearly all of our sam-
ples were on glass substrates, we also prepared several on
quartz, with the idea that perhaps the spin-spin scattering
was due to magnetic impurities in the glass. However, the
samples on glass and quartz substrates displayed quite
similar behavior. Since the quartz substrates contained
far fewer (magnetic) impurities, this suggests that scatter-
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FIG. 4. Magnitude of 7, for sputtered, as-prepared samples
(0), for sputtered, annealed samples (@), and evaporated samples
(Q). The solid lines are guides to the eye which are drawn pro-
portional to R5".

ing from the substrate did not contribute significantly to
the spin-spin scattering. Returning to Fig. 4, we see that
the results for the evaporated films are well below those
for the sputtered samples, but also show the same trend;
namely, that 7, becomes smaller as Ry is increased. The
change observed in going from the sputtered to the eva-
porated films could easily be due to a difference in the im-
purity content of the starting materials, which as noted
above, was different in the two cases.

Our results seem to suggest that spin-spin scattering
may be more complex than has been assumed to date.
The theoretical models which have been considered have
all assumed that the impurity spins fluctuate independent-
ly with time. This is certainly an oversimplification,
since, for example, the interactions between impurities
seem certain to make the magnitude of these fluctuations
temperature dependent. While this fact has been pointed
out by previous workers,? it does not appear to have been
addressed theoretically. It is also possible that there is
some other, hitherto unidentified, source of electron
scattering which is both temperature independent and also
dependent on the value of R. Yet another possibility is
that the strength of the impurity scattering which is re-
sponsible for 7, is very sensitive to the metallurgical prop-
erties of the films, which are in turn a function of both
thickness and annealing, etc. In any case, the considera-
tion of more realistic models of spin-spin scattering would
clearly be of interest.

III. DISCUSSION

There have been many previous studies of electron
scattering times in metal films using measurements of
weak localization, and the results of those studies have
generally been interpreted as being in good agreement
with the appropriate theories. However, there have actu-
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ally been very few experiments in which a single scatter-
ing time, such as 7;, has been carefully measured as sam-
ple properties were varied in a controlled, systematic
manner. We have attempted to do just this in our experi-
ments, and have measured both 7; and 7, for Au-Pd films
made in different ways. The results are only in partial
agreement with the theory. The inelastic scattering times
observed for the sputtered films agree reasonably well
with the theory (4). However, the values of 7; for the eva-
porated films are substantially lower than predicted, by an
amount (more than an order of magnitude) which would
seem to be well outside the combined experimental and
theoretical uncertainties.”* This discrepancy is not under-
stood, although it should be noted that our analysis has
assumed that 7; is temperature independent. As we have
seen, the results for 7, are also not understood. It is con-
ceivable our assumption of a temperature independent 7
may not be valid. If this is the case, then the method we
have used to extract 7; might not be appropriate, even
though it seems to have yielded reasonable results in pre-
vious analyses (both by other workers, and for our sput-

tered samples).

The results for the spin-spin scattering times are also a
puzzle. They suggest that either the spin-spin scattering
process is more complicated than considered by current
theories, or that perhaps there is another source of elec-
tron scattering which leads to a temperature-independent
scattering time.

In conclusion, it appears that our understanding of elec-
tron scattering processes in metal films is far from com-
plete. It is also conceivable that the “problem” lies with
the theory of weak localization, since the scattering times
have all been derived assuming the validity of this theory.
In any case, further more detailed work in this area cer-
tainly seems to be called for.
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