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Frequency dependence of the Drude relaxation time in metal films:
Further evidence for a two-carrier model*
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We examine optical and energy-loss data on a variety of metals in light of a recently proposed two-carrier
model of metallic optical conductivity in which the two carriers are electrons located in crystallites and in

grain boundaries, respectively. We find that many of the published measurements of optical properties of
metals appear to be strongly influenced by sample crystallinity and that these measurements support this

simple model.

In a, recent paper' we concentrated almost en-
tirely on showing how a simple two-carrier model
was able to fit the infrared dielectric response of
gold films, in particular, explaining an observed
frequency dependence of the Drude relaxation time

In the present paper we will examine additional
evidence obtained from optical and electron-en-
ergy-loss experiments which tend to support that
theory. We will show that this model is applicable
to a variety of results by demonstrating how it can
be used to explain puzzling anomalies, not only in
other materials besides gold, but also in other re-
gions of the frequency spectrum besides the infrar-
ed. Furthermore, we will show that this model
displays the same temperature dependence as the
data in one case.

The model is based on having two different types
of current carriers in the metal: carrier (a) comes
from inside crystallites (where r, is large), while
carrier (b) comes from within grain boundaries
(where r, is very short). From this assumption,
the apparent collision frequency, (i/z)„,= z&,/
(l —&,), can be derived and shown to have a quad-
ratic frequency dependence in a limited region.
It is clear that this model is not necessarily lim-
ited to any particular type of metal since it only
depends on having a sufficient amount of disorder
in the sample.

In Ref. 1 we have already mentioned that the
anomalous absorption seen in aluminum deposited
on cold substrates' could be understood in terms
of this model. Inelastic- electron- scattering ex-
periments have also shown a dependence on sample
crystallinity in aluminum. Kunz' and later Yon
Festenberg~ measured both the width of the Al
15-eV plasma resonance line and the mean crys-
tallite size in a series of samples. They found the
linewidth decreased as the samples were annealed.
Subsequently, Krishan and Ritchie' carried out a
calculation using perturbation theory of the con-
tribution to the width of elastic scattering of the

plasmon by density inhomogeneities. They found
that mea, surements of the plasmon width as a func-
tion of momentum transfer provide a direct mea-
sure of the autocorrelation function of the density
inhomogeneities. This bears directly on our
model. Suppose the density variations are random.
Then the range of the autocorrelation function and
the mean crystallite size as determined by elec-
tron diffraction should agree. If, on the other
hand, the important density variations are due to
grain boundaries, the situation is different. Since
adjacent grains may be roughly the same size, the
range of the autocorrelation function should be
larger than the mean crystallite size. If all the
crystallites mere exactly the same size and had
the same orientation, this range would be infinte.

Krishan and Ritchie used a Gaussian autocorrel-
ation function and adjusted its range to fit Von
Festenberg's data. The resulting range mas 210
A in a sample for which the mean crystallite size
wa, s 70 A. This result is consistent with our model
and suggests a coherence length for crystallite
size of about three times the average crystallite
size. In other mords, a given crystallite and its
adjacent neighbors tend to be about the same size.

In Ref. 1 we argued that the variation in relax-
ation time in grain boundaries, not the density,
dominates in scattering electrons. Krishan and
Ritchie assumed the converse is true when Plas-
mons scatter from grain boundaries. Whether
these two approaches are in violent opposition,
mhether they represent independent choices, or
whether the correct choice may depend on the de-
tails of grain-boundary formation is unclear to us
at present. We wish to point out that we can ob-
tain the correct order of magnitude for the in-
creased plasmon width at small q by including only
the increased value of c,(rig~) due to relaxation-time
effects. For example, Kunz found a plasmon width
of 4, 3, and 1.5 eV for crystallite sizes of 25, 60,
and 230 A, respectively. Using values of v, and 7,
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which are the same as those used to fit the alum-
inum data of Ref. 2, and assuming that the dis-
ordered regions extend three monolayers into each
grain, we find disorder contributions to the width
of 2.8, 1.9, and 0.74 eV, respectively. Assuming
an intrinsic width plus experimental resolution of
0.9 eV, these results are seen to be in fair agree-
ment with the measured values. Therefore, it ap-
pears that at this time the dominant mechanism of
plasmon scattering in disordered metals is un-
certain: It could be either variations in density or
variations in mean-free time due to grain bound-
aries. That the extra width as a function of mom-
entum transfer gives a measure of the autocor-
relation function of the disorder would seem to
hold in either case.

We have also examined data on the alkali metals.
In Figs. 1 and 2 the infrared data of Smith' on sod-
ium and potassium is shown along with the predic-
tions of this model. For sodium the parameters
used in Eq. (4) of Ref. 1 are 1/v, =0.325 x10"
sec ', v, =0.015 x10-'' sec, and B/A=0. 05. For
potassium 1/v, = 0.25 x "sec-', v, = 0.03 x 10-"
sec, and B/A =0.02. The value for B/A is essen-
tially given by the ratio of the total number of
electrons existing in the grain boundaries to the
total number of electrons existing in the crystal-
lites themselves. The physical meaning of these
parameters is given in more detail in Ref. 1. In
these figures we have not used any sophisticated
curve fitting. As in Ref. 1, the value of v, is de-
termined by the low- energy part of the spectrum
and is perhaps the most reliable of the three num-
bers. The other two, v„and B/A, both contribute

to the frequency dependence. The values are
chosen such that the curvature of the graph is
correct: This is determined primarily by the
value of 7, As a rough estimate, therefore, we
expect that our three parameters are accurate to
within 5/o for 1/v, and to within 10% for v ~ and
B/A [H. owever the product, (B/A)v„is le. ss ques-
tionable and should be accurate to within 5%.]

Two other explanations have been advanced for
this behavior in the alkali metals. ' Neither of
these is consistent with the large variation of the
frequency dependence seen on different samples of
the same material. For example, note the differ-
ence in Fig. 1 between Smith's data on sodium and
that of Palmer' on the same material. Qur model
can fit this additional data as well. In Fig. 1 the
dashed line shows the predicted relaxation time
with the parameters 1/v, =0.4 x 10" sec ', v„
=0.025 x 10-"sec, and B/A =0.115. Note that this
gives a value of the bulk collision frequency close
to that of Smith, as would be expected. The value
of v~ used to fit the sodium data may seem too
small to be physically reasonable. Part of the in-
crease in (I/v), «may indeed be arising from other
effects, such as described in Refs. 1, 7, and 8.
However, the fact that the relaxation time is sam-
ple dependent strongly indicates that the effects
explained by our model contribute a large part to
the behavior, and is responsible for the bulk of the
frequency dependence found by Palmer. That these
two measurements on the same material should
give different results is reasonable since the
method of sample preparation was different in the
two cases. Smith evaporated his samples slowly
onto a room-temperature quartz bar and measured
the optical properties of the quartz-metal inter-
face. Palmer evaporated his samples rapidly onto
a nitrogen temperature sapphire substrate, an-
nealed them at room temperature, and measured
the optical properties of the vacuum-metal inter-
face. It is understandable that Palmer's samples
might have more residual-bulk disorder than
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FIG. 1. (1/7), ff vs (&co) for sodium. Data are taken
from Ref. 6 (0) and from Ref. 9 (4, ). The parameters
used in the bvo-carrier fit are given in the text.

FIG. 2. (I/7), ff vs (leo) for potassium. Data are
taken from Ref. 6. The parameters used in the two-
carrier fit are given in the text.
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Smith's.
In regards to the value of ~b it should also be

emphasized that relaxation times as small as those
used here have been seen in many liquid metals.
In tin and lead it was found' that the relaxation
times could be as small as 0.035 & 10 '4 sec and
0.022 &10 '4 sec, respectively. In indium and
bismuth relaxation times of 0.062 & 10 '4 sec and
0 015 x 10-x4 sec were found ii Such small relax-
ation times should therefore not be surprising for
the amorphous region of the grain boundary. It is
possible, indeed, to expect values for the mean-
free path that are smaller than the nearest-neigh-
bor distance. " For the case of aluminum where
the relaxation time measured in the liquid" is
significantly larger than the one we have assumed,
the discrepancy may be due to the grain boundaries
being even more inhomogeneous than the liquid,
containing, as it probably does, larger density
fluctuations. The scattering potential for the atoms
in the grain boundaries where large voids may ex-
ist can thus be greater than for those in the liquid.
This is substantiated by measurements of the re-
sistivity in grain boundaries of aluminum and
copper" which indicate that these regions are much
more disordered than the liquid. "

We have indicated that, as in the case of the al-
uminum plasmon discussed above, this two-carrier
model could be important in the interpretation of
the ultraviolet optical properties of metals having
a large amount of disorder. In a recent paper on

indium, "considerable absorption was found at
high energies, up to 10 eV, that the authors could
not attribute to interband transitions calculated
from their band structure. We suggest that this
absorption could also be due to free-carrier ab-
sorption. In Fig. 3 we show the quantity (1/v'), «
= co&,/(l-e, ) taken from their data along with the
prediction of our model with I/r„=2.0 x 10"~

sec ', g, =0.014 x10 "sec, and B/A =0.45. Ef-
fects due to band structure have not been included
so that the predicted curve should always lie be-
low the data. The peaks in the data at 2 and 6 eV
are due to interband transitions. It is not surpris-
ing that indium can have such a high-volume frac-
tion of disordered material at room temperature.
It has been shown" that even when cooled from the
melt to room temperature, indium can be almost
totally amorphous.

The infrared optical constants of indium have
also been measured at various temperatures. "
These data again show the characteristic frequency
variation of the relaxation time. According to the
model, the temperature dependence of this effect
can be calculated. (This is true only when it can
be assumed that no change in sample crystallinity
takes place upon varying the temperature, e.g. ,
annealing of the sample at higher temperatures or
severely straining it at lower temperatures. ) Both
7, and B/A should be temperature independent, and
only I/v', should vary. Its variation can be pre-
dicted on the normal manner, following Holstein":

1, 2 0 1—(o') = —~—(~) .
5 T 7

(3.6)

We have used the handbook value of the Debye tem-
perature, eD=106 K." The results of these calcu-
lations are shown in Fig. 4. The parameters used
are B/A =0.8, v, =0.03 x10-" sec, and I/~=2. 05
~ 10"sec-', at 295 K. We see that the result of
measurements at one temperature can be predicted
from measurements at another temperature with
no additional parameters.

We have collected considerable supporting evi-
dence for the validity of the two-carrier model
based on partial-sample disorder. This has in-
cluded data on several different materials. The
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data on sodium and aluminum, as well as that pre-
viously presented on gold, demonstrates that the
frequency variation of the Drude relaxation time
is strongly dependent on the preparation of the
sample: The more disordered the sample, the
greater will be the frequency variation. The data
on indium also indicates that the temperature de-
pendence predicted by our model is in agreement
with experiment.

The authors are grateful for stimulating discus-
sions with Peter Colter, Professor J. J. Hopfield,
Professor P. C. Gibbons, and Dr. N. V. Smith.

Note added in proof. We would also like to point
out the applicability of this model to the optical
properties of alloys. Recently, Platen and Stern"
found that for AgSn alloys, a term on/h&u must be
added to the Drude E, for which no theoretical
justification was given, an assumption which is
equivalent to attributing a quadratic frequency de-
pendence to the collision rate. We would expect
that the two-carrier model would be capable of ex-
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FIG. 4. (1/7'), ff vs (h~) for indium in the infrared at
two temperatures. The data are taken from Ref. 15.
The parameters used in the two-carrier fit are given
in the text.

plaining these results if the sample was not homo-
geneous, i.e. , with the Sn preferentially concen-
trated along grain boundaries preventing any self-
annealing.
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