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FIG. 3. T,/ () in KF at 200°C. Solid line is calcu-
lated from Eq. (5) with one adjustable parameter,
Typ5(6;=0).

If I-spin diffusion were dominant, T',5'(6;) would
be fairly independent of 6; except near 6,, in con-
trast to our observation.

This technique promises to be a powerful tool
for identifying sources and parameters of diffu-
sion of different species in multispin systems.
Furthermore, the technique may enable us to
study motions which otherwise may be masked
by competing processes. In particular, the ef-
fect of motions of weakly magnetic and/or dilute
spins may be enhanced? by this technique. A full
account of the theory, an evaluation of T,,’(6;) un-
der various conditions, and more experimental
data will be published in a separate paper.

We gratefully acknowledge the help of the Uni-
versity of Utah Crystal Growth Laboratory for

supplying us with the doped KF crystal used in
this experiment.
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Far-Infrared Absorption in Ultrafine Al Particles*
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It is shown that the strong far-infrared absorption in small Al particles, recently ob-
served by Granqvist et al., may be explained as arising from the dielectric losses in the
amorphous oxide layers covering the particles. Aggregation of particles into clusters is
found essential in order to produce the observed dependence of absorptivity on particle
size. The propsed mechanism provides a simple understanding of the absence of any
superconducting ordering effects in the absorption.

In a recent Letter,' Granqvist et al. reported
interesting results on the far-infrared absorp-
tion in powders of small Al particles. For aver-

age particle diameter less than 15 nm they find
absorptivity which is well approximated by a(7)
= Cp7” With the inverse wavelength ¥ in the re-
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gion 3<¥ <150 cm™!. To compare their results

with theory the authors calculate the effective di-
electric response of a collection of spherical me-
tallic particles, starting from the Maxwell-Gar-
nett® approach. Using the Gorkov-Eliashberg®
(GE) results for the particle polarizability, they
obtain an absorptivity a g ~Cg:7°, where the co-
efficient C ;¢ exhibits a striking disagreement
with the experiment. First of all, for average
particle diameter {x) ~ 5 nm, C; falls three or-
ders of magnitude short of the experimental val-
ue. Moreover, contrary to the experiment, C g
decreases with the average diameter (x) as (x)~*.
Similar discrepancies follow if classical Drude
theory is used for the electric polarizability of
aluminum particles with {(x) < 5 nm. For larger
particles, the eddy-current losses,* dominating
over the electric dipole losses for (x) = 5 nm,
give rise to a classical contribution to Cp, 4. pro-
portional to {x)3. Hence the observed size depen-
dence of C.,, can be explained by classical theo-
ry, but the above discrepancy in the magnitude of
the absorptivity remains.! Another unexpected
result was obtained in earlier measurements® on
Al, Sn, Cu, and Pb particles of a somewhat larg-
er diameter. In particular, the absorption in
superconducting Sn and Pb samples was not af-
fected at all by cooling below their transition
temperature.

The purpose of this Letter is to suggest a mech-
anism of absorption which may explain the large
value of Cexp observed in Ref. 1, while showing
no effects of superconducting ordering. First, I
note that the particles used in the above far-in-
frared studies are always covered with a layer
of amorphous oxide, which is expected to give
rise to a temperature-independent far-infared
absorption. In fact, Strom efal.® find a strong
absorption proportional to 7* for 0.1<9<100 cm™*
for a variety of amorphous materials. This ab-
sorption is T independent, being caused by a dis-
order-induced coupling of the photon to single
phonons.® Second, I point out that the particles
tend to aggregate into tangled chains and clusters
as usually seen in electron micrographs.®” This
is expected to be a general property of powders
because the large attractive van der Waals inter-
action between the particles. The high density of
metallic cores in these aggregates produces an
enhancement of absorption via an interfacial po-
larization effect.>® To incorporate these obser-
vations into a feasible calculation of absorptivity,
the following simplified model is used. The sam-
ple is imagined to consist of a collection of ran-
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domly oriented cylinders with linear dimensions
much larger than diameters so that the depolariz-
ation end effects can be disregarded.” Each cyl-
inder contains spherical metallic cores imbedded
in an insulator matrix with the electrical proper-
ties of the oxide layer. The effective dielectric

" constant of this mixture € can be calculated in a

mean-field approximation from the expression®

_ 3ple, —€,)
€=€n [1+e,+2em—q)(e’—€m)}’ (1)
where €, and €, are the complex dielectric func-
tions of the matrix and metal, respectively. The
parameter ¢ is the volume fraction of the metal-
lic cores in the cylinder. For simplicity, I as-
sume that ¢ has a fixed value for each cylinder.
In the far-infrared region, |¢,| >|¢,| and the ex-
pression (1) reduces to

€=€,R, 2)
where
R=(1+2¢)/(1-9). (3)

The factor R represents the above-mentioned in-
terfacial enhancement due to metallic cores. It
increases with the volume fraction of the metal-
lic phase ¢. Denoting by 6 the angle between the
external field E, and the axis of a cylinder, the
dipole moment induced in the direction of —Eo is
given by

pr=QE [ cos®0 +sin®6(1 +2myx)™ ], 4)
E o)

where y =(€ = 1)/47 and € is the volume of the
cylinder. The average susceptibility X of a sam-
ple containing an isotropic distribution of such
cylinders follows from Eq. (4) by angular inte-
gration, giving the absorptivity

a(w)=41(w/c) Imy¥
=(w/3c)f* Ime[1+8(Ree +1)"2], (5)

where f* is the filling factor defined in terms of
the total sample volume (including the oxide lay-
er). In the derivation of Eq. (5) the interactions
between cylinders are neglected, which is a val-
id approximation for the small values of f* used
in the far-infrared experiments.™*

Since €, (w) of the amorphous oxide layers is
not known, the numerical estimates of a(w) can
be made only within an order of magnitude accu-
racy. Anodic oxide films on Al show!® a static di-
electric constant 8-10, hence I take Ree , (w)
=~ Ree,,(0)=10. The dielectric losses of amor-
phous Al,O, have been studied" in the radio-fre-
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quency region and found to be about 10 times the
losses of amorphous SiO,. I assume the same
ratio to hold in the far infrared, where the ab-
sorptivity of amorphous SiO, has been deter-
mined.® In this way I estimate for the oxide lay-
er on Al particles Ime,(w)=aw, where a is inde-
pendent of temperature and equal to 2X 10™** sec.
Introducing the above estimates in Eq. (5) I ob-
tain finally

a(P)=4X10"2f*RD%. (6)

The thickness ¢ of the Al oxide layer is found to
be about 1 nm, regardless of the particle size.®
Assuming that the clusters consist of identical
particles with metal core diameter {(x) arranged
on a simple cubic lattice, the metal fraction is
calculated to be ¢ = #m(1+2¢t/{x))"%, a quantity
which increases with {x). Accordingly, the fac-
tor R and also the relative absorption a/f* in-
creases with the particle size in qualitative agree-
ment with experiment.»* It should be empha-
sized, however, that only samples with aggregat-
ed particles exhibit such a property. For well-
separated particles the absorption due to oxide
layers would decrease with {x). For (x) =5 nm,
one obtains ¢ ~0.2 and R - 1.7. The filling fac-
tor f* can be expressed in terms of the metal
filling f using relation f* =(1+2¢t/{x))*f. With
the value of f =1.5X 1072, appropriate for the
measurement of Ref. 1, this gives f*=4x10"2,
Introducing these values in Eq. (6), I find an ab-
sorptivity a(?)=C??, where C ~5.4X10"% cm

The latter coefficient should be compared with
the experimental value' C.,,=9X10"* cm. Thus

C is three orders of magnitude larger than C
and Cp, ¢ SO that it is plausible that the absorp-
tion caused by electron excitations of metal cores
of Al particles is masked by the dielectric loss-
es in the oxide layers. In particular, the absorp-
tion in Al samples is not expected to show any ef-
fect due to cooling below its superconducting
transition temperature. Qualitatively the same
explanation can be offered for Sn and Pb samples
for which the absence of an energy gap structure
in the absorptivity has already been demonstrat-
ed experimentally.*

It should be mentioned that the above theory
can be checked experimentally by changing the
oxide-layer thickness ¢t using different degrees
of oxidation during evaporation. The dependence
of the absorptivity on ¢ is expected to be particu-
larly simple for samples with well separated par-
ticles, thus eliminating the interfacial polariza-

tion effect. Yee and Knight'® have elaborated a
technique for preparation of such samples on
Mylar substrates for their NMR studies in cop-
per. It is possible that a similar technique could
be used with substrates transparent in the far
infrared.

I am grateful to S. Cremer, R. Gaupsas. D. Mac-
Laughlin, and P. Tse for helpful discussions.
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