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Far infrared transmission measurements were made on powder samples of Cu, Al, Sn, and Pb. The
diameter of the particles ranged from 65 to 350 A. All of the samples showed absorption which was
very small at low frequencies and which increased more or less linearly as the frequency increased.
There was no change in the absorption as the temperature was varied from 1.2 to 20 K. For the
smaller particles absorption curves calculated from the modified theory of Gor’kov and Eliashberg give
a good description of the data, although clear choices between different energy-level ensembles cannot
be made Our measurements provide direct evidence that, for superconducting particles of diameter
~100 A and mean energy-level spacing ~k T, the energy gap structure in the density of states is

either much attenuated or is completely absent.

I. INTRODUCTION

This paper describes experiments on the far-
infrared absorption in small metallic particles.
The particle size is less than any characteristic
lengths (mean free path, penetration depth, co-
herence length) in the bulk metal but larger than
a lattice constant and so approximates a zero-di-
mensional metal.

Frdhlich! was the first to point out that the con-
duction electrons in small metallic particles in-
habit quantized energy levels. Kubo? showed that
the mean energy-level spacing at the Fermi sur-
face A is just the inverse of the density of states
for one spin direction of the free electron gas

A= 2122/ Qm*kp=4E /N | 1)

where Q is the volume of the particle, m* is the
effective mass of the electrons, N is the number
of free electrons in the particle, and 2, and E
are the Fermi momentum and energy.

The problem of averaging over ensembles of
randomly separated energy levels has been exten-
sively studied for the case of level statistics in
large nuclei. Dyson® discussed this for various
symmetries; he found three distinct ensembles.
Gor’kov and Eliashberg* applied these to the case
of small metallic particles to calculate, among
other things, the electromagnetic response.

Infrared measurements® on small particles have
already been reported for thefrequency much larg-
er than the mean energy-level spacing A. This
paper describes the first measurements of the ab-
sorption in small particles at frequencies compa-
rable with the mean energy spacing,

InSec. I we discuss the experimental techniques
for sample preparation and far-infrared measure-
ments, In Sec. III the far-infrared results are

11

presented. Calculations appropriate to a classical
and also to a nonclassical description are devel-
oped in Sec. IV and compared with the experimen-
tal data in Sec. V. For the smaller particles,
curves generated from the theory of Gor’kov and
Eliashberg, with the depolarization field taken
care of correctly, give a good description of the
data.

II. EXPERIMENTAL TECHNIQUES

There were two methods that were used to pre-
pare the small particles investigated in this study.
The first method was a colloidal technique which
produced a so-called small-particle sludge. This
technique used the Svedberg method of electrical
condensation of metal in a liquid medium. &7 The
method consists simply of striking high-frequency
arcs between chips of metal under a polar liquid.
The electrical arcs vaporize metal from the chips.
Th#s vapor condenses in the liquid and goes into
suspension as very small colloidal particles, Larg-
er particles that are formed from molten metal
will settle out if the liquid is left standing for a
few hours. Using a Lepel high-voltage rf power
supply operating at 450 kHz, stable copper and
lead colloidal dispersions in acetone were obtained
in this manner. The small-particle sludge was
obtained from this dispersion by spraying the liq-
uid onto a heated quartz disk. The spraying was
done slowly so that liquid did not collect on the
quartz. In this way, thick and relatively uniform
layers of the aptly named sludge could be prepared.

The second small-particle preparation technique
was the evaporation of high-purity metal in an in-
ert-gas atmosphere.®® With this technique, very
small high-quality generally single-crystal parti-
cles can be readily produced. The particles grow
in the gas from the atomic vapor and are then de-
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11 FAR-INFRARED ABSORPTION IN SMALL METALLIC PARTICLES 1331

posited on nearby collecting surfaces. This is the
method used by Harris and Beasley in producing
their gold-smoke deposits.’ The mean size of the
particles depends upon the inert-gas pressure, the
atomic mass of the gas, and the evaporation rate.
By varying these parameters a range of metal
particle sizes can be obtained.

To ensure electrical insulation between the met-
al particles produced in this manner, it was nec-
essary to slowly admit a small amount of oxygen
to the vacuum chamber during the evaporation.
The oxide coating that then formed on the surfaces
of the particles electrically isolated the particles
from each other on a macroscopic scale as mea-
sured by an ohmmeter and on a microscopic scale,
at least for aluminum and tin particles, as indi-
cated by their superconducting diamagnetic transi-
tion, 1°

Following an evaporation, the metal smoke was
collected by brushing it from the surfaces upon
which it had deposited in the vacuum chamber,
This smoke deposit was then clamped between two
sheets of polyethylene, using a ring cut from a
plastic vial as a spacer.

The far-infrared spectra were all recorded us-
ing a lamellar grating interferometer™ and a *He-
cooled germanium bolometer detector. 12 As many
as four specimens (and one empty sample holder)
could be mounted on a rotating disk and moved one
after the other, six-shooter fashion, into a gap in
the light pipe carrying the radiation from the inter-
ferometer to the detector. A carbon resistor and
heater were attached to the sample holder, to en-
able its temperature to be adjusted and measured.

During the course of these experiments far-in-
frared measurements were made on samples of
carbon, copper, aluminum, tin, and lead. Table,
I gives the important data on these samples. ! _ Heu
carbon was commercial lampblack, obtained from
the Carbolac Corp. 13 All of the numbered metallic
samples were made by the smoke method; the
other two were sludge. The sample designation

is in the first column of the table., In the second
is the helium-gas pressure, in Torr, that was in
the bell jar during the smoke evaporation. To
make Al 3 the helium was replaced by argon.

The diameter is that determined by electron
microscopy of the samples. For each smoke evap-
oration there were two electron microscope grids
in the bell jar. These were examined under ap-
propriate magnification and pictures were taken.
From these the diameter and its variation could
be found. The variation in size given in Table I
is a plus or minus amount on the diameter. About
5% of the particles are within this range. The
electron microscope grid for the copper sludge
was prepared by placing a drop of the colloid on
the grid and letting it dry. There were no pictures
taken of the lead; its size is guessed to be about
that of the copper. The last two columns in the
table show the packing density or filling factor of
the particles f and the number per unit volume.
These are calculated from

f=W/pV, N/V=6f/mD’=f/Q,

where p is the density of the bulk metal, W is the
weight of the sample, V is its volume, and D is
the diameter of the particles. It is interesting to
note that the filling factor seems to be a function
of the type of material rather than of the particle
size,

There is one other important sample property
that is not included in the table because it is the
same in all samples, This is the electrical resis-
tance of the samples which is in all cases greater
than 100 MQ at 300 K, This is the limit of the
measuring apparatus and corresponds to a resis-.
tivity in the smoke of 10 Qcm. Our particles are
well isolated and should be distinguished from
those contained in granular films where there is
considerable tunneling between individual particles
yielding resistivities on the order of 1073-107*
Qcm. This is an important distinction; particles
which are closely connected by tunneling will show

TABLE I. Properties of small particles.

Helium pressure Diameter Variation Number density
Sample (Torr) ) &) Filling factor (10! cm™)

C ce 90 vee 0.043 11

Pb sludge coe 100 30 0.12 23

Cu sludge coe 100 30 0.12 23

Cu?2 0.5 70 10 0.028 16

Cu3 2.5 270 30 0,027 0.26
All 0.5 150 12 0.040 2.3

Al 2 0.5 400 40 0.041 0.12
Al 3 2(Ar) 375 25 0,040 0.15
Sn1l 1 140 15 0.018 1.3

Sn 2 5 150 25 0.018 1.0
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quite different superconducting properties as the
Cooper pairs can easily pass from particle to par-
ticle. Size quantization will be affected also.

The typical weight of the samples was 0. 01 to
0.03 g. This was spread over an area of 1. 5 cm?
so that the samples were 0.1 to 0.2 cm thick.
Perhaps the most surprising result of these experi-
ments is that metals of this thickness show large
infrared transmissions.

III. FAR-INFRARED RESULTS

The absorption coefficient @ in the far infrared
is shown in Figures 1-6. It is defined as

=~ (1/1)n1/1,

where I is the intensity transmitted through the
sample; I, is the incident intensity, measured by
replacing it with an empty sample holder; and! is
its length. For small particles,

1=W/pfA ,
where W is the weight of the sample, A is its cross-
sectional area, p is the density of the bulk metal,
and f is the filling factor of the powder.

The plots are of absorption coefficient in cm™
versus frequency in cm™ along the bottom and Hz
along the top. There has been one readjustment
to the data. This arises because the detector
shows a nonlinear response to the relatively large
changes in background radiation which occur when
the particles are placed into the far infrared beam.
The result is that the responsitivity of the detector
is increased, leading to absorption coefficients
that are apparently negative at low frequencies.
The readjustment typically comes to 10% of the

Frequency (10'2 Hz)
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value of the absorption coefficient at 50 cm™,

The experimental data are shown as circles in
all of the figures. The solid and variously dashed
curves are calculated ones, as will be described
shortly.

Figure 1 shows the results for both sludge sam-
ples. The copper data are plotted as solid circles;
the lead as open circles. The two samples appear
very similar. The absorption coefficient is very
small at low frequencies, bends up near 10 cm™!
and increases nearly linearly at high frequencies.
Even though the data were taken at 4.2 K, well be-
low the bulk superconducting transition temperature
of lead, there is no evidence of any reduction of the
absorption below the bulk energy gap of 22 cm™!,
This curve is indistinguishable from others taken
at 9, 20, or 1.2 K. The same is true for copper.
The straight part of the curve extrapolates to zero
at 10+1 cm™! for both materials. The first speci-
mens measured were sludges. We were never con-
fident that all residual acetone had been removed
from the particles, and acetone is a strong ab- -
sorber in the far infrared. When the better con-
trolled particle smokes became available we
stopped studying sludge. All of the remaining data
refers to particle smokes.

The absorption coefficients at 4.2 K of both Cu 2
and Cu 3 are shown in Fig. 2. Cu 2 has an average
diameter of 70 A and Cu 3 of 270 A. Cu 2 has a
horizontal (zero) value at low frequencies and then
rises nearly linearly at high frequencies. The lin-
ear section extrapolates to zero at 19+1 cm™,

Cu 3 is already rising linearly at the lowest fre-
quencies, This section of data extrapolates to zero
near zero frequency. There is a big bend at 30-

0 5 1.0 1:5
80 T T T T T T T T T T T T T T
— Cu Sludge e
1 o
E 60F Pb Sludge o 0% ol FIG. 1. Measured ab-
= 4.2 K 0lee” sorption coefficient for
Se .
€ " 08’ . copper sludge (full cir-
-3 . ® cles) and lead sludge (open
£ e®0° circles) vs frequency.
§ 40y e® 90° 1 The solid lineis calculated
. %o’ from the orthogonal en-
_§ - K semble for the copper
a ° sludge. The samples were
3 20k at 4.2 K.
L
<t
o]

Frequency (cm™)
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35 cm™ and then it continues linearly but with a
larger slope. The larger particles absorb more
at a given frequency than the smaller ones by about
a factor of 2.

In Fig. 3 is shown the data for 150-A aluminum,
Al1l, at 4.2 K. This is a high-resolution run
(r=0.4 cm™) and there is a large amount of struc-

separating three cycles of large oscillations. The
oscillations are at 2.3-cm™ intervals. The pat-
tern repeats at 8.1-cm™ intervals. There are er-
ror bars in a few places showing the noise on the
data, which is much smaller than the oscillations.
I the upper section is extrapolated to zero, ignor-
ing the oscillations, it intersects at 13+1 cm™,

ture. This consists of short straight sections The spectrum shown was taken at 4.2 K but there
12
Frequency (10" Hz)
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is no noticeable difference between this and one at
2 K. )

Figure 4 displays the results for the other two
aluminum samples, Al 2 (400 A) and Al 3 (370 A),
at 2 K this time. Both have absorption coefficients
considerably larger than A1 1, Neither absorption
coefficient levels out at low frequencies. Both ex-
trapolate to zero below the lowest frequency mea-
sured, The resolution is lower than in Fig. 2

Frequency (IO'2 Hz)

(»=1.5 cm™) but would show any similar structure,
if such existed.

Figure 5 gives the results for 140-A tin particles,
Sn 1 at two temperatures, 4.2 and 1.2 K, It shows
the usual behavior, with the straight upper section
extrapolating to zero at 13+1 cm™, There are
some very small oscillations here, with period 8
to 9 cm™. The low-frequency end is almost flat.
The inset at the upper left shows the absorption in

(0] 0.5 1.0 15
2 T T T T T T T T T T T T T T 4
F ° 1 ° k
- Sn1 140A Sn1 140A _
! ° T FIG. 5. Measured ab-
g - 12K a2k . /" 3 5 sorption coefficent for
- ° / Sn 1 vs frequency. The
< N . ‘é main drawing is the data
‘© ‘o at 4.2 K; the small insert
% A % shows the results at 1,2
3 8 K. The solid lines are
c calculated from the orthog-
2 i & onal ensemble and the
a ‘a  dashed lines from the
§ 1 g symplectic ensemble.
<< <
o) | ! L 1 [N TR WY SN SN SR W S | (0]
(0] 10 20 30 40 50
Frequency (cm™')
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the same region at 1,2 K. The superconducting
transition temperature of tin is 3.7 K and the en-
ergy gap is at 9.3 cm™ in bulk or thin-film tin
samples. Any effect of the superconductivity
should show up near or below this frequency. The
two curves at the two temperatures are almost
identical point by point; no effect due to the super-
conductivity can be seen. The data for Sn 2 were
much the same.

Figure 6 shows the results for carbon particles,
90 A in diameter. This is intended to show the be-
havior of nonmetallic particles. It shows a smooth
almost linear increase (~w®/2) in absorption coef-
ficient with frequency. This is quite different from
the absorption in metallic particles of similar size;
there is no flat region at low frequencies and the
absorption coefficient is smaller than any metallic
particle. Since the carbon was handled in the same
fashion as the metallic particles any effects from
adsorbed gasses on the surfaces should show up
here; if there are any they add no structure to the
absorption coefficient. The data were taken at
2 K, but there is no difference between this and 1.2
and 4.2 K.

IV. CALCULATIONS

The problem of finding the absorption coefficient
for these small particles divides into three parts:
(i) calculating the effective dielectric function of a
medium containing a large number of particles
(electrostatics), (ii) finding the relation between
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(iii) calculating the linear response of the system
to the internal electric field (quantum mechanics).
The electrostatics parts may be done after making
three simplifying assumptions (a) Scattering is not
important, so that the medium appears homoge-
neous to the radiation. (b) There is no interaction
among the particles, e.g. we ignore completely the
dipolar fields of the particles themselves. (c) The
particles are isotropic spheres of uniform size
having diameters smaller than their skin depth or
the wavelength of the far infrared radiation

(D8, M),

The effective medium problem was originally
solved by Maxwell-Garnett!* and has been discussed
recently by Genzel and Martin®; by Rieder, Ishi-
game, and Genzel'®; and by Barker.'” It is con-
venient to describe the material by a complex sus-
ceptibility x as its properties are generally mani-
fested via the polarization of the particle. The
particle has adipole moment p= QP= QxE,,, where P
is the polarization vector and Ein is the electric
field inside the particle. The dipole moment is
also given by p = a,ﬁext, where «, is the polariza-
bility of the particle and E,,, the applied electric
field.

From the solution of the boundary value problem
of a sphere having electric susceptibility ¥ in an
applied field I_i‘.'ext (see for example Jackson'®), the
internal and external fields can be related. The
external field causes charges to collect on the sur-
face which create a depolarizing field leading to a

the internal field and the applied external field in- reduction in the field inside the sphere. The result
cluding depolarization effects (electrostatics), and is
Frequency (10'2 Hz)
0 o le 1.5
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E.in:E—ext"':3%'77'—:5 B (2)

o, =Qx/(L+§my) . (3)

The composite medium is most easily discussed
in terms of its average dielectric function €,,, such
that D,, =¢,, E,,, where D, (E,,) is the volume aver-
age displacement vector (electric field) in the me-
dium. If fis the fraction of the medium occupied
by the particles (the rest being vacuum) then these
fields are

By =0 =N Eqe +/Ein @

D= =-NE,, +f(&,, +47P) . (5)
Equations (2)-(5) may be solved to find

€ =1 +47(f/Q) 0, /[1 = $7(f/Q) @] . (6)

This is just the expression for the dielectric func-
tion of a gas of polarizable molecules, as given in,
again, Jackson.!®

If x is complex, x=X; +iXs, then €, =€, +7i €y,
and

¢ 14+ 477f[X1 +'§7T(1 -f)(X? +X§)] (7)
@S T B (= + GrPA - PG+
¢ 47TfX3 (8)

w2 T (=N + GPA - FOE+ )
The absorption coefficient of the medium is given
by

Ol(w/(,‘)[ 2(€§.v1 + Eivz)llz - Zia.vl] 1e (9)
Using Eqs. (7)-(9) and an expression for the di-
electric susceptibility of a particle, the absorp-

tion coefficient of the medium containing the par-
ticles may be found.

Alw)=2- n_AE sin 27w —£Ci<l@><sin

7 A THW A A

~[217%@) A A 2w A ,(ﬂﬁm)( .
+ ———+——CO0s - Si{——

A Thw ThHW

THW _ 7w
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The quantum-mechanical problem of the elec-
tromagnetic response of a particle with energy
level spacing given by Eq. (1) was solved by
Gor’kov and Eliashberg* with emendations by
Strassler, Rice, and Wyder' and by Lushnikov and
Simonov. 2°

Gor’kov and Eliashberg did their calculation for
the three ensembles derived by Dyson.® The ap-
plicability of the ensembles depends on the strength
of the spin-orbit coupling. In the case of small
spin-orbit coupling L and S are good quantum num-
bers and the orthogonal ensemble applies, for large
spin-orbit coupling L and S are not good quantum
numbers and the symplectic ensemble is used, and
for a large magnetic field and large spin-orbit
coupling the unitary ensemble is used. When the
spin orbit coupling is large there are big interac-
tions among the levels; they are expected to repel
each other and fall into a more uniform arrange-
ment; in this case a more periodic behavior is ex-
pected than in the orthogonal ensemble.

The result is that the dielectric susceptibility is
(for small electric fields and the diameter D less
than the bulk mean free path)

1 & 139 &
207 AD 12007 hv,

X= Alw) , (10)
where the first term is the static susceptibility and
is frequency independent and v is the Fermi veloc-
ity. The function A(w) is determined by the en-
semble average used.

For light metals (“small” spin-orbit coupling)
the orthogonal ensemble applies. Expressed in
terms of the integral sine Si(x) and integral cosine
Ci(y),

7w
os A )

THw Thw Sﬂh‘w>]

—_— [64
Tho o\ A A A 95T,

For heavy metals (“large” spin-orbit coupling) the symplectic ensemble is used:
vy

_ A 2Tpw A [T . (Thw
A(w)—z—zﬂh_w sin—¢ =i [2+81<———A )} (cos

NThw A . THW
+i{—————sin*——
Z{ A mhw A

In the case of the symplectic ensemble there are
large periodic variations in the susceptibility with
frequency while the orthogonal ensemble yields a
relatively smooth function.

The static susceptibility in Eq. (10) is quite
large and led Gor’kov and Eliashberg tc predict a
large polarizability for small particles. Experi-

o —

ﬂﬁw+wﬁw i nhw)

A AN

L ,m‘/[w' THW ﬂﬁw_ . Thw
[2+S1<———-A ):I(————A cos——A s1n——A )}

!

ments by Meier and Wyder?! and by Dupree and
Smithard®? produced no such effect. This led
Strassler, Rice, and Wyder to make their com-
ment, the main point of which was that Gor’kov
and Eliashberg had mistaken the dielectric sus-
ceptibility for the polarizability. This is equiva-
lent to ignoring the depolarizing field and writing
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Eq. (2) as ;=K.
The classical (Drude) expression for the dielec-
tric susceptibility of a metal is

(11)

where o is the dc conductivity and 7 is the electron
relaxation time. Putting this into Eqs. (3) and (6)
yields

X=i0y /w(l —iwT) ,

_ 4nfo, /T
€w=1 +§7r (1 -7£)(a, /‘r)o —w?—jw/T

This is the dielectric function of a Lorentzian os-
cillator of width 1/7 and resonant frequency w,
=[($m) (1 -=f) 0, /7]'%. For these particles, f~0.1
and, taking the mean free path as the diameter and
vy ~10® cm/sec, 1/7~10" sec™., For typical met-
als 0,~10" sec™, so wy,~10' sec™. This is well
above far-infrared frequencies for which w $10%
sec™!, The dielectric function becomes

3 . 9wf
—7 " a1 =)o,

The real part of ¢,,, in this limit, turns out to be
independent of the properties of the particle. This
is a consequence of the nearly complete screening
of the field inside. On substitution of Eq. (13)
into Eq. (9) the absorption coefficient is found to
be

(12)

€ (13)

av ~

1+1

o= 9wl f
dmco,(1 +f -2 ®)17E -

It is worthwhile to briefly discuss the simplify-
ing assumptions made at the beginning of this sec-
tion. If the diameter of the particle is not utterly
negligible compared to (but is still less than) the
skin depth, there will be a loss from its magnetic
polarization (eddy currents). In a time varying
field the particle has a definite magnetization,:-
This problem has been discussed nicely by Landau
and Lifshitz.® The absorption coefficient due to
eddy-current losses is proportional to the imagi-
nary part of the magnetic polarizability o, =DPwo,/
40c%, 1t is

a=4afw? DPoy/c®

This loss is in parallel with that from electric
polarization so that the total absorption in the
classical model is the sum of Egs. (14) and (15),

WP 9 1DPg,
@ ‘f?<4mo(1 -2/ 102 >

(14)

(15)

(16)

Using o~ 10'" sec™, £~0.1, the second term dom-
inates for diameters larger than 50 A,

Rayleigh®* was the first to solve the problem of
scattering by small particles. The particles have
a dipole moment p= a,E,,, with a, given by (3).
Since E,,; has time dependence e*#“?, the particle ;
is an oscillating dipole, whose dipole radiation
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corresponds to the scattered light. The total pow-
er radiated is P=%w*|$12/c®. The cross section
S is this power divided by the incident energy flux
density ¢l Eqy|%/87,

S=(8rw!/3cY)| oz,| 2,

From Egs. (3) and (11) and the values of 0y, w,
and 7 used above, |a,l =3Q/47 to within a part in
10°, and S~ 107 cm®. The angular distribution of
the scattered radiation exhibits a characteristic
sin®0 dependence, where 6§ is measured relative to
the incident light. If we consider radiation in any
direction but 6 =0 to be lost to the detector, then
the absorption coefficient due to scattering is «
=NS/V=fS/. Any multiple scattering (subse-
quent scattering of already scattered light by an-
other particle in the composite medium) can only
affect the detector by increasing the intensity at
6=0. The upper limit for the absorption coeffi-
cient due to scattering is

a=fw'D?/4ct .

For a 100-A-diam particle at w~ 10 sec™ and with
f~0.1,a~10"%cm™, This is probably negligible.
The dipolar fields will contribute to €,, only if
the field from a given particle is significant at the
surfaces of its neighbors., This depends on the
polarizability and the filling factor. If # is the
mean distance between particle centers then 7® is
the volume allotted to one particle and 7= (Q/f)!/3.
The field from the dipole moment P =&, By of 2
particle at the nearest surface of a neighbor at T is

-~ _ 3®.B )ﬁ-x:;*i
Edip - [(Q/f)llii E_“(3\Q/47r) 3]

where 1 is a unit vector in the direction of T and

the second term in the denominator is a compli-

cated way of writing the particle radius. For the
purposes of an estimate we will take 1 along E’m
and @, =(3/4m)Q. Then

a, ,

= 3f -
Edip - 277[1 - (3f/4ﬂ.)1/3]3 Eext

The dipolar fields may be ignored to the extent that
f is small with respect to unity. As f is increased
they suddenly become quite important. For f~0.04
(most of the specimens studied here) Eq,~0.04 E,,;.
B4, =Eeee When £=0.35.

We are now in a position to discuss the curves
generated from the above equations. In Fig. 1 the
solid line is the absorption coefficient calculated
for the orthogonal ensemble in the copper sludge.
The result for lead would be slightly below the
curve shown. Both calculations are about a factor
of 2 smaller than the data points. In Fig. 2 the
solid line is for the orthogonal ensemble in Cu 2,
the dashed line is for the symplectic ensemble in
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FIG. 7. Absorption coefficient (on a logarithmic scale)

for Sn 1 vs frequency. The solid line is calculated from
the orthogonal ensemble, the dashed line from the sym-
plectic ensemble and the dot-dashed line from the clas-
sical (Mie) theory.

Cu 2 and the dot-dashed line is for the orthogonal
ensemble in Cu 3. The last one has been suppressed
where it would have passed through any of the curves
for Cu 2. The orthogonal ensemble gives both the
shape and magnitude of the absorption coefficient

for Cu 2 very well. It does however, very poorly
for Cu 3. This is likely a case where the dielec-
tric formalism no longer applies. In Fig, 3 the
solid line shows the orthogonal ensemble and the
dashed line the symplectic ensemble for Al 1.

Both are above the measured data, but the sym-
plectic ensemble gives the over-all shape well and,
remarkably, suggests the fine structure. In Fig. 4

TABLE II.
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the solid line shows the orthogonal ensemble, ap-
plicable to either Al 2 or Al 3. This misses badly;
probably a breakdown of the dielectric formalism.
In Figure 5 the solid lines show the orthogonal en-
semble and the dotted lines show the symplectic en-
semble for Sn 1. The orthogonal ensemble gives
the shape of the curve pretty well and the average
of the symplectic ensemble gives the magnitude.

In all of the figures the absorption coefficient
calculated from Eq. (16), the classical theory,
would be on the x axis. In order to show this, we
have plotted the data for Sn 1 on a logarithmic scale
in Fig. 7. The full circles are the data points,
some have error bars on them. The solid line is
calculated from the orthogonal ensemble, the
dashed line from the symplectic ensemble, and the
dot-dashed line from the classical theory. The
classical theory gives the over-all shape pretty
well at higher frequencies but fails miserably on
predicting the magnitude of the absorption.

V. DISCUSSION

Table II gathers together the important points
from the measurements. The first column gives
the sample designation, the second its average
diameter, the third the calculated value of A from
Eq. (1), the fourth the spread in A from the varia-
tion in the diameter, the fifth the intercept of the
more or less straight section with the x axis which
is an experimental value for A, the sixth the mea-
sured absorption coefficient at 40 cm™, and the
last this absorption coefficient divided by f. Since
the absorption coefficient more or less scales with
f this might help to eliminate any effects of differ-
ent packing densities on the data.

Considering the strong dependence of A on the
diameter, the rough agreement of most of the sam-
ples between the calculated and experimental value
is quite satisfactory. In the copper smoke the cal-
culated value comes out high; in the aluminum and
tin somewhat low. The two sludge samples, sur-
prisingly, were very close.

Data on small particles.

Absorption at 40 cm™

Diameter Calculated energy- Spread Measured energy- o a/f
Sample Q) level spacing (cm™) (cm™!) level spacing (cm™) (em™) (cm™)

C 90 vee ces .ee 3.4 79
Pb sludge 100 15 - 7-40 10+1 43 360
Cu sludge 100 11 " 5-30 101 44 370
Cu 2 70 31 2050 191 2.7 97
Cu 3 270 0.55 0.4-1 <3 5.3 190
All 150 4.2 3-5 13+1 5.0 120
Al 2 400 0.22 0.2-0.3 <3 14 340
Al 3 375 0.27 9.2-0.3 <3 10 260
Snl 140 8.9 7-12 131 2.4 130




1 FAR-INFRARED ABSORPTION IN SMALL METALLIC PARTICLES

Although the absorption coefficients at 40 cm™
do not follow any pattern, dividing them by the fill-
ing factor f does bring them into order with a couple
of exceptions. This number a/f is approximately
proportional to the absorption per particle rather
than the absorption per centimeter of the composite
medium and is shown in Fig. 8. This is a log-log
plot of the ratio of coefficient to filling factor ver-
sus diameter for the particles. These data are
shown as crosses in the figure and a dashed line is
drawn through them. The line has a slope of %
meaning that the absorption increases as D?/3,
Also in Fig. 8 are the same data with the number
for carbon subtracted off. These are shown as
circles and fall into a somewhat straighter solid-
line slope 3 (a~D?/2). Subtracting off the value for
carbon is done in an attempt to eliminate the ab-
sorption from nonmetallic causes and is of some
value if the absorption due to carbon is independent
of diameter. This is a somewhat shaky assump-
tion.

The major anomaly in the data is the structure
in Al 1 which consists of very regular well-re-
solved oscillations at 2.3-cm™ intervals modulated
by ones at 8.1 cm™ intervals, producing a beating
effect. In Fourier-transform spectroscopy one
must always be on guard against such behavior be-
cause it can be caused by two bad points in the in-
terferogram or by two interference patterns in the
sample. Both would be Fourier transformed into

400
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FIG. 8. Absorption coefficient at 40 em™! divided by
the filling factor vs particle diameter. See Table I for
sample identification.
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such a pattern, Neither of these is the case in

Al 1. The pattern was visible in all of the spectra
taken on Al 1 during two different runs separated
by a period of a month and on none of the other
samples run simultaneously. Because nine inter-
ferograms were recorded for Al 1 and because the
pattern was visible in all of them it was not due to
two bad points in the interferogram. If it was due
to an interference pattern, the pattern could only
be in the Al 1 sample itself. Al 1 was one of five
samples on a brass rotator disk which were placed
in the far-infrared beam successively. As the
pattern was not observed in any of the other sam-
ples it must be localized in A1 1. The samples
were mounted as follows: a piece of 0.001-in. -
thick polyethylene was placed over the hole in the
brass sample rotator, a short section (perhaps

1 mm thick) of brass or nalgene tubing was put on
it and the powder poured in, another sheet of poly-
ethylene was used to cover the powder and the
whole assembly held down with a piece of brass
shim stock screwed to the rotator. It seems in-
conceivable that the two polyethylene sheets sepa-
rated by the powder would be sufficiently flat and
parallel to cause standing waves between them,
We conclude that the structure seen in Fig. 3 is a
property of the powder itself. The calculated ab-
sorption coefficient for the symplectic ensemble
is suggestive of the data, even to showing a beat-
ing effect. It is different in detail, however. The
period of the oscillations is just about half of the
calculated mean energy-level spacing in Table II.
Al 1l had the smallest percentage variation in size
of any of the samples. It is the sample in which
structure is most likely to be found.

As might be guessed, Al 2 was an attempt to
duplicate the results of Al 1 with another sample.
The particle size turned out to be too large and
too uneven in size. For the present Al 1 must
stand alone and is not completely understood.

The question of possible interaction among par-
ticles is a difficult one. Although the mean sepa-
ration between particles is great enough in all but
the sludge samples to make interactions negligible,
the particles are not in any medium. Many of them
may be much closer than the mean separation
r=(f/Q)®. The particles, however, do have an
oxide layer on their surfaces. Electron-micro-
scope diffraction pictures of the copper particles
show a double-ring pattern typical of fcc copper
and, outside this, a pattern identified as simple
cubic Cu,O. The density of this line is less than
the copper lines, implying that perhaps 10% of the
particle is composed of the oxide. There is prob-
ably another layer of absorbed atmospheric gasses
surrounding this. These will help to keep the par-
ticles separated. As mentioned above, the par-
ticles are observed to have very low dc conductivity



1340

and to be microscopically isolated as far as their
static magnetic properties are concerned.'® In-
frared experiments by Rieder, Ishigame, and
Genzel'® on CdO smoke with f~0.03 and by Barker'
on localized modes from impurities in polar semi-
conductors with f in the range 0.02 to 0.1 were
both successfully analyzed using dielectric func-
tions of the form of Eq. (6). We feel confident in
doing the same.

There is another point to be made concerning
the oxide layer. It should be completely trans-
parent at the far infrared frequencies of interest.
It will reduce the diameter of the metallic small
particle though. Two layers of oxide on the sur-
face will reduce the diameter of the metal by 14 A
or so. This is not an insubstantial amount in the
smaller particles. But, it is likely that the elec-
trons can easily penetrate two layers of oxide (this
being a typical thickness in tunnel junctions) to
reach the surface so that the volume of the small
particle will be the same whether oxidized or not.
The density of the electrons will be reduced pro-
portionally to the number of electrons bound to
oxygen atoms. The effect of the oxide will be to
increase the energy level spacing.

One unexpected result of these experiments was
the total lack of temperature dependence in the
samples, at the temperatures studied. The copper
and lead sludge samples were studied at 1.2, 4.2,
9, and 20 K; the Cu 1 sample at 4.2, 9, and 25 K;
Allat2and4.2K;andSnl and Sn2at1.2 and
4.2 K. None of these showed any effects of tem-
perature although a previously unknown tempera-
ture-dependent absorption in quartz was found dur-
ing the course of these investigations. In particu-
lar, the absorption of the superconducting samples
did not change at all when cooled well below the
bulk metal transition temperature. This was un-
expected since the appearance of a superconducting
energy gap in an array of small particles should
lead to a reduced absorption at this gap and nearly
zero absorption at frequencies below it. This is
not seen in any of the samples below their super-
conducting transition temperatures.

There are two reasons why the size of the small
particles might be expected to affect superconduct-
ing behavior. If the diameter of the particle is
on the order of 100 Z’\, then the mean energy-level
spacing is on the order of 27,. Further, if the
diameter of the particle is less than the coherence
length of the electrons, the long range order of the
system is restricted and thermal fluctuations can
also become very important. Anderson® and
Strongin et al.2® have considered the spacing ef-
fect, in the absence of fluctuations, and have con-
cluded that if A >2kT,, there is no superconductiv-
ity. (The effective transition temperature of the
particles is zero.) The particles exhibit the bulk
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transition temperature when A=kT,.

Schmid®” has discussed the existence or lack
thereof of the energy gap in a superconductor with-
out long-range order. His conclusion is that there
is no energy gap; the density of electron states at
T =0 rises linearly from zero at zero frequency
to a peak near the BCS energy gap after which it
falls off to the normal state value. This discus-
sion ignores any influence of finite energy level
spacing.

Shmidt, ?® Muhlschlegel ef al.,% and Patton, *°
among others, have all considered the effect of
thermal fluctuations on the superconducting prop-
erties of small particles. The common conclusion
is that thermal fluctuations have a very strong
effect on particles whose diameter is much less
than the superconducting coherence length. Muhl-
schlegel et al. have also included a discussion of
finite energy level effects and have concluded that
until A=~%T, the effect is not significant.

Perhaps the most directly applicable work is
that of Patton who has calculated the density of
states for such a small particle “zero-dimensional”
system. He finds that the major effect of fluctua-
tions is to smooth out the BCS energy-gap struc-
ture in a critical temperature region centered
about T,. Only at temperatures well below this
critical region does the standard BCS gap clearly
emerge in the small-particle density of states.
The width of the critical region grows as the par-
ticle diameter decreases, eventually extending
over the entire temperature range below 7,. It
is interesting to note that this is predicted to oc-
cur at approximately the same particle diameter
which gives a mean level spacing A=%T,. This
suggests that when the point is reached where
level:spacing effects become important, thermal
ture of superconductivity in these particles.

Experimentally, the superconducting diamagnetic
susceptibility has been extensively studied in very
small aluminum particles.!® These experiments
show that the thermodynamic fluctuation theories
do indeed give a very accurate description of the
superconductivity in small particles, at least for
particle diameter of 200 A or greater. The re-
sults indicate, although indirectly, that fluctua-
tions do change the BCS gap structure as the par-
ticle diameter decreases. The infrared absorp-
tion studies reported here now give direct evidence
that for superconducting particles of diameter
~100 A and A ~FkT, the energy gap structure in the
density of states is either very much attenuated or
is completely absent.

For all the samples investigated the absorption
was found to increase with frequency. Most of the
samples studied were optimized in thickness for
the 10-40-cm™ region and did not transmit suffi-
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cient far infrared at higher frequencies to permit
measurement of o there. One very thin copper-
sludge sample was measured in the near infrared
at room temperature; it showed a continuing in-
crease in the absorption with increasing frequency
between 1000 and 4000 cm™! (10- to 2.5 um wave-
length). At these frequencies, classical scattering,
which increases as w*, would be expected to be the
dominant loss mechanism. In the visible at room
temperature almost all of the small particle speci-
mens are black. Some of the larger ones show a
slight blue-grayish tinge.

V1. SUMMARY AND CONCLUSIONS

These measurements onthe far infrared absorp-
tion coefficient of small particles have produced a
characteristic spectrum which depends much more
on the particle size than on the element of which it
is composed. There is very little absorption for
frequencies below the mean energy level spacing A,
a knee near A, and a roughly linear rise with fre-
quency above A, For the smaller particles, curves
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generated from the theory of Gor’kov and Eliash-
berg, with the depolarization field taken care of
correctly, give a good description of the data, al-
though clear choices between different statistical
ensembles cannot be made. For larger sizes the
calculated absorption is far below the measured
data. The failure of the calculations is quite abrupt
and occurs at about 200-A diameter. It is probably
a result of the assumption of constant internal field
no longer being true. The absorption calculated
from the classical theory is smaller than the mea-
surements by a factor of 200,

None of the specimens measured showed any
temperature dependence, including those made
from superconductors at temperatures below the
bulk superconducting transition temperature. We

~must conclude that the superconducting energy gap

is either strongly attenuated by thermodynamic
fluctuations or is completely absent in these small
particles.
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