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It is shown that the agreement between measurements of the far-infrared absorption by small-

palladium-particle composites and recently published calculations which used a size-distribution-dependent
effective dielectric function was caused by the use of a low-frequency expansion for the magnetic dipole ab-
sorption at frequencies where this expansion was no longer valid. When the complete magnetic dipole ab-
sorption is used, theory predicts an absorption substantially smaller than is observed.

In a recent Brief Report, Chylek, Boice, and Pinnick
(CBP) discussed the far-infrared absorption by small metal
particles. Earlier studies had shown that the magnitude
of this absorption is more than ten times larger than the
predictions of classical electromagnetic theory, even though
the classical theory gives correctly the frequency, size, and
concentration dependence of the absorption. 7 As was dis-
cussed recently by Sen and Tanner, extrinsic mechanisms,
such as the effects of clustering and absorption iri oxide
coatings, also could not predict the magnitude of the ab-
sorption while retaining the proper frequency dependence.
In their model, CBP used an extension (due to Chylek and
Srivastava ) of the dynamic effective-medium approxima-
tion'0 (DEMA) which included a distribution of particle
sizes. When evaluated in the long-wavelength, low-
frequency limit, this model gave an effective absorption
coefficient in good agreement with the measured absorption
coefficient of 1-p,m-radius Pd particles embedded at low
volume fraction in KC1.4 CBP concluded that the
anomalous absorption could be explained by assuming a
wide distribution of particle sizes.

The purpose of this Comment is to discuss conditions
which must be met before the model used by CBP is valid
and to make a direct comparison with experiments. Chylek
and Srivastava" have also recently discussed the conditions
necessary for the model of CBP to be valid. The first condi-
tion (the "long-wavelength" limit) requires that the exter-
nal wavelength be large compared with the particle size.
The important parameter here is kor, where r is the particle
radius and ko is the wave vector of the light in the medium
surrounding a particle. This wave vector is defined to be

ko= —"4"rr .
C

where co is the angular frequency of the light and e,ff is the
effective dielectric constant of the composite. The signifi-
cance of the long-wavelength limit, ~ko~r && 1, is that the
fields to which a particle is subjected may be regarded as
spatially uniform, so that only dipole modes are excited and
scattering may be neglected. This limit is easily satisfied by

all of the far-infrared studies, 2 6 for which ~/27rc= 10
cm, t fr txc~ = 4.8, and r ~ 10 cm( = I p, m), making
~k, ~r ~10-'.

The second condition (the "low-frequency" limit) re-
quires that the electromagnetic skin depth be large com-
pared with the particle size. In this case the important
parameter is kr, where k is the wave vector of light "inside"
the particle. This quantity is defined by

k= —"Qe „, (2)

where e „is the complex dielectric function of the particle.
By the usual definition that the skin depth 5 is the decay
length of the electric field amplitude, 8=1/Im(k). The
second condition,

~
k

~
r && 1, is not always satisfied because

the far-infrared dielectric function of metal particles can be
extemely large. For example, the Drude dielectric function
1S

If the low-frequency limit is valid, ~k ~r && 1, and

bt=
45

(eerr)
1 3/r2 G0 r

(emet eeff)45' C

COp
e~„(cu) =1-

'd +is
where co~ is the plasma frequency and v the electronic
scattering time. Together, co~ and 7 determine the dc con-
ductivity, o t(0) = cour/4n If r = 10. cm, cr&(0) = 10
fl ' cm ', and ru/2n. c =10 cm ' then e „=ix10' and
k r =10. Only when r ~100 A(=10 6 crn), so that
k r ~10 ', does the low-frequency limit become a valid

approximation. See also the discussion of Ref. 11.
Magnetic dipole absorption is strongly affected by the skin

effect. 4 This absorption enters the DEMA through the first
magnetic (TE) Mie coefficient'0'2 which in the long-
wavelength limit is

1

bt = —.(kor) —1 ——cot(kr) —,5 (kcr)—1 3 3 3 1

3i (kr)2 kr
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Equation (5) is identical to Eq. (3) of Ref. 9 and was used
by CBP in the second term of their first equation.

A comparison between the low-frequency expansion and
the complete expression is most easily' made by using the
Maxwell-Garnett theory (MGT) to calculate the effective
dielectric function and permeability of the randomly inho-
mogeneous medium. As discussed in Refs. 4 and 10, the
MGT, the effective-medium approximation, and the DEMA
all predict identical values for the absorption coefficient so
long as the metal volume fraction f is small compared with
the critical concentration for percolation, f, . Because the
samples studied in the far infrared' ' typically had f«0.03
while'4 f, = 0.20, they are described well by the MGT.

According to the MGT, the absorption coefficient of the
composite is
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(7)

where ~MGT and p, MGT are, respectively, the MGT expres-
sions for the effective dielectric function and permeability of
the randomly inhomogeneous medium. If the metal parti-
cles are assumed to be spheres embedded at volume frac-
tion f in an insulating host, then the dielectric function is

FIG. 1. Far-infrared absorption by a Pd/KC1 composite system
(from Ref. 4). The dashed line shows the absorption calculated
when the low-frequency expansion for the magnetic dipole absorp-
tion is used while the solid line shows the absorption calculated
from the complete expression. The parameters used in the model
are the same for both curves,

Here, e „ is the dielectric function of the metal, a Drude
dielectric function [Eq. (3)], and eKc1 is the dielectric func-
tion of KC1, a real and constant dielectric function.

Magnetic dipole (or eddy current) absorption is the dom-
inant far-infrared absorption mechanism by small particles
with radii above about 50 A. This effect, which causes the
medium to have a nonzero magnetization even though the
constituents are nonmagnetic, has been discussed by
Tanner, Sievers, and Buhrman, Russell, Garland, and
Tanner, Carr et al. ,

' and Stroud and Pan. ' An expression
analogous to Eq. (7) may be derived for the MGT permea-
bility:
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Low-frequency expansion

3f(tu, „—1)
MGT (1 f)( 1)+3 (8)

In writing Eq. (8), the permeability of the insulating host
has been set to unity. The permeability of the small metal
particles'5 is related to their magnetic polarizability in the
usual way:

4m'
tume1= +

1 (4 (3)

O
O

O

/Q.

CO

Complete model

The polarizability is, in turn, proportional to the first mag-
netic Mie coefficient b1, given in Eq. (4) and (at low fre-
quencies) Eq. (5):

9i
Ym 8 (k )3

(10)

The absorption coefficient of the inhomogeneous medium is
calculated by using Eq. (3) for the dielectric function of the
metal particles, Eqs. (6)-(10), and either Eq. (4) for the
general case or Eq. (5) at low frequencies.

Figure 1 presents the measured absorption coefficient of
r =1 p. m Pd particles4 at a volume fraction of 0.01 in KC1.
The dashed line shows a fit to these data using the MGT
with the magnetic dipole absorption calculated from the
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FIG. 2. Calculated absorption coefficient for a small-particle com-
posite, illustrating the effect of a particle size distribution on the ab-
sorption. The upper panel shows the absorption when the low-
frequency expression is used in the calculations while the lower
panel gives the result of the complete theory. Curves are shown for
a log-normal distribution with geometric standard deviations of 1 (5
function), 2, and 4. Median particle radius is 300 A.
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low-frequency expansion, Eq. (5). The single adjustable
parameter in this fit was the particle radius r. [Because Eq.
(5) gives an r' variation to the absorption, the radius is a
convenient parameter. I could also have varied the conduc-
tivity or the scattering time. ] The other quantities used
were the same as those of Russell er al. :4 f= 0.01,
co~ = 50 000 cm ', 1/r = 500 cm ', and axct = 4.8. The best
fit was obtained with r = 0.2 p, m, a factor of 5 smaller than
the actual size. This result is not correct, however, because
the parameter which was assumed to be small in making the
low-frequency expansion, ~k~r, is in this case not small; it
varies from [k~r =0.5 at 4 cm ' to [k~r =2.4 at 80 cm
The solid line in Fig. 1 shows the absorption coefficient
when the complete expression for the magentic dipole ab-
sorption, Eq. (4), is used in the calculation. At very low
frequencies this curve is the same as the low-frequency ex-
pansion (as expected!) but, once ~k~r approaches unity, the
calculated absorption coefficient saturates at a low value of
o. =2 cm ', more than a factor of 10 smaller than the ex-
perimental absorption. Coincidentally, the 0.2-p, m (2000
A) radius is close to the size where the absorption coeffi-
cient as a function of particle size is a maximum. 4 There-
fore no choice of parameters in the complete theory can im-
prove significantly the agreement with experiment.

CBP and Chylek and Srivastava" found that including a
wide range of particle sizes in the calculation enhanced the
absorption. This enhancement is not enough to explain the
experimental data. As an example, I have shown in Fig. 2
the calculated absorption coefficient for several size distribu-
tions. The median particle radius was taken to be 300 A;

otherwise, the same parameters as for Fig. 1 were used.
The particle size distribution was assumed to follow a log-
normal distribution with geometric standard deviations of 1
(8 function distribution), 2, and 4. (The measured distribu-
tions' ' of small metal particles typically have a geometric
standard deviation of 1.5-2. ) The upper panel shows the
absorption when the low-frequency expansion is used. In
this case, the rapid increase in absorption with the distribu-
tion width is caused by a combination of the r variation of
the absorption and the shape of the log-normal distribution.
The lower panel gives the absorption calculated from the
complete equation. Here, the relatively small absorption in-
crease is due to the fact that at each frequency there is max-
imum absorption at some particular size; broadening the
distribution makes more of the particles fall into that size
range. (For a while, at least; if the distribution were to be-
come too broad, the absorption would be reduced because
too few particles fell into the range for high absorption. )
This increase in absorption, however, is only about a factor
of 2 to 3 and is insufficient to make experiment and theory
agree.

In summary, the recent calculation of CBP, in which the
anomalous magnitude of the far-infrared absorption by
small-particle composites was attributed to a size distribu-
tion for the metal particles, is incorrect. This error has also
been noted by Chylek and Srivastava. " The low-frequency
expansion for the magnetic dipole absorption is not valid at
far-infrared frequencies for sizes above 100 A. The far-
infrared absorption by small metal particles thus remains a
mystery.
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