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Far-infrared transmission spectra of granular free-standing thin films of VBa2CusO
near the percolation threshold
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We report far-infrared transmittance measurements on granular free-standing thin films of
YBa&Cu30 in the frequency range 10—650 cm . The transmittance was measured both on metal-
lic films, in the normal (110-K) and superconducting (10-K) states, and on insulating films. The
metallic samples behave as a mixture of conducting and insulating small grains in the vicinity of the
percolation threshold. We obtained a fit to the measured transmittance with the two-dimensional
effective-medium approximation. The frequency-dependent effective conductivity was calculated and
the absorption coeKcient was observed to change as u

I. INTRODUCTION

The electromagnetic properties of inhomogeneous com-
posites have been a subject of numerous studies. The
reason partially lies in the indications that compos-
ites have a behavior very different from that of their
constituents. 2 In systems where the typical spatial di-
mensions (particle size) are small compared with the
wavelength of the incident electromagnetic field, the in-
homogeneous medium can be viewed as being uniform.
The propagation of radiation is then described by an
effective dielectric function, e,g. The electromagnetic
response of the composite depends on whether a con-
nected path of one of the constituents is present through
the material. In a metal-insulator composite the con-
ducting path is formed at a critical metal concentration
f = f, The effe. ctive response of the system depends on
whether f is near to, or much different from, the perco-
lation threshold. 4

In this paper we study the far-infrared (FIR) transmis-
sion properties of free-standing thin films of YBazCusO,
consisting of a random mixture of small, roughly spher-
ical, metallic and insulating particles. The size of an
individual particle (about 0.5 pm) was large compared
to atomic dimensions but small compared to the wave-
length of the FIR radiation (15—1000pm). The films were
prepared by a technique described previously. s Since no
substrate was present, we were able to cover a frequency
range 10—650 cm, wider than in previous transmission
measurements on these materials.

Previous FIR measurements on oriented YBaqCusO,
films were done using the single-bounce re6ectance
method, with a few transmittance, » 5 and direct
absorptivity measurements. The average grain size of
samples previously studied was around 10 pm, about 20
times the particle size in our experiments. Commonly
used lattice-matched substrates, such as SrTi03, KTa03,
LaA103, Zr02, and MgO, allow formation of pre-
dominantly a —b plane oriented films. However, all of the
known suitable substrates are either opaque in the FIR

region or have strongly temperature-dependent transmis-
sion. Thus it has previously been difficult to observe
small changes in transmission due to the films. Williams
et al. s did perform the transmission measurements on
YBazCusOe films. However, the presence of an absorb-
ing substrate in these measurements required the use of
the Brookhaven Synchrotron Light Source, which pro-
vided radiation 100—1000 times stronger than a conven-
tional mercury lamp.

The FIR properties of metal-insulator mixtures have
been previously studied, with samples prepared as metal
smokes, s is metal particles embedded in an insulating
host, z zo zi or granular films. zo zz~s The smokes consist
of unsupported metal particles, at typical volume frac-
tions less than 0.1, with voids between the grains play-
ing the role of the insulator. The preparation of samples
consisting of metal particles embedded in an insulator al-
lows good control over the metallic volume fraction. At
low metal concentrations, the particles are well separated
from each other. The granular metal films are typically
formed by simultaneous deposition of insulating and con-
ducting particles onto a substrate. The degree of granu-
larity can be affected by the substrate temperature, the
deposition rate, and the pressure during the deposition.

The FIR properties of an inhomogeneous mixture
change when the metallic component undergoes the su-
perconducting transition. The properties of such a mix-
ture can be described by a model appropriate for a system
in the normal state, with the adequate inclusion of the
dielectric function for the superconducting part. As long
as it can be assumed that the superconducting grains
have bulk characteristics, the effective response can be
calculated using the dielectric function of a bulk super-
conductor.

Our films difFer from granular samples studied previ-
ously in several ways. The previous FIR measurements
on granular metals and low-T, superconductors were
done on systems where the metal volume fraction f was
well below the critical volume for percolation, f, How-.
ever, our samples were very close to the theoretical per-
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colat;ive threshold concentration. It is expected that the
behavior of the system close to f, will be much differ-
ent from the behavior at small f 4.Some of the previous
metal-insulator-mixture measurements were also done
on small metal particles, 100 A in radius. The parti-
cles in the systems described here, however, were more
than an order of magnitude larger. While the properties
of the larger particles should be well described by the
bulk dielectric function, this need not, be the case for
smaller particles, where quantum size effects could play
an important role.

The frequency dependence of the transmission, as
well as the position of the absorption peaks of our
granular free-standing films are explained in terms
of a two-dimensional effective-medium approximation
(EMA). The results of the EMA were then used to cal-
culate the frequency-dependent conductivity and the ab-
sorption coefficient of the films. We found that the be-
havior of the conductivity was consistent with previous
calculationsz for a composite near the percolation tran-
sition. However, the absorption coefficient did not fol-
low an ~z dependence, previously reported2c for very di-
lute systems. The Mattis-Bardeen modelzs predicts zero
absorption in the superconducting state for the radia-
tion frequency v less than the energy gap, 2A. In this
model the absorption becomes nonzero at 2A, increasing
at higher frequencies, but always staying smaller than in
the normal state. Carr, Garland, and Tannerzo observed
an anomalous infrared absorption in granular low-T, su-
perconductors with metal volume fraction f (( f, . They
found that for u 2A the granular superconductors be-
come more absorbing in the superconducting state than
in the normal state.

The typical area of our free-standing thin films was
around 100 mmz with thicknesses 0.1—0.5 pm. We stud-
ied the transmission properties of several metallic and
insulating films in the range from 10 K to room temper-
ature. The samples were characterized using a JEOL
JXA-840 electron-probe microanalyzer and a Siemens
D500 x-ray diffractometer. The energy-dispersive x-ray
analysis indicated that both the metallic and the insulat-

ing samples had concentrations of Y, Ba, and Cu close to
the stoichiometric values. X-ray results showed that all

expected polycrystalline lines were present in the spec-
tra. The metallic films showed the narrow orthorhombic
phase splitting, while insulating films were tetragonal.
The superconducting transition of the metallic films was
measured using both an ac inductive technique and a su-

perconducting quantum interference device magnetome-
ter. The first method gave a slightly higher onset tem-
perature, around 85 K, with a transition width of about
15 K. The T, for our free-standing films was taken to be
78 K, i.e. , at the midpoint of the transition. The fragility
of the films did not allow resistivity measurements.

Transmission spectra were obtained using a step-and-
integrate fast-Fourier-transform spectrometer. For fre-
quencies between 10 and 200 cm the spectrometer was
configured as a polarizing interferometer (Specac) with
a 12.5-pm wire grid-spacing beamsplitter. From 100 to
650 cm the spectrometer was arranged as a conven-

tional Michelson interferometer, and the frequency range
was covered using a 12-0 Mylar beamsplitter. In our
measurements two 1.5-1 4He Dewars from Infrared Lab-
oratories, Inc. were used. The dgal Dewar arrangement
enabled the samples to be heated up to room temper-
ature without affecting the temperature of the detector
Dewar. The samples with the associated heater controls
were placed in the first Dewar, while cold filters mounted
on a slide and a composite-doped Si bolometer operating
at 1.6 K were placed in the second 4He Dewar. The filter
slide was located in front of the bolometer. The filters
could be selected externally, which enabled us to choose
the frequency range to be studied without warming up
the detector Dewar.

The free-standing films of YBazCusO~ were mounted
on a four-position copper carrousel, each with a clear
aperture of about 3 mm diameter. Our transmission
reference was a blank aperture. Both the sample and
the detector Dewar were cooled to liquid-helium tem-
perature. A heating element, mounted near the sam-
ple wheel, allowed the sample temperature to be raised
continuously from liquid-helium temperatures to room
temperature. The sample temperature was monitored
using a calibrated silicon-diode sensor from Lake Shore
Cryogenic, Inc. We studied the transmission spectra at
the temperatures from 10 to 300 K and concentrated at
the frequency region 10—650 cm i. In all, three metallic
free-standing films of different thicknesses were studied
in their superconducting and normal states. The results
presented here were taken from one film as a represen-
tative of the behavior. In addition, we have also mea-
sured several insulating YBazCusOs films. Some of the
measurements were done on films that were insulating as
deposited. However, the results given here were from a
metallic film that had been reannealed in argon to remove
the oxygen. This allowed us to compare the spectra of
the insulating and metallic states of the same film. The
spectra of both the as-deposited and the reannealed in-

sulating films were similar.

II. EXPERIMENTAL RESULTS

In Fig. 1 the solid lines show the transmittance of
a metallic 4800+500-A-thick free-standing YBa2CusO
film in the frequency range 10—650 cm and at two tem-
peratures, 10 and 110 K. The frequency dependence of
the transmittance at 110 K can be divided into two re-

gions. Below 100 cm, there is a strong frequency de-

pendence of the transmittance as it increases by a factor
of 4 as the frequency decreases. Above 100 cm, the
transmittance varies by less than 2'%%uo, with a slight in-

crease in transmittance as the frequency increases. At
10 K, however, the transmittance increases initially for
frequencies decreasing below 100 cm but Hattens off at
about 30 cm and then drops sharply [Fig. 1(b)j.

Note that for frequencies between 30 and 300 cm ' the
transmittance at 10 K is higher than at 110 K. An inter-
esting feature in the superconducting state (10 K) is the
sharpening of the phonon line at about 156 cm . Shown
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FIG. 2. Measured and calculated transmittance of an in-

sulating granular thin free-standing film. This film is the same
film shown in Fig. 1 except it was reannealed to a nominal
oxygen concentration of 6.5.
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FIG. 1. Measured and calculated transmittance of a gran-
ular free-standing metallic film: (a) 110 K; (b) 10 K. The in-

set shows the measured transmit tance below 60 cm ' at three
temperatures.

on Fig. 1 are three temperature-independent transmis-
sion minima at about 380, 490, and 576 cm i. The lines
at 156, 190, 270, 320, and 576 cm i are close to the
phonon lines observed by reflectance measurements on
polycrystalline samples. The line at 490 cm was ob-
served by only a few groups, and may be due to the
impurity phases, while the 380 cm line was observed in
the insulating phase of YBa2CusO, s' and may be due to
the oxygen-deficient grains. The discussion on the lattice
vibrations in the YBaqCusOe system had been summa-
rized previously.

The inset of Fig. 1 shows the temperature dependence
of the transmittance below 60 cm . One notes that at
10 K the transmittance tends towards zero as the fre-
quency decreases, indicating that there was supercurrent
screening. This behavior is consistent with a conven-
tional superconductor, which gives transmission in the
superconducting state T, ~ 0 as ~ ~ 0. At an elevated
temperature (54 K) the transmittance showed reduced
screening.

A frequency dependence of the transmission, similar
to that observed here, was reported by Carr, Garland,
and Tanner on granular Pb films with the grain size
on the order of 0.1 pm. They found that the normal-
state transmission at low frequencies decreased with in-

creasing frequency. Transmission measurements in the
spectral region 40 to 290 cm i on partially oriented
YBaqCusOe films deposited on MgO substrates were re-
ported by Williams et sl. Also, Forro et aLis studied the
FIR transmission of Bi&Sr&CaCu&O single crystals. The
frequency and temperature dependence of the transmis-
sion of these systems differs from that obtained for our
systems. We account for the differences by accounting
for the percolation effects that govern the behavior of
our films.

Next, we measured the FIR response of several oxygen-
deficient films. The energy-dispersive x-ray analysis
showed that all of the insulating films were close to the
stoichiometric ratio. X-ray results showed that they were
of the tetragonal phase. With their thicknesses taken into
account, all of the insulating films show similar FIR re-
sponse. Some of the films were insulating as deposited.
The results presented here were from the metallic film
described earlier, after it was annealed at 550'C in an
argon atmosphere. The measurements were done at 10,
54, 110, and 298 K. Within the experimental error the
results were temperature independent, and we present
here the transmittance at 110 K. As shown in Fig. 2, the
transmittance of the insulating films is markedly higher
than of the metallic ones, with strongly pronounced ab-
sorption peaks. The removal of the oxygen in these films
creates a material with no free carriers. The screening
of the phonons is therefore reduced and the absorption
lines become sharper.

III. CAI CUI ATIQNS

The transmittance results can be understood by ex-
amining the characteristics of the free-standing films. As
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an electron micrograph picture of the film showed, and
due to the nature of the preparation technique, the free-
standing films consisted of particulates about half a mi-
cron in diameter. The transmission of the metallic films
could be described assuming a random mixture of con-
ducting and insulating grains. The particle size (= 0.5
pm) was small compared to the wavelength of the in-
cident electromagnetic field. The optical properties of
such a medium can be described by an effective dielec-
tric function, which depends on the dielectric functions
of a metal and an insulator, the volume fraction of the
metal, and the particle shape. Since the dimensions
of the particles were comparable to the film thickness

( 0 5 pm), we modeled the data with the two-
dimensional EMA. The particles were roughly spher-
ical in shape and had a narrow size distribution centered
around a half micrometer. The effective dielectric func-
tion of the medium, &err(u), was then obtained from the
equation

4(~) —&etY(~) &rn(~) —&efr(~)1—
~~(~) + ~.ir(~) ~~(~) + ~.s(~)

where e and c; are the dielectric functions of the metal
and the insulator respectively, and f was the fraction of
the metallic component. The physical solution of Eq. (1)
is determined by the requirements that e,g be continuous
and that Imc, g ~ O.

The presence of transmission minima in our spectrum
suggests that the complete description of e~ should in-
clude the bound Lorentz oscillators in addition to the
Drude function

4n

(n+ I+ y, )z+ y,
' '

where yi +iy2 ——(4x/c)d(o i+ io2) is the film admittance.
This thin-film approximation is good when the penetra-
tion depth 6 )& d, as applies here. Since no substrate
was present, the index of refraction n for t,he surround-
ing area was set equal to l. In Fig. 1(a) we show the fit
to the normal-state transmittance obtained by first de-

termining the effective conductivity using Eqs. (1) and

(2) and then finding 7 from Eq. (3).
For the superconducting state we used the same EMA

equation, Eq. (1), assuming that the Drude contribution
remains due to some fraction of normal carriers. Thus,
we have rewritten the dielectric function c,„as

e~(~) = cp+ cl, + (1 —fsc)cD+ fsc&sc& (4)

f, = 0.50. The plasma frequency required for the fit was
close to the reported values determined via reflectance
measurements. The value of r ' was higher than pre-
viously reported. However, this increased scat t eri ng
was attributed to percolation efkcts.

In writing a dielectric function for the insulating com-
ponent of the metallic films it was assumed that the re-
sponse came only from the phonons and that no free car-
riers were present. Some of the phonon lines iii Table
I were observed also in the insulating films, and, be-
sides from the c axis, they most likely came from oxygen-
deficient grains. The transmittance through a thin film
of thickness d (& A was derived by Tinkham: 4

~~(~) =p+)
=GO+f1 +ED)

(~~r)'
(~r)(~r + i,)

(2)

where the expressions foi cD, EL, , and Ep are the same as
in Eq. (2). The value f„den toes the fraction of the su-

perconducting carriers within the metallic grains. Also,
as in Ref. 7, we obtain

TABLE I. Fitting parameters for metallic films.

10 I& 110 E4

up~ (cm ) p~ (cm ') A~ (meV) p~ (cm ') A~ (meV)

156
190
270
320
380
490
576

20
60
80
45

120
90
85

21
25

6
31
66

58

100
75

100
65

120
90
90

38
32

6
49
73
37
66

Not included in the Lorentz term for the metallic grains.

where the oscillator parameters are given in Table I. The
lines at 490 and 380 cm were ascribed to the impurity
phases and the oxygen deficiency. They were included
in the dielectric function, e;, of the insulating grains but
not in the Lorentz term for the metallic grains.

The free-carrier parameters were as follows: plasma
frequency, uz ——1 eV (= 8000 cm i) and r ' = 200
cm i, while Ep was 13. The value of f was 0.48, close to
the percolation threshold for the two-dimensional system,

where b(u) is a Dirac b function. The real part of Eq. (5)
was obtained from the normal-state Drude formula under
the assumption that for the superconductor I/r ~0. The
imaginary part, was then calculated from the Kramers-
Kronig relation.

We obtained a good fit for the transmission at 10 K by
leaving uz temperature independent (8000 cm '), and
ep ——13. We fixed 7- for the normal component at 180
cm . The parameter allowed to vary was f„, and we

obtained a fit for f„0.20. The position of the absorp-
tion lines were unchanged from the normal state. The
oscillator parameters are given in Table I. In Fig. 1(b)
we show the EMA fit for the transmittance.

The data for the insulating fiIms were modeIed assum-
ing that there were no free-carriers present, so that the
contribution to the dielectric function came only from
phonons; thus only the first two terms of Eq. (2) were

considered. The parameters for the phonon lines are
given in Table II, and the value of ep was 15. In Fig. 2 we
show the At to the transmittance obtained by first deter-
mining the eRective conductivity and then calculating T
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TABLE II. Fitting parameters for insulating films. 600

~0~ cm

156
190
310
340
390
450
495
570

p, (cm ')
15
35
25
27
75
55
30
40

0, (meV)

21
30
12
ll
38
26
28
23

500

400

300

200

from Eq. (3).
In the superconducting state the absorption lines up to

about 320 cm are more narrow than the correspond-
ing lines in the normal state, with especially noticeable
sharpening at 156 cm (Table I). However, at higher
frequencies the width of the peaks stays about the same
both above and below T, . In the insulating films the
phonon lines become sharper. The lines at 156 and 190
cm do not change from the metallic state. They repre-
sent an in-phase motion of 0(1)-Cu(1) and an Y vibra-
tion parallel to the c direction, respectively. The line cor-
responding to 450 cm was not observed in the metallic
state.

The metallic samples had a metal-volume fraction
f = 0.48, very close to the percolation threshold con-
centration for two dimensions. When the value f, in a
metal-insulator composite is reached from below, a closed
conducting path is formed and the mixture as a whole
becomes conducting at zero frequency. Although for the
two-dimensional case the theoretical critical volume frac-
tion is 0.50, the actual composite might show the tran-
sition at lower metal concentrations. Also, any varia-
tion in the size of the metallic particles could account
for the formation of the connected path at f lower than
0.50. A value of f, lower than the theoretically predicted
value was also previously observed in three-dimensional
systems. a~

An interesting feature of the percolative phenomena is
the frequency dependance of the real part of the conduc-
tivity, aq(u). According to the Mattis-Bardeen theory2s
the conductivity in the superconducting state, o&, (~),
which also governs the absorption, is zero up to the
value of the energy gap, starts to rise at the gap fre-
quencies, and meets the normal-state conductivity at
higher frequencies. Measurements on the oriented sam-
ples of YBa2Cu30~ showed that the frequency depen-
dent conductivity was reduced in the superconducting
state. However, measurements on conventional granular
superconductors, ~o with the metallic fraction f && f„
suggest that 0 ~, ) eq„ for frequencies around the energy
gap 2A. The EMA model for the samples studied here
gives the real part of the effective conductivity, Fig. 3, in
the normal and superconducting states which increases
with the frequency till about 300 cm ', and then, if the
phonon lines are ignored, stays constant up to the highest
measured frequencies.

The behavior of the real part of the effective conductiv-

, iJ

0
. j....." I

"""-----."1

100 200 300
I I t "-.~ ~--

400 500 600 700
—1

Wave number (cm )

FIG. 3. Real part of the effective conductivity for the
metal-insulator composite described in the text, calculated
within the effective-medium approximation for the metallic
film at 10 and 110 K. The diRerence in the two curves above
400 cm is the result of the fitting procedure.

ity had been studied previously by several authors.
The EMA theory for metal-insulator systems predicts a
broad resonant absorption peak centered at frequency,
~„. The value of u„depends on the characteristics of the
composite, such as the plasma frequency and the metal
concentration. As f increases, the lower-frequency edge
of this resonance moves toward lower frequencies, reach-
ing zero at the percolation transition. We observed this
predicted behavior in our systems near the percolation
threshold (Fig. 3).

For metallic films we found that the conductivity
stayed almost unchanged with temperature. In the su-
perconducting state the conductivity had a nonzero value
down to the lowest measured frequencies (10 cm ). The
reason might be the presence of the normal state com-
ponent. An insulator is usually best characterized by
the real part of the dielectric function, cq(~). We calcu-
lated this quantity from the fit for the insulating films,
and found that it behaved as expected for insulators, ap-
proaching the value of 19 as ~ ~ 0.

We obtained the absorption coefficient o.(~) from
the equation n(~) = 4xkcu, where k is the ext, inc-
tion coefficient calculated from EMA and ~ is in
cm . The frequency dependence of o. is shown in
Fig. 4. For both the normal and the superconduct-
ing states of the metallic films the absorption increases
with frequency and tends toward saturation at higher
frequencies. In the previous study by Carr, G ar-
land, and Tanner on granular conventional super-
conductors, it was observed that for diluted systems
n(~) oc ~ . However, at larger metal-volume fractions

( 0.10 for a three-dimensional system) an o oc ~ behav-
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FIG. 4. Absorption coefFicient for the metal-insulator
composite described in the text, calculated within the
effective-medium approximation for the metallic film at 10
and 110 K.

ior was found.
Frequency-dependent percolation efI'ects were also in-

vestigated theoretically by Stroud and Pan, 3 who calcu-
lated cr(to) and Reer, tr(to) in granular metals. They found
that for f f, and low frequencies (to (( r ') these
quantities depend on frequency as ~ and ~, respec-
tively. Bergman and Imry4 suggested that at f = f, the
conductivity of a system was proportional to ~J', where

p 0.73. For our system, we found that the calculated
n(to) changes as to s7, in the measured frequency range,
when the phonon contributions were subtracted. For fre-

quencies to 300 cm ' we also obtained Reo, tr(to) oc too 5.

Carr, Garland, and Tanner20 investigated a system of
small Sn and Pb particles embedded in KC1 host, with

the metal concentration f (0.05. In the superconducting
state and frequencies much below 2A they found that the
samples became less absorbing than in the normal state,
while for ~ & 2A the absorption in the superconducting
state was about 50% larger than that in the normal. Tan-

ner, Sievers, and Buhrmans reported the FIR transmis-
sion measurements on granular free-standing smoke with
the metal-volume fraction around 0.018. The smoke con-
sisted of small Sn particles, 140 A diameter, surrounded
by voids. No temperature dependence of the absorption
coefficient was found, even for temperatures well below
the bulk superconducting transition temperature. Our
samples were free-standing films consisting of metallic
and insulating particles in contact with each other. We
did not observe any significant temperature dependence
of the absorption coefficient.

Pham et al. measured the absorptivity of
YBa2CusO twinned crystals at 2 K in the frequency
range 80—400 cm i. They found the to2 dependence and
the values of the absorptivity less than 3%. Taking into
account the reflection, and using the absorption coeffi-
cient calculated from EMA, we obtained the absorptiv-
ity for our system about an order of magnitude larger.
Shown in Fig. 4 are the calculated absorption coefficients
for the metallic films, in the normal and superconducting
states, and the insulating films.

In conclusion, we presented FIR transmission measure-
ments on granular thin free-standing films of YBa2CusO
in metallic and insulating states. The measurements were
done without the presence of the substrate. This allowed
us to study a wider frequency range than previously re-
ported, and the interference from the substrate was not
present. The data were described by the two-dimensional
EMA. The metallic films appeared to be very close to the
percolation threshold and showed behaviors similar to
granular systems studied previously. The frequency de-

pendence of the absorption coefficient and the real part
of the effective conductivity agrees with some previous
theoretical investigations of the percolative phenomena.
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