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Electron scattering rate in epitaxial YBa2Cu3Q7 superconducting films
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This work determines the electron scattering rate in the a-b plane of epitaxial YBa&Cu307 films using

two techniques. Infrared spectroscopy yields the scattering rate at temperatures of 10, 78, and 300 K by
fitting reflectance data using thin-film optics and a model for the free-carrier conductivity. The scatter-
ing rate is also obtained using kinetic theory and an extrapolation of normal-state electrical resistivity
data to superconducting temperatures based on the Bloch theory for the phonon-limited electrical resis-

tivity of metals. The scattering rates determined using both techniques are in agreement and show that
the electron mean free path in the a -b plane of YBa2Cu307 superconducting films is three to four times

the coherence length. Hence YBa2Cu30, is pure but not in the extreme pure limit. An average defect
interaction range of 4 nm is obtained using the defect density resulting from flux-pinning considerations.

I. INTRODUCTION

The electron scattering rate is a basic parameter in
theories for thermal and electrical transport properties
and the optical behavior of metallic materials. At high
temperatures scattering by phonons dominates the elec-
tron scattering processes. At low temperatures, electrons
are scattered most frequently by lattice defects, and the
electron scattering rate provides information about the
defect structure of the material. In films of thickness
comparable to the electron mean free path, the electron
scattering rate is increased by boundary scattering.
Below the critical temperature of a superconductor, the
normal-state electrons possess a finite scattering rate,
which affects the optical and thermal behavior of the su-
perconductor. The determination of the electron scatter-
ing rate in YBa2Cu307 has been made particularly impor-
tant by the work of Hylton and Beasley, ' who postulated
a spacing between defects of 5.3 nm in the a-b plane of
YBa2Cu307 thin films from critical current density con-
siderations. Using kinetic theory, the electron scattering
rate and the spacing between defects yield an estimate of
the interaction range of defects.

Kamaras et al. performed an infrared spectroscopic
study of the electron scattering rate of YBa2Cu307 thin
films. They used the Drude model and their results apply
only to temperatures above the critical temperature.
Goodson and Flik predicted the electron mean free path
and the electron scattering rate for a-b plane thermal
conduction along epitaxial YBa2Cu307 films in the super-
conducting state based on the single-crystal thermal con-
ductivity and electrical resistivity data of Cohn et al.
Orenstein et al. reviewed the infrared properties of
YBazCu307 & crystals and discussed the residual scatter-
ing rate, due to electron scattering on impurities and de-
fects, and the temperature-dependent scattering rate due
to the interaction of electrons with phonons. But they
did not obtain the electron scattering rate in the super-

conducting state from their spectroscopic study. By
fitting microwave absorption data measured at 2 K for
epitaxial YBa2Cu307 films with a homogeneous two-fiuid
model, Miller et al. obtained an average scattering rate
of about 400 cm ' for film thicknesses from 400 to 500
nm. This is a surprising result because 400 crn ' is close
to the scattering rate obtained at 300 K by Kamaras
et al. , Orenstein et al. , and Zhang et al. for
YBa2Cu307 films and crystals.

This work determines the electron scattering rate in
the normal and superconducting states for YBa2Cu307
films of varying thickness using infrared spectroscopy
and electrical resistivity data. The samples are c-axis
oriented and fabricated by co-evaporation of Y, Cu, and
BaF2 on LaA103 substrates, followed by ex situ anneal-

ing. The thickness of the films varies from 10 to 200 nm.
The 50-, 100-, and 200-nm films are prepared by a two-
stage annealing process using fiowing wet and dry oxygen
gas in a tube furnace. These films are annealed at a max-
imum temperature of 900'C for 30 min in wet 02 and at
525'C for 30 min in Aowing dry Oz. The first-stage an-

nealing conditions for the 10- and 25-nm films are 750'C
for 30 min using a Nz. 02 gas mixture (1% Oz) bubbled
through deionized water. Normal (SEM) and high-
resolution (HRSEM) scanning electron microscopy,
Rutherford backscattering spectrometry (RBS), and x-ray
diffraction rneasurernents have been performed on sam-

ples from the same batches. The electrical resistivity at
temperatures from T, to room temperature is measured

by soldering four gold leads with indium to a sample sur-
face in the van der Pauw arrangement. The 50-, 100-,
and 200-nm films are c-axis oriented and possess high
structural and morphological quality. ' The crystalline
structure of the 25-nm film is close to that of the thick
films, while the crystalline structure of the 10-nrn film is
not as good as that of the others. Because the surface
roughness is of the order of film thickness, the 10-nrn film

possesses island structures and the dc electrical resistivity
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of this film is large compared with that of the other films.
The substrate thicknesses are approximately 0.5 mm.

A Biorad FTS-60A Fourier-transform infrared spec-
trometer is employed to measure the reflectance of the
film-substrate composites for the spectral region between
100 and 10000 cm ' at 300, 78, and 10 K. The
reflectance is measured at approximately a 10' angle of
incidence. The measurement technique was described in
detail by Zhang et al.

Electron motion in the a-b plane of YBa2Cu307 super-
conductors above its critical temperature of about 90 K
resembles that in a normal metal. The electron scattering
rate is determined at 300 K by fitting the Drude model to
the measured near-normal reflectance. In the supercon-
ducting state, the scattering rate of each film is deter-
mined at 10 and 78 K by fitting the infrared spectroscop-
ic data using the algorithm developed by Zimmermann
et al. ' for the frequency-dependent electrical conduc-
tivity of superconductors with arbitrary purity. A
temperature-independent fraction of residual normal-
state electrons is included at temperatures below T, . The
scattering rate is also determined from kinetic theory us-
ing an extrapolation of the electrical resistivity to low
temperatures based on Matthiessen's rule and the Bloch
theory for the phonon-limited resistivity.

II. ELECTRICAL RESISTIVITY

Kinetic theory relates the electron scattering rate 1/r
to the dc electrical resistivity p by

1 ne2
P

where e is the electron charge, m* the electron effective
mass, and n the electron number density. Fiory et al. "
determined m and n for transport in the a-b plane of
YBa2Cu307 from measurements of the influence of
charge-density modulation on the sheet inductance and
sheet resistance of epitaxial YBa2Cu307 films. The value
of m*=4.3X10 kg reported for the sample with the
lowest normal-state electrical resistivity is employed in
the present analysis. These authors found that the elec-
tron number density is independent of temperature in
both the superconducting and normal states but varies
among samples. In the present analysis, the electron
number density is obtained for each film from Eq. (1) us-
ing the optically determined dc electrical resistivity,
which is in good agreement with that from transport
measurements, and electron scattering rate at room tem-
perature. The method to determine the optical dc electri-
cal resistivity is discussed in Sec. III A.

The normal-state dc electrical resistivity is extrapolat-
ed to temperatures below T, using Matthiessen's rule, '

p(T}=pd+p, (T},
where pd is the electrical resistivity due to defects, which
is independent of temperature, and p, is the electrical
resistivity resulting from scattering by phonons. The
Bloch formula yields p, in a normal metal, '
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FIG. 1. Comparison of the fitted electrical resistivity with

the measured data for the 25-nm c-axis-oriented YBa2Cu307
film.

p~

T ~ xe"
p, (T)=4 po —f,d x,(e"—1)

where 8 is the Debye temperature and pe is a constant.
Goodson and Flik estimated the Debye temperature in
YBa2Cu307 to be 470 K from the specific-heat data mea-
sured by Lang et al. ' at 90 K. The dc electrical resis-
tivity is fitted to experimental electrical resistivity data
above T, using pd and pp as adjustable parameters, pro-
viding the hypothetical electrical resistivity below the
critical temperature if the material were in the normal
state. After the electrical resistivity is obtained, Eq. (1) is
employed to determine the electron scattering rate using
the temperature-independent electron number density.

Figure 1 illustrates the application of the fitting tech-
nique to the resistivity of one of the films used in the
present study. The solid line is the sum of the phonon
and defect components of the electrical resistivity given
by Eq. (2). The dashed line is the temperature-
independent defect component of the total resistivity.

III. INFRARED SPECTROSCOPY

2
COp~

~ ao + phonon+
COe CO l CO/ e

io(co)
COG'0

(4)

Since the radiation penetration depth is larger than the
film thickness, the optical properties of the LaA103 sub-
strate must be considered. Choi et al. ' and Zhang
et al. measured the transmittance and reflectance of a
446-pm-thick LaA103 substrate at 300, 78, and 10 K in
the spectral region from 100 to 10000 cm '. They ex-
tracted the optical constants of the LaA103 substrate
from the reflectance and transmittance in the region from
1000 to 10000 cm ', where the substrate is partially
transparent, and from the reflectance using the
Kramers-Kronig relations for frequencies from 100 to
1000 cm ', where the substrate is opaque. Three peaks
were observed in the reflectance spectra of LaA103 due to
phonon oscillators.

The frequency-dependent dielectric function of the
YBa2Cu307 films can be expressed as a linear superposi-
tion
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The first term on the right, e„, is the high-frequency
dielectric constant, which is approximately 4. ' The
second term is the phonon contribution. The third term
is due to a temperature-independent mid-infrared band,
which has a center frequency of ~„a plasma frequency
of co „and a width of y, . The last term is the contribu-
tion of free carriers, where eo is the electrical permittivity
of free space and cr(co) is the free-carrier conductivity.

The contribution of phonons to the a-b plane dielectric
function of YBa2Cu307 is neglected in the present study
due to their weak oscillator strengths. ' The parameters
for the rnid-infrared band are taken from the data of
Bauer' for the electric vector perpendicular to the c axis:
co, = 1800 cm ', co, =24 150 cm ', and y, =7500 cm

A. Free-carrier conductivity in the normal state
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FIG. 2. Comparison of the calculated and measured
reflectance at 300 K.

At temperatures above the critical temperature, the
free-carrier conductivity can be expressed as a function of
frequency using the Drude mode1,

0 dco„(co)=
1 SCOT

where ~ is the relaxation time and its inverse is the
scattering rate, O.d, is the dc electrical conductivity, and
its inverse, p;„, is the optical dc electrical resistivity.

Based on thin-film optics, the reflectance can be deter-
mined from the optical constants and the thicknesses of
the film and substrate. ' From 100 to 1000 cm ', where
the substrate is opaque, the expression for the reQectance
of the film-substrate composite is identical to that derived
by Born and Wolf' for an absorbing film adjacent to an
absorbing semi-infinite medium. Thin-film optics for a
two-layer system is applied for a frequency region from
1000 to 10000 cm ' by assuming that the electromagnet-
ic wave is totally coherent in the film and totally in-
coherent in the substrate. By comparing the calculated
reAectance with the measured data, the best fitting pa-
rameters are obtained, yielding the optical dc electrical
resistivity and electron scattering rate at room tempera-
ture.

Figure 2 shows the calculated and measured
reAectance at room temperature. For the 100-nm film,
the calculated reflectance is very close to the measured
data. The peaks at 190, 430, and 650 cm ' in the
reAectance are due to the substrate, since the YBa2Cu307
films are not opaque. The mid-infrared band introduces a

broadband absorption around the center frequency of
1800 cm ', but does not cause a peak in the reflectance
since its contribution to the dielectric function is much
less than that of the free-carrier conductivity for frequen-
cies less than ~, . The fitting parameters for each sample
are listed in Table I. The electron number density is cal-
culated from Eq. (l) using the values of p;, and 1/r. The
root-mean-square deviation between the calculated
reflectance and the measured data is less than 3/o. The
photometric accuracy is estimated to be better than 3%
for room-temperature reAectance measurements.

B. Free-carrier conductivity at temperatures below T,

The theory of Zimmermann et al. ' is employed to cal-
culate the frequency-dependent complex conductivity o„
for BCS electrons, i.e., the electrons whose behavior can
be modeled by the BCS theory. ' This theory was
developed by Lee et al. ' ' from a quasiclassical linear-
response model, in which the free-carrier excitations are
modeled as quasiparticles. They solved the dynamical
equations formulated using energy-integrated Green's
functions by modeling the response of quasiparticles to a
time- and space-dependent perturbation. The theory ap-
plies to weak-coupling isotropic BCS superconductors
and is valid for any value of the electron scattering rate.
The input parameters are the ratio of the temperature at
which the samples are investigated to the critical temper-
ature, T/T„ the dc conductivity O.d„and a normalized

TABLE I. Fitting parameters and scattering rates obtained from infrared spectroscopy of YBa2Cu307 c-axis films, electric vector
in the a-b plane.

dF
(nm)

T.
(K)

Pir
(pQ cm)

T=300 K
1/w

(cm ') (m ')

T=78 K
1/v.

(cm ')

T=10 K
1/w

(cm ')

10
25

50
100
200

85
90
89
91
91

880+220
420+40
340+30
340+30
510+30

300+90
400+60
520+50
480+50
500+50

1.1X10
3.ox 10"
4. 8 x10"
4. 5 x10"
3.1x 10"

1.60+0.60
0.95+0.15

1 ~ 02+0.10
0.94+0.10
0.90+0.10

161+60
125+20
129+13
129+14
124+14

0.60+0.20
0.42+0.05
0.44+0.04
0.42+0.04
0.46+0.04

130+45
91+11
95+9
91+9

100+9
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scattering rate

Y=h /(4mrb, ), (6)

and (7)

4(T)/ho= I for T/T, ~0.3 .

The BCS value of the energy gap at zero temperature is
A =2bo/kT, =3.53 where k is the Boltzmann constant.
Recent infrared studies showed evidence of a relatively
large normalized energy gap, 260/kT„between 7 and
8. The effect of the gap parameter on the calculated
reflectance will be examined in Sec. IV B.

Noting that at zero temperature Y=(n/2)(g/4),
where g is the superconductor coherence length and A is
the electron mean free path, the normalized scattering
rate can be viewed as a measure of the purity of super-
conductors. The mean free path is related to the Fermi
velocity vF and the scattering rate by A=vF~, and at
zero temperature, go

=h vF /(2' b 0). The Fermi velocity
is related to the number density and the effective mass
b 12

h(36')'"
VF=

277m

For Y&&1, when the superconductor is in the impure
limit, the Zimmermann theory gives the same result as
the Mattis-Bardeen relations. In the impure limit, the
electron mean free path is much shorter than the super-
conductor coherence length. For a pure superconductor
with Y&1, which is the case for YBa2Cu307, the error
resulting from using the Mattis-Bardeen relations is
large. The effect of the electron scattering rate on the
frequency-dependent conductivity in the superconducting
state was shown by Tinkham. Similar expressions for
the frequency-dependent complex conductivity of super-
conductors with arbitrary scattering rates were derived
by I.eplae and applied by Rao et al. to high-T, super-
conductors.

Recent far-infrared and microwave ' ' mea-
surements of single-crystal and thin-film YBa2Cu307 su-
perconductors indicated a residual absorption at temper-
atures much less than T, due to the existence of nonpair-
ing charge carriers. As suggested by Kobayashi and
Imai, a temperature-independent fraction of residual
normal-state electrons is considered, which obeys the
Drude model. A physical explanation for the residual
normal-state electrons is given in Sec. IVD. The com-
bined free-carrier conductivity at temperatures below T,
is given by

o, (co)=(1 f„„)o„(co)+f„„a„„(—~), (9)

where h is Planck's constant and 6 is the energy gap.
The energy gap is related to temperature by an approxi-
mation to the BCS theory
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FIG. 3. Comparison of the calculated and measured
reflectance at 78 K.

where f„, is the fraction of residual normal-state elec-
trons, o.„ is calculated from the Zimmermann theory,
and o.„„from Eq. (5). Kobayashi and Imai determined
0„(co}in Eq. (9) with the two-fluid model. ' With the ad-
ditional temperature-independent fraction of residual
normal-state electrons, they suggested a three-Quid model
to obtain agreement with microwave surface resistance
measurements. Van der Marel et al. ' proposed an ad
hoc two-fluid model. In this model, o»(co} is calculated
from the Zimmermann theory using a temperature-
independent energy gap, (1 f„„)—is proportional to
[ I —

( T/T, ) ] below T„and o „„(co)is calculated from a
temperature- and frequency-dependent scattering rate.
In the present analysis, f„„is assumed to be independent
of temperature and a frequency-independent scattering
rate is used for both the residual normal-state electrons
and the BCS electrons. The dc electrical conductivity,
o.d„ for the evaluation of O.„and 0 „„atlow temperatures
is obtained from the extrapolated resistivity as described
in Sec. II.

Another theory, the effective-medium theory, was
often employed for the study of inhomogeneous super-
conductors and yields a similar weighted sum of the two
components for the normal-state and BCS electrons. It
was derived from the coherent-potential approximation
and applied to high-T, materials by Glass and Hall,
Walker and Scharnberg, ' and Rao et al. Since the
mechanism of the electrodynamic response of high-T,
materials is still not fully understood, Eq. (9) is employed
in the present study because of its simplicity and clear
physical interpretation.

The best-fitting values of Y and f„„aredetermined for
each sample by comparing the calculated reflectance with
the measured data. Figures 3 and 4 show the calculated
and measured reflectance at 78 and 10 K for different film
thicknesses. The three peaks are due to the phonon oscil-
lators of the substrate, as in the case with the room-
temperature reflectance. The far-infrared measurements
between 100 and 400 cm ' are performed using a room-
ternperature DTGS pyroelectric detector and a po-
lyethylene window for the vacuum seal of the sample
holder. Because of the low optical efficiency of the
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reflectance at 10 K.

IV. DISCUSSION

A. Electron scattering rate

Table I lists the optically obtained scattering rate for
each film at 10, 78, and 300 K. The uncertainty of the
scattering rate is based on the fitting in the spectral re-
gion of 217 to 1200 cm ', since the data in this region

reflectance accessory for the low-temperature measure-
ments, the optical signal that reaches the detector is
much weaker than that for the room-temperature mea-
surements, yielding a low signal-to-noise ratio in the far-
infrared region. The fluctuation for the reflectance data
at 10 and 78 K in the far-infrared region is due to the
measurement uncertainty caused by the noise. At 10 and
78 K, the relative uncertainty is estimated to be 5%%uo from
450 to 2000 cm ' and 10%%uo from 100 to 450 cm '. The
maximum deviation between the calculated and measured
reflectance is 10%, and the standard deviation of these
fittings is less than 4%%uo. Note that the calculated
reflectance is not sensitive to f„„for frequencies higher
than the gap frequency of 217 cm ', and is not sensitive
to the scattering rate for frequencies lower than 217
cm '. The value of f„„obtained for all samples is 0.5
with an uncertainty of +0.2, due to the uncertainty in the
measured far-infrared reflectance. The uncertainty of f„„
does not affect the electron scattering rate obtained from
this study, because f„„only influences the calculated
reflectance for frequencies below 217 cm

are more sensitive to the scattering rate. The uncertainty
of the optical dc resistivity at room temperature is based
on the fitting for the frequency region from 100 to 10000
cm '. The electron number density is calculated from

Eq. (1) using the optical dc electrical resistivity p, , and

the electron scattering rate obtained at room tempera-
ture. At room temperature, the 10- and 25-nm films pos-
sess the lowest scattering rates. At low temperatures, the
scattering rates for all films are very close except that of
the 10-nm film. The electrical resistivities and the elec-
tron scattering rates calculated from Eq. (1) are listed in

Table II. The uncertainty of each electrical resistivity
and electron scattering rate given in Table II is 10%.
The fitted optical dc electrical resistivity p;, at room tem-
perature agrees with the value of p obtained through
transport measurements within the uncertainties of the
fitting technique and the measured resistivity. The elec-
trical transport resistivities p at 10 and 78 K are extrapo-
lated from the normal-state electrical resistivity data us-

ing Eqs. (2) and (3). The scattering rates for films of
thickness from 25 to 200 nm are close at low tempera-
tures. Tables I and II show that, except for the 10-nm
film, the optically obtained scattering rate is in good
agreement with that obtained from transport electrical
resistivity data. An average scattering rate of 91 cm ' is
determined at 10 K from both methods for films from 25
to 200 nm. The electron mean free path for these films at
10 K is A=~F7-7 nm.

For the 10-nm film, the optically obtained scattering
rate is 40% larger than the average value for the other
films, while that obtained from the electrical resistivity
measurement is about 40% less than the average value
for the other films. This may be due either to boundary
scattering or to the differences in the crystalline structure
between the 10-nm films and the other films. Because the
electron mean free path is of the order of the film thick-
ness, boundary scattering is important in this case, which
causes an increase in the scattering rate. The electrical
resistivity data employed in the extrapolation given by
Eqs. (2) and (3) are fitted to data at temperatures above
the critical temperature where the electron mean free
path is about half as long. Therefore, boundary scatter-
ing is not fully accounted for in the calculation of the
scattering rate from the electrical resistivity, yielding an
underprediction of the scattering rate. The reflectance of
the film-substrate composite for the 10-nm film is very
close to that of the bare substrate, which makes it

TABLE II. Scattering rates calculated from the
measurements in the a-b plane of YBa2Cu30, films.

resistivity and the scattering rate.

electrical resistivity obtained through transport
An uncertainty of 10% applies to the electrical

dF
(nm)

p
(pQ cm)

T=300 K
1/r

(cm ')
p

(pQ cm)
1/r

(cm ')

T=78 K
p

(pQ cm)
1/r

(cm ')

T=10 K

10
25
50

100
200

840
360
295
330
520

286
343
451
466
510

210
105
80
85

120

72
100
122
120
118

160
80
60
65
90

55
76
92
92
88
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difticult to extract accurately the scattering rates and the
optical dc electrical resistivity from the fitting method.
The uncertainty of the fitting parameters for this film is
about 30% as listed in Table I. This uncertainty affects
the optically obtained scattering rate and the electron
number density, a parameter used to calculate the
scattering rate from the electrical resistivity. The
difference between the crystalline structure of the 10-nm
film and that of the other films may also cause a disagree-
ment in the electron scattering rates. Due to the island
structure of the 10-nm films, the application of thin-film
optics to these films could introduce an additional uncer-
tainty in the spectroscopic method.

The electron scattering rates obtained in this study at
78 K for films of thickness from 25 to 200 nm are be-
tween 100 and 130 cm ', which are in agreement with
the values between 100 and 110 cm ' obtained by
Kamaras et al. for different YBa2Cu307 films at 100 K.
The scattering rate of YBa2Cu307 crystals obtained at
100 K by Orenstein et al. from infrared spectroscopy is
140 cm '. The electron mean free path of 7 nm at 10 K
determined in the present study for films of thickness
from 25 to 200 nm is in good agreement with the value of
6 nm obtained by Goodson and Flik for an YBazCu307
single crystal using the electrical resistivity data. The
average value of the normalized scattering rate Y at 10 K
for films of thickness from 25 to 200 nm is 0.42, which is
less but not much less than unity. The superconductor
YBa2Cu307 is pure, but not in the extreme pure limit.
The average carrier number density obtained in this
study for film thickness from 25 to 200 nm is 3.9X10
m, in good agreement with the average value of
4.9X10 m determined by Fiory et a/. " for six epit-
axial YBa2Cu307 films from transport measurements.

A frequency-independent electron mass and scattering
rate are successfully applied in the present study for fre-
quencies below 1200 cm, together with a mid-infrared
absorption band. A frequency-dependent electron mass
and scattering rate are often employed when analyzing
the spectra of YBa2Cu307 superconductors in the normal
state, as proposed by Schlesinger et al. , Schutzmann
et al. , and Renk et al. ' In these studies, the scattering
rate changed almost linearly with frequency for frequen-
cies below 2000 cm

Hylton and Beasley' estimated a minimum defect den-
sity in the a-b plane of 1V=3.5X10' m to account for
the critical current density measured along that plane.
Neglecting electron motion normal to the a-b plane, the
interacting range of the defects, L, can be related to the
electron mean free path and the defect density per unit
area, N, by L =(AN) '. Based on this relation, an aver-
age defect interaction range in the a-b plane of L =4 nm
is obtained. It must be investigated whether this interac-
tion range is compatible with the postulated nature of the
defects, i.e., oxygen or cation point defects.

Siegal et al. employed SEM, HRSEM, and RBS to in-
vestigate the microstructure of YBa2Cu307 films, which
were deposited by the same procedure as that of the 50-,
100-, and 200-nm films used in this study. Several types
of defects existed in the films, such as pinholes and micro-
cracks. These pinholes were normally less than 50 nm in

size and occurred at a density of 10' m . Small
structural imperfections due to edge dislocations, twin
boundaries, and point defects are not detectable by these
methods. Recently, scanning tunneling microscopy and
atomic force microscopy were employed by Hawley
et al. and Gerber et al. to observe screw dislocations
in epitaxial YBa2Cu 307 films grown by magnetron
sputtering. These studies revealed a spiral growth mech-
anism and provided hypotheses for the cause of the high
critical current density in the films based on the observed
defect densities of the order of 10'
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FIG. 5. The influence of energy gap on the predicted infrared
reflectance at 10 K.

B. Influence of the energy gap parameter

The issues regarding the value and even the existence
of the energy gap have not been resolved. Recent in-
frared studies show strong evidence for the existence of
an energy gap between 400 and 500 cm
(2bolkT, -7—8) for YBazCu307 superconductors.
Hirata and Asada reviewed the energy gap reported
from far-infrared, Raman-scattering, and tunneling mea-
surements, and concluded that the size of the energy gap
of superconducting oxides is in agreement with the
weak-coupling BCS prediction. Park and Chang inves-
tigated the effect of the electronic pairing mechanism on
the energy gap for high-T, superconducting oxides. They
found a BCS gap 260/kT, -3.56—4.02 for both La- and
Y-based systems and suggested that a large gap resulted
from a low-energy excitation that may be phononic in
origin. The effect of the energy gap on the predicted
reflectance is investigated in the present work by varying
the gap parameter A from 3.53 to 8. The best fitting is
always obtained by using the same scattering rate lie as
listed in Table I. It follows that the electron scattering
rate determined from this study is not affected by the
selection of the energy gap. Figure 5 shows the fitting at
10 K for the 100-nm films using different gap parameters.
The scattering rate is fixed to 1 jr=91 cm ', and the
fraction of the residual normal-state electrons is f„„=0.5.
The reflectance is not very sensitive to the energy gap.
Therefore, the energy gap cannot be determined from this
study.
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C. Dynamical conductivity D. Residual normal-state electrons

The dynamical conductivity is related to the dielectric
function obtained from Eq. (4) by

ax I(co)+o 2(co) = i—coEpE(co) (10)

Renk et al. extracted the dynamical conductivity at 10
K for a 400-nm film from the infrared reflectivity and mi-
crowave surface resistance measurements by employing
the Kramers-Kronig relations. The YBa2Cu307 film was
deposited in situ on a SrTi03 substrate by laser ablation,
yielding a highly c-axis-oriented epitaxial film with
T, =91 K. The dc conductivity extrapolated to 10 K was
2. 5 X 10 Q ' m '. The dynamical conductivity for this
sample is calculated here using the model for the free-
carrier conductivity described in Sec. IIIB. Figure 6
shows a comparison of the calculated dynamical conduc-
tivity with that extracted by Renk et al. In the calcula-
tion, the energy gap parameter is 2 =8, the fraction of
the normal-state electrons is f„„=0.2, and the normal-
ized scattering rate is X=0.20, yielding a scattering rate
of I /T. = 100 cm '. The modeled dynamical conductivity
agrees well with that extracted, particularly considering
the error in the Kramers-Kronig analysis caused by the
uncertainty of the assumed frequency-dependent absorp-
tion in the very-low-frequency region. The electron
scattering rate is in agreement with the average obtained
for films of thickness from 25 to 200 nm.

Figures 7(a) and 7!b! present the real and imaginary
dynamical conductivity calculated for the 100-nm film
used in this study at 10, 78, and 300 K. The dynamical
conductivity at 10 K calculated from the Mattis-Bardeen
relations without considering the contribution of resid-
ual normal-state electrons is also presented for compar-
ison. The Mattis-Bardeen relations, valid only in the ex-
treme impure limit, are not applicable to YBa2Cu307.
The dynamical conductivity obtained for film thickness
from 25 to 200 nm is very close. The shift of the gap
from approximately 217 cm ' at 10 K to approximately
133 cm ' at 78 K is determined by Eq. (7). If the residu-
al normal-state electrons were not included, 0.

&
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would approach zero toward zero frequency.
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Microwave surface impedance and far-infrared absorp-
tion measurements provided evidence for nonpairing
charge carriers. The origin of the residual normal-state
carriers is not understood. The crystal structure varies
from tetragonal for YBa2Cu306, which is an insulator, to
orthorhombic for the superconductor YBa2Cu307. Van
der Marel et alt. postulated the existence of a metallic
non superconducting phase in near-stoichiometric
YBa2Cu307 that does not change the lattice structure.
Renk et al. ' suggested that the residual absorption
may not be of intrinsic nature but rather due to inter-
grain or impurity-induced absorption in defect regions of
the film. Pham et al. proposed a thin normal-
conducting layer near the surface due to oxygen de-
pletion. The reflectivity and absorptivity of untwinned
single crystals with the electric vector polarized parallel
to the a and b axes were measured by Schlesinger
et al. , Schutzmann et al. , and Pham et al. The
reflectivity for a-axis polarization was larger than that for
b-axis polarization in the far-infrared region. The chain
and plane contributions to the infrared conductivity were
distinguished by those studies. By assuming that the con-
ductivity of a-axis polarization results only from the
Cu02 planes, while that of b-axis polarization from both
the Cu02 planes and CuO chains, Schlesinger et al.
were able to associate 50—60% of the infrared conduc-
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FIG. 6. Comparison of the calculated dynamical conductivi-
ty with that extracted from Kramers-Kronig analysis by Renk
et al. (Ref. 23).

FIG. 7. Dynamical conductivity obtained at 300, 78, and 10
K for the 100-nm film.
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tivity of b-axis polarization with the chains, suggesting
that half of the free carriers are in the chains.

Choi et al. ' investigated the effect of oxygen content
on the optical constants of YBazCu307 &

films and
obtained a correlation between the oxygen content and
the free-carrier number density. When the oxygen
stoichiometry varies from 7 to 6.8, i.e., 5 from 0 to 0.2,
the free-carrier number density is reduced by a factor of
5. This was explained by a charge-transfer picture pro-
posed by Cava et al. ' In this model, the CuO chains
serve as electron reservoirs, while the CuOz planes pos-
sess positive charges, i.e., holes. It is believed that the su-

perconductivity of YBazCu307 occurs in the CuOz
planes, and that the material is a hole conductor. As ox-
ygen atoms are removed from the CuO chains, some of
the electrons that were originally attached to these oxy-
gen atoms may either become free electrons in the CuO
chains or transfer to the CuOz planes and neutralize the
holes in the planes, resulting in an increase of the number
of residual normal-state electrons in the CuO chains and
a decrease of the hole population in the CuOz planes.
The dimensions of a unit cell of YBazCu307 are approxi-
mately 0.38X0.39X1.17 nm . If 5 is changed from 0
to 0.05, a maximum of 5.8 X 10 m more free electrons
can be released, which is about 10—20% of those ob-
tained in the present study and by Fiory et al. " Cava
et al. determined a bond valence sum for the chain
copper atoms of approximately 2.4 for 6—+0, implying
that the maximum possible number density of free elec-
trons in the CuO chains is 2.3X10 m . This is com-
parable with the total number density of the carriers in
this material. In view of these results, the free carriers in
the CuO chains could be the origin of the residual
normal-electron absorption of the high-T, superconduct-
ing oxides. At temperatures below T„ the carriers in the
CuOz planes behave as BCS electrons and can be modeled
using the theory of Zimmermann et al. ,

' while the con-
ductivity of the free electrons in the CuO chains follows
the Drude expression. In a fully oxidized YBazCu307 su-

perconductor, the number density of free carriers in the
CuO chains has not been determined. More detailed in-
vestigation is required to establish a correlation among
the oxygen deficiency 6, the carrier densities in the CuO
chains and in the CuOz planes, and the fraction of residu-
al normal-state electrons.

V. CONCLUSIONS

The electron scattering rate in the a-b plane of epitaxi-
al YBazCu307 films at temperatures well below T, found
from infrared spectroscopy is in agreement with that
determined using dc electrical resistivity data. A model
for the free-carrier conductivity is developed using the
theory of Zimmermann et al. ' and a temperature-
independent fraction of residual normal-state electrons.
An average scattering rate of approximately 91 cm ' at
10 K is obtained for films of thickness from 25 to 200 nm,
yielding an electron mean free path of 7 nm. Since the
electron mean free path is comparable with the thickness
of the 10-nm film, boundary scattering could increase the
electron scattering rate in this very thin film. The devia-
tion between the scattering rate of the 10-nm film and
that of the other films may also be caused by the different
microstructure of the 10-nm film. Although the super-
conductor YBazCu307 is pure, i.e., g/A-2/7&1, it is
not in the extreme pure limit of g/A « l. Using the de-
fect density resulting from Aux pinning considerations, an
average defect interaction range of 4 nm is obtained.
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