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Optical conductivity in YBa 2Cu3O72d thin films
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The real and imaginary parts of the optical conductivitys11 is2 of partly untwinned YBa2Cu3O72d thin
films were measured by submillimeter spectroscopy for frequencies from 100 GHz to 1 THz. The frequency
dependence of the conductivity belowTC can be described by a narrow Drude-like peak with strongly
temperature-dependent relaxation rates.s1(n) does not extrapolate to the universald-wave value at 0 K.
Impurity scattering significantly different to the unitary limit has to be assumed to achieve agreement with
recent theoretical results. Including published infrared results we presents1(n) in the spectral range from
0.1–100 THz.@S0163-1829~99!01605-7#
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INTRODUCTION

The outstanding importance of measurements of the l
frequency electrodynamics (n,1 THz) of high-temperature
superconductors was unambiguously demonstrated du
the last years.1 Specifically, in addition to infrared~IR!
~Refs. 2 and 3! experiments, microwave and terahert
spectroscopy experiments were performed in the super
ducting state. And while some experimental results prov
experimental evidence ofd-wave superconductivity, a num
ber of open and so far unresolved questions remain:~i! the
frequency dependence of the complex conductivity below
THz is not at all well characterized and it seems importan
determine the spectral shape of the quasiparticle scatte
well below TC , ~ii ! the important role of impurities in
d-wave superconductors is well known: not only the imp
rity concentration but also the scattering strength is of o
standing importance. Up to now for most of the samp
investigated it is not known if unitary scattering or if th
Born limit is the more appropriate approximation, and~iii !
there seems to be no convincing experimental proof of
universal low-temperature dc conductivity, which has be
predicted by P. A. Lee.4

A large body of work has been performed o
YBa2Cu3O72d ~YBCO! thin films and single crystals usin
microwave surface-resistance methods.5–10 Important in-
formation also was gained employing terahertz spect
copy11–14 and by submillimeter measurements.15,16 A de-
tailed review on most of these results has been given
Bonn and Hardy.1 The most probable resume of these expe
ments can be given as follows:~i! The peak belowTC which
is observed in the real part of the optical conductivitys1 , is
due to two competing temperature dependencies. With
creasing temperature the normal-fluid density decrea
while the scattering time strongly increases.6,11 ~ii ! At least
in high-purity YBCO single crystals the penetration depthl
depends linearly on temperature. Theoretically it has b
shown by Annettet al.17 that a linear temperature depe
dence of the low-frequency penetration depth is a signa
of a d-wave pairing state. Later on it has been shown
PRB 590163-1829/99/59~6!/4390~4!/$15.00
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Hirschfeld and Goldenfeld18 that a crossover temperatureT*
exists below whichl}T2. T* crucially depends on the de
fect concentration, and this behavior indeed has been d
onstrated experimentally by Bonnet al.,8 and~iii ! there is no
real consensus concerning the superconducting gapD0 . But
based on the low-temperature measurements of the pen
tion depth the estimates yieldD0'2 – 3kBTC .1

In this paper we report on measurements of the comp
conductivity on high quality YBa2Cu3O72d films in the fre-
quency range from 100 GHz to 1 THz. The films were p
pared by high-pressure dc sputtering from a stoichiome
YBa2Cu3O7 target onto a~001! oriented NdGaO3 substrate.
A deposition time of 40 min resulted in an 81-nm-thick e
itaxial film. X-ray diffraction revealed an almost perfe
c-axis orientation of the films.

EXPERIMENT

The results shown were gained on a film which w
partially untwinned revealing an anisotropy of the conduct
ity of approximately 15% at room temperature. Since t
conductivity spectra along both directions turned out to
qualitatively similar, we present the results forEib, the most
intensively studied orientation. Magnetic susceptibility me
surement showed a sharp superconducting transi
@DT(10% – 90%),0.5 K# with an onsetTC589.5 K. Trans-
mission experiments of the film-substrate system were p
formed utilizing a set of backward-wave oscillators.19 The
measurements were performed in a Mach-Zehnder inter
ometer arrangement which allows the measurements
transmission and phase shift. The optical parameters of
substrates were determined in separate experiments usin
blank substrates. Utilizing the Fresnel formulas for a tw
layer system the conductivity and the dielectric const
were determined from the observed spectra without ass
ing any particular model.

RESULTS AND DISCUSSION

Figure 1 shows the real part of the conductivity~lower
panel! and the penetration depth~upper panel! as a function
4390 ©1999 The American Physical Society
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of temperature. The penetration depth is defined asl
5c/vk, with k being the imaginary part of the comple
refraction index:k5Im@i(s11is2)/«0v#1/2. The expression
for l gives the microwave resultl5(m0vs2)21/2 in the
limit s1!us2u and the expression for the skin depth in t
opposite limits1@us2u. Below TC the real part of the con
ductivity reveals a strong frequency dependence. The pea
the conductivity increases in height and is shifted to low
temperatures for decreasing frequencies. This behavior
been calculated in detail by Hirschfeldet al.20 The inset
shows the frequency dependence of temperature of the m
mum conductivity, which qualitatively resembles the theor
ical results.20 We now focus on the low-temperature beha
ior of the conductivity to compare it with the result by P. A
Lee,4 that the residual conductivitys0(T→0,n→0) in a
d-wave superconductor should be universal and indepen
of the impurity concentration, withs05ne2/(mpD0). As-
suming an energy gapD052.75kBTC and a penetration
depth l05160 nm, we estimates0533103 V21 cm21.
This value is shown as a solid square in the lower pane
Fig. 1. At first sight our experimental results are not comp
ible with Lee’s result.4 However, it has been shown b
Hirschfeldet al.20 that in the Born limit this residual conduc
tivity is effectively unobservable except at exponentia
small temperatures. Instead, the conductivity tends t
higher value, determined by the concentration of impuriti
s1(v,T) as observed experimentally can only be explain
if the theoretical predictions significantly different to the un
tary limit20 are used.

FIG. 1. Upper panel: Temperature dependence of the pen
tion depth. The inset shows the low-temperature behavior on a
ear scale. The closed rhombs give a zero frequency extrapol
from the analysis of the complex conductivity~see text!. Lower
panel: Temperature dependence of the real part of conductivit
the same frequencies as in the upper panel. The closed squa
T50 K indicates the universal conductivity value~Ref. 4!. The in-
set shows the temperature dependence of the conductivity
maximums~rhombs! compared to the theoretical curve~solid line!
~Ref. 20!.
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The upper panel of Fig. 1 shows the temperature dep
dence of the penetration depth. The penetration depths re
a sharp drop atTC for all frequencies and extrapolates t
wards values of 160 nm at the lowest temperatures. The l
temperature behavior of the penetration depth is shown in
inset of the upper panel of Fig. 1. According to the rece
theoretical models20 a linear temperature dependence of t
penetration depth of ad-wave superconductor can only b
expected at zero frequencies. With increasing microwave
quency the temperature dependence of the penetration d
strongly becomes reduced,20 a behavior which indeed is ob
served.

Figure 2 shows the real part of the conductivity as a fu
tion of frequency for two temperatures. To demonstrate
sample-independence of the conductivity we took sin
crystal21 and thin film data22 for comparison. The IR data ar
plotted on absolute scale without any arbitrary shifts. T
data clearly reveal a Drude-like behavior at 90 K with
relaxation rateG5(2pt)21 of the order of 3 THz. The data
also provide clear experimental evidence that a narrow c
ductivity peak develops at the lowest temperaturesT
,TC/10). The dashed lines represents a Drude fit to the d
using asdc value that will be explained later. The solid line
are mere interpolations between the submillimeter and
FIR results. The discrepancies between the dashed and
solid lines atT56 K may be due to the fact that the ver
low-frequency FIR spectra are ill-defined only. In a ran
from 300 GHz to 30 THz a strong suppression of the co
ductivity becomes apparent revealing a gaplike feat
around approximately 10 THz. This characteristic frequen
n* '10 THz most probably corresponds to a crossover of
elastic and inelastic scattering rates.23 The conductivity in
the superconducting phase reveals a peak close to 23
'1100 K. If we assign this value to 4D0 ,23 whereD0 is the
maximum gap value, we conclude that 2D0'6.4kTC .

The most relevant results are shown in Fig. 3. Here
show the real~lower panel! and imaginary part~upper panel!
of the conductivity as a function of frequency for differe
temperatures. Following suggestions of Jianget al.24 and
Schachingeret al.25 we have plotted the products2•n. The
reason to present data in this way is that the square of
penetration depth is directly related to this quantity throu
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FIG. 2. Frequency dependence of the real part of conductivit
temperatures just aboveTC ~90 K, triangles! and far belowTC ~6 K,
circles! compared to the infrared data. The IR data (n.2 THz! are
taken from Ref. 21~closed symbols! and Ref. 22~open symbols!.
Solid lines are drawn to guide the eye. Dashed lines represe
Drude fit ~see text!.
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l22(0); limn→0(s2n). With the decreasing temperature
well-defined minimum aroundn;0 is observed ins2•n
~upper part of Fig. 3! and a Drude-like peak centered at ze
frequency develops in the superconducting state ins1 ~lower
part of Fig. 3!. This feature directly reflects the electroma
netic response of the quasiparticles, which do not contrib
to the superconducting condensate. Analyzing the amplit
and the width of this process we can extract the informat
about the spectral weight and the scattering rate of the q
siparticles. The real and the imaginary part of the conduc
ity were fitted simultaneously assuming a Drude-like
sponse of the quasiparticles in the superconducting state
a temperature-dependent, but frequency-independent sc
ing rate. The electromagnetic properties of the supercond
ing condensate were also taken into account adding the
propriatess* term to the Drude conductivity. The solid line
in Fig. 3 were fitted using

s11 is25sD* 1ss* 5
nne2

m
~t212 iv!21

1
nse

2

m
@pd~0!/21 i /v#, ~1!

where the spectral weights of the normal and the superc
ducting componentsnn , ns , and the scattering ratet21 were
treated as adjustable parameters. Only for temperatureT
>200 K nn andns were kept constant due to the low acc
racy of s2(n). The agreement between model calculatio
and experimental results is quite satisfactory.

FIG. 3. Frequency dependence of the complex conductivity
YBa2Cu3O72d film at different temperatures. Upper panel: th
products2•n; lower panel:s1 . The lines are fits according to Eq
~1!. The insert demonstrates the effect of varying the effective s
tering cross sections within a d-wave model of superconductivity
~Ref. 26!. The curves are calculated assumingD(0)53.8 THz,
TC590 K, ands51 ~unitary limit, solid line!, s50.7 ~dashed!
ands50 ~Born limit, dotted!.
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The insert in Fig. 3 demonstrates the effect of varying
effective scattering cross section within a weak-coupling c
culation with finite scattering rate assumingd-wave
pairing.26 The line corresponding to the unitary limit show
no frequency dependence in the frequency range belo
THz and atT56 K. Already the scattering cross sections
50.7 has a significant frequency dependence at this temp
ture and can qualitatively explain the observed conductiv
spectra.

Figure 4 shows the temperature dependence of the fit
rameters obtained using Eq.~1!. The scattering rate collapse
from a value close to 3 THz atTC to 0.2 GHz at 40 K and
then remains almost constant for further decreasing temp
tures. Most probably and in accord with many other expe
mental findings, a gap develops in the spin-fluctuation sp
trum at the superconducting phase transition tempera
making the quasiparticles long-lived belowTC . From the
upper panel of Fig. 4 we can conclude that for temperatu
T.40 K the scattering rates are determined mainly by
elastic scattering processes from spin fluctuations. Below
K elastic impurity scattering processes dominate.

The lower part of Fig. 4 shows the superconducting a
‘‘normal’’ conducting spectral weights extracted from th
fits. Even forT,TC/10, the quasiparticle spectral weight r
mains at a value of 1/4 as compared to the normal state.
fact agrees well with theoretical estimations,18,23 which pre-
dict a finite concentration of the nonpaired quasiparticles
the presence of impurities even atT50. In addition, we
show the temperature dependence of thens1nn . It is a re-
markable and important result that this value remains alm
constant. Since the normal-state conductivity spectrum
much broader than the simple Drude process, the ana
based on Eq.~1! extracts only the spectral weight of th
single Drude at zero frequency. This spectral weight is giv
by the area under theT590 K Drude curve in Fig. 2. Thus

f

t-

FIG. 4. Temperature dependence of the quasiparticle scatte
rate G5(2pt)21 ~upper panel! and spectral weight~lower panel!
as extracted from the fits to the data of Fig. 3. The right-ha
side of the upper panel gives the mean free path, calculate
l 5yF•t, with yF51100 km/s being the Fermi velocity~Ref. 26!.
The inset shows the frequency dependence of the scattering
The data in the lower panel give the spectral weight of the nor
~n! and the superconducting~s! contributions and the sum of bot
components (n1s).
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PRB 59 4393OPTICAL CONDUCTIVITY IN YBa2Cu3O72d THIN FILMS
only the spectral weight under this curve is transferred i
the superconducting condensate.

The fits to the experimental results, shown in Fig. 3, all
the determination of the zero frequency penetration de
l0 . The resulting low-frequency values are plotted in t
inset of the upper panel of Fig. 1. The only three points t
have been measured reveal a linear dependence of the
etration depth with a slopedl/dT'3 Å/K.

Finally, assuming that the quasiparticle relaxation tim
can be frequency dependent, we tried to extractt(T,n) from
our data. In order not to mix the effects of the normal and
superconducting component, the termss* describing the su-
perconducting condensate has been subtracted from the
perimental conductivity. Now the frequency dependence
the scattering rate follows from24 t21(v)5vs1

n/s2
n , where

the notationsn indicates the normal conducting fraction. Th
frequency dependence oft is shown as inset in Fig. 4 an
reveals that a frequency-independent scattering rate is a
approximation in the frequency range of the present exp
ment.
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CONCLUSIONS

In conclusion, we have measured the real and imagin
parts of conductivity of partly untwinned YBa2Cu3O72d
films in the frequency range 0.1,n,1 THz. The analysis of
the experimental spectra allows the determination of spec
weight and scattering rates of the quasiparticles direc
From the temperature dependence of the conductivity
conclude that the impurity scattering cannot be descri
within the unitary limit. The penetration depth, which is e
pected to depend linearly on temperature in the ze
frequency limit in ad-wave superconductor, is strongly su
pressed at submillimeter frequencies.
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