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Frequency-dependent relaxation rate in superconducting YBa2Cu3O6¿d
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The submillimeter-wave 3 cm21,n,40 cm21 complex conductivity of the reduced YBa2Cu3O61d film
(TC556.5 K) was investigated for temperatures 4 K,T,300 K and compared to the properties of the same
film in the optimally doped state. The frequency dependence of the effective quasiparticle scattering rate
1/t* (n) was extracted from the spectra. 1/t* is shown to be frequency independent at low frequencies and
high temperatures. A gradual change to 1/t* }n1.7560.3 law is observed as temperature decreases. In order to
explain the observed temperature dependence of the low frequency spectral weight aboveTc , the quasiparticle
effective mass is supposed to be temperature dependent forT.Tc .
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I. INTRODUCTION

It is now well established that the complex conductiv
of high-Tc superconductors has a highly unconventio
character.1,2 Despite many experimental efforts an unr
solved question remains: is the frequency dependence o
conductivity due to a single mechanism or a sum of co
pletely different processes such as the Drude peak and
midinfrared absorption?3 Phenomenologically it has bee
proved to be useful to present the conductivity data on
basis of the extended Drude model with frequen
dependent effective massm* and the scattering rate 1/t* .1,4

The analysis of the infrared conductivity has revealed a
ear frequency dependence of the scattering rate wit
temperature-dependent offset value.1 Complementary, mi-
crowave techniques also allow the determination of the
fective scattering rate at much lower frequencies,5 and the
corresponding values can be considered to constitute
low-frequency limit of the scattering rate. It is therefore re
sonable to assume that 1/t* becomes nearly constant belo
some characteristic transition frequency, as was rece
observed6 in the case of c-axis conductivity in
Y12xCaxBa2Cu3O61d . Although this assumption agree
well with most experimental data, it is extremely difficult
observe this crossover frequency experimentally. This
mainly due to the fact that both components of the comp
conductivity s* 5s11 is2 have to be measured with hig
accuracy for frequencies below 50 cm21; a range which is
rather difficult to explore with conventional infrared tec
niques. As the temperature decreases belowTc , the accurate
determination of the scattering rate becomes even more c
plicated because of the influence of the superconducting
densate that has to be subtracted from the conductivity p
to the calculation of the scattering rate. As a result, even
information exists concerning the low-frequency behavior
the scattering rate belowTc .

In view of the problems outlined above, the method of t
submillimeter spectroscopy may be able to provide the n
essary frequency-dependent information. Recently, using
submillimeter spectrometer, we were able to obtain the co
PRB 610163-1829/2000/61~10!/7039~5!/$15.00
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plex conductivity of the optimally doped YBa2Cu3O61d film
(Tc589.5 K) and to directly observe the quasiparticle rela
ation belowTc .7 In the present article we report on the pro
erties of the same film in an oxygen-reduced state. Compa
to the previous experiments, a higher transmission value
the reduced sample allowed us to estimate the frequency
pendence of the effective scattering rate. In addition
broader temperature interval, in which boths1(n) ands2(n)
were available, made it possible to determine the spec
weight of the Drude peak and, thus, to observe the temp
ture dependence of the effective mass of the quasipartic

II. EXPERIMENT

The optimally doped 81 nm thick YBa2Cu3O61d film on
the NdGaO3 substrate7 was oxygen depleted by heating up
a controlled oxygen atmosphere, with subsequent quenc
to room temperature. X-ray diffraction showed thec-axis
orientation of the film. The mosaic spread of thec-axis ori-
ented grains, i.e., the variation of thec axis with respect to
the substrate axis, was 0.19°. Additional four circle x-r
diffraction revealed full in-plane alignment of thea/b-axes
parallel to the substrate axes. Four-point resistivity meas
ment yielded an onset of the superconducting transition t
perature,Tc556.5 K, with the 10%–90% transition width
of 2.9 K. The changes of the lattice constant and criti
temperature with oxygen depletion gave an estimate of
oxygen content of the sample.8 For our sample a value o
d50.760.1 has been determined.

The transmission experiments in the frequency rang
<n<40 cm21 were carried out in a Mach-Zehnder interfe
ometer arrangement,9 which allows both the measuremen
of transmission, and phase shift of a film on a substrate.
properties of the blank substrate were determined in a s
rate experiment. Utilizing the Fresnel optical formulas, t
absolute values of the complex conductivitys* 5s11 is2
can be determined directly from the observed spectra with
any approximations.

The frequency-dependent scattering rate can be calcul
7039 ©2000 The American Physical Society
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from the complex conductivity using the modified Drud
expression1,4,10

sD* 5«0vp
2~1/t* 2 iv!21, ~1!

where the plasma frequencyvp and the renormalized sca
tering rate 1/t* are assumed to be frequency dependentv
52pn is the circular frequency, and«0 is the permittivity of
free space. It should be noted that although the freque
dependences ofvp and 1/t* are a parametrization only,11,12

the low-frequency limit of these functions can indeed be c
nected to the quasiparticle self-energy.12–14

III. RESULTS AND DISCUSSION

Figure 1 shows the four-point dc resistivity of th
YBa2Cu3O6.7 film as compared to the resistivity at submill
meter frequencies,r15s1 /(s1

21s2
2). The dashed line rep

resents the linear temperature dependence of resistivity
temperaturesT,T* 5200 K the resistivity reveals signifi
cant deviations from a linear temperature dependence, w
is a typical behavior for oxygen reduced YBa2Cu3O61d
known from literature.15 The submillimeter and dc resistivit
show the same temperature dependence within the ex
mental accuracy, which may be considered as an additi
test of the film quality and homogeneity.

Figure 2 shows the frequency dependence of the com
conductivity of the YBa2Cu3O6.7 film at different tempera-
tures. The imaginary part of the conductivity is presented
form of a products2n, which allows the determination of th
superconducting spectral weight via16,17

ns2~n→0!5
1

2p

1

m0l~0!2
5

1

2p
«0vp,s

2 . ~2!

In Eq. ~2! l(0) represents the low-frequency limit of th
penetration depth,m0 is the permeability of free space, an
vp,s

2 is the spectral weight of the superconducting cond
sate. The real part of the conductivity~lower frame of Fig. 2!
is frequency independent at high temperatures and incre
with the decreasing temperature. At temperatures close to

FIG. 1. dc resistivity of YBa2Cu3O6.7 film compared to the data
at submillimeter frequencies. Solid lines—four point dc resistivi
symbols—submillimeter-wave resistivityr15s1 /(s1

21s2
2) at dif-

ferent frequencies. Dashed line indicates the linear temperature
pendence of the resistivity.
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superconducting phase transition a frequency dependenc
s1(n) is observed, which becomes significant as the te
perature is lowered further. At high temperatures the ima
nary part of the complex conductivitys2n increases approxi-
mately asn2. As the temperature decreases belowTc , the
low-frequency offset ofs2n becomes nonzero, which indi
cates the nonzero spectral weight of the superconduc
condensate. The overall frequency dependence ofs2n shows
then a minimum at zero frequency, with a characteris
width that becomes smaller with decreasing temperature
analogy to the complex conductivity data of the unreduc
YBa2Cu3O61d sample7 and according to theoretica
predictions,17 the width of this minimum qualitatively corre
sponds to the effective scattering rate. In order to obt
quantitative informations about the quasiparticle scatter
and spectral weight, the conductivity was analyzed using
simple two-fluid model with frequency independe
parameters.18 However, as boths1 ands2 are measured a
absolute values, we do not use the assumptionvp,n

2 (T)
1vp,s

2 (T)5vp,s
2 (0). This assumption leads tovp,n

2 (0)50,
i.e., all quasiparticles are condensed at zero temperature
will be seen below, the normal spectral weight remains n
zero even at the lowest temperature of our experiment.
final expression for the complex conductivity atvÞ0 can be
written in the form

s* ~v!5sD* 1ss5«0vp,n
2 ~1/t* 2 iv!211 i«0vp,s

2 /v,
~3!

wherevp,n
2 , vp,s

2 and 1/t* are frequencyindependent, vp,s
2

represents the spectral weight of the superconducting c
densate~Eq. 2!, vp,n

2 is the spectral weight of the nonsupe

,

e-

FIG. 2. Frequency dependence of the complex conductivity
YBa2Cu3O6.7 film at different temperatures. Upper panel: the pro
uct s2n; lower panel:s1. Solid lines are fits according to Eq.~3!.
Dotted lines are drawn to guide the eye. Arrows indicate the
proximate positions of the quasiparticle relaxation.
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PRB 61 7041FREQUENCY-DEPENDENT RELAXATION RATE IN . . .
conducting component, and 1/t* is the characteristic scatte
ing rate. The results of the simultaneous fitting of the r
and the imaginary parts of conductivity withvp,n

2 , vp,s
2 and

1/t* as free parameters are represented as solid lines in
2 and provide reasonable description of the experime
data. Prominent deviations are observed belowTc and at
high frequencies. The experimental data have a significa
weaker frequency dependence compared to the Drude m
Therefore, a frequency-dependent scattering rate has t
used in order to fit the experimental data correctly. The
viations become less apparent ins2n at low temperatures
due to the dominance of the superconducting condensate@ss
in Eq. ~3!#.

In order to obtain the frequency dependence of the s
tering rate directly from the complex conductivity, we reca
culated 1/t* (v) from the experimental data using Eq.~1!:
1/t* 5vs1(v)/s2(v). The procedure is quite straightfo
ward for T.Tc becausevp,s50. For T<Tc the termss ,
describing the effect of superconducting condensate, ha
be subtracted from the imaginary part of the conductiv
The obtained frequency dependence of the effective sca
ing rate is presented in the Fig. 3. The scattering rate
almost frequency independent at high temperatures in
submillimeter frequency range, as is well documented by
80 K data set. A significant frequency dependence evo
belowTc with a crossover to a constant value. The crosso
frequency shifts to lower frequencies as the temperature
creases. AtT56 K the scattering rate reveals a sing
power-law behavior and can be approximated by 1t*
}n1.7560.3. This power law is close to then2 behavior, which

TABLE I. Low-temperarure scattering rate of different samp
of YBa2Cu3O61d as obtained from submillimeter spectra~films!
and microwave measurements~crystals!.

No. Sample Tc(K) 1/t* (cm21) Reference

1 crystal 93 4.7 (n50.14 cm21) 23
2 crystal 93 14 (1.2 cm21) 23
3 crystal 88.7 1.7 24
4 film 89.5 45 7
5 film 56.5 43 this work

FIG. 3. Frequency dependence of the quasiparticle scatte
rate of the reduced YBa2Cu3O61d film at different temperatures
Solid lines are guides to the eye.
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was observed in the normal state and at infrared frequen
in reduced YBa2Cu3O61d sample;19 however it is not clear,
whether the same processes are determining the
frequency electrodynamics above and belowTc .

Figure 4 shows the temperature dependence of the s
tering rate of reduced (Tc556.5 K) and optimally doped
(Tc589.5 K) films as determined using the simple Dru
analysis@Eq. ~3!# of the complex conductivity. These dat
may be considered as the averaged submillimeter-wave
ues of the scattering rate. The dotted lines in the lower fra
indicate the possible linear temperature dependence
1/t* (T). Recently, Ioffe and Millis20 proposed a model tha
implies a quadratic rather than linear temperature dep
dence of the scattering rate aboveTc . Unfortunately, the
present data do not allow a direct proof of this dependen
as the scattering rate above 150 K for both samples has
obtained assuming a temperature independent Drude spe
weight vp,n

2 5const(T.150 K). As will be seen below, this
assumption may have substantial influence on the form of
1/t* (T) curve. Below 200 K the experimental results for th
underdoped sample start to deviate from the dotted line. T
effect is not observed for the optimally doped sample a
can be attributed to the opening of the spin gap in the
duced sample21 below a characteristic temperatureT* .Tc .

Recently we were able to show that the scattering rate
different samples of YBCO remains nearly universal
scaled to some fixed temperature aboveTc .22 The sample
independent value of 1/t* was found to be'730 cm21. In
this context it is interesting to compare the low-temperat
values of the scattering rate of our films with the microwa
data on single crystals.23,24This comparison is given in Table

ng

FIG. 4. Temperature dependence of the effective scattering
of the reduced (Tc556.5 K) and the optimally doped (Tc

589.5 K) ~Ref. 7! YBa2Cu3O61d film as extracted from the fits
@Eq. ~3!# to the complex conductivity data. Lower frame shows t
data on the linear scale. Solid lines are guide to the eye. Das
lines represent an extrapolation of the linear temperature de
dence of the scattering rate observed at high temperatures.
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I. The scattering rate for the thin films is approximately
order of magnitude higher than for the crystals, which pro
ably indicates a higher level of defects in films. This conc
sion correlates well with the strong sample dependence
the microwave scattering rate. However, comparing the c
tal data at different frequencies~rows 1 and 2! we can also
suggest an additional contribution from the frequency dep
dence of the scattering rate as discussed above~Fig. 3!.

Figure 5 shows the temperature dependence of the D
spectral weight for the optimally doped~left frame! and re-
duced~right frame! samples. The relatively high error ba
reflect the uncertainties due to experimental errors and du
Drude-fits quality. The absolute value of the total spec
weight for the oxygen-reduced sample is lower compared
the optimally doped sample for all temperatures. This agr
well with the doping dependence of the total spectral wei
as obtained by infrared measurements in the normal sta25

and by the magnetic penetration depth measurements in
superconducting state.26,27 Figure 5 shows a strong temper
ture dependence of the spectral weight of a reduced sam
aboveTc . A possible explanation of this temperature depe
dence can be given in terms of a temperature-dependen
fective mass of the quasiparticles, because the Drude spe
weight may be written as«0vp,n

2 5ne2/m* . According to the
kinetic inductance data of Fioryet al.,28 the quasiparticle
concentration remains temperature independent aboveTc .
Therefore, our data suggest an increase of the effective m
of quasiparticles at low frequencies, approximately a fac
of three, as the temperature is lowered from 150 to 60
These results may be compared with the two-compon
analysis of the infrared conductivity1 carried out for frequen-
cies above 50 cm21. This analysis revealed a nearly tem
perature independent weight of the Drude component for
timally doped YBa2Cu3O61d .1,29 On the other hand, the

FIG. 5. Temperature dependence of the effective Drude spe
weight of the reduced (Tc556.5 K, right frame! and the optimally
doped@Tc589.5 K, left frame~Ref. 7!# YBa2Cu3O61d film. The
data are extracted from the low frequency offset ofs2n ~supercon-
ducting component,vp,s

2 ) and from the Drude fits@Eq. ~3!# to the
complex conductivity data~normal component,vp,n

2 ).
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analysis of the infrared conductivity on the basis of t
modified Drude model~i.e., one-component analysis! reveals
a remarkable temperature dependence of the effective m
in the low-frequency limit1,4,14 both for underdoped and fo
optimally doped cuprates. Since both types of analysis
expected to coincide in the low-frequency limit,4 the two
results apparently contradict each other. Interestingly,
submillimeter data of the spectral weight are obtained by
simple Drude analysis of the first type, but provide t
temperature-dependent effective mass similar to the l
frequency limit of the modified Drude analysis.

As the temperature is lowered throughTc , the normal
spectral weight (vp,n

2 , Fig. 5! for both films decreases an
then saturates at a finite value even atT,0.1 Tc . This de-
crease is followed by a gradual increase of the spec
weight of the superconducting component. As a result
full spectral weight for both samples reveals almost
changes forT,Tc compared tovp,s

2 1vp,n
2 at T5Tc . This

indicates that the apparent temperature dependence o
effective mass is ‘‘frozen’’ belowTc . Therefore, the two-
fluid model assumption,nn1ns5const, which supposes
temperature-independent effective mass, holds forT<Tc .
For higher temperatures, the conservation of the lo
frequency spectral weight is violated due to the tempera
dependentm* .

IV. CONCLUSIONS

In summary, we have investigated the submillimet
wave complex conductivity of a reduced YBa2Cu3O61d film
(Tc556.5 K) and compared it to the properties of the sa
film in the optimally doped state. Higher transparency a
lower transition temperature of the reduced film allowed
observation of qualitatively new effects. The frequency d
pendence of the effective quasiparticle scattering rate
been extracted from the conductivity spectra. It was poss
to show experimentally that the scattering rate is freque
independent at low frequencies and high temperatures.
decreasing temperature a transition between 1/t* 5const and
1/t* }n1.7560.3 is observed. In addition, the low-frequenc
spectral weight of the Drude component was estimated
function of temperature and is shown to be temperature
pendent aboveTc . In order to explain the observed behavio
one has to assume an increase of the effective quasipa
mass by a factor of three as the temperature is lowered f
150 K to 60 K. On the contrary, the total low-frequenc
spectral weight,vp,n

2 1vp,s
2 , is temperature independent fo

T<Tc .
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