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Optical conductivity in YBa ,Cus0-_ s thin films
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The real and imaginary parts of the optical conductivity+io, of partly untwinned YBaCu;O;_ 5 thin
films were measured by submillimeter spectroscopy for frequencies from 100 GHz to 1 THz. The frequency
dependence of the conductivity beloW can be described by a narrow Drude-like peak with strongly
temperature-dependent relaxation rates(r) does not extrapolate to the univershivave 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 presén) in the spectral range from
0.1-100 THz[S0163-182€29)01605-1

INTRODUCTION Hirschfeld and Goldenfeld that a crossover temperatuFé
exists below whichh T2, T* crucially depends on the de-

The outstanding importance of measurements of the lowfect concentration, and this behavior indeed has been dem-
frequency electrodynamics& 1 THz) of high-temperature onstrated experimentally by Boret al.® and(iii) there is no
superconductors was unambiguously demonstrated duringal consensus concerning the superconductingigapBut
the last years. Specifically, in addition to infraredIR) based on the low-temperature measurements of the penetra-
(Refs. 2 and B experiments, microwave and terahertz- tion depth the estimates yieltly~2—3kgT¢ .
spectroscopy experiments were performed in the supercon- In this paper we report on measurements of the complex
ducting state. And while some experimental results provideeonductivity on high quality YBgCu;0_ ;5 films in the fre-
experimental evidence af-wave superconductivity, a num- quency range from 100 GHz to 1 THz. The films were pre-
ber of open and so far unresolved questions rem@irthe  pared by high-pressure dc sputtering from a stoichiometric
frequency dependence of the complex conductivity below 1YBa,CusO; target onto a001) oriented NdGa@ substrate.
THz is not at all well characterized and it seems important toA deposition time of 40 min resulted in an 81-nm-thick ep-
determine the spectral shape of the quasiparticle scatteriritpxial film. X-ray diffraction revealed an almost perfect
well below T, (i) the important role of impurities in c-axis orientation of the films.
d-wave superconductors is well known: not only the impu-
rity concentration but also the scattering strength is of out- EXPERIMENT
standing importance. Up to now for most of the samples

investigated it is not known if unitary scattering or if the partially untwinned revealing an anisotropy of the conductiv-

AL appropriate approximation, afic) ity of approximately 15% at room temperature. Since the
there seems to be no convincing experimental proof of the L L
. o ) conductivity spectra along both directions turned out to be
universal low-temperature dc conductivity, which has been ualitatively similar. we present the results b the most
predicted by P. A. Leé. 4 y » We p :

A large body of work has been performed on intensively studied orientation. Magnetic susceptibility mea-

o ; . surement showed a sharp superconducting transition
YBa;,CUO, ., (YBCO) thin films and single crystals using 195 9006} 0.5 K] with an onsefc=89.5 K. Trans-
microwave surface-resistance methdd$. Important in-

X ; . mission experiments of the film-substrate system were per-
formation also was gained employing terahertz spectros;

o y“‘l“ and by submillimeter measuremenid® A de- formed utilizing a set of backward-wave oscillatd?sThe
tail%d review ony most of these results has be.en given bmeasurements were performed in a Mach-Zehnder interfer-

Bonn and Hardy. The most probable resume of these experi—}Smeter arrangement which allows the measurements of

ments can be given as followd) The peak belowl which transmission and phase shift. The optical parameters of the

is observed in the real part of the optical conductivity, is substrates were determined in separate experiments using the

due 1o two competing temperature dependencies. With d blank substrates. Utilizing the Fresnel formulas for a two-
) peting P =P Y ayer system the conductivity and the dielectric constant
creasing temperature the normal-fluid density decreases

while the scattering time strongly increadés.(ii) At least were determlan fron; tlh e observed spectra without assum-
in high-purity YBCO single crystals the penetration depth Ing any particular model.

depends linearly on temperature. Theoretically it has been
shown by Annettet all’ that a linear temperature depen-
dence of the low-frequency penetration depth is a signature Figure 1 shows the real part of the conductivitpwer
of a d-wave pairing state. Later on it has been shown bypane) and the penetration depthpper paneglas a function

The results shown were gained on a film which was

RESULTS AND DISCUSSION
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o circles compared to the infrared data. The IR date>(2 THz) are
5:_2 taken from Ref. 21(closed symbolsand Ref. 22(open symbols
© Solid lines are drawn to guide the eye. Dashed lines represent a
Drude fit (see text
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0 50 100 150 The upper panel of Fig. 1 shows the temperature depen-

dence of the penetration depth. The penetration depths reveal

FIG. 1. Upper panel: Temperature dependence of the penetr& Sharp drop aff¢ for all frequencies and extrapolates to-
tion depth. The inset shows the low-temperature behavior on a linwards values of 160 nm at the lowest temperatures. The low-
ear scale. The closed rhombs give a zero frequency extrapolatidi@mperature behavior of the penetration depth is shown in the
from the analysis of the complex conductivifgee text Lower  inset of the upper panel of Fig. 1. According to the recent
panel: Temperature dependence of the real part of conductivity dheoretical modefd a linear temperature dependence of the
the same frequencies as in the upper panel. The closed squarepenetration depth of d-wave superconductor can only be
T=0 K indicates the universal conductivity val@Ref. 4. The in-  expected at zero frequencies. With increasing microwave fre-
set shows the temperature dependence of the conductivity peajuency the temperature dependence of the penetration depth
maximums(rhombs compared to the theoretical cur¢solid line  strongly becomes reducé¥a behavior which indeed is ob-
(Ref. 20. served.

Figure 2 shows the real part of the conductivity as a func-
of temperature. The penetration depth is defined \as tion of frequency for two temperatures. To demonstrate the
=c/wk, with k being the imaginary part of the complex sample-independence of the conductivity we took single
refraction index:k=Im[i(o;+io)/eqw]*® The expression crystaf* and thin film dat& for comparison. The IR data are
for N gives the microwave result=(uowo,) Y2 in the plotted on absolute scale without any arbitrary shifts. The
limit o;<<|o,| and the expression for the skin depth in thedata clearly reveal a Drude-like behavior at 90 K with a
opposite limito;>|a,|. Below T¢ the real part of the con- relaxation ratd”=(27) ~* of the order of 3 THz. The data
ductivity reveals a strong frequency dependence. The peak idlso provide clear experimental evidence that a narrow con-
the conductivity increases in height and is shifted to lowerductivity peak develops at the lowest temperaturds (
temperatures for decreasing frequencies. This behavior hasTc/10). The dashed lines represents a Drude fit to the data,
been calculated in detail by Hirschfelet al?® The inset using acg. value that will be explained later. The solid lines
shows the frequency dependence of temperature of the max@re mere interpolations between the submillimeter and the
mum conductivity, which qualitatively resembles the theoret-FIR results. The discrepancies between the dashed and the
ical results’® We now focus on the low-temperature behav-solid lines atT=6 K may be due to the fact that the very
ior of the conductivity to compare it with the result by P. A. low-frequency FIR spectra are ill-defined only. In a range
Lee? that the residual conductivityo(T—0,,—0) in a  from 300 GHz to 30 THz a strong suppression of the con-
d-wave superconductor should be universal and independefitictivity becomes apparent revealing a gaplike feature
of the impurity concentration, witlro=ne?/(mmA,). As-  around approximately 10 THz. This characteristic frequency
suming an energy gap,=2.7%gTc and a penetration »*~10THz most probably corresponds to a crossover of the
depth A\g=160 nm, we estimater,=3x10° O tcm !  elastic and inelastic scattering ratésThe conductivity in
This value is shown as a solid square in the lower panel ofhe superconducting phase reveals a peak close to 23 THz
Fig. 1. At first sight our experimental results are not compat=~ 1100 K. If we assign this value toM,,”® whereA, is the
ible with Lee’s resulf However, it has been shown by maximum gap value, we conclude thak @~6.4kT¢ .
Hirschfeldet al?° that in the Born limit this residual conduc- ~ The most relevant results are shown in Fig. 3. Here we
tivity is effectively unobservable except at exponentially show the rea{lower panel and imaginary partupper panegl
small temperatures. Instead, the conductivity tends to af the conductivity as a function of frequency for different
higher value, determined by the concentration of impuritiestemperatures. Following suggestions of Jiagigal>* and
o,(w,T) as observed experimentally can only be explainedSchachingeet al?° we have plotted the produet,- v. The
if the theoretical predictions significantly different to the uni- reason to present data in this way is that the square of the
tary limit*° are used. penetration depth is directly related to this quantity through
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g FIG. 4. Temperature dependence of the quasiparticle scattering
o rate'=(277) " (upper panéland spectral weighfiower panel
as extracted from the fits to the data of Fig. 3. The right-hand
side of the upper panel gives the mean free path, calculated as

| =ve- 7, with v.=1100 km/s being the Fermi velocitjRef. 26.
The inset shows the frequency dependence of the scattering rate.
The data in the lower panel give the spectral weight of the normal
FIG. 3. Frequency dependence of the complex conductivity ofy) and the superconducting) contributions and the sum of both
YBa,Cw0;_; film at different temperatures. Upper panel: the components+s).
producto,- v; lower panel:io;. The lines are fits according to Eq.
(1). The insert demonstrates the effect of varying the effective scat-
tering cross sectior within a d-wave model of superconductivity The insert in Fig. 3 demonstrates the effect of varying the
(Ref. 26. The curves are calculated assuming0)=3.8 THz,  effective scattering cross section within a weak-coupling cal-
Tc=90 K, ando=1 (unitary limit, solid ling, c=0.7 (dashed  culation with finite scattering rate assuming-wave
ando=0 (Born limit, dotted. pairing2® The line corresponding to the unitary limit shows
no frequency dependence in the frequency range below 1
N "2(0)~lim,_o(o,v). With the decreasing temperature a THz and atT=6 K. Already the scattering cross section
well-defined minimum around~0 is observed inc,-v  =0.7 has a significant frequency dependence at this tempera-
(upper part of Fig. Band a Drude-like peak centered at zerotyre and can qualitatively explain the observed conductivity
frequency develops in the superconducting statejiflower  gpectra.
part of Fig. 3. This feature directly reflects the electromag- Figure 4 shows the temperature dependence of the fit pa-
netic response of the quasiparticles, which do not contribute,; eters obtained using EQ). The scattering rate collapses
to the superconducting condensate. Analyzing the amplitudgom a value close to 3 THz af. to 0.2 GHz at 40 K and
and the width of this process we can extract the informationan remains almost constant for further decreasing tempera-
about the spectral weight and the scattering rate of the qugres Most probably and in accord with many other experi-
_siparticles._ The r_eal and the imaginary_part of the cor_lductiv-menta| findings, a gap develops in the spin-fluctuation spec-
ity were fitted simultaneously assuming a Drude-like re-w,m 4t the superconducting phase transition temperature
sponse of the quasiparticles in the superconducting state W"ilﬁaking the quasiparticles long-lived beloe. From the
a temperature-dependent, but frequency-independent scattcarﬁper panel of Fig. 4 we can conclude that for temperatures
@ng rate. The electromagnetic properties of the sup_erconductr>40 K the scattering rates are determined mainly by in-
ing condensate were also taken into account adding the ayagtic scattering processes from spin fluctuations. Below 40
_proprlateo’; term to the_ Drude conductivity. The solid lines g g|astic impurity scattering processes dominate.
in Fig. 3 were fitted using The lower part of Fig. 4 shows the superconducting and
“normal” conducting spectral weights extracted from the
n,e’ g fits. Even forT<T./10, the quasiparticle spectral weight re-
el Gl ) mains at a value of 1/4 as compared to the normal state. This
fact agrees well with theoretical estimatiofi2 which pre-
€2 ) dict a finite concentration of the nonpaired quasiparticles in
 m [m&(0)/2+i/w], D the presence of impurities even &t=0. In addition, we
show the temperature dependence ofrthe n,,. It is a re-
where the spectral weights of the normal and the supercormarkable and important result that this value remains almost
ducting components,, ng, and the scattering rate  were  constant. Since the normal-state conductivity spectrum is
treated as adjustable parameters. Only for temperaflires much broader than the simple Drude process, the analysis
=200K n, andng were kept constant due to the low accu- based on Eq(l) extracts only the spectral weight of the
racy of o,(v). The agreement between model calculationssingle Drude at zero frequency. This spectral weight is given
and experimental results is quite satisfactory. by the area under th€=90 K Drude curve in Fig. 2. Thus,

o tio,=ohtol=
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only the spectral weight under this curve is transferred into CONCLUSIONS
the superconducting condensate, In conclusion, we have measured the real and imaginar
The fits to the experimental results, shown in Fig. 3, allow ' ginary

C : ts of conductivity of partly untwinned YBEu;O;_ s
the determination of the zero frequency penetration deptr‘?ar . :
NAg. The resulting low-frequency values are plotted in thefIImS in the frequency range O<lv<1 THz. The analysis of

. : : he experimental spectra allows the determination of spectral
inset of the upper panel of Fig. 1. The only three points that eight and scattering rates of the quasiparticles directly.

have been measured reveal a linear dependence of the p rom the temperature dependence of the conductivity we
etration depth with a slope\/dT~3 A/K. perature dep . Y
Finall ing that th inarticl laxation ti conclude that the impurity scattering cannot be described
|t|)‘|afy, assumlgg e:j te qu?§|%atr Ic et re axaflon IMEyithin the unitary limit. The penetration depth, which is ex-
can be frequency dependent, we tried 1o ex bt v) from ected to depend linearly on temperature in the zero-
our data. In order not to mix the effects of the normal and th

: o requency limit in ad-wave superconductor, is strongly sup-
superconducting component, the teoi describing the su- pressed at submillimeter frequencies.

perconducting condensate has been subtracted from the ex-

perimental conductivity. Now the frequency dependence of

the scattering rate follows froth 7~ (w)=wo?/o}, where ACKNOWLEDGMENTS
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