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Quasiparticle damping and the coherence peak in YB#u3;0,_;
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The far-infrared30—350 cn?) transmittance and reflectance of tab-plane-oriented YB#u,0;_ 5 films
have been measured. These data show that the quasipatrticle relaxationrrdtas H fast decrease beldw
and saturates &t<T.. Above T, 1/7 exhibits a linear temperature dependence, in accord with the linear dc
resistivity in the normal state. The fast decrease efidnique and intrinsic to the high; cuprates; it does
not occur in conventional BCS superconductors, where the scattering is from impurity or phonons. The
low-frequency conductivityr; inferred from the far-infrared transmittance and reflectance measurements ex-
hibits a peak just below . The conductivity peak occurs at higher frequencies than those expected for BCS
coherence effects. The peakdnis attributed to the rapid drop in €ombined with a decreasing normal-fluid
density.[S0163-18296)04825-4

[. INTRODUCTION the anomalous-skin-effect regimes, the conductivity is domi-
nated by the coherence factors, as is the spin-lattice relax-
Temperature- and frequency-dependent measurements &fion. ) o )
the far-infrared conductivity(w,T) played an important role ~_ In high-temperature superconductors, a similar-appearing

in establishing the BCS mechanism of superconductivity. -coherencelike” peak inay (or ay/oy,) has been observed.

i 6
The real part of the optical conductivity; is a measure of The peak has been seen in YBa,0,_, by Nusset al” at

the rate at which particle-hole pairs are created by absorptiog"r’_2 THz using coherent time-domain terahertz spectros-

. . . opy, by Bonnet al.” at 2.95 GHz using cavity perturbation
of photons of frequencw. For instance, the isotropic energy by, By £ Using cavity periu !

. AU methods, and by Gaet al® at 10 GHz using a parallel-
gapA in the excitation spectrum of swave superconduc- piate-resonator technique. It has also been found in

tor manifests itself as the absorption of photons at a threstj_sr,ca Cy0j, crystals by Holczeet al® at 60 GHz using

old frequencyw=2A; there is no absorption belowA2for  cavity methods and by Romest al® in infrared measure-
T<T.. The gap was clearly seen, for example, in surfacenents.

resistanceor optical conductivitf? measurements of lead. As Holczer et al® attributed the peak to the consequence of
the temperature increases, the conductivifyat <2A(T)  ordinary case-ll BCS coherence effects and concluded that
is no longer zero, due to the existence of thermally excitedhe pairing was dominantly wave. However, the absence of
quasiparticles. Moreover, the temperature dependence of teHebel-Slichter peak in NMR experimetitst#is evidence
low-frequency conductivity exhibits a peak ndarto coher-  against the assignment of the conductivity peak to coherence
ence effectsthat arises from the interference between theeffects, because the same coherence factors apply to the con-
wave functions of the occupied states. Palmer and TinRhamductivity o, and the nuclear relaxation rateT1/ (Indeed,
did indeed observe such an effect ip(w,T) for lead. A Marsiglio®® has pointed out that coherence effects can be
similar effect in the nuclear-spin-lattice relaxation rate in alu-suppressed within the framework of a strong-coupling
minum was observed by Hebel and Slichter. theory, and it has been sholfirthat such a suppression of

A difference between the optical conductivity and thethe coherence peak inTL/ also would occur ins;.)
spin-lattice relaxation is that the former depends on the re- Nusset al® suggested that the peak could be the result of
laxation rate of the carriers as well as coherence factors. Inompetition between a growing lifetime and a declining den-
turn, the quasiparticle relaxation rate depends on the detailsity of states. However, the temperature dependence of the
of the mechanism that scatters the carriers. For instance, infifetime was not given. Romeret al 1 extracted the quasi-
purities and phonons are responsible for such scattering iparticle relaxation rate %/in Bi,Sr,CaCyOg from the width
ordinary metals. For many loW, superconductors, the tran- of the residual conductivityr;(w) in the superconducting
sition temperature is much lower than the Debye temperastate and found a dramatic decrease in ldélow T.. The
ture; thus, in dirty samples, impurity scattering is dominant,peak inoy/o;,, was assigned to the product of a decreasing
leading to aT-independent relaxation rate beldw. When  quasiparticle density and an increasin@). Bonn et all’
the purity is high, these materials enter the anomalous-skimbserved a pronounced and anomalous peak3& K in the
effect regime; here also the temperature dependence of tlsirface resistandg, of YBa,Cu;0,_ 5. The peak, which was
relaxation rate is not observed. Thus, in both the dirty andilso in the extracted(T), was attributed to a collapse by
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two orders of magnitude in #/below T.. Gaoetal® de- ==+B_,,_,, with the upper sign for “case-I" and the lower
duced a decreasing scattering rate and a decreasing normailgn for “case-Il” interactions, depending on whether the
fluid density belowT. from a two-fluid analysis of the mi- perturbation isevenor odd under time reversal. The pertur-
crowave surface impedance data for ¥Be;0,_ s films.  bation Hamiltonian for the interaction of electromagnetic ra-
The observed peak iwor /oy, was interpreted as a conse- diation with matter is proportional tp-A, wherep is the
guence of competition between these two factors. Such a fagtomentum of the electrons amdis the vector potential of
drop in 1 has also been found in La,Sr,CuQ,.*® Other  the external field. Because this termadd with p, it is a
experiments, such as femtosecond optical transient absorpase-Il interaction(Other perturbations witbvensymmetry,

tion measurements using pulsed laser pump and probguch as ultrasonic attenuation, obey the case-I coherence fac-
techniques®?! also showed a dramatic increase in the re-tor.)

laxation time 7 below T, for YBa,CuO,_s, The optical conductivity is proportional 14
Bi,Sr,CaCu0,4, and Ng_,Ce,CuQ, .

There are a few experiments where no anomaly inat/ * ,
T, is reported. For instance, Colliret al?? obtained a con- 71 f_wF(A’E’E INS(E)NS(E+7w)

stant 1# by using a Gorter-Casimir formula for the quasipar-
ticle density in their model for the infrared conductivity of X[f(E)—f(E+fiw)]dE. 2
YBa,Cu0O;_5. By fitting infrared transmittance of
Bi,Sr,CaCyOg, Mandrus et al?® obtained a continuous
T-linear 1/~ down to temperatures well beloW, and found A2
no sharp drop af.. Their conductivity did show a maxi- F(AE\E")=+ (11—,
mum atT, for all frequencies below 70 cnt. The reason for 2 EE
the differences between these and the other experiments E|S the temperature_dependent energy @ps the quasi_
not clear. It could be a difference in samples or it could beparticle energy measured from the Fermi le\&l=E +w,
due to the assumptions used in the analysis of the measurgnd f(E)=[1+e*"] ~* is the Fermi distribution function.
ments. The remaining term in Eq2) is N(E), the superconducting
The effect of a rapid decrease inrldt T, is apparently density of states:
unique to high¥. superconductors. It suggests that the domi-

Here, the functiorF is the coherence factor for scatterihg,

, ()

nant scattering in these systems is electronic in origin rather |E|
than from phonons or impurities. In this paper, to investigate Ns(E)=N,Re " (4)
the origin of the “coherence peak” in high-temperature su- VET—A

perconductors, we examine and discuss the conductivities Qfi, N the one-spin density of states ne& when the
n

two YBa,Cu0;_; films determined by analysis of far- superconductor is in its normal state and Re standing for the
infrared transmittance and reflectance data. In agreemenf . part. Equation(4) indicates thatN =0 for |E|<A. It
. s .

with earll_er studies, a pea}k iony(T) just belOW.TC at low diverges neaA and approaches the normal-state value when
frequencies for both films is found. Moreover, in contrast to

. ; |E[>A. The optical conductivity, Eq(2), is governed b
theT-linear dependence in the normal state, a sudden drop '|Bo|th the densi?y of states and t)r/1e cg%grencg factors y
1/.7(T) belowT, is observe_d from & two-fluid fit to th_e rans- —rpe optical conductivity of a superconductor was calcu-
mittance spectra. We believe these features are intrinsic Ried by Mattis and Bardeéf This calculation is valid when
Fhe Cl.JQ planes of all cupra}t_es. Our data show that the .pealfhe superconductor is either in the extreme anomalbed)
in oy is due to the competition between a fast increasing o

. . . . . r dirty limit (1<<¢), wherel is the electron mean free path,
and a decreasing normal-fluid density with decreasing temg o magnetic penetration depth, asds the coherence
perature, rather than to coherence effects.

length. However, neither limit is satisfied in high- cu-

prates. For instance, in YBAuO;_s, typical values are

Il. THEORY OF BCS COHERENCE PEAK A=1400 A,1=100 A, andé=15 A. Thus the highF, super-

To aid in visualizing how a coherence peak occursit conducéors are in the normal—skin—effect, clean-limit _regime.

is useful to review BCS theory. The condensed-statle WavLepIaé h'as extended 'th.e Mqths-Bardgen t.heory into_the
' Elean- or intermediate-limit regime, puttings into a form

function is a linear combination of one-electron states with,, . incorporates the normal-state conductivity, governed
correlation among elegtrons of opposite_momenta and spin%y the quasiparticle scattering rater1Recently ,Chang and
The perturbation Hamiltonian can be written as '

Scalapin® gave a generalization of the Leplae equation.
The optical conductivity calculated within this theory is
H1=E Bk’kclrck- (1) shown in Figs. 1 gnd 2.
k' To compare with the YB&u;0,_s data presented here,
we have used the valuég.=90 K, 2A(0)=3.5 kgT,=220

Here the subscripk (k') represents the quantum state for cm=1 4 BCS temperature dependence #{(P), and an in-
momentum and Spiml/, andc, are the quasiparticle cre- elastic scattering raté/7=2.8 kgT. The latter behavior fol-
ation and annihilation operators, amgj,, are matrix ele- lows the temperature dependence of the normal state 1/
ments of the perturbation operator. In the normal state, eachhe interpretation of the result is direct. Wh&r T, there
term in the sum is independent. Wher T, however, there are almost no thermally excited quasiparticles an@v)~0
exists phase coherence among the wave functions of the oap to w=2A; above this frequencyr;(w) begins to risgsee
cupied one-electron states. This interference leadB,tQ Fig. 1 due to dissociation of Cooper pairs by photon absorp-
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FIG. 1. The frequency-dependent conductivity of a supercon
ductor in the framework of the BCS-Leplae formula. The curves ar
normalized by the dc conductivity of a normal metal having th
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same scattering rate.

superconducting condensate. Asincreases, the minimum

or threshold that signifiesMT) moves to lower energies,
due to a decrease of the superconducting gap. In addition,
o1(w)#0 for ®<2A(T) due to absorption by thermally ex-
cited quasiparticles. The low-frequency logarithmic upturn in
Fig. 1 characterizes the case-ll coherence effect.

Figure 2 shows that, at small frequencie2A, the di-
vergence of the BCS density of staldgE) at E=A in the
integral of Eq.(2) causes a pedkin o/, below T,. The
conductivity eventually vanishes exponentially with decreas-
ing temperature because the quasiparticles are frozen out.
The magnitude of the peak falls monotonically with increas-
ing frequency. The position of the peak shifts to slightly
higher temperatures with increasing frequency. The peak
gradually disappears as the photon energy is greater than the
width of density-of-states peak. A discontinuity in the slope
can be seen in Fig. 2 wheh reaches a value such that
2A(T) =w. Above this temperature, the gap becomes smaller
than the excitation frequency and an extra contribution to the
integral comes from excitations across the gap. Experimental
observations of coherence peaks in the nuclear relaxation
rate’ and optical conductivity have strongly supported the

BCS model for classical superconductors.

lll. EXPERIMENT

tion, causing quasiparticle excitations from the supercon-

ducting condensater; (w) approachesr;,(w) for ®=3A(0)

The YBaCu0,_s samples werec-axis oriented and

because the BCS density of states approaches the norm&kown epitaxially by pulsed-laser ablatféron 1-mm-thick

state value, i.e.Ng(E)~N,(E) as expected in Eqg4), at

single-crystal100 MgO substrates of surface dimensions of

these excitation energies. Because of the gap, the oscillat§<5 mnt. The thicknesses of the films were 48 and 156 nm
strength at low frequencies is reduced; the “missing” area@nd the transition temperatures were 83 and 90 K, respec-
shifts to the origin to form the infinite dc conductivity of the tively. Details of the sample characteristics can be found
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The far-infrared(20—360 cm?) transmittanceZ{w) and
reflectanceR (w) measurements, over a range between 7 and
300 K were made using both the far-infrared beamline at the
National Synchrotron Light Souré®and a Bruker IFS-113v
Fourier-transform interferometer with a Hg arc lamp source
and a 4.2-K bolometer detector. The measurements were
made at near-normal incidence, so that the far-infrared elec-
tric field is polarized along thab plane. To deal with dis-
persive and absorptive effects in the substrate, the reflectance
Reup @and transmittancdy,, of a bare MgO were carefully
measured at each temperature where film data were taken.
The absorption coefficient(w) and the index of refraction
n(w) of the MgO were determined frorRg,, and 7y, as
described in the Appendix. These measurements were then
used in analysis of the data for the films.

The optical response of a thin film, typically represented
by R(w,T) and7{w,T), is governed by the electrical proper-
ties of the material such as the complex conductivity
o=o0,+i(w/d7)(1—€)=0,+i0,. In other words, bothR
and 7 are functions ofo; and o,. Therefore, just aingle
optical measuremenfy or 7, is not sufficient to determine
both components of the conductivity unless one can measure
that quantity in such a wide frequency range that the
Kramers-Kronig transformatidhcan be performed, which is

FIG. 2. The temperature dependence of the BCS conductivity a0t always feasible especially for thin films on absorbing
six selected frequencies. The curves are normalized by the dc cosubstrates. On the other hand, by measubath the reflec-
ductivity of a normal metal having the same scattering rate. A cotanceand transmittance of a film over any finite frequency
herence peak occurs just beldy for w<2A(0).

range of interest, the conductivity(w) can be extracted by
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inverting R(oy,05) and 7(oy,05). Unlike Kramers-Kronig
analysis, in which the low-frequency conductivity is some-
what dependent on how the extrapolation of reflectance or 600 [ o
transmittance to dc is made, in this approach the derived AR
o(w) only depends on the accuracy Bf{w) and7(w) at the I ' ]
same frequency point. The method of analyzing the data is
described in detail in the Appendix.

400 - : -

1/7 (cm)™!

N

Q

o
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IV. RESULTS AND DISCUSSION YB,Cuz0, films ]

O 48 nm
O__.__. 156 nm

A discussion of the transmittance and reflectance data has
been given in a previous publicatidhthe reader is referred
to that paper for details. In brief, the transmittance is very
small (7<1% for the thicker film and somewhat influenced
by the MgO substrate. Nevertheless, the signal-to-noise is
good enough to allow our analysis without any data smooth-
ing. Despite the complications of the substrate, one can
clearly identify the intrinsic response of the Y&a,0,_5
films in the data. The transmittance approaches zero at low
frequencies folT<T,; from Eq. (A4) of the Appendix we
infer that|o] — « asw — 0. The existence of a supercurrent o 48 nm
in the film screens the applied electromagnetic field, so that i 0—— 156 nm
there is no transmission at dc. There is finite transmittance at e
w—0 for T>T,, corresponding to a finite optical conductiv- 00 so 100 150 _ 200 250 300
ity. The low-frequencyR(w) for both films approaches Temperature (K)
100% in the superconducting state, but is well distinguished
from unity atT>T.. The experimental uncertainty in reflec-  FIG. 3. The temperature dependence of two important Drude
tance is about=1%, mainly on account of the difficulty in  parameters obtained by fitting the transmittance data in a two-fluid
establishing precise optical alignment as the reference anghalysis:(a) The relaxation rate, 1/ (b) The normal-fluid(or qua-

Fraction f,

0.5 24

Normal Fluid

the sample are interchanged. siparticle density,f,(T).
A. Analysis of transmittance ws T wf, 1
0'=fn—l_. +fs4— mo(w)+i —|+ T midir »
1. Two-fluid behavior mi-leT m w

6

Motivated by the higher accuracy iff{lw) mentioned ) . ) ) ©

above, we began by fitting the transmittance data, extractinI@/'th 7 the quasiparticle relaxation time, andyq., the

parameters in a dielectric function model for the system, infémperature-independent second-compongnid-infrared
cluding the quasiparticle scattering rate. To account for th&ontribution to the low-frequency conductivity. In this model

non-Drude behavior of the optical conductivity, we used athe quasiparticles are the “normal” fluid; only these “nor-
two-component-mod& 382 for the complex dielectric Mal” electrons contribute tar, at finite frequencies. The

function, e(w)=1+4i o(w)/w. In the normal states(w) con- ~super” fluid gives an infinites; at dc (py,=0) as repre-
tains a narrow Drude band and a couple of broad midSented by theXw) function in Eq.(6) and has a purely in-
infrared Lorentzians, ductive response ab>0. The details of the data fitting are
described and the values of the fitting parameters given in
w2 w2, Ref. 29. Here we are mainly interested in the temperature
e(w)=—— P +2 . 2p1 i +e, dependence of the quasiparticle densfty,T), and the re-
o tio/r =1 oj-e'-iey laxation rate 14T).
= €prude™ Emig-ir T €= (T>To), 5

2. Relaxation rate and superfluid density

where ep,,4c describes the free-carrier response, with param- Figure 3 illustrates the two essential factors that govern
etersw, the plasma frequency andrlthe scattering rate, the real part of the conductivity. The upper panel shows
€mid-ir @ccounts for the absorption in the mid-infrared region,the relaxation rate %/ for both YBaCusO;_s films.
with parameterso,,; the plasma frequency of theh oscilla-  When T>T., 1/7 is nearly linear in temperature, with a
tor, which is at frequencyy; and has widthy,, and e, in- nearly zero intercept. SuchTalinear behavior in 1# above
cludes the contribution from excitations at frequencies abovd,. has been observed previously by infrared
~ 1000 cm*. measurements of YBE&WO,_,3%%® Bi,Sr,CaCuy0g,032

In the superconducting state, a two-fluid analysis is usedand Lag_xSrCuQ,.'® This behavior in our samples shows
assuming that a fractionf() of the free carriergthe ther-  once again that the well-known linearity in the dc resistivity
mally excited quasiparticleésexhibit Drude behavior while p(T) for the cuprate superconductors is caused by the tem-
the remaining partfi,=1—f,) condenses to form &func-  perature dependence of the relaxation rate; the carrier con-
tion atw=0. The free carrier conductivity is generalized into centration is constant with temperature.  Writing
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nlT=2mN\kgT, we can obtain a coupling constant0.4; tak-
ing y.=2x10" cm/sec, we can estimate the mean free path

10000

100 K
|=vpr~(60 A) - (7)

5000

Because thab-plane coherence length is less than 20 A, Eq.
7) shows that the higfi-, oxides are clean-limit supercon- .
((ju)ctors(|>§). 9 P - 48-nm YBa,Cu;0, film
Below T, the scattering rate t/kexhibits a sudden drop, O e by by by
with saturation atT<50 K. This result suggests a strong
suppression of the scattering channel at the superconducting
transition. Presumably, the carrier-scattering process that is 10000
responsible for th@ -linear resistivity in the normal state is
suppressed when the free carriers condense. Other experi-
ments that found a similar fast drop inrlihclude infrared
measurements of B$r,CaCyOg (Ref. 10 and
Lay,_,Sr,CuQ,,'® microwave impedance measurements of
YBa,Cu,0,_5,21 and time-resolved transient-absorption I
measurements of YB&uwO,_; (Ref. 19 and | 156—nm YBa,Cus0, film
Nd,_,CeCu0,_,.*! This striking feature seems to be a I
unique property of the copper-oxide superconductors, be- Py P A S R B B
cause ordinary phonon or impurity scattering, which domi- 0 50 100 150 200 250 300
nate conventional superconductors, does not change dramati- Temperature (K)
cally atT,. It is evidence that the quasiparticles interact with
some spectrum of excitations which is affected by the onset FIG. 4. The quasiparticle conductivity from model fit to the
of superconductivity, either the quasiparticle spectrum itselfransmittance as described in the text.
or another excitation that develops a gaflat
The temperature dependence of the normal-fluid fractiod/r is attributed to defect states, such as heavily twinned
f.(T) is shown in Fig. &). It is these quasiparticles that chains or a region in the film that remains normal at low
account for the finite absorption, e.g., the nonzey@,T), at  temperatures, then the quasiparticle damping (atkich
low frequencies. The superconducting fractibg=1—f, governs the superconducting-state conductivitpuld be
represents the condensed carriers that screen the electromagbstantially less and the clean-limit argument would hold.
netic field. Finally, if the gap has nodes, then the finite low-frequency
There are several possible interpretations of the remnarionductivity and damping reflects the response of the quasi-
f,, whenT—0. First, it could be caused by a defect region inparticle states with small excitation energies.
the film that remains normal at low temperatures, perhaps at The zero-temperature value of7lis larger than the ex-
the YBaCu,0,_s/MgO interface or perhaps at the twin trapolated intercept of the linear regime abdye(90 cm*
boundaries. Second, it could be attributed to the chains¢s 20 cmi?). For this reason we tend towards the extrinsic
There is increasing evidence that in high-quality samples thexplanation of the remnaifit, and low-temperature values of
chain states are metallic and even superconducting but that iz
twinned and oxygen-deficient samples they contribute to
finite-frequency absorptioft. Third, there could be incom- 3. Conductivity peak
perfuic deniy to bo Shgntly maller han the normal. a0 the quasiparicle density and the relaxation rate, we
free-carrier density in both YB&u;0,_ 5 (Ref. 32 and other can calculate the low-frequen¢y-<1/7) conductivity, whic

018 . . we call the quasiparticle conductivity;,. We use a simple
cuprates*®Fourth, the remnartt, could be associated with model, a Drude formula ab=0:

nodes in the superconducting gap, such as might occur in a
d-wave superconductdP:*! If the gap has nodes, then some
quasiparticles have zero excitation energy and the supercon- o1q= Frwarlam. (8)
ducting gap absorption would begin at zero frequency. We
note that microwave measureméntsave frequently found The results for both films are shown in Fig. &y is en-
a finite oy(w), consistent with any of these ideas. hanced above the normal-state value and a peak is seen be-
In turn, the cause of the remnaht at low temperatures low T.. Itis the fast drop in /that causes the peak in.
affects the interpretation of the low-temperature values offhat it is due to changes in and not to BCS coherence
1/7. If 1/7 represents the quasiparticle scattering rate, theeffects is consistent with the absence of a coherence peak in
our films are in the clean limit at low temperatures, but not inthe nuclear relaxation raté. The peak occurs because of the
the extreme clean limit(The ~90 cmi ! scattering rate at competition between a decreased number of quasiparticles
low temperatures falls between the 40 and 60 K values useand an increased relaxation tinie) with decreasing tem-
in Fig. 1) Therefore, a gap feature would be observable, if itperature. In contrast, the NMR relaxation rat& ;1does not
were present. In contrast, if the low-temperature values oflepend onr.

Tiq (@ 'em™)

5000

o1q (@7em™)
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FIG. 5. The quasiparticle conductivity multiplied by the tem-  FIG. 6. The real part of the optical conductivity extracted di-
perature, The results are obtained from model fit to the transmittectly from the experimental transmittance and reflectance of the
tance as described in the text. The quantities are normalized to the#8-nm (&) and 156-nm(b) YBa,Cuz;0;_ 5 films.

300 K values. .
Because the errors ifi{w) are smaller, we have adopted

the following strategy to scale the reflectance data. We use
) the parameters of the fit to the transmittance data, discussed
dependence of the normal staig(w) is removed. We re- jpque 't calculate the reflectance of our samples. We then
move this dependence by plottigr,, as shown in Fig. 5. gca1e the measured reflectance so that there is a match at low
The curves are normalized to their 300 K values. For each, henyeen the calculated and the measured values. The dif-
sample, there is a rather sharp maximum just belew ference between the experimental and calcul@éd) is less
than 1%, i.e., less than the estimated uncertainty of the mea-
B. Conductivity from transmittance and reflectance sured reflectance. This scaling has a significant impact on the
results ofoy(w) in the superconducting state, wh{w)~1
whereas the influence is negligible in the normal state, when
In this section we turn to an analysis of the conductivity R(w) is well below unity. After scaling the reflectance, we
as obtained from the reflectance and transmittance data. Nopgoceed to extract the optical conductivity from the reflec-
that the absoluter;(w) obtained fromR and 7 has large tance and transmittance, following the scheme outlined in the
error bars when the reflectance is close to unity. These erromppendix.
occur because, according to the Appendix,

The peak ina,, is more clearly seen if the broadTl/

1. Discussion of uncertainties

2. Conductivity spectrum

1-Ri—7T; The real part of the conductivity,(w) is depicted in Fig.

T ' ©) 6. In the normal stater;(w) approaches the ordinary dc con-

ductivity at low frequencies. It deviates, however, from a

with R; and 7; being, respectively, the reflection from and Drude response at higher frequencies because of the well-
transmission through the film on the substrate. At low temknown mid-infrared absorptiotf. In the superconducting
peraturesR;~1 and7;<<1. Under these conditions, the un- state, the Drude component condenses; the spectral weight
certainty in the conductivity due to systematic errors in theloss can be seen far<80 K, implying a shift of weight to
reflectance level idoy/oy~—AR; /(1-R;). Thus, the accu- the origin. The remaining conductivity aE<T. can be
racy of oy suffers significantly whedAR;~1—-7R;, as is true  partly attributed to the low-frequency tail of the broad mid-
at low temperatures and low frequencies. A similar problenminfrared component and partly to a remnant Drude absorp-
occurs in the Kramers-Kronig analysis of highly reflecting tion. Focusing on the data below 100 chmwhich charac-
sampled®3233|n contrast, the relative errors in the transmit- terize primarily the free-carrier response, we note that
tance are much smaller than the errors in7l, so that the initially increases with decreasing temperature, reaching a
contributions to the errors i (w) from Z(w) are generally maximum at around 80 K, and then falls again at lower tem-
much smaller than those froR(w). perature.

g«
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FIG. 7. The imaginary part of the conductivity at temperatures  FIG. 8. The temperature dependence of the conductivity at three
nearT. and below. selected frequencies for two YBausO;_ s films.

The imaginary partr, near and belowl ,, is plotted in Fig.  from the BCS calculation in two ways. First, the BCS coher-
7. It decreases monotonically with increasing temperaturegnce peak occurs only at very low frequencies
indicating a loss of superfluid carriers. At low frequencies[w/2A(0)<0.1] (see Fig. 2 whereas the peak in
0,>07, indicating that the inductive current dominates overYBa,Cu;O;_5 occurs clearly at 50 cit, which would be
the conduction current in the superconducting state. Foadlmost a quarter of £(0) if the BCS gap value is used.
T=90 K (~T,), o,(w) extrapolates to the origin, as expected Second, the BCS conductivity peak occurs very rigaand
for a normal metal. A change of slope at the superconductinghanges only slightly with frequency. For instance, the peak
transition can be seen in the figure. occurs at 0.8T,, at very low frequencieél GHz), at 0.88 T,
WhenT<T,, o, follows anA/w dependence fow<100 for =5 cm ! (170 GH2, and at higher temperatures still
cm L, whereA is a constant. This behavior is consistent with for higher frequencies. In contrast, Boenhal’ have found
a local electrodynamic description of=c?/47\ 2w, where @ microwave conductivity peak occurs at 04 in
A\_ is the London penetration depth. From these data, wé(BafCugOHg crystals; we find a peak a+0.9 T, at 50
obtain A ~2200+200 A for our films. This value is a litte cm ~. Therefore, the peaks observed in the higheuprates
larger than the 1800 A estimaf®dfrom Kramers-Kronig are fundamentally different from that of the BCS coherence
analysis of thicker films on SrTiQ which again suggests peak.
incomplete condensation in our films. Whes120 cm 2, The peak inoy, has implications for the mechanism of
o, falls off more slowly than kb, on account of both the quasiparticle scattering. The decrease in séen in Fig. 3
broad mid-infrared contribution and a remaining normalsuggests that the excitations responsible for the scattering of
Drude component. the free carriers are suppressed when the free carriers con-
dense. Evidently, the charge carriers interact with some spec-
3. Conductivity peak trum of excitations which is affected by the onset of super-
conductivity. One possible explanation would attribute the
scattering to the free carriers themselves, making the scatter-
ing be some kind of electron-electron scattering. This scat-
ring would then follow

The temperature-dependenf(T) at low frequencies ex-
hibits a peak below .. This peak was already seen in Fig. 6
and can be better illustrated in the plotefas a function of
temperature shown in Fig. 8. The peak decreases in heig}tl('f'
with increasing frequency and gradually disappears at _
®>100 cm*. This peak resembles both the one dn, Ur=tn(Mnoedr, (10
shown in Fig. 4 and the feature in conventional superconwheren is the carrier densityy the Fermi velocity f, the
ductors arising from the case-Il coherence factors, shown ifraction of thermally excited quasiparticles, amgl.the cross
Fig. 2. We have already argued that it shoualut be attrib-  section for electron-electron scattering. Equaii®@) essen-
uted to a coherence effect, based on the absence of a peaktially states that the scattering rate is given by a product of a
the NMR data. The peak in the high- materials also differs cross section for scattering with the number of scattering



54

centers. In the normal staté,=1 and so the cross section
o varies linearly withT above T, and (presumably also
varies linearly withT below T.. The rapid drop in 2 just
below T, would then be due to the decreasd jnas the free
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APPENDIX

This appendix illustrates how we can find an analytic so-
lution for the complex conductivitg(w) from measurements
of the transmittance and reflectance of a thin film on a thick

carriers condense. substrate and of a blank substrate
Although it may be plausible, this picture does not lead to '

a peak in conductivity, because the low-frequency conduc- o
PRSTRE 1. Boundary-value problem for a thin film
tivity Is i

on a thick substrate
ne’r €

= For the case of a film of thicknesk< §<\, wheredis the
m* M*upoge

skin or penetration depth and is the wavelength of the
far-infrared radiation, the film may be idealized as a surface
sheet of currenK =Jd=0¢Ed. In this case, the current den-
sity K or J and theE andH fields are essentially constant
throughout the thickness of the film. The boundary condi-
tions require that the tangential component&dfe continu-
ous across the film, and that the tangential componernits of

differently than BCS-types-wave coherence factors since be d.isc.ontinuous by the ;urface _current in the film. Fo.r nor-
coherence effects are not seen in NMR dat¥) or (2) the mal incidence, the following relations are therefore satisfied:
scattering is not from the free carriers but instead from an-
other excitation which develops a gap Bt. In an RVB
scenarid?? for example, one could attribute the scattering of
the holons(the charge carrieysto spinon excitations, and
expect a different temperature dependence for holon an@heret; is the amplitude coefficient of transmission across
spinon densities beloW, . Our measurements cannot decidethe film into a nonabsorbing substrate with indexandr ¢ is
between these two possibilities, but do suggest that one dhe single-bounce amplitude coefficient of reflection from the
the other is the case. film.

By solving Eq.(Al), one obtains

o1=f, (11)
wheree is the electronic charge and* the effective mass.
According to Eq.(11), electron-electron scattering gives
peak ino; . Instead, the drop in tis canceled by the drop in
f,. That the peak exists implies thatrIfalls more rapidly
thanf, nearT.. We speculate that eithét) coherence ef-
fects do influence the quasiparticle conductivity n€afbut

1+rf_tf:0,

(A1)
1_rf_ntf:(47T/C)U'dtf,

V. CONCLUSIONS

2
In summary, we have examined the far-infrared conduc- tFm'
tivity o(w) below 350 cm* obtained from transmittance and (A2)
reflectance measurements of Y.BayO,_; thin films. We 1—(y+n)
have shown—in both direct analysis #fw) and R(w) and rf=m.

in calculations using parameters obtained from a fit to the
transmittance—that the real part of the conductivity, ex-  Here we have introduced a dimensionless complex admit-
hibits a peak just below ;. Based on the behavior of the tance for the thin filmy=Z,od ory; +iy,=Zy(o,+i05,)d,
quasiparticle density and relaxation rate and on comparisowhere Z,=377 Q=4mu/c (esy is the impedance of free
with BCS calculations, we conclude that the enhancement igpace. FroniZ;=n|t;|?> and R;=|r{> we can calculate the
o, below T, for the highT, cuprates differs from the BCS power transmission and reflection coefficiefits:
“coherence peak.” In the BCS superconductor, there is an
enhanced optical conductivity due to scattering of quasipar-
ticles into the large density of states near an energy of
above the Fermi energy. We believe that in the cuprates the
sudden drop in X upon superconducting transition com-
bines with the decreasing number of quasiparticles to govern
the conductivity peak. This interpretation is consistent with
the absence of a coherence peak in the NMR relaxation rate ngte that wheny,>n+1 or T,<Z.=4n/(n+1)? the
1T, for YBa,Cu0;5. _ _ transmittance wheg=0, then

The collapse of carrier scattering &t is fundamentally
different from the behavior of phonon or impurity scattering. 4n
It implies a suppression of the scattering channel or the de- ~W
velopment of a gap in the spectrum of excitation that is re-
sponsible for the normal-state transport. It also suggests thap that the transmittance is a measure of the sheet impedance
an electronic interaction between the charge carriers is domé= 1/od of the film.
nant in the superconducting state.

A —
Ty DEy 2

_ (A3)
(yitn—-1)+y5

= 2:—
Re= il = nzry?:

T (A4)

2. Exact expressions foit; and r;
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substrate, with complex refractive indicesMf, N,, andNj,
respectively, wheredN;=n;+ix; (j=1,2,3. The amplitude
transmission coefficienfrom medium 1 through medium 2
and into medium Bis

tyotoe'?
11 qr e

Where rij :(Nl_NJ)/(N|+NJ) and t|J:2N|/(N|+NJ) are

(A5)

F. GAOet al.

g
2
Y~ Trnry (AL2)
and
1-n-y
" Itnty (AL3)

The results of Eq(A2) are recovered. These equations may

the amplitude coefficients of reflection and transmission for also be viewed as generalizations of the single interface ex-

single interfaceNoter ;= —r;; and 1+r;; =t;; . The remain-
ing quantity in Eq.(A5), the complex phase depth of me-
dium 2 (the film) with thicknessd, is given by$=N,wd/c.

Similarly, the amplitude reflection coefficient is

_ o+ e ??

T-ro0 2%

I oaf 21€'°7" (A6)

Note the identityt,5t,,—r1or ;=1 has been used in deriving
Eqg. (A6). The denominators in Eq$A5) and (A6) account
for the multiple internal reflections in the film. The power
transmitgance and reflectance is th@n=(ns/n,)|t;|?> and
Ri=|rel".

On substitution of the expression fof andt;; into Egs.
(A5) and (A6), one finds

B AN N,
(N3 +N2)(Ny+N3)e "?—(Ny—N3)(Ny—Npe'?
(

t

and

(N7 —N5)(No+Ngz)e "+ (N,—N3)(N;+Ny)e'?

(N1+N2)(Na+Nz)e "?—(Ny—N3)(N,—Np)e'?”
(A8)

ri=

One can reduce the rigorous expressions of E45)—
(A8) to an approximation of the form of E@A3) by taking
medium 1 as vacuurgiN,=1), medium 2 as a metal film with
a thicknessl and a refractive indel,, and medium 3 as a
weakly absorbing semi-infinite slab with an indlsx. Then,
in the long-wavelengthor low-frequency limit when the
film is thin enough that<1,

|N2|>N1:11
INo[>|N3|~nz=n, (k3<nj)
elt~1+ig¢,
(A9)
) L 4
—|N2¢=—I E EdNT O'd:y.

Using the relations in EqA9), the denominatoD in Egs.
(A7) and (A8) can be simplified to

D~2N,(1+n+y) (A10)
and the numeratah in Eqg. (A8) to

Finally, one arrives at

pressions, takingy(+n) as a total effective surface admit-
tance for theparallel film-substrate composite.

The accuracy of the above approximation has been tested
by calculatingt; andr; from the obtaineah (or N3) andy (or
N,) using theapproximateform Eq.(A2) and theexactEgs.
(A5) and (A6). In the worst case, the results differ by less
than 1% throughout the frequency regime up to 300 tm

3. The effect of the substrate

In reality, the substrate has a finite thickness and thus ours
is a four-medium problem, with medium 4 being air. In the
following, we assume a thick or wedged substrate, so that
there is no phase coherence among multiple internal reflec-
tions within the substrate. This assumption means that we
only need to add the power intensities, rather than the am-
plitudes. The directly measurable quantities of this four-
medium system are the total transmittance and reflectance,

. (1-Rge ™
T 1-RRje2x D
(1-R’Re™ X (AL
S S

=Ri+ 5
REF* TR Rje 2

fi

wherex is the thickness and the absorption coefficient of
the substrate. The other terms in E414) are the substrate-
incident internal reflection of the film,

(y1—n+1)2+y3

Ri=———> >, Al15
T (yatn+ 1) +y; (ALY

and the single-bounce reflection of the substrate,
_(1-n)?+«* [1-n\? ALS
ST(1+n)2+ k2 \1+n (A16)

The approximation in EqtA16) holds whenk=ca/2w<n,
the case for weakly absorbing media.

4. Analytical solutions

We next want to find the explicit analytical solution for
y=y;+iy, (and thus foro; and o) from Egs.(A3) and
(Al14). According to Eq(A3), the real part/, can be easily
extracted fromZ; andR; as

1-Re—7T;

T

yi= (A17)

However, the directly measured quantities are Bobr
R, but 7T andR, the total transmittance and reflectance. In
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practice, we usually hav®;~R. But we can use the exact 5. Properties of the substrate
form in terms of7 and’R as well as the extracted substrate

parameters: To find the frequency dependencerofind «, one needs

to measure the total transmittan@g{w) and reflectance
_ —ax_ Rsfw) of a bare substrate. The quantities can be deduced
=R—T(1— X=R—AR. Al su
Ri=R-T1-RJRse R-AR (AL8) from Eq.(A14) by lettingd=0 (thusy=0):
The expression fof7; is more complicated because it in-

volves a new unknown quantiti; that we now try to find. (1—Rg)%e™
We first solve forR{ in terms of7; andR; andn using TS“b:W’ (A24)
Egs.(A3), (A15), and(Al17), which gives s
' 4n(y1+1) 1+(1—2'R )e27ax
Rf=1——(yl+n+l)2+y§=1—(y1+ 1T e 1—R§e52ax Re=(Touf™ *+1)Rs.
—1-n(1-Rp)+(n—1)7T;. (A19) (A25)

On substitution ofR{ into the expression fof in Eq.(A14), ~ The algebra is simplified by solving first fats ande™“*. (It
a linear equation forZ; in terms of 7and R and substrate is straightforward to get and« onceRs and« are known)

parameters can be deduced: ) Nor':e thatdall quan;ijties are positivedbut I)((e}ss tk;‘aTdunity, o)
that the conditions €{7g,,RsunRs, ande™ “*}=<1 hold. On
T1-RJ1-n(1-R¢)+(n—1)T;]e 22X} sKlzjgtit_utionE ofel;;Z=(Rsul}_—7§s)/’];ubR5 obtained from Egq.
—(1-Rye T (A20) (A25) into Eq. (A24), one finds
The solution is - :(1—Rs)2(Rsub— R TauiRs (A26)
1+[n(1-Rp)—1]Re 2> 1= (Reu R Towy

7?: _ —axX _ —2aX T (A21)
(1=Rge “+T(n—1)Ree It turns out that the cubic term &2, in Eq. (A26) vanishes,
Substituting Eq(A21) into Eq. (A17), we finally obtain the and one can get a simple quadratic equation with a solution:

exact solution fory,:

_y A-RI(A-Rge *—(1-RRe**T (LA St (A27)
Yi= M+[n(1-R)—1]Re 2XT 2A

_ (A_22) where A=2—Rgp, B=—(T2,—R2st2Reut1), and
From Eq.(AS) and using the results af; andy, obtained C=R.,,. The upper(+) sign in Eq.(A27) should be aban-
above, the imaginary part is simply doned since one would otherwise haRg>R,,, which vio-
n lates Eq(A25). OnceR, is found, the other unknowm,~ %,
y,= \/——(y1+n+1)2- (A23)  can be found simply using EA25); the absorption coeffi-
T cient isa=—(In e~ *)/x.
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