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We describe infrared measurements of the  Introduction 
a-b-plane  response of Y,Ba,Cu,O, crystals  with 
T, u- 92 K. We observe  a  self-energy  structure at 
a  characteristic  energy of 500 cm’l (8kT,), the 
appearance  of  which  coincides  with  the 
transition to the  superconducting  state. The 
nature of this self-energy  anomaly is consistent 
with its identification as a  nodeless  a-b-plane 
energy  gap  at 2A = 8kT,. On the  basis of 
temperature-dependent  measurements  above 
T,, we suggest  that  the  normal  state  can be 
primarily  characterized  by  a  carrier  band  with  an 
enhanced  low-frequency  mass  and  a  frequency- 
dependent  scattering  rate. Our data  indicate  that 
these  arise  from  coupling to an excitation 
spectrum  wit?  characteristic  frequencies  up to 
W, - 700 cm-  and  a  coupling  strength  of 
X 2-3. 
@Copyright 1989 by  International  Business Machines Corporation. 

The recent discovery of  high-temperature superconductivity 
in layered copper-oxide compounds [ 1,2] has been followed 
by a monumental effort to  understand  the physics of  these 
systems. Crucial to  that  endeavor is the reliable 
measurement of fundamental properties in  both  the  normal 
and superconducting states. Spectroscopic techniques, such 
as  inelastic neutron scattering, tunneling,  and infrared 
spectroscopy, are particularly important because they probe 
the spectrum  of  intermediate-energy (i.e., 1 meV  to 1 eV) 
excitations, which are presumably  crucial to  the  mechanism 
of  high-temperature  superconductivity. 

Early controversies in  the infrared  work resulted from 
attempts  to  draw conclusions from data from polycrystalline 
samples. For example, an unusually  small  reduced-energy 
gap, 2A = 2.5kTc, was inferred from  measurements of 
polycrystalline La,-,Sr,CuO, samples [3-51. Subsequently 
Bonn et al. [6] proposed that  the existence  of an extremely 
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particular  direction  in  this anisotropic material [7, 81 is not 
resolved: however, it is clear that because of anisotropy. 
definitive conclusions regarding 2A/kTc cannot be drawn 
from  data on polycrystalline samples. 

In the  normal state the existence  of an  enormous peak in 

I. 
U ( W )  at  about 0.5 eV was inferred from room-temperature 
reflectivity measurements  on polycrystalline samples [9-11 
The behavior of the reflectivity seemed  similar to  that 
previously observed in  cubic  BaPb,-,Bi.,O, [ 121. where the 
existence of a  mid-infrared absorption was inferred from a 
small  deficit  in the reflectivity below the plasma edge. The 
corresponding reflectivity deficit in La,-,Sr,CuO, and 
Y ,BazCu,O, was much larger. This large reflectivity deficit 
was subsequently  shown to be primarily  associated with 
anisotropy in the layered Cu oxides [7], and  thus  does  not 
constitute evidence for  the existence of a  mid-infrared mode. 
Specifically, for  polycrystalline  samples, contributions  to  the 
reflectivity associated  with the out-of-plane (c-axis) response 
enter  the overall reflectivity in  such  a way as  to  make  any 
conductivity determination  quite unreliable. 

much  more subtle  disagreements on  the  interpretation of 
generally valid data from  crystalline  samples. From  the first 
far-infrared measurements  on crystals, Schlesinger, Collins, 
et al. [ 131 reported an energy gap associated  with the 
a-h-plane  response of Y,Ba,Cu,O, of 2A = 8kTc. This 
conclusion was based on  measurements of reflectivity ratios 
which show  a  peak  consistent with the  occurrence of a 
nodeless energy gap  at 500 cm" (8kTJ [ 13, 141. Although 
data consistent with the original measurement of 
Schlesinger, Collins, et al. [ 131 have been independently 
obtained by several other groups, the evidence for  an SkT, 
gap has been questioned by Bonn et al. [ 151, who suggested 
that  the  gap  may be obscured by a  plasma edge, and by 
Thomas et al. [ 161, who have  reported  a gap of 2A 3.5kTc 
for their oxygen-deficient samples, and have suggested that 
the  structure  at 8kTc is merely a continuation of normal- 
state temperature dependence. In this  paper we present 
further evidence supporting  our original point of view 
[ 13, 141, including temperature-dependent  data which show 
that  the onset  of our 8kTc reflectivity enhancement coincides 
with T,, and is thus not the  continuation  of normal-state 
temperature  dependence  as suggested by Thomas  et al. Our 
results  show that  there is clearly a self-energy anomaly  at 
8kTc (500 cm") associated with the  superconducting state, 
and strongly suggest the identification of this self-energy 
structure as  a nodeless a-b-plane energy gap. A 
reconciliation of our large energy gap with the  much smaller 
one of  Thomas  et al. [ 161 may  be achievable  when the effects 
of  the anisotropy between the a-6 plane and  the c-axis 
direction are considered. 

Current controversies regarding the infrared work involve 

The central question regarding the normal-state  infrared 
properties is whether the conductivity of the copper-oxygen 
planes is most  appropriately  described  in terms of  a dynamic 

interaction which leads to a  frequency-dependent  scattering 
rate and  carrier mass or as a  superposition of a free-carrier 
band and  some t y p e  of mid-infrared interband  transition 
[ 151. These  two approaches differ fundamentally, since the 
former implies  a  strongly  coupled normal state, while the 
latter is most  consistent with a  weak-coupling view. In this 
work we describe reflectivity measurements on the a-h plane 
of Y ,Ba,Cu,O, crystals and films with transitions  at Tc = 92 
K. We find that  either model can describe the reflectivity at 
a single temperature. but, in contrast with similar work on 
oxygen-deficient material [ 161. we find significant 
temperature  dependence in R(w) and u(w)  through  the 
crucial  mid-infrared region [ 171. This  broad-band 
temperature  dependence is inconsistent with a  mid-infrared 
band model, and suggests the need  for  frequency-dependent 
scattering  in order  to  understand  the normal-state  infrared 
behavior. 

Experimental procedures 
Our measurements were made  on  the a-h plane of  oriented 
films of Y ,Ba2Cu,0, with relatively large areas ( = I O  mm') 
and  on crystals of  smaller  area ("2 mm'), with both  as 
annealed  and polished surfaces. The films were grown on 
SrTiO, substrates  to a  thickness of - 1 gm. Both films and 
crystals were single-phase. The samples are micro-twinned, 
so that  an average  of the a-h-plane  properties is obtained. 
ac  susceptibility measurements showed the  samples  to have 
superconducting  transitions  at -92 K. with widths of less 
than 0.2 K for the crystals and of - I K for  the films. 
Reflectivity measurements were made  at  near-normal 
incidence. Each sample was mounted in close proximity  to 
an  evaporated gold reference mirror which was carefully 
aligned parallel to  the  sample surface. A manipulator 
allowed either  the  sample or reference to be positioned  in the 
infrared beam. We tested our  technique by studying  both 
brass-Au and Au-Au reflectivity ratios, and in  each  case 
obtained a precision of better than  one percent. 

Results 
In Figure 1 the  ratio of the reflectivity in the 
superconducting state ( T  = 40 K) to  that in the  normal  state 
( T  = 95 K) is shown.  From  this  measurement,  one  can see 
that below about 600 cm" the reflectivity in the 
superconducting  state is higher than  that in the  normal state. 
This reflectivity ratio RJR,  has a maximum value  of about 
3% at  about 470 cm" (8kTJ and  then  drops rapidly with 
increasing  frequency and  exhibits a minimum near 800 
cm". It is important  to show that this reflectivity 
enhancement is associated  with the transition to 
superconductivity;  therefore,  in Figure 2(a) we plot 
R( T)/R(95 K) for several temperatures in the neighborhood 
of Tc. We observe that  the changes  in R( T)/R(95 K) occur 
primarily between 90  and 60 K. i.e., just below T,. The 
relationship between T, and  our reflectivity enhancement is 
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Ba,_,K,BiO, where reduced gaps of 2A = 4kTc have  been 
observed using the  same experimental method [ 19,201. 

We have  measured the normal-state reflectivity of our 
samples for temperatures between 300 K and 95 K. In 
Figure 3 we show  spectra taken at 250 K (dots) and 100 K 
(triangles) for  a polished face of one of our Y,Ba,Cu,O, 
crystals. We see in Figure 3 that  the reflectivity increases 
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The ratio of the a-b-plane reflectivity in the superconducting state 
(40 K) to that in the normal state (T = 92 K) as measured on twinned 
crystals (T = 92 K) is shown along with aMattis-Bardeen fit (dotted 
line) to the data.  The ratio is independent of temperature below about 
50 K. In the  lower  section  the  real  part of the  Mattis-Bardeen 
conductivity ratio ul/un is shown for a gap of 2 6  = 480 cm-1. 
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further illustrated  in Figure 2(b), which shows the  amplitude 
of the reflectivity enhancement as  a function of temperature. 
This  amplitude shows  a clear onset at T,, and very little 
change  above T, in  the  normal state. 

2 4  as shown by the  dotted  curve  in Figure l(a), which is 
based on a  calculation using the Mattis-Bardeen form for 
the conductivity  in the superconducting  state [ 14, IS]. The 
presence of a  distinct peak in the measured RJR,  and  the 
reasonable  agreement with the Mattis-Bardeen peak suggest 
the occurrence  of  a nodeless 8kT' energy gap in  the a-b 
plane. This energy scale is much larger than observed in 
other superconductors,  including BaPb,-,Bi,O, and 

In  an  ordinary s-wave superconductor RJR,  is  peaked at 
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The reflectivity and the  real part of the conductivity of Y,Ba,Cu,O, 
are shown for T = 100 K (triangles) and 250 K (dots) for w up to 

; 12000 cm". 

over a very wide frequency range (-100 cm-I to 8000 cm-I) 
as T is reduced in the  normal state. Virtually identical 
spectra were observed for  as-annealed crystal faces. Although 
the films showed a slightly lower reflectivity ( -5% lower at 
4000  cm-I) in  the mid-infrared,  they displayed the  same 
temperature  dependence as observed  for the crystal samples. 
All of the samples discussed here  exhibited a distinct gap-like 
increase in low-frequency reflectivity with an onset at T, and 
a characteristic energy scale of 7-8kTc, as  shown  in Figures 1 
and 2 and as we have previously reported [ 13, 141. 

Figure 3 also gives the real part of the conductivity, ul(o), 
at 250 K and 100 K, obtained by a Kramers-Kronig 
transform of  the reflectivity [ I  71. We obtain  the plasma 
frequency from  thef-sum rule on uI(w), which we integrate 
up  to -20 000 cm" after  subtracting a temperature- 
independent  interband (Lorentz  oscillator) contribution  to 
u , ( w )  centered at -2 eV. In this  manner a plasma  frequency 
of up = 22 000 cm-I = 2.7 eV  is  obtained,  corresponding to 
a ratio 

n 5.5 X 10" cm-3 - = 
mb me 

where n is the  free-camer  concentration  and mb is the  band 
mass, in  agreement with previous results [ 13, 141. 

In Figure 4, the reflectivity (from  Figure 3) and  the real 
[u , (o) ]  (a) and imaginary [u,(o)] (b)  parts of U ( W )  are plotted 
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f o r o  < 2500 cm-I. We can  analyze  the conductivity in 
terms of a frequency-dependent  scattering model in which 

.(W) = 
ne2T*(o) 

m*(o)[l - jw*(o)1' 

where m*(o) = m,[ 1 + h(o)] is the renormalized mass, and 
~ * ( o )  = T ( w ) [  I + h(w)] is the renormalized  scattering  rate. 
Frequency-dependent  scattering  models  have previously 
been used to  treat electron-phonon interactions  in  ordinary 
metals  [21] and spin-related  excitations in heavy Fermion 
systems [22,23]. 
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In Figure 5 we plot T - ' ( w )  and (m*/rn,)  - I ,  which are 
obtained using Equation ( I )  with 

" n - 5.5 X io2' cm-' 
" b m e  

and, like uI(w) and uZ(w). are related by causality. The 
behavior  shown  in Figures 5(a)  and  5(b)  can be understood 
as  a consequence of an  interaction of the charged carriers 
with an inelastic  scattering spectrum. At low temperature 
and frequency the carriers  have an  enhanced mass because 
they drag an excitation cloud  along with them,  and  the 
scattering rate is low since the inelastic  scattering channels 
are  not energetically available.  With  increasing  frequency, 
the scattering  rate  increases as  additional scattering channels 
become accessible, and  the mass enhancement  diminishes  as 
the carriers  shed  their  excitation cloud. In this  manner  an 
excitation spectrum which is not itself infrared  active,  but 
which is strongly  coupled to  the carriers, can  dramatically 
influence the infrared (and  dc)  conductivity. In Figure 5 the 
frequency dependence of T" (w)  is most  rapid from  about 
200-700 cm-I. Within  the inelastic  scattering approach, we 
associate this with the characteristic  frequency  of the 
excitation spectrum  to which the carriers are coupled. The 
low frequency value of X(W) at 100 K indicates an overall 
coupling  strength of roughly X = 3 to  that  spectrum.  This 
coupling  strength lies between that typical  of the electron- 
phonon  interaction (X  = I )  and  the very large values 
associated with "spin-fluctuation-exchange"-induced  mass 
enhancements (X  = 50) in moderately heavy electron 
systems such as U R ,  and CePd, [22,23]. 

In our  frequency-dependent scattering  analysis  of the 
conductivity, we have assumed  only a single free-carrier 
band.  The low-frequency peak in u, (w)  in the 100 K 
conductivity is a  direct consequence of the reduced 
scattering rate  at frequencies less than  the characteristic 
scattering energy. Bonn et  al. [IS] have suggested an 
alternative  analysis  of the a-b-plane conductivity in  which 
ul(w) is divided into a low-frequency Drude peak with a 
frequency-independent scattering rate  and a temperature- 
independent  interband  transition which is responsible  for the 
mid-infrared conductivity. We are  able  to fit this  mid- 
infrared band model to our 100 K spectrum (with 
approximately 1/4 of the  area in the low-energy peak): 
however, we find that  the  temperature  dependence predicted 
by the model is inconsistent with our observations. In 
particular, neither R(w) nor U ( W )  is predicted to show 
temperature  dependence for w 2 1000 cm" (in  the part  of 
the  spectrum  dominated by the  interband  transition). In a 
frequency-dependent  scattering  model there is a 
fundamental relationship between frequency and 
temperature dependence. To illustrate  this, it is useful to 
introduce a coupling  spectrum, CY~F(W), from which a 
scattering rate  and mass enhancement  are calculated as a 
function of  frequency and  temperature. In general,  this is a 242 
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The  unrenormalized  scattering rate (a)  and  the  reduced  mass 
1 enhancement (b) of Y,Ba&u,O, are shown for T = 100 K (triangles) 

and 250 K (dots). The lines through the data points in (a) and (b) refer 3 to a model calculation which uses the coupling spectrum, a*F(o), 1 shown in (c). 
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nontrivial  calculation that requires  a  detailed  knowledge  of 
the  nature of the  interaction. Here, for the sake of simplicity, 
we approximate  the optical  scattering  rate, T"(w) ,  by the 
quasi-particle lifetime averaged over the  Fermi surface, and 
use [24] 

- I  
( w )  = -21mC(w) = dW'a*~(w')f(O'; TI, la (2) 

where JJw) is the self-energy and 

f ( w ' ;  T )  = coth- - - tanh - - - tanh - w' 1 w ' + w  I w " w  

2 T  2 2 T  2 2 T  

hole  in  a  large-U Hubbard model with either Nkel or  an 
RVB  order, and have obtained a mass  enhancement of order 
t / J  associated with coupling  to spin  excitations  of 
characteristic energy J ,  where 4f is the hole bandwidth. In 
principle, strong electron-phonon coupling provides an 
alternative origin for our measured  mass enhancement  (the 
phonon density of states is roughly constant  up to a  cutoff 
frequency  of about  600 cm-l 1281). The observed overall 
coupling  strength, X - 2-3, however, would be 
unprecedented, particularly at  such a  high-frequency scale. 

In Figure 5 we have  plotted T - ' ( w ) ;  however, the  actual 
(renormalized) scattering rate is T*"(w) = T-'(w)mh/m*. 

is an occupation-factor-related term which contains all of the 
temperature  dependence in Equation (2). Figure 5(c) shows  a 
spectral function which provides  a fit to both  the 
temperature  and frequency dependence of our  data [dashed 
(250 K) and  dotted (100 K) curves] in Figures 4 and 5. 
[(m/mh) - I is obtained  from a  Kramers-Kronig transform 
of T"(w).]  We have included  an elastic contribution to ~ " ( w )  

of 560  cm-I. The spectral function a2F(w) obtained by this 
fitting procedure should be viewed only as  a  rough 
approximation  to  the  true coupling spectrum.  In particular, 
calculations which explicitly take  into  account  the difference measurements are expected to exhibit the Same 
between the  transport scattering rate  and quasi-particle 
lifetime  indicate that  the spectral weight above 800 cm-' 

It is interesting to note  that  throughout  our frequency  range 
the inelastic contribution  to h/~*"(w)  is of order k T  + hw, 
suggesting a  nearly localized Fermi liquid, or  that 
Y,Ba2Cu,0, is at  the edge of the regime in which a Fermi 
liquid  theory is well defined. 

An examination of the  correspondence between our 
infrared results and  other measurable quantities is also 
useful. For example,  using our measured  values for wp and 
m*/mh, we estimate  the a-b-plane London  penetration  depth 
to be X = c/wp(m*/mh)'12 = 1400 A. Specific heat 

enhancement  as with the infrared. The  correspondence 
between our infrared data  and  the  dc  conductivity  can  be 

should be ignored [25]. The integrated coupling strength in examined using the measured  low-frequency of T " ( W )  

this high-frequency range is less than 1, and hence does  not [Figure 3(a)l in the = limit Of Equation ) 3  udc = 

dramatically  alter our  estimate of the total  coupling. These ne2T(o)/mh9 from which we Obtain 85t I4O9 and 175 
calculations also predict  a somewhat larger temperature FQ-cm at T = 100, 150, 200, and  250 K, respectively. These 
dependence than we observe. The salient point is that  the values are  comparable to typical measured  dc resistivities on 

temperature  dependence exhibited by our  data is similar crystals. Although  they appear  to  extrapolate roughly 

qualitatively  consistent with the presence  of  frequency- to  the origin, there is  actually some upward curvature, which 

model. We cannot rule out  the possibility that frequency- Efforts to measure and  interpret  the a-b-plane  infrared 

present. This is a  particularly  interesting possibility in which a,(w)  at  room  temperature  and w 2 1000 crn-' were 
Y,Ba,Cu,O,, where the presence of localized carriers on  the and .I(@) did not exhibit the very strong 
chains could give a  mode-like contribution  to  the mid- 0.3-0.5-eV peak  previously  reported based on  data  from 
infrared. Reflectivity measurements  in  the near-infrared polycrystalline samples. Subsequent efforts extended  this 
(>go00 cm-l) already  indicate that  the a-axis and b-axis are work to lower frequencies and  temperatures [ 15, 161, where 
inequivalent [26]. Separation of the a-b-plane  conductivity Bonn et l151 first  showed evidence for a temperature- 
into chain and plane contributions will have to wait for  dependent peak in u, (w)  (as  shown in Figure 4) which  allows 
studies of untwinned samples. At present we do  not feel that the COnnection with udc to  be  made. Sulewski et  al. [291 were 
the  contributions of the  chains will significantly alter the  the first to apply  a  frequency-dependent  scattering  model to 
mass enhancement (X = 2-3) or characteristic  scattering the oxide superconductors in their  study of ceramic 
frequency  (<700 cm-I) obtained  in our present  analysis of Y,Ba,Cu,O,. More recently, Thomas  et al. [ 161 have 
data from  twinned  samples.  analyzed the a-b-plane conductivity of 0-deficient crystals 

In models of transport in  correlated  systems  potentially (T, 1 50-70 K) in  terms of the frequency-dependent 
applicable to  YIBa2Cu30,, a  mass enhancement  can arise  scattering  model and have obtained a coupling of X - 9, 
from  the  interaction of the carriers with spin-related  although, as they point  out,  their  measured  temperature 
excitations associated with the  Cu, for which the  dependence is not consistent with their  camer-oscillator 
characteristic  energy scale is set by the exchange interaction, model [ 161. Our results are  similar  to  theirs in terms of the 
J. (In RVB language, this is the holon-spinon  scattering.)  frequency scale of  coupling; however, for the  coupling 
For example, Kane et al. [27]  have  studied the  motion of a constant we obtain X - 3. This substantial  difference in the 

dependent scattering rather  than with the mid-infrared-mode in the mode1 leads to a positive intercept on the y-axis. 

dependent scattering and a  mid-infrared mode  may  both  be  conductivity  of crystalline YlBa2Cu307 began with [ I 3 1 9  in 
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coupling  strength estimate for our 92 K crystals and their 
lower-Tsamples suggests a high degree  of sensitivity of the 
normal-state  behavior to  the 0 content (or, alternatively. 
hole  density.) 

Conclusion 
In conclusion, we find that  the frequency and  temperature 
dependence of the normal-state transport of Y I Ba,Cu,O, in 
the far-infrared region supports a  frequency-dependent 
scattering  rate  arising  from coupling  to  an excitation 
spectrum with a  characteristic energy cutoff  of -700 cm-l 
and  an integrated coupling strength  of X = 2-3. This 
approach provides  a unified description  of the  temperature 
and frequency dependence of the  transport behavior  above 
T,. Below T, a reflectivity enhancement with a  distinct  onset 
at  the  superconducting  transition is observed to  occur  at a 
characteristic energy of 500 cm-I (8kTJ. The  data clearly 
demonstrate  the presence of a self-energy structure  at 8kTc 
in the  superconducting state, and  are consistent with the 
interpretation of this  structure  as a nodeless a-b-plane 
energy gap of 2A = 8kTc. 
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