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Gap States in HTSC by Infrared Spectroscopy 
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Recent infrared reflectance spectroscopy on high quality crystals of a number of HTSC sys- 
tems shows that all have finite conductivity in the frequency region of the superconduct- 
ing gap. Results on untwinned YBCO from a number of laboratories show that this ab- 
sorption is not due to experimental problems or sample-to-sample variations. Other mate- 
rials also show absorption features in the gap region in the form of peaks. We discuss 
these results in terms of recent ideas of the effect of impurities in d-wave superconductors. 
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1. I N T R O D U C T I O N  

The observation of the superconducting gap by 
infrared spectroscopy has been a goal from the be- 
ginning of the discovery of high temperature super- 
conductivity.J1] For several reason this search has 
been unsuccessful. First, it appears, from angle 
resolved photo emission, that  the gap, at least in 
Bi2Sr2CaCu208, is highly anisotropic in k-space. The 
corresponding optical spectrum would not exhibit a 
sharp onset of conductivity. 

Secondly, it is known that the materials are in 
the clean limit, and from momentum selection rules, 
an onset of absorption at the gap frequency is not 
possible. In this limit, absorption starts at twice the 
gap frequency, plus the frequency of the relevant ex- 
citations responsible for transport  scattering. Thus 
given the combination of a d-wave density of states 
and a smoothly rising excitation spectrum any sharp 
feature corresponding to the gap will be washed out. 
Recent interest has focussed on breaking down the 
momentum selection rules using defects, introduced 
either by doping,[2] or radiation damage.[3,4] 
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Surprisingly, the effect of defects on the opti- 
cal absorption spectrum in the gap region does not 
produce dirty-limit behaviour as seen in conventional 
superconductors - an onset of absorption at 2A. In- 
stead, a new low frequency, Drude-like, absorption 
appears in the superconducting state, taking spectral 
weight away from the superconducting condensate. 
The total low frequency spectral weight remains con- 
stant[3,4] and equal to the Drude spectral weight in 
the normal state. 

In this review we will cover some recent work 
on the ab-plane conductivity in the cuprates. There 
have been substantial improvements in the technology 
of crystal growth[5,6] as well as optical spectroscopy 
of smaller and smaller crystals. [7] 

2. R E S U L T S  

2.1 a-axis Conductivity of YBa2Cu307_~ 

YBa2Cu3OT-5 is the most studied of the 
cuprates but it is important  to study detwinned 
crystals since the optical properties are quite 
anisotropic.[8] Much of the variability in the prop- 
erties of YBa2Cu3OT-~ seems to stem from the qual- 
ity of the chains which tend to incorporate aluminum 
and gold from the crucibles used for growth.J9] The 
a-direction properties do not depend as much on cur- 
rents carried in the chains and material variability is 
much reduced. This is illustrated in Fig. 1. 
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Fig 1. The a-axis optical conductivity of  

YBa2Cu306.95 from three groups. There is over- 
all agreement to the value of the conductivity for 
crystals from different sources. Note the absence 
of a true gap and a fairly constant conductivity of 
350 (~cm) -1 at the minimum. 
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Fig. 1 shows the a-axis optical conductivity with 
light polarized normal to the chains. Curves from 
three laboratories are shown. The heavy line is a 
spectrum from Pham et aL[10] measured by direct 
absorption and therefore having perhaps the highest 
absolute accuracy. The dashed curve is a recent mea- 
surement by Basov et al. on crystals grown in zirconia 
crucibles with highly conducting chains. In contrast,  
the light solid curve, measured by Sciitzmann et 

al.[ll] is on crystals with fragmented chains tha t  
show effects of localization. Two things are clear from 
these data: there is good overall agreement between 
the measurements over a large range of frequency on 
crystals from a wide range of sources. A fourth da ta  
set, by the Florida group, using crystals from the Illi- 
nois group, not shown here, is in excellent agreement 
with these. [9] 

The spectra are characterized by a broad min- 
imum centered at 400 cm -1 where the conductiv- 
ity reaches a value of 400 ~ - % m  -1. At lower fre- 
quencies the conductivity rises again and if extrapo- 
lated to zero frequency reaches a value of about  2000 
~ - l c m - 1 .  This is approximately half of the residual 
conductivity seen in samples from the same source by 
microwave techniques, 4500 ~-Zcm-l . [12]  

2.2 C o n d u c t i v i t y  of  T l2Ba2CuO6+6.  

The T12Ba2CuO6+6 material  has a single 
copper-oxygen plane and a Tc close to 90 K at opti- 
mal doping. Its T~ can be reduced to zero by oxygen 
annealing. At optimal doping, it shows a linear re- 
sistivity variation with temperature,  typical of most 
high T~ materials, changing towards a T 2 in the over 
doped region. We report here preliminary results of 
the optical conductivity of this material. [13] 
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Fig 2. The the optical conductivity of  T12Ba2CuO6+6 

The thick line is the 90 K curve just  above the su- 

perconducting transition of  88 K and the thin line 

the low temperature spectrum. The spectrum is 

dominated by a large peak. a pseudogap develops 

at 70 cm - 1  already in the normal state. 

Figure 2. shows the ab plane conductivity of 
a crystal of optimally doped T12Ba2CuO6+e with 
Tc = 88 K. Two temperatures  are shown, 90 K just 
above the superconducting transition, and 15 K in 
the superconducting state. The conductivity is un- 
usual for a metal  since, instead of a Drude absorption 
the spectrum consists of a peak at approximately 100 
cm -1. In the superconducting state this peak sharp- 
ens and moves to lower frequency. 

The normal state dc conductivity is metallic (lin- 
ear with a positive tempera ture  coefficient) whereas 
the optical conductivity shows a low-lying peak ris- 
ing from the dc value (shown as a black point at zero 
frequency). A positive f requency coefficient of con- 
ductivity is usually associated with localization and 
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is then accompanied by a negative t empera ture  coef- 
ficient of resistivity. The superconducting s tate  con- 
ductivity is also anomalous. First, there is no sign of 
an energy gaP, but the pseudogap visible in the nor- 
mal state deepens in the superconducting state. The 
onset frequency of this gap is 70 cm -1. 

2500 

2000 

I 

E 15oo 
(D 

7 
c "---'1000 
g 5o: 3oo  

85 K 

185 K 

Pb2Sr2(Y/CQ)Cu~OB 

~Ua,b Normal Stote 

I , i , i 

0 1 oo 200 ~300 4.00 
Frequency (cm-) 

Fig 3. The the optical conductivity ofPb2Sr2(Y/Ca)Cu308+ 6. 
The 85 K curve is in the normal state. As su- 
perconductivity develops a pseudogap develops 
around 70 cm -1. There is no sign of a super- 
conducting gap only a pseudogap which is already 
present in the normal state. 

A careful analysis of the spectral weight, us- 
ing the conductivity sum rule, shows that  the re- 
gion from 0 to 600 cm -1 supplies all the spectral  
weight for the superconducting condensate. The Lon- 
don penetrat ion depth, calculated from this missing 
spectral  weight, is 2400 4- 200/k. The condensate den- 
sity, per copper plane, is similar to the a-axis value of 
YBa2Cu3OT-~ which is 1600 /~[9] (2400/v/-2 = 1700 
s 

2 .3  C o n d u c t i v i t y  o f  P b 2 S r 2 ( Y / C a ) C u 3 O s + e  

The third material  we want to discuss here 
is Pb2Sr2(Y/Ca)Cu3Os+6. Structurally it shares 
elements with YBa2Cu3OT_~ and Bi2Sr2CaCu2Os. 
There is a copper oxide bi-layer, and like the former, 
it has a third single copper layer midway between the 
bilayers. By varying the C a / Y  ratio, a Tc close to 90 
K can be obtained.[14,15,16] 

Fig. 3 shows the optical conductivity of 
Pb2Sr2(Y/Ca)Cu3Os+6with Tc = 80 K at a series 

of temperatures.  A broad peak can be seen, centered 
around 200 cm -1 in the normal state, moving to 80 
cm -1 in the superconducting state. The peak is sim- 
ilar in appearance to the peak in T12Ba2CuO6+~but 
has much less spectral weight associated with it. 
Again, there is no sign of a superconducting gap and 
the spectral  weight for the condensate appears to orig- 
inate from a wide frequency range to account for the 
relatively large condensate density, measured by dc 
techniques such as magnetization[17] where a pene- 
t rat ion depth of 2575/~ is obtained, and #SR where 
a similar value is found.[18] 

1. D I S C U S S I O N  

In what follows we would like to focus on a com- 
mon element in in the spectra of these three materi- 
als - finite conductivity in the region of the spectrum 
where a conventional superconductor is expected to 
be gapped. Before discussing possible sources for this 
conductivity we address the question of the  reality of 
this conductivity, since it is claimed by one group at 
least, that  the a-axis conductivity in YBa2Cu307-5  
is gapped.[8,19] The current consensus is however 
that  there is a non-zero minimum conductivity and 
that  the conductivity rises towards lower frequencies. 
There is general agreement on the value of the mini- 
mum conductivity (400 4- 50 f~ - l cm-1)  and since the 
bolometric experiment of the Maryland group is in- 
trinsically an order of magnitude more sensitive than  
any reflectance data, we must accept this value as be- 
ing a fundamental  characteristic of the fully doped 
material.  

More important  than a non-zero minimum value 
is the general rise of conductivity toward lower fre- 
quencies. Very strong minima in conductivity are 
Caused by coupling to LO phonons[20] and for ex- 
ample in YBa2Cu408 there is a minimum in the con- 
ductivity at 400 cm -1 where the conductivity value 
is only 200 ~-1cm-1.[9]  Similar strong minima have 
been seen in T12Ba2CaCu2Os.[21] Nevertheless, all 
materials investigated have a background conductiv- 
ity away  from the minima that  ranges from 250 to 
1000 f ~ - l c m - l ,  ref. 1, fig. 56, summarizes some of 
the early data. 

One explanation that  has been used to account 
for this residual conductivity has been in terms of 
defects or disorder. The difficulty with this explana- 
tion is the fact that  the background absorption shows 
relatively little sample-to-sample variation. For ex- 
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ample the ab plane dc resistivity of single crystals of 
YBa2Cu3OT-5 varies by more than a factor of two 
from laboratory to laboratory whereas, as we see in 
Fig. 1, the variation in the background conductivity 
is quite small. 

A potential solution to the problem is provided 
by a recent suggestion of Lee[22] in terms of the 
limiting conductivity for a d-wave superconductor 
in the presence of resonance scattering defects, pre- 
dicted to be a00 -- w2p/lrAo. Taking the a-axis value 
wp = 10000 cm -1 [9] we find the limiting conductivity 
to be ~ 2300 f~-lcm-1, which is in rough agreement 
with the low frequency limit of the optical conduc- 
tivity. Furthermore the conductivity is predicted to 
be independent of defect concentration. This process 
would account for the magnitude of the observed con- 
ductivity as well as the lack of sample-to-sample vari- 
ation. 

The conductivity of the other two materials, 
T12Ba2CuO6+sand Pb2Sr2(Y/Ca)Cu3Os+scannot be 
explained by this process since the observed peak is 
already present in the normal state and only grows in 
sharpness as superconductivity is established. Never- 
theless localization may be responsible for these struc- 
tures as well. Both materials have wide transitions 
and the doping process involves oxygen vacancies. [23] 
Anther process that is capable of producing a low 
temperature peak is the development of spin density 
wave correlations. [24] 
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