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Recent c axis-polarized infrared measurements in the high-transition temperature (high- 
T,) cuprate superconductor (La,Sr),CuO, can be interpreted on the basis that the entire 
condensation energy comes from the interlayer Josephson coupling. This gives a pa- 
rameter-free determination of penetration depth A and coherence length 5 for this su- 
perconductor that are in agreement with experiment. 

A c c u r a t e  measurements have been made 
of the  far-infrared spectrum of (La, ,j- 
Sr, 1 5 ) C u 0 4  for light polarized along the c 
axis (perpendicular to the planes) ( 1 ). These 
data have recently been confirmed and even 
more carefully quantified (2 ,  3), and the 
frequency range has been extended (4) .  T h e  
original measurements (Fig. 1)  contain two 
anomalies relative to a usual (Fermi liquid) 
metal with a Bardeen-Cooper-Schriffer 
(BCS)-type attractive interaction. 

1 )  T h e  first anomalv is that in  a conven- 
tional metal, the plas~n'a edge observed near 
50 cmP1,  below T,, is present both in the  
normal and in  the superconducting metal, 
reflecting the  s u n  rule o n  conductivity o 
over freiluencies o 

I ( r (o)do = constant ( 1 )  

which can  be satisfied in  detail in  conven- 
tional BCS superconductors if the  conduc- 
tivity in  the  gap region 1s moved Into a 6 
function a t  zero frequency, leaving the  
dielectric constant no t  much changed for 
frequencies near and above the  energy gap 
because of the  Kramers-Kronig relation 
between the  two. T h e  relaxation rate of 
the  carriers in  the  normal metal is known 
from the  resistivity in the  ab plane (per- 
pendicular to the  c axis) to  be 

(where k is the  Boltzmann constant,  T is 
temperature, f i  is Planck's constant h di- 
vided by 2n, and T 1s the  relaxation time) 
which should smear but not  remove this 
plasma edge in  the  normal state. 111 short, 
the  reflectivity in  the  normal state should 
be 1 below the  p las~na  frequency o,,, not  
-112. W h a t  is observed above Tc looks 
like a lossy insulator with a dielectric con- 
stant E of about 20. I n  the  original paper 
( I ) ,  Tanasaki e t  nl. stated that  the  sum rule 
can be satisfied bv the  insertion of a 
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"Drude" peak of conductivity of width 
- 170 c m P ' ,  of which there is n o  explicit 
evidence: It is simply the  maximum size 
the  exneriments would allow. Later, it 
became clear (2-4) tha t  the  conductivity 
in  the  c direction o,(w) extends over a 
much wider range and can  hardly be 
called a "Drude" peak because its width is 
orders of magnitude larger than  the  
observed relaxation rate. Timusk (2 ) ,  in  
particular, showed tha t  not  enough a, ex- 
ists in  the  lob,-freuuencv ranee to  satisfv , " 
t he  sum rule. But in  a sense, it is the  
absence of a Drude metallic conductivity 
that  is the  first anomaly, no t  primarily the  
details of spectral weight transfer, which 
are quite complex theoretically as well as 
exper~inentally.  

2) T h e  second anomaly is that  the  
observed o,,  is much lower than  expected, 
given the  gstimates of c axis masses (or  
hopping matrix elements) obtained from 
band calculations, either local-density ap- 

Frequency (cm-') 

Fig. 1. Infrared refectlvlty spectra of 
La,~,Sr,CuO, wlth polarization perpendicular to 
the CuO, planes (E c) above and below T, for (A) 
x = 0 10 (T, = 27 K), (B) x = 0.13 (T, = 32 K), 
and (C) x = 0.1 6 (T, = 34 K). [Adapted from ( I ) ,  
copyright 1992, Amerlcan Institute of Physics] 

proxi~nat ion (LDA)  or  tight-binding, and 
other  experimental phenomena. T h e  c di- 
rection bandwidth should be of order 500 
to  1000 cmP1,  \vhich would make o,, a n  
order of magnitude too high, a t  least in  the  
range from 500 to  1000 cmP1.  T h e  value 
of o_ in the  nb  lane is around lo4 cmP '  
and Lp as a f ~ ~ n c t i o n  of direction should be 
simply proportional to  the  relative band- 
width (which is the  hopping integral for 
a n  anisotropic Fermi liquid). T h e  rough 
formula is 

where EF is the  Fermi energy, e is the  elec- 
tron charge, E~ is the dielectric constant, 
and r< is the  screening radius. 

Both of these anomalies are caused by 
the  "confinementn-interlaver tunneline 
(5) mechanism, and they allow a quant; 
tative, parameter-free check o n  the  accu- 
racy of tha t  theory. T h e  principle of the  
theory is that ,  when the  normal metal is a 
Luttinger liquid, coherent single-particle 
tunneling between layers is blocked (6) ,  
and the  sum rule for conductivity in  the  c 
axis direction is snread out over a verv 
wide frequency range, rather t h a n  having 
a Drude peak below h o  = kT. A t  T = 0 
and o = 0 ,  u ( w )  \vould be literally zero in  
the  normal state. O n  the  other hand,  Jo- 
sephson-like pair tunneling is allowable 
between two Luttinger liquid layers if each 
layer has self-consistently developed a n  
anomalous self-energy or "gap" A.  There- 
fore, t he  Josephson energy 

(where 1s the  Josephson critical current 
and (F is the  relative phase between layers) 
is the  fundatnental interaction tha t  causes 
high-Tc supercond~~ct ivi ty .  ( T h e  sum-rule 
argulnellt sho\vs that  for normal BCS su- 
nerconductors. this interaction is no t  ef- 
fective in  causing condensation because it 
exactlv cancels between normal and suner- 
conducting states.) T h e  attractive energy 
for thls interaction comes from a net  re- 
iluction in  kinetic energy of localization 
along the  c axis. 

O n  the  other hand,  one  cannot  expect 
the  relatively small energy gap A t o  restore 
the  whole of the  missing coherent elec- 
t ron motion, or euuivalentlv to  restore all 
of the  kinetic energy lost by confinement.  
T h e  ac conductivity is spread over the  
entire bandwidth, and the  high-energy 
states involved are not  much affected by 
A. T o  estimate how much Josephson con- 
ductivity IS restored is, in  fact, trivial. T h e  
free energy of condensation will be rough- 
ly proportional to  the  cosine of the  rela- 
tive phase between layers and will vanish 
when the  phase angle (F is 90". A t  this 
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point,  we assume a n  interlayer mecha- 
nism: For any mechanism involving cou- 
pling pairs within the  planes, the  entire 
condensation energy does not  depend cru- 
cially o n  9. T h e  current is 2e times the  
derivative of this energy with phase; 
hence, the  superconducting binding ener- 
gy is given by 

(accounting for interactions two neigh- 
boring layers). T h e  "Josephson" plasma fre- 
quency (7), which in this case is the  plasma 
frequency itself, is given by 

(E is -20, and d is the  c-axis l a t t~ce  con- 
stant).  From the  value 50 ctn-' for oJ, 
fi,JJ/2e = 413 K. This is the11 eq~lated to the  
value of FU,,,<, per unit cell. In  any reason- 
able theory, and in fact in that of Chakra- 
varty anil Anderson (8) 

simply by energy-entropy balance. W i t h  
a density of states a t  o = 0 of N ( 0 )  - l / t l l  
= (1  eV) - '  (where t is the  in-plane ele- 
ment  of the  kinetic energy matrix t ) ,  this 
gives 

which is correct to  within a factor 2. Tha t  
is, the  Josephson and coniiensation energies 
are the  same, a t  least within the  factor 2 
accuracy of these estimates. 

T h e  anisotropy of the  penetration depth 
will, in these materials, be greater than 
expected according to  band theory and will 
give too large a value of the  band mass 
relative to band calculations. T h e  constant 
corresponding to  nlrn in  the  expression 

which is proportional to  tL2/ t I l  in  conven- 
tional theory (t  is the  out-of-plane ele- 
ment) ,  will be mJre  like tp4/tIl3. Here I have 
observed that both the  coherence length ( 
and the  penetration depth A,  the  two pa- 
rameters of Ginsberg-Landau theory, are 
uniquely determined in the  c direction by 
the  assumption of interlayer coupling as the  
mechanism for T, if the  material has only 
one tvne of laver. T h e  coherence length , 
(frorn the  assuAption ip  Eq. 5 )  is simp67 d 
(actually d/z/Z or -4 A),  and the  penetra- 
tion depth c/oJ is determined from Eq. 6 
[-2 X lo-' cm, in  (LaSr)LCu04].  T h e  
coherence length is in fair agreement with 
direct experiments (9) .  

I can  see n o  alternative explanation of 
these very striking experimental data. 
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Water on the Sun 
Lloyd Wallace, Peter Bernath," William Livingston, 

Kenneth Hinkle, Jennifer Busler, Bujin Guo, Keqing Zhang 

High-resolution infrared spectra of sunspot umbrae have been recorded with the 1 -meter 
Fourier transform spectrometer on Kitt Peak. The spectra contain a very large number of 
water absorption features originating on the sun. These lines have been assigned to the 
pure rotation and the vibration-rotation transitions of hot water by comparison with 
high-temperature laboratory emission spectra. 

T h e  hot water molecule is the  most impor- 
tant source of infrared opacity in the  spectra 
of oxygen-rich late-type stars ( 1  ). Water is 
particularly prominent in the  spectra of 
variable red giant stars (Mira variables) (2 )  
and in  other cool M-type stars (3). For very 
cool stars ("brown d\varfs"), water is pre- 
dicted to  be the  most abundant molecule 
after hydrogen ( 1 ,  4). 

T h e  water m o l e c ~ ~ l e  was discovered in 
molecular clouds in 1969 o n  the  basis of the  
maser transition from 6 , ,  t o  523 at 22 GHz 
(5). In  spite of the  large rotational con- 
stants, which place most transitions in  the  
sub~nillimeter region, many masing transi- 
tions are known for numerous objects (6). 
T h e  water masers are thought to be colli- 
sionally pumped, and they are often associ- 
ated with star-forming regions (6). 
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lern in detecting cool extraterrestrial water 
from the  ground. Fortunately, the pure rota- 
tion and the  vibration-rotation lines of hot  
water can pass through Earth's atmosphere 
because the large rotational constants of 
water (Ao = 27.877 cm-' ,  Bo = 14.512 
cm- ' ,  and Co = 9.289 cmP1)  shift the  
highly excited transitions well away frorn 
the  telluric absorptions of cooler water. 
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