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c-Axis Electrodynamics as Evidence for the 
lnterlayer Theory of High-Temperature 

Superconductivity 
Philip W. Anderson 

In the interlayer theory of high-temperature superconductivity, the interlayer pair tun- 
neling energy (similar to the Josephson or Lawrence-Doniach energy) is the motivation 
for superconductivity. This connection requires two experimentally verifiable identities: 
the coherent normal-state conductance must be smaller than the "Josephson" coupling 
energy, and the Josephson coupling energy must be equal to the condensation energy 
of the superconductor. The first condition is well satisfied in the only case that is relevant, 
(La,Sr),CuO,, but the second condition has been questioned. It is satisfied for all dopings 
in (La,Sr),CuO, and also in optimally doped Hg(Ba),CuO,, which was measured recently, 
but seems to be strongly violated in measurements on single crystals of T12Ba2Cu0,. 

T h e  theory that ascribes the phenomenon 
of high-transition temperature (Tc) super- 
conductivity in the cuprates primarily to in- 
terlayer coupling ( I  ) correlates electromag- 
netic coupling along the c axis (that is, per- 
pendicular to the CuO, planes) with the 
condensation energy of ;he superconductor. 
This correlation, which should be narticular- 
ly sharp for "one-layer" materials, was pro- 
posed and roughly tested against data on 
(La,Sr),Cu04 ("214") (Z), and the equations 
were refined bv van der Mare1 et al. ( 3 )  and 
Leggett (4). In these latter papers, the appar- 
ent failure of the relation in Tl,Ba2Cu06 
("Tl 2201") was emphasized, and rather un- 
eauivocal measurements of the c-axis nene- 
tration depth A, (5) confirm this contradic- 
tion. However, there is quite good agree- 
ment in a growing number of other cases: 
214 at several different doping levels (6) and 
HgCa2Cu04 (Hg "1201" cuprate) (7). It ap- 
pears then, that the T1 salt is the "odd man 
out" or perhaps is not a true one-layer case; 
this compound exhibits wide swings in Tc  
with preparation treatment. Because both 
the T1 and Hg salts have relatively large 
c-axis spacings and comparable values of T, 
.= 90 K, the contradiction between the two 
is particularly striking, and it is important to 
confirm the measurements of ( 7 ) ,  preferably 
bv another ex~erimental method. 

Additional evidence for a major role 
for interlayer coupling is the observation 
of a strong bilayer correlation in neutron 
scattering in yttriiun barium copper oxide 
(YBCO) both In the superconducting 

Joseph Henry Laboratories of Phys~cs, Pr~nceton Unver- 
sty, Prnceton, NJ 08544. USA. 

state (for optllnal doping) (8) and in the 
spin-gap regime (9) ,  which is not explica- 
ble in one-layer theories but is predicted 
by the interlayer theory (10). Thus, T1 
2201 stands out in providing contravening 
evidence against the theory of ( 1 ) .  

The interlayer theory is simple in princi- 
~ l e .  For the cunrates, electron motion in the 
c direction is incoherent in the normal state. 
This anisotronv is unlike most normal met- 

L ,  

als, which are Fermi liquids and exhibit co- 
herent transDort in all directions. The inter- 
layer hypothesis is that electron pairing in 
the superconducting state makes this trans- 
port coherent, which is actually observed 
and is responsible for the Josephson-like or 
Lawrence-Doniach-like superconducting 
cou~ling between the lavers. 111 convention- 

L - 
a1 superconductors, the Lawrence-Doniach 
coupling replaces coherent transport in the 
normal state, so that the superconductor 
gains no relative energy, but in the cuprates, 
experimental observations exclude coherent 
transport in the normal state, so that the 
c-axis energy is available as a pairing mech- 
anism. [In my theory ( I  ), the mechanism 
blocking coherent transport is the non- 
Fermi liquid nature of the normal metal 
state.] Thus, superconduct~vity occurs in 
connection with a crossover from two-di- 
mensional to three-dimensional transnort: if 

L ,  

one desires a "quantum critical point" to be 
associated with high Tc, that is its nature. 

There are then two independent ways of 
measuring the energy that couples the planes 
together in the superconductor, each direct. 
The first method is, in analoev with the -, 

Josephson energy-current relation, to mea- 
sure the electromagnetic response to vector 
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potentials along the c axis, either by measur- 
ing the c-axis penetration depth or the c-axis 
transverse plasma frequency. Because of the 
correlation referred to above, this plasmon in 
the cuprates lies, unusually, within the SLI- 

perconducting gap and is visible as a sharp 
edge in the reflectivity followed by a dip. 

The second measurement is of the con- 
densation energy of the superconductor. I 
~ostulate that this energv is whollv, or al- 

u, 

most wholly, due to the c-axls coupling-so 
that it should be equal numerically to the 
maximum possible value of electromagnetic 
coupling-when all layers are equivalently 
coupled, that IS, in one-layer superconduc- 
tors. This is equivalent to the statement 
that the c-axis correlation length 6,  .= 4 2 ,  
which is the maximum uossible value for tn 

-L 

or the minlmuln for A, for ~nultllayer sys- 
tems such as YBCO or Bi2Sr2CaCu208 
(BISCO 2212) (2). The condensatlon en- 
ergy can be estimated from T, or the band- 
gap energy A, using Bardeen-Cooper- 
Schrieffer (BCS) expressions, but because I 
am arguing that BCS theory does not use 
the correct form of interaction, it can give 
no better than an order of magnitude esti- - 
mate; it is far better to use specific-heat data 
when available. In particular, the depen- 
dence of the condensatlon energy on dop- 
ing, according to such data, 1s steeper than 
that of TC2, so that for underdoped materials 
one must be especially careful. Roughly, Tc 
is proportional to the doping percentage x, 
and Econd 3~ xP, with p previously estimated 
as -3 to 4. The theory of Lee and Wen ( 1  1) 
gives b = 3, but this value has been seri- 
u 

ously questioned (1 2); specific-heat data are 
therefore more convincine, if hard to inter- " 

pret quantitatively (13). The sharp depen- 
dence of Aab on x predicted by Lee and Wen 
( I  1 )  was observed in 214 (13), contrary to 
the criticisms (1 2 ) ,  which used figures from 
YBCO where the effects of doping are less 
straightforward. Such data show that the 
condensation energy falls off with x more 
rapidly than Tc2. 

The basic for~nulas are as follows: First, 
for the electromagnetic theory of an inter- 
layer superconductor, the basic London 
equation for current j is 

~vhere c is the speed of light and A is the 
vector potential. This relation Liefines the 
penetration ciepth h. Focusing on T << Tc 
and ignoring the difference hetlveen free 
energy F anci energy E 

condensation energy Eb and assume the 
coupling energy has the Josephson form 

where 0 is the phase difference between the 
pairs of planes. In the presence of a vector 
potential 

where d is the spaclng between layers, e 1s 
the charge of an electron, and 6 is Planck's 
constant d~vided by 2 ~ .  Combining Eqs. 2,  
3, and 4 

A nearly equivalent measure of the electro- 
magnetic coupling is the c-axis plasma fre- 
quency o,. The dielectric constant E 1s 
given in terms of the 8-funct~on "Drude 
weight" 

and the edge occurs where E changes sign, 
at 

In the cases of 214 (Fig. I ) ,  % ;= 5 i- 1 
can actually be measured from the normal- 
state reflectivity, because no appreciable 
Drude weight appears in the normal state. 
In the cases of T1 and Hg one-layers, E~ is 
not well measured; however, A has no de- 
pendence on and is the measured quan- 
tity in both cases. 

The thermodyna~nics of optimally doped 
YBCO has been thoroughly studied by Lo- 
ram et al. (14) and then estimate for the 
condensation energy per unit volume 1s 

[Per unit cell per layer, this is about 3 K, 
which is not far from the BCS estimate of 
N(0)(kTc)'/2, taking the density of states 
N(O)  to be -2 to 3 eV-' and where k is the 
Boltzmann constant.] 

The binding energy for 214 must he 
estitnateci from the curves of Loratn anci 
colleagues (13, 14) (Fig. 2) ,  which also, 
fortunately, shows several doping levels. For 
the optitnal doping level, 17 to 20%, Eh can 
he estimateci cvith the icientities 

The pairing energy in the interlayer theory 
comes entirely from the coupling betcveen 
planes, so that one can take E to he the 

where y = c/T (Fig. 2 ) ,  and c, is the normal 
and c, the superconducting specific heat. 
The total binding energy is considerably 
smaller than that of YBCO, roughly 

Interestingly, this value is below (by a factor 
of 2)  what I would predict from scaling from 
YBCO by Tc2, perhaps partly because of a 
contribution from the chams. With less ac- 
curacy because of the crit~cal fluctuation ef- 

above T, 

x.0.10 
T=8 K 

I 
100 200 

Frequency (cm-') 

Fig. 1. Reflectivity measurements for La,-,Sr, 
CuO, from (6). 

Fig. 2. Spec~f~c heat (y = c/T)  of 214 samples. 
The curves are labeled w~th the doplng percent- 
age x .  

Fig. 3. Comparson of (points) the measured va- 
ues of X, from (6) (as calculated from Fig. 1 with 
the use of Eq. 9) and (hatched ovals) the result of 
the nterlayer theoty (Eq. 6), includ~ng rough esti- 
mates of limits of error. 
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fects on c, for low doping, I can also estimate 
E ,  for the doping levels 13.5% and 10Yo. 

Using the value from (13),  I obtain X, = 

3 1 1 p n  for optimal doping, \vhich is 
embarrassingly close. T h e  agreeinent be- 
tween the nleas~lreJ and estinlateci values of 
X; (Fig. 3) both as to nulllerical value and 
trend is heartening. For 214, dr~ving a criti- 
cal Josephson cLlrrent is precisely sufficient 
to erase the energy of the supercond~~cting 
correlation. Undoubtedly, it is possil3le to 
invent a system of caref~lllv balanced cancel- 
lations that rvould nonetileless ascribe the 
aource of s ~ ~ ~ e r c o l ~ d ~ ~ c t i v i t ~ .  to internal cor- 
relations in the planes, but such logical con- 
tortions seen1 i~norobable and may even be 
irnpossil3le. There is no  plausible intraplanar 
tnechanistn that ~ i v o ~ ~ l d  correlate its T anti 

C _  

its energy precisely cvith the strength ot in- 
terplat~ar coupling over a range of 5 to 1 in X. 

T h e  case of Hg 1201 is much less airtight 
but still strong. Without satisfactory specif- 
ic heat measurements, we are reduced to  
scaling the b ind~ng  energy according to  TcL,  
ancl hence, XL according to T'. I preciict, 
then, for Hg 1201 

. .. 
(13)  

T h e  observed value (7) is quoted as 1.34 
p m  1 - 1096. T h e  agreement is spectacular. 

T h e  orediction for T1 1201, on the same 
basis, ~ i ~ o u l d  give 1- - 0.8 p m ,  because d is 
even greater than that for Hg, but bloler et 
ai. (5) finJ that X, > 15 111111 for the single 
crvstals for which thev have i ~ n a ~ e c i  vortices. 
and this figure is in agreelllent cvith estimates 
k3v van der Xlarel (3)  (and cvith mv o\iVn , ,  , 

estimates using transport theory). This 
aereetnent is a severe anomalv. T h e  above 
direct evidence for i n t e ~ ~ l a n a r  coupling in 
the other cases is supplemented by the neu- 
tron scattering evidence in YBCO, which 
shocvs that the gap structure is strongly cor- 
relateci beteveen planes in the  close pair in 
just such a way as to optimize interplanar 
kinetic energy (JG). I cannot emphasize too 
stronglv the need to assure ourselves that T1 

u ,  

1201 is genuinely a one-layer case. Sonle 
evicience for str~lctural defects exists. 

T h e  interlayer hypothesis for the  high- 
T' cuprates was based from the  start o n  a n  
exnerinlental observation: that conJucti\,- 
tty along the  c axis is non~netal l ic  and 
incoherent.  whereas that  in  the  nb  ulane is 
metallic, if in  many respects anomalous. 
This  beha7-ior is nresumecl to  be a result of 
a non-Fermi-liquid, charge-spin-separat- 
ed state; but the  hypothesis can  be directly 
tested in  a manner  completely indepen- 
J e n t  of that  coniecture. There  are two 
experimet~tally testable cotlsequetlces of 
the  idea, if one  is able to measure the  
c-axis electrodyt~a~llics in  t h e  supercon- 

ducting state, as has been done in  a num- 
ber of cases. T h e  first is violation of the  
"Josephson identity", cvhich expresses the  
fact that  in  BCS superconJuctors, pair 
tunneling replaces the coherent normal- 
state conduction. This violation has been 
noted previously by Timusk (15). T h e  sec- 
ond is the r e q ~ ~ i r e m e l ~ t  that the  supercurrent 
kernel c/4n2X' almost precisely match the  
condensation energy o t  the s~~perconductors.  
This agreement effectively rules out any in- 
tralayer theory of high Tc a~nd points to the  
~nterlayer concept, for those cases in which 
it occurs; but eve are left at a loss in the  one 
clear case where it cloes not.  
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Communication with Chaotic Lasers 
Gregory D. VanWiggeren and Rajarshi Roy* 

Recent experiments with chaotic electronic circuits have shown the possibility of com- 
munication with chaos. The experimental demonstration of chaotic communication with 
an optical system is described. An erbium-doped fiber ring laser (EDFRL) was used to 
produce chaotic light with a wavelength of 1.53 micrometers. A small 10-megahertz 
message was embedded in the larger chaotic carrier and transmitted to a receiver system 
where the message was recovered from the chaos. Chaotic optical waveforms can thus 
be used to communicate masked information at high bandwidths. 

T h e  demonstration of transmission and re- 
ception of infortllation with synchronized 
electronic circuits (1 ) raiseci the question of 
optical communication cvith chaotic lasers. 
Communication with light waves rvith cha- 
otic fluct~lations of intensity has been con- 
sidereci in  recent years by several investiga- 
tors (2) .  T h e  natural masking of inf~>rma- 
tion by chaotic f l~~c tua t ions  has served as a 
practical   no ti vat ion for the research. Great 
interest also extsts in understanding the  
basic mechanisms by cvhich infor~llation 
can be encoded anti decocied through the  
use of synchronized chaotic systems. 

Although chaotic communication exper- 
iments cvith electrot~ic circuits (1 ) have typ- 
ically demonstrated infortnatiol~ transmis- 
sion at bandwidths of tens of kilohertz or 
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less, the fast dynamics often displayed by 
op t~ca l  systems offers the possibility of com- 
~ l ~ ~ ~ t l i c a t i o l ~  at band~ividths of hundreds of 
megahertz or higher. In the past few years, 
we have exploreci the fast dyna~nics of er- 
bium-dope~i f ~ b e r  ring lasers (EDFRLs) (3) 
with the goal of achieving optical commu- 
nication cvith chaotic lasers. These lasers are 
particularly rvell suited for conlmunication 
p~~rposes  because their lasing ~i~avelengths 
roughly correspond to the minimum-loss 
wavelength In optical fiber. Such fiber ring 
lasers are capable of ciisplaying both l o w  
( 5  3) and high-dimensional (> 3) dyl~atnics 
~lncier Liifierent cot~ditions of operation. 'We 
report optical experitnents that demonstrate 
message transmission and reception at 10 
XlHz with a chaotic carrier at -1.53 u.m. 

T h e  output beam from an  external davity, 
tunable semicond~~ctor  laser is a~npl i t~lde  
modulated 1iv1t11 a 10-MHz square wave (the 
"message") by a lithiunl niobate Mach- 
Zehnder lnodulator (Fig. 1) .  T h e  message is 
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