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Quantum fluctuations and the c-axis optical conductivity of high-Tc superconductors

L. B. Ioffe and A. J. Millis
Center for Materials Theory, Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854

~Received 26 July 1999!

A theory of the frequency dependence of the interplane conductivity of a strongly anisotropic supercon-
ductor is presented. The form of the conductivity is shown to be a sensitive probe of the strength of quantum
and thermal fluctuations of the phase of the superconducting order parameter. The temperature dependence of
the superfluid stiffness and of the form of the absorbtion at frequencies of the order of twice the supercon-
ducting gap is shown to depend on the interplay between superconducting pairing, phase coherence, and the
mechanism by which electrons are scattered. Measurements of thec-axis conductivity of high-Tc supercon-
ductors are interpreted in terms of the theory.
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I. INTRODUCTION

One of the important unresolved questions in high-Tc su-
perconductivity is the strength of quantum fluctuations in
superconducting ground state. In this paper we show tha
frequency dependence of thec-axis conductivity is a usefu
probe of the strength of these fluctuations. Our results ap
with minor modifications which are indicated at appropria
points below, to any sufficiently anisotropic superconduc
and therefore may also be useful for interpreting data
layered organic superconductors and on the ‘‘spin-ladd
compounds.

Another important issue concerns the nature of the e
tronic states in the CuO2 planes of high-Tc materials. We
will show that thec-axis conductivity can be used to extra
information about these states.

In a previous paper1 we presented a theory for thec-axis
optical spectral weight of layered superconducting syste
We showed, among other things, that the strength of
quantum fluctuations could be inferred from the ratio of t
spectral weight in thec-axis superfluid response to the spe
tral weight lost from thec-axis conductivity as the tempera
ture is decreased from highT to T50. A ratio of 1 indicates
mean-field-like superconductivity with negligible quantu
phase fluctuations, whereas a ratio greater than 1 shows
quantum fluctuations are important. In this paper we dem
strate that quantum and thermal fluctuations also have im
tant consequences for the form of thec-axis conductivity. In
particular, if quantum fluctuations are significant, then un
conditions believed to occur in high-Tc materials,sc(v) ac-
quires a peak for frequenciesv.2D, whereD is the super-
conducting gap. Our previous spectral weight analysis p
vided evidence for strong quantum fluctuations inTc570 K
YBa2Cu3O6.6,1,2 but not in YBa2Cu4O8 or YBa2Cu3O7,1,2

and a peak insc(v) is found in the former material but no
in the latter two.3

The qualitative idea behind our calculations is as follow
We consider materials, such as the high-Tc superconductors
which consist of weakly coupled layers. The weak interla
coupling means that the conductivity may be calculated
second-order perturbation theory in the interplane coupl
and is therefore given by a convolution of two in-pla
Green’s functions. Thus, as emphasized by Anderson,4,5 the
PRB 610163-1829/2000/61~13!/9077~11!/$15.00
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c-axis conductivity is in effect a spectroscopy of the in-pla
properties. In this paper we show by explicit calculation
several models what can be learned from this spectrosco

Specific details of the high-Tc crystal chemistry imply6,7

that in these materials the interlayer coupling is domina
by the states near (0,p) points of the two-dimensional Bril-
louin zone, where the superconducting gap is maximal. T
c-axis conductivity thus reflects properties of electron
states near these points. The in-plane Greens function
high-Tc superconductors has been studied by photoemis
spectroscopy and in the superconducting state at the
menta relevant for the interplane conductivity is very sm
for frequenciesv less than the gap energy,D and has a peak
for v;D ~which is interpreted as a quasiparticle pole!, fol-
lowed by a shallower minimum at an energy'2D followed
by a broad continuum, interpreted as the incoherent par
the spectral function. This structure has been referred to
‘‘peak-dip-hump.’’

In the usual theory of superconductivity,8 which neglects
phase fluctuations, the type-II coherence factors associ
with conductivity mean that the quasiparticle peak
Im G(v) would not contribute tosc(v) which would there-
fore vanish at the gap edge, 2D, and only begin to rise when
the incoherent part of ImG(v) appears. There would be n
sharp structure insc(v) corresponding to the sharp structu
in Im G(v). However, we shall show that if phase fluctu
tions are important, then the effect of the coherence facto
reduced and the quasiparticles contribute, leading to a p
in sc for v'2D.

The c-axis conductivity is a useful spectroscopy of i
plane properties only if the tunnelling matrix element
known. In this paper we assume it has the usual band the
form, namely an interplane hopping which conserves
plane momentum. A large literature exists in which t
anomalous properties of thec-axis conductivity are attributed
to a highly nontrivial interplane coupling, in which passa
from one plane to another involves a strong scattering fr
some excitation or defect which resides between planes
does not couple to in-plane electron motion: see, for
ample, Refs. 9–11 and references therein. As discusse
Sec. VI, we believe there is substantial experimental e
dence against this proposal. In any event, the theory of
effect of superconductivity onsc in the more straightforward
9077 ©2000 The American Physical Society
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case of conventional interplane tunnelling and anomalous
plane properties is given in this paper.

The rest of this paper is organized as follows. Section
presents a model for the in-plane Green’s function int
duced by Norman and Ding12 and similar in many respects t
a model of Chubukov and co-workers.13 Section III uses the
model to obtain formulas forsc(v) and shows how quantum
and thermal fluctuations affect the results. Section IV eva
ates the results in several limits. Section V discusses
f-sum-rule spectral weight, Sec. VI compares our results
data and to alternate theories, and Sec. VII is a conclu
and discussion of open problems. Readers uninterested i
technical details of the calculation are advised to read Se
and then proceed to Secs. VI and VII.

II. MODEL

The ‘‘peak-dip-hump’’ structure discussed above is ge
erally agreed12–14 to imply that the electrons in high-Tc ma-
terials are subject to a strong scattering due ultimately to
electron-electron interaction—strong, because the spe
function at fixed momentum is spread over a wide ene
range, and due to electron-electron interaction because
opening of the superconducting gap changes the form of
scattering, and in particular weakens it at low frequenc
Because in optimally doped and underdoped materials
normal-state spectral function is spread over a wide
quency range and has only a weak structure at fixed mom
tum near (0,p), the imaginary part of the normal-state se
energy must be large and only weakly frequency depend
One theoretical model which leads to such a self-energy
volves electrons scattered by some bosonic mode, whic
thought of as an electronic collective mode and has spe
weight concentrated nearv50 in the normal state. If this
mode has electronic origin it must acquire a gap
pseudogap in the superconducting state. Following Refs
and 13 we assume that the mode has a gapV at T,Tc where
the peak-dip-hump structure is observed, but has no
(V50) at T>Tc , where the structure is not observed.

Conventional impurity scattering corresponds toV50 in
both normal and superconducting states. Electron-elec
scattering in ans-wave superconductor atT50 would lead
to anV of the order of 2D,14 but possibly reduced by exci
tonic effects. In a two-dimensionald-wave superconducto
~such as high-Tc materials are believed to be!, one would
expect a small;v2 contribution at low frequencies from
states near the gap nodes. We will ignore this small eff
and interpretV as the scale at which the scattering returns
its T.Tc value.

In underdoped cuprates the electron spectral function~and
many other properties! exhibits a ‘‘pseudogap’’ in a wide
range of temperatures aboveTc . The pseudogap is the su
perconducting energy gap, which seems16,17 in underdoped
materials to persist in a wide range of temperatures above
resistively definedTc . In these materials the supercondu
ing transition corresponds to the onset of long-ranged ph
coherence.18–20The peak-dip-hump structure seems to be
sociated with the establishment of phase coherence, and
with the formation of the gap. This behavior is not at pres
understood.20 In the present paper we simply assume it o
n-
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curs and examine its consequences for thec-axis conductiv-
ity.

For several reasons, including that discussed just ab
the properties of the mode required by the models of R
12 and 13 seem somewhat unusual, raising the questio
whether a description in terms of scattering of conventio
electrons off of a bosonic mode is the physically correct o
The models, however, are reasonably successful in fitting
electron spectral function, and this is all that we require he
The issue of the proper physical picture of the unusual
havior of the electron spectral function is, however, a cruc
issue in the physics of high-temperature superconductiv
We return to it in the conclusion. We now turn to the mat
ematical formalism we need.

We may write in general for the normal~G! and anoma-
lous ~F! propagators in Matsubara formalism:

G~p,ivn!5
2 ivnZp~vn!2ep

@vn
21Dvn

~p!2#Zp~vn!21ep
2

~1!

and

F~p,ivn!5
Dvn

~p!Zp~vn!

@vn
21Dvn

2 ~p!#Zp~vn!21ep
2

. ~2!

Here G(p,vn)5*dteivnt^Ttcp
†(0)&, F(p,vn)

5*dteivnt^Ttcp(0)&, and Zp(v) is the renormalization
function defined byiv2S(p,iv)5 ivZp( iv) whereS( iv)
is the self-energy which contains the effects of coupling
the mode which produces the strong normal-state scatte
The approximation of Norman and Ding,12 which is adequate
for our purposes and which we adopt henceforth, consist
neglecting the frequency dependence ofD and the momen-
tum dependence ofZ. The frequency dependence ofS is
given by

S~ ivn!5
G

2p

vn2 iV

A~vn2 iV!21D~p!2

3 lnFvn2 iV1A~vn2 iV!21D~p!2

iD~p!
G2c.c.

~3!

This form corresponds to a single-particle scattering r
which tends toG/2 for v@V,D and reduces to the familia
expressions for a dirty superconductor whenV→0. The
observed15 frequency independence ofs1 at T.Tc in the
range v,1/2 eV leads us to chooseG;0.8 eV@D. At
large frequencies we therefore have very strongly scatte
electrons, corresponding to an ImG(p,v) which is small
;1/G and essentially independent ofp,v. However, forv
,D1V Z is real, soG will have a pole at a frequency
vqp5AD21ep

2/Z(vqp)
2 if vqp,D1V. A large G such as

we have assumed implies thatZ(vqp@1) so the quasiparti-
cles have small weight and negligible dispersion. Referen
12, 13, and 17 argue that the combination of a largeG and an
V50 in the superconducting state but not in the normal s
accounts for the peaks observed in photoemission exp
ments atT,Tc but not forT.Tc .16,17The resulting spectra
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function is shown in Fig. 1 forep5D andG540D. Here the
quasiparticle pole is shown as a sharp line and its stren
corresponds to the area in the shaded box. The onset of
tering atv5V1D causes the broad only weakly frequenc
dependent continuum.

The spectral function predicted by Eq.~3! was fit to pho-
toemission data by Ref. 12. Differences between the data
the model were attributed by Ref. 12 to an extra elas
scattering term and to an extrinsic background. The ela
scattering was introduced to broaden the low-freque
peak, which is a delta function in the model; we feel t
observed broadness is more likely due to a variation of
gap over the surface of the sample, but in any event this e
broadening~which we do not include! will not affect our
results in any significant way.

The extrinsic background requires more discussion. In
data analyzed in Ref. 12 the weight in the quasiparticle p
was somewhat smaller than the ‘‘missing’’ area obtained
multiplying the higherv value of ImG by the frequency
interval 0,v,D1V. As can be seen from our Fig. 1, in th
strong-coupling limit of the model self-energy the strength
the quasiparticle peak is in fact somewhat larger than
missing area. The authors of Ref. 7 apparently dealt with
discrepancy by introducing an additional extrinsic bac
ground, nonzero only forv.D1V, and adjusted so the
weight in the observed quasiparticle peak is roughly equa
the ‘‘missing’’ area calculated from the backgroun
subtracted part of ImG. It seems to us that the discrepan
requires further consideration; however, the issue is not
cial to the present paper, which focusses on the qualita
consequences for thec-axis conductivity of the quasiparticl
peak in ImG.

III. INTERPLANE CONDUCTIVITY

We now consider the effect of our chosen form ofG and
F on sc , focussing on the extent to which the quasiparti
poles contribute to the observed conductivity and on the
fects of the offsetV. We emphasize that for these conside
ations the precise forms ofG andF do not matter, as long a
they have the general properties outlined above.

We assume the Hamiltonian is

FIG. 1. Imaginary part of the electron Green’s function for p
rametersG540 andV5D. The quasiparticle peak is indicated b
the vertical line; its weight is shown as the shaded box.
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H5Hin2plane1 (
p,s,i

@ t'~p!cp,s,i
† cp,s,i 111H.c.#. ~4!

Here cp,s,i
† creates an electron of in-plane momentump

and spins on planei. Hin2plane contains the~presumably
nontrivial! physics of a single Cu-O2 plane, and in particular
leads to theG and F functions discussed in the previou
section.

We calculate the interplane conductivity in the usual wa
representing thec-direction electric field by a vector poten
tial A and coupling it toH via the Peierls substitution~in
units \5c51) t'→t'eieAd with d the interplane spacing
We expand to second order int' finding1,4,5

sc~v!5
1

iv FK2T(
v8

E dp̂t'
2 ~ p̂!PS v81

v

2
,v82

v

2
,p̂D G .

~5!

We have omitted dimensional factors ofe2 and lattice
constants, which are not relevant to our arguments.

It is convenient to consider separately contributions to
polarizibility P coming from the different parts of the Ferm
surface~as labeled byp̂) and separateP into normal and
anomalous parts, as

P5PGG2PFF ~6!

with

PGG~v18 ,v28 !5nE djGi~p,v18 !Gi 11~p,v28 !, ~7!

PFF~v18 ,v28 !5nE dj^Fi~p,v18 !Fi 11~p,v28 !&. ~8!

Herej5vF(p2pF), v68 5v86v and here and in many

places subsequently thep̂ label on theP functions has been
suppressed.

The diamagnetic termK may be written

K5T(
v

E dp̂t'
2 ~ p̂!@PGG~v,v,p̂!1PFF~v,v,p̂!#. ~9!

In Eq. ~8! PFF is defined as the expectation value of
product ofF functions because it depends on the interla
phase coherence. To study the phase coherence propert
more detail we write theFF correlator in real space an
separate out the term involving the phase difference, find

PFF~r ,t !5PFF
0 ~r ,t !^eif i (r ,t)2 if i 11(0,0)&. ~10!

Here PFF
0 is the usual convolution ofF functions with

phases set to 0 and may be calculated by standard meth8

In the BCS approximation the phases do not fluctua
f i(r ,t)5f i 11(r 8,t8)5f0 and PFF5PFF

0 . In the actual
materials the phase in each plane fluctuates. In
pseudogap regime of underdoped materials the supercon
tivity is destroyed by phase fluctuations while the amplitu
of the gap remains nonzero.18–20 For T,Tc the phase has a
nonzero average but may fluctuate. We writef(r ,t)5f0
1df(r ,t). At T!Tc thermal fluctuations are negligible. I

-
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the two-dimensional case of present interest, quantum fl
tuations are dominated by short length scales and so are
correlated from plane to plane,^df idf i 11&50. This allows
us to evaluate the correlator entirely in terms of in-pla
properties, at lowT. Unlike quantum fluctuations, two
dimensional thermal fluctuations are dominated by len
scales of the order of the thermal coherence lengthjT which
diverges atTc . Interplane phase correlations are importan
the Josephson energy of a correlated region is larger than
temperature, i.e., ifN0t'

2 jT
2D/G.kBT; whereN0 is the in-

plane density of states and the standard dirty-limit fac
D/G!1 reflects the fact that the weight in thec-axis conduc-
tivity is spread over a wide frequency range of orderG, so
only the fractionD/G is available to contribute to the Josep
son coupling. The small values of interplane couplings a
D/G relevant to high-Tc materials mean that this criterion
only satisfied for temperatures very nearTc . Thus except
very near toTc we have

PFF~r ,t !5PFF
0 ~r ,t !e2^(df i )

2&[aPFF
0 ~r ,t !. ~11!

In other words, ind52 the effect of quantum and therm
phase fluctuations is to renormalize the interplaneF2F cor-
relator by a constant Debye-Waller factora with 0,a,1.
In d51 the phase fluctuation integral has a logarithmic
vergence cut off byt' or the length and time scale, so th
Debye-Waller factor will have scale ort' dependence.

We shall be interested in either a strongly scattered n
mal state or inT!D so we take theT→0 limits of the
formulas. After integration over momentum and analytic
continuation we find for the imaginary parts

Im PFF
0 ~v18 ,v28 !5

1

2
ReF D2

~j1
R Z1

R 1j2
R Z2

R !~j1
R j2

R !

2
D2

~j1
R Z1

R 1j2
A Z2

A !~j1
R j2

A !
G ~12!

and

Im PGG~v18 ,v28 !5
1

2
ReF 1

j1
R Z1

R 1j2
R Z2

R S 11
v1v2

j1
R j2

R D
2

1

j1
R Z1

R 1j2
A Z2

A S 11
v1v2

j1
R j2

A D G ,

~13!

where j6
R 5AD22(v68 1 id)2, j6

A 5(j6
R )* and Z6

R 51
2SR(v68 )/v68 .

Finally, to computesc we must substitute Eqs.~12! and
~13! into Eq. ~5! and average over the Fermi surface.
mentioned above, in high-Tc materialst' is very strongly
peaked about the (p,0) points where the superconductin
gap is maximal. Thus we may approximateD(p) by its
maximum valueD and ignore thed-wave gap structure an
the integral over angles. We then obtain for the absorp
part of the conductivity
c-
n-

e

h

f
the

r

d

-

r-

l

e

s (1)~v!5
s0

v E
2v/2

v/2

dv8 Im@PGG~v18 ,v28 !

2aPFF~v18 ,v28 !# ~14!

with s05N0*dp̂t'
2 ( p̂).

IV. EVALUATION OF CONDUCTIVITY

We begin with the caseV50, i.e., with strong scattering
unaffected by the onset of phase coherence. Results
shown in Fig. 2. For this choice ofV, the real part of the
normal-state conductivity issc(v)5G/(v21G2). We have
chosen a very largeG so the normal conductivity is a straigh
line with valueGs51. The light solid line depicts the con
ductivity of the fully phase coherent (a51) superconducting
state. The coherence factor effects, namelys(v52D)50
and the gradual onset of absorbtion asv is increased above
2D, are evident. Also shown as the heavy solid line in Fig
is the no-phase coherence (a50) conductivity. The coher-
ence factor effects are absent, so the conductivity rises
continuously from the gap edge~in our approximation,
which neglects angular variations of the gap! and is always
larger than the phase-coherents. No sharp structure is vis
ible in either calculation because everywhere an excitatio
allowed, the damping is large.

In the V50 case the conductivity in the presence of t
gap is always less than the normal-state (D50) conductiv-
ity. In the fully phase coherent (a51) case there is also
delta-function contribution~not shown!; the weight in the
delta function exactly equals the difference of the fully pha
coherent curve from 1. In thea50 case the lack of phas
coherence means that there is no superfluid delta functio
the conductivity spectral weight is less than in either t
no-gap case or the fully phase coherent state. The spe
weight will be discussed in more detail in the next sectio

Because it will be useful in our subsequent discussio
we also show as the dashed line in Fig. 2 the conductiv
calculated assuming no scattering (G50) and no phase co
herence (a50), but with a nonvanishing superconductin
gap. ~This conductivity is normalized in a way which doe

FIG. 2. Optical conductivity multiplied by scattering rateG with
~thin dark line! and without~thick light line! phase coherence ca
culated forV50, in the limit G→`. The normal-state~no gap!
conductivity Gs51. Also shown as dashed line is conductivi
from unscattered quasiparticle states in absence of phase coher
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not involve G). In this case quasiparticle absorbtion abo
the gap edge is allowed, as in a usual semiconductor, e
though there is no scattering, leading to the square-roo
vergence shown.

We now turn to the effects of the offset. We begin
considering in Fig. 3 the conductivity of a nonpaired (D
50) state atT50, for different values ofV. To facilitate
comparison with subsequent figures we measure frequen
and the offset in units ofD, but we emphasize that thes
curves pertain to the nonpaired state. AtV50 we would
have a Lorentzian of half-widthG540 and value 1 atv
50; this is not shown in the figure. We see from the thr
displayed curves thats(v,V)50 @except for a delta-
function contribution of relative strengthG/Z(v50)51/(1
1G/pV) which is not explicitly shown#. The conductivity
has a complicated dependence on the combination of sca
ing rate and offset: ifV/G is sufficiently small~as occurs in
the displayedV50.5D and V5D traces! the conductivity
can rise above the no-offset value~basically, s51) for a
G-dependent range ofv; for larger offsets~e.g., the V
52D) trace, the conductivity is always lower. The tot
weight ~including the delta-function contribution! is con-
served as a function ofV, but as can be seen from the hig
frequency behavior of the curves, the differences betwees
calculated with differentV persist up to very high frequen
cies, so making accurate statements about differences i
tegrated area requires integration over frequencies of o
G.

We next show in Fig. 4 the conductivity in the superco
ducting state, with offsetV5D and G540. In this case in
the energy rangeD,v,D1V unscattered quasiparticle
exist. In the case of perfect phase coherence (a51) we ob-
tain the lower curve. The onset of the absoption atv52D
1V is evident, as is the restoration of the full scattering
v.2D12V. The freely propagating quasiparticle states
uvu,D1V do not contribute tos because of the type-I
conductivity coherence factors. In physical terms, th
states are not scattered and one gets no absorption wi
scattering. Comparison to the appropriate curve in Fig
shows that convergence to theD50 case of the sameV is
very slow. We have verified that the area including the
perfluid delta function~not shown! is conserved, but one
must integrate to frequencies of orderG to capture all of the
spectral weight.

FIG. 3. Optical conductivity in normal state as function of mo
offset V for G540.
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We now consider the opposite case, namely that the in
plane quantum fluctuations are so strong thatPFF is negli-
gible. In this casesc is determined fromPGG alone and the
resulting conductivity is shown as the upper line in Fig. 4.
quasiparticle contribution is evident in the region 2D1V
.v.2D; this has relative weight 1/Z!1 and in the simple
approximation considered here has the same functional f
~and physical origin! as the dashed curve shown in Fig.
The threshold of inelastic scattering atv52D1V is evident
as is the restoration of the full scattering atv52D1V. The
absorption at 2D,v,2D1V is at first sight surprising be
cause it comes from freely propagating quasiparticles wh
normally cannot lead to finite frequency absorption in
translationally invariant system. Such absorption can be e
ily understood if the interplane phase coherence is destro
by the thermal fluctuations. In this case we may think of ea
plane as having a separate phase, so that translation in
ance is effectively broken. In theT50 case of present inter
est, however, one deals with the ground state of a quan
system which has a translation invariance. The explana
in this case is thatT50 interplane fluctuations imply the
existence of an interplane charging energy; the presenc
this term in the Hamiltonian means that the current carr
by the quasiparticles does not commute with the Hamilton
and this allows thev;2D absorption to exist.

V. SPECTRAL WEIGHT

In this section we study in more detail thef-sum-rule
spectral weight, i.e., the integrated area under the condu
ity. Standard analysis1,21–23 shows that this is related toK,
Eq. ~9!, via K5s0*(2dv/p)s(v). The results of Sec. IV
imply

K~V,D,a!5s0E
0

`2dv

p E djp@G~p,v!21auF~p,v!u2#.

~15!

In the superconducting state, some of the weight is conc
trated in a delta function atv50. The coefficient of this
delta function is conventionally written asprs and is given
by the difference betweenK andP(v→0).8 We find

FIG. 4. Optical conductivity in superconducting state wi
~lower line! and without~upper line! phase coherence, forG540
andV5D.
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rs~V,D,a!52as0E
0

`2dv

p E djpuF~p,v!u2. ~16!

These results depend crucially on the assumption that
only important interplane hopping term is that written in E
~4! ~arbitrary interplane interactions are allowed!. Different
hopping terms, such as those considered in Refs. 9, 10,
24 would lead to different results, as noted in Refs. 10 a
24.

It is evident from Eqs.~15! and ~16! that if all other pa-
rameters remain fixed, then a decrease ina causes related
decreases in the total spectral weight andrs . It is natural to
assume that ifa51 ~no phase fluctuations! then spectral
weight is conserved as a function of temperature, so
variations in spectral weight as a function of temperat
imply variations ina. In a previous paper1 we studied the
consequences of this assumption. We distinguished t
cases:~i! no pairing~i.e., D50 ands;*GG); ~ii ! conven-
tional ~no fluctuations! superconductivity~i.e., DÞ0 ands
;*GG2FF); ~iii ! superconductivity with strong phas
fluctuations ~i.e., D5Þ0 and s;*GG2aFF, a!1).
Cases~i! and~ii ! were found to have the same total spect
weight but going from case~ii ! to case~iii ! by keeping the
gap the same but increasing the phase fluctuations~i.e., de-
creasinga) was shown to decrease the total spectral weig
A particularly interesting case wasa50 which has been
argued to represent theT.Tc pseudogap regime of unde
doped cuprates.18,1 Reducing T from room temperature
where no pseudogap is evident, to 100–150 K, wher
pseudogap is plainly seen in many measurements in un
doped cuprates, corresponds to going from case~i! to case
~iii !, i.e., it reduces the total spectral weight. Further red
ing T to a T,Tc induces long-ranged phase coherence,
plying a.0 and hence an increase in spectral weight. If
T→0 phase coherence is fully restored at all scales, i.e
quantum fluctuations are negligible, we may seta51. In this
case theT50 spectral weight equals the high-temperatu
spectral weight and in particularrs is given by the area los
in sc(v.0) between high temperature andT50. A T50
value ofrs which is less than the ‘‘missing area’’ was ther
fore argued1 to imply non-negligible quantum fluctuations.

The results of Ref. 1 relied on theT independence of the
spectral weight ata51. This was verified in a BCS-like
model1 but the complicated interplay between supercond
tivity and scattering indicated in Refs. 12–14 means t
additional analysis is required. We show here that the cru
assumption is that the self-energy functionZp(V) has negli-
gible dependence on band energyjp in the frequency range
of interest. We consider the difference betweenK(V,D,a)
and the noninteracting spectral weightKnonint , which is
given by Eq.~9! with Z51. Because the high frequenc
large j asymptotics of the two integrands are the same,
may integrate overjp first, using thejp independence ofZ
and obtaining

K~V,D,a!2Knonint5s0E
0

`2dv

p

p~a21!D2

2Z~v21D2!3/2
. ~17!

When a51 the right-hand side of Eq.~17! vanishes:
spectral weight is conserved as a function ofV andD. We
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note that because this integral is dominated byv;D the
crucial requirement is thatZp(v) have negligiblejp depen-
dence forv;D.

Using the same assumption we find for the superfl
stiffness

rs52as0E
0

`2dv

p

D2

Z~v21D2!3/2
. ~18!

TheV dependence ofrs is shown in Fig. 5 forG540 and
a51. One sees thatrs increases rapidly with increasingV.
The physics may be understood most simply from theV
dependence ofrs . For impurity scattering (V50) rs is re-
duced from the noninteracting value by the usual dirty lim
factor D/G; this is properly understood as a mass renorm
ization rs→rs /Z coming from a self-energy which~for v
,D) is real but has a strong frequency dependenceS
'vZ'vG/D). If we now add a thresholdV to the scatter-
ing mechanism the renormalization decreases:Z→G/(D
1V); the decrease inZ leads to an increase inrs .

A similar v dependence occurs in the spectral weight
the ‘‘quasiparticle’’ peak in thea50 conductivity, again
because the quasiparticle mass;1/Z. For example, in the
caseV5D the weight in thea50 quasiparticle peak is ap
proximately equal to the weight in the conductivity at highT
~i.e., D50) over the range (0,2D). Of course, this is less
than the total ‘‘missing weight’’~indeed is about half! be-
causes is suppressed over the wider rangev;2D1V.

For a51, weight is conserved asV is varied, so the
increase inrs is compensated by a decrease in thev.0
conductivity. We see however from the normal-state cal
lation shown in Fig. 2 that asV is changed the difference in
weight is spread out over a wide range of frequencies,
orderG. If one integratess over a range small compared t
G the total weight (rs plus v.0 part! may appear to in-
crease asV is increased. By contrast, we find that ifD is
varied at fixedV. the change in conductivity is more con
centrated at frequencies of the order ofD and weight is to a
reasonable approximation conserved even if one integr
only over a range of the order of a fewD, especially for
a,1.

FIG. 5. Dependence of superfluid stiffness on offsetV for G
540. These numbers must be multiplied byG/p in order to be
compared directly to areas from scaled conductivities shown in
vious figures.
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Weight is not conserved if the Debye-Waller parametea
is varied. Varyinga changes the weight in the superflu
component, the weight in the nonzero-frequency compon
and also the total weight. In our previous work1 we found@as
can be seen directly from Eqs.~17! and~18!# that increasing
a while keeping other parameters fixed increases the we
in the c-axis superfluid response by twice as much as
total spectral weight increase. The physics is that asa is
increased, coherence factor effects become more impor
leading to a decrease insc(v) in the regionv.2D; this
decrease reduces the nonzero frequency spectral w
*v501s(v)dv by an amount which turns out to be half o
the increase inrs . We are most intersted in applying th
result to underdoped cuprates, in which the superconduc
gap is well formed for temperatures of the order of the re
tive Tc and the onset of superconductivity leads to an
crease ina from 0 to some nonzero value. However, as
have seen, there is evidence that the onset of supercon
tivity leads also to a change inV; therefore further consid
eration is necessary.

Further consideration requires further assumptions.
focus on underdoped materials and assume that at tem
tures slightly greater thanTc the superconducting gap is we
formed and much greater thanT, but that thermal phase fluc
tuations drivea to 0. We further suppose that atT.Tc the
offset parameterV5V1 . As T→0 long-ranged phase co
herence is established, so 0,a<1 andV→V2 . The data
seem consistent withV150 andV2'D but we prefer to
present a more general treatment. We now use Eqs.~17! and
~18! to obtain a relation betweenrs and the changeDK, in
the v.0 spectral weight betweenT.Tc andT→0, finding

rs,observed

DK
5

2a

11a2@rs~V1 ,a51!/rs~V2 ,a51!#
.

~19!

In this equation,rs,observed is the experimentalT→0 value,
rs(V,a51) is the function shown in Fig. 5, and the equ
tion only applies if the gapD is well formed and larger than
T for temperatures just above the resistive transition.

If V1,V2 ~as has been claimed12,17 to occur in cu-
prates!, then the ratio is less than 2, ifa,1. As shown in
Ref. 1 the ratio becomes equal to 2 ifV15V2 , and could
become greater than 2 if the inequality were reversed.
physics of the ratio is most easily undestood from the lim
a→0, V150, andV2@D. In this case turning on anV
@D strongly suppresses the conductivity in the regionv
;D but the small value ofa means the compensating in
crease inrs is negligible. The valuesV1'0 and V2'D
inferred from photoemission12,13 lead to rs /DK52a/(a
10.4), i.e., to a substantial reduction of the ratio from 2
a;0.5 or less.

Care is needed in applying Eq.~19! to data. As is clear
from Fig. 3, variations inV lead to variations ins over a
wide energy range, of order the basic scattering rateG. An
integration over a smaller range could miss some contr
tions toDK, leading to a larger apparent value of the rati
t,
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VI. COMPARISON TO DATA AND TO OTHER
THEORIES

We begin by summarizing the results obtained in the p
vious sections. We used second-order perturbation theor
the interplane coupling to study the interplane conductiv
with particular emphasis on the effect of phase fluctuatio
in the presence of a pairing gapD. We found that the formal
consequence of the existence of phase fluctuations
Debye-Waller factora,1 which multiplies the anomalou
~‘‘ F ’’ ! propagators. The physical consequences include a
crease in the totalf-sum-rule oscillator strength, a decrease
the superfluid stiffnessrs and a change in the form of th
conductivity at frequencies of the order of twice the sup
conducting gap. Another important parameter isV which is
defined in Eq.~3! and parametrizes the frequency scale
sociated with the mechanism by which electrons are s
tered.

As already noted in Ref. 1 the most important and mod
independent result of this analysis is that the fundame
measure of the strength of quantum fluctuations in the su
conducting ground state is the ratio ofrs to the area missing
in s(v.0) asT is decreased from above the temperatu
TPG at which the superconducting~or ‘‘pseudo’’! gap be-
comes visible toT50. A T50 rs which is smaller than the
‘‘missing area’’ implies non-negligible quantum fluctuation

We further found that if quantum fluctuations are stron
the value of thec-axis conductivity in the regionv;2D is
increased above the predictions of BCS theory. If the qu
particles with v;D are weakly damped~as indicated by
photoemision experiments16,17! this increase takes the form
of a peak.

Finally, we derived a relation betweenrs and the areaDK
lost betweenT5Tc andT50 from thev.0 s. In the usual
BCS theory, where the gap closes atTc , rs /DK51. If ~as is
believed to be the case in underdoped curpates! a pairing gap
exists exists in a wide temperature regime aboveTc and the
resistive transition signals only the onset of phase cohere
then the ratio ofrs to the weightDK lost belowTc is dif-
ferent from 1 and as seen from Eq.~19! depends on both the
strength of the quantum fluctuations and the variation w
temperature of the ‘‘offset parameter’’V. If V is T indepen-
dent, then the ratio is 2 independent ofa, whereas ifV
increases asT is decreased belowTc the ratio is less than 2
and if quantum fluctuations are sufficiently strong can be l
even than 1. For the valuesV(T.Tc)'0 and V(T→0)
'D inferred from photoemission data12,13,16,17 the ratio
would become 1 ata50.4. Thec-axis optics therefore con
tains information about theT dependence of the electro
scattering mechanism. However, to obtain this informat
one must integrate the conductivity over a wide range
cause we found changes inV led to changes ins which
extended over a range of order the basic scattering rateG.

Our results were obtained using second-order perturba
theory in the interplane hopping. This perturbation theo
has been used by many workers,4 and in the present mode
may be tested. The theoretical expansion paramete
N0t'

2 /G, whereN0 is an in-plane density of states,t' is an
average of the hopping over the Fermi surface, andG is the
scattering rate. The band structure estimatest'(p)
5t0@cos(px)2cos(py)#

2, t0;0.15 eV ~for YBCO; smaller
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for others! and N0;2 states/eV~Ref. 7! lead to N0t'
2

;0.02 eV; theG inferred from the high-frequency data o
YBa2Cu3O6.95,15 then suggests that perturbation theory
very good. One may make a more experimental estimate
writing ~with units restored! our theoretical result for the
c-axis dc conductivitysc

dc5(e2d/a2)N0t'
2 /G. Hered is the

mean interplane spacing anda is the in-plane lattice con
stant. The observedsdc;100–200 V21 cm21 for opti-
mally doped YBCO then impliesN0t'

2 ;1/50, reasonably
consistent with the above estimates and justifiying the us
second-order perturbation theory. For other materials the
terplane conductivity is even smaller, so the perturbat
theory should be even better.

Our results also rely crucially on the assumption that
part of the Hamiltonian involving motion of electrons b
tween planes has the form given in Eq.~4!, i.e., is the usual
band-theory form which involves hopping of a real electr
in a manner which conserves in-plane momentum. Str
scattering the barrier region~i.e., nonmomentum-conservin
hopping!9,10 or ‘‘occupation modulated hopping’’24 would
invalidate our results. We will argue below that the clo
correspondence between our results and data suggests
the usual band theory form of the hopping is the correct o

We turn now to the data, beginning with the temperat
and doping dependence of the spectral weight. In overdo
materials a small increase in low-v normal-state spectra
weight occurs asT is decreased below room temperatu
@see, e.g., Fig. 3~a! of Ref. 3#. Our results~cf. Fig. 2! suggest
that this may be compensated by a small decrease in con
tivity over a wide frequency range. In optimally doped m
terials spectral weight seems to be conserved as a functio
temperature. In optimally doped and overdoped materials
superconducting gap closes atTc and spectral weight inrs
compensates for the area lost belowTc .2,3,15,25 Further, in
optimally doped and overdoped materials the conductivity
the superconducting state appears to have the usual
form, rising smoothly from the gap edge and being alwa
less than the normal states.3 This is consisent with our
results if in these materials quantum and thermal fluctuati
of the order parameter are negligible.

The observedsc for optimally doped and overdoped ma
terials provides evidence against the alternative explana
of the c-axis conductivity advanced in Refs. 9 and 10.
these works, the weak frequency dependence ofsc at T
.Tc is attributed to a strongly momentum nonconserv
interplane couplingt'(p,p8), due physically to strong scat
tering in the interplane barrier layers, rather than to a la
value of an in-plane electron scattering rateG. This view
implies thatc-axis conductivity is equivalent to a point con
tact tunneling; if it were correct then atT,Tc one would
expect to observe peaks insc at v52D, corresponding to
the sharp peaks observed in photoemission and inc-axis
tunneling.16,17,26 Further, the momentum mixing caused b
this scattering would decreasers below the BCS ‘‘missing
area’’ value, as noted by Kim.10 We therefore believe the
assumption that the tunnelling matrix element always c
serves momentum, and that the changes in conductivity w
doping are due to changes in the underlying physics of
CuO2 planes, is correct. The data are also inconsistent w
the model of Ref. 24 which for optimally doped materia
by
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would predict ars(T50) greater than the area missing b
low Tc . Another alternative model involves tunnellin
through a resonant level residing on a defect between
planes.11 In our view the similarity of the behavior observe
in a range of different compounds renders this model impl
sible; however, if the resonant tunneling is momentum c
serving the analysis we have presented may be easily ge
alized. If it is not momentum conserving, the previo
objections apply.

In the present paper we assumed, following Ref. 12, t
the frequency dependence of the gap function was not
portant. In conventional superconductors the frequency
pendence ofD is weak and leads only to minor effects, b
because it is possible that in high-Tc materialsD has a sig-
nificant frequency dependence forv;D, we present here a
brief qualitative discussion of the consequences fors. The
formulas for spectral weight and the Debye-Waller para
eter a generalize trivially: one simply includes the prop
D(v) and the physics we described is not changed. In p
ticular, the conclusion that a reduction of spectral weig
between high temperatures andT50 implies quantum phase
fluctuations in the superconducting ground state@i.e., a(T
50),1] still holds. The detailedV dependence ofs(V) of
course depends on the detailedv dependence ofD. In any
reasonable model the real part ofD(v) is a decreasing func
tion of frequency. IfD drops slowly, our conclusions are no
significantly altered. If it drops rapidly, all material prope
ties approach their high-frequency~normal state! values
more rapidly as a function ofv. In the case of present inter
est the normal statesc is just a constant, so anv-dependent
D will tend to fill in the minimum shown in Fig. 4 and
reduce the strength of the quasiparticle peak~in the no-
phase-coherence case!.

We now consider the evolution of the spectral weight
the doping is decreased. Underdoped materials exhib
normal-state pseudogap, which begins to be visible as
temperature is decreased below a temperatureTPG , which
increases with decreasing doping. Spectral weight appea
be independent ofT at T.TPG , with one exception: in
La12xSrxCuO4, *sc(v)dv appears to have a strong tem
perature dependence at all measured frequencies bet
room temperature and low 100 K. This behavior may be d
to the LO-TO structural phase transition, which will chan
the numerical value of the interplane coupling. In any eve
this nonconservation of weight over a wide scale seems to
peculiar to the La12xSrxCuO4 materials and not to be relate
to superconductivity.

As the temperature is reduced belowTPG the onset of the
pseudogap causes a decrease in total spectral weight.2,3,25As
the temperature is further reduced belowTc the weight@in-
cluding bothrs and s(v.0)# increases again, but theT
50 weight is never greater than theT.TPG weight. This
behavior is consistent with our results if the pseudogap is
superconducting pairing gap, andTc corresponds to the onse
of phase coherence. By contrast, if the pseudogap w
caused by a charge or spin-density wave fluctuation, then
methods we have used here would predict that weight wo
be conserved even in theTPG.T.Tc fluctuation regime:
weight lost at low frequencies due to the opening of the g
would be shifted for frequencies just above 2DPG . Thus we
believe thec-axis optical data provides strong support to t
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hypothesis that the pseudogap is due to superconduc
pairing without phase coherence.18 We note also that the
model of Ref. 24 did not consider the pseudogap reg
explicitly, but the results seem to imply ars(T50) greater
than the weight lost belowTPG , again in contradiction to the
data.

In underdoped YBa2Cu3O61y , rs at T50 is less than the
area lost belowTPG ,15 implying strong quantum fluctua
tions; in other materials there is as yet no evidence for str
quantum fluctuations. In YBa2Cu4O8 the evidence suggest
rs equals the area lost belowTPG .

The ratio of rs to the change inv.0 spectral weight
betweenT.Tc and T→0 appears qualitatively consiste
with the results presented here. In optimally doped and o
doped materials the gap closing coincides withTc and the
expected ratio of 1 is apparently observed.3,15,27As the dop-
ing is decreased and the pseudogap becomes more app
the measured ratio grows. A number of underdoped mate
appear to exhibit a ratio of 2,3,15,25 while a very recent
measurement27 finds a ratio of'1.6 in a slightly underdoped
BSCCO sample. It is not yet clear whether the effects of
T-dependent offset are visible in the spectral weight. An
perimental study of the interrelationship ofa(T50) ~as de-
fined by the ratio of the observedrs to the area missing
below TPG), the T-dependent offset~from photoemission!
and the ratio ofrs to the area missing belowTc would be
very valuable.

We now turn to the frequency dependence ofsc . The
effects discussed here seem clearly to be visible in
sc(v,T) presented in Fig. 3 of Tajimaet al.,3 although it
should be noted that there are large uncertainties in the
perimental determination of the electronic contribution tosc
because the observed conductivity is dominated by pho
lines which must be subtracted out. Also the YBCO fam
of materials studied by Tajimaet al. may have~especially
for optimally and overdoped YBa2Cu3O61y and for
YBa2Cu4O8) large contributions from electronic states i
volving the CuO2 chains, which are not included in ou
theory. Additionally the YBCO materials have a bilay
structure which may allow other excitations, including
particular ‘‘optical’’ Josephson plasmons.28,29 Further study
of systems without chains and of single-plane system
needed.

Consider first the optimally doped sample@Fig. 3~b! of
Ref. 3#. The T.Tc conductivity is small and has negligibl
frequency and temperature dependence, consistent w
large, quasistaticT-independent scattering rateG. @Refer-
ences 15 shows the conductivity of a similar sample ove
wide frequency range-frequency dependence is only appa
for frequencies.0.5 eV confirming the largeG.# As T is
decreased belowTc , the opening of the superconducting g
leads to a decrease ins for v,600 cm21. We believe~cf.
Fig. 4! that these data are consistent with a maximum
value Dmax'200 cm21 and an offsetV;D. The presence
of absorption at the lowest measured frequencies and
rounded shape ofsc(v) are presumably due to a combin
tion of defects and the fact that in real materialssc is deter-
mined by an average over the Fermi surface of an an
dependent energy gap and an angle dependent c-axis
ping: sc;*dp̂t'

2 P( p̂) ~of course, additional contribution
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from chain states are also possible!. The observedrs is found
to compensate for the missing area. Thus in optimally do
YBa2Cu3O7 theT dependence of the total spectral weight,
rs , and of thev andT dependence of thes are consistent
with the behavior expected for a BCS superconductor w
negligible quantum fluctuations at lowT and a negligible
pseudogap aboveTc .

As the doping level is decreased, the behavior chan
As seen in Figs. 3~c! and ~d! of Ref. 3, a pseudogap~sup-
pression of the absorption atv,2D! is visible for a range of
temperaturesT.Tc . The rise of the conductivity at the
pseudogap edge seems rather abrupt, as expected from
results shown in Fig. 2. The total spectral weight~superfluid
part plus contribution fromv.0! is less than the room
temperature spectral weight. Next, a peak appears ins at
v;400–500 cm21; the peak is stronger in the
YBa2Cu3O6.6 sample than in the YBa2Cu3O6.7 one, but the
position does not shift. Finally, there is a hint of the min
mum atv;600 cm21 in the O6.6 sample.

This behavior is qualitatively consistent with the theor
ical curves shown in Fig. 4. It is reasonable to assume tha
doping is decreased, quantum fluctuations increase; th
shown by the analysis of the optical weight presented in
previous paper and consistent with the analysis of the H
conductivity presented in Ref. 31. The larger peak in the O6.6
material is consistent with the stronger quantum fluctuati
expected there. The peak atv.400 cm21 and minimum at
600 cm21 are expected from the 2D,2D1V structure of the
self-energy if the threshold scattering frequencyV is 'D
'200 cm21. Finally, we note that in the O6.6 material the
spectral weight in the peak is about 50% of the spec
weight lost below 2D in superconducting state as expected
the quantum fluctuations are very strong. The theory pred
an anticorrelation of the weight in the peak and inrS(T
50). To make the comparison quantitative one should m
sure both in units of the weght lost below 2D. The data
needed to make this comparison are not available at pres

As noted above, an alternative interpretation of the pe
as a bilayer plasmon has been presented.28,29 In support of
our interpretation we note that the strength of the feat
seems correlated with the strength of quantum fluctuatio
However, our results imply that the peak should be visible
single-layer materials where to date no peak has been
ported. Indeed, in high-Tc materials apart from
YBa2Cu3O61y no clear peak has been observed insc below
Tc ~except, perhaps in YBa2Cu4O8 where a slight hint of a
peak is visible!. The absence of a strong peak in this mater
is consistent with the observation that the optical spec
weight is the same at room temperature as it is atT50,
implying quantum fluctuations are weak in YBa2Cu4O8. Fur-
ther experimental investigation of these issues would be v
helpful.

VII. CONCLUSIONS AND OPEN PROBLEMS

In this paper we have shown how quantum and therm
fluctuations of the superconducting order parameter af
the integrated spectral weight and frequency dependenc
the interplane conductivity. We showed that the data are c
sistent with the notion that the normal-state pseudogap is
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9086 PRB 61L. B. IOFFE AND A. J. MILLIS
to superconducting pairing without long-range phase coh
ence, and imply that in very underdoped materials, quan
fluctuations of the phase of the superconducting order
rameter are strong. No further assumptions are require
account for the data. In particular, while the increase in sp
tral weight observed belowTc in underdoped materials ma
be interpreted as a change inc-axis kinetic energy on enter
ing the superconducting state,4,25,27 this increase was show
to be a simple consequence of the hypothesis mentio
above, and therefore provides little additional insight into
microscopics of the normal and superconducting states
high-Tc materials.

The crucial microscopic information which can be e
tracted fromsc involves the mechanism by which electro
are scattered within a single CuO2 plane. We have argue
above, following Anderson,4 that thec-axis conductivity is in
effect a spectroscopy of the in-plane Green’s function a
implies that at least for momenta near the (p,0) points which
dominte thec-axis conductivity the in-plane Green’s func
tion is characterized by a self-energy which is large, ima
nary, and only weakly frequency dependent, i.e., by a la
frequency-independent scattering rate. The physical origi
the scattering is not at present understood. One possib
adopted by many workers12,13,30 is that the scattering rat
may be thought of in a relatively conventional way, as t
scattering of a usual electron off of some fluctuation.
alternative view, propounded by Anderson4 is that thec-axis
conductivity reflects a fundamentally unconventional~‘‘non-
Fermi-liquid’’! physics of the CuO2 planes, which have rea
sonably well defined excitations which however have v
small overlap with the conventional electron.

In this paper we studied in detail the consequences of
more conventional picture, because it is well enough defi
to allow detailed calculation. Because our results dep
mainly on the shape of the electron spectral function near
(0,p) points, it seems likely they would follow from a non
Fermi-liquid picture also.

Within the conventional picture, at least, it is natural
assume that if the superconducting order parameter exh
strong quantum fluctuations then electron-electron inte
tions are strong generally and therefore make an impor
contribution to the scattering rate. If this is the case, the
seems reasonable that this scattering will be affected by
onset of superconductivity, and specifically that the lo
frequency part of it will be suppressed.14 The hypothesized
suppression of the scattering rate seems to have been
firmed for high-Tc materials by photoemission data. The da
are however inconsistent with theoretical expectation in
manner which deserves further discussion and investiga
The argument for the suppression was this:14 electron-
electron scattering involves the creation of a particle-h
pair. In the superconducting state the density of states
these pairs is reduced for energies less than 2D; hence in the
rangeD,v,3D one would have weakly scattered qua
particles. In fact, photoemission17 suggests that the range o
weak scattering isD,v,D1V with V;D not 2D. Nor-
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man and Ding,12 from a phenomenological point of view
and Chubukov and Morr,13 from a calculation of a model o
electrons coupled to spin fluctuations, explained this a
strong-coupling effect: electrons do not scatter off a pair,
off of a collective mode of some kind. In the gapped sta
what amount to excitonic effects reduce the final-state ene
below the naive 2D threshold.

In order to produce the observed effects, the coupling
electrons to the mode must be very strong, and in the nor
state the spectral weight in the mode must be concentrate
v50. This is already somewhat unusual, but the data exh
a further anomalous feature. In underdoped materials the
appears at a high temperatureTPG;200 K while phase co-
herence appears at the much lower resistive supercondu
transition temperatureTc;60 K. The appearance of the
scattering rate offset,V, seems to be tied to the onset
phase coherence, and not to the opening of the gap. This
feature is not expected from the arguments given above,
is not understood at present.

We have shown that, within the conventional picture
least, theT-dependent offset leads to two effects insc : the
appearance of a peak atv;2D, if quantum fluctuations are
strong, and a decrease in the ratio betweenrs and the change
betweenTc andT50 in thev.0 spectral weight. The ex
perimental status of these two effects is unclear; further s
ies would be valuable.

On the theoretical side, two possible avenues of inve
gation present themselves. One is that the mode which s
ters electrons is the phase fluctuations of the superconduc
order parameter. This idea was advanced by Geshkenb
Ioffe, and Larkin31 and has been adopted by us and
others.30,32,33Another possibility is that the more or less co
ventional physical picture of usual electrons strongly sc
tered by some bosonic mode is simply inadequate, and
the explanation should be sought in the physics of an un
lying non-Fermi-liquid state which becomes more conve
tional when long-ranged phase coherence is established.
idea has been advanced by P. W. Anderson4 and receives at
least qualitative support from the slave-boson gauge the
approach to thet-J model,34,35where establishment of phas
coherence is related to the restoration of more Fermi-liqu
like behavior.

In our opinion, understanding the physics of the ve
large scattering is one of the key problems in high-Tc super-
conductivity. In this paper we have shown how measu
ments of thec-axis conductivity can provide insights int
this problem.
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