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Quantum fluctuations and the c-axis optical conductivity of high-T. superconductors
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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 ofatkis conductivity of high¥, supercon-
ductors are interpreted in terms of the theory.

[. INTRODUCTION c-axis conductivity is in effect a spectroscopy of the in-plane
properties. In this paper we show by explicit calculation in
One of the important unresolved questions in highsu- ~ several models what can be learned from this spectroscopy.
perconductivity is the strength of quantum fluctuations in the Specific details of the higfiw crystal chemistry impl§/”
superconducting ground state. In this paper we show that thiéat in these materials the interlayer coupling is dominated
frequency dependence of tlseaxis conductivity is a useful by the states near (8) points of the two-dimensional Bril-
probe of the strength of these fluctuations. Our results applypuin zone, where the superconducting gap is maximal. The
with minor modifications which are indicated at appropriatec-axis conductivity thus reflects properties of electronic
points below, to any sufficiently anisotropic superconductorstates near these points. The in-plane Greens function of
and therefore may also be useful for interpreting data orhigh-T. superconductors has been studied by photoemission
layered organic superconductors and on the “spin-ladder’spectroscopy and in the superconducting state at the mo-
compounds. menta relevant for the interplane conductivity is very small
Another important issue concerns the nature of the elecfor frequenciesy less than the gap energy,and has a peak
tronic states in the CuQplanes of highf. materials. We for w~A (which is interpreted as a quasiparticle pol®l-
will show that thec-axis conductivity can be used to extract lowed by a shallower minimum at an energy2A followed
information about these states. by a broad continuum, interpreted as the incoherent part of
In a previous papémwe presented a theory for tlieaxis  the spectral function. This structure has been referred to as
optical spectral weight of layered superconducting systems‘peak-dip-hump.”
We showed, among other things, that the strength of the In the usual theory of superconductivityyhich neglects
guantum fluctuations could be inferred from the ratio of thephase fluctuations, the type-ll coherence factors associated
spectral weight in the-axis superfluid response to the spec-with conductivity mean that the quasiparticle peak in
tral weight lost from thec-axis conductivity as the tempera- Im G(w) would not contribute tar.(w) which would there-
ture is decreased from highto T=0. A ratio of 1 indicates fore vanish at the gap edgeA2and only begin to rise when
mean-field-like superconductivity with negligible quantum the incoherent part of Il&(w) appears. There would be no
phase fluctuations, whereas a ratio greater than 1 shows thsttarp structure ior.(w) corresponding to the sharp structure
quantum fluctuations are important. In this paper we demonin Im G(w). However, we shall show that if phase fluctua-
strate that quantum and thermal fluctuations also have impotions are important, then the effect of the coherence factors is
tant consequences for the form of ttaxis conductivity. In reduced and the quasiparticles contribute, leading to a peak
particular, if quantum fluctuations are significant, then undein o for w~2A.
conditions believed to occur in high: materials,o.(w) ac- The c-axis conductivity is a useful spectroscopy of in-
quires a peak for frequencies>2A, whereA is the super- plane properties only if the tunnelling matrix element is
conducting gap. Our previous spectral weight analysis proknown. In this paper we assume it has the usual band theory
vided evidence for strong quantum fluctuationsTy=70 K form, namely an interplane hopping which conserves in-
YBa,Cu;Og 6,1 but not in YBgCu,Og or YBa,Cu;0;,1%  plane momentum. A large literature exists in which the
and a peak i (w) is found in the former material but not anomalous properties of tleaxis conductivity are attributed
in the latter two® to a highly nontrivial interplane coupling, in which passage
The qualitative idea behind our calculations is as follows.from one plane to another involves a strong scattering from
We consider materials, such as the highsuperconductors, some excitation or defect which resides between planes and
which consist of weakly coupled layers. The weak interlayerdoes not couple to in-plane electron motion: see, for ex-
coupling means that the conductivity may be calculated byample, Refs. 9—11 and references therein. As discussed in
second-order perturbation theory in the interplane couplingSec. VI, we believe there is substantial experimental evi-
and is therefore given by a convolution of two in-plane dence against this proposal. In any event, the theory of the
Green’s functions. Thus, as emphasized by Andefsahe  effect of superconductivity oo in the more straightforward
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case of conventional interplane tunnelling and anomalous ineurs and examine its consequences fordtaxis conductiv-
plane properties is given in this paper. ity.

The rest of this paper is organized as follows. Section Il For several reasons, including that discussed just above,
presents a model for the in-plane Green'’s function introthe properties of the mode required by the models of Refs.
duced by Norman and Difigand similar in many respects to 12 and 13 seem somewhat unusual, raising the question of
a model of Chubukov and co-workersSection 11l uses the Whether a description in terms of scattering of conventional
model to obtain formulas far.(w) and shows how quantum electrons off of a bosonic mode is the physically correct one.
and thermal fluctuations affect the results. Section 1V evalyThe models, however, are reasonably successful in fitting the
ates the results in several limits. Section V discusses th&l€ctron spectral function, and this is all that we require here.

f-sum-rule spectral weight, Sec. VI compares our results t he_ issue of the proper physical p_ictu_re of the unusual l:_ue-
data and to alternate theories. and Sec. VIl is a conclusiol@vior of the electron spectral function is, however, a crucial

and discussion of open problems. Readers uninterested in t pue ;n thf Pth}’slﬁs of hlglgh—fcem;i/(\e/rature ?upetrcotﬂductl\t/gy.
technical details of the calculation are advised to read Sec. I ¢ €tU o 1t In the conclusion. YWe now turn to the math-

ematical formalism we need.
and then proceed to Secs. VI and VII. o
P We may write in general for the normé&B) and anoma-

lous (F) propagators in Matsubara formalism:

Il. MODEL i Z ()~
- . - G(p.iwy)= L &y
The “peak-dip-hump” structure discussed above is gen- T [P+ A, (p)P]Zo(wn) P €2
erally agreetf~**to imply that the electrons in high; ma- T P P
terials are subject to a strong scattering due ultimately to aand
electron-electron interaction—strong, because the spectral
function at fixed momentum is spread over a wide energy A, (P)Zp(wp)
range, and due to electron-electron interaction because the F(piog)=— 2" L 2
opening of the superconducting gap changes the form of the [wn+Awn(p)]zp(wn) +e,
scattering, and in particular weakens it at low frequencies. .
Because in optimally doped and underdoped materials the Here G(p,wn)=fdre"°nT<TTc;§(0)>, F(p,w,)

normal-state spectral function is spread over a wide fre=fdre‘“nT<T,cp(0)>, and Z,(w) is the renormalization
quency range and has only a weak structure at fixed momerfiinction defined by w—2(p,iw) =i wZ,(i w) whereX (i w)
tum near (O7), the imaginary part of the normal-state self- is the self-energy which contains the effects of coupling to
energy must be large and only weakly frequency dependenthe mode which produces the strong normal-state scattering.
One theoretical model which leads to such a self-energy inThe approximation of Norman and Dift§which is adequate
volves electrons scattered by some bosonic mode, which i®r our purposes and which we adopt henceforth, consists of
thought of as an electronic collective mode and has spectraleglecting the frequency dependenceAofind the momen-
weight concentrated neas=0 in the normal state. If this tum dependence of. The frequency dependence Bf is
mode has electronic origin it must acquire a gap orgiven by
pseudogap in the superconducting state. Following Refs. 12
and 13 we assume that the mode has a@a T<<T. where . r wy—iQ
the peak-dip-hump structure is observed, but has no gap 2('wn)=2— —— >
_ : 7 J(0n—i19Q)%+A(p)
(Q=0) atT=T,, where the structure is not observed.
Conventional impurity scattering corresponds(le-0 in w,—i1Q+ (0,—19)2+A(p)?
both normal and superconducting states. Electron-electron X1 —

scattering in ars-wave superconductor =0 would lead 1A(p)

to anQ of the order of 2,'* but possibly reduced by exci- ©)
tonic effects. In a two-dimensionalwave superconductor . ] ) ]

(such as highF, materials are believed to heone would This form corresponds to a single-particle scattering rate

states near the gap nodes. We will ignore this small effecteXpressions for a dirty superconductor whén-0. The
and interpref) as the scale at which the scattering returns tPbserved® frequency independence of; at T>T in the
its T>T, value. range w<<1/2 eV leads us to choosE~0.8 e\>A. At

In underdoped cuprates the electron spectral fun¢tiod large frequencies we therefore have very strongly scattered
many other propertiesexhibits a “pseudogap” in a wide electrons, corresponding to an &fp,w) which is small
range of temperatures aboVe. The pseudogap is the su- ~1/I" and essentially independent pfw. However, fore
perconducting energy gap, which seéfrtéin underdoped <A+Q Zis real, soG will have a pole at a frequency
materials to persist in a wide range of temperatures above thegp= VAZ+ €/Z(wqp)? if wqe<A+Q. A largeT such as
resistively definedl.. In these materials the superconduct-we have assumed implies thafw,,>1) so the quasiparti-
ing transition corresponds to the onset of long-ranged phasges have small weight and negligible dispersion. References
coherencé® 2°The peak-dip-hump structure seems to be as12, 13, and 17 argue that the combination of a ldfgend an
sociated with the establishment of phase coherence, and nft=0 in the superconducting state but not in the normal state
with the formation of the gap. This behavior is not at presentaccounts for the peaks observed in photoemission experi-
understood? In the present paper we simply assume it oc-ments aflf <T_ but not forT>T, .15 The resulting spectral
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0.1
H=Hin-planet™ 2 [t (PIC] 5iCpoisitHC]. (@)

0.08 P!

'i Here Cg,o,i creates an electron of in-plane momentpm
20-06 and spino on planei. Hj,_ pane CONtains the(presumably
ot nontrivial) physics of a single Cu-Oplane, and in particular
‘g 0.04 leads to theG and F functions discussed in the previous
- section.

0.02 We calculate the interplane conductivity in the usual way,
representing the-direction electric field by a vector poten-
tial A and coupling it toH via the Peierls substitutiofin

2 a 6 8 10 unitshi=c=1) t, »t, A4 with d the interplane spacing.
ok We expand to second order iin finding"*>

FIG. 1. Imaginary part of the electron Green’s function for pa-
rametersl’ =40 andQ)=A. The quasiparticle peak is indicated by o(w)= o
the vertical line; its weight is shown as the shaded box.

©)

function is shown in Fig. 1 foe,=A andI’=40A. Here the We have omitted dimensional factors ef and lattice

quasiparticle pole is shown as a sharp line and its strengtbonstants, which are not relevant to our arguments.

corresponds to the area in the shaded box. The onset of scat- It is convenient to consider separately contributions to the

tering atw= Q)+ A causes the broad only weakly frequency- polarizibility IT coming from the different parts of the Fermi

dependent continuum. surface(as labeled byp) and separatél into normal and
The spectral function predicted by E@) was fit to pho-  anomalous parts, as

toemission data by Ref. 12. Differences between the data and

the model were attributed by Ref. 12 to an extra elastic- M=Ilgg—ee (6)

scattering term and to an extrinsic background. The elastic .

. . With

scattering was introduced to broaden the low-frequency

peak, which is a delta function in the model; we feel the

observed broadness is more likely due to a variation of the Mgg(w!, ,w’_)=vf déGi(p,w’)Gi1(p,o”), (7)

gap over the surface of the sample, but in any event this extra

broadening(which we do not includewill not affect our

results in any significant way. Hep(o! ,wg):,,f dé(Fi(p,@})Fii1(p,w’)). (8
The extrinsic background requires more discussion. In the

data analyzed in Ref. 12 the weight in the quasiparticle peak -~ ;L .

was somewhat smaller than the “missing” area obtained by Here £=ve(p—Pe), Lm0 *wand herg and in many

multiplying the highero value of ImG by the frequency places subsequently thelabel on thell functions has been

interval 0< w<A + (. As can be seen from our Fig. 1, in the SuPpressed. , ,

strong-coupling limit of the model self-energy the strength of ~ 1he diamagnetic terrK may be written

the quasiparticle peak is in fact somewhat larger than this

missing area. The authors of Ref. 7 apparently dealt with this K =T [ dpt?(p)[IIgg(w,,p) + Hrr(w,0,p)]. (9)

discrepancy by introducing an additional extrinsic back- ®

ground, nonzero only fow>A+(), and adjusted so the _ ) )

weight in the observed quasiparticle peak is roughly equal to " EQ. (8) g is defined as the expectation value of a

the “missing” area calculated from the background- product of F functions because it depends on the mterlayer.

subtracted part of In@. It seems to us that the discrepancy Phase coherence. To study the phase coherence properties in

requires further consideration; however, the issue is not crunore detail we write the=F correlator in real space and

cial to the present paper, which focusses on the qualitativéeParate out the term involving the phase difference, finding

consequences for theaxis conductivity of the quasiparticle . :
peak in ImG. ! A Mee(r ) =TIRe(r t)(e' 407100 (10)

15) o .
w’-f-—,w'—E,p)

K-TX fdbti(b)n 5

Here I12. is the usual convolution oF functions with
phases set to 0 and may be calculated by standard methods.
In the BCS approximation the phases do not fluctuate:

We now consider the effect of our chosen form@®and  ¢;(r,t)=¢; . 1(r',t’")= ¢ and HFF:HEF. In the actual
F on 0., focussing on the extent to which the quasiparticlematerials the phase in each plane fluctuates. In the
poles contribute to the observed conductivity and on the efpseudogap regime of underdoped materials the superconduc-
fects of the offsef). We emphasize that for these consider-tivity is destroyed by phase fluctuations while the amplitude
ations the precise forms @& andF do not matter, as long as of the gap remains nonzet8.?° For T<T, the phase has a
they have the general properties outlined above. nonzero average but may fluctuate. We writér ,t) = ¢

We assume the Hamiltonian is +d¢(r,t). At T<T, thermal fluctuations are negligible. In

Ill. INTERPLANE CONDUCTIVITY
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the two-dimensional case of present interest, quantum fluc 1

tuations are dominated by short length scales and so are ur

correlated from plane to planée;5¢;, 1)=0. This allows 0.8

us to evaluate the correlator entirely in terms of in-plane

properties, at lowT. Unlike quantum fluctuations, two- — ¢

dimensional thermal fluctuations are dominated by Iength§,

scales of the order of the thermal coherence leggttvhich

diverges afl .. Interplane phase correlations are important if

the Josephson energy of a correlated region is larger than th

temperature, i.e., iNogt? £2A/T>kgT; whereNy is the in- 0.2

plane density of states and the standard dirty-limit factor

A/T <1 reflects the fact that the weight in theaxis conduc-

tivity is spread over a wide frequency range of ordlerso

only the fractionA/T is available to contribute to the Joseph-

son coupling. The small values of interplane couplings and FIG. 2. Optical conductivity multiplied by scattering rdtewith

A/T relevant to highF, materials mean that this criterion is (thin dark ling and without(thick light line) phase coherence cal-

only satisfied for temperatures very negy. Thus except culated forQ=0, in the limit [—c. The normal-staténo gap

very near tol, we have conductivity I'c=1. Also shown as dashed line is conductivity
from unscattered quasiparticle states in absence of phase coherence.

o /A

ee(r,H) =T (r,)e (CI=aT1% (r t). (1) o
0'(1)((»):@'[ do’ Im[Igg(w ,0")
In other words, ird=2 the effect of quantum and thermal ©J-wl2
phase fluctuations is to renormalize the interpl&neF cor- —allee(0) 0")] (14)
relator by a constant Debye-Waller facterwith 0<a<1. PR

In d=1 the phase fluctuation integral has a logarithmic di-yjth ¢, =N,/ dpt?(p).

vergence cut off byt, or the length and time scale, so the
Debye-Waller factor will have scale ¢or dependence.

We shall be interested in either a strongly scattered nor- V. EVALUATION OF CONDUCTIVITY

mal state or inT<A so we take theT—O0 limits of the We begin with the cas@ =0, i.e., with strong scattering
formulas. After integration over momentum and analyticalunaffected by the onset of phase coherence. Results are
continuation we find for the imaginary parts shown in Fig. 2. For this choice d®, the real part of the
normal-state conductivity is.(w)=I"/(w?+1I?). We have
1 A2 chosen a very large so the normal conductivity is a straight
Im HEF(w; ,w’_)=§ Re{ RoR  RoR R R line with valueI'o=1. The light solid line depicts the con-
(E5Z5+ETZ0)(E5€7) ductivity of the fully phase coherenty= 1) superconducting

state. The coherence factor effects, namelyp=2A)=0

(12) and the gradual onset of absorbtionass increased above
2A, are evident. Also shown as the heavy solid line in Fig. 2
is the no-phase coherenca<0) conductivity. The coher-

and ence factor effects are absent, so the conductivity rises dis-
continuously from the gap edgén our approximation,

) which neglects angular variations of the gamd is always

AZ
(ERZR+ A ZP) (R M)

1 larger than the phase-coherent No sharp structure is vis-

. 1 w,w_
== +
mtee(w: w=)=3 R{ R+ R ZR ( ! R ible in either calculation because everywhere an excitation is
allowed, the damping is large.
n WO In the =0 case the conductivity in the presence of the
Rer ' gap is always less than the normal-state=0) conductiv-
ity. In the fully phase coherentao(=1) case there is also a
(13 delta-function contribution(not shown; the weight in the
delta function exactly equals the difference of the fully phase
where £8=\AZ— (w0l +i8)? € =(&£)* and Z8=1  coherent curve from 1. In the=0 case the lack of phase
SRl o, . coherence means that there is no superfluid delta function—
Finally, to computes. we must substitute Eq$12) and  the conductivity spectral weight is less than in either the
(13 into Eq. (5) and average over the Fermi surface. Asno-gap case or the fully phase coherent state. The spectral
mentioned above, in higl; materialst, is very strongly  weight will be discussed in more detail in the next section.
peaked about the#,0) points where the superconducting Because it will be useful in our subsequent discussions,
gap is maximal. Thus we may approximasgp) by its  we also show as the dashed line in Fig. 2 the conductivity
maximum valueA and ignore thed-wave gap structure and calculated assuming no scatterinig=0) and no phase co-
the integral over angles. We then obtain for the absorptivdéierence &=0), but with a nonvanishing superconducting
part of the conductivity gap. (This conductivity is normalized in a way which does

O RZR A ZA
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3
1.4
1.2 2.5
3z 2
G 0.8 %
— © 1.5
0.6 2A+Q
0.4 ! +
0.2 0.5 % 2+A+2Q

2 4 6 8 10
w/A 0/A
FIG. 3. Optical conductivity in normal state as function of mode  FIG. 4. Optical conductivity in superconducting state with
offset Q for I"=40. (lower line) and without(upper ling phase coherence, fdr=40
andQ=A.

not involveT"). In this case quasiparticle absorbtion above
the gap edge is allowed, as in a usual semiconductor, even We now consider the opposite case, namely that the inter-
though there is no scattering, leading to the square-root diplane quantum fluctuations are so strong tHat is negli-
vergence shown. gible. In this caser. is determined fronllsg alone and the

We now turn to the effects of the offset. We begin by resulting conductivity is shown as the upper line in Fig. 4. A
considering in Fig. 3 the conductivity of a nonpaired ( quasiparticle contribution is evident in the region 2 ()
=0) state aiT=0, for different values of). To facilitate =~ >w>2A; this has relative weight Z<1 and in the simple
comparison with subsequent figures we measure frequenciépproximation considered here has the same functional form
and the offset in units of\, but we emphasize that these (and physical origin as the dashed curve shown in Fig. 3.
curves pertain to the nonpaired state. @t=0 we would The threshold of inelastic scatteringat=2A + () is evident
have a Lorentzian of half-width'=40 and value 1 atw as is the restoration of the full scatteringsat 2A + ). The
=0; this is not shown in the figure. We see from the threeabsorption at 2 <w<2A+() is at first sight surprising be-
displayed curves thav(w<Q)=0 [except for a delta- cause it comes from freely propagating quasiparticles which
function contribution of relative strength/Z(w=0)=1/(1  hormally cannot lead to finite frequency absorption in a
+T'/7Q) which is not explicitly showh The conductivity translationally invariant system. Such absorption can be eas-
has a complicated dependence on the combination of scattdly understood if the interplane phase coherence is destroyed
ing rate and offset: if)/T is sufficiently small(as occurs in by the thermal fluctuations. In this case we may think of each
the displayed)=0.5A and Q=A trace$ the conductivity plane as having a separate phase, so that translation invari-
can rise above the no-offset valgeasically, c=1) for a ance is effectively broken. In thE=0 case of present inter-
I'-dependent range ob; for larger offsets(e.g., the  est, however, one deals with the ground state of a quantum
=2A) trace, the conductivity is always lower. The total System which has a translation invariance. The explanation
weight (including the delta-function contributioris con-  in this case is thaff=0 interplane fluctuations imply the
served as a function d®, but as can be seen from the high- €xistence of an interplane charging energy; the presence of
frequency behavior of the curves, the differences between this term |n_the _Ham|Iton|an means that t.he current parr[ed
calculated with differenf) persist up to very high frequen- by the _quaS|part|cIes does not commute Wl_th the Hamiltonian
cies, so making accurate statements about differences in ind this allows thes~2A absorption to exist.
tegrated area requires integration over frequencies of order
.

We next show in Fig. 4 the conductivity in the supercon-
ducting state, with offsef)=A andI'=40. In this case in In this section we study in more detail tHesum-rule
the energy rangdd<w<A+() unscattered quasiparticles spectral weight, i.e., the integrated area under the conductiv-
exist. In the case of perfect phase coherenee {) we ob- ity. Standard analyst$~?3shows that this is related t,
tain the lower curve. The onset of the absoptionwat 2A Eq. (9), via K=o0yf(2dw/7)o(w). The results of Sec. IV
+() is evident, as is the restoration of the full scattering atimply
w>2A+2Q. The freely propagating quasiparticle states at
|o|<A+Q do not contribute tac because of the type-Il =2

.. . w

conductivity coherence factors. In physical terms, these K(Q,A,a)zgof _J dgp[G(p,w)2+a|F(p,w)|2].
states are not scattered and one gets no absorption without o 7
scattering. Comparison to the appropriate curve in Fig. 3 (15
shows that convergence to the=0 case of the sam@ is
very slow. We have verified that the area including the suin the superconducting state, some of the weight is concen-
perfluid delta function(not shown is conserved, but one trated in a delta function ab=0. The coefficient of this
must integrate to frequencies of ordeétto capture all of the delta function is conventionally written aspg and is given
spectral weight. by the difference betweek andII(w—0)& We find

V. SPECTRAL WEIGHT
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»2dw ) 0.2

pS(Q1A-a):2a00fO TJ' d§p|F(p-‘U)| . (16) 0.175

0.15

These results depend crucially on the assumption that the | .o
only important interplane hopping term is that written in Eq. ,

Q 0.1

(4) (arbitrary interplane interactions are allowe®ifferent
hopping terms, such as those considered in Refs. 9, 10, an  0.075
24 would lead to different results, as noted in Refs. 10 and B 58
24,

It is evident from Eqs(15) and (16) that if all other pa- 0-045
rameters remain fixed, then a decreasericauses related
decreases in the total spectral weight @nd It is natural to
assume that ifa=1 (no phase fluctuationsthen spectral Q
weight is conserved as a function of temperature, so that 5 5 Dependence of superfluid stiffness on ofigefor T
variations in spectral weight as a function of temperature_ 45 These numbers must be multiplied By in order to be

imply variations ina. In a previous papérv\{e studied the  compared directly to areas from scaled conductivities shown in pre-
consequences of this assumption. We distinguished thregoys figures.

cases{i) no pairing(i.e., A=0 ando~ [GG); (ii) conven-

tional (no fluctuations superconductivityi.e., A#0 ando ot that because this integral is dominateddoy A the
~JGG—FF); (iii) superconductivity with strong phase cycjal requirement is that,,(w) have negligible¢, depen-

fluctuations (i.e., A=#0 and o~ [GG—aFF, a<l). dence foro~A.

Caseqi) and(ii) were found to have the same total spectral Using the same assumption we find for the superfluid

weight but going from caséi) to case(iii) by keeping the  g;iftness

gap the same but increasing the phase fluctuatioes de-

creasinga) was shown to decrease the total spectral weight. )

A particularly interesting case wag=0 which has been —2u0 f‘”Zd“’ A (19)

argued to represent tHE>T. pseudogap regime of under- Ps °Jo Z(w?+A2)32

doped cuprate¥! Reducing T from room temperature,

where no pseudogap is evident, to 100-150 K, where a TheQ dependence of, is shown in Fig. 5 foil = 40 and

gseugogap i? plainly seen ijn rtnany'me?sure%(;,sr;[)s in unde&—:l_ One sees thad, inéreases rapidly with increasing.
oped cuprates, corresponds to going from case ; .

(iii ), i.e., it reduces the total spectral weight. Further reducThe physics may be understood most simply from the

. : .~ “dependence of,. For impurity scattering=0) ps is re-
|ng_T to aT<T, induces Iong—rangeq phase cohergnce, MYuced from the noninteracting value by the usual dirty limit
plying >0 and hence an increase in spectral weight. If a

T20 ph h is full tored at all les. i tactor A/T"; this is properly understood as a mass renormal-
— U phase coherence IS Tuly restored at all SCales, 1.€., 1f 44iqp ps— ps/Z coming from a self-energy whickfor o

guantum fluctuations are nggligible,we may@etl. In this <A) is real but has a strong frequency dependere (
case theT=0 spectral weight equals the high-temperature_ wZ~wl'/A). If we now add a threshol@ to the scatter-

§pectral weight and in p_articulazrs is given by the area lost ing mechanism the renormalization decreas@s>I"/(A

in o¢(w>0) between high temperature afid=0. AT=0 ')y, he gecrease i leads to an increase ..

value Ofpsa\j’\'h'gh is less than t_h_e “missing area” was_there- A similar  dependence occurs in the spectral weight of

fore arguedto imply non—n(_agllgmle qgantum fluctuations. the “quasiparticle” peak in thex=0 conductivity, again
The results of Ref. 1 relied on theindependence of the because the quasiparticle masd/Z. For example, in the

spectrﬂal weight atv=1. This was verified in a BCS-like case=A the weight in thex=0 quasiparticle peak is ap-
model but the complicated interplay between superconduc-_ """ S -
tivity and scattering indicated irl? Ryefs. 12-14 rﬁleans tha _rOX|mater equal to the weight in the conductivity at high

additional analysis is required. We show here that the cruciai"g'r; ?hz ?c))tglvsrrnit\:,];ngll?/g:ig(r%%ﬁdce);g c:;; rzg’ogt"i;)ﬁblgiss
assumption is that the self-energy functiog(€2) has negli- causes is suppressed over the wider range-2A + Q
gible dependence on band eneggyin the frequency ranges :

: : i For «=1, weight is conserved af is varied, so the
of interest. We cons!der the d|ﬁerenpe bethéQ(l,.A,a.) increase inpg is compensated by a decrease in the0
and the noninteracting spectral weight,qnint, Which is

given by Eq.(9) with Z—1. Because the high frequency, conductivity. We see however from the normal-state calcu-

large £ asymptotics of the two integrands are the same, WIatlon shown in Fig. 2 that aQ is changed the difference in

. , : . eight is spread out over a wide range of frequencies, of
;nn?jy(;rtlttz?r:iﬁg oveg,, first, using the¢, independence ot orderI'. If one integratesr over a range small compared to

I' the total weight pg plus ©>0 par) may appear to in-
crease ag) is increased. By contrast, we find thatAf is
. an varied at fixed(}. the change in conductivity is more con-
T 27Z(w?+A%)%? centrated at frequencies of the orderfofind weight is to a
reasonable approximation conserved even if one integrates
When a=1 the right-hand side of Eq(17) vanishes: only over a range of the order of a few, especially for
spectral weight is conserved as a function(tbfandA. We  a<1.

0.25 0.5 0.75 1 1.25 1.5 1.75 2

»2dw  m(a—1)A2
K(Q,A, @) =Knonin= U'Ofo
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Weight is not conserved if the Debye-Waller parameter VI. COMPARISON TO DATA AND TO OTHER
is varied. Varyinga changes the weight in the superfluid THEORIES
component, the weight in the nonzero-frequency component

and also the total weight. In our previous wbrke found[as We begin by summarizing the results obtained in the pre-

. . . vious sections. We used second-order perturbation theory in
can be seen directly from Egdl7) and(18)] that increasing H[pe interplane coupling to study the interplane conductivity,

i()r[]\f[vr?e”i};i?splggp?r?ﬂ dp?;r;oertzgs l];l;(et(\jvilsgrzzsrisu:;ezav;elt% éNI'[h particular emphasis on the effect of phase fluctuations
total spectral weight increase. The physics is thatvas n the presence of a pairing gdn We found that the formal

. . consequence of the existence of phase fluctuations is a

increased, coherence factor effects become more |mportar5, : -
. . : . ) ebye-Waller factore<<1 which multiplies the anomalous

leading to a decrease im.(w) in the regionw>2A; this

decrease reduces the nonzero frequency spectral wei ﬁ‘F”)propagators. The physical consequences include a de-
' Treq y sp 9ease in the totdtsum-rule oscillator strength, a decrease in
J w=0+0(w)dw by an amount which turns out to be half of

he i : W ) di Vi hi the superfluid stiffnesp, and a change in the form of the
the increase irp;. We are most intersted in applying this conductivity at frequencies of the order of twice the super-

resu!t to underdoped cuprates, in which the superconduct.in@onducting gap. Another important parameteflisvhich is
gap is well formed for temperatures of the_ order of the résiSyefined in Eq.(3) and parametrizes the frequency scale as-
tive T, and the onset of superconductivity leads to an in-sociated with the mechanism by which electrons are scat-
crease ine from 0 to some nonzero value. However, as Wetered.
have seen, there is evidence that the onset of superconduc- As already noted in Ref. 1 the most important and model-
tivity leads also to a change €; therefore further consid- independent result of this analysis is that the fundamental
eration is necessary. measure of the strength of quantum fluctuations in the super-
Further consideration requires further assumptions. Weonducting ground state is the ratiomfto the area missing
focus on underdoped materials and assume that at tempeiia- o(0>0) asT is decreased from above the temperature
tures slightly greater thaf,. the superconducting gap is well Tpg at which the superconductin@r “pseudo”) gap be-
formed and much greater thdi but that thermal phase fluc- comes visible tof =0. A T=0 pg which is smaller than the
tuations drivea to 0. We further suppose that @t-T, the  “missing area” implies non-negligible quantum fluctuations.
offset parametef)=0 . . As T—0 long-ranged phase co- We further found that if quantum fluctuations are strong,
herence is established, se<@v<1 andQ—Q_ . The data the value of thec-axis conductivity in the regiom~2A is
seem consistent wit , =0 andQ_~A but we prefer to increased above the predictions of BCS theory. If the quasi-

present a more general treatment. We now use @@sand ~ Particles witho~A are weakly dampedas indicated by
(18) to obtain a relation between, and the changdK, in photoemision experimerfs) this increase takes the form

: P of a peak.
> > —
the »=0 spectral weight between>T, andT—0, finding Finally, we derived a relation betwegyg and the area K

lost betweerm =T, andT=0 from thew>0 ¢. In the usual
> BCS theory, where the gap closesTat ps/AK=1. If (as is
Ps.obseved _ @ ) believed to be the case in underdoped curpatgmiring gap
AK 1+a—[ps(Qy,a=1)p(Q_,a=1)] exists exists in a wide temperature regime ab®yand the
(19 resistive transition signals only the onset of phase coherence,
then the ratio ofpg to the weightAK lost belowT, is dif-
ferent from 1 and as seen from EG9) depends on both the
strength of the quantum fluctuations and the variation with
temperature of the “offset parametef}. If () is T indepen-
dent, then the ratio is 2 independent @f whereas ifQ)

In this equationpg gpseped iS the experimental —0 value,
ps(Q,a@=1) is the function shown in Fig. 5, and the equa-
tion only applies if the gap is well formed and larger than

T fﬁr S:ngza_tu(r:ss Jrl],lzg at?;)evr? E:rln:i r:]eé%'ls;nt/g gigjlrtl?nn.cu- E::(;ei?ses ag is decreased beloW, the ratio is less than 2,
e - - guantum fluctuations are sufficiently strong can be less
prates, then the ratio is less than 2, #<1. As shown in  oyen than 1. For the valueQ(T>T,)~0 and Q(T—0)
Ref. 1 the ratio becomes equal to 2(If, =€) _, and could <A inferred from photoemission dafl31%17 the ratio
become greater than 2 if the inequality were reversed. Th@,ould become 1 at=0.4. Thec-axis optics therefore con-
physics of the ratio is most easily undestood from the limittains information about thd dependence of the electron
a—0, Q,=0, andQ)_>A. In this case turning on afl  scattering mechanism. However, to obtain this information
>A strongly suppresses the conductivity in the region one must integrate the conductivity over a wide range be-
~A but the small value olr means the compensating in- cause we found changes {d led to changes irr which
crease inp is negligible. The value$) ,~0 and(Q)_~A extended over a range of order the basic scatteringltate

inferred from photoemissidA®® lead to p/AK=2a/(a Our results were obtained using second-order perturbation
+0.4), i.e., to a substantial reduction of the ratio from 2 iftheory in the interplane hopping. This perturbation theory
a~0.5 or less. has been used by many workérand in the present model

Care is needed in applying E¢L9) to data. As is clear may be tested. The theoretical expansion parameter is
from Fig. 3, variations i) lead to variations inr over a  Nqt?/T", whereN, is an in-plane density of states, is an
wide energy range, of order the basic scattering fatédn  average of the hopping over the Fermi surface, Bnid the
integration over a smaller range could miss some contribuscattering rate. The band structure estimateqp)
tions toAK, leading to a larger apparent value of the ratio. =to[cos¢3x)—cos@y)]2, to~0.15 eV (for YBCO; smaller
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for others and No~2 states/eV(Ref. 7) lead to Notf ~ Wwould predict aps(T=0) greater than the area missing be-
~0.02 eV; thel inferred from the high-frequency data on low T.. Another alternative model involves tunnelling
YBa,Cu;O 05,15 then suggests that perturbation theory iSthrough a resonant level residing on a defect between the

ey good. Gne may make a more expermental esimate PJATES 1 ur e the simlary of e behavor observed.
writing (with units restorefd our theoretical result for the 9 P P

. - . sible; however, if the resonant tunneling is momentum con-
c-axis P'C conduct|V|tyq§C=(ezo.llaz)thf/F. Hereq is the serving the analysis we have presented may be easily gener-
mean interplane spacing aradis the in-plane lattice con- gjizeq” If it is not momentum conserving, the previous
stant. The observe@°~100-200Q "' cm ! for opti- objections apply. ’
mally doped YBCO then impliedNot? ~1/50, reasonably In the present paper we assumed, following Ref. 12, that
consistent with the above estimates and justifiying the use ahe frequency dependence of the gap function was not im-
second-order perturbation theory. For other materials the ingortant. In conventional superconductors the frequency de-
terplane conductivity is even smaller, so the perturbatiorpendence ofA is weak and leads only to minor effects, but
theory should be even better. because it is possible that in high-materialsA has a sig-

Our results also rely crucially on the assumption that thenificant frequency dependence fer~A, we present here a
part of the Hamiltonian involving motion of electrons be- brief qualitative discussion of the consequencesdoiThe
tween planes has the form given in Ed), i.e., is the usual formulas for spectral weight and the Debye-Waller param-
band-theory form which involves hopping of a real electroneter @ generalize trivially: one simply includes the proper
in @ manner which conserves in-plane momentum. Strond () and the physics we described is not changed. In par-
scattering the barrier regiofe., nonmomentum-conserving ticular, the conclusion that a reduction of spectral weight
hopping®*° or “occupation modulated hopping* would ~ between high temperatures afie 0 implies quantum phase
invalidate our results. We will argue below that the closefluctuations in the superconducting ground state., a(T
correspondence between our results and data suggests thaf)<1] still holds. The detailed) dependence a¥(€}) of
the usual band theory form of the hopping is the correct onecourse depends on the detaileddependence oA. In any

We turn now to the data, beginning with the temperaturgeasonable model the real part®fw) is a decreasing func-
and doping dependence of the spectral weight. In overdopetibn of frequency. IfA drops slowly, our conclusions are not
materials a small increase in low-normal-state spectral significantly altered. If it drops rapidly, all material proper-
weight occurs asT is decreased below room temperatureties approach their high-frequendyormal statg values
[see, e.g., Fig. @) of Ref. 3]. Our resultgcf. Fig. 2 suggest more rapidly as a function ab. In the case of present inter-
that this may be compensated by a small decrease in conduest the normal state. is just a constant, so an-dependent
tivity over a wide frequency range. In optimally doped ma-A will tend to fill in the minimum shown in Fig. 4 and
terials spectral weight seems to be conserved as a function ofduce the strength of the quasiparticle pdak the no-
temperature. In optimally doped and overdoped materials thphase-coherence case
superconducting gap closes Bt and spectral weight ipg We now consider the evolution of the spectral weight as
compensates for the area lost beldw.?>'>2°Further, in  the doping is decreased. Underdoped materials exhibit a
optimally doped and overdoped materials the conductivity inormal-state pseudogap, which begins to be visible as the
the superconducting state appears to have the usual BG8mperature is decreased below a temperaig, which
form, rising smoothly from the gap edge and being alwaysncreases with decreasing doping. Spectral weight appears to
less than the normal state.® This is consisent with our be independent off at T>Tpg, with one exception: in
results if in these materials quantum and thermal fluctuationka; _,Sr,CuQ,, [o.(w)dw appears to have a strong tem-
of the order parameter are negligible. perature dependence at all measured frequencies between

The observedr. for optimally doped and overdoped ma- room temperature and low 100 K. This behavior may be due
terials provides evidence against the alternative explanatioto the LO-TO structural phase transition, which will change
of the c-axis conductivity advanced in Refs. 9 and 10. Inthe numerical value of the interplane coupling. In any event,
these works, the weak frequency dependencerpofat T  this nonconservation of weight over a wide scale seems to be
>T, is attributed to a strongly momentum nonconservingpeculiar to the La_,Sr,CuQ, materials and not to be related
interplane coupling, (p,p’), due physically to strong scat- to superconductivity.
tering in the interplane barrier layers, rather than to a large As the temperature is reduced bel@w, the onset of the
value of an in-plane electron scattering rdte This view pseudogap causes a decrease in total spectral wWelghas
implies thatc-axis conductivity is equivalent to a point con- the temperature is further reduced beldwthe weight[in-
tact tunneling; if it were correct then &t<T, one would cluding bothpgs and o(w>0)] increases again, but thE
expect to observe peaks in, at w=2A, corresponding to =0 weight is never greater than tie>Tpg weight. This
the sharp peaks observed in photoemission and-axis  behavior is consistent with our results if the pseudogap is the
tunneling®®1"26 Further, the momentum mixing caused by superconducting pairing gap, affid corresponds to the onset
this scattering would decreage below the BCS “missing of phase coherence. By contrast, if the pseudogap were
area” value, as noted by Kirf. We therefore believe the caused by a charge or spin-density wave fluctuation, then the
assumption that the tunnelling matrix element always conmethods we have used here would predict that weight would
serves momentum, and that the changes in conductivity withe conserved even in thEsc>T>T, fluctuation regime:
doping are due to changes in the underlying physics of theveight lost at low frequencies due to the opening of the gap
CuG, planes, is correct. The data are also inconsistent withivould be shifted for frequencies just abova2;. Thus we
the model of Ref. 24 which for optimally doped materials believe thec-axis optical data provides strong support to the
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hypothesis that the pseudogap is due to superconductirfgom chain states are also possiblehe observeg, is found
pairing without phase coherent®We note also that the to compensate for the missing area. Thus in optimally doped
model of Ref. 24 did not consider the pseudogap regimé&'Ba,Cu;O; the T dependence of the total spectral weight, of
explicitly, but the results seem to imply®&(T=0) greater ps, and of thew and T dependence of the are consistent
than the weight lost beloWp, again in contradiction to the With the behavior expected for a BCS superconductor with

data. negligible quantum fluctuations at low and a negligible
In underdoped YBgCu;Og.., ps at T=0 is less than the pseudogap apov‘éc. _ _
area lost belowTpg,™® implying strong quantum fluctua- As the doping level is decreased, the behavior changes.

@s seen in Figs. &) and (d) of Ref. 3, a pseudogafsup-
pression of the absorption at<2A) is visible for a range of
temperaturesT>T,. The rise of the conductivity at the
pseudogap edge seems rather abrupt, as expected from the

betTV\? eeer:?rtthOf g Snéo_l_th% C:angaerslmja(at;?\ztraéovxg;gg nt results shown in Fig. 2. The total spectral weigsiperfluid
c - PP q y I}?art plus contribution fromw>0) is less than the room-

with the resullts presented herg. In optimally doped and ove femperature spectral weight. Next, a peak appears @t
doped materials the gap closing coincides withand the w~400-500 cm'; the peak is stronger in the

expected ratio of 1 is apparently observéd?’ As the dop- YBa,Cu;0, s Sample than in the YB&u,0, , one, but the
ing is decreased and the pseudogap becomes more apparg&sition does not shift. Finally, there is a hint of the mini-
the measured ratio grows. A number of underdoped materialg, ;m atw~600 cnil in the Q¢ sample.
appear to exhibit a ratio of 2] while a very recent  This behavior is qualitatively consistent with the theoret-
measuremeft finds a ratio of~1.6 in a slightly underdoped jcal curves shown in Fig. 4. It is reasonable to assume that as
BSCCO sample. It is not yet clear whether the effects of thejoping is decreased, quantum fluctuations increase; this is
T-dependent offset are visible in the spectral weight. An exshown by the analysis of the optical weight presented in our
perimental study of the interrelationship @{T=0) (as de-  previous paper and consistent with the analysis of the Hall
fined by the ratio of the observeg; to the area missing conductivity presented in Ref. 31. The larger peak in thg O
below Tpg), the T-dependent offsetfrom photoemission  material is consistent with the stronger quantum fluctuations
and the ratio ofps to the area missing beloW, would be  expected there. The peak@t>400 cm * and minimum at
very valuable. 600 cm ! are expected from the/2, 2A + Q) structure of the

We now turn to the frequency dependenceoqf. The  self-energy if the threshold scattering frequeri@yis ~A
effects discussed here seem clearly to be visible in thec200 cni!. Finally, we note that in the £ material the
o¢(w,T) presented in Fig. 3 of Tajimat al.® although it  spectral weight in the peak is about 50% of the spectral
should be noted that there are large uncertainties in the exgeight lost below 2 in superconducting state as expected if
perimental determination of the electronic contribution{o  the quantum fluctuations are very strong. The theory predicts
because the observed conductivity is dominated by phonogn anticorrelation of the weight in the peak anddg(T
lines which must be subtracted out. Also the YBCO famlly:O) To make the Comparison quantitative one should mea-
of materials studied by Tajimat al. may have(especially  syre both in units of the weght lost belowA2 The data
for optimally and overdoped YB&wOs.y, and for peeded to make this comparison are not available at present.
YBa,Cu,Og) large contributions from electronic states in-  As noted above, an alternative interpretation of the peak
voIving the CuQ chains, which are not included in our as a bi|ayer p|asm0n has been preseﬁ%éa]n support of
theory. Additionally the YBCO materials have a bilayer our interpretation we note that the strength of the feature
structure which may allow other excitations, including in seems correlated with the strength of quantum fluctuations.
particular “optical” Josephson plasmof%?® Further study  However, our results imply that the peak should be visible in
of systems without chains and of single-plane systems isingle-layer materials where to date no peak has been re-
needed. ported. Indeed, in high, materials apart from

Consider first the optimally doped sampleig. 3b) of  yBa,Cu;04,, no clear peak has been observedrinbelow
Ref. 3. The T>T, conductivity is small and has negligible T_ (except, perhaps in YB&w,Og where a slight hint of a
frequency and temperature dependence, consistent with fak is visibl¢. The absence of a strong peak in this material
large, quasistaticT-independent scattering rate. [Refer- s consistent with the observation that the optical spectral
ences 15 shows the conductivity of a similar sample over Jueight is the same at room temperature as it isTat0,
wide frequency range-frequency dependence is only apparef¥plying quantum fluctuations are weak in Y &u,0g. Fur-

for frequencies>0.5 eV confirming the largd’.] As Tis  ther experimental investigation of these issues would be very
decreased beloW,, the opening of the superconducting gap helpful.

leads to a decrease infor <600 cm 1. We believe(cf.

Fig. 4) that these data are consistent with a maximum gap
value A ,,,~200 cm ! and an offsef2~A. The presence

of absorption at the lowest measured frequencies and the

rounded shape of.(w) are presumably due to a combina-  |n this paper we have shown how quantum and thermal
tion of defects and the fact that in real materia{sis deter-  fluctuations of the superconducting order parameter affect
mined by an average over the Fermi surface of an angléhe integrated spectral weight and frequency dependence of
dependent energy gap and an angle dependent c-axis hogre interplane conductivity. We showed that the data are con-
ping: o~ [dpt?TI(p) (of course, additional contributions sistent with the notion that the normal-state pseudogap is due

tions; in other materials there is as yet no evidence for stron
quantum fluctuations. In YB&u,Og the evidence suggests
ps equals the area lost beloWpg .

VII. CONCLUSIONS AND OPEN PROBLEMS
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to superconducting pairing without long-range phase coheman and Dind? from a phenomenological point of view,
ence, and imply that in very underdoped materials, quanturand Chubukov and Morf from a calculation of a model of
fluctuations of the phase of the superconducting order paelectrons coupled to spin fluctuations, explained this as a
rameter are strong. No further assumptions are required tstrong-coupling effect: electrons do not scatter off a pair, but
account for the data. In particular, while the increase in speceff of a collective mode of some kind. In the gapped state,
tral weight observed belovl; in underdoped materials may what amount to excitonic effects reduce the final-state energy
be interpreted as a changedraxis kinetic energy on enter- below the naive A threshold.
ing the superconducting st&té>2 this increase was shown In order to produce the observed effects, the coupling of
to be a simple consequence of the hypothesis mentioneelectrons to the mode must be very strong, and in the normal
above, and therefore provides little additional insight into thestate the spectral weight in the mode must be concentrated at
microscopics of the normal and superconducting states ab=0. This is already somewhat unusual, but the data exhibit
high-T. materials. a further anomalous feature. In underdoped materials the gap
The crucial microscopic information which can be ex- appears at a high temperaturgg~200 K while phase co-
tracted fromo involves the mechanism by which electrons herence appears at the much lower resistive superconducting
are scattered within a single Cy@lane. We have argued transition temperaturdl ,~60 K. The appearance of the
above, following Andersofithat thec-axis conductivity is in  scattering rate offset(), seems to be tied to the onset of
effect a spectroscopy of the in-plane Green’s function angbhase coherence, and not to the opening of the. Japs
implies that at least for momenta near the @) points which  feature is not expected from the arguments given above, and
dominte thec-axis conductivity the in-plane Green’s func- is not understood at present.
tion is characterized by a self-energy which is large, imagi- We have shown that, within the conventional picture at
nary, and only weakly frequency dependent, i.e., by a largéeast, theT-dependent offset leads to two effectsaqp: the
frequency-independent scattering rate. The physical origin odppearance of a peak at-2A, if quantum fluctuations are
the scattering is not at present understood. One possibilitstrong, and a decrease in the ratio betwegeand the change
adopted by many worker8'*is that the scattering rate betweenT, andT=0 in the w>0 spectral weight. The ex-
may be thought of in a relatively conventional way, as theperimental status of these two effects is unclear; further stud-
scattering of a usual electron off of some fluctuation. Anies would be valuable.
alternative view, propounded by Anderéads that thec-axis On the theoretical side, two possible avenues of investi-
conductivity reflects a fundamentally unconventioff@on-  gation present themselves. One is that the mode which scat-
Fermi-liquid”) physics of the Cu@planes, which have rea- ters electrons is the phase fluctuations of the superconducting
sonably well defined excitations which however have veryorder parameter. This idea was advanced by Geshkenbein,
small overlap with the conventional electron. loffe, and Larkif* and has been adopted by us and by
In this paper we studied in detail the consequences of thethers®>*2*3*Another possibility is that the more or less con-
more conventional picture, because it is well enough definedentional physical picture of usual electrons strongly scat-
to allow detailed calculation. Because our results depentered by some bosonic mode is simply inadequate, and that
mainly on the shape of the electron spectral function near théhe explanation should be sought in the physics of an under-
(0,7r) points, it seems likely they would follow from a non- lying non-Fermi-liquid state which becomes more conven-
Fermi-liquid picture also. tional when long-ranged phase coherence is established. This
Within the conventional picture, at least, it is natural toidea has been advanced by P. W. Andefsamd receives at
assume that if the superconducting order parameter exhibiteast qualitative support from the slave-boson gauge theory
strong quantum fluctuations then electron-electron interacapproach to thé-J model®***where establishment of phase
tions are strong generally and therefore make an importardoherence is related to the restoration of more Fermi-liquid-
contribution to the scattering rate. If this is the case, then itike behavior.
seems reasonable that this scattering will be affected by the In our opinion, understanding the physics of the very
onset of superconductivity, and specifically that the low-large scattering is one of the key problems in highsuper-
frequency part of it will be suppresséliThe hypothesized conductivity. In this paper we have shown how measure-
suppression of the scattering rate seems to have been caments of thec-axis conductivity can provide insights into
firmed for highT. materials by photoemission data. The datathis problem.
are however inconsistent with theoretical expectation in a
manner which deserves further discussion and investigation.
The argument for the suppression was thiselectron-
electron scattering involves the creation of a particle-hole
pair. In the superconducting state the density of states of
these pairs is reduced for energies less thantience in the We thank D. Basov, S. Chakarvarty, and D. van der Marel
range A<w<3A one would have weakly scattered quasi-and P. Pincus for helpful discussions. A.J.M. thanks NSF for
particles. In fact, photoemissibhsuggests that the range of support(Grant. No. DMR-9996282and the Aspen Center
weak scattering iIA<w<<A+Q with Q~A not 2A. Nor-  for Physics for hospitality.
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