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Models for enhanced absorption in inhomogeneous superconductors
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We discuss the low-frequency absorption arising from quenched inhomogeneity in the superfluid gensity
of a model superconductor. Such inhomogeneities may arise in alpighperconductor from a wide variety
of sources, including quenched random disorder and static charge density waves such as stripes. Using standard
classical methods for treating randomly inhomogeneous media, we show that both mechanisms produce addi-
tional absorption at finite frequencies. For a two-fluid model with weak mean-square fluctugpgs’) in
ps and a frequency-independent quasiparticle conductivity, the extra absorption has oscillator strength propor-
tional to the quantity (Sps)2)/ps, as observed in some experiments. Similar behavior is found in a two-fluid
model with anticorrelated fluctuations in the superfluid and normal fluid densities. The extra absorption typi-
cally occurs as a Lorentzian centered at zero frequency. We present simple model calculations for this extra
absorption under conditions of both weak and strong fluctuations. The relation between our results and other
model calculations is briefly discussed, and their possible relation to experiment is also discussed.
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I. INTRODUCTION tion from zero to finite frequencies.
More recently, Orenstetfl considered a two-fluid model
Some highT superconductors, such as Of superconductivity with quenched, anticorrelated inhomo-

Bi,Sr,CaCuw,0q. s (BSCCO, absorb very strongly in the 9eneity in both the normal and superfluid densities; he found
microwave regime even at temperatufear below T, .12 that some of the spe_ct_ral weight o_f the conductivity |s dis-
At a fixed frequency as a function af the real conductivity ~Placed from zero to finite frequencies, and gave explicit ex-
typically has two features: a sharp peak ndar and a pressions for this extra conductivity. I-Fénnas given a field-

broad, frequency-dependent background extending to quit eoretic treatment of a randomly inhomogeneous two-

low T. The peak neal is usually ascribed to critical fluc- imensional d-wave superconductor, using a replica
L P C y X " formalism to treat the assumed weak disorder. He obtained
tuations arising from the superconducting transition.

. ) an extra Lorentzian peak in the real conductivity, centered at
The origin of the broad background is less clear. In con-gq trequency, arising from this disorder, and a correspond-
ventional swave superconductors, there is no such backy,g requction in the superfluid density. All such models are
grounq, because the material cannot gbsorp rgdlauon at frenade more plausible by imaging experiments that have di-
quencies below the energy gap for pair excitation, But  rectly observed spatial fluctuations in the local superconduct-
in high-T. materials, which are thought to havedg_,>  ing energy gap in underdoped cuprate supercondutiors.
order parametet? the gap vanishes in certain nodal direc- |n this paper, we study the low-frequency complex con-
tions ink space. Hence, gapless nodal quasiparticles can hguctivity of several models for two-dimensional supercon-
excited at arbitrarily lowT, and these can absorb at low ductors with quenched inhomogeneities. We use a straight-
frequencies. But the observed absorption appears to be stroforward approach to obtain the effective complex
ger than expected from the quasiparticles alone in a two-fluidonductivity, based on standard treatments of randomly in-
model®® homogeneous media in the quasistatic regifnErom this
Several authors have suggested quenched inhomoger@)proach{ we .obtain sum rules for the com_plex condyctivity.
ities as the origin of this extra absorption. Such inhomogeWe also find, in a number of cases, explicit expressions for
neities could arise from statistical fluctuations in the localthe extra conductivitpoe(w) due to the quenched inhomo-
densities of holes or impurities, or from the presence odeneities. Where the models are comparable, our explicit
superfluid-suppressing impurities such as Zn. Comspall ~ form for do¢(w) reduces to that of Han, even though ob-
found that such fluctuations in gr,CaCu,0Og, s displace tained using aquite dlfferent approach. .
about 30% of the spectral weight from the condensate to the The remainder of this paper is organized as follows. In
conductivity at finite frequencies. In addition, several explicit >€¢- !l: We develop sum rules for the optical conductivity of
models have been presented which produce such a displa%_two—dlmensmnal superconductor with quenched inhomoge-

eities, and apply them to several explicit models. In Sec. lll,
ment. For example, Van der Marel and Tsvetkrave cal- we present some approximate calculations for the effective

SP'ated. thelfluctéja}nqn Co?d;’c“vﬁy due _;Efo a pe”ﬁd'c ON€-conductivity of such superconductdfsA concluding discus-
imensional modulation of the phase stiffness. The presenfion is given in Sec. V.

author§ have calculated the fluctuation conductivity of a
two-dimensional array of Josephson junctions with quenched II. CONDUCTIVITY SUM RULES
randomness in the critical currents, using the Kubo
formalism?® They found an excess contribution to the con-
ductivity below T, arising from this inhomogeneity, which We consider a two-dimensional superconductor, in which
arose from displacement of some of the superfluid contributhe local conductivity has normal and superfluid contribu-

A. Kramers-Kronig relations
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tions that act in parallel, but, in contrast to the usual two-(9) of Ref. 15 by the factor 1/2 appropriate in two dimen-
fluid model, these terms are spatially varying. The complexsions, as we have done in E§).]
local conductivity o(x,w) is taken as a scalar function of
positionx and frequencyw of the following form: B. Frequency-independent normal conductivity
ips(X) Suppose first that,(w) is real, nonzero, frequency inde-
T o @ pendent, and spatially uniform. Then.= o,,, and, at high

w, however large the fluctuations py(x), the fluctuations
o, might be a contribution from the nodal quasiparticles ex-in the local complex conductivityo,+ip(X)/w, are small
pected in a superconductor with>_ 2 order parameter sym- compared to the space-averaged conductivify(w)= o,
metry, while ps represents the perfect-conductivity response+ips ,,/@; we can thus use E@6). Since onlyps is fluc-
of the superconductor. Our goal is to calculate the positiontuating, and notr,,, Eq. (6) becomes
independent effective complex conductivity of this medium,
which we denote

E

o(w,X)=0op(w,X)+

ips,av i l

. @

0e™~0n

<( ops) 2> )

To(@)=0¢1(0) +ioesw). 2 Ontiwps gy

We first obtain a sum rule for,. We start from the _ - :
. ; : . where Sps(X) = ps(X) —pa, - Thus, to leading order in &,
Kramers—K_romg relgtlons obeyed by any function, such asaezwpS ... Equating this expression to the right-hand
oo(w), which describes a causal response: i .

side of Eq.(5), we obtain

2 _[* o'oeyw)
Oe1(w)= —PJ ﬁdw'-’-am 3 o ) .
™ 0 w—w fo [a'e,l(w )_Un]dw = §(Ps,au_Ps,e)- (8)
and
One consequence of E@®) is that, if ps(x) is spatially vary-
_Pse 20 (*oei0)—0n ing, ps(X), Psav>Pse. the right-hand side of E¢8) is posi-
Tep=— =~ P 0 ool do’. 4 tive, andthere will be an additional contribution toe (),
aboveo,,.
HereP denotes the principal part, amd.= lim,,_...0¢ (). The sum rulg(8) requires only that the conductivity fluc-

We have assumed that ljm..o,(w) is position indepen- tuations are asymptotically small at large and not neces-
dent, and have used the fact that, at high frequencigs, sarily thatpg have small fluctuations. If, however, the fluc-
—ipselw, Whereps . is the effective superfluid density. At tuations inpg are, in fact, small, theps , can be calculated
sufficiently largew, the right-hand side of Eq4) takes the —approximately using the analog of E@), namely,

form

1((8ps)?)
E E - "n_ ' Ps,e™~Psav ™ E—S 9
Oe2— Pset [O'e,l(w )—o.]de’ |. (5 Ps,av
w mJo
We first write a perturbation result fer.(w), which will From this approximate result, E(B) becomes
be needed below. If the spatial fluctuationsdw,x) are
small in magnitude compared to its spatial averagg,, o T {(8ps)?)
then to second order in the|do|l|os|=|0(w,X) J;) [oes(0")—onldo’~ Zpsa| —5—]. (10
S,av

— ()|l (w)], the effective conductivity of statisti-
cally isotropic two-dimensional medium is given by
For fixed mean-square fluctuatiof@ps)%)/p3 5, , this inte-
1 {(80)?) gral is proportional to the average superfluid denpity, .
Te~0av™ 5 ) (6) That is, the extra integrated fluctuation contributioroto, ,
av . . . . !
above the mean contribution of the normal fluid, is propor-
where (- --) denotes a space average of the quantity irtional to pg 5, . The possible connection of this result to ex-
brackets. This expression can be obtained by decomposingeriment will be discussed below.
the position-dependent conductivity(r) and the local elec-
tric field into Fourier components, expressing the average
current(and thus the effective conductivjtin terms of those
components, and finally taking the isotropic average, as was
first demonstrated by Herring.[Herring’s result is actually Next, we consider a frequency-dependen(w,x), as-
obtained in three dimensions. To obtain the result of(Bg.  suming that lim),_,..o,(w,x) =0, but allowing for a spatially
one must replace the statistical factor of 1/3 appearing in Egvarying o,(w,X). Then Eq.(4) becomes

C. Frequency-dependent, spatially fluctuating
normal conductivity
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Pse 20 (= 0ey(®') |
L =
! + me "dw' 11
_’5 Ps.e ; Oo'e,l(w) w |, ( )

where the last result is again valid at sufficiently latgeWe
now assume a Drude form fer,(w,x), i.e.,

Pn(X) Ta(X)

T iomx)’ 12

O-n(wax) =
wherep,(x) is a suitable normal fluid density, angd(x) is a
guasiparticle relaxation time. Then at sufficiently high

i[ps(X)+pn(X)]
oo(w,X)~ -

13

while o;(w,x) falls off at least as fast as @f. Similarly,
0, also falls off at least as fast asaf/ at largew. Hence,
oe~li0g, at high frequencies, where

(pstpn)e
Y

Oepw)= (14

Here (ps+ pn)e denotes the effective superfluid density of a
hypothetical material whose spatially varying local super-
fluid density ispg(X) + pn(X). Equating the coefficients of

o~ on right-hand sides of Eq$11) and (14) yields

* au
fo O'e,l(w/)dw,:E[(Ps"‘ﬁn)e_Ps,e]u (15
which gives the integrated spectral weightaaf,(w).

To calculate this weight, we first introdueg, ,,=(o7,),
and note that

f O'n,l,au(w Ydo'= peraU , (16)
even if 7,(X) is position-dependent. Hence,
| teson=onaanto 1
a
= E[(Ps"' Pn)e_Ps,e_Pn,av]- (17)
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In the limit p,>pg 5, , this expression reduces to the right-
hand side of Eq.(10). In this regime, the extra spectral
weight is again proportional topg,,. A frequency-
independentr,, is a special case of this limiting behavior. In
the opposite limit pg 5,>p,), the behavior is

- 2
[Terap(@)— 0y 1(w’)]dw’—>zpnw.

(19

Thus, in this limit, for fixed mean-square fluctuationspifn
the extra spectral weight isot proportional tops ,, .*°

If both ps and p,, are spatially varying, Eq.17) can still
be easily treated when spatial fluctuationspipand p,, are
small. Then, to second order in these fluctuations,

E <[5(P5+Pn)]2>

, (20
2 psatPna

(Ps+Pn)e%Ps,av+Pn,av -

while pg e is given approximately by Eq9). Substituting
Egs.(20) and(9) into Eq. (17) gives

f:[ae,1<w'>—on,l,av<w'>]dw'

2 2
_ Z[«&ps) >_ <[5(ps+pn)] > . (21)

41 psa Ps,avt Pnav

To interpret Eq.21), we assume thais and p, are cor-
related according t@,=\ps. ThusA=1 andA=—1 rep-
resent perfect correlation and perfect anticorrelation. The
predictions of Eq(21) are particularly striking in the latter
case, as postulated in some models of inhomogeHeityn
this case thesumps+ p,, is not fluctuating. Then the second
term on the right-hand side of Eq21) vanishes, and the
extra spectral weight due to the inhomogeneity is again pro-
portional to{(8ps)%)/psa, - In the opposite cask=1, the
right-hand side of Eq(21) may be negative, i.e., the total
spectral weight ismallerthan that given byr, 1,, .

D. Tensor conductivity

The preceding arguments apply equally well téeasor
conductivity, as expected if the superconducting layer con-
tains charge stripes or other types of static charge density
waves. In this case, the local conductivity should be a 2

Thusoe (w') again has some extra spectral weight beyondx 2 tensot’ of the form o (w,x) =R 1(X) 0% (w)R(X),

that of o, 5,(w).
We first estimate expressiq7) in the small-fluctuation
regime wherd Spg| <ps 5, , @ssuming thap,, is nonfluctuat-

whereo%(w) is a diagonal X 2 matrix with diagonal com-
ponentsop(w), og(w), andR(x) is a 2X2 rotation matrix
describing the local orientation of the stripes. If this phase

ing. Following steps analogous to those leading up to Edpas a domain structure, the stripes would have either of two

(10), we obtain

f:[ae,1<w'>—an,m(w')]dw'

(18

Z S 2( [
_)4<( p5)> Ps,avt Pn .

Ps,av

orientations relative to the layer crystalline axes, with equal
probability. In a macroscopically isotropic layer, this domain
structure leads to an scalar effective conductivitfw). If,

for example, the conductivity along ttjéh principal axis is
oj(w)=0nj(w)+ipsj/o, then the superfluid inhomogene-
ity produces an extra spectral weight at finitegiven by Eq.
7).
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IIl. MODEL CALCULATIONS

A. Weak inhomogeneity

We now supplement these sum rules with some explicit
expressions for(w), beginning with weak inhomogeneity,

|So| <0y, . Inthis caseg, is given by Eq.(6). If only pg is
spatially fluctuating, this equation reduces to Ef.and

1 5 on
Tes(@)=ont 5((5ps) >Fm-

S,av n

(22)

Thus, the extra absorption is a Lorentzian centered» at

=0, of half widthe p./a,,, and strengthe((5ps)?). Aresult
equivalent to Eq(22) has also been obtained by Hansing

a replica formalism. Indeed, even the parameters of the two

results are identical, provided we interptébps)?)/2 in our
model as equal to the quantity\?/ in the model of Ref.
11.

Next, we consider the case where bathand o, have
weak spatial variations. We assume thgtis given by Eq.
(12), thatp,, is spatially varying, but not,, and thatp,, and
ps are correlated according to the rulp, =\ dps. Theno
is given approximately by Ed6), with

_ Pnav7n 1ps,av
Uav_l—iwrn ) 23
and
50 =((dpe)| -4 2| 24
(60 =((0090) S+ 1o | - (24

Some representative plots of () resulting from Eqgs.
(6), (23), and (24) are shown in Fig. 1 fon=1 (perfect
correlation A =—1 (perfect anticorrelation and\=0 (no

fluctuations inép,). The casex=—1 appears most plau-

sible physically, since it implies that the sym+ ps is non-
fluctuating. It also produces the largest increasednpat any
given w.

For w7,<1, EQs.(6), (23), and(24) lead to the analytical

result

<( 5Ps)2> Onav™ 2\ ThPs,av

O'e,l(w)%‘fn,av"' 2 + w202
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FIG. 1. Excess real part of effective conductivity, ;(w)
—on1a0(®), when there are weak correlated spatial fluctuations in
both pg andp,,, normalized by the relative magnitude of such fluc-
tuations.oy, 1 4, = Pn,ap Tn /[ 1+ wzfﬁ] is the normal-state contribu-
tion. We assuméeSp,=\ Spg, and show results fox=—1 (nega-
tive correlation, solid ling A =1 (positive correlation, dotted ling
and\ =0 (no fluctuations in the normal fluid density, dashed Jine
The average superfluid and normal fluid densitiges,, andpp, , ,
are assumed equal; the conductivities are in units of the quasiparti-
cle pp7, -

. Ps,j

O'j(w)=0'n(w)+lj (26)

Following Ref. 5, we taker,(w)=p,m/(1-iwT7,). We as-
sumep,=aT, for T<T,., as expected for nodal quasiparti-
cles in ad,2_y2 superconductor, and,(T>T¢)=aT.. We
also takea-rjl:,BT. This linearT dependence may be ex-
pected if 1f, is determined primarily by quasiparticle-
quasiparticle scattering in two dimensidfisather than im-
purity scattering, which might give @ independent .
For the superfluid density, we writgsa=vpso, Psp

=y 'pso. Where pgo(T)=pso(0)V1—2aT/ps((0). This
form ensures thaps o decreases linearly witfi at low T, as
observed experimentally,and that it vanishes at a critical
temperaturel, as T.—T. We use the experimental values
of the parameters;, co=pn7n, pso(0), @, and B (as
quoted in Ref. b for our numerical estimates. Finally, we

Here o, = pn,ay7n @nd we have neglected corrections of haye arbitrarily assumed that the inhomogeneity parameter

order (w,)? in the numerator. Equatio®5) is again iden-

tical with Han’s result! obtained using a replica formalism,

if we make the identificatiof( Sps)2)/2—gA?/ .

B. Temperature-dependent superfluid density:
Effective-medium approximation

Next, we calculatere(w) using a simple model for the

y=3.
We compute oo(w) using the Bruggeman effective-
medium approximatiofEMA),%°

og(0)—oe0)

op(w)tog(w)

oa(w) —0oe(w)
oA(®)+ oe(w)

+(1-p) (27)

conductivity of a CuQ layer proposed in Ref. 5, but gener- The physically relevant solution is obtained by requiring that

alized to include inhomogeneities. We assume tHait, x) is

oe(w) be continuous inw and thato,(w)>0. We also

given by Eq.(1), but for simplicity that it can have only two arbitrarily assume thap=1/2. Our form forps o and psg

values,o, andog, with probabilitiesp and 1—p. The cor-
responding conductivities akg;(w) (j=A, B), where

guarantees that the EMA solutign, o(p=1/2)= Vps apss
= Ps,0-
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-1 -1
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°; qu’l([uQ m]) © o T Zgp (M- m] z) ®
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FIG. 2. (a) g¢1(w,T), for w/(27)=0.2 THz(solid line), 0.4 THz(dotted ling, and 0.8 THZdashed ling for the model inhomogeneous
superconductor described in the text. Also plotted &g 3. ;=/"""0¢(w)dw, (©) oni(w,T), (d) Ty =/, (w)dw, (€)

Omi

oer(0,T)—0on1(w,T), and(f) Te1-21 1= " e 1(0) — 0y 1(w) Jdw, Wherewpyn/(27)=0.2 THz andw,ay/(27)=0.8 THz.

Figure 2 shows the resulting, ;(w,T) for several fre- with probabilitiesp and 1—p. We calculatere(w) using the
guencies ranging from 0.2 to 0.8 THz, the range measured iIEMA, Eq. (27). The EMA predicts arS-N transition atp
Ref. 5. Also shown ardZ:i}xaevl(w,T)dw for wmin/(2m)  =0.5=p;. For allp on either side ofb;, oe4(p,w) has a
—0.2THz and wy./(27)=0.8 THz. Finally, we plot peak atw=0, whose height d|\(erges arjd \{vhpse half W.Idth

T) for these frequencies, as well €™ do. decreases to zero, @s-p.. This behavior is illustrated in
onal, q : Dmin ML Fig. 3, where we plowr ,(p,w) for severalp>p., as cal-
Clearly, o () is substantially increased beyond the quasi-culated in the EMA. The other parameters are indicated in

particle contribution, because of spatial fluctuationgdn the figure caption. The behavior of, , is qualitatively simi-
lar to that shown in Fig. 2, but there is additional critical
C. Percolation effects behavior near th&-N transition, which is absent from the

weakly disordered system.

We next considero; () near a percolative supercon- More exact results nean, can be obtained with the help

ductor to normal &l_\l) tra_nsmon. Such a transition might of a standard scaling hypothe&#2 For the present model,
occur, for example, in a single CyQayer doped by a non- .

. it takes the form
superconducting element such as Zn, as has already been

discussed by several authdfdiVe assumer(x) to be given /
by Eq. (1), with a position-independent Drude, given by E:| IF. I<19=) 28)
Eg. (12), and ap((x) that has one of two valueg, or zero, (o |Ap[st!
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4l
1
30
\
21
1\\\
0.20.40.60.8 1 ®Tn T 0.20.40.60.8 10T,

FIG. 3. Real parir 1(p,w), in units of the quasiparticlp,r,, of the effective conductivity of a two-dimensional composite of normal
metal and superconductor, as calculated using the two-dimensional effective-medium approximation for several patygs @=0.9
(solid ling), p=0.7 (dotted ling, andp= 0.5 (dashed ling

Hereo. ando- denote the complex conductivities in tBe  we can easily consider a wide range of quenched inhomoge-
andN regions of the layerAp=p—p., sandt are standard neities. Since the two approaches yield identical results for
percolation critical exponents, which depend on dimensioneomparable types of inhomogeneities, we infer that our cal-
ality, and possibly on other structural details of the layer; anctulations(which are based on standard methods of treating
F.(x) are characteristic scaling functions that apply aboverandom inhomogeneities in classical field equations such as
and belowp,. The expected behavitis F_ (x)~1 for X those of electrostatit€an also be done using field-theoretic
<1, andF_(x)~x for x<1, while F..(x)~x/*Y for X techniques. This field-theoretic approach may therefore be
>1. From these forms of the scaling functions, we canyseful in treating other classical problems in heterogeneous
infer*?that o ; has a peak ab=0 whose half width on both  media.
sides of the percolation threshold is It is also worthwhile to discuss the relation between the
present model and that of Ref. 8. In that earlier paper, the
|Aw|~ &|Ap|s+t, (29 CuO, layer was treated as an array of small “grains”
On coupled together by overdamped resistively shunted Joseph-
son junctions with Langevin thermal noise,(w,T) was
—0. The height of this zero-frequency peak diverges accordt e computed using the classical Kubo formalism. [t con-
ing to the lawo 4(p,=0)—|Ap| S on either side of the sists .o.f two parts: a sharp pe_ak near the Kos.terlltz-TholuIess
percolation threshold. For two-dimensional bond percolationtansition atT,, due to breaking of vortex-antivortex pairs,

which vanishes at the percolation threshold, whike|

s=t~1.30, while in the EMA in any dimensiors=t=1 and a broader contribution, far<T_, which exists only if
Thus We éxpect that, ,(p,w) is characterized neam, by é the critical currents have quenched randomness. This second
’ e, ’ C

line of diverging height, and half-width that goes to zero nearcontribution corresponds to that considered here for spatially

p.. Precisely this type of behavior is seen in the EMA curves’@¥ing ps. For T well belowT,, there are few vortices in
of Fig. 3. the Josephson array; hence, the Josephson links in the model

of Ref. 8 behave like inductors, and the array acts like an
inhomogeneous R network. This network is simply a dis-
cretized version of the two-fluid model considered here: the
The results shown in Fig. 3 correspond to an in-plangesistanceR represent the normal quasiparticle channel, and
scalar superfluid densityy(x) with a random spatial varia- the inductances corresponds to the superfluid.
tion. If insteadpg(x) were a 2< 2 tensorwith principal axes Next, we consider the possible relation between the
varying randomly with positiorfas might occur for random present work and some recent experiments. The experiments
quenched domains of stripesa similarly enhancedr.,;  Of greatest relevance are probably those of Refs. 5 and 6.
would be expected. If the two principal components of theThere, it was found that there is an additional dissipative
conductivity tensor are given by E(26), and the stripes can contribution to the conductivity of BSCCO in the supercon-
point with equal probability along either crystallographic di- ducting state, beyond that expected from a two-fluid model.
rection, theno(w) is given in the EMA by Eq.(27) with ~ The spectral weight of this extra contribution was found to
p=0.5. The resultingre ;(») would behave exactly like that be a constant fraction of the temperature-dependent super-
shown in Fig. 2. fluid densityps(T). Moreover, in samples with differeft; ,
the additional absorption was proportionalggT=0) over
a wide range of doping including both underdoped and over-
V- DISCUSSION doped samples. Finally, the line shape of this additional con-
It is useful, first, to compare our theoretical results totribution was found to be a Lorentzian GFindependent
those of previous workers. We begin with the recent work ofwidth. We now discuss how all these features could be re-
Han!' For weak fluctuations inps, and a frequency- lated to our model.
independent nonfluctuating,,, our results are identical to The proportionality of the additional absorption fQ is
his, provided we identify our parametédps)2)/2 with his  consistent with our Eq10), the weak inhomogeneity model,
quantity gA /7. However, our formal derivation is more provided therelative mean-square fluctuations p¢(T), i.e.,
elementary than that of Ref. 11. Because of this simplicity,((5p5)2)/p§,av, are nearly constant in different samples and

D. Tensor conductivity
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at various temperatures. This assumption appears plausible if To summarize, we have shown that, in a superconducting
some recent theories of high- superconductivity/'?® are layer with a spatially varying, there is extra absorption
applicable. These theories suggest that spatial variations ®eyond that from low-lying quasiparticles alone. Such qua-
the superconducting gap on a microscopic scale could bsiparticles are expected indgz_,2 superconductor. For sev-
intimately related to the very origin of superconductivity. In eral models of weak inhomogeneity, we have shown that in
particular, it was suggested that there is a tendency for forcertain cases the extra spectral weight at finite frequencies is
mation of hole-rich and hole-depleted regions; the supercoryoportional tops itself, as reported fof < T, in underdoped
ductivity originates in hole-rich regions and is mediated via;, slightly overdoped samples of Bigta,Cu,0g. .5 The

Josephson coupling over the nonsuperconducting hol&songtant of proportionality is the mean-square fluctuation
depleted regions. Similar variations of the superconductin (8p)?)pZ. Furthermore, in this weak-inhomogeneity re-
S. S [l

pro.pertnis”on. a g]éccmcség[ﬂc SC?]Ie were recently (?bser\:jedte jime, the extra weight generally appears as a Lorentzian cen-
perimentally in - I such regions are pretformed at o0 5t zero frequency, with half width proportional to

te?pega/tuges . h!ggerdthaﬁ'lc, one mlght. 3xpectd tha:) ps/ o, . Similar behavior is predicted for tensor inhomogene-
((8ps)%)!ps,a, is indeed nearly temperature independent beiios ‘a5 is expected in stripe geometries. We also predict that,
low T.. Furthermore, if the inhomogeneities are brought on

, : i ~“'near an inhomogeneous superconductor-normal transition,
by microscopic physics rather than sample quality,yhe height of the inhomogeneity peak im(w) diverges
((8ps)*)/ ps o, May be the same for the samples at differenty il its half width goes to zero. Thus, superfluid inhomo-
doping, again making a consistent connection between eXeneity may play an important role for the extra absorption

periment and Eq(10). The Lorentzian line shape may also peyond the two-fluid model that is reported in the high-
be understood from our weak-fluctuation result, E2p), cuprates.

provided certain additional assumptions are made about the
T dependence of the normal fluid densjty and relaxation
time 7. Specifically, Eq.(22) implies that the half-width of

the additional dissipative contribution is proportional to
pslon. For T<T., psis only weakly dependent om. In This work was supported by NSF Grant No. DMRO1-
addition, o,xp,7 is also T independent if we assume 04987, and by the U. S. Israel Binational Science Founda-
«1/T andp,>«T. Both these assumptions appear consistention. We are most grateful for useful conversations with Pro-
with experimen®. fessor David Bergman.
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