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of the "interlayer tunneling" model of high-
temperature superconductivity (7-10). Other 
workers (11-14) have argued that some aspects 
of c axis transport can be understood in rela­
tively conventional terms, but have not consid­
ered the temperature dependence of the spectral 
weight. Here, we present a theory of the c axis 
spectral weight, Kc(T), which accounts for the 
data. 

The high-temperature copper-oxide super­
conductors have a layered crystal structure in 
which the important structural subunit is the 
copper-oxide (Cu02) plane, with interplane 
(that is, c axis) couplings much weaker than 
in-plane ones. The conductivity in the direc­
tion perpendicular to the planes, <rc(o),r), is a 
complex function with real (o"c

(1)) and imag­
inary (CTC

(2)) parts. We denote the spectral 
weight at frequencies less than Cl by K(Cl,T); 
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in the particular case of the c axis, the con- 
venient defintion is 

Here, a and d are in-plane and c axis lattice 
parameters, respectively, and e is the electric 
charge. Standard sum rule arguments (15) 
imply Kc(x.T) = na2!(dm). where n is the 
total density of carriers in the solid (including 
all conduction and valence bands and normal- 
ized per CuO, plane) and nz is the electron 
mass Kc(R 2 x,T)  may have temperature 
dependence This IS, honever. usually be- 
lieved to be weak if R is chosen in a reason- 
able manner (that is, smaller than a typical 
interband transition frequency but larger than 
important low-energy scales such as k,T or 
the superconducting gap). In a superconduc- 
tor, for example. the real part of the conduc- 
tivity may be written (16) 

Here, a"Z(w,T) is a regular function of fre- 
quency coming from quasi-particle excita- 
tions, and the term proportional to S(w) ex- 
presses the infinite dc conductivity of super- 
conductor. The coefficient p5 of 6(o) defines 
the superfluid stiffness or strength of the 
superconducting order. As T is increased 
through the superconducting transition tem- 
perature TL, p\ + 0 In conventional supel- 
conductors. the superconducting gap 3 also 
vanishes at TL,  so that a'eS(w) increases for 
o - 2 3  Calculations confirm that the two 
effects cancel, so that K(R.T) has only a T. ery 
neak T dependence for 0 >> 2L (16) 

Weak T dependence of K has been ex- 

4nde2 
Fig. 1. Optical weight, w t  = -,-- K,(T), ex- 

pressed as square of of plasma frequency for 
YBa,Cu,O, and YBa,Cu,O,,. Below Tc, we 
show both the full weight (solid line) and the 
weight from a,,, (dashed line). For YBa,Cu,O,, 
the contributions to Kc(T) from are, were ob- 
tained by integrating the curves presented in 
figure 2 of ( 7 )  over the available range of 
frequencies (R ;= 700 cm-'), while the super- 
fluid contribution is presented in figure 3 of the 
same work. For YBa,Cu,O,,, the contribution 
from are, (also ~ntegrated up to 0 = 700 cm-') 
i s  presented in figure 11 of (3), and the super- 
fluid part is given in (6). 

perimentally verified in many cases. in- 
cluding the in-plane conductivity of high- 
temperature superconductors (17); but is 
conspicuously violated by the c axis con- 
ductivity of high-% materials (1-6). The 
manner in which the sum rule is violated 
depends on the doping state: optimal dop- 
ing (the doping level which maximizes Tc), 
overdoping. and underdoping. We focus 
here on underdoped materials, which dis- 
play the most anomalous properties. 

In underdoped cuprates, the room-temper- 
ature conductivity is very small, and is rough- 
ly constant over a wide frequency range. As T 
is decreased, a normal state "pseudogap" 
opens at a temperature T,, = 200 to 300 K, 
much greater than Tc. The pseudogap is char- 
acterized by a frequency scale 23' - 40 
meV and is also observed in nuclear magnet- 
ic resonarlce (18. 19), tunneling (20, 2 4 ,  
photoemission (22. 23). and in-plane optical 
conductivity (8, 17).  For frequencies w < 
23*, a,(') decreases as T is decreased below 
T,,, but no compensating increase is ob- 
served at higher frequencies (at least in the 
range w < 0.5 eV, where the physics is clearly 
due to conduction-band excitations). Thus, 
Kc(0.5 eV,T) decreases as T is decreased below 
T,, (3, 5, 6). By contrast, for the in-plane 
conductivity, a decrease in the frequency range 
o - 23' is compensated by an increase at 
lower frequencies; leading to a very weak T 
dependence of the in-plane K(T) (8, 17). 

As T is further decreased below Tc, uc(w 5 

ZA*) continues to decrease and a superfluid 
contribution appears at w = 0. As noted by 
many authors (3, 5, 6, 9), in underdoped mate- 
rials, the increase in pS is greater than the weight 
lost from are" so that the spectral weight in- 
creases below Tc. The T dependence of the 
spectral weight is shown in Fig. 1 for the pro- 
totypical underdoped materials YBa,Cu,O, , 
(3) and YBa,Cu40, (I).  In both systems, there 
is a decrease in Kc as T is decreased from room 
temperature to Tc followed by an increase as T 
is decreased from Tc to the lowest measured 
temperature. In YBa,Cu,O,, the increase as T 
+ 0 restores the weight lost as T is decreased 
from room temperature to Tc, whereas in 
YBa,Cu,O,, it does not. In both materials; the 
increase below Tc is about twice the weight lost 
from a"" between T = Tc and T = 0. A recent 
paper ( 6 )  argues that this factor of two 
occurs in all underdoped materials, but oth- 
er data suggest that it may not occur in the 
La,-, Sr,CuO, system at any doping (4 ) .  
The increase of spectral weight below Tc 
has been a main focus of theoretical atten- 
tion. especially in the context of the inter- 
layer tunneling model (9, 10). 

We now turn to the theory. We assume 
that high-Tc materials may be described by a 
Hamiltonian involving a single band of elec- 
trons moving in CuO, planes and subject to a 
weak bet~veen-planes hopping 

Here c p ~ c ~ ~ , t  creates an electron of in-plane 
momentum p and spin cc in plane i of the 
crystal, H,n-plane is the Hamiltonian describ- 
ing motion in a single CuO, plane (whose 
precise form we will not need to specify), and 
t,(p) is the hopping matrix element describ- 
ing interplane motion of conduction electrons 
with in-plane momentum p .  The crystal 
chemistry of high-Tc materials implies 
t_(p) - [cos(p,) - cos(p,)I2 (24) SO that the 
interplane coupling is dominated by states 
near the (7i.0) and ( 0 , ~ )  points of the Bril- 
louin zone; which are van Hove points of 
the two-dimensional band structure and are 
the points at which the superconducting gap 
is maximal. States near the zone diagonals, 
which are also the locations of the nodes of 
the superconducting gap, make a negligible 
contribution to interplane transport (25). As 
written. H describes "single-plane" cup- 
rates such as La,-,SrxCu04 or Tl,CaCuO,; 
various modifications which we will not 
explicitly mention are needed to describe 
bilayer materials such as YBa,Cu,O,+,. 
The most important is that, especially in 
optimally-doped YBa,Cu,O, and in 
YBa,Cu,O,, the CuO, chains break the 
tetragonal symmetry so that t_(p)  does not 
vanish along the zone diagonal. This has 
consequences for the detailed frequency- 
and temperature-dependence of the conduc- 
tivity, but is less important for the spectral 
weights we study here. 

The layered crystal structure implies that 
t_ is much less than any important in-plane 
energy scale E we will therefore ex- 
pand to the second order in the parameter 
t,lE At this order, the interplane con- 
ductivity may be computed from the nornlal 
and anomalous in-plane Green functions 
G(p,w,,) = J"dre'wp' <T,c,(~)ci(O)> and 
F(p;w,,) = d ~ e ' " ' . ~  <T7cp(~)c,,(0)> which 
are defined and discussed in standard texts, 
for example in (26). To derive the expres- 
sion, one represents the applied c axis electric 
field by a vector potential A = cE.;iw coupled 
to H via the usual Peierls phase factor 

t L ( ~ ) c P o . I ~ p C I I - l ~ t L ( ~ ) ~ P C I I ~ P C l l - l e ' ~ i '  and 
calculates to second order in t_ and 4 The 
result. in Matsubara formalism, 1s 

e'd K , ( T )  + x ( R , T )  
~ , ( n . r )  = , 

a - r R (4) 

with 

and 
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where o,: = or, + 62 .  Note that we have 
written the t e ~ m  involving the F fu~lctions as 
an expectation value, because it depends on 
the phase coherence between planes. The su- 
perfluid stiffness in the c direction is given by 
( 2 6 )  

The total c axis oscillator strength contained in 
optical transitions described by H in Eq. 3 is 
given by Kc, as may be seen (27)  by talung the 
f l  - 2 limit o f  the Kramers-Kronig relation 
ui2 ' ( f l )  = J" 2 ai  '(s)/(fl-.T) and noting that 
linzn-, ,X - i'lfl. Tlle total c axis oscillator 
strength o f  the real nlaterial has contributions 
from transitions involving bands not included in 
Eq. 3 and is therefore greater. Manipulations 
show that Kc is the change in the total energy 
E = ( H )  due to switching on t,(p), that is 

This equation can be also represented as Kc - 
X p.m., f-(p)(c ,,,, ' c  , , . cy . ,_  ,); the expectatio~l 
value is conlmonly referred to as c axis ki- 
netic energy (6.  9 ) .  W e  believe that Eq. 8 
provides Inore physical insight because in 
weakly coupled materials, contr~bution to the 
energy which depends on t ( p )  colnes from 
the v~cinity o f  the Fenni surface, and these 
states are strongly affected by the changes 
introduced by superconductivity. 

For example, for noninteracting electrons, 
one finds from Eq. 8 that for T > t _ ( p ) ,  
K c.,,o,,-,,,, ( T )  = - 4 J " d 2 p : ( 2 ~ ) 2  1 t _ ( p )  I ' i i f l i ) ~ ,  
where,f is the Fer~ni function, so K c,,,o n-,nt is 
determined by states within an energy T o f  
the Fe~mi surface. W e  contrast this with the 
result (valid for noninteracting and interact- 
ing electrons) (27, 28) for the conduction- 
band in-plane spectral weight K,,,-pl~~nc(T) = 
<-Ci,,ui,'~p,'dp2~~,acPPu> which is detennined 
by a sum over all occupied momentum states 
in the band. Most o f  these are far from the 
Fenni level and therefore have occupations 
which depend only very wealtly on tempera- 
ture, so K ,,,- depends only weakly on 
ternperah~re [typically O(T21E ,,,. ,,,,,, )]. 

The difference behveen the in-plane and c 
axis spectral weights may be understood phys- 
ically. Consider hvo coupled planes: for nonin- 
teracting electrons at t, = 0; the eigenstates are 
a hvofold degenerate set o f  Bloch states with 
in-plane dispersion E,,. Application o f  the per- 
turbation t , ( ~ )  splits the bands into two; with 

energles S ,  f t,(p); but except forp very near 
y,, both states are either occup~ed or unoccu- 
pied, so that the total energy o f  these states does 
not change. However, for states very near the 
Fermi level, one band is occupied and one is 
empty, and a dependence on f, results. These 
considerations are qualitative; but demonstrate 
the important point that changes in Fer~ni sur- 
face properties or in other aspects o f  the low- 
energy physics may change the c axis spectral 
weight ssubsta~ltially, even though the in-plane 
spectral weight is not significantly modified. 

W e  turn now to the effects o f  superconduc- 
tlr lty on the oscillator strength. The supercon- 
ductlng order parameter has an anlplltude and a 
phase. A nonzero amplitude tends to open a gap 
in the electron spectrum, while long-ranged 
phase coherence leads to infinite conductivity 
and flux exclusion. Quanta1 and thennal effects 
cause the phase to fluctuate around its average 
value. It is even possible to have a nonzero 
amplitude without long-ranged phase coher- 
ence, and several authors have argued that pre- 
cisely this phenomenon occurs in the pseu- 
dogap regime o f  underdoped high-Tc materials 
(29-31). Equations 5 and 7 make an interesting 
prediction for this case. At T = 0; the total 
spectral weight is given by Eq. 5 .  At T 2 Tc, 
(F - F ) = 0, so that Kc(T 2 T c  = -4T Z,, 
Jr/2pl-':(2sr)'t,(y)'G(p;o,)2. I f  the gap [at least 
in the ( 0 , ~ )  region important for c axis cond~~c- 
tivity] does not sijgificantly change behveen 
T = 0 and T = Tc and is sufficiently larger than 
Tc, then the integral over the product o f  G- 
functions at T - T, is equal to its value at T = 

0; and from Eq. 7 we find 

W e  emphasize the generality o f  this result: 
the only assumptions made are ( I )  weak Inter- 
plane coupling and ( 1 1 )  the gap (at the nlomenta 
relevant for a,) is large compared with T, and 
has negligible temperature dependence behveen 
T = 0 and T = T, (that is; J" GG has negligible 
T dependence between Tc and T = 0) .  These 
assu~nptions are fulfilled in many underdoped 
high-Tc materials, and just this factor o f  hvo 
was recently reported in figure 3 o f  ( 6 ) .  As the 
doping level is increased toward optimal. the 
gap at T ;= Tc decreases relative to Tc [A(Tc)lTc - 01, and the situation becomes better de- 
scribed by the conventional theory in which 
p s  = [ K ( T -  Tc)  - K(T = O ) ] .  

The result (9) depends crucially on the as- 
su~nption (29. 30) that the pseudogap is caused 
by pairing without long-ranged phase coher- 
ence. The agreement behveen our results and 
experimental data provides strong support for 
this hypothesis Alternative models for the 
pseudogap (for example, short-ranged spln or 
charge density wave order) would yield a c axis 
spectral weight which does not depend on in- 
telplane phase coherence and would therefore 
not change sljgificantly as T is increased from 
T = 0 to T = Tc. The generality o f  our argu- 

ment, however; means that the factor o f  two 
observed in ( 6 )  provides no further insight 
into the microscopics o f  hig11-T~ materials. 
More insight is obtained from the ratio 
between the superfluid stif f~less and the 
area lost below T,,; which as we shall now 
show provides a measure o f  the strength o f  
the quantal phase fluctuations in the super- 
conducting state. In the absence o f  quantal 
fluctuations, the T = 0 product (F,+(p,o,) 
F,_ ,(p,o,,)) is equal to the same-plane cone- 
lator F,+(p,o,,)F,(p;o,,), and we expect that 
K(T = 0 )  is essentially equal to Kro, = K(T > 
T,,) up to corrections O(A:eF). W e  have 
verified this by explicit calculations within 
the usual the017 o f  supercollductivity o f  a 
Fermi liquid. W e  schematically write this as 

In the actual material, thermal and quan- 
tun1 fluctuations in each plane reduce the 
interplane FF correlator by a Debye-Waller 
factor a ;  defined by Cp,,,(F,F,+ = 
aX,,,F,F,, so that we have 

and 

In particular, at T > Tc; cw = 0 but i f  T < 
T,,, the gap still reduces the G-G contribu- 
tion to Kc; leading to a loss o f  spectral weight 
as observed. 

Now define 

From this definition and Eqs. 10, 11,  and 12. 
one finds that as T + 0 

so the quantum Debye-Waller factor a lnay 
be deduced from the ratio o f  pq(T = 0 )  to the 
weight lost below T,,. W e  note that in the 
strongly correlated anisotropic situation con- 
sidered here, fluctuations have a different 
effect than might be expected. Instead o f  
broadening the superconducting 8-function 
while prese~ving its area; they ~llainly transfer 
the weight to very high energies. 

A related mechanism for reduction o f  
pq(T = 0)  was presented by Kiln (32) who 
considered a model in which interplane trans- 
port occuned via an impurity scattering process 
which did not consenre momentum and thus, in 
a d-wave superconductor reduced the inte~plane 
FF cowelator relative to the same-plane one. 
This mechanism would predict that even opti- 
mally doped nlatelials and YBa,Cu,O, would 
have a pb(T = 0) ,  which is smaller than the 
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missing area below T,, in contrast with the data. 
The impurity model seems to us to be unphysi- 
cal. but (32) is Important because it draws at- 
tention to the interplane FF correlator and 
shows explicitly that the c axis sum rule is less 
robust than the in-plane one. 

The general arguments we present are con- 
firmed by calculations of oc(o,T). The crucial 
ingredient in these calculations is the in-plane 
electron self energy which represents the non- 
trivial in-plane physics. We have investigated a 
variety of model self energies: the results will 
be published elsewhere. 

To conclude. we review several qualitative 
features of the data in light of our results. In 
underdoped cuprates. the formation of the pseu- 
dogap does not lead to an increase in a,(o) at 
any obsenred freq~~ency. If the pseudogap were 
due to an incipient density wave instability, 
spectral weight lost below the gap would reap- 
pear as a peak in n,(o) just above the gap; in 
contradiction with the data. On the other hand, 
we show that superconducting pairing without 
long-ranged order leads to the obsenred behav- 
ior. Our results therefore provide additional 
strong evidence that the pseudogap is caused by 
superconducting pairing and not by an incipient 
denslty wave. Second, the fact that the spectral 
weight restored at T -t 0 does not compensate 
all of the weight lost by gap formation 111 un- 
derdoped YBa ,Cu306 ,, but yet compensates it 
in YBa,Cu,O,, directly implies that in 
YBa ,Cu306 ,. fluctuations reduce the \ alue of 
the T = 0 interplane F,F,+, correlator below 
the value of the sameIplane correlator FiFi, 
while in YBa,Cu,O, they do not. There is 
other evidence (30) that YBa,Cu306, has ex- 
ceptionally large T = 0 fluctuations. A system- 
atic comparison in a range of compounds of 
fluctuation strengths deduced from c axis con- 
ductivity and from other measurements would 
be interesting. 
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Decreased Rates of Alluvial 
Sediment Storage in the Coon 

Creek Basin, Wisconsin, 

Stanley W. Trimble 

The total measured rate of alluvial sediment accretion in the agricultural Coon 
Creek Basin for the period 1975-93 was only about 6 percent of the rate that 
occurred in the 1930s' but the distributed changes within the basin were highly 
variable and systematic. Sediment yield (efflux), however, remained relatively 
constant despite large stream and valley changes within the basin. These 
observations demonstrate (i) that sediment sources, sinks, and fluxes vary 
widely over time and space and (ii) that, although improved soil conservation 
measures have decreased soil erosion, the downstream effects are complex. 

Erosion and sediment yield in any stream 
basin are rarely in a steady state. For moni- 
toring environmental change, it is thus nec- 
essary to construct a sediment budget that 
accounts for storage fluxes within the basin 
during any time period (1) .  Here, I present 
results from a long-teim study, attempting to 
account for the sediment budget over the 
140-year period of European agriculture in 
Coon Creek, a typical agricultural basin of 
360 km' in the Driftless Area of Wisconsin 
(Fig. 1). Measurements are largely based on 
sul~eyed and monumented stream and valley 
cross sections that have also received exten- 
sive stratigraphic studies for the agricultural 
period (2, 3). Over 150 such cross sections 
have been installed since 1938, of which 92 
were recovered and resurveyed (see supple- 
mental data, available at www.sciencemag. 
org/feature~data,'l041853.shl). These resur- 
veys were done from 1991 to 1995, but most 
were done in 1993; therefore, 1993 is used as 
the median date. Sediment yields were calcu- 
lated by standard extrapolation techniques 
from measurements on the Grant River at 
Burton, Wisconsin; a similar basin -90 krn 

south of Coon Creek (U.S. Geological Survey 
District Office; Madison, WI). 

The major change in the sediment budget 
from earlier periods (Fig. 1) is the overall 
decrease in rates of storage. a trend that start- 
ed in the 1940s and is directly attributed to 
improvements in agricultural land manage- 
ment (3, 4). From 1853 to 1938, an average 
of 405 X lo3 Mg yearp' of sediment went 
into storage (2, 3). This was reduced to 209 X 

lo3 Mg yearp1 from 1938 to 1975 and then 
reduced to 80 X lo3 Mg year-' from 1975 to 
1993. These averages, however, disguise 
some striking shorter telm rates. In the 1920s 
and 1930s (the period of maximum erosion 
and sediment storage), alluvial sediment ac- 
cumulation in the basin was -1260 X lo3 
Mg year-' (3, 4). The recent (1975-93) rate 
of 80 X 10' Mg year-' is only -6% of that 
highest rate. This decrease was due to im- 
provements in land use and not due to a 
change in climate. Indeed, most of the period 
1975-93 was wetter than average, with many 
large sto~llls (5). A basin-wide 100-year 
flood occurred in 1978. and 1993 was also 
extremely wet. 

Whereas sediment fluxes (sources and 

Department of Geography and Institute of the Envi- amounts) "langed Over the 
ronment, University o f  California, 1255 Bunche Hall, past 140 years; efflux; or sediment yield, has 
Los Angeles, CA 90095-1524, USA. held relatively steady. This result demon- 
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