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liquid confined to a hydrophilic stripe in a 
hydrophobic surrounding. They studied the 
changes in shape of liquid stripes that were 
several micrometers wide in a periodic pat- 
tern as a hnction of their volume. With in- 
creasing volume, the fluid stripes of con- 
stant cross section undergo a transition to a 
state with a single bulge rather than into a 
row of individual droplets as would be ex- 
pected from the classical Rayleigh plateau 
instability (10) of a free-standing cylinder 
decaying into a periodic array of droplets. 
The shape instability of the liquid cylinder 
confined to a hydrophilic surface area and 
the formation of as ingle  bulge are ex- 
plained by a.-theoretical model that contains 
no adjustable parameters and only depends 
on the two contact angles of the fluid on 
the hydrophilic and hydrophobic substrate 
areas. Swelling of the cylinders confined to 
a hydrophilic stripe implies that with in- 
creasing volume the contact angle at the 
boundary between the hydrophilic and hy- 
drophobic surface areas does not satisfy 
Young's equation and hence the liquid 
channel becomes unstable. 

No patterning of the substrate with hy- 
drophilic or hydrophobic structures is need- 
ed by Gallardo et al.  (4) to control the 
movement of organic or aqueous liquids or 
particles suspended in a fluid. Rather than 
patterning the surface energy of the solid 
support, Gallardo et al. control the surface 
pressure and consequently the movement of 
liquids and particles by creating and con- 
suming surfactant molecules with redox ac- 
tive groups at electrode surfaces in their mi- 
crofluidic system. Surface active molecules 
generated at one and consumed at the other 
electrode create a spatial gradient in surface 
pressure to guide droplets of organic liquids 
through the fluidic network. The velocity of 
the flow (in the millimeters per second 
range) is directly proportional to the volt- 
ages applied to the electrodes (hundreds of 
millivolts range). Gallardo et al. demon- 
strate these effects by pumping liquid crys- 
tal droplets that are not soluble in the aque- 
ous electrolyte into different channels of a 
multielectrode array and by controlled 
dewetting of an electrode pattern that a pri- 
ori has no spatial inhomogeneties in surface 
energy. When these principles are used for 
surfactant-induced patterned spreading of a 
liquid this would allow one to control pre- 
cisely the stability and position of a contact 
line and open the possibility of controlled 
mixing of fluids and chemical reactions in 
microscopic dimensions. 

Current methods to control the flow of 
solutions or dissolved particles through a 
predefined channel network rely on elec- 
trokinetic phenomena requiring high volt- 
ages, mechanical actuators and syringes, or 
capillary wetting (11). In the work of Gau 

et al. (3) ,  the curvature of the expanding to microreactors, to sort and separate pro- 
liquid structure drives the flow of the fluid. teins and cells, or to build temporary or per- 
When single bulges along liquid channels manent microstructures by spatially con- 
merge, the solutions mix and react through trolled reactions or deposition of particles? 
these interconnects. The electrochemical 
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Effective Mass and Color Change 
M.V. Klein and C. Blumberg 

T here are sum rules in physics, conse- 
quences of fundamental laws and 
principles. The sum rules are exact 

expressions that relate sums of measured 
quantities to known parameters. These 
rules help scientists to study physical 
states of matter by analyzing how different 
measured constituents of the sum respond 
to external perturbations. On page 49 of 
this issue, Basov et al. (1) report new opti- 
cal data on high-transition temperature su- 
perconductors that show how these non- 
conventional superconductors obey a sum 
rule in a novel way. 

The optical conductivity o l (w)  de- 
scribes the absorptive response of an elec- 
tronic system to a weak electromagnetic 
field of frequency w. The integral of ol(w) 
over a finite range of o defines the spec- 
tral weight over that range. When applied 
to a system of Ne electrons per unit vol- 
ume in a solid, it obeys a fundamental sum 
rule for the total spectral weight: 

where e and m are the electron charge and 
the bare electron mass, respectively. Metals 
have one or more bands of quantum-me- 
chanical states partially filled with elec- 
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trons, the conduction bands, and many oth- 
er bands that are either completely filled or 
completely empty. At low frequencies w, 
ol(w) will have contributions only from 
transitions within the conduction band 
("intraband"), whereas at higher a ,  "inter- 
band" transitions involving the other bands 
will also contribute to the conductivity. The 
interband transitions are expected for fre- 
quencies in the energy range from a frac- 
tion of an electron volt (eV) to many eV 

The two types of transition additively 
contribute to ol(w), and thus, according to 
the sum mle, the constant S may be written 
as the sum A + B of intraband (A) and inter- 
band (B) contributions. It is instructive to 
write A in the form of 

where Ifce is now the density of electrons 
in the conduction band and m* is an effec- 
tive electron mass in the band-the bare 
electron mass renormalized because of 
electron-ion and electron-electron interac- 
tions. The effective mass describes elec- 
tron motion and is related to dispersion in 
the conduction band. Here, we have as- 
sumed that the conduction band is suffi- 
ciently separated from other electronic 
bands so that a frequency w, can be cho- 
sen to seDarate these contributions. If w, 
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represents the absorption of energy 
from an applied dc electric field to 
supply kinetic energy to the lossless 
supercurrent. 

In conventional superconductors 
that are described well by theories of 
the Bardeen-Cooper-Schrieffer 
(BCS) type, the superconducting in- 
teractions change mainly those elec- 
tronic excitations having energies 
about or below 2A. The value of B 
(interband contribution to the inte- 
gral S) is unaffected by the super- 
conducting transition. Hence, PC + 
ASC = AN, or DSC= AN - ASC, where 
AN is the interband contribution in 
the nonsuperconducting state. The 
latter equation is often referred as 
the Ferrell-Glover-Tinkham sum 
rule (2,3).  Because for conventional 
superconductors, the total intraband 
contribution, including the P C ,  re- 
mains unchanged, we can say that 
the effective mass is the same below 

L 
and above T, (m*sc = m*N). 

The cuprate superconductors <kL @c " have erties many that highly distinguish anomalous them prop- from 

Summing up. Relations between the fundamental and the and the 
partial sum rules (top). For conventional superconduc- BCS-type superconduct0rs. Basov 
tors, the effective mass is preserved through the super- a"d present new o~ t i -  
conducting transition that leads to the Ferrell-Clover- cal data taken for three 
Tinkham sum rule (middle). The latter is violated for c different families of the cuprates 
axis conductivity in the cuprate superconductors, where, (1). The cuprates are materials that 
as a result of delocalization of carriers a t  temperatures contain stacks of CuOz sheets sepa- 
below To the strength of the zero frequency 6 function rated by "charge reservoir" layers. 
gains only about half of its spectral weight from intra- The strong electron-electron inter- 
band transitions A and the remainder from interband actions within CuOz planes and the 
transitions 6 (bottom). weak interaction between the ,  

planes lead to very anisotropic 
mental physics relations and may change electrical conductivity. These materials are 
if interactions in the physical system metallic when currents flow within the 
change theN,dm* ratio. The relations be- CuOz planes. When the current flows in 
tween A and B are summarized schemati- the direction perpendicular to the planes 
cally in the top panel of the figure. (that is, parallel to the c axis), the conduc- 

For metals below the superconducting tivity ol(o) at low frequencies in the non- 
transition temperature T,, electrons form a superconducting state is so small that the 
condensate that is able to carry lossless su- electrons in the partially filled bands can 
percurrent. Spectroscopic measurements be considered as almost localized. As a 
of the conventional superconductors at low consequence, the intraband contribution AN 
frequencies showed the existence of an en- is very small, several orders of magnitude 
ergy gap 2A in the optical conductivity in smaller than the value of the sum ANd for 
the superconducting state, olsc(o) (2). The the integrated conduction measured paral- 
gap is a frequency range where the elec- lel to the planes. Because of the near local- 
tromagnetic field cannot excite quasi-par- ization of electrons along the c axis, their 
ticles out of the superconducting conden- effective mass m*N is unusually heavy. The 
sate and olSC(o) is reduced compared with transitions within the partially filled bands 
its normal state value olN(m), as shown make only a tiny contribution to the sum S; 
schematically in the middle panel of the most of the spectral weight in the funda- 
figure. Ferrell, Glover, and Tinkham (2, 3) mental sum rule (Eq. 1) comes from inter- 
were able to sbhp>lhat the "missing area" band transitions. 
AN - ASC = ,,+ [or(o)  - ofc(o)]do In the cuprates at temperatures below T, 
appears as a 6 function for olSC at o = 0. true three-dimensional superconductivity 
The 6 function contributes a finite amount occurs with lossless supercurrents flowing 
of spectral weight DSC to the integral S. It in all directions. The condensate con- 

tributes a finite amount DSC to the sum 
rules (Eqs. 1 and 2) for c axis optical con- 
ductivity. Basov and collaborators found 
that, in contrast to conventional supercon- 
ductors, for cuprates the total intraband 
contribution in the superconducting state is 
larger than above T,, DSC + ASC > AN, or 
that the Ferrell-Glover-Tinkham sum rule 
is violated. This is equivalent to the state- 
ment that mfsc < m*N. The mass reduction 
implies that the kinetic energy decreases 
when the system enters the superconduct- 
ing state. This loss in the kinetic energy is 
in marked contrast to the BCS theory, 
which is based on the notion that a loss of 
potential energy drives the superconduct- 
ing transition. Various models have been 
proposed to describe how superconductivi- 
ty can be driven in novel ways by reduction 
of the kinetic energy (4-8). 

The measurements (1) give DSC = 2(AN 
- ASC), twice as much a relative change in 
A as for conventional superconductors. 
From the fundamental sum rule (Eq. l), it 
follows that AN - ASC = BN - BSC = 
(DSC12). This shows that the spectral 
weight in the condensate comes roughly 
equally from finite frequency intraband 
weight loss and from interband weight loss. 
Recalling that the interband weight is 
anomalously high in the non-superconduct- 
ing state due to near localization of elec- 
trons, we conclude that superconductivity 
partially alleviates the effect of localiza- 
tion, thereby reducing the interband 
weight. 

Superconductivity in the cuprates 
shows two effects: (i) The measurements 
show that the effective mass in the con- 
duction band as determined from the par- 
tial sum rule (Eq. 2) has decreased (m*sc 
< m*N). (ii) A decrease has occurred in the 
spectral weight of the optical conductivity 
at relatively high energies, perhaps as high 
as the visible range, 2 to 3 eV The super- 
conducting sample is less absorbing of 
electromagnetic radiation at these ener- 
gies. It must therefore reflect light differ- 
ently. Perhaps its "color" has changed (4). 
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