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92.431 nm for 90,. The calculations use the lo- Position along waveguide (pm) cally measured width and height of the ridge. -A p 20 40 60 . 80 100 120 140 
21. The pulse intensities used in the experiment are low 

-: eno;gh to prevent nonlinear proce;ses such as self- 
phase modulation. As a result, the spectral content 
(and thus the coherence time) of the pulses does not go change in either of the branches of the interferome- 

8 ter. Because the measurement is closely related to a a field correlate, the leneth of the pulse as it is found 

Fig. 4. (A) The optical amplitude A times the cosine of the optical phase cos+ for a single tracked 
pulse as measured through the heart of the waveguide for the entire scan range (Fig. ZD). a.u., 
arbitrary units. A clear fringe pattern with an envelope is observed. The envelope is slightly 
asymmetric owing t o  the different chirps of the signal and reference pulses. (B) False color 
representation of Acos+ as a function of the lateral position in the plane of the sample. The area 
depicted is an enlargement of a small part of the actual scan; the location is indicated by the double 
arrow in (A). It is clear that the wavefronts in the image are straight, indicating plane wave 
propagation. The periodicity of the wavefronts yields the wavelength inside the structure associ- 
ated with the central optical frequency of the spectrum of the femtosecond laser pulse. The 
wavelength is found t o  be 415 2 6 nm, corresponding t o  a phase velocity of 1.97 t 0.03 X 10' 
m/s. 

probe is kept at a fixed location while the 
interference is measured as a function of the 
position of the optical delay line. In this way, 
it is even possible to measure the transmis- 
sion function of a certain stretch of photonic 
structure by carrying out this procedure on 
either end of the stretch and comparing the 
results. 
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A new class o f  microwires can be assembled b y  dielectrophoresis f r om sus- 
pensions o f  metall ic nanoparticles. The wires are formed i n  t he  gaps between 
planar electrodes and can grow faster than 50 micrometers per second t o  
lengths exceeding 5 millimeters. They have good ohmic conductance and au- 
tomat ical ly f o r m  electrical connections t o  conductive islands or  particles. The 
thickness and t h e  fractal dimension o f  t he  wires can be controlled, and com- 
posite wires w i t h  a metall ic core surrounded b y  a latex shell can be assembled. 
The simple assembly process and their  high surface-to-volume rat io make these 
structures promising fo r  w e t  electronic and bioelectronic circuits. 

The assembly of colloidal particles holds 
promise for the miniaturization of photonic 
and electrical circuits and their stacking in the 
third dimension (1, 2). Important recent de- 
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velopments in the field of creating miniatur- 
ized electrically functional structures include 
the synthesis of electronic elements by tem- 
plated growth in membrane channels (3) and 
their assembly and characterization (4, 5), 
formation of electrical connections and elec- 
tronic elements by electrodeposition (6, 7), 
and assembly of prefabricated blocks by cap- 
illary forces (8, 9). Different types of semi- 
conductor nanowires have been synthesized 
by chemical or electrochemical growth (10, 
11) and could be used in prototypes of elec- 
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tronic devices (12,13). Microwires have also 
been fabricated by a combination of templat- 
ing and microfluidics (14). In most cases, 
however, the connection and interfacing of 
the small elements remains a challenge. An- 
other challenge is to assemble structures from 
suspension, creating "wet" electronic circuits 
that can find application in sensors, electri- 
cally readable bioarrays, and biological-elec- 
tronic interfaces. 

We report a new class of microwires of 
micrometer diameter and millimeter length 
that are assembled from a simple colloidal 
system of metallic nanoparticles suspended in 
water. The assembly is based on the mobility 
and interactions of particles caused by alter- 
nating electric fields, commonly referred to 
as dielectrophoresis (DEP). The alternating 
current (ac) field allows manipulation and 
assembly of the particles without the interfer- 
ence of electro-osmotic and electrochemical 
effects present in direct current (dc) systems. 
DEP has previously been used as a tool in the 
fabrication of complex particles (15-1 7), mi- 
croscopic sensors (18), and manipulation of 
living cells (19). 

Microwires form after introduction of a 
suspension of gold nanoparticles of diameter 
15 to 30 nm into a thin chamber above planar 
metallic electrodes deposited on a glass sur- 
face (20). The gap between the electrodes 
varies from 2 mm to more than 1 cm, but can 
also be as small as a few micrometers. When 
an alternating voltage of 50 to 250 V and 
frequency of 50 to 200 Hz is applied to the 
planar electrodes (resulting in a field intensity 
of -250 Vlcm), thin metallic fibers begin to 
grow on the electrode edge facing the gap. 
The fibers grow through the liquid in the 
direction of the field toward the other elec- 
trode at a speed that is typically -50 prnls, 
but in some cases can be up to an order of 
magnitude higher so that ihe gap can be 
bridged in less than 30 s (see Fig. 1A for 
typical length scales). When the wire is com- 
pletely assembled, there is a clear and sharp 
jump in the electrical current through the cell. 

The finding that dielectrophoretic forces 
can readily assemble nanometer-sized metal- 
lic particles from aqueous suspensions into 
long, electrically conductive microwires is 
unexpected and is not directly predicted by 
theory. The dielectrophoretic forces result 
from the ac field-induced dipoles in the par- 
ticles and operate in any type of environment 
and on any type of particle. The first compo- 
nent of these forces is the attractive electro- 
static interaction between the dipoles directed 

attractive interaction energy between 15- to 
30-nm-diameter particles separated by a gap 
of a few nanometers is negligibly small (27). 
Thus, direct chaining of gold nanoparticles is 
not theoretically possible and was not seen 
experimentally. 

Microwire growth is caused by particle 
aggregation at the tip of the fibers, thereby 
extending them toward the opposite electrode 
[Movie 1 in the supplementary Web material 
(28)l. The tip of a growing microwire creates 
local fields of high intensity and gradient, 
giving rise to a second component of the 
dielectrophoretic force, which arises from the 
interaction of the particle dipoles with the 
nonuniform ac field and is directed along the 
field gradient (15-17, 21, 22). For gold par- 
ticles, this gradient-dependent force leads to 
the concentration of the particles at the end of 
the growing tip. Purple coronas of highly 
concentrated areas in front of the growing 
wire ends and depletion zones behind them 
are observed at low nanoparticle concentra- 
tions (Fig. 2A). Thus, we believe that mi- 
crowire formation is a collective effect, 
whereby the nanoparticles are highly concen- 
trated at the end of the tip and subsequently 
aggregate to extend the wire in the direction 
of the field gradient. A broadly analogous 
effect can be observed in sedimenting colloi- 
dal suspensions, in which particles at the 
bottom pack and aggregate when the effec- 
tive weight force of the particle column 
above exceeds the repulsive force between 
the particles, even though the gravitational 
force on any single particle is too small to 
cause coagulation. These gold nanoparticle 
suspensions are weakly stabilized by electro- 
static repulsion and therefore can be made to 

coagulate relatively easily. Complex electro- 
hydrodynamic interactions are also likely to 
be involved in the assembly process because 
circular flow of the liquid near the end of the 
growing wires is also commonly observed. 

On the basis of these principles, the wire 
growth process can be controlled in a variety 
of ways. The wire growth direction is con- 
trolled by disturbing the homogeneity of the 
electric field. This is most easily done by 
introducing conductive objects in the gap be- 
tween the electrodes. Such objects create a 
gradient in the electric field and cause the 
wire to grow toward them. For example, 
when small islands of (conductive) carbon 
paint are deposited in the gap, the wires grow 
in their direction and spontaneously connect 
these islands to both electrodes (Fig. 1, B and 
C). More complex structures involving mul- 
tiple connections between multiple conduc- 
tive islands can be formed with time (Fig. 
2B). 

The effects of the field strength, frequen- 
cy, particle size and concentration, and elec- 
trolyte concentration on microwire growth 
are summarized in Table 1. The field strength 
and particle concentration are of major im- 
portance, because they must exceed a thresh- 
old value in order for the wire to start grow- 
ing. The effect of the field is anticipated, 
because the DEP forces depend on the 
squared values of the field intensity and gra- 
dient, and the aggregation can proceed only 
when the effective force of DEP attraction 
between the particles and the wire becomes 
stronger than the electrostatic repulsion of the 
counterion atmosphere. The threshold effect 
of the nanoparticle concentration emphasizes 
the collective nature of the assembly, because 

along the electric field, similar to that causing 
particle chaining in electrorheological and Microwire 
magnetorheological fluids (21-24). The 
chaining of millimeter-sized metallic parti- 

\ 
cles, suspended in organic media, has been 
described and studied previously (25, 26). Nanoparticlc 
Our estimates, however, have shown that the suspension island electrode 

Fig. 1. (A) A composite 
optical micrograph- of a 
gold microwire spanning 
a 5-mm gap between pla- 
nar gold electrodes. (B) 
Two wires that have con- 
nected to opposite sides 
of a conductive carbon is- 
land deposited in the 
middle of the gap, and (C) 
schematics of the above 
configuration. 
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it implies that aggregation occurs only when 
the concentration of particles accumulated 
near the end of the wire is sufficiently high. 
This finding highlights the importance of di- 
electrophoretic particle transport to the tips of 
the microwires, in order to sustain microwire 
growth and prevent depletion effects at the 
tips. 

The ac frequency should be a less impor- 
tant parameter, although the DEP force is 
expected to decrease at higher frequencies, 
which is confirmed by the slowing of wire I 
growth (Table 1). Larger particle sizes should - 
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lead to stronger interparticle attractions, more 
rapid wire growth, and less branching [i.e., a 
lower fractal dimension (29)l. This is ob- 
served experimentally, except for the case of 
small concentrations of large particles, where 
depletion effects predominate. Electrolyte 
concentration should also have a relatively 
minor effect on the dielectrophoretic attrac- 
tion, but should enhance particle aggregation 
by suppressing electrostatic repulsion. These 
trends are also in accord with the experimen- 
tal observations, although higher electrolyte 
concentrations require more electrical power 
due to the increased current flow through the 
bulk solution. 

The potential usability of these struc- 
tures in self-assembled circuits depends on 
their electrical properties in dc and ac 
modes. The resistivity of the microwires 
was characterized by two alternative meth- 
ods. The first was measurement of the cur- 
rent-to-voltage response of single micro- 
wires as assembled in the cell. The linear 
response proves that the wires have a sim- 
ple ohmic behavior for both ac and dc 
voltages (Fig. 3A); however, the calculated 
conductivity is an overestimate because it 
also includes conductance through the elec- 
trolyte between the electrodes. 

To measure the true resistivitv of the 
metallic microwire, we added a second pair 
of electrodes to the cell. This allowed for 
compensation of the electrolyte conduc- 
tance (or electrode surface properties) by 
measurements in a bridge mode [Web fig. 2 
(28)l. The length of the microwires was 
measured from the optical photographs, 
and the effective diameter from scanning 
electron micrographs was estimated to be 
-1 Fm. The specific resistance obtained by 
these measurements depends on the condi- 

Fig. 2. (A) Optical micrograph of a growing wire illustrating the area of high nanoparticle 
concentration in front of the wire and the depleted area behind. (B) More complex connections 
between three conductive islands. (C) Composite wires: a thin fractal gold structure grown on the 
surface and surrounded by a half-shell of latex microspheres. (D) Scanning electron micrograph 
(SEM) of the end of a growing microwire showing the structure in the growth area and uniform 
cylindrical porous body. (E) SEM of a long, thin microwire. (F) SEM of the latex-coated wires (the 
gold core in the middle is resolved by its higher intensity). Scale bars: (A to C) 250 pm; (D to F) 
shown on image. 

of microwires formed under identical con- 
ditions are reproducible (Fig. 3B and the 
corresponding discussion below). Even 
though the wires are highly porous, they 
have good mechanical stability (30). 

To explore whether the method can be 
used to form more complex structures, we 
grew wires in mixed suspensions of metal- 

der the same conditions. A variety of core- 
shell metallo-dielectric structures can po- 
tentially be assembled by this method, pos- 
sibly enlarging the scope of applications of 
this technology. 

A promising aspect of this research is 
the possibility to quickly and simply create 
electrical connections at ambient condi- 

tions of assembly and ranges from 3 X lic particles and submicrometer-sized poly- tions in water environments. Examples of 
to 20 X ohm-m. This resistivity styrene latex microspheres. As the metallic how such wires can connect simple circuits 

is about three orders of magnitude higher wire assembly begins, both polymer and between metallic electrodes and light-emit- 
than that of bulk solid gold and is compa- gold particles are attracted to and aggregate ting diodes are given in Web fig. 3 (28). An 
rable to that of a.number of metallic alloys. on the metallic part of the wire tip, thereby interesting and potentially important fea- 
This result is perhaps expected because the forming a metallic structure surrounded by ture of these self-assembling electrical con- 
microwires are assembled from aggregated a shell of polymer spheres (Fig. 2, C and F). nections is that they are also self-repairing 
nanoparticles and their specific conduc- The specific resistivity of the metallic core [Movie 2 in (28)l; that is, if the current 
tance will be much lower than that of bulk was measured to be the same as that of the through the microwire is increased to the 
gold because of their porosity and small microwires without the polymer beads as- point where the wire breaks and snaps 
interparticle contact areas. The resistances sembled from the same suspension and un- open, the connection is restored by imme- 
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Fig. 3. (A) Examples of A I .3 - 
the current (I) to volt- ,2 1 
age (V) response of a 
selection of microwires 
with various lengths I - 
and resistivities. The 0.9 1 
linear dependence $ 0,8 : 
demonstrates ohmic - 
behavior with a resis- 5 "7 : 
tivity in the range of 5 0.6 - 

to ohmem. o ,,, : 
The shaded area out- 
lines the region where 0.4 : 
the majority (>75%) 
of responses of the mi- 
crowires are found. (B) o,,  
Data from an experi- 
ment where the mi- 
crowires are bumed o s 1 0  1 5  20 2s o 5 10  IS 20 2 5 
out at high voltages, Voltage (v) Voltage (V) 
but spontaneously re- 
pair to restore the circuit. The inset shows the current response in time. The different cycles are denoted by different symbols. This response is essentially 
deep minima following high currents are the intervals of wire disconnection identical for each of the wires and indicates good reproducibility of the 
and reassembly. The IIV responses of each of the three wires formed in the properties of microwires assembled under similar conditions. 

Table 1. Summary of parameters affecting microwire growth. The general trends are given for three 
growth characteristics within the ranges studied. The characteristics increase ( t ), decrease ( 4 ), or 
remain constant as each parameter is increased. Additional information on the effect of electrolyte 
concentration on the appearance and structure of microwires is shown in Web fig. 1 (28). 

Parameter Range Branching Thickness rate 

Voltage t 

Frequency t 
Particle concentration T 
Particle size T 

(constant weight %) 

Particle size T 
(constant particle 
concentration) 

Electrolyte concentration 

v v 
23 - < slow > 40 - mm mm 

v 
fast > 45 - mm 
10 Hz < > 150 Hz 4 t 4 
> 0.13% 1' Constant T 
15-30 nm 4 6 Constant 

(0-3) X M NaCl t Constant T 

diate build-up of new nanoparticles in the 
open gap. This self-repairing is a conse- 
quence of the large voltage drop in the 
small gap between the broken wires. The 
voltage drop creates a high field intensity, 
which attracts new particles that aggregate 
and restore the connection. The data from a 
cyclic self-repairing process wherein the 
voltage has been increased to a degree 
where the wire snaps open and then spon- 
taneously self-repairs to exactly the same 
resistance are shown in Fig. 3B. 

Finally, the microwires can provide 
chemical sensing functions by virtue of 
their very high surface-to-volume ratios 
(31). The response of different microwires 
was monitored after the introduction of a 
surface functionalization agent, 2-(dimeth- 
y1amino)ethanethiol hydrochloride, which 
is known to modify the properties of gold 

surfaces in solution and to reverse their 
charge by forming adsorption monolayers 
(32). The wires were formed in the thin 
flow chamber and their properties were 
measured in the bridge mode, subtracting 
the current from the reference electrodes. 
The initial wire resistivity varied from, e.g., 
6 X to 20 X ohm-m, depending 
on the electrolyte and nanoparticle concen- 
tration as outlined above. In all cases, an 
easily resolvable and concentration-depen- 
dent increase in the resistivity of the mi- 
crowires was observed after exposure to an 
analyte. For example, the resistivity in- 
creased by = 10% a few minutes after treat- 
ment with 2.5 X M thiol solution and 
-7% after treatment with NaCN at pH 11 
[Web fig. 4 and Web table 1 (28)l. This 
signal possibly results from a decrease of 
the surface conductivity of the gold nano- 

spheres in the wire structure as they be- 
come covered by an organic layer. The 
signal is probably specific to analytes that 
modify the counterionic layer around the 
gold particles. This was validated by an 
experiment wherein no signal was mea- 
sured when the solution contained the pro- 
tein lysozyme, which adsorbs on the gold 
surface without appreciably affecting its 
surface conductivity. We believe that such 
microwire-based chemiresistance sensors 
can potentially be tailored to specific ana- 
lytes by surface functionalization with self- 
assembled monolayers (SAMs). Different 
SAMs are known to specifically bind ions 
and small molecules [e.g., (33)l. Because 
the data show that the conductivity re- 
sponse is sensitive to the presence and state 
of adsorption monolayers, it is likely that it 
will also be sensitive to the presence of 
small charged molecules that specifically 
bind onto the surface of such monolayers. 

In conclusion, electrically functional mi- 
crowires can be formed simply and predict- 
ably by the use of dielectrophoresis. The 
structures reported here cover a new domain 
in both size and resistivity and close the gap 
between traditional metallic wires and the 
more recently synthesized nanowires and car- 
bon nanotubes. Even at this exploratory 
stage, these wires can perform, for example, 
as self-repairing electrical leads inside liquid 
environments and could form the basis of 
new chemical sensors. 
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Oscillations in Phanerozoic 
Seawater Chemistry: Evidence 

from Fluid Inclusions 
Tim K. Lowenstein,1* Michael N. Timofeeff,1 Sean T. Brennan,1 

Lawrence A. Hardie,2 Robert V. Demicco1 

Systematic changes in the chemistry of evaporated seawater contained in 
primary fluid inclusions in marine halites indicate that seawater chemistry has 
fluctuated during the Phanerozoic. The fluctuations are in phase with oscilla­
tions in seafloor spreading rates, volcanism, global sea level, and the primary 
mineralogies of marine limestones and evaporites. The data suggest that sea­
water had high Mg2 + /Ca2 + ratios (>2.5) and relatively high Na + concentra­
tions during the Late Precambrian [544 to 543 million years ago (Ma)], Permian 
(258 to 251 Ma), and Tertiary through the present (40 to 0 Ma), when aragonite 
and MgS04 salts were the dominant marine precipitates. Conversely, seawater 
had low Mg2 + /Ca2 + ratios (<2.3) and relatively low Na+ concentrations during 
the Cambrian (540 to 520 Ma), Silurian (440 to 418 Ma), and Cretaceous (124 
to 94 Ma), when calcite was the dominant nonskeletal carbonate and K-, Mg-, 
and Ca-bearing chloride salts, were the only potash evaporites. 

The long-held consensus that the major-ion 
chemistry (Na+, K+, Ca2+, Mg2+, CI" S04

2 , 
HC03~) of the global ocean has remained close 
to its present-day composition during the Pha­
nerozoic (7) (—540 Ma to the present) is at odds 
with the record of secular changes in the pri­
mary mineralogy of marine limestones and 
evaporites. During the Phanerozoic, the primary 
mineralogy of nonskeletal limestones has twice 
oscillated between calcite and aragonite seas 
(2), while over the same interval of 540 million 
years (My), late-stage salts in marine evaporites 
have fluctuated between the KC1 and MgS04 

types, in step with the calcite-aragonite oscilla­
tions (3). Current hypotheses for these 100- to 
200-My cycles in limestone and evaporite min­
eralogies involve secular variation in the major-
ion chemistry of seawater produced by changes 
in mid-ocean ridge hydrothermal brine fluxes 
driven by oscillations in seafloor spreading 
rates (3), as well as seawater-driven dolomiti-
zation (4). Here, we evaluate secular changes in 
seawater chemistry in the Phanerozoic through 
analysis of fluid inclusions. 

Bedded halite from marine evaporites as old 
as the Late Precambrian contains preserved 
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"chevron" crystals formed by primary precipi­
tation on the floor of an evaporating brine body 
(5). These chevron crystals contain bands of 
primary fluid inclusions parallel to the crystal 
growth faces, indicating that the inclusions hold 
trapped surface brines. Individual fluid inclu­
sions in chevron halite are difficult to analyze by 
extraction techniques because of their dense 
packing and small size. This problem was over­
come by using a scanning electron microscope 
(SEM) coupled to an x-ray energy-dispersive 
system (EDS) to directly analyze the major ions 
in frozen fluid inclusions as small as 30 jxm (6). 
An improved SEM-EDS approach using an en­
vironmental SEM (ESEM-EDS) allows direct 
observation and analysis of the surface of frozen 
fluid inclusions (7). Here, we present new 
ESEM-EDS analyses of fluid inclusions from 
Late Precambrian, Cambrian, Silurian, Permian, 
Cretaceous, and modern halites (8). Our data are 
from chevron halites that appear petrographical-
ly to be primary (i.e., unrecrystallized). We sup­
plemented our data with published Permian (9, 
10) and Tertiary (77) fluid inclusion analyses. 

Fluid inclusions from halites (Fig. 1) trace 
out paths on Mg2+ and Na+ versus CI plots 
that reflect changes in brine composition con­
sistent with progressive evaporative concentra­
tion in the halite field. Such brine evolution 
paths support the textural evidence that the 
inclusions analyzed were trapped during vari­
ous stages of evaporation of surface brines and 
not during burial. None of the ancient fluid 
inclusions, or the evaporation paths they define, 
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