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measurements. We argue that SML is initiat-
ed by modes at these frequencies through the
Kerr-lens mechanism described above; once
they are locked in phase, their mutual beating
produces a large enough modulation of the
laser gain to bring several other modes above
threshold.
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Tunable Resistance of a Carbon
Nanotube-Graphite Interface

S. Paulson,™ A. Helser,? M. Buongiorno Nardelli,?
R. M. Taylor 11,27 M. Falvo,' R. Superfine,’ S. Washburn'

The transfer of electrons from one material to another is usually described in
terms of energy conservation, with no attention being paid to momentum
conservation. Here we present results on the junction resistance between a
carbon nanotube and a graphite substrate and show that details of momentum
conservation also can change the contact resistance. By changing the angular
alignment of the atomic lattices, we found that contact resistance varied by
more than an order of magnitude in a controlled and reproducible fashion,
indicating that momentum conservation, in addition to energy conservation,
can dictate the junction resistance in graphene systems such as carbon nano-

tube junctions and devices.

The engineering of electronic devices relies
on the control and exploitation of the elec-
tronic properties of junctions. The density of
states of the two materials as a function of
energy is typically used to describe these
properties. New opportunities arise when the
momentum transfer across the junction can
be controlled. Carbon nanotubes (NTs) offer
a laboratory for this control because they
have a highly structured Fermi surface that
restricts the allowed momentum states avail-
able at the junction (/-3) and have atomically
smooth lattices at the contact region. The
molecular size and mechanical and electronic
properties of NTs have made them prime
targets as components of nanometer-sized
electronic and actuating devices (4-8). Ex-
perimental studies of devices that include
both metal-NT and NT-NT junctions have
demonstrated that the control of contact re-
sistance will be essential for predictable de-
vice specifications (9, /0) and that it remains

"Department of Physics and Astronomy, 2Department
of Computer Science, University of North Carolina—
Chapel Hill, Chapel Hill, NC 27599, USA. 3Department
of Physics, North Carolina State University, Raleigh,
NC 27695-8202, USA.

*Present address: Department of Physics and Center
for Nonlinear and Complex Systems, Duke University,
Durham, NC 27708, USA.

tTo whom correspondence should be addressed. E-
mail: falvo@physics.unc.edu

an elusive goal. Here we present measure-
ments of a multiwalled NT (MWNT) in con-
tact with a graphite [highly oriented pyrolytic
graphite (HOPG)] substrate; these materials
have similar energy dispersions and available
momentum states. The modulation in the
electrical resistance of the contact we ob-
served demonstrates the importance of lattice
registry in NT/NT devices and opportunities
for sensing and actuating device designs (//).

We measured the resistance of a MWNT-
HOPG contact as a function of the rotation
angle of the atomic lattices. Measurements
were made with a two-probe technique (Fig.
1A); the HOPG substrate itself served as one
lead, and a conducting atomic force micro-
scope (AFM) tip brought into contact with
the top of the NT was the other. After 200 pl
of a MWNT/dichloromethane suspension
was dispensed onto the rapidly spinning
HOPG substrate, the sample was rinsed with
ethanol, cleaned by exposure to ultraviolet
light, and rinsed in water. The NT was im-
aged in noncontact (oscillating) mode to
identify its position; then in contact mode, it
was pushed, causing it to rotate (and trans-
late) on the graphite plane until the commen-
surate, or in-registry, position was found, as
evidenced by a sharp increase in lateral force
(12). This position is designated as ® = 0°.
Schematics of NTs in registry at ® = 0° (Fig.
1B) and out of registry at & = 10° (Fig. 1C)

1 DECEMBER 2000 VOL 290 SCIENCE www.sciencemag.org



on a graphene sheet are shown. The AFM tip
was then engaged in contact mode on top of
the MWNT with the desired force (~50 nN),
and the voltage between the tip and sample
was swept through +0.1 or 0.25 V while the
current was measured. Almost all current-
voltage (/-V) curves were linear over the
entire range; attempts with larger voltages
(~1 V) damaged the metal coating of our tip.
After the I-V curve, the tip was moved per-
pendicular to the tube axis, and topographic
data were used to determine that the tip had
been on the top of the tube; otherwise, the
measurement was discarded. The MWNT
was nudged into a new position, and the
measurement process was repeated.

Data from a MWNT (700 nm long by 30
nm in diameter) that had been rotated
through 180°, with resistance measure-
ments taken approximately every 7° to 10°,
are shown (Fig. 2A). Similar data have
been collected from four other NTs, rang-
ing from 9 to 46 nm in diameter. The
resistance minima occur at the in-registry
positions ® = 0°, 60°, 120°, and 180°; the
maxima occur at orientations displaced
30°; and the data have a sixfold symmetry,
reflecting the symmetry of the lattices.
More dense data from a different NT (1.6
pm by 46 nm) are also shown (Fig. 2B). In
lateral force measurements taken during the
in-plane rotation of an NT (inset to Fig.
2A), the effect of the lattice registry was
striking: The force for rotation was con-
stant for all measured angles between the
in-registry positions and had a large spike
at the lock-in angle (/2). In contrast, we
observed that the resistance varied contin-
uously as a function of angle, even through
the lock-in orientation.

We were interested primarily in the
change in resistance of the interface, R, ,, as
the MWNT was rotated. For the data in Fig.
2B, the in-registry two-probe resistance mea-
surement was 4 kilohm and the 30° out-of-
registry measurements were 48 kilohm. The
ratio of the interfacial resistances is certainly
larger, because our two-terminal resistance
R=R_+ R _yrt+ Ryr T R,, includes serial
contributions from the leads, R, ; the tip-NT
junction, R _.; and the NT itself, R ;. We
determined the other contributions to infer
R, Placing the AFM tip directly on the
graphite substrate yields a value of 2.7 ki-
lohm. This measurement includes both R
and R, assuming that this contact is sim-
ilar to the tip-NT contact.

We can also estimate the resistance of the
NT, Ryr If we assume diffusive transport
(13, 14) through the outer shell only (75, 16)
and use the literature value for the in-plane
resistivity of graphite (/7), we obtain a resis-
tance of ~300 ohm. This model predicts a
resistivity of 4 to 18 kilohm/pum (depending
on the diameter), which compares favorably
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with the values of 4 to 10 kilohm/um that
other groups have observed in arc-discharge—
grown NTs (9, /4). Assuming instead that
transport in the NT is ballistic (/6), each
0.36-nm width (the Fermi wavelength in
graphite) of the NT contributes a channel
resistance of 13 kilohm. For our tip and tube
shape, we expect about 200 ohm (60 chan-
nels). Either model predicts that R is ap-
proximately 300 ohm, and thus the contribu-
tions other than R, sum to 3 kilohm. We
attribute the remaining 1 kilohm of the in-
registry measurement to this interface. At 30°
out of registry, the contribution is approxi-
mately 45 kilohm. When rotated through an
angle of 30°, the resistance of the interface
changes by over a factor of 40, indicating that
subtle atomic scale differences can have dra-
matic effects on the contacts to carbon NTs.

We can explain this modulation in terms
of the overlap of the momentum states in
the two objects. The Fermi surfaces of both
graphite (/8) and NTs (4) are a set of
discrete points. As a consequence in our
experiment, allowed momentum states (at
low bias) in the NT overlap those in the
graphite only near orientations in which the
Fermi wave vectors are parallel; that is, the
commensurate orientations. The functional
form of R(®) will depend on the relaxation
of the momentum conservation condition
(for example, the size of the contact region
and the amount of disorder in the system)
and the shape of the Fermi surface [for
example, as changed by doping of adsorbed
molecules (79, 20) and thermal smearing].

We performed theoretical calculations
on a cell containing a 2-nm-long section of

Fig. 1. Schematic of experiment. (A) A conducting AFM tip is

used to measure the resistance of the NT-HOPG interface. (B
and C) View of the interface from inside the tube. (B) The NT is in registry, ® = 0°. Notice the
ordered AB stacking of graphite lattices. In this geometry, the electronic wave function of allowed
states in the NT (that is, along tube axis) and the graphite (zigzag directions) are parallel. (C) The
NT is out of registry, ® = 10°. The NT Fermi-level states (dotted arrow) are no longer parallel to
those in the graphite (solid arrow), and the momentum mismatch causes an increased interface

resistance.

Fig. 2. Resistance ver- A

sus angle for MWNT-
HOPG interfaces. (A) A A
tube that has been ro-
tated through 180°.
The resistance is clearly
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a (10,10) tube on two layers of graphite. A
jellium tip and a lower contact were used to
simulate the experimental geometry, and
the tip contacted the NT along its entire
length. The electronic structure of both the
graphite and the tube is described with a
simple m-orbital tight binding model. I-V
curves were obtained as discussed previ-
ously (217) and were fit to the experimental
data with a single parameter for the NT-
HOPG hopping. Sample calculations were
also performed on a MWNT consisting of a
(5,5) tube nested inside a (10,10) tube, and
no significant differences were observed.
The results of our calculations are shown
along with the experimental results in Fig.
2B. We found excellent agreement, indicat-
ing that the relaxation of the momentum
conservation condition (caused here by fi-
nite size effects) can account for the angu-
lar dependence of R(®). Furthermore, this
agreement indicates that our experimental
results will scale to single-walled NTs.
This is consistent with calculations study-
ing NT-NT contacts (22, 23).

Our results indicate the importance of
electron momentum conservation at interfac-
es, particularly for carbon NTs, where the
discrete Fermi surface allows states only in
specific directions. Our study implies that the
relative angle between the lattices of the NTs
can produce dramatic effects, and its control
can be exploited in the design of electronic
devices and actuating systems.
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Formation of Sphalerite (ZnS)
Deposits in Natural Biofilms of
Sulfate-Reducing Bacteria

Matthias Labrenz,’ Gregory K. Druschel,’

Tamara Thomsen-Ebert,? Benjamin Gilbert, Susan A. Welch,’
Kenneth M. Kemner,* Graham A. Logan,® Roger E. Summons,®
Gelsomina De Stasio,? Philip L. Bond," Barry Lai,*
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Abundant, micrometer-scale, spherical aggregates of 2- to 5-nanometer-di-
ameter sphalerite (ZnS) particles formed within natural biofilms dominated by
relatively aerotolerant sulfate-reducing bacteria of the family Desulfobacteri-
aceae. The biofilm zinc concentration is about 10° times that of associated
groundwater (0.09 to 1.1 parts per million zinc). Sphalerite also concentrates
arsenic (0.01 weight %) and selenium (0.004 weight %). The almost monomin-
eralic product results from buffering of sulfide concentrations at low values by
sphalerite precipitation. These results show how microbes control metal con-
centrations in groundwater- and wetland-based remediation systems and sug-
gest biological routes for formation of some low-temperature ZnS deposits.

Microbial reduction of sulfate by sulfate-reduc-
ing bacteria (SRB) in anoxic environments is
the only major source of low-temperature sul-
fide in natural waters (/). Sulfide can react with
metals to form insoluble products (2). Forma-
tion of ZnS by SRB under certain laboratory
conditions was demonstrated in the 1950s and
1960s (3-5). However, the microbiological,
geochemical, and mineralogical interactions
leading to ZnS biomineralization in complex
natural systems have not been deciphered. Here
we report low-temperature, biologically medi-
ated sphalerite precipitation from dilute natural
solutions. Microbial precipitation reactions
such as those documented here may be central
to mine-waste remediation strategies that use
natural or artificial wetlands (/, 6). By an
analogous process, ancient microorganisms
may have contributed to the low-temperature
(or early) stages of formation of the large-
stratiform sediment-hosted (and other) ZnS
ore deposits.
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We studied biofilms collected by SCUBA
divers from a flooded tunnel within carbonate
rocks that host the Piquette Pb-Zn deposit
(Tennyson, Wisconsin). Despite the genera-
tion of acid due to dissolution of some re-
maining sulfide ore, the high carbonate—buff-
ering capacity maintains the pH between
~7.2 and 8.6. The water meets drinking-
water standards [<5 ppm Zn (7)], and water
from nearby wells is used for this purpose
(Table 1).

The biofilms are gray [see supplementary
material (8)] because they lack ferrihydrite and
goethite, which are commonly associated with
bacteria in more oxidized regions of the tunnel
system (9). Characterization by optical micros-
copy, scanning electron microscopy (SEM),
and transmission electron microscopy ( TEM)
(8) (Figs. 1 and 2, A to C) revealed that cells are
closely associated with spherical mineral aggre-
gates up to 10 wm in diameter (8). Energy
dispersive x-ray (Fig. 2D), synchrotron-based
x-ray photoelectron emission microscopy
(PEEM), and x-ray microprobe analyses (&)
show that aggregates contain abundant Zn and
S. Selected area electron diffraction patterns
display diffuse powder rings (Fig. 2B). The
d-values and ring-pattern structure indicate that
aggregates consist of randomly oriented, finely
crystalline sphalerite (ZnS). High-resolution
TEM images reveal that the diameter of parti-
cles within aggregates is ~3 nm (§). Thus,
~3-um-diameter aggregates consist of about a
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