Ethane precipitation occurs essentially in
large regions poleward of +70°, with ~0.2 mm
per Titan year in polar regions and a few mi-
crometers per year elsewhere. The methane
cycle is a balance between the surface evapo-
ration and precipitation. Methane evaporates
between the tropics (in the +30° range) and
precipitates near the poles. In tropical regions,
most of the methane clouds evaporate before
reaching the ground, except for the largest ones.
At latitudes of £70°, methane precipitation
does not exceed 1 cm per year, but poleward
of £70° it can reach 1 m per year. The global
cycle then drives methane from equatorial and
tropical to polar regions. Methane is probably
not stable in tropical regions on geological
time scales, and because the Huygens landing
site was humid and marked by river channels,
this indicates that a source of methane is still
active on Titan (28). Global average values of
precipitation rates found here are consistent
with previous work (/4, 17).

The methane cycle on Titan has some sim-
ilarities with water cycles on Earth and on
Mars. As with water on Earth and Mars, the
methane source on Titan is at the surface. The
major cloud pattern on these planets essen-
tially appears in ascending branches of the cir-
culation: (i) The Hadley cell system produces
a cloud belt in the intertropical convergence
zone on Earth and on Mars and also produces
the frequent clouds at 40° in the summer hemi-
sphere on Titan. (ii) The poleward ascending
motions beyond the Hadley cell, developed as
baroclinic waves on Earth and on Mars and as
slantwise convection in our two-dimensional
model of Titan, produces clouds because water
or methane-rich air is transported toward cold
regions. This mechanism produces the south
polar cloud. Baroclinic waves are believed not

to be produced on Titan (/7). In these three
atmospheres, clouds are generally good tracers
of the circulation and can reveal some of its
important features.

Gravitational tides caused by Saturn are
known to disturb the large-scale circulation
(29). This effect is specific to Titan and could
explain the longitudinal large-scale distribution
of the clouds (/7) by triggering nucleation at
preferential longitudes. Surface heterogeneities
(albedo contrasts and topography) and waves
may also play a role in circulation and in
cloud meteorology. These questions must be
addressed further, in the frame of a three-
dimensional model.

Some cloud properties may be defined, in
reality, at scales smaller than the model grid
[e.g., cloud overshoots, subscale inhomogene-
ities as observed by (9)]. Interaction between
clouds and haze in our model may also lead
to removal of aerosols more efficiently than
observed in reality (27). Clouds in our circu-
lation model are necessarily simplified rela-
tive to the real clouds. However, the main
cloud features predicted in this work find a
counterpart in reality. The correct behavior of
our model allows us to analyze the formation
mechanism associated with each type of
observed cloud and offers a new insight into
cloud physics on Titan.
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Majority Logic Gate for Magnetic
Quantum-Dot Cellular Automata

A. Imre,** G. Csaba,? L. Ji,* A. Orlov,* G. H. Bernstein,* W. Porod*

We describe the operation of, and demonstrate logic functionality in, networks of physically
coupled, nanometer-scale magnets designed for digital computation in magnetic quantum-dot
cellular automata (MQCA) systems. MQCA offer low power dissipation and high integration
density of functional elements and operate at room temperature. The basic MQCA logic gate,
that is, the three-input majority logic gate, is demonstrated.

in the magnetization state of ferromagnet-

ic materials. Although commonly used for
data-storage applications, there are relatively
few attempts to exploit magnetic phenomena
for logic functionality (/-5). One of the pos-
sible architectures suitable for logic using nano-
magnets is the quantum-dot cellular atomata
(QCA) signal-processing approach (6). QCA
are built from simple, (nominally) identical,

In magnetic devices, information is encoded

www.sciencemag.org SCIENCE VOL 311

bistable units that are locally connected to each
other solely by electromagnetic forces; conse-
quently, the signal-processing function is de-
fined by the physical placement of the building
blocks that constitute the computing architec-
ture (7-9). Recently, Cowburn and Welland
(2) described the realization of magnetic QCA
(MQCA) operation in chains of 110-nm-
diameter disk-shaped magnetic particles that
manifest collective behavior. In this system,

the preferred magnetization direction of the
disks (the representation of binary informa-
tion), as well as the magnetization reversal
process (the information propagation), is pri-
marily determined by coupling-induced mag-
netic anisotropy in the chains. Our approach
to MQCA is similar in spirit, but we use an
additional shape-induced anisotropy compo-
nent to separate the directions for magnetic
information representation and information
propagation in the array (5).

The QCA concept can be realized in dif-
ferent physical systems. It was originally pro-
posed to use electrostatically coupled arrays
of quantum dots and Coulomb-blockade phe-
nomena to perform binary operations (6). The
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first functional electrostatic QCA (EQCA) cell
was experimentally demonstrated (/0) in 1997,
followed by the logic gate (/7) and the shift
register (/2). Micrometer-sized metal (Al) dots
separated by thin (a few nm) oxide tunnel
barriers were used in these experiments, which
were performed at subkelvin temperatures
owing to small charging energies (~ky x 1 K,
where kj, is the Boltzmann constant) achie-
vable with this fabrication technique (/3). Room-
temperature EQCA can be achieved only for
the size of a cell reduced to molecular scale
(14, 15), the technology for which has not yet
been demonstrated.

As an advantage compared to the above-
mentioned electrostatic devices, logic gates fea-
turing single-domain magnets on the size scale
of 10 to 100 nm (above the superparamagnetic
limit, but within the single-domain limit) are
expected to operate at room temperature be-
cause of their relatively large magnetic energies
(3, 16). Consider an elongated single-domain
magnet similar in shape and magnetic state to
the larger magnets in the one-domain state
shown in Fig. 1. Being of submicrometer
size, elongated single-domain magnets are
strongly bistable, because their remanent
magnetization (magnetization at zero external
field) always points along their long axis
owing to shape-induced magnetic anisotropy.
Even though a magnetizing force can tempo-
rarily rotate the magnetization away from the
long axis, the magnet relaxes to either of the
two remanent states when the force is removed.
The process of temporarily magnetizing per-
pendicular to the long axis can be pictured as
the magnetizing force pulling down and then
releasing the energy barrier between the rema-
nent ground states.

For the one-domain state, unlike the two-
domain or vortex configurations (also shown in
Fig. 1), the magnetic flux lines close outside
of the magnets, creating strong magnetic stray
fields that can be used to couple elements in
close proximity through dipole-dipole interac-
tions. The resulting magnetization pattern for an
array of nanomagnets depends on their physical
arrangement. For example, arranging several of
these magnets to be colinear along their long
axes results in a line of magnets favoring their
magnetization to point in the same direction,
i.e., the ferromagnetically ordered state. Placing
them side-by-side and in parallel results in a
line that favors antiparallel alignment of the
magnetic dipoles, i.e., the antiferromagnetical-
ly ordered state. In MQCA, these coupling-
induced ordering phenomena are used to drive
the computation.

Figure 2 shows a line of antiferromagneti-
cally coupled (AFC) nanomagnets elongated
in the “vertical” direction (the y direction).
Also shown on the right-hand side of the line
is a “horizontal” nanomagnet (the x direction),
which can be used as an input to set the state
of the linear array. In the absence of the input

13 JANUARY 2006 VOL 311

~ 40 micrometer

Fig. 1. Magnetic states of patterned ferromagnetic elements. (A) Topographic atomic force
microscope (AFM) image of thin-film, polycrystalline NiFe magnetic elements in a row, made by
electron-beam lithography and lift-off. While one axis of the oval elements is kept the same, the
aspect ratio of the axes is varied between 7.5 (on the left side) to 1 (on the right side). (B) MFM
image of remanent magnetization. Strong contrast in the MFM images of one-domain magnets
represents the location of magnetic poles. This image reveals one-domain, two-domain, and vortex
configurations, depending upon the size and shape (aspect ratio) of the elements.

Fig. 2. Antiferromag-
netic ordering in a line
of nanomagnets. (A)
Scanning electron mi-
croscope (SEM) image
of a chain of 16 cou-
pled nanomagnets of
size 70 nm by 135 nm
and 30-nm permalloy
thickness. The separa-
tion between the verti-
cally elongated magnets
is 25 nm. The antifer-
romagnetic ordering
along the chain is con-
trolled by an additional,
horizontally oriented
elongated driver mag-

net. (B) MFM image of the same chain shows alternating magnetization of the magnets as set by

the state of the horizontal driver magnet (circled).

magnet, the ground state of the AFC line could
be one of two possible complementary, alter-
nating dipole configurations (either up-down-
up-down...etc. or down-up-down-up...etc.).
Setting the state of the input magnet by an
external field in the x direction breaks this
symmetry and favors one of the two possible
complementary states of the line. This input
magnetic field, if designed properly, can also
be used to act as an adiabatic clocking field
(hereafter referred to as the clock-field) to fa-
cilitate the switching of the line from some
arbitrary state to the AFC ground state. The
effect of such a horizontal field on the vertical
dots is to add an x component of magneti-
zation to the preferred y direction. For suf-
ficiently strong clock-fields (typically several
hundred Oe), the magnetization vectors of all
nanomagnets in the line can be forced to point
in the x direction, but this state will persist
only so long as the clock-field is maintained,
and the nanomagnets will return to their pre-
ferred state with magnetization in the y direc-
tion upon removal of this field. The crucial

point here is that this switching behavior
from magnetization in the x direction to either
up or down in the y direction is strongly in-
fluenced by any additional fields, such as
coupling fields from either the neighbors or
the input magnet. The effect of the clock-
field in the x direction is to place the line of
coupled magnets into an intermediate state,
and the magnetic fringe fields from inputs and
neighbors then determine which ground-state
configuration the array assumes after removal
of the clock-field. We have both studied this
switching behavior through extensive micro-
magnetic simulations (/6) and observed it ex-
perimentally (Fig. 2B).

We introduce in Fig. 3 a gated AFC line
that performs majority logic. The nanomagnets
are arranged in two intersecting lines, such
that the dipole coupling of the nanomagnets
produces ferromagnetic ordering along the
vertical line and antiferromagnetic ordering
along the horizontal line. This structure is
similar to that proposed in (/7) [and also
studied in (/8)], except that we consider the
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Fig. 3. Majority gates
designed for testing all
input combinations of
the majority-logic oper-
ation. The arrows drawn
superimposed on the
SEM images illustrate
the resulting magneti-
zation direction due to
a horizontally applied
external clock-field. The
magnetic state of the
AFC inputs has the op-
posite effective votes on
the central magnet as
compared with the FC
inputs, so AFC and FC
inputs are assigned
the same logical value
for opposite magne-

tizations. The bit value “0” is assigned to magnetization direction down along the vertical axis
of FC input magnets and the central magnet, and value “1” is assigned to magnetization up. The

AFC input is defined oppositely.

Fig. 4. MFM images of functioning majority gates. The location of the magnets is drawn
superimposed on the MFM data. (A to D) Clock-field applied horizontally to the right and
(E to H) to the left. Bit values assigned to the magnetization directions can be determined
by the MFM contrast. Bit values shown in (I) are for FC inputs and central magnet. (AFC ! o
inputs are designated with the inverse logical values.) The black insets show alignment of

magnetic dipoles, accounting for antiferromagnetic and ferromagnetic coupling, and demonstrate
correct MQCA majority logic gate functionality.

output of the gate to be in the AFC line instead
of the FC line. Consider the simplest arrange-
ment of five nanomagnets, i.e., a central nano-
magnet surrounded by four others. Three of the
neighbors can be used as inputs driven by ad-
ditional driver nanomagnets oriented in the x
direction, along the clock-field. The fourth
neighbor, to the right of the central magnet
in Fig. 3, is the output. Our gate is constructed
so that the ferromagnetic and antiferromag-
netic coupling to the central dot have the same
strength, and therefore it switches to the state
to which the majority of inputs force it. By
varying the positions of the driver nanomag-
nets, all eight input logic combinations can be
tested, as suggested in the figure.
Simulations (/9) of the magnetic states of
the majority gates after applying a horizontal

www.sciencemag.org SCIENCE VOL 311

clock-field show that as the clock-field falls,
switching inside the gate begins at the input
magnets and ends at the output magnet. Figure
4 demonstrates final states after two experi-
ments in which a clock-field of 500 Oe with
~30-s rise and fall times (20) was applied in
opposite directions. Inputs (000), (001), (010),
and (011) were written by the driver magnets
when the clock-field was oriented to the left
and (100), (101), (110), and (111) when ori-
ented to the right. The function of the majority
gate is given in the included truth table (Table
1) in terms of the central magnet. The mag-
netic force microscopy (MFM) data (21) in
Fig. 4 show correct alignment of all magnetic
dipoles of the gates.

Our investigations demonstrate that correct
operation of the majority-gate structure (as

REPORTS I

Table 1. Summary of logic states in the majority
gate for all input combinations (truth table). The
logic state of the central nanomagnet is deter-
mined by the logical majority vote of its three
input neighbors, of which the ferromagnetically
coupled neighbors vote directly and the antifer-
romagnetically coupled neighbor votes inversely
to its magnetic state. The logic state of the cen-
tral magnet is written inverted to the output
magnet by antiferromagnetic coupling. If pro-
grammed by the first-input bit value, a majority
gate can function as a two-input NAND gate
(upper four rows of the table) or as a two-input
NOR gate (lower four rows of the table).

Logic state

Logic state Logic state

of input of central of output
magnets magnet magnet
000 0 1
001 0 1
010 0 1
011 1 0
100 0 1
101 1 0
110 1 0
111 1 0

defined by every magnet being consistent with
the applied field) was found in about 25% of
the set of fabricated gates when the applied
clock-field was aligned to the horizontal with
approximately +1° of accuracy. It is important
to note that the probability of all eight nano-
magnets assuming the correct orientation is
less than 0.4%. We observed a much larger
fraction of fully correct logic gates, which dem-
onstrates that our results cannot be random
events. We believe that fabrication variations
are responsible for yields of less than 100%
(22). The run-to-run reliability was about 50%,
indicating that between runs, about half of the
working gates were in common. We believe
that this was mostly due to clock-field mis-
alignment between runs.

The three-input majority gate discussed
above can be viewed as a programmable two-
input NAND or NOR gate, depending on the
state of any one of the three input magnets and
accounting for inversion at the output magnet.
Therefore, any Boolean logic function can be
built by a network of majority gates. The in-
puts used in this work are set by the external
clock-field and cannot be programmed inde-
pendently; different combinations of the input
values are realized by different physical ar-
rangements of driver magnets. Nevertheless,
the intersection of the horizontal and vertical
wires, which is common to all structures, can
correctly perform majority-logic functionali-
ty. We are currently developing inputs that
can be controlled independently.

The minimum time necessary for magnetic
switching is limited by magnetization preces-
sion in the nanomagnets and is on the order of
100 ps (23). The adiabatic pumping scheme
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further increases the clock-cycle time in MQCA
devices by one or two orders of magnitude to
eliminate precession from the switching pro-
cess and to ensure predictable operation. Our
simulations show that the majority gate re-
ported here has an inherent operating speed
of 100 MHz and dissipation below 1 eV per
switching event. As a worst-case estimate of
the power dissipation in an MQCA system, at
these speeds, and assuming that all nanomag-
nets switch in each clock cycle, 1019 gates
would dissipate ~0.1 W.

We performed Monte Carlo simulations in
the single-domain approximation to investi-
gate whether the realization of larger-scale sys-
tems is feasible (24). Variations in nanomagnet
shape and edge roughness were taken into ac-
count in the distribution of the coupling fields
at which switching occurs, i.e., switching fields
(distribution of the demagnetization tensor ele-
ments), and thermal fluctuations were mod-
eled by adding a stochastic field to the coupling
field. We found that for our structures, the
impact of switching-field variations is far more
important than the effect of thermal fluctua-
tions. Strongly coupled dots (<100-nm dot sep-
aration) fabricated by high-quality lithography
(with switching-field variations less than 10%)
exhibit magnetic ordering over 10 to 20 mag-
nets. This result agrees well with our previous
experiments (25, 26) for samples fabricated by
electron-beam lithography and lift-off (sup-
porting online text). Even with better fabri-
cation technology, the number of nanomagnets
that can be clocked together is limited. There-
fore, a larger-scale device would have to oper-
ate by means of local clocking of subarrays that
realize a few gates only. The small number of
magnets switching at the same time ensures
that error levels can be kept acceptably small.
This concept has been developed for EQCA
(27). The most suitable architecture for adia-
batically clocked MQCA devices appears to
be a pipelined structure. Because of the se-
quential arrangement of logic gates, there
will inevitably be pipeline latency; however,
new data can be fed into the pipeline at each
clock cycle. Clocking zones can be defined
by locally applied clock-fields. Pipelined ar-
chitectures are desirable in their own right
owing to their highly parallelized computing
environment.

Integration of MQCA elements with elec-
tronic circuitry is possible in a manner similar
to that for magnetic random access memory
(MRAM) elements (28). Furthermore, inte-
gration of MQCA arrays into MRAM cells is
also feasible, thus allowing the possibility of
“intelligent memory” whereby the magnetic
layer of an MRAM cell could not only store
a single bit of information, but could also
perform basic logical processing. This may
provide an opportunity to increase the func-
tionality and integration density of an MRAM
device.
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In summary, MQCA information propa-
gation and negation have been demonstrated
previously (2, 25, 26), and our present work
indicates that logic functions can also be real-
ized in properly structured arrays of physically
coupled nanomagnets. The technology for fab-
ricating such nanometer-scale magnets is cur-
rently under development by the hard disk
drive industry (29). Whereas the latter work
focuses entirely on data-storage applications,
and physical coupling between individual bits
is undesirable, our work points out the pos-
sibility of also realizing logic functionality in
such systems and indicates the potential of all-
magnetic information-processing systems that
incorporate both memory and logic.
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A Stretchable Form of Single-Crystal
Silicon for High-Performance
Electronics on Rubber Substrates

Dahl-Young Khang,>3** Hanqing Jiang,? Young Huang,?* John A. Rogers

1,2,3,4%

We have produced a stretchable form of silicon that consists of submicrometer single-crystal
elements structured into shapes with microscale, periodic, wavelike geometries. When supported by
an elastomeric substrate, this “wavy” silicon can be reversibly stretched and compressed to large
levels of strain without damaging the silicon. The amplitudes and periods of the waves change
to accommodate these deformations, thereby avoiding substantial strains in the silicon itself.
Dielectrics, patterns of dopants, electrodes, and other elements directly integrated with the silicon
yield fully formed, high-performance “wavy” metal oxide semiconductor field-effect transistors, p-n
diodes, and other devices for electronic circuits that can be stretched or compressed to similarly

large levels of strain.

rogress in electronics is driven mainly
by efforts to increase circuit operating
speeds and integration densities, to re-

duce the power consumption of circuits, and,
for display systems, to enable large area co-

verage. A more recent direction seeks to
develop methods and materials that enable
high-performance circuits to be formed on un-
conventional substrates with unusual form fac-
tors (1, 2), such as flexible plastic substrates for
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