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Seeking a Simple

Complex System

G. Aeppli and P. Chandra

Not all solids display the perfect structural
order shown in textbooks. Moreover, disor-
dered systems behave in ways qualitatively
distinct from their periodic counterparts (1,
2). At low temperatures, disorder can lead to
a large number of minimum-energy states; as
they approach equilibrium, the systems be-
come trapped indefinitely in states that do
not have the lowest energy. The ideas devel-
oped for understanding disordered systems
have been applied to such
diverse areas as the design
of high-density computer
chips (3), coding theory
(4), protein-folding dy-
namics (5), and collective
computation (6). Is disor-
. der a prerequisite for this
sort of complexity? Recent
experiments on magnetic
materials (7-14) suggest
that it is not. The funda-
mental and technological
implications of these new
results are presently being
explored in superconduct-
ing networks (15, 16) with
geometries similar to those
of the anomalous magnetic
materials. An underlying
theme has been the search
for the simplest examples, which are often
provided by magnetic systems.

In clean magnetic materials the magnetic
ions reside on a regular lattice, and the inter-
action between moments is generally short-
range, determined by the overlap of the elec-
tron wave functions. The key physical fea-
tures can be gleaned from simplified lattice
models of spins, denoted by arrows (see fig-
ure). Here only nearest neighbor interac-
tions between spins are considered. At high
temperatures, the spins at the lattice sites act
independently. However, at temperatures
for which the thermal and interaction ener-
gies are comparable, the spins no longer fluc-
tuate. By analogy with the freezing of liquids
to form solids, at low temperatures most peri-
odic magnets freeze into spin crystals with
well-defined long-range order. If the spin
exchange favors parallel alignment of neigh-
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boring spins, the system is a ferromagnet (see
figure), like iron. By contrast, if the interac-
tion is antiferromagnetic, it is energetically
favorable for neighboring spins to be antipar-
allel (see figure), and there will be no net
magnetization.

A spin system is frustrated if it cannot
minimize the energy of each spin pair in the
network simultaneously. It is strongly frus-
trated if it can minimize its total energy

Spin control. (Left) A schematic of the triangular and Kagomé spin systems; the six
white continuous spins on the Kagomé lattice can be rotated by 180° without affecting
the system. (Right) A micrograph of a Kagomé superconducting network; each side
of a hexagon is 2 um. [Courtesy M. J. Higgins, S. Bhattacharya, P. M. Chaikin, S.
Sethuraman, and R. Bojko]

equally well (or badly) in a large number of
configurations. A simple example of a strongly
frustrated system is an antiferromagnet on
the triangular lattice (17) (see figure) where
each spin can point either up or down
(Ising). For this geometry it is impossible to
satisfy all three spin pairs on a given triangu-
lar plaquette; thus, there is always one con-
fused spin per triangle leading to a large num-
ber of configurations of equal energy. For the
Ising model on the Kagomé lattice, a two-
dimensional network of corner-sharing tri-
angles (see figure), the number of ground
states also diverges with system size (18). In
principle there should be no observed spin
order in such systems, and indeed the ab-
sence of spin crystallization was predicted
many years ago (18). Magnetic materials
avoid frustration by means of symmetry-re-
ducing lattice distortions. Until recently the
energy equality among the many states ex-
pected for candidate frustrated materials did
not persist to low temperatures, and conven-
tional spin order was always observed (19).
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Interest in frustrated magnets then waned
until it became clear that disordered alloys
behave differently from their clean counter-
parts (1, 2). In dirty magnets, the spins freeze
into a random configuration. Unlike con-
ventional spin crystals, the low-temperature
properties of these spin glasses are depen-
dent on sample history, suggesting a large
number of mutually inaccessible states. Quali-
tatively, disordered magnets have been mod-
eled as spins on a regular lattice with random
ferromagnetic and antiferromagnetic in-
teractions, leading to frustration and com-
plexity (1, 2).

Spin glasses resemble real glasses that so-
lidify without crystallizing. However, spin
glasses have intrinsic disorder as a result of
random interactions or site dilution, or both,
whereas a real structural glass emerges from a
homogeneous liquid. Spin systems are usu-
ally the theorist’s choice for
minimal models because
their basic components
(spins) have no internal
structure. The dream is that
the detailed study of a
simple theory, yet to be
identified, will reveal the
key features of glass forma-
tion. Most theoretical stud-
ies focus on analytically
tractable, but unphysical,
models with infinite-range
interactions, and their rel-
evance to real glasses re-
mains unclear. It is thus
very encouraging to have a
class of clean spin systems
with short-range interac-
tions that display glassiness
on practical time scales.

Renewed interest in geometrically frus-
trated magnets is due largely to the discov-
ery of a magnetic compound, SrCr,Ga,O,,
(SCGO), whose magnetism is derived from
spin-3/; Cr’* ions that reside primarily on
Kagomé lattices (see figure). These spins are
antiferromagnetically coupled with predomi-
nantly nearest neighbor interactions and can
rotate continuously. In the figure, we note
that such spins are ordered on the triangular
lattice. Although each individual spin pair is
not satisfied, the energy of each triangle is
minimized by maintaining a zero sum of all
its resident spins, and there are at most two
possible low-temperature states for this sys-
tem. By contrast, continuously rotatable spins
on a Kagomé lattice (see figure) can satisfy
the triangular energy constraint while mak-
ing local changes to the spin configurations.
Thus, the system is frustrated and can mini-
mize its energy in a large number of distinct
configurations. Even though the interspin
coupling is fairly strong in SCGO, the spins
do not order at temperatures well below that
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associated with their interaction; this absence
of spin crystallization is attributed to geometri-
cally induced frustration (7, 8). Further studies
identified a glass transition at lower tempera-
tures, and the presence of spin freezing in the
absence of long-range spin order was confirmed
by neutron scattering (8). Because the initial
samples did have some site disorder, the results
could be ascribed to conventional random spin
glass behavior. However, recent results (10)
suggest that the observed glass transition re-
mains in the limit of vanishing disorder. The
presence of zero-spin triangular clusters as the
building blocks of the frozen spin configuration
is consistent with recent neutron data (13),
thus confirming the importance of geometri-
cally induced frustration here.

In the meantime, several other strongly
frustrated materials have been identified (9,
11, 14). All have continuous spins and share
the same basic building block—the triangu-
lar plaquette—for their lattices. Needless to
say, each material has its strengths and weak-
nesses as examples of glasses (12).

What features are characteristic of glasses
with and without disorder? How dependent
are the properties of glasses on the range of
their underlying interactions? At present any
theoretical questions about short-range in-
teractions can only be addressed numerically.
Because the number of states in the systems
scales exponentially with the number of spins,
one is necessarily restricted to small cluster
sizes. Furthermore, realistically one can only
probe such a mini-glass on time scales roughly
four orders of magnitude greater than its char-
acteristic microscopic time. By contrast, ex-
perimentalists can access almost 12 more de-
cades in time, and glasses exhibit interesting
time-dependent behavior across this full
range. Ideally, a detailed study of the effects of
disorder versus geometry should be performed
ina controlled environment where each effect
can be tuned. Superconducting networks pro-
vide precisely such a setting (15, 16). Initial
results on a Kagomé network agree with the
absence of ordering observed in the associated
materials (16). An aim here is to identify char-
acteristic features of the many ground states
for possible information storage.

Thus, there is hope that a minimal model
of glassiness will be found. Just as the study of
disordered spin systems has had an impact
well beyond its original realm (1-3, 5, 6), we
anticipate that the study of disorder-free
glasses will also lead to concepts and methods
of use in many areas. For example, it appears
that the characterization of ground states in
several nonrandom glass models is related to
problems in number theory, and the associ-
ated number sequences are important for er-
ror-correcting codes (20). The identification
of a minimal clean-glass model could help
find physical systems for quantum computa-
tion. Again, an obscure phenomenon in
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magnetic materials is improving our under-
standing of Nature’s elegant complexity,
yielding insights that may result in future
conceptual and technological progress.
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The Year of the Dendrite

Terrence J. Sejnowski

The dendrites of neurons appeared to the
neuroanatomist Ramon y Cajal to be elabo-
rate receiving antennae, studded with thou-
sands of synapses—contacts from other neu-
rons. Now we know that the dendrites of
pyramidal neurons in the neocortex and hip-
pocampus of the brain possess fast sodium
and high-threshold calcium currents that
make synaptic integration in their dendritic
trees a highly nonlinear affair (1, 2). What
computational function could these currents
have? Active dendritic currents can affect
the propagation of electrical current down
the dendrites, consistent with Cajal’s view
that information in dendrites flows from the
synapse to the soma. Or active currents could
carry information about the timing of spikes
generated near the soma backward toward
the synapses. Two reports in this issue (pages
209 and 213) provide evidence that such
backpropagating action potentials do indeed
influence the strengths of dendritic synapses
in the hippocampus (3) and the neocortex (4).

e synapses between the Schaffer col-
laterals and the pyramidal neurons in the
CAL1 region of the hippocampus are plastic
and exhibit a form of long-term potentiation
(LTP) that depends on the entry of calcium
into the dendritic spine on which the syn-
apse is located. Depolarization of the den-
drite by injection of current into the cell
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Dendrite of a pyramidal neuron in vivo. Fluo-
rescence image acquired with two-photon exci-
tation laser scanning microscopy of a basal
dendrite from a calcium green-filled layer 2/3
neocortical pyramidal cell from the rat soma-
tosensory cortex. The field of view is 40 um on
each side. [Courtesy of K. Svoboda, W. Denk,
D. Kleinfeld, and D. W. Tank]

body, coupled with glutamate activation of
N-methyl-D-aspartate (NMDA) receptors,
is sufficient to induce LTP at these synapses.
Magee and Johnston (3) show that action
potentials in the soma paired with weak
excitatory inputs at the dendrites can induce
LTP far from the soma. Furthermore, the
amount of calcium entering the dendrites,
measured by optical imaging, is significantly
enhanced by pairing of the synaptic input
and the backpropagating action potential
above that expected by linear summation
(5). In addition to regulating LTP, the back-
propagating action potentials also regulate
long-term depression (LTD) (6) and the





