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How Do You Want That Insulator?

Gregory A. Fiete

n expert chef can take ordinary foods
Aand bring out extraordinary flavors

and textures, usually through a com-
bination of the right ingredients and exact-
ing cooking techniques. If the electrical con-
ductivity of a material can be thought
of as the flavor of a dish, nature
can serve up specialties, such
as ceramic insulators that
become superconductors
when served cold and
when the ingredients
(the chemical com-
ponents) are carefully
tuned. Superconduc-
tivity is an example of
an emergent quantum
phenomenon—one that
is created by the coordi-
nated motion of many par-
ticles (7). On page 560 of
this issue, Xu et al. (2) report
how tuning the composition of nor-
mal insulators can turn them into topo-
logical insulators, which are another
example of materials exhibiting emer-
gent quantum phenomena (3—5). This
result has important implications for
the promise of topological insulators in
lower-power devices that rely on elec-
tron spin rather than charge.

Most emergent quantum phe-
nomena in condensed-matter physics
require interactions among electrons,
such as the pairing interaction between
electrons in a superconductor. By con-
trast, the key ingredient for creating
the topological insulator phase is spin-
orbit coupling. Electrons have a quan-
tum property known as spin that causes
them to act in some respects like tiny
bar magnets. Spin-orbit coupling forces
a particular relation between the orien-
tation of the spin and the orbital motion
of the electron in space. In materials
composed of light atoms, spin-orbit
coupling effects are small and can be
neglected, but when heavy atoms are
present, their high nuclear charge can
lead to appreciable magnetic fields in
the frame of reference of the moving
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electron. This field couples to the spin of the
electron and can drive a phase transition to the
topological insulator state (3—5). Mathemati-
cally, the difference between a normal insu-
lator and a topological one can be described

Insulators made to order. The choice at the Café Resistance is between
an ordinary insulator on the left and the more exotic topological insula-
tor on the right. Xu et al. show that both properties can be tuned into
the material BiTl(S,_sSe;), by varying the fraction of sulfur and selenium.
The normal insulator (sulfur-rich) has a band gap in the surface states,
whereas the topological insulator (selenium-rich) has topologically
protected metallic surface states running between the conduction and
valence bands that cross at the Dirac point. The spin direction relative to
the momentum changes sign for states above and below the Dirac point
and is referred to as “texture inversion” by the authors.
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A normal insulator is turned into an exotic
topological insulator by tuning its elemental
composition.

with ideas borrowed from topology, hence the
name topological insulator.

To appreciate the unusual nature of topo-
logical insulators, it is useful to see what
causes a normal insulator (a ceramic) to be a
poor conductor. The electron energy levels of
a solid originate from those of the constituent
atoms, and because the atoms are so numer-
ous, they form dense bands of states: the
lower-energy valence and the higher-energy

conduction bands. In an insulator, the
valence and conduction bands
are separated by an energy
gap, and the zero of the
energy, known as the
Fermi energy, lies in
this gap where there
are no conducting
states (see the figure).
The unusual prop-
erties of topological
insulators manifest at
their surface, where
additional states
emerge that allow
electrons to be mobile,
while the bulk remains an
insulator (3—5). The energy
levels of these mobile surface elec-
trons populate the band gap of the
bulk material, and when plotted
as a function of momentum, they
form a constant-energy surface that
is approximately circular (see the
figure). The novel surface features
derive from the composition of the
bulk insulator and are not found in
any other known system in nature.

Systematic and reliable control
of the electrical properties of the
surfaces of topological insulators,
which is critical for applications,
has presented a challenge (6). Xu
et al. demonstrate a transition from
a normal to a topological insulator
by changing its bulk composition—
replacing lighter sulfur (S) with
heavier selenium (Se) to increase
spin-orbit coupling. The material
they studied, BiTI(S,_sSe;), (where
Bi is bismuth and TI is thallium),
starts to display a transition to topo-
logical insulator behavior at 40%
Se, which fully develops by 60%.
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To visualize this transition, the authors
used spin- and angle-resolved photoemis-
sion spectroscopy to measure the spin and
electron energy as a function of electron
momentum. The replacement of S with Se
creates metallic surface states with a linear
energy-momentum relation. These surface
extensions of the conduction and valence
bands touch at a single node, called the
Dirac point. The authors also observed sub-
tle changes in the crystal lattice with x-ray
scattering data. First-principles electronic
structure calculations suggest that the tran-
sition depends on both the lattice changes
and enhanced spin-orbit coupling.

Xu et al. take a further important step
toward tuning the properties of the topologi-
cal insulator by dosing a molecule, NO,, on
the surface that allows a tuning of the Fermi
energy of the surface states. This step leads
to a “texture inversion” of the spin-momen-
tum relations when the Fermi energy passes
through the Dirac point, as illustrated in
the figure. Most of the novel electric and
magnetic responses of topological insula-
tors known to date rely on this tuning of the
Fermi energy near the Dirac point (7, §). A
theoretical proposal for a “topological exci-
tonic condensate,” an unusual symmetry-
broken state with fractional charges (£e/2,

where ¢ is the charge of the electron) that
could be formed by topological insulators,
may also be a step closer with this new
experimental technology (9).

Despite the experimental accomplish-
ments reported by Xu et al., there are many
challenges that remain if topological insula-
tors are to become functional components of
electronic devices. Chief among them are the
problems of “aging”—the material properties
degrade on a time scale of hours to days. Also,
the bulk conductivity is unacceptably high
and greater than what theory has predicted.
However, there are good reasons to hope for
substantial improvements in sample quality.
The material Bi,Te,Se (where T1 is replaced
by tellurium) was recently shown (/0) to have
a more insulating bulk, with up to 70% of the
electrical conductance coming from the sur-
face—more than two orders of magnitude
better than most topological “insulators.” Par-
allel methods of sample fabrication—chemi-
cal synthesis and molecular beam epitaxy—
are expected to continue to lead to sample
improvements in the near future.

Thus far, the known topological insulators
are derived from materials with s- and p-type
orbitals (which typically have weak electron
correlations), and experiment has largely
operated in the mode of confirming theoreti-
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cal predictions. A new frontier with experi-
mental surprises likely lies in the direction
of more strongly correlated materials with d-
and f-type electrons (//—16), which should
expand the exciting choices already on the
insulator menu.
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Alternative Actions for Antibiotics

William Croft Ratcliff and Robert Ford Denison

icrobes generate signals, which
coordinate mutually beneficial
activities (/). They also produce

antibiotics that kill prey, suppress competitors,
or deter predators (2). Recent observations
have led to the view that antibiotics often act
as mutually beneficial signals (3—6). Exposure
to sublethal concentrations of antibiotics can
indeed alter microbial metabolism and even
change behavior in beneficial ways, triggering
reactions such as fleeing or hiding within the
protective environment of a microbial aggre-
gate (biofilm). But the weapon-signal dichot-
omy of functions for these compounds is a
false one—there may be other possible infor-
mation-related actions of naturally produced
antibiotics: cues and manipulation.

The antibiotic-as-beneficial-signal
hypothesis proposes that in nature, antibi-
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otics evolved as a means of communica-
tion between unrelated species of microbes,
but cause death in the laboratory as a result
of unnaturally high cell densities and anti-
biotic concentrations (4—6). Evolutionary
theory, however, predicts that bona fide sig-
naling between different species will be rare
(7). That is, if producing metabolically costly
signaling molecules aids a recipient without
preferentially benefiting the sender, then it
is a form of altruism and is unlikely to per-
sist evolutionarily. By contrast, individually
costly signaling can evolve among relatives
through kin selection, which favors the repro-
ductive success of an organism’s relatives,
even at individual cost (8). However, altruism
toward another species is more difficult to
explain. Evolutionarily stable between-spe-
cies signaling would require a shared interest,
such that both sender and receiver benefit as
a result of the communication. Such shared
interests are rare among species competing
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Compounds recognized as having antibiotic
functions may have other possible roles in
microbial interactions.

for the same limited resources. Reflecting
the stringent conditions required for its evo-
lution, mutually beneficial signaling between
animal species is much less common than
signaling within species (7).

Beneficial signaling, however, is not
the only possible alternative function for
compounds with antibiotic (lethal) effects.
Microbes detecting a low concentration of an
antibiotic may interpret the compound as a
cue that enables them to predict future expo-
sures to an increased concentration. This cue
allows them to respond in ways that reduce
their susceptibility. For example, the bacte-
rium Pseudomonas aeruginosa responds to
sublethal concentrations of the antibiotic tet-
racycline by forming biofilms (5), thereby
reducing future exposure to antibiotics (9),
much as an animal joining a herd reduces its
exposure to predation. Because joining a bio-
film reduces the efficacy of the antibiotic, this
action benefits the exposed microbe, with-
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