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APPLIED PHYSICS

Tuning Interface States

Harold Y. Hwang

n important goal of nanoscience
Aresearch is the creation of new func-

tionality by controlling materials
down to the atomic level. An emerging exam-
ple can be found in recent studies of the elec-
tronic structure at the interface between per-
ovskite oxides. Modern atomic-scale growth
and probe techniques enable the formation
and study of new artificial interface states that
are quite distinct from the bulk state. For
example, the interface between two insulators,
LaAlO;, and SrTiO,, sustains a metallic phase
with high carrier mobility for an appropriate
atomic arrangement of the interface (7). This
is analogous to modulation doping in GaAs
heterostructures and provides a new avenue
for doping perovskite interfaces, accessing the
diverse physical properties of these materials,
including superconductivity, magnetism, fer-
roelectricity, and their intercouplings. On
page 1942 of this issue, Thiel et al. (2) report
that this interface can be dynamically tuned
across a metal-insulator transition by applying
an external gate field. The result is a system
that can be switched from highly insulating to
highly conducting for a wide range of poten-
tial device applications.

The interface in question represents the
border between stacks of charge-neutral atomic
layers in SrTiO,, and alternately charged
atomic layers in LaAlO, (see the figure). The
electrostatic potential produced by the charges
diverges with LaAlO, thickness (assuming
that there are no charge rearrangements com-
pared to the bulk structure). This divergence
represents a truly energetically unfavorable
circumstance—it quickly becomes the domi-
nant energy in the system, and some recon-
struction must occur.

Such a polar discontinuity is not at all
new; it has been much discussed for semi-
conductor heterointerfaces (3—5). In those
cases, the interface atomically reconstructs,
changing the interface stoichiometry (usu-
ally accompanied by considerable roughen-
ing and diffusion) to remove the diverging
potential. What is new here is the realization
that the potential divergence can be over-
come by an electronic reconstruction. Unlike
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When grown with atomic precision, materials
that are normally insulators can form a
conducting interface with properties that can
be controlled by an external field.
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Polar discontinuities. (Left) The unreconstructed interface examined by Thiel et al. (Middle) This charge
configuration leads to an electric potential that diverges with LaAlO, thickness. (Right) Above a threshold
thickness, the charge distribution reconstructs, removing the divergence. This is shown as a layer of Ti*>* at
the interface, and a simple reconstruction of the polar surface of LaAlO,. More realistic charge distributions
can be described by incorporating additional dipoles, but the overall structure remains unchanged.

semiconductors, transition metal ions at the
interface can acquire a mixed-valence ionic
character, whose charge balances the polar
discontinuity. In the specific case shown in the
figure, the titanium ions, normally Ti*" else-
where, tend toward Ti>" at the interface, induc-
ing a quasi—two dimensional electron gas (6).
It should also be noted that the polar surface
must also reconstruct, although the detailed
configuration is not currently known.

Thiel et al. initially observe that there is a
threshold thickness for the electronic recon-
struction to occur. For LaAlO, layers that are
up to three unit cells thick, the interface is
insulating. When one or more unit cells of
LaAlO, are added, the interface becomes
abruptly metallic. Their results imply a
crossover between the unreconstructed and
reconstructed state as a function of interface
thickness (7). This is similar to recent obser-
vations of proximity coupling of polar dis-
continuities with opposite sign (8§)—that is,
coupling between two interfaces, rather than
between an interface and a surface. Next,
Thiel et al. find that this balance point can
be shifted by applying an external gate volt-
age, inducing a metal-insulator transition
observed both at room temperature and at
4.2 K. This shift is quite dramatic, with

changes in interface conductance exceeding
seven orders of magnitude (limited by detec-
tion of the insulating state).

Taken together, these results demon-
strate substantial progress in the manipula-
tion of new artificial low-dimensional
charge states formed at oxide heterointer-
faces. What is exciting is that extremely
high doping levels can be achieved by polar
discontinuities, notably exceeding the
largest values obtained for field effect tran-
sistors, ferroelectric gate devices, and pho-
tocarrier generation. The figure implies an
interface carrier density of ~6 x 10! cm=2;
although such values have been observed,
the carrier density can be varied very
widely depending on growth conditions
(the structures of Thiel ef al. show an inter-
face carrier density of ~2 x 10'* cm=2, and
were optimized for lower carrier density).
Growth kinetics and defect chemistry are
important for any experimentally realized
interface, in which local rearrangements
and vacancies can partially compensate the
anticipated electronic structure. Indeed, it
has been reported that in different growth
conditions, the interface carrier density can
be dominated by growth-induced oxygen
vacancies (9, 10).
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By growing precise structures incorporat-
ing an external gate, the interface can be stat-
ically and dynamically tuned over many
orders of magnitude. At the high end, the dop-
ing levels should allow access to phase transi-
tions that have not been previously reachable.
These phase transitions can be precisely tra-
versed and studied, as demonstrated by Thiel
et al. Control of the interface electronic struc-
ture is central to the function and improve-
ment of virtually all existing oxide device
characteristics—similar considerations have

already played a role in enhancing magnetic
tunnel junctions, as an example (/7). These
and other advances are rapidly opening a new
frontier in the science and technology of
oxide heterostructures.
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Manganese Redox Chemistry

Revisited

Kenneth S. Johnson

anganese is an important compo-
nent of some marine reduction-
oxidation cycles. It is usually as-

sumed that only the Mn(II) and Mn(IV)
oxidation states play an important role in
these cycles. But recently, Webb et al. (1)
suggested that during the oxidation of
Mn(II) by bacteria, Mn(III) is formed as
an intermediate. Large concentrations of
Mn(III) would then accumulate and leak
into the environment. On page 1955 of this
issue, Trouwborst ez al. (2) show that in
regions of the Black Sea and Chesapeake
Bay where the concentration of molecular
oxygen is extremely low (suboxic regions),
much of the dissolved manganese is indeed
present as Mn(III). This discovery will
alter the paradigm on which our under-
standing of manganese aqueous geochem-
istry is based.

Manganese acts as a catalyst that shapes
chemical gradients in the oxygen-deficient
zones found throughout the coastal ocean and
marginal seas. It can perform this role because
it exists in multiple oxidation states and is
recycled rapidly between these states by bac-
terial processes. These transformations serve
as an electron-transfer system for other chem-
ical cycles. For example, oxidized manganese
consumes upwelling hydrogen sulfide in the
Black Sea, which contains the world’s largest
mass of anoxic water (3). The reduced man-
ganese produced during oxidation then dif-
fuses upward, where it consumes down-
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welling oxygen (see the figure). This reaction
resupplies the pool of oxidized manganese,
thereby creating a catalytic cycle and a sub-
oxic zone in which molecular oxygen and sul-
fide concentrations are very low.

Our understanding of how manganese
mediates chemistry in these suboxic areas
has been based on the paradigm that there
are two predominant forms of manganese
in the environment: dissolved, reduced
Mn(II) and particulate, oxidized MnO_
[where x is near 2 and most of the man-
ganese is in the +4 oxidation state, although
particulate Mn(III) also exists]. The verti-
cal or lateral gradients in dissolved or par-
ticulate manganese set limits on the rates of
reaction that can occur. These gradients,
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How manganese catalyzes chemical cycles in the Black Sea. In
subsurface waters, Mn(ll) reacts with oxygen, depleting its concentra-
tion and forming manganese oxide (MnO,) particles. The particles
sink into deeper waters, where they react with upwelling hydrogen
sulfide, resulting in the regeneration of Mn(ll). Trouwborst et al.
report that much of the dissolved manganese in the suboxic zone is
Mn(Il1), rather than Mn(l1). This finding will require a reevaluation of

how such cycles operate.

Manganese in natural oxygen-poor waters
can persist in a +3 oxidation state, a state
previously seen only in the lab, necessitating
a major revision of the current understanding
of manganese aqueous geochemistry.

multiplied by the appropriate diffusion
coefficient or, in the case of particulate
MnO_, the appropriate settling velocity,
define the flux of electron donors and
acceptors available for reaction.

Dissolved Mn(IIl) has been largely ig-
nored, because it is both a very strong oxidant
and reductant that is expected to rapidly
disproportionate to Mn(II) and MnO,. The
Mn(IIT) detected by Trouwborst et al. persists
because it is stabilized by dissolved ligands,
perhaps pyrophosphate. The authors mea-
sured the Mn(IIT) concentration by using
desferrioxamine-B (DEF-B), an Fe**-binding
ligand that is produced by bacteria. DEF-B
also strongly binds Mn(IIl) and can out-
compete natural ligands to sequester
all of the dissolved Mn(III)
in a filtered sample. The
concentration of the DEF-
B-Mn(IIl) complex can
then be determined electro-
chemically.

In the Black Sea, water
below a depth of about 100 m
is permanently anoxic. The
Chesapeake Bay is much
shallower (~20 m), and anoxic
zones form below ~15 m in
the summer in response to
nutrient-stimulated inputs of
decaying phytoplankton. These
two environments represent
the extremes in anoxic condi-
tions found in natural waters,
one permanent and the other
temporary. Dissolved Mn(III)
was observed in both loca-
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