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          I
n the stable of solid-state materials, sili-

con is the workhorse. Its semiconductor 

properties are actually quite ordinary, but 

when other materials are harnessed to it to 

form interfaces, remarkable devices can be 

made that control the fl ow of electrical cur-

rent with low applied voltages. In contrast, 

some transition metal oxides would be the 

stable’s racehorses. Remarkable functional 

behaviors of this group include the ability 

to change from a metal to an insulator with 

a slight change in temperature, unusual mag-

netic properties, and even high-temperature 

superconductivity ( 1). Further novel prop-

erties are expected to emerge at interfaces 

created between transition metal oxides that 

already exhibit functional behavior, and these 

properties could be tuned through small 

changes in composition or by simply apply-

ing a bias voltage ( 2). However, like temper-

amental racehorses, the interfaces in these 

complex oxides can be more diffi cult to con-

trol than those formed by silicon. On page 

937 of this issue, Boris et al. ( 3) report prog-

ress toward this goal by confi ning an ultrathin 

layer of lanthanum nickelate (LaNiO3), nor-

mally a paramagnetic metal, between insu-

lating lanthanum aluminate (LaAlO3) layers, 

which leads to changes in its properties.

The difference between semiconduc-

tors such as silicon and exotic transition 

metal oxides lies in the nature of the interac-

tions between the constituent electrons. The 

electronic states of semiconductors are well 

described by conventional, single-particle 
band theory, in which individual electrons 
act independently. Contact between energy 
bands at interfaces can bend the bands or cre-

ate energy barriers, which in turn can gen-

erate quasi-electric fi elds (which act on the 

charge carriers differently from true electric 

fi elds) or cause accumulation of charge car-

riers. In the complex oxides, however, there 

are strong correlations between the tightly 
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Thinner is different. Artistic illustration of two different electronic phases in heterostructures of LaNiO3 
(red), which is metallic as a bulk material, confi ned by LaAlO3 (gray), which is a bulk insulator. (A) A confi ned 
LaNiO3 layer that is four unit cells in thickness still shows metallic behavior. (B) When the thickness is reduced 
to two unit cells, a temperature-driven metal-insulator transition emerges.
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bound transition metal d electrons, and single 

electrons are no longer independent but infl u-

ence the behavior of all other electrons in the 

crystal. The large electrical polarizability of 

oxygen also enhances the response of these 

materials to electric fi elds causing ferroelec-

tric (a net electric dipole moment) or multi-

ferroic (both ferroelectric and ferromagnetic) 

properties ( 4).

Boris et al. used pulsed laser deposi-

tion to grow superlattices—precise num-

bers of oxide layers with atomically sharp 

interfaces (see the figure). Samples with 

four-unit-cell thick LaNiO3 layers grown 

between LaAlO3 layers were metallic at 

temperatures from 8 to 300 K, just like bulk 

LaNiO3. Samples with only two layers of 

LaNiO3, in which each LaNiO3 layer is next 

to a LaAlO3 layer, showed a metal-to-insu-

lator transition with subsequent magnetic 

ordering as the temperature was lowered.

Such effects might be mainly the result 

of strain in the layers, which can be induced 

by the substrate used for growth. To check 

whether this was the case, Boris et al. grew 

the same layer structures on strontium tita-

nate (SrTiO3), which has a larger lattice 

constant than the superlattice, and on lan-

thanum strontium aluminate (LaSrAlO4), 

in which the lattice constant is smaller. 

The same behavior was seen in both cases, 

except for a shift of transition temperature 

(100 and 150 K, respectively), ruling out 

strain as the cause.

To demonstrate further that these effects 

were intrinsic to the superlattice structure, 

Boris et al. applied state-of-the-art surface 

probes. They used ellipsometry to measure 

the changes in the sample’s electrical con-

ductivity. Ellipsometry is not infl uenced by 

extrinsic impurities, particularly interdiffu-

sion of ions between the layers, nor is it infl u-

enced by misfi t dislocations resulting from 

inexact matching of the lattice constants at 

the interface, which can occur in oxide super-

lattices. They also used low-energy muon 

spin rotation to identify a change in the mag-

netic order accompanying the transition from 

the metallic to the insulating state. Here, 

spin-polarized muons with well-defined 

energies are implanted within the oxide het-

erostructure, where they align their magnetic 

moments parallel to those of the surround-

ing electrons. The measured directions of the 

subsequent positron decay products yield the 

local magnetic order of the electronic phase. 

The bilayered LaNiO3 samples showed a 

clear magnetic transition, but the superlat-

tices with thicker layers did not.

Deposition techniques such as pulsed 

laser deposition or molecular beam epitaxy 

are now well developed, so nearly defect-free 

superlattices with atomically sharp interfaces 

can be routinely grown. Unanticipated phe-

nomena such as the metal-insulator transition 

described here, or conductivity at interfaces 

between the insulating oxides such as LaAlO3 

and SrTiO3 ( 5) or interfacial superconductiv-

ity ( 6), are now regularly reported. However, 

there is still much work to be done before 

oxide materials reach the level of sophistica-

tion achieved in semiconductor heterostruc-

tures. Improved control and understanding of 

the role of defects is necessary, as well as sys-

tematic incorporation of multiple interfaces 

with different electronic properties ( 2).

From a practical point of view, demon-

strations of integration with conventional 

semiconductors would be helpful, as would 

a detailed understanding of the behavior at 

interfaces with metallic electrodes ( 7). On the 

theoretical front, the aspects that make com-

plex oxides desirable—in particular the strong 

correlations, the large polarizability, and the 

sensitive dependence on crystal chemistry 

and structure—also make them challenging 

to describe accurately. Improved techniques 

must combine many-body physics methods 

for describing strong correlations with com-

putational materials methods, such as density 

functional theory, that can account for chem-

istry and structure. With these developments, 

which the community is poised to make over 

the next few years, true predictive capability 

and layer-by-layer construction of designer 

oxide superlattices should be achievable. 
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