
nano-volcanoes, which means they can be

selective for specific guest molecules, with

release rate also controlled by these factors.

The team is currently investigating the

kinetics of the processes involved, and have

trapped 50 nm silica nanoparticles as a

model system. The nano-volcanoes can also

be fabricated with layered, multiple-shell

structures. However, their thickness is lim-

ited ultimately by how thick the thin layer

can be made and allow UV light to pene-

trate adequately.

‘The materials used in this process are

relatively inexpensive, and the process can

be easily scaled up,’ adds team leader Chih-

Hao Chang. ‘In addition, we can produce

the nano-volcanoes in a uniformly pat-

terned array, which may also be useful for

controlling drug delivery’ [Zhang et al., ACS

Nano (2013) doi:10.1021/nn402637a].

The same approach to light carving nano-

volcanoes might also find use in creating

other high surface area-to-volume ratio 3D

structures for solar energy conversion, high-

speed battery electrodes, photonic and pho-

nonic crystals as well as anti-reflection and

self-cleaning surfaces.

Critically, the scattering particles need

not be spherical. The use of other colloi-

dal elements, of cubic, tetrahedral, and

rod shape could be exploited to create a

wide range of possible 3D nanostructures

other than the sloping peaks of nano-

volcanoes.

David Bradley

The heat is on for superconductors
A European team has at long last found an

explanation for the apparently mysterious

effect of the ‘pseudogap’ observed with

high-temperature superconductors [K.B.

Efetov et al., Nat. Phys. 9 (2013) 442–446].

Decades of research has yet to design such

materials that work at ambient temperature

but there are several ‘high-temperature’

superconductors that based on ceramic cop-

per oxides rather than metals that are nud-

ging the critical temperature higher and

higher as the research develops. Konstantin

Efetov and Hendrik Meier at Ruhr-Univer-

sität Bochum and Catherine Pépin of the

Institute for Theoretical Physics in Saclay

near Paris have calculated that there are two

coexisting electron orders in suchmaterials,

which could explain why the threshold

temperatures of these superconductors is

so much farther from absolute zero – at

around 138 K – than that seen in the metal-

lic superconductors.

In the superconducting state, electrons

travel in so-called Cooper pairs through

the crystal lattice of the material. Energy

is required to free the electrons from these

couplings – the energy gap. In cuprate

superconductors, with copper oxide bonds,

there is an additional energy gap that exists

above the critical, transition temperature,

this is the pseudogap. The team points out

that this pseudogap is usually only observed

for electrons with certain velocity direc-

tions. Their new model offers insights into

why this should be and offers hope of taking

materials scientists another small towarmer

climes in superconductor research.

According to the model, the pseudogap

state simultaneously contains two electron

orders: d-wave superconductivity, in which

the electrons of a Cooper pair revolve

around each other in a cloverleaf shape,

and a quadrupole density wave. The latter

is an electrostatic structure in which a

quadrupole moment is induced on every

copper atom in the two-dimensional crystal

lattice has a quadrupolemoment. The two –

d-wave superconductivity and quadrupole

density wave – compete with each other in

the pseudogap state. However, thermal fluc-

tuations mean that neither can predomi-

nate in the long range unless the system is

cooled at which point one of the two sys-

tems prevails and superconductivity arises.

This, according to the team, could happen

at a balmier temperature than the standard

transition temperatures for metallic super-

conductors.

‘This phenomenon may help to explain

the origin of themysterious pseudogap state

and of the high-temperature transition into

the superconducting state in the cuprates.

In particular, we show that spectroscopic

probes on the oxygen and copper sites reveal

chequerboard order,’ the team concludes.

David Bradley

Polymer ‘stars’ for high-quality nanocrystals
A new way to produce high-quality nano-

crystals using tiny star-shaped reaction ves-

sels has been developed by researchers at

Georgia Tech in the US [Nat. Nanotechnol.

(2013) doi:10.1038/NNano.2013.85].

Over the past decade, colloidal nano-

crystals have found applications in many

fields including drug delivery, electronics

and catalysis, and so efforts to produce

high-quality crystals have gained momen-

tum. Existing techniques are reliable, but

often time-consuming, requiring tightly

defined experimental conditions such as

multistep reactions and purifications. And

each of the established techniques, such as

sol–gel processes, can only produce a sin-

gle type of nanocrystal, limiting their

applicability.

A Nature Nanotechnology paper from a

team of materials scientists at Georgia Tech

has reported on a new route to producing

high-quality nanocrystals using star-shaped

block co-polymer structures as reaction ves-

sels. The team have produced nearly mono-

disperse magnetic, metallic, ferroelectric,

semiconductor and luminescent colloidal

nanocrystals, all using these tiny star-

shaped vessels.

The co-polymer ‘stars’ consist of a central

beta-cyclodextrin core to which multiple

‘‘arms’’ – as many as 21 linear chains of

poly(acrylic) acid (PAA) – are covalently

bonded. Together, they form the aggregate

of molecules that serve as a reaction vessel

and template for the formation of the nano-

crystals.

In this technique, the size of the nano-

crystals (between a few nanometers and

tens of nanometers) is determined by the

length of the hydrophilic PAA chain. More

surprisingly was the team’s finding that the

volume ratio of the two solvents – dimethl-

formamide and benzyl alcohol – had a pro-

found influence on the shape uniformity of

the nanocrystals. For lead titanate

(PbTiO3), a solvent ratio of 9:1 was found

to produce a dispersion with a size distribu-

tion within 5% of the average size.
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Zhiqun Lin and his team further tailored

the technique to produce plain, core–shell

and hollow nanoparticles that can be made

soluble either in organic solvents or water –

leading to an interest from biomedical

researchers. The colloidal dispersions of

these nanocrystals were also found to be

stable and homogenous over long durations

– as much as two years – without any sign of

precipitation

The versatility and robustness of this

technique, and the stability of the nano-

crystals produced has already won the team

wide acclaim, but Ling hopes to extend it

further to include more complex structures

such as nanorods and crystals with multi-

functional shells.

Laurie Winkless

Atomic circuitry for electronic sandwiches
US scientists at Rice University and Oak

Ridge National Laboratory (ORNL) have

grown uniform atomic layers of molybde-

num disulfide paving the way for two-

dimensional electronics.

Jun Lou, Pulickel Ajayan and Boris Yakob-

son of Rice and colleagues Wu Zhou and

Juan-Carlos Idrobo at ORNL used chemical

vapor deposition (CVD) to grow an atomic

layer of the material on silicon oxide. The

resultingmaterial can then be transferred to

the well-known zero-band carbon material

graphene and insulating hexagonal boron

nitride with the potential for fabricating

tiny field-effect transistors [Lou et al., Nat.

Mater. doi:10.1038/nmat3673].

Previously, Lou and Ajayan intertwined

graphene and hexagonal boron nitride, but

to produce a working electronic sandwich

they needed a semiconductor layer, which

is where molybdenum disulfide offers a

tasty solution.

‘‘Two-dimensional materials have taken

off,’’ Ajayan explains. ‘‘The study of gra-

phene prompted research into a lot of 2D

materials; molybdenum disulfide is just one

of them. Essentially, we are trying to span

the whole range of band gaps between gra-

phene, which is a semi-metal, and the

boron nitride insulator.’’

MDS distinguishes itself from graphene

and boron nitride in that viewed from

‘‘above’’ it looks like a flat layer of hexagons,

however, the molybdenum atoms form a

layer between two layers of sulfur atoms.

Nevertheless, a monolayer of this mate-

rial would not detract from the 2D aims of

the team. The difficulty arises in that all

three components the team would like

to sandwich together are grown in very

different environments. The team noticed

that in the CVD furnace patches of molyb-

denum disulfide form as ‘‘islands’’ even

where defects or impurities are present

on the substrate. ‘‘The material is difficult

to nucleate, in other words, unlike hexa-

gonal boron nitride or graphene,’’ Najmaei

explains. ‘‘We started learning that we

could control that nucleation by adding

artificial edges to the substrate, and now

it’s growing a lot better between these

structures.’’ With this knowledge the team

has thus been able to grow grain sizes as

large as 100 mm across.

The ORNL team then used aberration-

corrected scanning transmission electron

microscopy to obtain images of these

islands. Theoretical physicist Yakobson

and his team then analyzed the atomic

energy levels to examine the impact of

defects and impurities on the characteristics

of the molybdenum sulfide islands. While

the initial aim is to create 2D electronic

devices, the team also recognizes that these

unique materials, with their varied electro-

nic properties and band gaps might also be

stacked together to form ‘‘van der Waals

solids’’. ‘‘We could put them together in

whatever stacking order we need, which

would be an interesting new approach in

materials science,’’ Ajayan adds. ‘‘Creating

hetero structures of these 2D materials is

exactly what we are focusing on right now,’’

Lou told Materials Today.

David Bradley
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Schematics and experimental images show defects in two-dimensional samples of molybdenum

disulfide. Credit: Oak Ridge National Laboratory.
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