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Surface plasmon waves possess the 
ability to confine optical energy 
to subwavelength volumes. This 

attractive feature has encouraged and led 
to research, developments and new device 
opportunities in numerous areas of science, 
including sensing, energy conversion, 
lithography, imaging and optoelectronics. 
However, to unlock the full potential of 
surface plasmon waves it is important 
to find ways to dynamically control and 
manipulate them1–3, as this will allow the 
development of active devices. 

In the future, active plasmonics may 
yield low-power and ultracompact optical 
modulators and switches that are crucial 
for the realization of integrated micro- 
and nano-optical devices with increased 
performance and functionality. So far, 
however, approaches that simultaneously 
provide both fast and strong modulation 
of plasmons have been elusive — effects 
have been either fast and weak, or strong 
and slow. 

Surface plasmon waves result from 
the coupling between photons and 
free electrons in metals. These waves 
can have their electromagnetic field 
strongly concentrated in the vicinity of a 
metal–dielectric interface and can travel 
along such interfaces. To modulate or 
switch the properties of surface plasmon 
waves, the established approach so far 
has been to introduce an active dielectric 
layer directly to the metal surface4–6. 
The refractive index of the active layer is 
then changed by numerous mechanisms 
including thermal, optical or electric 
means. Because part of the surface 
plasmon’s electromagnetic field resides 
in the dielectric layer, the modulation of 
the dielectric tunes the surface plasmon 
wavevector. So far, however, none of 
the demonstrated approaches have 
clearly exhibited simultaneous strong 
modulation of plasmon amplitude and fast 
response times.

Now, writing in Nature Photonics4, 
Temnov et al. report an interesting 
alternative mechanism for modulating 
or switching surface plasmons that uses 
an external magnet to manipulate the 

electrons in a metal. By implementing this 
approach within a micro-interferometer, 
the researchers achieve strong modulation 
of the electromagnetic field of the surface 
plasmons in a gold–ferromagnet–gold 
system. Advantageously, the speed of the 
effect is limited primarily by the external 
magnetic field control, which in principle 
can be of the order of gigahertz frequencies.

The use of a magnetic field to control 
plasmons is in many ways a natural 
idea; after all, a surface plasmon has a 
mixture of both photonic and electronic 
characteristics, and the electrons in a metal 
readily respond to external electromagnetic 
fields. As a simple model, when free 
electrons are subjected to a static magnetic 
field they undertake a circular motion due 
to the Lorentz force, with the frequency 
of the circular motion (referred to as 
the cyclotron frequency) proportional 
to the external magnetic field. Periodic 
motion of an electron, by definition, is 
an electronic resonance. An external 
magnetic field can therefore create a 
resonance in the electromagnetic response 
of a material, with strong absorption at 
microwave frequencies. Owing to the 
Kramers–Kronig relation, the presence 
of such resonance introduces additional 

phase responses at terahertz or even optical 
frequencies. However, the static field to 
generate observable magneto-optical 
effects at optical frequencies is of the order 
of several tesla, which is too large for 
realistic applications.

To overcome the need for such a strong 
field, Temnov et al. used cobalt for their 
ferromagnetic metal — this has a much 
stronger magneto-optical effect than 
the conventional metals (such as gold 
and silver) typically used in plasmonics 
experiments. Cobalt has a high Ohmic loss 
and therefore does not support surface 
plasmon propagation over a substantial 
distance by itself. The researchers fabricated 
a hybrid gold–cobalt–gold geometry 
(Fig. 1), which combines the benefits of a 
relatively low-loss surface plasmon wave on 
the gold surface with the large magneto-
optical effect provided by the ferromagnetic 
cobalt layer. Moreover, because the cobalt 
layer is only a few nanometres thick, its 
magnetization can be saturated by a weak 
magnetic field of the order of 10–2 T.

The team constructed a plasmonic 
micro-interferometer consisting of a 
gold–cobalt–gold layer structure on a glass 
substrate with an appropriately located 
grove and slit (Fig. 1). Surface plasmons 

Figure 1 | An active magneto-plasmonic structure. A tilted slit and groove are fabricated in a 
gold–cobalt–gold multilayer by focused ion-beam lithography. Surface plasmons are launched (red 
dotted line) by the groove towards the slit, where they interfere with the directly transmitted light 
to produce a periodic interference pattern. The electromagnet (with sinusoidal magnetic field B) is 
used to periodically switch the magnetization in the thin cobalt layer and modify the wave vector of 
surface plasmons.
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magnet-controlled plasmons
Surface plasmons hold great promise for on-chip miniaturization of all-optical circuits, but practical methods of 
switching them are needed. Researchers have now demonstrated strong — and potentially fast — modulation of 
plasmons using a magnet.
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were generated by illuminating the groove 
with 808 nm light. The plasmons propagate 
along this interface until they arrive at 
the slit and are out-coupled back into 
photons, which interfere with the light 
beam illuminating the slab and so form 
an interference pattern in the far-field, 
observed using a microscope. Even small 
wavevector (phase velocity) modulation 
by the external magnet, if accumulated 
over a long-enough distance, can result 
in drastic changes in the interference 
pattern. Temnov et al. were able to observe 
a change in surface plasmon wavevectors 
of the order of 10–4 (relative to the 
unperturbed surface plasmon wavevector) 
with the use of a rather modest external 
magnetic field of 20 mT. The fact that 
this is an easily achievable magnetic field 
makes the scheme quite attractive for 
practical purposes.

Furthermore, the strength of the 
magneto-optical activity in the cobalt is 
linearly proportional to the magnetization. 
The magnetization, however, has a 
nonlinear hysteresis dependency with 
respect to the applied external magnetic 
field. In their experiment, Temnov et al. 
indeed observed the hysteresis behaviour 
of the modulation strength as a function 
of the external magnetic field, thus 
providing clear evidence for the magnetic 
modulation mechanism.

Temnov et al. also go a step further 
to show that this observed effect allows 

for local probing of the electromagnetic 
field distribution for surface plasmons 
at the gold–air interface. They achieve 
this by comparing results from different 
samples in which the cobalt layer is located 
at different depths from the top gold 
surface. As the cobalt layer is moved away 
from the surface, the modulation effect 
becomes weaker. The trend of reduction 
in modulation strength corresponds to the 
evanescent decay of the surface plasmon’s 
electromagnetic field, thus providing a 
direct measure of the skin depth of the 
surface plasmon’s electromagnetic field 
inside the metal.

The work of Temnov et al. indicates 
the very exciting prospect of combining 
nanophotonics with nanomagnetics. From 
an optical point of view, the magneto-optical 
effect is non-reciprocal: the properties of a 
wave and its time-reversed counterpart may 
be different. Creating compact on-chip non-
reciprocal components is of fundamental 
interest in integrated optics, and thus 
non-reciprocal plasmonics represents an 
important emerging area of research in 
nanophotonics5–8. For example, there have 
been theoretical indications that non-
reciprocal plasmonic structures may exhibit 
a genuinely new regime of photon transport, 
including one-way propagation that is free 
from disorder-induced backscattering8. 
This work may open an avenue towards 
the development of compact tunable 
plasmonic isolators.

Perhaps the most promising 
implication of using magnetization 
as a modulation mechanism is its 
speed. Local generation of magnetic 
fields by integrated on-chip electronic 
circuits can reach gigahertz modulation 
speeds9 and modulation reaching the 
terahertz rate might be possible using 
femtosecond lasers to achieve coherent 
control of magnetization10. A very 
interesting future direction will be to 
seek to implement some of these fast 
modulation techniques. ❐
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light emission from nanoscale sources 
continues to be at the forefront of 
optical materials research, owing to 

the desire to create photonic devices with 
unprecedented size and performance. For 
example, nanoscale LEDs could prove 
to be useful as single-photon sources for 
quantum computing, communication or 
cryptography1. Furthermore, nanoscale 
or molecular light-emitters offer the 
opportunity for seamless integration with 
semiconductor technology.

However, the realization of reliable 
nanoscale light sources is difficult because 
they must fulfil numerous requirements, 
such as reproducible properties, long-

term stability, versatility and ease of 
fabrication. In theory, carbon nanotubes 
are an attractive candidate thanks to their 
one-dimensional confinement of electron 
wavefunctions and the mechanical and 
chemical stability that results from their sp2 
hexagonal carbon network. However, the 
performance of the first nanotube-based 
LEDs has lagged far behind expectations.

Now, writing in Nature Nanotechnology, 
a team of researchers from IBM’s Thomas J. 
Watson Research Center report a single-
wall carbon nanotube (SWNT) LED whose 
efficiency exceeds previous light-emitting 
SWNT devices by nearly three orders 
of magnitude2. The device consists of a 

single SWNT with one end connected to 
a source and the other to a drain. The use 
of local electrostatic fields to control the 
distribution of charge carriers allows the 
device to be driven like a conventional 
p–n junction. The approach allows both 
electrons and holes to be injected into the 
nanotube, where they recombine and result 
in light emission. 

In contrast, early designs of SWNT 
light-emitting devices were based on 
unipolar devices, in which the operating 
voltage leads to the injection of only one 
type of charge carrier, generally holes3. 
In unipolar devices, the other carrier 
type needed for recombination has to be 

carBon nanotuBeS

a brighter future
The demonstration of an LED made from a single electrostatically doped carbon nanotube p–n junction with 
dramatically improved light-emission efficiency marks an important advance for carbon nanotube photonics.

tobias Hertel

nphoton_N&V_FEB10.indd   77 15/1/10   14:50:24

© 20  Macmillan Publishers Limited. All rights reserved10

mailto:shanhui@stanford.edu



