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with B. fragilis, Lactobacillus, or SFB did not 

affect colonic T
reg

 cells, and a cocktail of 16 

Bacteroides species only marginally increased 

the number and frequency of colonic T
reg

 cells. 

Thus, Clostridium species appear to be spe-

cialized in their ability to promote T
reg

 cell 

accumulation and activity in the colon.

Unlike SFB that tightly adhere to the 

intestinal epithelium, Atarashi et al. observed 

that the Clostridium cocktail formed a non-

adherent layer in the cecum and colon. Still, 

the Clostridium species promoted the release 

of transforming growth factor–β (TGF-β), a 

molecule that promotes T
reg

 cell differentia-

tion and survival, by intestinal epithelial cells. 

Furthermore, colonic T
reg

 cell accumulation 

occurred normally in mice that lack intestinal 

lymphoid follicles and Peyer’s patches, sug-

gesting that T
reg

 cells accumulated as a result 

of a Clostridium-specifi c signal, rather than 

as a secondary consequence of the formation 

of lymphoid tissues in Clostridium-colonized 

mice. These signals could be transmitted to 

CD4+ T cells independently of each of the 

three major innate immune microbial-sens-

ing pathways, suggesting either redundancy 

among sensors or an unknown mechanism. 

Additionally, T
reg

 and Tr1-like cells in the 

small intestine still produced IL-10 in germ-

free mice. Because human inflammatory 

bowel diseases often affect the small intestine 

( 4), understanding whether dietary or other 

factors activate T
reg

 cells in this site is particu-

larly important.

Atarashi et al. found that increasing the 

frequency and abundance of the cocktail of 

Clostridium species in mice with an other-

wise normal immune system and microbiota 

also enhanced colonic T
reg

 cell accumulation. 

Such mice were more resistant to experimen-

tal models of allergy or intestinal infl amma-

tion. These fi ndings suggest that either pro-

biotic administration of human gut-resident 

Clostridium species or boosting the relative 

frequency of Clostridium species in the gut 

microbial ecosystem with antibiotics could 

reduce susceptibility to chronic disease. How-

ever, targeting defi ned Clostridium species 

that enhance T
reg

 cell activity should be done 

cautiously, because the closely related bacte-

rial species SFB and Clostridium diffi cile can 

instead trigger or exacerbate infl ammatory 

disease. Also, an individual with an altered 

microbiota containing an abundance of intes-

tinal Clostridium species might become 

more susceptible to enteric infections ( 16). It 

may be that Clostridium and related Gram-

positive gut-resident bacteria are among the 

most potent modulators of T cell immunity 

in the normal microbiota. Understanding the 

molecular properties that make these bac-

teria immunostimulatory and either pro- or 

anti-infl ammatory will be an important step 

toward manipulating the microbiota for ther-

apeutic purposes. 
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Low-Loss Plasmonic Metamaterials

MATERIALS SCIENCE
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New materials are being developed that meet 

the requirements for nanoscale photonics.

   M
etamaterials (MMs) are artif i-

cial, engineered materials with 

rationally designed compositions 

and arrangements of nanostructured build-

ing blocks. These materials can be tailored 

for almost any application because of their 

extraordinary response to electromagnetic, 

acoustic, and thermal waves that transcends 

the properties of natural materials ( 1– 3). The 

astonishing MM-based designs and dem-

onstrations range from a negative index of 

refraction, focusing and imaging with sub-

wavelength resolution, invisibility cloaks, 

and optical black holes to nanoscale optics, 

data processing, and quantum information 

applications ( 3). Metals have traditionally 

been the material of choice for the building 

blocks, but they suffer from high resistive 

losses—even metals with the highest con-

ductivities, silver and gold, exhibit exces-

sive losses at optical frequencies that restrict 

the development of devices in this frequency 

range. The development of new materials for 

low-loss MM components and telecommuni-

cation devices is therefore required.

Metamaterials and plasmonics exploit 

another revolutionary field in photonics, 

whereby the features of photonics and elec-

tronics are combined by coupling the energy 

and momentum of a photon to a free electron 

gas in the form of surface plasmons. Surface 

plasmons propagate on the surface of the 

metal, and enable the routing and manipula-

tion of light at the nanoscale ( 4). Plasmonic 

MMs face the challenge associated with over-

coming the losses that dampen these sub-

wavelength coupled excitations.

One solution would be to combine MMs 

with a gain medium to offset the metallic 

losses ( 5). However, even the highest gain 

provided by existing active materials is not 

enough to compensate the large losses. A dif-

ferent approach would be the discovery of 

better plasmonic materials that have a nega-

tive real part of dielectric permittivity. This 

search requires an investigation of previously 

overlooked elements, improving the optical 

properties of the existing metallic materi-

als via doping, or alloying and careful band 

structure engineering ( 6– 8).

The material losses are not the only con-

sideration—the real part of the dielectric per-

mittivity is critical because it determines the 

optical performance of the system ( 6). For 

example, although negative real permittiv-

ity is required for any plasmonic structure, 

an extremely negative value is not desirable 

for MM devices like hyperlenses or transfor-

mation optics ( 9,  10). Both the loss issue and 

the ability to tune the real part of the dielec-

tric permittivity are factors to consider when 

searching for alternative plasmonic materials.

Materials can be classifi ed on the basis of 

two important parameters that determine the 
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optical properties of conducting 

materials: the carrier concentra-

tion and carrier mobility (see the 

fi gure). The carrier concentration 

has to be high enough to provide 

a negative real permittivity, but it 

also must be tunable so that larger 

negative values would be accessi-

ble with further increases in car-

rier concentration. Lower car-

rier mobilities translate to higher 

material losses. Additional losses 

due to interband transitions are 

highly undesirable and severely 

limit potential applications. The 

ideal material for plasmonics would lie at the 

left end of the plot on the horizontal plane 

where interband losses are zero. Such a loss-

less metal remains elusive ( 11).

The potential candidates to replace silver 

and gold in plasmonic applications include 

alkali metals, intermetallics ( 7), various 

alloys ( 8), transparent conducting oxides 

(TCOs) ( 6), and graphene ( 12). In the visible-

wavelength range, silver and gold and their 

alloys with slightly improved properties ( 8) 

are the best materials ( 6). Many other metals 

exhibit higher losses, whereas alkali metals 

have attractive properties but are ruled out by 

their extreme chemical reactivity.

The plasmonic properties of semicon-

ductors are suitable for MM applications at 

near-infrared (NIR) and mid-infrared (MIR) 

wavelengths. Operation in the NIR requires 

heavy doping (1021 carriers cm–3) that can be 

achieved in TCOs such as indium tin oxide, 

or zinc oxide doped with aluminum or gal-

lium ( 6). In the MIR, silicon carbide, gallium 

arsenide, and other semiconductors have 

already been shown to be suitable for some 

MM applications ( 13,  14).

Because the losses associated with metals 

partly arise from free electron densities that 

are too large, an overall approach would be 

either to reduce the electron density in metals 

or increase it in semiconductors. Free elec-

tron gases at intermediate carrier concentra-

tions in TCOs have enabled plasmonics in the 

NIR range. Plasmonics in the visible range 

with TCOs would require still higher doping 

concentrations, which becomes increasingly 

diffi cult. Instead, we could reduce the car-

rier concentration in metals by mixing them 

with nonmetals and giving rise to intermetal-

lics (silicides, germanides, borides, nitrides, 

oxides, and metallic alloys). For example, 

the optical properties of titanium nitride 

approach those of gold for plasmonic appli-

cations above 550 nm (15). In this way, the 

optical properties of silicides and germanides 

of tungsten and tantalum could be optimized 

to produce low-loss plasmonic materials in 

the NIR. Nonstoichiometric oxides such as 

vanadium, titanium, and aluminum oxides 

are good candidates in the NIR and visible 

ranges, as plasmonic materials and also as 

switchable optical materials.

These new intermediate carrier density 

materials offer the prospect of other exotic 

properties beyond lower losses. For example, 

heavily doped semiconductors and TCOs can 

provide extraordinary tuning and modulation 

of their complex refractive indices because 

their carrier concentrations can be changed 

by orders of magnitude by applying an elec-

tric fi eld. Such materials can go from being 

metallic to dielectric, opening up exciting 

possibilities for novel device concepts ( 16). 

Along with “phase change” materials like 

chalcogenide glasses and transition metal 

oxides that are prime agents for switching and 

memory storage applications, TCOs and gra-

phene ( 17) are promising candidates for add-

ing electro optical capabilities to plasmonic 

and MM devices.

With their high dielectric constants, plas-

monic semiconductors might also contribute 

to the further development and improvement 

of solar cells and light-harvesting devices 

( 18). The development of new plasmonic 

materials should lead to tremendous progress 

in the technology of MMs, providing low-

loss and tunable materials suitable for use in 

the electronics industry. 

References and Notes
 1. J. B. Pendry et al., Science 312, 1780 (2006).  

 2. C. M. Soukoulis et al., Science 315, 47 (2007).  

 3. V. M. Shalaev, Science 322, 384 (2008).  

 4. S. Lal, S. Link, N. J. Halas, Nat. Photonics 1, 641 (2007).  

 5. S. Xiao et al., Nature 466, 735 (2010).  

 6. P. R. West et al., Laser Photon. Rev. 4, 795 (2010).  

 7. M. G. Blaber et al., J. Phys. Cond. Mat. 21, 144211 (2009).  

 8. D. A. Bobb et al., Appl. Phys. Lett. 95, 151102 (2009).  

 9. Z. Jacob, L. V. Alekseyev, E. E. Narimanov, Opt. Express 

14, 8247 (2006).  

 10. N. Engheta, Physics World 23, 31 (2010).

 11. J. B. Khurgin, G. Sun, Appl. Phys. Lett. 96, 181102 

(2010).  

 12. M. Jablan et al. Phys. Rev. B 80, 245435 (2009).  

 13. A. J. Hoffman et al., Nat. Mater. 6, 946 (2007).  

 14. T. Taubner, D. Korobkin, Y. Urzhumov, G. Shvets, 

R. Hillenbrand, Science 313, 1595 (2006).  

 15. G. V. Naik, J. L. Schroeder, T. D. Sands, A. Boltasseva, 

http://arxiv.org/abs/1011/4896v1 (2010).

 16. E. Feigenbaum, K. Diest, H. A. Atwater, Nano Lett. 10, 

2111 (2010).  

 17. N. Papasimakis et al., Opt. Express 18, 8353 (2010).  

 18. H. A. Atwater, A. Polman, Nat. Mater. 9, 205 (2010).  

 19. We thank G. Naik for help with preparation of this 

Perspective and V. Shalaev for useful discussions. A.B. 

acknowledges support from ONR-MURI grant N00014-

10-1-0942. H.A.A. acknowledges support from the 

U.S. Department of Energy under grant DOE DE-FG02-

07ER46405 and AFOSR under grant FA9550-09 1 0673.

1

Sb, Bi

Sb, Ge

III-V’s

Sic

Silicides
Germanides

PerovskitesZnO, SnO, In
2
O

3

Nitrides

Infrared

Near-IR

Visible

UV

Alkali
metals

Cu Au

Ag
Al

Alloys

10

1019

1020

1021

1022

1001000

Interband losses

Carrier concentration (cm–3)

C
ar

ri
er

 m
o
b
il

it
y 

(c
m

2
/V

-s
)

10.1126/science.1198258

Metamaterials map. The important 
material parameters such as carrier 
concentration (maximum doping con-
centration for semiconductors), car-
rier mobility, and interband losses can 
be optimized for various applications. 
Spherical bubbles represent materials 
with low interband losses, and ellipti-
cal bubbles represent those with larger 
interband losses in the corresponding 
part of the electromagnetic spectrum.
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