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Quantum Metamaterials for Plasmonics and Strong Coupling

Jonathan Plumridge, Edmund Clark, Ray Murray, and Chris Phillips

Abstract—We show how the metamaterial concept can be
extended to nanostructured solids to design new types of optical
response. Using this “quantum metamaterial” approach we
demonstrate a slab which supports a new type of waveguide mode
which combines the advantages of strong field enhancement and
efficient optical coupling previously seen with metal plasmons,
with centimeter propagation distances. This mode readily
“strong-couples” to the quantum transitions that we can design
into the slab, allowing them to be used for processing as well as
transporting information.

Index Terms—Metamaterial,
waveguide.

plasmon, strong-coupling,

1. INTRODUCTION

NORMAL Surface plasmons (SP’s) are collective excitations
which run along the planar interface between two
materials whose dielectric constants differ in sign [1]. The
electric field decays exponentially, in the direction normal to
the interface, on a sub-wavelength length scale, and the
resulting mode compression generates strong electric fields
which are useful in sensing applications [2].

Normally the negative dielectric material is a metal, which
has strong absorption losses and gives a damped mode which
only propagates for some 10’s pm. However, it has long been
known that if a thin conducting slab is clad symmetrically by a
dielectric [3], it can support a high-Q low loss plasmonic
mode, or “long range plasmon” (LRP), which has the curious
property that it’s supported only in the presence of strong
absorption in the slab; the stronger the absorption, the sharper
the LRP line and the further it propagates.

The concept of a metamaterial [4] involves designing a
structure which is patterned on a length scale small compared
with the optical wavelength, in order to generate
electromagnetic resonances. These can be used to modify the
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optical properties experienced by the light field in a
technologically desirable way [5]. So far these structures have
been patterned on a scale which, although short compared with
the wavelength of light, is long compared with electron
wavelengths, so the system behaves classically and can be
described with the classical laws of electromagnetism. Here we
extend the concept to “Quantum Metamaterials”; we use
nanoscale patterning to control the electrons’ behavior at the
quantum level, and instead of just Maxwell’s equations to
design in the resonances, we also use Schroedinger’s [6].

II. RESULTS

The waveguide structures we use are fabricated using
semiconductor MBE growth technology, and consist of a
conducting slab made from doped multi-quantum-well (MQW)
material [7]. It is symmetrically clad with thick dielectric
layers of high symmetry and quality. For in-plane electric field
components this MQW slab looks like a metal, with a Drude-
like free-electron conductivity, and it can support a mode,
which has LRP and TM-mode like properties. For any given
MQW doping level there is an effective cutoff frequency,
Ocutof, D€low which the in-plane dielectric constant flips from
negative to positive which defines the mode type; however, the
critical point to note though is that, provided the MQW slab is
thin compared with the optical wavelength, the mode’s mode
volume, dispersion curve and propagation distance are
unaffected by this sign change [6]. For convenience we call
this mode a collective plasma resonance (CPR). Even well
above M. our new CPR still shows all the advantages (ease
of optical coupling and strong local electric field
enhancement) seen with other LRP like excitations [8].
However, because the E-field in the CPR mode points out of
the slab, and hence is perpendicular to the two dimensional
Drude gas, we can design out the losses with the quantum
metamaterial approach, and in principle generate ultra long
range plasmon excitations.

The 2D quantum nature of the electron states makes the
MQW slab an extreme case of optical anisotropy, and for a in-
plane polarized E-field, the dielectric function is a Lorentzian
peak, corresponding to single electron “intersubband”
transitions (ISBT’s) between the confined states of the
quantum wells. While the energy of the CPR depends on the
macroscopic doping and thickness of the slab, the ISBT energy
is governed by the nanoscopic QW thickness, so the two
excitations can be matched in energy and tuned through each
other in angle resolved spectroscopic measurements.
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Figure 1. Angle Resolved reflectivity spectra of the MQW slab sample,
showing the ISBT (~1100 cm™) and CRP (~1800 cm™") modes, anticrossing
with a coupling energy of ~ 64 meV. Dashed fine lines: results of thin-film
calculation, showing ISBT and CPR mode positions. Heavy solid lines are
guides for the eye.

Figure 1 shows angle resolved reflectivity spectra from a
d=1.8um thick MQW slab waveguide, comprising N=50
repeats of Ly, =6 nm wide GaAs quantum wells, each doped to
an areal electron concentration of nS:6.5*10”cm'2, with 30 nm
Alg35GaggsAs barriers. For this well thickness the reflectivity
spectra shows dips at ~1100cm” and ~1600cm™,
corresponding to the ISBT and the CPR excitations (fig 1).

As the CPR is angle tuned towards the ISBT, the two repel
and the latter red shifts by some 200cm™. Clear anticrossing
behaviour appears as the two excitations are tuned through
degeneracy, but the big surprise is the strength of the effect.
The coupling energy, ~65meV, is some 6 times larger than
either of the peak widths, which is to say that the excitations
are firmly in the “strong-coupling” (SC) regime [8].

Strong coupling can normally be achieved only with
sophisticated high-Q microcavity techniques. The coupling
energy is commonly viewed as a Vacuum-Rabi effect, with the
electronic transition being coupled to the zero-point energy of
a small cavity to give a splitting energy of [9]:
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Where Ng,, is the number of layers in the stack, ¢, their mean
dielectric tensor, fex:nSZm*Elz[le/h]z, is the oscillator strength
per well per unit area, and L.y is the effective length of the
optical cavity with which the electrons are coupled. The other
symbols have their usual meanings. For our sample the
oscillator strength can be computed, from the knowledge of the
electron wavefunctions in the QW, as z;,= 1.90 nm, and we
find that to achieve the same coupling energy with a Fabry
Perot cavity as we get with our quantum metamaterial
approach we would need L. <388nm. This shows that, even

though we are well above the cutoff frequency (®.yonr~160cm
") with this sample, the strength of the electric fields are
dramatically enhanced, much stronger than can be achieved
with a Fabry Perot cavity.

The black curves in Figure 1 are the results of a transfer
matrix model of the slab [6], modeling its dielectric response
with a Drude function for the in-plane electric field
component, and as a single Lorentzian oscillator for the
perpendicular one. We use electron scattering rates inferred
from the ISBT’s linewidths measured under experimental
conditions where the ISBT is decoupled from the CPR, and
doping levels and oscillator strengths are inferred from the
same data. With this present, non-optimized sample, the
transfer matrix model predicts propagation distances of 2.1mm
and 1.34 mm at photon energies (wavelengths) of 88meV (14
pm) and 315 meV (3.94 um) respectively. Propagation
distances up to ~121 mm are predicted with thinner structures
at A~15um[6].

III. CONCLUSION

We have shown here how the field enhancement effects of a
new form of plasmonic waveguide can be harnessed to provide
a new strongly-coupled system which is robust and easily
manufacturable. Moreover the CPR and ISBT excitation can
be electronically tuned in and out of the SC regime with low
perpendicular voltages, and potentially, very high speeds,
implying that these new guided modes may be used not only to
transport information, but also to process it.

REFERENCES

[1] H. Raether “Surface Plasmons on Smooth and Rough Surfaces and
Gratings”, Springer Verlay, New York (1988).

[2] W. L. Barnes, A. Dereux and T. W. Ebbesen, Nature 424, 824-830
(2003).

[3]1 J.C.Quail, J. G. Rako and H. J. Simon, “Long-range surface-plasmon
modes in silver and aluminium films”, Opt. Lett. 8, 377-379 (1983); F.
Yang, J. R. Sambles and G. W. Bradberry, Phys. Rev. Lett. 64, 449-562
(1990).

[4] D. R. Smith, J. B. Pendry, M. C. K. Wiltshire “Metamaterials and
Negative Refractive Index”, Science 6 August 2004: Vol. 305. no. 5685,
pp. 788-792.

[5] D. Schurig, J. J. Mock, B. J. Justice, S. A. Cummer, J. B. Pendry, A. F.
Starr and D. R. Smith “Metameterial Electromagnetic Cloak at
Microwave Frequencies” Science 10 November 2006: Vol. 314. no.
5801, pp. 977-980.

[6] J.Plumridge and C. Phillips “Ultra long range plasmonic waveguides
using quasi-two-dimensional metallic layer” cond-mat/0701521.

[71 L. Wendler and R. Haupt “Long-range surface plasmon-phonon-
polaritons” J. Phys. C: Solid State Phys. 19, 1871-1896 (1986).

[8] J. Plumridge, E. Clarke, R. Murray and C. Phillips “Strong Coupling
Effects with Quantum Metamaterials” cond-mat/0701775.

[9] E.T.Jaynesand F. W. Cummings Proc. IEEE, 51 (1) 89-109 (1963).

M. S. Skolnick, T. A. Fisher and D. M. Whittaker, Semicond. Sci. Tech, 13,

645-669 (1988).



http://www.pdfonline.com/easypdf/?gad=CLjUiqcCEgjbNejkqKEugRjG27j-AyCw_-AP

