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Abstract	
  
	
  
Despite	
  the	
  extraordinary	
  degree	
  of	
  interest	
  in	
  optical	
  metamaterials	
  in	
  recent	
  years	
  the	
  
hoped-­‐for	
  devices	
  and	
  applications	
  have,	
  in	
  large	
  part,	
  yet	
  to	
  emerge,	
  and	
  it	
  is	
  becoming	
  
clear	
  that	
  the	
  first	
  generation	
  of	
  metamaterial-­‐based	
  devices	
  will	
  more	
  likely	
  arise	
  from	
  
their	
  two-­‐dimensional	
  equivalents,	
  metasurfaces.	
  In	
  this	
  review	
  we	
  describe	
  the	
  recent	
  
progress	
   made	
   in	
   the	
   area	
   of	
   metasurfaces	
   formed	
   from	
   plasmonic	
   meta-­‐atoms.	
   In	
  
particular	
  we	
  approach	
  the	
  subject	
  from	
  the	
  perspective	
  of	
  the	
  fundamental	
  excitations	
  
supported	
  by	
  the	
  meta-­‐atoms	
  and	
  the	
  interactions	
  between	
  them.	
  We	
  also	
  identify	
  some	
  
areas	
   ripe	
   for	
   future	
   research,	
   and	
   indicate	
   likely	
   avenues	
   for	
   future	
   device	
  
development.	
  
	
  
Introduction	
  
	
  
The	
  natural	
  starting	
  point	
  in	
  a	
  review	
  about	
  plasmonic	
  meta-­‐atoms	
  and	
  metasurfaces	
  is	
  
to	
   explain	
   what	
   we	
   mean	
   by	
   these	
   terms.	
   	
   Whilst	
   we	
   will	
   leave	
   a	
   more	
   detailed	
  
description	
   of	
   plasmonic	
  meta-­‐atoms	
   until	
   the	
   section	
   of	
   this	
   review	
   on	
   the	
   building	
  
blocks	
  of	
  metasurfaces	
  and	
  their	
  interactions,	
   in	
  essence	
  we	
  can	
  simply	
  consider	
  them	
  
to	
  be	
  sub-­‐wavelength	
  metallic	
  elements	
  that	
  exhibit	
  effective	
  electric	
  and/or	
  magnetic	
  
polarisabilities	
   defined	
   by	
   both	
   their	
   material	
   properties	
   and	
   their	
   geometry.	
   In	
   the	
  
context	
   of	
   this	
   review	
   these	
   effective	
   polarisabilities	
   arise	
   from	
   the	
   plasmonic	
  modes	
  
supported	
   by	
   metallic	
   nanostructures,	
   which	
   allow	
   the	
   electric	
   and	
   magnetic	
   fields	
  
associated	
  with	
  light	
  to	
  be	
  confined	
  to	
  deeply	
  sub-­‐wavelength	
  regions1.	
  

These	
  meta-­‐atom	
  building	
  blocks	
  can	
  then	
  be	
  arranged	
  into	
  periodic	
  arrays	
  to	
  form	
  one-­‐
dimensional	
   chains,	
   two-­‐dimensional	
   metasurfaces,	
   and	
   three-­‐dimensional	
  
metamaterials	
  (see	
  Fig.	
  1),	
  where	
  the	
  electromagnetic	
  response	
  of	
  the	
  whole	
  arises	
  from	
  
the	
  individual	
  properties,	
  or	
  the	
  collective	
  responses,	
  of	
  the	
  constituent	
  elements2.	
  The	
  
appeal	
  of	
  these	
  meta-­‐systems	
  lies	
   in	
  their	
  ability	
  to	
  exhibit	
  electromagnetic	
  properties	
  
that	
  are	
  not	
  available	
  from	
  naturally	
  occurring	
  materials,	
  such	
  as	
  the	
  well-­‐documented	
  
negative	
  refractive	
  index3,4	
  that	
  caused	
  such	
  an	
  upsurge	
  in	
  metamaterial	
  research	
  at	
  the	
  
turn	
  of	
   the	
  millennium,	
   they	
  also	
  open	
  up	
  opportunities	
   in	
  nonlinear	
  photonics5–9	
  and	
  
imaging10.	
  

Unfortunately,	
  even	
  after	
   the	
  enormous	
  efforts	
  expended	
  on	
  3D	
  optical	
  metamaterials	
  
research	
  over	
  the	
  last	
  decade,	
  many	
  of	
  the	
  hoped-­‐for	
  applications	
  and	
  devices	
  still	
  seem	
  
a	
  long	
  way	
  off.	
  This	
  can	
  mostly	
  be	
  attributed	
  to	
  absorptive	
  losses	
  inherent	
  in	
  plasmonic	
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metals	
   at	
   optical	
   frequencies11,	
   and	
   to	
   the	
   challenges	
   in	
   fabricating	
   complex	
   three-­‐
dimensional	
   geometries	
   at	
   the	
   nanoscale12.	
   Whilst	
   absorptive	
   losses	
   will	
   always	
   be	
  
present	
  in	
  metal-­‐based	
  metamaterial	
  systems	
  (though	
  there	
  is	
  increasing	
  interest	
  in	
  all-­‐
dielectric	
   approaches13,14),	
   it	
   is	
   natural	
   to	
   ask	
   whether	
   meta-­‐systems	
   of	
   reduced	
  
dimensionality,	
  which	
  are	
  far	
  simpler	
  to	
  fabricate,	
  might	
  be	
  a	
  more	
  productive	
  avenue.	
  	
  

In	
  this	
  article	
  we	
  will	
  review	
  the	
  advances	
  made	
  over	
  recent	
  years	
  in	
  both	
  the	
  physics	
  
and	
  the	
  applications	
  of	
  plasmonic	
  metasurfaces.	
  This	
  review	
  is	
  in	
  three	
  parts:	
  we	
  begin	
  
by	
  looking	
  at	
  plasmonic	
  particles	
  (meta-­‐atoms)	
  and	
  their	
  interactions.	
  We	
  then	
  explore	
  
the	
  collective	
  excitations	
  that	
  arrays	
  of	
  such	
  meta-­‐atoms	
  support	
  before	
  moving	
  on	
  to	
  
discuss	
  a	
  specific	
  application,	
  that	
  of	
  phase-­‐gradient	
  metasurfaces	
  (surfaces	
  that	
  allow	
  
the	
   phase	
   and	
   amplitude	
   of	
   scattered	
   wavefronts	
   to	
   be	
   spatially	
   tailored	
   over	
   sub-­‐
wavelength	
  scales).	
  We	
  conclude	
  this	
  review	
  with	
  an	
  outlook	
  concerning	
  directions	
  for	
  
future	
  research.	
  

	
  
Fig.	
   1:	
   From	
   meta-­‐atoms	
   to	
   metamaterials.	
   (a)	
   Schematic	
   representation	
   of	
   two	
   possible	
   building	
  
blocks	
  of	
  meta-­‐systems:	
   a	
  meta-­‐atom	
   in	
   the	
   form	
  of	
   a	
  plasmonic	
  nanorod,	
   and	
  a	
   collection	
  of	
   split-­‐ring	
  
resonators	
  that	
   form	
  a	
  meta-­‐molecule.	
  (b-­‐d)	
  Representations	
  of	
  a	
  1D	
  chain,	
  a	
  2D	
  metasurface,	
  and	
  a	
  3D	
  
metamaterial	
  made	
  from	
  plasmonic	
  meta-­‐atoms.	
  
	
  
Plasmonic	
  meta-­‐atoms	
  and	
  their	
  interactions	
  
	
  
Plasmonic	
  metamaterials	
  are	
  based	
  on	
  meta-­‐atoms	
  made	
  from	
  metallic	
  nanostructures	
  
whose	
  optical	
   response	
   is	
  governed	
  by	
   the	
  particle	
  plasmon	
  resonances	
   they	
  support.	
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When	
   an	
   electric	
   field	
   is	
   applied	
   to	
   a	
   metallic	
   particle	
   the	
   conduction	
   electrons	
   are	
  
displaced	
   from	
   their	
   equilibrium	
   position	
   with	
   respect	
   to	
   the	
   core	
   ions,	
   causing	
   a	
  
polarisation	
  of	
   the	
  particle	
   and	
  a	
  depolarising	
   field	
   that	
   acts	
   as	
   a	
   restoring	
   force.	
   In	
  a	
  
time-­‐varying	
   external	
   field	
   this	
   collective	
   motion	
   can	
   be	
   described	
   as	
   a	
   Lorentzian	
  
oscillator,	
   with	
   its	
   characteristic	
   peak	
   in	
   the	
   displacement	
   amplitude	
   (polarisability)	
  
around	
  the	
  resonance	
  frequency	
  accompanied	
  by	
  a	
  π	
  phase	
  shift	
  over	
  the	
  spectral	
  width	
  
of	
   the	
   resonance.	
   It	
   is	
   this	
   resonant	
  phase	
  behaviour	
   that	
   is	
   the	
  basis	
  of	
  many	
  phase-­‐
gradient	
  metasurface	
  devices,	
  which	
  will	
  be	
  discussed	
  in	
  detail	
  in	
  a	
  later	
  section.	
  

For	
  very	
  small	
  particles	
   the	
  electric	
   field	
  penetrates	
   the	
  whole	
  volume	
  of	
   the	
  particle,	
  
polarising	
   it	
   completely,	
   thereby	
   resulting	
   in	
   a	
   dipolar	
   response	
   whose	
   resonant	
  
frequency	
  depends	
  on	
  the	
  material	
   the	
  particle	
   is	
  made	
  of,	
   its	
  shape,	
  and	
   its	
  dielectric	
  
environment15.	
  However,	
  when	
  the	
  particle	
  dimensions	
  are	
  larger,	
  retardation	
  becomes	
  
important,	
   furthermore,	
  when	
   the	
   size	
   is	
  more	
   than	
   twice	
   the	
   skin	
   depth	
   the	
   electric	
  
field	
   acts	
   primarily	
   on	
   the	
   surface	
   electrons	
   giving	
   rise	
   to	
   higher-­‐order	
   multipole	
  
resonances.	
  The	
  result	
  is	
  that,	
  for	
  these	
  larger	
  particles,	
  the	
  plasmon	
  resonance	
  is	
  even	
  
more	
   sensitive	
   to	
   the	
   size	
   and	
   shape	
  of	
   the	
  particle.	
   Exact	
   analytical	
   solutions	
   for	
   the	
  
case	
  of	
  spherical	
  particles	
  were	
  derived	
  by	
  Mie16,	
  and	
  exist	
  for	
  ellipsoids17	
  (Fig.	
  2a)	
  for	
  
which	
   the	
   resonant	
   frequency	
   further	
   depends	
   on	
   the	
   orientation	
   of	
   the	
   particle,	
  
relative	
  to	
  the	
  driving	
  field.	
  
	
  
Another	
   simple	
  meta-­‐atom,	
   similar	
   to	
   spheroids,	
   is	
   that	
  of	
   a	
  metal	
  nanorod	
  with	
   sub-­‐
wavelength	
   dimensions	
   (Fig.	
   2b),	
   which,	
   to	
   a	
   first	
   approximation,	
   acts	
   as	
   a	
   dipole	
  
antenna	
   that	
   supports	
   a	
  half-­‐wavelength	
   resonance	
  along	
   its	
  principal	
   axis18.	
  One	
   can	
  
use	
   this	
   basic	
   antenna	
   element	
   to	
   build	
   up	
   more	
   complex	
   meta-­‐atoms	
   (see	
   Box	
   1).	
  
Instead	
  of	
  antennae	
  one	
  can	
  also	
  design	
  metamaterials	
  based	
  on	
  inverse	
  structures,	
  i.e.	
  
sub-­‐wavelength	
  apertures	
   in	
  a	
  metallic	
  sheet19–21	
  and	
  utilise	
  Babinet’s	
  principle22,23	
  or	
  
extraordinary	
  transmission24	
  based	
  on	
  surface-­‐plasmon	
  excitation.	
  

A	
  variety	
  of	
   fabrication	
   techniques	
  have	
  been	
  used	
   to	
  produce	
  plasmonic	
  meta-­‐atoms	
  
and	
   metasurfaces,	
   and	
   a	
   range	
   of	
   structures	
   from	
   the	
   literature	
   are	
   shown	
   in	
   Fig.	
   2	
  
(details	
  of	
  their	
  fabrication	
  can	
  be	
  found	
  in	
  the	
  references	
  in	
  the	
  caption).	
  There	
  is	
  also	
  a	
  
review	
  article	
  that	
  discusses	
  the	
  fabrication	
  of	
  such	
  structures	
  in	
  detail25.	
  

	
  

Box1:	
  From	
  plasmonic	
  antennae	
  to	
  meta-­‐atoms	
  
	
  
In	
  addition	
  to	
  the	
  fundamental	
  half-­‐wavelength	
  eigenmode,	
  a	
  sufficiently	
  long	
  nanorod	
  
antenna	
   supports	
   higher-­‐order	
  modes,	
   even	
   when	
   folded	
   into	
  more	
   complex	
   shapes.	
  
Such	
  deformations	
  have	
  two	
  main	
  effects:	
  firstly,	
  the	
  resonance	
  frequency	
  is	
  shifted	
  due	
  
to	
  modified	
  dipolar	
  interactions	
  between	
  the	
  ends	
  of	
  the	
  antenna,	
  creating	
  an	
  additional	
  
degree	
  of	
  tunability.	
  Furthermore,	
  folding	
  the	
  rod	
  changes	
  the	
  symmetry	
  of	
  the	
  antenna	
  
and	
   as	
   a	
   result	
   formerly	
   dark	
   modes	
   may	
   couple	
   to	
   incident	
   light	
   for	
   appropriate	
  
directions	
  of	
  the	
  incident	
  electric	
  field.	
  	
  For	
  example,	
  folding	
  a	
  nanorod	
  along	
  its	
  middle	
  
creates	
  a	
  V-­‐shaped	
  antenna	
  (Fig.	
  2c	
  and	
  Fig.	
  B1)	
  where	
  one	
  can	
  describe	
  the	
  two	
  lowest-­‐
order	
   eigenmodes	
   in	
   terms	
   of	
   symmetric	
   and	
   anti-­‐symmetric	
   charge	
   density	
  
distributions.	
  These	
  modes	
   can	
  be	
   excited	
  by	
   light	
  polarised	
  along	
   the	
   symmetry	
   axis	
  
and	
  orthogonal	
  to	
  the	
  symmetry	
  axis	
  of	
  the	
  structure	
  respectively.	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Additionally	
  the	
  current	
  distribution	
  of	
  the	
  anti-­‐symmetric	
  resonance	
  resembles	
  a	
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circulating	
  ring	
  current,	
   inducing	
  an	
  out-­‐of	
  plane	
  magnetic	
  moment,	
  which	
  provides	
  a	
  
magnetic-­‐response	
  of	
  the	
  antenna,	
  even	
  at	
  optical	
  frequencies.	
  Such	
  magnetic	
  responses	
  
are	
   necessary	
   for	
   negative	
   refractive	
   index	
   materials113–115,	
   which	
   require	
   both	
   the	
  
permittivity	
  and	
  the	
  permeability	
  of	
  the	
  material	
  to	
  be	
  negative.	
  However,	
  the	
  magnetic	
  
moment	
  for	
  a	
  V-­‐shaped	
  antenna	
  is	
  weak	
  and	
  it	
  is	
  more	
  common	
  to	
  use	
  C-­‐	
  or	
  U-­‐shaped	
  
antennae116	
   (Fig.	
   2e	
   and	
   f),	
   which	
   are	
   usually	
   referred	
   to	
   as	
   split-­‐ring	
   resonators	
  
(SRRs)117–120.	
  Ring	
  currents	
  can	
  also	
  be	
  generated	
  by	
  stacking	
  two	
  rods,	
  separated	
  by	
  a	
  
thin	
   dielectric	
   spacer,	
   along	
   the	
   propagation	
   direction	
   of	
   the	
   incident	
   light.	
   In	
   this	
  
configuration,	
   retardation	
   effects	
   allow	
   the	
   anti-­‐symmetric	
  mode	
   to	
   be	
   excited	
   in	
   the	
  
rods;	
  the	
  charge	
  distribution	
  forms	
  a	
  current	
  loop,	
  inducing	
  a	
  magnetic	
  moment	
  in	
  the	
  
sample	
   plane.	
   To	
   achieve	
   a	
   negative-­‐index	
   material	
   these	
   sandwich	
   structures	
   are	
  
combined	
   with	
   long	
   wires	
   to	
   give	
   a	
   metallic	
   response,	
   resulting	
   in	
   the	
   well-­‐known	
  
fishnet	
  structure121	
  (Fig.	
  2h).	
  

	
  
Fig.	
  B1:	
  Transition	
  from	
  a	
  simple	
  rod	
  antenna	
  into	
  a	
  V-­‐shaped	
  antenna	
  and	
  a	
  split-­‐ring	
  resonator.	
  
The	
   charge	
   distributions	
   of	
   the	
   lowest-­‐order	
   eigenmodes	
   are	
   shown,	
   along	
   with	
   the	
   resulting	
   electric	
  
(red)	
  and	
  magnetic	
  (blue)	
  dipole	
  moments,	
  and	
  the	
  polarisation	
  directions	
  required	
  to	
  excite	
  the	
  modes.	
  
	
  
When	
   two	
   meta-­‐atoms	
   are	
   brought	
   into	
   close	
   proximity	
   interesting	
   things	
   start	
   to	
  
happen.	
   One	
   can	
   describe	
   two	
   near-­‐field	
   coupled	
   meta-­‐atoms	
   (antennae)	
   as	
   coupled	
  
dipoles	
   that	
   exhibit	
   hybridisation,	
   i.e.	
   the	
   creation	
   of	
   symmetric	
   and	
   anti-­‐symmetric	
  
modes	
  according	
  to	
  the	
  relative	
  direction	
  of	
  the	
  two	
  dipoles26,27.	
  For	
  the	
  anti-­‐symmetric	
  
mode	
   there	
   is	
   no	
   net	
   dipole	
  moment,	
   light	
   normally	
   incident	
   on	
   the	
   plane	
   containing	
  
both	
   elements	
   cannot	
   couple	
   to	
   this	
  mode	
   (it	
   is	
   considered	
   a	
   dark	
  mode)	
   unless	
   the	
  
symmetry	
   is	
  broken,	
  e.g.	
  by	
   introducing	
  a	
  geometrical	
  asymmetry	
  (for	
  an	
  example	
  see	
  
Fig.	
  2g).	
  The	
  resulting	
  grey	
  mode	
  exhibits	
  a	
  very	
  small	
  net	
  dipole	
  moment	
  and	
  couples	
  
only	
   weakly	
   to	
   optical	
   fields.	
   Consequently,	
   the	
   associated	
   resonance	
   exhibits	
   low	
  
radiative	
   losses	
   and	
   thus	
   a	
   narrow	
   linewidth,	
   making	
   it	
   interesting	
   for	
   sensing	
  
applications	
   or	
   for	
   coupling	
   to	
   excitonic	
  materials.	
   The	
   occurrence	
   of	
   such	
  modes	
   in	
  
plasmonic	
  structures	
  is	
  extensively	
  discussed	
  in	
  other	
  reviews28,29.	
  Further,	
  the	
  changes	
  
to	
   the	
   resonance	
   position	
   and	
   width	
   associated	
   with	
   mode-­‐hybridisation	
   depend	
  
strongly	
  on	
  the	
  separation	
  between	
  the	
  two	
  particles30,31,	
  due	
  in	
  part	
  to	
  the	
  attenuation	
  
of	
   the	
  near-­‐fields	
  with	
  distance32,33	
   and	
   in	
  part	
  due	
   to	
   interference	
   arising	
  because	
  of	
  
retardation,	
  i.e.	
  the	
  finite	
  speed	
  of	
  light30,31,34.	
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In	
  the	
  case	
  of	
  magnetic	
  meta-­‐atoms,	
  such	
  as	
  split-­‐ring	
  resonators,	
  we	
  have	
  to	
  consider	
  
both	
   electric	
   and	
  magnetic	
   dipole	
  moments	
   if	
  we	
   are	
   to	
   understand	
   their	
   interaction	
  
properly35.	
   Whether	
   electric	
   or	
   magnetic	
   coupling	
   mechanisms	
   dominate	
   depends	
  
strongly	
   on	
   the	
   relative	
   orientation	
   of	
   the	
   resonators	
   and	
   on	
   their	
   orientation	
   with	
  
respect	
  to	
  the	
  incident	
  field.	
  
	
  
Going	
  beyond	
  a	
  simple	
  point	
  dipole	
  picture	
  one	
  can	
  elicit	
  an	
  entirely	
  different	
  response	
  
from	
   meta-­‐atoms.	
   By	
   suitable	
   structural	
   design	
   one	
   can	
   arrange	
   for	
   spatially	
   and	
  
spectrally	
  overlapped	
  electric	
  and	
  magnetic	
  field	
  components	
  to	
  couple36,	
  enabling	
  near	
  
fields	
  to	
  take	
  on	
  a	
  chiral	
  character36–39.	
  (Fig.	
  2d	
  shows	
  an	
  example	
  of	
  chiral	
  meta-­‐atoms),	
  
which	
  can	
  ultimately	
  result	
  in	
  chiroptical	
  far-­‐field	
  effects	
  like	
  optical	
  activity	
  or	
  circular	
  
dichroism	
  far	
  stronger	
   than	
  anything	
  observed	
   in	
  natural	
  materials40–42.	
  These	
  effects,	
  
in	
   turn,	
   enable	
   one	
   to	
   twist	
   and	
   control	
   the	
  polarisation	
  of	
   light	
   in	
   an	
  unprecedented	
  
way,	
  making	
   chiral	
  metamaterials	
   interesting	
   for	
   applications	
   such	
   as	
   ultrathin	
  wave	
  
retarders.	
   Furthermore,	
   owing	
   to	
   their	
   ability	
   to	
   efficiently	
   couple	
   to	
   circularly	
  
polarised	
   light	
   as	
  well	
   as	
   to	
  molecules,	
   such	
   chiral	
  metamaterials	
   have	
   recently	
   been	
  
studied	
  as	
  an	
  intermediary	
  to	
  enhance	
  the	
  usually	
  rather	
  weak	
  interaction	
  of	
  light	
  with	
  
chiral	
  molecules43.	
  
	
  

	
  
	
  
Fig.	
   2:	
   Meta-­‐atoms	
   and	
  metasurface	
   fabrication	
   techniques.	
   (a)	
   Nanodiscs	
   fabricated	
   by	
   template-­‐
stripping.	
  (b)	
  Rod	
  antennae	
  fabricated	
  by	
  nanoimprint.	
  (c)	
  A	
  metasurface	
  composed	
  of	
  different	
  V-­‐shaped	
  
antennae	
   fabricated	
   by	
   electron-­‐beam	
   lithography	
   (EBL).	
   (d)	
  Double-­‐layer	
   right-­‐handed	
   (top)	
   and	
   left-­‐
handed	
  (bottom)	
  gammadions	
  forming	
  a	
  chiral	
  metamaterial	
  fabricated	
  by	
  EBL;	
  scale	
  bar	
  is	
  500	
  nm.	
  (e)	
  
Split-­‐ring	
  resonators	
   fabricated	
  by	
  EBL;	
  scale	
  bar	
   is	
  500	
  nm.	
   (f)	
  SRR	
  with	
  an	
   inner	
  diameter	
  of	
  108	
  nm	
  
and	
  an	
  outer	
  diameter	
  of	
  188	
  nm.	
  The	
  structures	
  were	
  fabricated	
  by	
  nanosphere	
  lithography.	
  (g)	
  Inverse	
  
asymmetric	
  SRR	
  fabricated	
  by	
  ion-­‐beam	
  milling	
  25	
  nm	
  wide	
  slits	
  into	
  a	
  gold	
  film	
  resulting	
  in	
  a	
  495	
  nm	
  x	
  
495	
  nm	
  meta-­‐atom,	
  which	
   is	
   arranged	
  on	
   a	
   square	
   lattice	
  with	
   a	
  period	
  of	
   731	
  nm.	
   (h)	
  Double	
   fishnet	
  
structure	
  fabricated	
  by	
  nanoimprint.	
  [Figures	
  reproduced	
  from:	
  (a)62,	
  (b)49,	
  (c)80,	
  (d)108,	
  (e)34,	
  (f)109,	
  (g)110,	
  
(h)111].	
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Collective	
  Excitations	
  
	
  
Qualitatively	
  different	
  things	
  happen	
  if	
  we	
  consider	
  periodic	
  arrays	
  of	
  meta-­‐atoms.	
  The	
  
plasmonic	
   modes	
   supported	
   by	
   an	
   individual	
   meta-­‐atom	
   will	
   be	
   modified	
   by	
   the	
  
presence	
  of	
  other	
  members	
  of	
  the	
  array,	
  and	
  two	
  kinds	
  of	
  change	
  to	
  the	
  response	
  may	
  
occur.	
   Firstly,	
   the	
   proximity	
   of	
   nearest	
   neighbours	
   will	
   lead	
   to	
   a	
   change	
   in	
   the	
   field	
  
distribution	
  around	
  a	
  particle,	
  thereby	
  altering	
  its	
  polarisability	
  in	
  a	
  similar	
  manner	
  to	
  
that	
  described	
  above	
   for	
  pairs	
  of	
  particles.	
  Secondly,	
   for	
  arrays	
  of	
  appropriate	
  period,	
  
the	
  possibility	
  exists	
  for	
  coherent	
  interactions	
  between	
  many	
  particles,	
  from	
  which	
  new	
  
collective	
  modes	
  emerge.	
  	
  
	
  
We	
  may	
  distinguish	
  three	
  regimes	
   for	
  2D	
  arrays	
  of	
  plasmonic	
  meta-­‐atoms:	
   in	
   the	
   first	
  
regime	
  the	
  meta-­‐atom	
  separation	
  is	
  of	
  order	
  the	
  resonance	
  wavelength.	
  Here,	
  diffractive	
  
far-­‐field	
  interactions	
  between	
  the	
  meta-­‐atoms	
  of	
  the	
  array	
  may	
  constructively	
  interfere	
  
leading	
   to	
   collective	
   modes	
   known	
   as	
   surface	
   lattice	
   resonances	
   (SLRs).	
   Magneto-­‐
inductive	
   interactions	
   are	
   also	
   possible44.	
   In	
   the	
   second	
   regime	
   the	
   meta-­‐atom	
  
separation	
   is	
   less	
   than	
   the	
   resonance	
  wavelength	
  but	
  meta-­‐atoms	
  are	
   still	
   sufficiently	
  
well	
   separated	
   that	
   near-­‐field	
   mediated	
   interactions	
   are	
   small;	
   the	
   phase-­‐graded	
  
metasurfaces	
  discussed	
  in	
  the	
  next	
  section	
  fit	
  into	
  this	
  category.	
  In	
  the	
  third	
  regime	
  the	
  
meta-­‐atom	
   separation	
   is	
   small	
   when	
   compared	
   with	
   the	
   resonance	
   wavelength,	
   and	
  
near-­‐field	
  interactions	
  become	
  very	
  important.	
  An	
  example	
  is	
  the	
  Dirac-­‐like	
  plasmons	
  in	
  
honeycomb	
   arrays	
   of	
  metallic	
   nanoparticles	
   in	
  which	
   the	
  meta-­‐atom	
   separation	
   is	
   an	
  
order	
  of	
  magnitude	
  less	
  than	
  the	
  resonance	
  wavelength45.	
  	
  
	
  
When	
   the	
   array	
   period	
   is	
   of	
   order	
   the	
   wavelength	
   of	
   the	
   particle	
   resonance,	
  
neighbouring	
  particles	
  may	
  interact	
  coherently.	
  More	
  specifically,	
  light	
  scattered	
  by	
  one	
  
element	
  in	
  the	
  array	
  may	
  act	
  to	
  drive	
  a	
  neighbouring	
  particle	
  in	
  phase	
  with	
  the	
  incident	
  
light.	
   These	
   surface	
   lattice	
   resonances	
   involve	
   a	
   collectively	
   scattered	
   field	
   that	
  
comprises	
  components	
  produced	
  by	
  scattering	
  from	
  all	
  members	
  of	
  the	
  array	
  –	
  with	
  the	
  
array	
   period	
   such	
   that	
   all	
   the	
   contributions	
   accumulate	
   in	
   phase.	
   Such	
   SLRs	
   were	
  
predicted	
   in	
   the	
   context	
   of	
   plasmonically	
   resonant	
   particles	
   nearly	
   30	
   years	
   ago	
   but	
  
were	
  not	
   fully	
  observed	
  until	
  relatively	
  recently46–48,	
  see	
  Fig.	
  3.	
  SLRs	
  can	
  be	
  spectrally	
  
much	
   sharper	
   than	
   the	
   plasmon	
   resonance	
   associated	
   with	
   individual	
   particles	
   from	
  
which	
  they	
  originate	
  (see	
  Fig	
  3a),	
  they	
  also	
  offer	
  an	
  interesting	
  way	
  to	
  couple	
  light	
  from	
  
nearby	
  emitters	
  to	
  radiation,	
  and	
  as	
  a	
  consequence,	
  they	
  are	
  being	
  actively	
  explored	
  for	
  
potential	
   in	
   light	
   emitting	
   devices	
   such	
   as	
   LEDs49,50	
   and	
   for	
   light	
   harvesting51.	
  
Intriguingly,	
  making	
  the	
  unit	
  cell	
  more	
  complex,	
  e.g.	
  by	
  placing	
  two	
  meta-­‐atoms	
  in	
  each	
  
unit	
   cell,	
  may	
   open	
   up	
   additional	
   design	
   opportunities	
   for	
   surface	
   lattice	
   resonances;	
  
initial	
   reports	
   are	
   encouraging46.	
   A	
   topic	
   of	
   much	
   debate	
   recently	
   in	
   the	
   plasmonics	
  
community	
  has	
  been	
  that	
  of	
  bright	
  and	
  dark	
  modes52,	
  i.e.	
  those	
  modes	
  that	
  are	
  dipole-­‐
allowed	
  in	
  terms	
  of	
  coupling	
  to	
  far-­‐field	
  radiation	
  (bright)	
  and	
  those	
  that	
  are	
  (largely)	
  
dipole	
   forbidden	
   (dark).	
   As	
   discussed	
   above	
   in	
   the	
   context	
   of	
   meta-­‐atoms,	
   the	
  
introduction	
   of	
   asymmetries	
   may	
   also	
   allow	
   the	
   dark	
   modes	
   of	
   arrays	
   to	
   be	
   turned	
  
grey53,54.	
  
	
  
Array	
  structures	
  that	
  support	
  plasmon	
  modes	
  may	
  also	
  be	
  harnessed	
  to	
  make	
  lasers55.	
  
Early	
  work	
   in	
   this	
   area	
   investigated	
   the	
   use	
   of	
   an	
   array	
   of	
   gold	
   nanoparticles	
   as	
   the	
  
feedback	
  element	
  in	
  a	
  polymer	
  laser56,	
  however	
  the	
  gold	
  particles	
  were	
  simply	
  used	
  as	
  
scatterers	
  with	
   no	
   direct	
   use	
   being	
  made	
   of	
   their	
   plasmonic	
   properties	
   –	
   indeed,	
   the	
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emission	
  wavelength	
  of	
  ~490	
  nm	
  lies	
   in	
  the	
   inter-­‐band	
  absorption	
  region	
  for	
  the	
  gold	
  
particles	
   used.	
   Lasing	
   has	
   more	
   recently	
   been	
   reported	
   for	
   gold	
   nanoparticle	
   arrays	
  
covered	
   by	
   a	
   dye-­‐doped	
   polymer	
   film	
   for	
   which	
   the	
   emission	
   wavelength	
   was	
   ~900	
  
nm57,	
  well	
   away	
   from	
   the	
   inter-­‐band	
  absorption	
  of	
   gold.	
  Very	
   recently	
   the	
   role	
  of	
   the	
  
band	
   structure	
   in	
   such	
   array-­‐based	
   lasers	
   has	
   been	
   explored55,	
   see	
   Fig	
   3b.	
   To	
   probe	
  
more	
   clearly	
   the	
   concept	
   of	
   lasing	
   using	
   such	
   structures	
   the	
   interplay	
   of	
   the	
   gain	
  
bandwidth	
  and	
   the	
  plasmon	
  resonances	
  needs	
   to	
  be	
  explored.	
   It	
   is	
   interesting	
   to	
  note	
  
that	
  hole	
  arrays	
  in	
  a	
  gold	
  film	
  have	
  been	
  successfully	
  coupled	
  to	
  InGaAs	
  gain	
  layers	
  to	
  
produce	
   plasmonic	
   hole	
   array	
   lasers58,	
   with	
   clear	
   evidence	
   of	
   a	
   correlation	
   between	
  
linewidth	
   and	
   lasing	
   threshold	
   as	
   a	
   function	
   of	
   pump	
   power59,	
   as	
   required	
   to	
  
demonstrate	
   lasing60.	
   The	
   subject	
   of	
   individual	
   nanolasers	
   is	
   the	
   topic	
   for	
   one	
   of	
   the	
  
other	
   reviews	
   in	
   this	
   special	
   issue	
   (review article by Martin Hill and Malte Gather, Nat 
Photon, XXX, XXXX-XXXX (2014))61.	
  	
  
	
  
Since	
  metasurfaces	
  are	
  frequently	
  probed	
  optically	
  using	
  normal-­‐incidence	
  illumination	
  
it	
  is	
  the	
  collective	
  modes	
  based	
  on	
  electric	
  dipole	
  moments	
  in	
  the	
  plane	
  of	
  the	
  array	
  that	
  
are	
   typically	
   involved,	
   collective	
   excitations	
   involving	
   out-­‐of-­‐plane	
   electric	
   dipole	
  
moments	
   have	
   received	
   much	
   less	
   attention.	
   Optical	
   illumination	
   away	
   from	
   normal	
  
incidence	
  is	
  a	
  natural	
  approach	
  to	
  probe	
  such	
  modes,	
  and	
  has	
  been	
  used	
  to	
  demonstrate	
  
the	
   existence	
   of	
   collective	
   modes	
   involving	
   out-­‐of-­‐plane	
   dipole	
   moments	
   in	
   far-­‐field	
  
coupled	
  arrays	
  of	
  gold	
  nanorods	
  made	
  by	
   template	
  stripping62.	
   	
  An	
  alternative	
  way	
  of	
  
exciting	
  out-­‐of-­‐plane	
  resonances	
  is	
  to	
  use	
  electrons:	
  when	
  an	
  electron	
  passes	
  close	
  to	
  a	
  
metallic	
  nanoparticle	
  the	
  time-­‐varying	
  current	
  associated	
  with	
  the	
  electron	
  motion	
  (as	
  
seen	
  by	
   the	
  nanoparticle)	
  may	
   couple	
   to	
   the	
   field	
   associated	
  with	
   the	
  plasmon	
  mode;	
  
out-­‐of-­‐plane	
   dipole	
  moments	
   are	
   easily	
   coupled	
   to	
   in	
   this	
  way63,64.	
   This	
   technique	
   of	
  
electron	
  energy	
  loss	
  spectroscopy	
  (EELS)	
  is	
  likely	
  to	
  find	
  increasing	
  use	
  in	
  the	
  study	
  of	
  
metal-­‐based	
  metasurfaces,	
  it	
  is	
  already	
  proving	
  a	
  powerful	
  tool	
  in	
  the	
  field	
  of	
  quantum	
  
plasmonics65.	
  
	
  
Out-­‐of-­‐plane	
  dipole	
  moments	
  are	
  also	
  important	
  in	
  more	
  deeply	
  sub-­‐wavelength	
  arrays,	
  
and	
   remarkable	
   effects	
   have	
   been	
   predicted	
   for	
   honeycomb	
   arrays	
   of	
   meta-­‐atoms	
  
whose	
  period	
  is	
  an	
  order	
  of	
  magnitude	
  less	
  than	
  the	
  resonance	
  wavelength,	
  especially	
  
the	
   emergence	
   of	
   Dirac-­‐like	
   collective	
   plasmons45,66.	
   These	
   collective	
   tuneable	
  
excitations	
   are	
   predicted	
   to	
   exhibit	
   some	
   of	
   the	
   unique	
   features	
   of	
   electrons	
   in	
  
graphene,	
   such	
  as	
  non-­‐trivial	
  Berry	
  phase67,68	
   and	
   the	
  absence	
  of	
  backscattering	
   from	
  
impurities69.	
   More	
   recently	
   further	
   interesting	
   effects	
   have	
   been	
   predicted,	
   including	
  
birefringence	
   arising	
   from	
   interactions	
   between	
   meta-­‐atoms	
   in	
   a	
   3D	
   cubic	
   lattice,	
  
something	
   one	
   would	
   normally	
   consider	
   to	
   behave	
   isotropically70.	
   These	
   fascinating	
  
properties	
  are	
  based	
  upon	
  the	
  dipolar	
  interactions	
  between	
  the	
  meta-­‐atoms.	
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Fig	
   3:	
   Plasmonic	
   nanoparticle	
   arrays.	
   The	
   figure	
   shows	
   two	
   of	
   the	
   phenomena	
   associated	
   with	
  
nanoparticle	
  arrays;	
  on	
  the	
  left	
  (a)	
  experimental	
  data	
  portray	
  a	
  surface	
  lattice	
  resonance,	
  on	
  the	
  right	
  (b)	
  
lasing	
  associated	
  with	
  a	
  periodic	
  array	
  is	
  also	
  portrayed	
  with	
  the	
  aid	
  of	
  experimental	
  data.	
  (a)	
  Measured	
  
extinction	
  as	
  a	
   function	
  of	
  wavelength	
  and	
   in-­‐plane	
  wave-­‐vector	
   from	
  an	
  array	
  of	
  gold	
  nanorods	
  (inset,	
  
scale	
  bar	
  is	
  500	
  nm).	
  The	
  spectra	
  show	
  a	
  broad	
  dispersion-­‐less	
  peak	
  (red)	
  at	
  around	
  700	
  nm,	
  this	
  is	
  the	
  
particle	
   resonance	
   associated	
  with	
   individual	
   nanorods,	
   and	
   has	
   a	
   Q-­‐value	
   of	
   <	
   10.	
   The	
  much	
   sharper	
  
extinction	
   peak	
   (red),	
   Q	
   >	
   30,	
   that	
   tracks	
   the	
   diffraction	
   edge	
   (white	
   solid	
   and	
   dashed	
   lines)	
   is	
   the	
  
collective	
  mode,	
   the	
   surface	
   lattice	
   resonance	
   (reproduced	
   from54).	
   (b)	
   Emission	
   spectra	
   from	
   a	
   band-­‐
edge	
  plasmonic	
  lattice	
  comprising	
  a	
  square	
  array	
  of	
  silver	
  nanoparticles	
  (inset)	
  covered	
  by	
  a	
  rhodamine	
  
6G	
  doped	
  layer.	
  As	
  the	
  pump	
  power	
  is	
  increased	
  the	
  lasing	
  output	
  rises	
  rapidly.	
  (Data	
  are	
  from55).	
  
	
  
Phase-­‐gradient	
  metasurfaces	
  
	
  
In	
  the	
  regime	
  in	
  which	
  the	
  meta-­‐atom	
  separation	
  is	
  less	
  than	
  the	
  resonance	
  wavelength,	
  
but	
  meta-­‐atoms	
  are	
  still	
  sufficiently	
  well	
  separated	
  that	
  near-­‐field	
  mediated	
  interactions	
  
are	
   small,	
   one	
   can	
   spatially	
   vary	
   the	
   shape	
   of	
   the	
  meta-­‐atoms	
   in	
   order	
   to	
   specifically	
  
tailor	
   the	
  phase	
  and	
  amplitude	
  of	
   the	
   transmitted	
  scattered	
  wavefronts.	
  Such	
  systems	
  
have	
  been	
   termed	
  phase-­‐gradient	
  metasurfaces	
  and,	
   in	
   contrast	
   to	
   the	
   typically	
  bulky	
  
optical	
  phase-­‐control	
  devices	
  such	
  as	
  waveplates	
  and	
  spatial	
  light	
  modulators	
  that	
  rely	
  
on	
   wave	
   propagation	
   through	
   refractive	
   media,	
   they	
   allow	
   phase	
   control	
   across	
   a	
  
distance	
   that	
   is	
   very	
   significantly	
   sub-­‐wavelength.	
  However,	
  whilst	
   this	
   is	
   a	
   relatively	
  
new	
   area	
   of	
   research	
   in	
   the	
   nanophotonics	
   community,	
   similar	
   concepts	
   have	
   been	
  
employed	
  in	
  the	
  RF	
  and	
  microwave	
  antenna	
  communities	
  since	
  the	
  early	
  20th	
  century,	
  
notably	
   in	
   the	
   context	
   of	
   phased	
   array	
   antennas	
   for	
   RADAR	
   applications71.	
   We	
   can	
  
distinguish	
  between	
  two	
  main	
  types	
  of	
  meta-­‐atom	
  elements	
  suitable	
  for	
  phase-­‐gradient	
  
metasurfaces:	
   those	
   in	
   which	
   the	
   phase	
   change	
   is	
   wavelength-­‐dependent	
   and	
   results	
  
from	
   the	
   Lorentzian	
   nature	
   of	
   the	
   plasmonic	
   resonance,	
   and	
   those	
   which	
   solely	
   rely	
  
upon	
  the	
  geometry	
  of	
  the	
  meta-­‐atom	
  to	
  produce	
  broadband	
  phase	
  changes	
  (see	
  Box	
  2).	
  
However,	
   beyond	
   these	
  particle-­‐based	
  meta-­‐atom	
  designs,	
   there	
   are	
   a	
   family	
   of	
  more	
  
complex	
  phase	
  control	
  metasurfaces	
  that	
  we	
  will	
  not	
  discuss	
  here	
   in	
  detail,	
  but	
  which	
  
should	
   be	
   noted.	
   For	
   example,	
   Pors	
   et	
   al.72,73	
   used	
   gap	
   surface	
   plasmon	
   (GSP)	
  
geometries	
   consisting	
   of	
  metallic	
   patches	
   spaced	
   above	
   a	
  metallic	
   ground	
   plane,	
   and	
  
demonstrated	
   their	
   applicability	
   for	
   wavefront	
   control	
   in	
   the	
   optical	
   and	
   near-­‐IR	
  
frequency	
  regimes.	
  These	
  GSP	
  geometries	
  utilise	
  the	
  same	
  concepts	
  as	
  reflectarrays	
  at	
  
radio	
  frequencies,	
  which	
  rely	
  upon	
  a	
  coupling	
  between	
  the	
  antenna	
  and	
  its	
  image	
  source	
  
in	
  the	
  back	
  plane	
   in	
  order	
  to	
  generate	
  a	
   full	
  2π	
  phase	
  coverage	
  (as	
   is	
  required	
  for	
   full	
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phase	
   control	
   of	
   light)74.	
   Such	
   systems	
   only	
   operate	
   in	
   reflection,	
   but	
   do	
   allow	
  much	
  
higher	
   scattering	
   efficiencies	
   (>80%),	
   than	
   the	
   particle-­‐based	
   systems	
   described	
   here	
  
(~20%).	
  There	
  have	
  also	
  been	
  several	
  variations	
  of	
  reflectarray	
  and	
  meta-­‐atom	
  based	
  
phase-­‐gradient	
  metasurfaces	
  such	
  as	
  arrays	
  of	
  H-­‐shaped	
  elements	
  above	
  a	
  ground	
  plane	
  
that	
  have	
  been	
  used	
  to	
  modify	
  the	
  coupling	
  of	
  free	
  space	
  radiation	
  into	
  surface	
  modes75;	
  
and	
  3-­‐layer	
  fishnet	
  structures76,	
  arrays	
  of	
  crossed	
  nanorods77,	
  and	
  V-­‐shaped	
  cuts	
  in	
  thin	
  
metal	
  films78,79.	
  
	
  
	
  
Box	
  2:	
  Phase-­‐gradient	
  metasurface	
  elements	
  
	
  
The	
   Lorentzian	
   character	
   of	
   the	
   plasmonic	
   resonances	
   supported	
   by	
   V-­‐shaped	
   nano-­‐
antennae	
   allows	
   control	
   of	
   the	
   phase	
   of	
   the	
   scattered	
   light	
   over	
   a	
   π	
   phase	
   range	
   by	
  
modifying	
   the	
   geometry.	
   However,	
   for	
   full	
   phase	
   control	
   one	
   requires	
   2π	
   phase-­‐
coverage,	
   and	
  Yu	
   et	
   al.	
   realised	
   that,	
   for	
   linearly	
   polarised	
   incident	
   light,	
   a	
   90-­‐degree	
  
rotation	
   of	
   the	
  V-­‐shaped	
   antenna	
   allows	
   the	
   remaining	
  π	
   range	
   to	
   be	
   accessed	
   in	
   the	
  
cross-­‐polarised	
   scattered	
  waves80,112,122.	
   One	
   can	
   also	
   use	
   arbitrary	
   orientations	
   of	
   C-­‐
shaped	
  antennae	
   for	
   independent	
  control	
  of	
  phase	
  and	
  amplitude	
  as	
  demonstrated	
  by	
  
Liu	
  et	
  al.116.	
  Here,	
  the	
  opening	
  angle	
  determines	
  the	
  phase	
  of	
  the	
  scattered	
  wavefronts	
  
and	
  the	
  orientation	
  determines	
  their	
  amplitude.	
  Due	
  to	
  the	
  resonant	
  basis	
  of	
  the	
  phase-­‐
control	
  these	
  designs	
  are	
  inherently	
  narrow-­‐band.	
  However,	
  it	
  should	
  be	
  noted	
  that	
  the	
  
bandwidth	
  can	
  be	
  markedly	
  improved	
  in	
  reflectarray	
  geometries	
  (in	
  which	
  the	
  resonant	
  
antennae	
  are	
  spaced	
   from	
  a	
  reflecting	
  ground	
  plane)	
  due	
  to	
  a	
  counterbalancing	
  of	
   the	
  
dispersion	
   of	
   the	
   antenna	
   with	
   that	
   of	
   the	
   multiple	
   reflections	
   within	
   the	
   spacer	
  
layer72,74.	
  
	
  
Broadband	
   phase-­‐control	
   of	
   scattered	
   wavefronts	
   can	
   be	
   achieved	
   using	
   a	
   simple	
  
nanorod	
  design,	
  but	
  only	
  for	
  circularly	
  polarised	
  incident	
  light83.	
  The	
  phase-­‐control	
  is	
  a	
  
direct	
   result	
   of	
   the	
   conversion	
   of	
   a	
   proportion	
   of	
   the	
   incident	
   light	
   into	
   scattered	
  
wavefronts	
   of	
   the	
   opposite	
   handedness,	
   and	
   can	
   be	
   described	
   in	
   the	
   context	
   of	
   an	
  
acquisition	
   of	
   Pancharatnam-­‐Berry	
   phase123–125.	
  Whilst	
   the	
   amplitude	
   results	
   from	
   the	
  
resonant	
  character	
  and	
  can	
  be	
  controlled	
  through	
  a	
  modification	
  of	
  the	
  antenna	
  length,	
  
the	
   phase	
   of	
   the	
   scattered	
   wavefronts	
   depends	
   only	
   upon	
   the	
   orientation	
   of	
   the	
  
nanorod.	
  	
  This	
  can	
  be	
  readily	
  understood	
  by	
  considering	
  the	
  transmission	
  of	
  circularly	
  
polarised	
   light	
   through	
  a	
  wire	
  grid	
  polariser:	
   the	
   transmitted	
   light	
  consists	
  of	
  a	
   linear	
  
combination	
   of	
   equal-­‐amplitude	
   left-­‐	
   and	
   right-­‐handed	
   circular	
   polarisation	
  
components,	
  and	
  any	
  rotation	
  of	
  the	
  polariser	
  results	
  in	
  a	
  phase-­‐change	
  in	
  the	
  helically	
  
converted	
  component	
  that	
  depends	
  only	
  upon	
  the	
  orientation	
  of	
  the	
  polariser.	
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Fig.	
  B2:	
  Vortex	
  beam	
  generators	
  formed	
  from	
  two	
  types	
  of	
  phase-­‐gradient	
  metasurface	
  elements.	
  
(a)	
   Top:	
   SEM	
   image	
   of	
   a	
   phase-­‐graded	
   metasurface	
   formed	
   of	
   V-­‐shaped	
   nano-­‐antennae	
   designed	
   to	
  
generate	
   an	
   optical	
   vortex	
   beam	
   with	
   a	
   single	
   twist	
   of	
   the	
   wavefronts	
   per	
   wavelength.	
   Bottom:	
   The	
  
measured	
  intensity	
  distribution	
  of	
  the	
  generated	
  vortex	
  beam,	
  and	
  the	
  spiral	
  interferogram,	
  indicative	
  of	
  
a	
   first	
   order	
   vortex	
   beam80.	
   (b)	
   Top:	
   SEM	
   image	
   of	
   a	
   similar	
   phase-­‐graded	
   metasurface	
   formed	
   of	
  
nanorods.	
   The	
   response	
   can	
   be	
   broadband	
   since	
   the	
   phase	
   jumps	
   originate	
   from	
   polarisation	
   changes	
  
generated	
  by	
  the	
  geometry.	
  Bottom:	
  The	
  measured	
  intensity	
  distributions	
  of	
  the	
  generated	
  vortex	
  beams	
  
for	
  different	
  wavelengths	
  demonstrating	
  the	
  broadband	
  nature	
  of	
  the	
  device83.	
  	
  
	
  
Once	
  one	
  has	
  designed	
  the	
  individual	
  meta-­‐atoms	
  that	
  generate	
  the	
  required	
  phase	
  and	
  
amplitude	
  control,	
  the	
  next	
  step	
  is	
  to	
  spatially	
  pattern	
  them.	
  The	
  first	
  demonstration	
  of	
  
a	
   phase-­‐gradient	
   metasurface	
   was	
   undertaken	
   by	
   Yu	
   et	
   al.80,	
   who	
   used	
   V-­‐shaped	
  
antennae	
  to	
  produce	
  a	
  1D	
  linear	
  phase-­‐gradient	
   in	
  the	
  scattered	
  cross-­‐polarised	
  fields	
  
as	
  a	
  function	
  of	
  distance	
  along	
  a	
  metasurface	
  using	
  a	
  periodic	
  patterning	
  of	
  8	
  different	
  
V-­‐shaped	
   antenna	
   designs	
   (see	
   figure	
   4a).	
   They	
   found	
   that	
   all	
   of	
   the	
   power	
   was	
  
redirected	
   out	
   of	
   the	
   normally	
   refracted	
   direction,	
   and	
   described	
   their	
   results	
   using	
  
“generalised	
   laws	
   of	
   reflection	
   and	
   refraction”.	
   It	
   should	
   also	
   be	
   noted	
   Larouche	
   and	
  
Smith81	
   have	
   argued	
   that	
   the	
   “generalised	
   laws	
   of	
   reflection	
   and	
   refraction”	
   are	
  
equivalent	
   to	
   diffraction	
   from	
   a	
   blazed	
   phase	
   grating82	
   arising	
   due	
   to	
   the	
   repeating	
  
period	
  of	
  2π	
  in	
  the	
  linear	
  phase	
  gradient.	
  
	
  
By	
  extending	
  the	
  patterning	
  into	
  2D,	
  one	
  can	
  design	
  more	
  complex	
  optical	
  components.	
  
In	
   their	
   original	
   phase-­‐graded	
  metasurface	
  paper	
  Yu	
  et	
   al.80	
   also	
  described	
   an	
  optical	
  
vortex	
   beam	
   generator	
   using	
   the	
   same	
  V-­‐shaped	
   elements	
   as	
   in	
   their	
   linearly	
   graded	
  
design,	
  and	
  Huang	
  et	
  al.83	
  have	
  subsequently	
  demonstrated	
  a	
  broadband	
  equivalent	
  (see	
  
Fig.	
  B2).	
  Optical	
  vortex	
  beams	
  exhibit	
  corkscrew	
  shaped	
  wavefronts	
  and	
  possess	
  orbital	
  
angular	
   momentum84,85,	
   with	
   the	
   order	
   of	
   the	
   vortex	
   being	
   given	
   by	
   the	
   number	
   of	
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twists	
  in	
  the	
  wavefront	
  per	
  wavelength.	
  The	
  devices	
  shown	
  in	
  Fig.	
  B2	
  generate	
  1st	
  order	
  
vortex	
  beams	
  requiring	
  metasurfaces	
  that	
  provide	
  a	
  2π	
  phase	
  variation	
  in	
  the	
  azimuthal	
  
direction.	
  In	
  the	
  broadband	
  design	
  this	
  was	
  simply	
  achieved	
  by	
  rotating	
  the	
  rectangular	
  
nano-­‐antennae	
  around	
  a	
  central	
  defect.	
  The	
  generated	
  beams	
  can	
  be	
  characterised	
  by	
  
either	
  measuring	
  their	
  intensity	
  profiles,	
  which	
  exhibit	
  a	
  null	
  in	
  the	
  centre	
  of	
  the	
  beam	
  
for	
  1st	
  order	
  vortices,	
  or	
  by	
  interfering	
  the	
  vortex	
  beam	
  with	
  a	
  co-­‐propagating	
  Gaussian	
  
beam,	
  resulting	
  in	
  a	
  spiral	
  interferogram.	
  
	
  
Other	
  2D	
  phase-­‐graded	
  metasurface	
  devices	
  have	
  also	
  been	
  developed	
  such	
  as	
  quarter-­‐
wave	
   plates86	
   (Fig.	
   4b),	
   and	
   planar	
   lenses	
   and	
   axicons87,88.	
   The	
   quarter-­‐wave	
   plate	
  
metasurface	
  consists	
  of	
  the	
  same	
  unit	
  cell	
  as	
  the	
  linear	
  phase-­‐graded	
  metasurface,	
  but	
  
with	
   alternate	
   rows	
   offset	
   by	
   a	
   quarter	
   of	
   a	
   period.	
   The	
   cross-­‐polarised	
   scattered	
  
wavefronts	
  generated	
  by	
  the	
  alternate	
  rows	
  are	
  90	
  degrees	
  out	
  of	
  phase	
  with	
  each	
  other	
  
resulting	
   in	
  circularly	
  polarised	
  scattered	
   light.	
   	
  Lens	
  and	
  axicon	
  designs	
  utilise	
   radial	
  
distributions	
  of	
  phase	
  controlling	
  elements	
  in	
  order	
  to	
  achieve	
  their	
  function.	
  	
  
	
  
Perhaps	
  the	
  most	
  striking	
  examples	
  of	
  phase	
  control	
  in	
  traditional	
  refractive	
  optics	
  are	
  
produced	
  by	
  holograms,	
  and	
  Huang	
  et	
  al.	
  have	
  demonstrated	
  phase-­‐graded	
  metasurface	
  
holograms	
  with	
  full	
  3D	
  image	
  reconstruction89	
  (figure	
  4c).	
  The	
  required	
  phase	
  map	
  was	
  
calculated	
   using	
   a	
   computer	
   generated	
   holography	
   (CGH)	
   algorithm90	
   similar	
   to	
   that	
  
used	
  for	
  holographic	
   images	
  using	
  spatial	
   light	
  modulators.	
  A	
  metasurface	
  to	
  generate	
  
the	
   required	
   phase	
   profile	
   was	
   subsequently	
   designed	
   and	
   fabricated,	
   and	
   the	
  
holographic	
   image	
   was	
   observed	
   upon	
   illumination	
   with	
   circularly	
   polarised	
   light.	
  
Similar	
   holographic	
   concepts	
   have	
   also	
   been	
   used	
   to	
   develop	
   phase-­‐graded	
  
metasurfaces	
  that	
  can	
  act	
  as	
  different	
  optical	
  devices	
  depending	
  upon	
  the	
  polarisation	
  
of	
  the	
  incident	
  light91,	
  and	
  have	
  also	
  been	
  implemented	
  in	
  the	
  Babinet-­‐inverse	
  structure	
  
of	
   nano-­‐antenna	
   holes	
   cut	
   into	
   a	
   metal	
   film79.	
   More	
   detailed	
   descriptions	
   of	
   phase-­‐
gradient	
  devices	
  can	
  be	
  found	
  in	
  the	
  review	
  article	
  by	
  Yu	
  et	
  al.92.	
  
	
  
In	
  addition	
  to	
  allowing	
  the	
  development	
  of	
  optical	
  devices,	
  phase-­‐graded	
  metasurfaces	
  
can	
  also	
  display	
  striking	
  evidence	
  of	
  fundamental	
  physical	
  phenomena	
  -­‐	
  an	
  example	
  of	
  
which	
  is	
  the	
  Photonic	
  Spin	
  Hall	
  Effect	
  (PSHE)93,94.	
  The	
  PSHE	
  is	
  the	
  photonic	
  analogue	
  of	
  
the	
   regular	
   spin	
   Hall	
   effect,	
   in	
   which	
   spin-­‐orbit	
   coupling	
   of	
   electrons	
   generates	
   a	
  
transverse	
   motion,	
   resulting	
   in	
   an	
   accumulation	
   of	
   spin	
   on	
   either	
   side	
   of	
   a	
   current	
  
carrying	
  wire95.	
   In	
  the	
  case	
  of	
  the	
  PSHE,	
  when	
  a	
   light	
  wave	
  propagates	
  along	
  a	
  curved	
  
trajectory	
  a	
  geometric	
  polarisation	
  rotation	
  is	
  induced	
  in	
  order	
  to	
  conserve	
  polarisation	
  
in	
   the	
   direction	
   transverse	
   to	
   its	
   altered	
   direction.	
   This	
   leads	
   to	
   an	
   accumulation	
   of	
  
oppositely	
  circularly	
  polarised	
  light	
  on	
  either	
  side	
  of	
  the	
  beam.	
  Yin	
  et	
  al.94	
  realised	
  that,	
  
since	
   phase-­‐graded	
  metasurfaces	
   are	
   able	
   to	
   induce	
   large	
   changes	
   in	
   the	
   propagation	
  
direction	
   of	
   a	
   beam	
   over	
   a	
   very	
   sub-­‐wavelength	
   distance,	
   they	
   should	
   exhibit	
   large	
  
PSHEs.	
  They	
  successfully	
  demonstrated	
  this	
  by	
  measuring	
  the	
  polarisation	
  state	
  of	
  the	
  
extraordinary	
  beam	
  generated	
  by	
  a	
  linearly	
  phase-­‐graded	
  metasurface	
  formed	
  from	
  V-­‐
shaped	
   antennae,	
   and	
   observed	
   the	
   expected	
   accumulation	
   of	
   left	
   and	
   right	
   handed	
  
circularly	
   polarised	
   light	
   in	
   the	
   direction	
   transverse	
   to	
   the	
   direction	
   of	
   the	
   phase-­‐
grading	
  	
  (see	
  figure	
  4d).	
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Fig.	
   4:	
   Examples	
   of	
   phase-­‐gradient	
  metasurface	
   devices.	
   (a)	
   Left:	
   SEM	
   image	
   of	
   a	
  metasurface	
   that	
  
generates	
   a	
   linear	
   phase	
   gradient	
   via	
   an	
   array	
   of	
  V-­‐shaped	
   gold	
  meta-­‐atoms.	
   The	
   repeating	
  unit	
   cell	
   is	
  
highlighted	
  and	
  has	
  a	
  period	
  of	
  Γ=11	
  μm.	
  The	
  phase	
  gradient	
  mimics	
  the	
  effects	
  of	
  a	
  blazed	
  phase	
  grating.	
  
Right:	
  Measured	
  far-­‐field	
  intensity	
  profiles.	
  The	
  intensity	
  of	
  the	
  zeroth-­‐order	
  and	
  diffracted	
  (anomalously	
  
refracted)	
  beams	
  generated	
  from	
  a	
  normally	
  incident	
  plane	
  wave	
  are	
  shown	
  for	
  metasurfaces	
  with	
  Γ=13	
  
(upper),	
  15	
   (middle)	
  and	
  17	
  μm	
  (lower).	
  The	
  deflection	
  angle	
  of	
   the	
  scattered	
  beam	
  depends	
  upon	
   the	
  
wavelength	
   and	
   lattice	
   spacing,	
   and	
   agrees	
   with	
   predictions	
   obtained	
   using	
   the	
   generalised	
   laws	
   of	
  
refraction	
  (arrows).	
  (b)	
  Left:	
  Schematic	
  showing	
  a	
  metasurface	
  quarter-­‐wave	
  plate.	
  The	
  unit	
  cell	
  consists	
  
of	
   two	
   subunits	
   (pink	
   and	
   green)	
   offset	
   by	
   d=Γ/4.	
   Upon	
   illumination	
   with	
   normally	
   incident	
   linearly	
  
polarised	
   light,	
   a	
   circularly	
  polarised	
  diffracted	
  beam	
   is	
   generated	
  due	
   to	
   the	
  phase-­‐shifted	
  wavefronts	
  
originating	
   from	
   the	
   subunits.	
   Right:	
   The	
   polarisation	
   state	
   of	
   the	
   diffracted	
   beam	
   for	
   different	
  
wavelengths	
  determined	
  by	
  measuring	
  the	
  intensity	
  as	
  a	
  function	
  of	
  the	
  angle	
  of	
  a	
  linear	
  polariser	
  placed	
  
in	
  its	
  path.	
  (c)	
  Schematic	
  demonstrating	
  how	
  a	
  phase-­‐graded	
  metasurface	
  can	
  generate	
  holograms.	
  Each	
  
meta-­‐atom	
   acts	
   as	
   a	
   phase	
   modifying	
   pixel	
   that,	
   upon	
   illumination	
   with	
   circularly	
   polarised	
   light,	
  
generates	
   the	
   required	
   local	
   phase	
   profile	
   for	
   holographic	
   reconstruction	
   in	
   the	
   transmitted	
   beam	
   of	
  
opposite	
   helicity.	
   (d)	
   Left:	
   Upon	
   propagation	
   through	
   an	
   appropriate	
   metasurface	
   the	
   rapid	
   phase	
  
retardation	
  generates	
   a	
   strong	
   spin-­‐orbit	
   interaction	
   leading	
   to	
   an	
   accumulation	
  of	
   circularly	
  polarised	
  
components	
  in	
  the	
  transverse	
  directions	
  of	
  the	
  beam.	
  Right:	
  Observation	
  of	
  the	
  PSHE	
  via	
  measurement	
  of	
  
the	
  helicity	
  of	
  the	
  anomalously	
  refracted	
  beam	
  from	
  a	
  linearly	
  phase-­‐graded	
  metasurface	
  formed	
  from	
  V-­‐
shaped	
   elements.	
   Red	
   and	
   blue	
   represents	
   right	
   and	
   left	
   circular	
   polarisations	
   respectively.	
   	
   [Figures	
  
reproduced	
  from:	
  (a)&(b)112,	
  (c)89,	
  (d)94]	
  

	
  
Outlook	
  
	
  
Whilst	
   we	
   can	
   expect	
   research	
   into	
   3D	
   optical	
  metamaterials	
   to	
   continue	
   apace,	
   it	
   is	
  
clear	
   that	
   metasurfaces	
   offer	
   an	
   accessible	
   avenue	
   for	
   progress	
   without	
   some	
   of	
   the	
  
fabrication	
  challenges	
  of	
  their	
  three-­‐dimensional	
  brethren.	
  Thus	
  it	
  is	
  likely	
  that	
  the	
  first	
  
generation	
  of	
  practical	
  optical	
  devices	
  will	
  utilise	
  metasurface	
  implementations.	
  	
  
	
  
Even	
  though	
  phase-­‐gradient	
  metasurfaces	
  composed	
  of	
  plasmonic	
  antennae	
  have	
  only	
  
recently	
  emerged	
  as	
  an	
  active	
  area	
  of	
   research,	
   their	
  potential	
  as	
  a	
  means	
   to	
  produce	
  
wavefront-­‐shaping	
   devices	
   has	
   already	
   been	
   demonstrated	
   by	
   the	
   successful	
  
implementation	
   of	
   waveplates,	
   vortex-­‐beam	
   generators,	
   lenses	
   and	
   holograms	
   (as	
  
discussed	
   above).	
   	
   Many	
   of	
   these	
   elements	
   are	
   essential	
   for	
   state-­‐of-­‐the-­‐art	
   imaging	
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systems	
   and	
   could	
   be	
   further	
   miniaturised	
   and	
   tailor-­‐made	
   utilising	
   the	
   concepts	
   of	
  
metasurfaces.	
  We	
  expect	
  that	
  future	
  work	
  in	
  this	
  area	
  will	
  be	
  increasingly	
  dedicated	
  to	
  
the	
   development	
   of	
   device	
   applications.	
   We	
   also	
   note	
   the	
   recent	
   progress	
   in	
   the	
  
development	
   of	
   dielectric	
   resonators	
   at	
   optical	
   frequencies	
   and	
   their	
   potential	
   use	
   in	
  
phase-­‐gradient	
   metasurfaces.	
   It	
   is	
   hoped	
   that,	
   by	
   eliminating	
   the	
   losses	
   inherent	
   in	
  
plasmonic	
   resonances,	
   these	
   dielectric	
   structures	
   will	
   enable	
   devices	
   with	
   increased	
  
efficiency14,96,97.	
  	
  
	
  
There	
   is	
   also	
   the	
   question	
   of	
   whether	
   non-­‐periodic	
   metasurfaces	
   will	
   demonstrate	
  
phenomena	
  that	
  periodic	
  structures	
  do	
  not.	
  Despite	
  some	
  interesting	
  initial	
  work	
  –	
  the	
  
area	
   is	
   reviewed	
   in	
   98	
  –	
   this	
   is	
   largely	
  an	
  open	
  question.	
  Thus	
   far	
   there	
  appears	
   to	
  be	
  
little	
   if	
   any	
   work	
   whose	
   focus	
   is	
   that	
   of	
   harnessing	
   such	
   random	
   structures	
   for	
  
metamaterials,	
   although	
   there	
   are	
   some	
   fascinating	
   phenomena	
   that	
   may	
   have	
  
potential.	
   For	
   example	
   coherent	
   emission	
   from	
   random	
   structures	
   in	
   the	
   form	
   of	
  
random	
  lasers	
  is	
  an	
  active	
  area	
  of	
  research	
  99,100.	
  Indeed,	
  lasing	
  based	
  on	
  metasurfaces	
  is	
  
a	
   new	
   area	
   of	
   research	
   for	
   which	
   experiment	
   needs	
   to	
   catch	
   up	
   with	
   theory;	
   as	
   an	
  
example	
  coherent	
  emission	
  from	
  zero-­‐order,	
  non-­‐diffracting	
  structures,	
  as	
  envisaged	
  in	
  
the	
  lasing-­‐spaser	
  concept101	
  has	
  yet	
  to	
  be	
  demonstrated.	
  
	
  
Higher	
   levels	
   of	
   functionality	
   for	
   metasurfaces,	
   such	
   as	
   switching,	
   are	
   desirable,	
  
especially	
  for	
  applications.	
  One	
  approach	
  would	
  be	
  to	
  combine	
  magnetic	
  and	
  plasmonic	
  
functionalities102,	
  or	
  to	
  harness	
  nonlinearlities5,103,	
  another	
  is	
  to	
  exploit	
  the	
  interaction	
  
of	
   particle	
   plasmons	
   with	
   quantum	
   emitters.	
   The	
   plasmonic	
   meta-­‐atom/quantum	
  
emitter	
  interaction	
  is	
  an	
  emerging	
  area	
  of	
  research104,	
  for	
  example	
  with	
  regard	
  to	
  strong	
  
coupling	
  of	
  excitonic	
  materials	
  both	
  with	
  single	
  antennae105	
  and	
  with	
  collective	
  plasmon	
  
modes106,	
   and	
   also	
   with	
   regard	
   to	
   the	
   potential	
   for	
   enhancing	
   the	
   performance	
   of	
  
applications	
  like	
  LEDs	
  and	
  solar	
  cells.	
  However,	
  despite	
  substantial	
  effort	
  dedicated	
  to	
  
exploring	
   the	
   interplay	
   between	
   (sub-­‐diffractive)	
  metamaterials	
   and	
   active	
  materials,	
  
there	
  are	
  still	
  open	
  questions	
  that	
  warrant	
  further	
  investigation.	
  In	
  this	
  context	
  it	
  might	
  
also	
  be	
  interesting	
  to	
  explore	
  the	
  emission	
  of	
   light	
  from	
  emitters	
  coupled	
  to	
  Dirac-­‐like	
  
plasmons	
   in	
   the	
  honeycomb	
  metallic	
  nanoparticle	
  arrays	
  discussed	
  above.	
  The	
  unique	
  
predicted	
   properties	
   of	
   these	
   arrays	
   remain	
   to	
   be	
   experimentally	
   tested	
   and	
   verified.	
  
We	
   anticipate	
   that	
   electron-­‐loss	
   spectroscopy	
   combined	
  with	
   advances	
   in	
   fabrication	
  
techniques	
  such	
  as	
  directed	
  self-­‐assembly107	
  will	
  bring	
  these	
   ideas	
  within	
  the	
  reach	
  of	
  
experimental	
  demonstration.	
  
	
  
It	
  is	
  clear	
  that	
  there	
  is	
  a	
  great	
  deal	
  of	
  potential	
  in	
  this	
  area	
  that	
  is	
  yet	
  to	
  be	
  realised	
  and	
  
that	
   research	
   into	
   optical	
  metasurfaces	
  will	
   continue	
   to	
   be	
   a	
   very	
   active	
   and	
   exciting	
  
field	
   in	
   the	
   coming	
   years,	
   both	
   in	
   terms	
   of	
   fundamental	
   scientific	
   research	
   and,	
  
increasingly,	
  in	
  the	
  development	
  of	
  practical	
  devices.	
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