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Arrays	
  of	
  interacting	
  magnets	
  have	
  long	
  been	
  a	
  source	
  of	
  fascination.	
  The	
  first	
  to	
  be	
  studied	
  covered	
  

a	
  table-­‐top	
  and	
  were	
  observed	
  by	
  eye	
  [1].	
  The	
  modern	
  equivalents	
  cover	
  perhaps	
  a	
  billionth	
  of	
  that	
  

area	
   and	
   are	
   observed	
   —	
   with	
   equal	
   precision	
   —	
   by	
   marvellous	
   techniques	
   such	
   as	
   x-­‐ray	
  

photoemission	
   electron	
   microscopy	
   [2].	
   This	
   impressive	
   miniaturisation	
   has	
   given	
   the	
   arrays	
  

thermal	
   as	
   well	
   as	
   mechanical	
   properties	
   and	
   has	
   effectively	
   turned	
   them	
   into	
   a	
   class	
   of	
   meta-­‐

material.	
  But	
  has	
   it	
  brought	
  us	
  any	
  closer	
   to	
  applications?	
   	
  As	
  with	
   the	
  case	
  of	
   real	
  materials,	
   the	
  

first	
  challenge	
  is	
  to	
   introduce	
  functionality	
  and	
  to	
  understand	
  the	
  principles	
  by	
  which	
  it	
  operates.	
  

Writing	
   in	
  Nature	
  Materials,	
   Sebastian	
  Gliga	
   and	
   colleagues	
  describe	
   a	
  micro-­‐magnetic	
   array	
   that	
  

functions	
  like	
  one	
  of	
  the	
  most	
  basic	
  and	
  useful	
  of	
  all	
  devices:	
  a	
  ratchet	
  [3].	
  Their	
  array	
  consists	
  of	
  

fixed	
   magnetic	
   needles	
   of	
   sub-­‐micron	
   size	
   (Fig.	
   1a,	
   left).	
   After	
   a	
   magnetic	
   field	
   is	
   removed,	
   the	
  

magnetisation	
   (both	
   of	
   the	
   elements	
   and	
   the	
   whole	
   array)	
   thermally	
   relaxes	
   by	
   rotating	
   in	
   one	
  

unique	
   sense.	
   	
  How	
   this	
   comes	
  about	
   rather	
  beautifully	
   illustrates	
   the	
   concepts	
  of	
   symmetry	
   and	
  

topology	
  in	
  two	
  dimensions.	
  

The	
   functionality	
   of	
   the	
  micro-­‐magnetic	
   array	
  may	
   be	
   understood	
   by	
   analogy	
  with	
   a	
  mechanical	
  

“ratchet	
  and	
  pawl”.	
  This	
  has	
  two	
  key	
  features.	
  The	
  first	
  is	
  that	
  the	
  ratchet	
  wheel,	
  when	
  confined	
  to	
  

rotate	
   in	
  two	
  dimensions,	
   is	
  a	
  chiral	
  object.	
  Chirality	
   in	
  two	
  dimensions	
  means	
  that	
  no	
  movement	
  

within	
  the	
  plane	
  can	
  bring	
  an	
  object	
  into	
  coincidence	
  with	
  its	
  mirror	
  image.	
  For	
  example	
  the	
  letters	
  

“b”	
   and	
   “p”	
   are	
  mirror	
   images	
   in	
   a	
   horizontal	
   line	
   and	
   hence	
   are	
   a	
   chiral	
   pair.	
   	
   Chirality	
   is	
  more	
  

important	
   in	
   two	
   dimensions	
   than	
   in	
   three	
   because	
   many	
   objects	
   that	
   are	
   achiral	
   in	
   three	
  

dimensions	
   become	
   chiral	
   in	
   two:	
   the	
   ratchet	
   wheel	
   and	
   the	
   letters	
   b,	
   p	
   are	
   examples.	
   Another	
  

common	
   feature	
   of	
   two-­‐dimensional	
   chirality	
   is	
   that	
   periodic	
   arrays	
   of	
   chiral	
   objects	
   are	
   often	
  

achiral	
   when	
   infinitely	
   extended	
   but	
   chiral	
   when	
   finite.	
   Consider,	
   for	
   example,	
   the	
   sequence	
  

bpbpbpbpbp,	
   and	
   its	
   chiral	
   image	
   formed	
   by	
   reflection	
   in	
   a	
   horizontal	
   line,	
   pbpbpbpbpb.	
   If	
   the	
  

sequence	
  is	
  infinite	
  then	
  the	
  combined	
  reflection	
  and	
  shift	
  of	
  one	
  space	
  to	
  the	
  right	
  or	
  left	
  –	
  a	
  “glide	
  

reflection”	
  -­‐	
  will	
  bring	
  the	
  two	
  sequences	
  into	
  coincidence.	
  In	
  contrast	
  any	
  attempt	
  to	
  superimpose	
  

the	
  two	
  finite	
  sequences	
  by	
  means	
  of	
  such	
  a	
  shift	
  breaks	
  down	
  at	
  the	
  ends	
  of	
  the	
  sequence:	
  we	
  end	
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up	
  with	
  bpbpbpbpbpb	
  or	
  pbpbpbpbpbp,	
  where	
   the	
  bold	
   letters	
   indicate	
   those	
   letters	
   that	
  have	
  

been	
  successfully	
  superimposed.	
  It	
  is	
  the	
  left-­‐over	
  letters	
  at	
  end	
  of	
  the	
  sequence	
  (those	
  not	
  in	
  bold)	
  

that	
  make	
  the	
  finite	
  sequence	
  chiral.	
  	
  

In	
  the	
  micro-­‐magnetic	
  array	
  of	
  Gliga	
  et	
  al.,	
  something	
  similar	
  happens.	
  As	
  shown	
  in	
  Fig.1a,	
  we	
  can	
  

describe	
  the	
  array	
  in	
  terms	
  of	
  the	
  repetition	
  of	
  chiral	
  units	
  (highlighted	
  with	
  cyan	
  connectors)	
  .	
  The	
  

emergence	
  of	
  a	
  glide	
  symmetry	
  means	
  that	
  the	
  infinite	
  system	
  is	
  achiral,	
  yet	
  it	
  is	
  the	
  boundaries	
  of	
  

the	
  finite	
  system	
  that	
  create	
  its	
  chirality	
  (see	
  Fig.	
  1b).	
  	
  

The	
   second	
   key	
   feature	
   of	
   a	
   ratchet	
   and	
   pawl	
   is	
   its	
   asymmetric	
   potential.	
   This	
   is	
   formed	
   by	
   a	
  

combination	
  of	
   the	
   spring	
   in	
   the	
  pawl	
  mechanism	
  and	
   the	
  asymmetric	
   teeth	
  of	
   the	
   ratchet	
  wheel	
  

(Fig.1c).	
   	
   The	
   analogue	
   in	
   the	
   micro-­‐magnetic	
   array	
   is	
   to	
   be	
   found	
   in	
   the	
   potential	
   for	
   the	
  

demagnetising	
   fields	
   that	
   emanate	
   from	
   the	
   chiral	
   boundaries	
   of	
   the	
   sample.	
   If	
   the	
   array	
   is	
  

magnetised	
  by	
  an	
  applied	
  field	
  such	
  that	
  all	
  the	
  magnetic	
  elements	
  point	
  “up”	
  (as	
  in	
  Fig.	
  1)	
  and	
  the	
  

field	
   is	
  removed,	
   then	
  the	
  magnetisation	
  of	
   the	
  array	
  will	
   thermally	
  relax	
   to	
  eliminate	
   these	
  stray	
  

fields	
  and	
  hence	
  minimise	
  the	
  energy	
  stored	
  within	
  them.	
  Calculations	
  confirm	
  that	
  the	
  chirality	
  of	
  

the	
  sample	
  boundary	
  is	
  reflected	
  by	
  highly	
  asymmetric	
  energy	
  barriers	
  to	
  rotational	
  motion	
  of	
  the	
  

magnetization	
  of	
  individual	
  elements	
  [3].	
  Thus,	
  when	
  the	
  field	
  is	
  removed,	
  the	
  magnetization	
  of	
  the	
  

individual	
  elements,	
  as	
  well	
  as	
  that	
  of	
  the	
  whole	
  array,	
  tends	
  to	
  turn	
  one-­‐way	
  and	
  not	
  the	
  other	
  (Fig.	
  

1d).	
  A	
  small	
  bias	
   field	
  can	
  then	
  reverse	
  the	
   initial	
  array	
  magnetisation,	
  having	
   involved	
  motion	
   in	
  

only	
  one	
  direction.	
  	
  

The	
   discovery	
   of	
   Gliga	
   and	
   colleagues	
   is	
   rather	
   remarkable:	
   it	
   is	
   relatively	
   straightforward	
   to	
  

introduce	
   chirality	
   into	
   a	
   micro-­‐magnetic	
   array,	
   but	
   it	
   is	
   much	
   harder	
   to	
   design	
   an	
   asymmetric	
  

potential	
   that	
   mimics	
   the	
   pawl	
   and	
   teeth	
   of	
   the	
   mechanical	
   ratchet.	
   The	
   researchers	
   note	
   the	
  

importance	
  of	
  “antivortex”	
  textures	
  in	
  the	
  simulated	
  stray	
  field:	
  in	
  two	
  dimensions	
  these	
  are	
  stable	
  

topological	
  defects	
  and	
  their	
  rearrangement	
  appears	
  to	
  correlate	
  with	
  asymmetry	
  of	
  the	
  potential	
  

that	
   is	
  responsible	
   for	
   the	
  ratchet	
  action.	
   	
  The	
   fact	
   that	
   this	
  ratchet	
  rotates	
  by	
  thermal	
  relaxation,	
  

rather	
   than	
   by	
   mechanical	
   driving,	
   gives	
   it	
   a	
   unique	
   aspect	
   that	
   distinguishes	
   it	
   from	
   other	
  

approaches	
  to	
  the	
  magnetic	
  ratchet	
  [4,5].	
  	
  

To	
  see	
  ratchet	
  action	
  in	
  a	
  thermally	
  evolving	
  system	
  is	
  somewhat	
  disconcerting	
  at	
  first	
  sight,	
  as	
  it	
  

reminds	
  one	
  of	
  a	
  Brownian	
  ratchet	
  (a	
  ratchet	
  driven	
  by	
  Brownian	
  motion).	
  This	
  is	
  considered	
  to	
  be	
  

impossible	
   in	
   the	
   absence	
   of	
   temperature	
   gradients	
   because,	
   near	
   to	
   equilibrium,	
   thermal	
  

fluctuations	
  of	
  the	
  pawl	
  mechanism	
  nullify	
  the	
  ratchet	
  action	
  [6].	
  	
  The	
  micro-­‐magnetic	
  array	
  is	
  not,	
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of	
   course,	
   a	
   Brownian	
   ratchet,	
   because	
   the	
   free	
   energy	
   of	
   the	
   system	
   is	
   minimised	
   during	
   the	
  

demagnetisation	
  process.	
  The	
  resulting	
  asymmetric	
  dynamics	
  may	
  not	
  be	
  surprising	
  in	
  principle	
  for	
  

a	
  magnet	
  [7],	
  but	
  to	
  preserve	
  them	
  to	
  this	
  extent	
  in	
  a	
  complex	
  interacting	
  system	
  is	
  most	
  unusual.	
  	
  	
  	
  	
  	
  

As	
  a	
  meta-­‐material,	
   the	
  micro-­‐magnetic	
  array	
  of	
  Gliga	
  and	
  coworkers	
   is	
   in	
   the	
   “artificial	
   spin	
   ice”	
  

family	
  [2].	
  Important	
  recent	
  developments	
  [8,9]	
  have	
  brought	
  such	
  arrays	
  much	
  closer	
  to	
  realising	
  

the	
  precise	
  and	
  beautiful	
  physics	
  of	
  the	
  real	
  spin	
  ice	
  materials.	
  Alongside	
  earlier	
  work	
  on	
  magneto-­‐

transport	
  [10],	
  the	
  conclusions	
  of	
  this	
  study	
  [3]	
  showcase	
  the	
  importance	
  of	
  chirality,	
  topology	
  and	
  

boundaries	
  in	
  two	
  dimensions	
  and	
  how	
  these	
  may	
  be	
  used	
  to	
  introduce	
  functionality.	
   	
  Admittedly	
  

the	
   newly	
   discovered	
  magnetic	
   ratchet	
   is	
  more	
   of	
   a	
   “trick”	
   than	
   anything	
   obviously	
   useful	
  —the	
  

rotation	
  process	
  (requires	
  up	
  to	
  several	
  hours.	
  But	
  as	
   the	
   long	
  and	
  rich	
  history	
  of	
  magnetism	
  has	
  

amply	
  demonstrated,	
  today’s	
  tricks	
  become	
  tomorrow’s	
  technology.	
  In	
  this	
  sense,	
  artificial	
  spin	
  ice	
  

and	
  its	
  relatives	
  hold	
  much	
  promise	
  for	
  the	
  future.	
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Figure	
  1│	
  A	
  magnetic	
  ratchet	
  in	
  an	
  artificial	
  spin	
  ice.	
  a.	
  Schematic	
  of	
  a	
  small	
  portion	
  of	
  the	
  magnetic	
  
array	
  of	
  Ref.	
  [3],	
  which	
  consists	
  of	
  submicron	
  magnetic	
  needles	
  (red	
  =	
  south	
  pole,	
  blue	
  =	
  north	
  pole)	
  
fixed	
  in	
  a	
  specific	
  pattern.	
  	
  The	
  array	
  on	
  the	
  left	
  (yellow	
  background)	
  is	
  shown	
  in	
  the	
  fully	
  magnetised	
  
state,	
  formed	
  by	
  applying	
  a	
  magnetic	
  field	
  in	
  the	
  “upward”	
  direction.	
  	
  The	
  cyan	
  lines	
  are	
  an	
  aid	
  to	
  the	
  
eye	
  to	
  indicate	
  the	
  smallest	
  “asymmetric	
  unit”	
  of	
  the	
  structure.	
  The	
  array	
  on	
  the	
  right	
  (purple	
  
background)	
  is	
  its	
  mirror	
  image	
  formed	
  by	
  reflection	
  in	
  the	
  vertical	
  dashed	
  line	
  (where	
  the	
  magnets	
  have	
  
been	
  treated	
  as	
  dipoles	
  in	
  the	
  mirror	
  operation).	
  b.	
  The	
  array	
  and	
  its	
  mirror	
  image	
  shifted	
  vertically	
  and	
  
superimposed.	
  	
  The	
  two	
  may	
  be	
  brought	
  into	
  coincidence	
  everywhere	
  except	
  on	
  the	
  top	
  and	
  bottom	
  
boundaries.	
  Because	
  of	
  this	
  glide	
  symmetry,	
  the	
  infinite	
  array	
  is	
  achiral	
  but	
  the	
  finite	
  array	
  remains	
  
chiral	
  by	
  virtue	
  of	
  its	
  boundaries.	
  c.	
  a	
  sketch	
  of	
  a	
  ratchet	
  and	
  pawl.	
  d.	
  The	
  ratchet	
  effect	
  in	
  the	
  magnetic	
  
array…	
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