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Many-­‐Body	
  LocalizaMon	
  
Ergodicity:	
  equivalence	
  of	
  temporal	
  and	
  ensemble	
  averaging	
  
EquilibraMon	
  is	
  exchange	
  of	
  parMcles,	
  energy,	
  ...	
  
ThermalizaMon	
  means	
  system	
  acts	
  as	
  it's	
  own	
  bath	
  

Many-­‐Body	
  Localized	
  states:	
  phases	
  of	
  interacMng	
  many-­‐body	
  
systems,	
  which	
  do	
  not	
  exhibit	
  ergodicity	
  	
  

create an excitation 
equilibration 



Single-­‐parMcle	
  localizaMon	
  
Non-­‐interacMng	
  parMcles	
  in	
  quenched	
  disorder	
  

hopping	
  cannot	
  overcome	
  disorder	
  	
  

(criMcal	
  strength	
  of	
  disorder	
  depends	
  on	
  dimension)	
  

wave-­‐funcMons	
  are	
  exponenMally	
  localized	
  

-W/2                                   W/2 

localization length 

P. W. Anderson, Phys. Rev. (1958) 

zero conductivity 



Many-­‐body	
  localizaMon	
  (MBL)	
  

add	
  interacMons	
  V:	
  system	
  can	
  sMll	
  be	
  localized	
  

system	
  does	
  not	
  act	
  as	
  its	
  own	
  	
  
bath	
  (discrete	
  local	
  spectrum)	
  
→	
  fails	
  to	
  thermalize	
  

Basko, et al. (2006) 

interaction 

conductivity 

MBL	
   diffusive 

Many-body localization in spin systems in 1d 
A. Pal, D. Huse (2006) 

The	
  fracMon	
  of	
  the	
  iniMal	
  spin	
  
polarizaMon	
  that	
  is	
  dynamic	
  



Bardarson,	
  Pollman,	
  Moore,	
  PRL	
  2012	
  

Entanglment	
  growth	
  in	
  quenches	
  with	
  random	
  spin	
  
XXZ	
  model	
  

ExponenMally	
  small	
  interacMon	
  induced	
  correcMons	
  to	
  energies	
  
Serbin,	
  Papic,	
  Abanin,	
  PRL	
  2013	
  



Systems	
  with	
  interacMons	
  and	
  disorder	
  	
  
Granular	
  superconductors	
  and	
  	
  
Josephson	
  juncMon	
  networks	
  

–  Crane	
  et	
  al.	
  (2007):	
  AC	
  response	
  
–  Bouadim	
  et	
  al.	
  (2011):	
  numerics	
  
–  Baturina,	
  Sacepe	
  et.	
  al.	
  (2008):	
  STM	
  
–  Trivedi	
  et.	
  al.	
  (2012	
  review)	
  

Central	
  spin	
  problem	
  in	
  q-­‐dots	
  
NV	
  centers	
  in	
  diamond	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  Marcus	
  et	
  al.	
  (2004)	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  	
  Lukin	
  et	
  al.	
  (2006)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  Jelezko	
  et	
  a.	
  (2007)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  Awschalom	
  et	
  al.	
  (2007)	
  

Polar	
  molecules	
  in	
  opMcal	
  lagces	
  
–  Ye	
  et	
  al.	
  (2013)	
  

Rydberg	
  atoms	
  
–  Ryabtsev	
  et	
  al.	
  (2010)	
  
–  Bloch	
  et	
  al.	
  (2012)	
  

Gap	
  map	
  in	
  TiN	
  film	
  

empty hill: n(r) = 0 

filled valley: n(r) = 2 

SC puddle: Δ(r) > 0  

local pairing amplitude Δ(r) 

Local gap ωdos(r)  

large Δ(r)  ↔  small ωdos(r) 
small Δ(r)  ↔  large ωdos(r)  

Figure 7. (Right) Within BdG, the local
pairing amplitude is anticorrelated with the local
gap. (Left) LDOS results from QMC+MEM.
Site R1 is on a high potential hill that is nearly
empty, and R3 is in a deep valley that is almost
doubly occupied. This leads to the characteristic
asymmetries in the LDOS for R1 and R3. The
small local pairing amplitude �(R) at these two
sites is reflected in the absence of coherence
peaks in the LDOS. In contrast, site R2 has a
density closer to half-filling, leading to a significant
local pairing amplitude, a much more symmetrical
LDOS, and coherence peaks that persist even at
strong disorder.

Figure 8. Gap map of a
TiN film obtained from scanning
tunneling spectroscopy, showing
inhomogeneities on a scale of a few
tens of nanometers.

remains robust across the SIT, even when thermal and quantum phase fluctuations are included.
Thus the SIT is a transition from a gapped superconductor to a gapped insulator.

Figure 9. Disorder dependence
of single-particle spectrum from
QMC+MEM at very low tempera-
ture [26]. With increasing disorder,
quantum phase fluctuations eventually
wash out the coherence peaks, but the
gap is robust.

6.3. Coherence peaks disappear beyond SIT

These characteristic pile-ups in the DOS at the gap edges appear to be directly correlated with
superconducting order. They vanish as the disorder is increased across the SIT (Fig. 9), or as
the temperature is raised above Tc (Fig. 11). These predictions agree very well with experiments
(see Fig. 12).

6.4. Pseudogap over wide temperature range

Near the SIT, a pseudogap – a suppression in the low-energy DOS – persists well above the
superconducting Tc up to a crossover temperature scale T ⇤, in marked deviation from BCS

7

Nuclear	
  spin	
  interacMons	
  
mediated	
  by	
  electron	
  spin	
  

Angular	
  momentum	
  as	
  
spin	
  degree	
  of	
  freedom	
  

Strong	
  interacMons	
  due	
  to	
  	
  
large	
  electric	
  dipole	
  
moment	
  



Many	
  Body	
  localized	
  phases:	
  

How	
  to	
  understand	
  them	
  

How	
  to	
  probe	
  them	
  in	
  experiments	
  



	
  	
  The	
  Hilbert-­‐glass	
  transiMon:	
  new	
  universality	
  of	
  
temperature-­‐tuned	
  many-­‐body	
  dynamical	
  
quantum	
  criMcality	
  

	
  	
  	
  	
  D.	
  Pekker,	
  G.	
  Refael,	
  E.	
  Altman,	
  EAD,	
  V.	
  
Oganesyan,	
  arXiv:1307.3253	
  



Hierarchical	
  structure	
  of	
  excited	
  many-­‐body	
  states	
  
in	
  disordered	
  systems	
  

•  Premise:	
  
•  Ground	
  states	
  have	
  hierarchical	
  structure	
  described	
  by	
  power	
  

law	
  distribuMons	
  of	
  couplings	
  and	
  gaps	
  (D.	
  Fisher)	
  

•  Conjecture:	
  
•  Excited	
  states	
  can	
  share	
  similar	
  hierarchical	
  structure	
  
	
  	
  	
  	
  	
  (e.g.	
  MBL	
  states	
  are	
  essenMally	
  integrable)	
  	
  

1D	
  Spin	
  Chains	
   InteracMng	
  atoms	
  in	
  random	
  potenMal	
  Jordan	
  
Wigner	
  



ImplicaMons	
  of	
  the	
  conjecture	
  
•  Strongly	
  coupled	
  spins	
  precess	
  fast	
  around	
  each	
  other	
  
•  Mediate	
  coupling	
  between	
  outer	
  spins	
  



•  Real	
  space	
  RG	
  following	
  the	
  idea	
  of	
  Vosk	
  &	
  Altman	
  (2012)	
  
•  Considered	
  the	
  1D	
  XY	
  chain	
  (free	
  fermions	
  with	
  random	
  hopping)	
  

•  RG	
  decimaMon	
  step:	
  perturbaMon	
  theory	
  

XY	
  model:	
  Beyond	
  the	
  ground	
  state	
  

H =‚ i
JiIsi- si+1+ + si+ si+1- M

Energy	
  

0	
  

J2	
  

-­‐J2	
  

σ1	
   σ2	
   σ3	
   σ4	
  

EffecMve	
  coupling	
  across	
  cluster:	
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Results	
  of	
  the	
  RG	
  procedure	
  

•  Construct	
  spectrum	
  via	
  
choice	
  of	
  branch	
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What	
  is	
  our	
  RG	
  good	
  for	
  ?	
  
(3)	
  RG	
  Procedure	
  can	
  be	
  made	
  generic	
  

–  construct	
  ground	
  and	
  excited	
  many-­‐body	
  wave	
  funcMons	
  

(1)	
  Full	
  spectrum	
  à	
  dynamics	
  
–  objects	
  like	
  conducMvity	
  	
  
–  use	
  MC	
  to	
  probe	
  the	
  tree	
  

(2)	
  Many-­‐body	
  localizaMon	
  ?	
  
–  Anderson	
  
–  Basko,	
  Aleiner,	
  Altshuler	
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Sampling	
  the	
  tree	
  using	
  Monte	
  Carlo	
  

•  Start	
  with	
  a	
  branch	
  
•  Propose	
  a	
  new	
  branch	
  
•  Metropolis	
  accept/reject	
  

•  Example	
  of	
  sampling:	
  	
  
– finite	
  freq.	
  conducMvity	
  
–  run	
  RG	
  to	
  ω	
  scale	
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  for	
  hJJ’	
  model	
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Adding	
  interacMons:	
  hJJ’	
  model	
  

•  Twist	
  on	
  the	
  random	
  transverse	
  field	
  Ising	
  model	
  

•  Without	
  J’:	
  solved	
  by	
  D.	
  Fisher	
  (equivalent	
  to	
  free	
  fermions)	
  
–  transiMon	
  between	
  h-­‐dominated	
  phase	
  and	
  a	
  J-­‐dominated	
  phase	
  

•  With	
  J’:	
  model	
  becomes	
  interacMng	
  
–  above	
  transiMon	
  becomes	
  temperature	
  tuned	
  

H =
X

i
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Random	
  transverse	
  field	
  Ising	
  model	
  	
  
•  D.	
  Fisher	
  1992	
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free	
  fermions:	
  	
  
excited	
  states	
  idenMcal	
  except	
  signs	
  



Effect	
  of	
  J’	
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Phase	
  diagram	
  of	
  JJ’	
  model	
  





Looking	
  for	
  smoking-­‐gun	
  experimental	
  
signatures	
  of	
  Many	
  Body	
  LocalizaMon	
  

M.	
  Serbyn,	
  M.	
  Knap,	
  S.	
  Gopalakrishnan,	
  D.	
  Abanin,	
  M.	
  Lukin,	
  ED	
  

work	
  in	
  progress	
  
see	
  also	
  M.	
  Knap	
  et	
  al.,	
  PRL	
  (2013)	
  



NVs in diamond Trapped ions Polar molecules 

n Central spin 
system 

n LR transverse field 
Ising model 

n  interactions 
mediated by 
phonons 

n e.g. 171Yb  

n LR XX model 
n dipolar interactions 

n e.g. KRb  

Su3gart,	
  Harvard,	
  UCSB,	
  …	
  
JQI	
  group	
   JILA	
  group	
  

Probing	
  spin	
  dynamics	
  in	
  syntheMc	
  ma3er	
  



            	
  pulse	
  

	
  EvoluMon	
  

Tools	
  of	
  atomic	
  physics:	
  
Ramsey	
  interference	
  	
  

Used	
  for	
  	
  atomic	
  clocks,	
  gravitometers,	
  	
  
accelerometers,	
  magneMc	
  field	
  	
  
measurements	
  

EvoluMon	
  	
  EvoluMon	
  

	
  	
  	
  	
  	
  	
  	
  pulse	
  +	
  measurement	
  ot	
  Sz	
  gives	
  relaMve	
  	
  
phase	
  accumulated	
  by	
  the	
  two	
  spin	
  components	
  



Spin	
  rotaMons	
  

p/2 pulse:  



p/2 pulse:  

Many-­‐body	
  spin	
  Ramsey	
  protocol	
  

ggggggggggggg	
  



n  for many relevant cases terms 
with odd number of spin-x/spin-y 
operators vanish 

n  additional degree of freedom:  
→ phases of the laser field 

Many-­‐body	
  spin	
  Ramsey	
  protocol	
  



n  global	
  symmetry	
  	
  
n  U(1)	
  symmetry	
  around	
  z	
  axis	
  

Heisenberg	
  model	
  



Many-­‐body	
  spin	
  Ramsey	
  protocol	
  

Measures	
  the	
  usual	
  retarded	
  spin	
  correlaMon	
  funcMon	
  



Spin	
  correlaMon	
  funcMon	
  as	
  quantum	
  quench	
  



In	
  a	
  localized	
  phase,	
  local	
  quench	
  affects	
  
only	
  a	
  few	
  excitaMons.	
  For	
  each	
  eigenstate	
  
expect	
  non-­‐decaying	
  oscillaMons	
  

In	
  a	
  delocalized	
  phase	
  (diffusive	
  regime),	
  local	
  	
  
quench	
  affects	
  all	
  excitaMons.	
  Expect	
  decay	
  
akin	
  orthogonality	
  catastrophe	
  

Auer	
  averaging	
  over	
  thermal	
  ensemble	
  
(and/or	
  disorder	
  realizizaMon)	
  find	
  decay	
  

Spin	
  correlaMon	
  funcMon	
  as	
  quantum	
  quench	
  



Ramsey	
  +	
  spin	
  echo	
  
M.	
  Knap,	
  S.	
  Gopalakrishnan,	
  M.	
  Serbyn,	
  et	
  al.	
  

“Cartoon”	
  model	
  of	
  the	
  localized	
  phase	
  

Spin	
  echo	
  



M.	
  Knap,	
  S.	
  Gopalakrishnan,	
  M.	
  Serbyn,	
  et	
  al.	
  

Double	
  Electron-­‐Electron	
  Resonance	
  	
  
Ramsey	
  sequence	
  



Double	
  Electron-­‐Electron	
  Resonance	
  	
  
Ramsey	
  sequence	
  

single	
  realizaMon	
  
thermal	
  averaging	
  over	
  50	
  eigenstates	
  



Double	
  Electron-­‐Electron	
  Resonance	
  	
  
Ramsey	
  sequence	
  



Power	
  law	
  decay	
  of	
  DEER	
  signal	
  with	
  Mme	
  

Double	
  Electron-­‐Electron	
  Resonance	
  	
  
Ramsey	
  sequence	
  

thermal	
  and	
  ensemble	
  averaging	
  



For	
  a	
  given	
  Mme	
  t	
  we	
  can	
  separate	
  fast	
  modes	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  slow	
  modes	
  

InteracMon	
  strength	
  decays	
  as	
  	
  

“Cartoon”	
  model	
  of	
  MBL	
  phase	
  

MBL	
  as	
  integrable	
  model	
  



Double	
  Electron-­‐Electron	
  Resonance	
  	
  
Ramsey	
  sequence	
  



Summary	
  

Many-­‐Body	
  Localized	
  phases	
  are	
  essenMally	
  integrable	
  	
  
systems.	
  In	
  1d	
  they	
  can	
  be	
  conveniently	
  analyzed	
  using	
  	
  
real	
  space	
  RG.	
  

InteresMng	
  phase	
  diagram	
  for	
  disordered	
  transverse	
  field	
  	
  
Ising	
  model	
  with	
  interacMons.	
  New	
  Hilbert	
  glass	
  phase.	
  	
  
Possibility	
  of	
  temperature	
  tuning	
  of	
  the	
  transiMon.	
  

MBL	
  states	
  can	
  be	
  probed	
  with	
  Double	
  Electron	
  Electron	
  	
  
Resonance	
  type	
  sequence	
  


