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 	
  	
  Digital	
  quantum	
  computer	
   	
  
	
   (Feynman	
  1982)	
  

 	
  	
  	
  Analog	
  quantum	
  emulator	
  

Ultracold	
  atoms	
  as:	
  





Solid	
  state:	
  

Inter-­‐atomic	
  distance	
  	
  ~  0.1 nm	
  

Dilute	
  atomic	
  alkali	
  gases:	
  

Inter-­‐atomic	
  distance	
  	
  ~	
  	
  102	
  -­‐	
  103	
  nm	
  
Temperature	
  	
  ~ 	
  100	
  nK	
  



V0	
  :	
  	
  laser	
  intensity	
  

λ	
  	
  	
  :	
  	
  laser	
  wavelength	
  



Feshbach resonance 

magnetic field 
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“metastable”	
  
repulsive	
  branch	
  

aWrac@ve	
  branch	
  
BEC-­‐BCS	
  crossov.	
  



V0	
  :	
  	
  laser	
  intensity	
  

λ	
  	
  	
  :	
  	
  laser	
  wavelength	
  
as	
  	
  :	
  s-­‐wave	
  scaWering	
  length	
  

ER	
  	
  :	
  recoil	
  energy	
  	
  ER	
  =	
  h2	
  /	
  8md2	
  

€ 

V0 >> ER

€ 

a << d

1)	
  	
  Only	
  lowest	
  Bloch	
  band	
  

Single-­‐band	
  Bose-­‐Hubbard	
  model:	
  

Jaksch	
  et	
  al.	
  	
  PRL	
  (1998)	
  

INTERACTING	
  BOSONS	
  IN	
  OPTICAL	
  LATTICES	
  

2)	
  	
  Born	
  approxima@on	
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BOSONS	
  IN	
  OPTICAL	
  LATTICES	
  

phase diagram 

Fisher	
  at	
  al.	
  (1989)	
  

Single-atom (and single-site) microscope 

Greiner’s group – Harvard (2010) 
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Single-­‐band	
  Bose-­‐Hubbard	
  model:	
  

NOTE:	
  not	
  the	
  Fermi-­‐Huang	
  pseudopotenWal	
  !	
  

Jaksch,	
  Bruder,	
  Cirac,	
  Gardiner,	
  	
  Zoller	
  (1998)	
  



Problems with single band Bose - Hubbard model: 

• 	
  valid	
  only	
  for	
  deep	
  ladces	
  (slow	
  thermaliza@on	
  in	
  experiments)	
  

• 	
  neglects	
  virtual	
  excita@ons	
  to	
  higher	
  bands	
  (strong	
  for	
  short-­‐range	
  interac@ons)	
  

• 	
  No	
  density	
  assisted	
  hopping,	
  nearest	
  neighbour	
  interac@on,	
  next	
  nearest	
  neighbour	
  hopping	
  

• 	
  No	
  mul@	
  orbital	
  tunneling	
  

• 	
  Anderson	
  (Science	
  2009):	
  there	
  is	
  no	
  bosonic	
  MoW	
  insulator!!!	
  

——  Wannier 
——  Gaussian approx. 



Con@nuous-­‐space	
  Hamiltonian:	
  

external	
  poten@al:	
   Inter-­‐atomic	
  pseudo	
  poten@al:	
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Method:	
  ground	
  state	
  path	
  integral	
  MC	
  	
  (PIGS)	
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Problems	
  near	
  quantum	
  cri@cal	
  point:	
  	
  � ⇠ ⇠z
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Hybrid	
  ground-­‐state	
  path	
  integral	
  Monte	
  Carlo	
  (PIGS)	
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Bosonic	
  Gutzwiller	
  wave	
  funcWon	
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Superfluid to insulator transition 

nd3	
  	
  =	
  	
  1	
   a	
  /	
  d	
  =	
  0.3	
  



Superfluid to Mott insulator transition:   experiment  in Innsbruck 

Mark,	
  	
  Haller,	
  	
  Lauber,	
  	
  Danzl,	
  	
  Daley,	
  	
  Nägerl	
  	
  	
  Phys.	
  Rev.	
  Le9.	
  	
  	
  2011	
  

→ obtain VC  vs  (aS)	
  

Doubly integrated density profile after time-of-flight 
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Superfluid	
  

Insulator	
  

      hard-spheres in OL (cont. space) 

——  Single-band Bose-Hubbard 
  ♦     Exp. (Innsbruck) 

——  Multi-orbital BH  (Luehmann et al.) 

Hard Spheres in OL (cont. space)   vs.   single-band Bose-Hubbard 
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• 	
  single-­‐band	
  Bose-­‐Hubbard	
  model:	
  	
  	
  Capogrosso-­‐Sansone	
  et	
  al.	
  PRB	
  75	
  134302	
  (2007)	
  

• 	
  Hard-­‐sphere	
  freezing:	
  	
   na3	
  =	
  0.265(1)	
  Rota,	
  Giorgini	
  (Private	
  Communica@ons)	
  

	
   	
   na3	
  ≈	
  0.25	
  	
  Kalos	
  et	
  al.	
  PRA	
  (1974)	
  

S.P.,	
  Troyer,	
  PRL	
  	
  (2012)	
  

freezing density 

Interaction strength 

?!
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Cri@cal	
  temperature	
  for	
  interac@ng	
  Bose	
  gases	
  in	
  op@cal	
  ladces	
  

CriWcal	
  temperature	
  of	
  homogeneous	
  Bos	
  gas	
  
-­‐)	
  	
  Grüter,	
  Ceperley,	
  Laloë	
  	
  PRL	
  1997	
  
-­‐)	
  	
  S.P.	
  Giorgini,	
  Prokof’ev	
  PRL	
  2008	
  

S.P.,	
  Nguyen,	
  Herrmann,	
  Troyer,	
  in	
  prepara5on	
  



Two-component repulsive Fermi gas 

interac@on	
  strength	
  

     

SPIN UP:  

SPIN DOWN: 

Mean-field theory:    kFas = 1.57  (Stoner model) 

2nd order pert. Th.:   kFas = 1.054  Duine, MacDonald PRL 2009 

QMC:                         kFas ≈ 0.8    Chang  et al. PNAS 2011 
    S. P., Bertaina, Giorgini, Troyer PRL 2010 
    Conduit et al. PRL  2009 

Fermions in free space →	
  	
  STONER  INSTABILITY 

However	
  :	
  	
  	
  instability	
  against	
  molecule	
  forma@on	
  

	
  Pekker	
  et	
  al.	
  PRL(2011)	
  
	
  Lee	
  et	
  al.,	
  PRA	
  85	
  063615	
  	
  (exp	
  @	
  MIT	
  2012)	
  	
  	
  	
  →    maximum  kFas  ≈  0.25	
  



Two-component Fermi gases in optical lattices 

ferromagnetic phase anti-ferromagnetic phase 

  →   QUANTUM MAGNETISM 

Note:  
  in atomic gases the number of spin-up 
  and spin-down particles are fixed 



Es.:	
  band	
  structure	
  of	
  silicon	
  

Chelikowsky	
  and	
  Cohen,	
  PRB	
  (1974)	
  

1998	
  Nobel	
  prize	
  in	
  chemistry	
  

Walter	
  Kohn	
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E = min {E [n(r)]}
find n(r)



Use	
  of	
  DFT	
  in	
  quantum	
  chemistry	
  and	
  materials	
  science	
  



mean-­‐field/classical	
  interac@on	
  
external	
  poten@al	
  

kine@c	
  energy	
  

€ 

EXC ρ↑(r),ρ↓(r)⎡ 
⎣ ⎢ 

⎤ 
⎦ ⎥ = dr∫ εXC

homo ρ↑(r),ρ↓(r)⎛ 
⎝ 
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⎠ 
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From	
  	
  Fixed-­‐Node	
  	
  Diffusion	
  Monte	
  Carlo	
  

Beyond	
  LDA:	
  	
  	
  
GGA,	
  meta	
  GGA,	
  hybrid	
  func5onals,	
  LDA	
  +	
  U,	
  LDA	
  +	
  DMFT,	
  	
  GW,	
  LDA	
  +Gutzwiller...	
  

€ 

E ρ[ ] = EKIN ρ[ ] + dr∫ V r( )ρ r( ) + drd ʹ′ r VINT r − ʹ′ r ( )ρ r( )ρ ʹ′ r ( )∫∫ + EXC ρ[ ]

DFT	
  for	
  unitary	
  Fermi	
  gas:	
  Bulgac	
  et	
  al,	
  SCIENCE	
  332,	
  1288	
  (2011)	
  



GROUND-­‐STATE	
  PHASE	
  DIAGRAM	
  

increasing	
  OL	
  intensity	
  

param.	
  

part.	
  pol.	
  ferrom.	
   fully	
  pol.ferrom.	
  

param.	
  

Kohn	
  Sham-­‐DFT	
  with	
  LSDA	
  for	
  a	
  repulsive	
  Fermi	
  gas	
  in	
  OL	
  

Ma,	
  SP,	
  Xi,	
  Troyer,	
  Nature	
  Physics	
  2012	
  



Phase	
  diagram	
  at	
  half-­‐filling	
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ferrom.	
  

an@-­‐ferrom.	
  

nd3	
  =	
  1	
  
Ma,	
  SP,	
  Xi,	
  Troyer,	
  Nature	
  Physics	
  2012	
  

short	
  range	
  an@-­‐ferromagne@c	
  order	
  observed	
  @	
  ETH	
  

Science	
  340,	
  1307-­‐1310	
  (2013)	
  



V
0 /

 E
R

 

a / d 
 0

 1

 2

 3

 0.1  0.15  0.2  0.25  0.3  0.35  0.4

Paramagnetic

Fully ferromagnetic
Part. ferro.

nd3	
  =	
  0.75	
  

DFT	
  	
  	
  vs	
  	
  Fixed-­‐Node	
  DMC:	
  phase	
  diagram	
  

ParamagneWc	
  to	
  parWally	
  ferromagneWc	
  (QMC)	
  
ParamagneWc	
  to	
  parWally	
  ferromagneWc	
  (DFT)	
  
ParWally	
  ferromagneWc	
  to	
  fully	
  ferromagneWc	
  (QMC)	
  
ParWally	
  ferromagneWc	
  to	
  fully	
  ferromagneWc	
  (DFT)	
  

Repulsive	
  Hubbard	
  model:	
  
infinite	
  U	
  	
   -­‐>	
   FerromagneWsm	
  at	
  nd3	
  ≈	
  0.75	
  
	
   	
   	
   Becca	
  Sorella	
  2001,	
  	
  Park	
  	
  Haule	
  Marianej	
  Kotliar	
  2008,	
  
	
   	
   	
   Liu	
  Yao	
  Berg	
  White	
  Kivelson	
  2012	
  
	
   	
   	
   	
  
finite	
  U	
   	
   -­‐>	
   no	
  ferromagneWsm	
  for	
  nd3	
  	
  <=	
  0.5	
  	
  
	
   	
   	
   Chang	
  Zhang	
  Ceperley	
  2010	
  

FN-­‐DMC:	
  Slater	
  determinant	
  with	
  Bloch	
  func@ons	
  

S.P.,	
  Zintchenko,	
  Troyer,	
  to	
  be	
  published	
  




