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High	  energy	  challenge:	  unravelling	  emergence	  
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Condensed	  ma*er	  challenge:	  understanding	  emergence	  	  
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Synergy:	  condensed	  ma*er	  and	  high	  energy	  theory	  
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Challenges	  in	  quantum	  ma*er:	  
Our	  “Standard	  Model”	  can	  be	  shown	  to	  fail	  in	  some	  experiments	  

Two	  key	  ideas	  of	  emergence	  in	  correlated	  quantum	  ma*er	  are	  under	  siege	  
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Slide	  Idea:	  Ashvin	  Vishwanath	  



Landau’s	  Fermi	  liquid	  –	  the	  “Standard	  Model”	  of	  metals	  
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The	  legacy	  of	  cuprate	  “Hi-‐Tc”	  superconductors	  
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…and	  now	  seems	  to	  be	  more	  general	  

Phase	  diagram	  for	  a	  set	  of	  organic	  salts	  under	  pressure:	  κ-‐(ET)2X	  
taken	  from	  Powell	  and	  Mckenzie,	  PRL	  (2005).	  



Sr2RuO4:	  an	  exemplar	  of	  Fermi	  liquid	  theory	  

•  c1990	  High	  Tc	  cuprates:	  Do	  2D	  Fermi	  liquids	  exist?	  	  
–  e.g.	  P	  W	  Anderson;	  PRL	  64,	  1839	  (1990),	  	  

Sr2RuO4:	  the	  control	  experiment	  

•  Isostructural to the cuprates 

•  Allowed high precision tests 
of Fermi liquid theory 

C.	  Bergemann	  et	  al.,	  	  
Adv.	  Phys.	  52,	  639	  (2004).	  

N.E.	  Hussey	  et	  al.	  PRB	  (1998).	  	  



Sr2RuO4:	  a	  scale	  between	  low	  energy	  FL	  quasipar;cles	  and	  ?	  

•  The	  “Emery	  Plot”	  

A.	  P.	  Mackenzie	  et	  al.	  circa	  1999	  (unpublished)	  

⇢(T )� ⇢(0)

T 2



Quantum	  cri;cality:	  driving	  that	  scale	  to	  zero	  
e.g.	  Sr3Ru2O7	  
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R.	  S.	  Perry,	  L.	  M.	  Galvin,	  S.	  A.	  
Grigera,	  L.	  Capogna,	  A.	  J.	  Schofield,	  
and	  A.	  P.	  Mackenzie,	  M.	  Chiao	  and	  
S.	  R.	  Julian,	  S.	  I.	  Ikeda,	  S.	  Nakatsuji,	  
and	  Y.	  Maeno,	  C.	  Pfleiderer	  	  
Phys.	  Rev.	  Le*.	  86,	  2661	  (2001)	  	  

A.	  P.	  Mackenzie	  et	  al	  circa	  1999	  
unpublished	  



Genera;ng	  quantum	  cri;cality	  
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Con;nuous	  phase	  transi;on	  driven	  to	  T=0	   Cri;cal	  end-‐point	  driven	  to	  T=0	  

Example:	  CePd2Si2	  An;ferromagne;sm	  
tuned	  by	  pressure.	  

[S.	  R.	  Julian	  et.	  al.	  J.	  Phys.	  C.	  (1996)]	  

Example:	  Sr3Ru2O7	  Metamagne;sm	  
tuned	  by	  magne;c	  field	  angle	  

[S.A.	  Grigera	  et	  al.,	  Science	  (2001)]	  



Quantum	  cri;cality	  –	  a	  route	  to	  a	  non	  Fermi	  liquid	  

S. R. Julian et al. J. Phys: Condens. Matt., 8, 9675 (1996) 

e.g. CePd2Si2 under pressure 
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Quantum	  cri;cality	  –	  a	  route	  to	  new	  correlated	  states	  

S. R. Julian et al. J. Phys: Condens. Matt., 8, 9675 (1996) 

e.g. CePd2Si2 under pressure 
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Fresh	  impetus	  –	  tuning	  a	  material	  to	  quantum	  cri;cality	  

e.g.	  pressure	  tuned	  CePd2Si2	  

Subtlety:	  need	  to	  include	  disorder	  
A.	  Rosch,	  Phys	  Rev	  Le*	  82,	  4280	  (1999)	  	  

S.R.Julian	  et	  al.	  J.	  Phys.:cond.	  ma*.	  8,	  9675	  (1996).	  

H.	  v.	  Löhneysen,	  T.	  Pietrus,	  G.	  Por:sch,	  H.	  G.	  Schlager,	  A.	  Schröder,	  M.	  Sieck	  and	  T.	  
Trappmann	  Phys.	  Rev.	  Le*.	  72,	  #20,	  3262-‐3265	  (1994).	  	  

� ⇠ T 1+✏



Puzzle	  1:	  A	  non-‐Fermi	  liquid	  phase?	  

N.	  Doiron-‐leyraud	  et	  al.	  Nature	  (2003);	  
R.	  Ritz	  et	  al.	  Nature	  (2013).	  	  

MnSi:	  a	  helical	  magnet	  tuned	  	  
with	  pressure	  

•  A	  line	  of	  quantum	  cri;cality	  points?	  
•  Not	  the	  only	  example:	  also	  seen	  in:	  

•  ZrZn2	  [Smith	  et	  al.	  Nature	  (2008)]	  	  
•  PrNiO3	  [Zhou,	  PRL	  (2005)]	  



Puzzle	  2:	  The	  origin	  of	  pairing	  in	  novel	  superconductors	  

•  Conven;onal:	  retarded	  electron-‐phonon	  interac;on	  

“Proof”:	  from	  energy	  structure	  in	  the	  
superconduc;ng	  gap	  (tunnelling	  
density	  of	  states).	  Can	  be	  
quan;ta;vely	  related	  to	  the	  phonon	  
spectrum.	  
	  
McMillan	  &	  Rowell	  (1969).	  



Puzzle	  2:	  The	  origin	  of	  pairing	  in	  novel	  superconductors	  

•  Unconven;onal:	  widely	  believed	  to	  be	  magne;c	  “glue”	  

“Proof”:	  	  
(1)	  Predic;on	  of	  d-‐wave	  pairing	  –	  
later	  seen	  in	  the	  cuprates:	  Scalapino	  
et	  al.	  (1986)	  
	  
(2)	  Frequent	  proximity	  of	  
superconduc;vity	  to	  magne;c	  
instabili;es	  –	  a	  reliable	  route	  to	  new	  
superconductors.	  

N.	  Mathur	  et	  al.,	  Nature	  (1998).	  



Puzzle	  2:	  The	  origin	  of	  pairing	  in	  novel	  superconductors	  
•  Yet	  proximity	  could	  be	  misleading…	  

H.	  Q.	  Yuan,	  F.	  M.	  Grosche,	  M.	  Deppe,	  	  
C.	  Geibel,	  G.	  Sparn,	  F.	  Steglich	  	  
Science	  302,	  #5653,	  2104-‐2107	  (2003).	  	  

Y	  Kitaoka	  et	  al	  2005	  J.	  Phys.:	  Condens.	  	  
MaPer	  17	  S975-‐S986	  	  



Puzzle	  2:	  The	  origin	  of	  pairing	  in	  novel	  superconductors	  
•  A	  good	  theory	  should	  be	  falsifiable:	  

e.g.	  interlayer	  tunnelling	  mechanism:	  	  
J.	  M.	  Wheatley,	  T.	  C.	  Hsu	  and	  P.	  W.	  Anderson,	  (1988)	  	  

Mechanism:	  	  
•  Novel	  excita;ons	  made	  up	  the	  normal	  metal	  and	  

were	  confined	  to	  the	  CuO2	  planes.	  
•  Superconduc;ng	  state	  was	  made	  of	  normal	  

Cooper	  pairs	  which	  could	  move	  between	  planes.	  
Predic;on:	  
•  Condensa;on	  energy	  for	  pairing	  comes	  from	  the	  

KE	  gain	  of	  liberated	  Cooper	  pairs	  
Experiment:	  
•  Measure	  condensa;on	  energy	  (specific	  heat)	  
•  Compare	  to	  KE	  of	  pairs	  in	  c-‐axis	  from	  their	  pair	  

oscilla;ons	  (plasma	  frequency)	  in	  op;cal	  cond.	  
Result:	  this	  mechanism	  provides	  <	  5%	  of	  the	  energy	  
(Tsvetkov	  et	  al.,	  1998)	  



Puzzle	  2:	  The	  origin	  of	  pairing	  in	  novel	  superconductors	  
•  Yet	  we	  are	  missing	  something	  –	  how	  can	  superconduc;vity	  

arise	  in	  UBe13?	  

O*	  et	  al.	  PRL	  (1983).	  



High	  temperature	  
free	  magne;c	  moments	  
+	  conduc;on	  electrons	  
Ne=Nc	  

Low	  temperatures	  
Free	  spins	  order,	  and	  
Nc=Nc	  (small	  Fermi	  volume)	  

OR	  

Low	  temperatures	  
No	  free	  spins	  but	  very	  heavy	  
electrons	  (m~	  103	  me)	  and	  
Ne=Nc+Nf	  	  (large	  Fermi	  volume)	  

P.	  Coleman,	  C.	  Pépin,	  Q.	  Si	  &	  R.	  Ramazashvili;	  J.	  Phys.	  C.	  13	  R723	  (2001)	  

Puzzle	  3:	  The	  fate	  of	  the	  spins	  in	  Kondo	  la}ces	  



Experimental	  example:	  UPt3	  

A	  heavy	  Fermi	  liquid:	  U	  ~	  5f3	  

High	  temp:	  f	  electrons	  bound	  to	  form	  
a	  local	  moment	  via	  Hund’s	  rule	  (~	  1eV):	  
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Frings	  et	  al.,	  
JMMM	  31-‐34,	  240	  (1983).	  



Experimental	  example:	  UPt3	  

A	  heavy	  Fermi	  liquid:	  U	  ~	  5f3	  

Low	  temp:	  f	  electrons	  delocalize	  to	  make	  up	  a	  
heavy	  Fermi	  liquid	  
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G.R.	  Stewart	  et	  al.,	  
PRL,	  52,	  679	  (1984)	  

S.R.	  Julian	  and	  G.	  McMullan,	  
unpublished	  (1998)	  



S.	  Doniach,	  1978.	  

P.	  Coleman,	  C.	  Pépin,	  Q.	  Si	  &	  
R.	  Ramazashvili;	  J.	  Phys.	  C.	  13	  
R723	  (2001)	  

Small	  vol	  Fermi	  
surface	  stable:	  
S.J.	  Yamamoto	  &	  
Q.Si	  Phys.	  Rev.	  
Le*.	  99,	  016401	  
(2007)	  	  



Puzzle	  3:	  The	  fate	  of	  the	  spins	  in	  Kondo	  la}ces	  

•  Mul;ple	  energy	  scales	  at	  the	  quantum	  cri;cal	  point	  in	  YbRh2Si2	  

Friedemann	  et	  al	  PNAS	  (2010)	  

•  Magne;c	  energy	  scale	  
collapses	  (TN	  →	  0)	  

•  Could	  the	  other	  scale	  be	  
the	  collapse	  of	  the	  Fermi	  
surface?	  

Could	  we	  find	  an	  emergent	  supersymmetry	  in	  this	  kind	  of	  system?	  	  
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Puzzle	  4:	  low	  energy	  physics	  controlling	  high	  energy	  

Trovarelli	  et.al.,	  PRL	  85,	  626	  (2000)	  

• Quantum	   cri;cal	   system:	  
YbRh2Si2	  
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ystematic Evolution of Temperature-Dependent Resistivit in La2 Sr Cu04

H. Takagi, B. Batlogg, H. L. Kao, J. Kwo, R. J. Cava, J. J. Krajewski, and W. F. Peck, Jr.
AT& TBell Laboratories, Murray Hill, New Jersey 07974

(Received 8 May 1992)

The in-plane resistivit ('
y p,&) of La2—,Sr,Cu04 has been studied over a wide temperature (4-1000 K)

and composition ran e (0&x &0.35). T"g . &. The much discussed T-linear resistivity is observed only in the
narrow composition region associated with optimal superconductivity. In the und d dn e un er ope range

CC

, we o serve rst indications of resistivity saturation and anal th dana yze e resistivity as indicative of
a small Fermi surface. In the overdo ed ran
cr

p ge (x) 0.2), p,b follows a novel power-law dependence,
p~ T, over the entire temperature range up to 1000 K.

PACS numbers: 74.70.Vy, 72. 15.Qm
The unusual charge dynamics in the layered cuprates

has been widely recognized to be a key for the under-
standing of high-temperature superconductivity and has
promoted a number of theoretical models for 2D strongls rong y
correlated electron systems [1,2]. One of the hallmarks
of the charge dynamics is the nearly T-linear in-plane
resistivity (p,b ) over a remarkably wide temperature
range, from just above T, to near 1000 K, which is corn-
monly observed in most cuprates showing the optimum
superconductivity [1-4]. Closely related with this is the
I/ro decay of the free carrier conductivity at optical fre-
quencies, which reAects an anomalous frequency-
dependent scattering rate proportional to co at least up to
0.5 eV, instead of ru as would be expected for a conven-2

tional Fermi liquid [5]. Lacking so far, however, is a reli-
able experimental study of p,b over a wide temperature
range on well characterized materials when the hole con-
centration is varied from far below to far above the op-
timum composition for superconductivity.
Here we report the electrical resistivity up to 1000 K

on high-quality La2—„Sr„Cu04 single-crystal thin films
and polycrystalline materials, not only for the supercon-
ducting phase but also at lower and higher doping level.
We find that the T-linear behavior for the resistivity over
a wide temperature range is confined to a narrow compo-
sition range for optimum superconductivity. A well-
d fiefined decrease of the resistivity slope occurs above room
temperature in the underdoped region, below x-0.1. In
the overdoped region above x-0.2, a novel power-law
dependence, p=po+AT", n-1.5, not T linear or T,
dominates the resistivity over a wide temperature range
up to —1000 K. This is in contrast to earlier suggestions
of conventional behavior in this composition ranrange.
hese results not only indicate a close correlation be-

tween the T-linear scattering and superconductivity, but
also provide a crucial test for theoretical models of the
charge transport in Cu02 sheets.
The c-axis-oriented single-crystal thin films with

thicknesses of 3500-8000 A were grown on SrTi03(100)
substrates [6]. The polycrystalline samples were pre-
pared through solid-state reaction processing [7]. The
resistivity measurements were performed using the con-
ventional four-probe method or the Van der Pauw tech-
nique [8]. The high-temperature measurements above
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FIG. 1. The temperature dependence of the resistivity for
La2 —Sr„Cu04. (a) 0&x(0.15, (b) 0.1(x&0.35. Dotted
lines, the in-plane resistivity (p,b) of single-crystal films with

orientation; solid lines, the resistivity (p) of polycrystal-
line materials. Note, p~ (h/e~)d=1. 7 mQcm.

300 K were conducted in a quartz tube furnace under 02
flow. In order to check for possible 02 desorption effects,
we performed measurements under N2/Oq mixed gas flow—3(Po, -10 atm) for representative compositions. No
difference was observed between the two runs up to 1000
K for 0.05 &x &0.2, and at least up to 800 K for x )0.2,
indicating no oxygen desorption up to these temperatures

2975

• Op;mally	  doped	  cuprates	  	  
La2-‐xSrxCuO4	  

H.	  Takagi	  et.al.,	  PRL	  69,	  2975	  (1992)	  



Can	  we	  find	  a	  state	  where	  some	  of	  the	  proper;es	  of	  
the	  low	  energy	  quasipar;cle	  control	  high	  energy	  

physics?	  

•  Ingredients	  needed:	  
–  Can’t	  rely	  on	  an	  RG	  type	  process	  to	  throw	  away	  high	  
energy	  physics	  

–  Need	  poten;ally	  to	  keep	  everything	  
•  Simplest	  tes;ng	  ground	  for	  this:	  

–  Need	  to	  understand	  the	  low	  energy	  physics	  
	  

–  Need	  to	  be	  able	  to	  test	  in	  experiment	  to	  high	  energy	  
	  

–  Need	  to	  understand	  by	  solving	  exactly	  
	  

•  èThe	  physics	  of	  one	  dimension	  

Lu}nger	  Liquid	  theory	  

Momentum	  conserving	  tunnelling	  

Bethe	  Ansatz	  solvable	  models	  



Consequences: 

Energy
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Excitation spectrum 
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Luttinger Liquid spectral function 

vσk vρk 
J. Voit,  Phys Rev B 47, 6740 (1993) 

The spectral function: probability of finding an electron with specific momentum 

non-interacting Fermi liquid 



Finally – dispersing spinons and holons 

•  See spinon and holon beyond the universal region. 

Y.	  Jompol,	  C.	  J.	  B.	  Ford,	  J.	  P.	  Griffiths,	  I.	  Farrer,	  G.	  A.	  C.	  Jones,	  D.	  Anderson,	  D.	  
A.	  Ritchie,	  T.	  W.	  Silk	  and	  A.	  J.	  Schofield	  	  
Science	  325,	  #5940,	  597-‐601	  (2009).	  	  
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Following	  the	  Lu}nger	  quasipar;cle	  to	  higher	  energy	  

•  Finite	  range	  interac;on	  between	  spinless	  fermions	  

•  Probability	   of	   adding	   (removing)	   a	   par;cle:	   spectral	  
func;on	  

	  	   	   	  is	  the	  ground	  state	  with	  n	  par;cle,	   	   	   	   	  is	  an	  eigenstate	  
with	  n+1	  par;cles	  

	  	  -‐	  tunneling	  amplitude,	  	  	  	  	  -‐	  interac;on	  poten;al	  
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High	  energies	  

•  Posi;on	  of	  the	  edge	  on	  the	  energy-‐momentum	  plane	  in	  
the	  con;nuum	  limit	  

•  States	  on	  the	  edge	   •  Arbitrary	   momentum	   and	  
interac;ons	  

•  Chemical	  poten;al	  



Summary	  

•  Synergy	  between	  condensed	  ma*er	  and	  high	  energy	  physics.	  
•  Every	  new	  material	  is	  like	  a	  new	  universe	  with	  its	  own	  low	  

energy	  (emergent)	  theory	  
•  In	  some	  of	  those	  “universes”	  the	  standard	  model	  of	  metals	  is	  

seen	  to	  fail.	  	  
•  Iden;fied	  some	  key	  puzzles/challenges	  for	  future	  direc;ons:	  

1.  Understanding	  a	  non-‐Fermi	  liquid	  “phase”	  
2.  Pinning	  down	  the	  pairing	  glue	  in	  novel	  superconductors?	  
3.  Understanding	  the	  fate	  of	  the	  spin	  in	  Kondo	  la}ce	  

quantum	  cri;cal	  points	  
4.  Following	  excita;ons/proper;es	  from	  low	  to	  high	  

energies.	  


