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The	  chemical	  history	  of	  a	  candle	  

“There	  is	  no	  be,er,	  there	  is	  no	  more	  open	  
door	  by	  which	  you	  can	  enter	  into	  the	  study	  of	  
natural	  philosophy	  than	  by	  considering	  the	  
physical	  phenomena	  of	  a	  candle.”	  
Michael	  Faraday	  1860	  



Heavy	  fermions	  –	  a	  universe	  of	  correlated	  electron	  physics	  

•  Fermi	  liquids	  
•  Novel	  Superconductors	  
•  Quantum	  cri3cal	  metals	  –	  conven3onal	  and	  unconven3onal	  
•  “Hidden	  order”	  phases	  
•  Significant	  challenges	  
•  Insights	  from	  look-‐alikes	  –	  can	  we	  build	  simple	  analogues?	  
•  Future	  Trends:	  

–  Analogue	  heavy	  fermion	  systems	  
–  Semiconductors;	  cold	  atoms	  
–  New	  experimental	  techniques	  

“There	  is	  no	  be,er,	  there	  is	  no	  more	  open	  door	  by	  which	  you	  can	  enter	  into	  
the	  study	  of	  correlated	  electrons	  than	  by	  considering	  the	  physical	  
phenomena	  of	  the	  heavy	  fermions.”	  



The	  basic	  Hamiltonian	  

•  The	  Anderson	  laNce	  model:	  
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•  Essen3al	  ingredients	  
–  Non-‐interac3ng	  conduc3on	  electrons	  (c)	  
–  Strongly	  interac3ng	  f	  electrons	  –	  usually	  considered	  in	  the	  
limit	  of	  large	  U	  and	  Δ	  (so	  valence	  fluctua3ons	  small)	  with	  
no	  direct	  f-‐f	  hybridiza3on	  

– Weak	  hybridiza3on	  between	  f	  and	  c.	  
•  Reduces	  to:	  

–  Local	  moments	  with	  spin	  degrees	  of	  freedom	  interac3ng	  
via	  magne3c	  exchange	  with	  the	  conduc3on	  electrons	  



High	  temperature	  
free	  magne3c	  moments	  
+	  conduc3on	  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)	  

How	  is	  the	  spin	  entropy	  of	  the	  f	  moments	  lost	  as	  T-‐>0?	  



The	  remarkable	  Fermi	  liquid:	  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).	  



The	  remarkable	  Fermi	  liquid:	  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)	  



A	  Fermi	  liquid	  suscep3ble	  to	  superconduc3vity	  



A	  universe	  of	  new	  superconductors	  

Chris3an	  Pfleiderer	  
Rev.	  Mod.	  Phys.	  81,	  #4,	  1551-‐1624	  (2009).	  	  

Superconductors	  that	  require	  new	  rules:	  
•  On	  the	  border	  of	  magne3sm	  

•  AFM:	  CePd2Si2	  
•  FM:	  UCoGe	  

•  Coexis3ng	  with	  magne3sm	  
•  AFM:	  UPt3	  
•  FM:	  UGe2	  

•  Non-‐centrosymmetric	  
•  CePt3Si	  

•  “High	  temperature”	  superconductors	  
•  PuCoGa5	  



Exemplars	  of	  quantum	  cri3cality	  

e.g.	  pressure	  tuned	  CePd2Si2	  

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

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

H.	  v.	  Löhneysen,	  T.	  Pietrus,	  G.	  Por8sch,	  H.	  G.	  Schlager,	  A.	  Schröder,	  M.	  Sieck	  and	  T.	  
Trappmann	  Phys.	  Rev.	  Lep.	  72,	  #20,	  3262-‐3265	  (1994).	  	  

ρ ∼ T 1+�



Are	  heavy	  fermion	  materials	  simply	  metals	  with	  small	  EF?	  

•  Many	  outstanding	  puzzles	  –	  like	  UBe13	  	  
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Superconduc3vity	  without	  a	  Fermi	  surface?	  



Are	  heavy	  fermion	  materials	  simply	  metals	  with	  small	  EF?	  

•  Many	  outstanding	  puzzles	  –	  like	  the	  mysterious	  order	  in	  
URu2Si2	  

URu2Si2:	  T.	  T.	  M.	  Palstra,	  A.	  A.	  Menovsky,	  J.	  van	  den	  Berg,	  A.	  J.	  Dirkmaat,	  P.	  H.	  Kes,	  G.	  J.	  
Nieuwenhuys	  and	  J.	  A.	  Mydosh	  	  Physical	  Review	  Lepers	  55,	  2727	  (1985)	  	  



Von	  Löhneysen	  et	  al.	  J.	  Phys:	  Condens.	  Map.	  8,	  9689	  (1996)	  

Control	  parameter	  is	  chemical	  doping:	  
• Fluctua3ons	  at	  Q=AFM	  vector	  
• D=3	  (perhaps	  2),	  z=2	  so	  above	  upper-‐cri3cal	  dimension	  
	  

LGWH:	  Failure	  in	  heavy	  fermion	  AFM	  	  
Is	  this	  above	  or	  below	  the	  upper	  	  
cri3cal	  dimension?	  



…	  yet	  E/T	  scaling	  seen	  

single crystals
polycrystals

paramagnet

antiferro-
magnetic

0.0 0.5 1.0 1.5
0

0.5

1.0

1.5

2.0

2.5

T 
  /

K
N

CeCu    Au6-x x

x
von	  Löhneysen	  et	  al	  (1994).	  

CeCu6-xAux   (x=0.1) 

Schröder	  et	  al,	  Nature	  407,351	  (2000).	  

''
1

1( ) ( )EE G
E Tαχ

−
=

Physics	  below	  the	  upper	  
cri3cal	  dimension.	  



…	  and	  seems	  show	  cri3cality	  everywhere	  in	  k-‐space	  

A.	  Schröder	  et	  al.	  Nature,	  
407,	  351	  (2000)	  



Evidence	  for	  new	  physics	  at	  a	  heavy	  fermion	  quantum	  
cri3cal	  point	  

	  P.	  Gegenwart,	  T.	  Westerkamp,	  C.	  Krellner,	  Y.	  Tokiwa,	  S.	  Paschen,	  C.	  Geibel,	  F.	  Steglich,	  E.	  
Abrahams,	  Q.	  Si	  Science	  315,	  #5814,	  969-‐971	  (2007).	  	  

An	  addi3onal	  energy	  scale	  appears	  to	  converge	  on	  the	  quantum	  phase	  transi3on:	  
Failure	  of	  the	  Landau	  assump3on	  of	  a	  single	  order	  parameter	  controlling	  cri3cality	  



Phase	  diagram	  appears	  even	  richer	  

decreasing	  volume	  

S.	  Friedemann,	  T.	  Westerkamp,	  M.	  Brando,	  N.	  Oeschler,	  S.	  Wirth,	  P.	  Gegenwart,	  	  
C.	  Krellner,	  C.	  Geibel	  and	  F.	  Steglich	  	  
Nature	  Physics	  5,	  #7,	  465-‐469	  (2009).	  	  

It	  looks	  like	  you	  can	  control	  the	  two	  scales	  independently	  



Moreover	  –	  evidence	  of	  E/T	  scaling	  

ρ0 − ρ∞ and ~R0
H − ~R∞

H remain finite in the zero-temperature limit
even though the individual quantities differ for the different sam-
ples. The crossover positions extracted from all the properties
are compiled in Fig. 4. They are largely compatible with each
other, falling within a range spanned by the FWHM; they define
a crossover energy scale (the T⋆ line) (14, 20). Finally, the
FWHM of the crossover in ~RHðB1Þ and ρðB2Þ closely follow that
of RHðB2Þ (see Fig. 3). We note that the onset of the quadratic
form of R0

HðTÞ at TN (Fig. 2) is not accompanied by a similar sig-
nature in the FWHM at TN (Fig. 3; see also SI Text IV). There-
fore, the FWHM extrapolates to zero for T → 0 implying a jump
of all three quantities (RHðB2Þ, ~RHðB1Þ and ρðB2Þ) at the QCP.

The sample independence of both the crossover position and
the crossover FWHM strongly indicates that all the magnetotran-
sport crossovers manifest the same underlying physics. Combined
with the jump of the Hall coefficient and magnetoresistivity in
the zero-temperature limit, they imply the interpretation in terms
of a sharp Fermi-surface reconstruction at the magnetic QCP
(14) over that based on the smooth physics of heavy quasiparticles
(15, 17).

Having isolated the critical component of the Hall crossover
from the background term, we are now in the position to discuss
the detailed nature of the QCP. For this purpose, we have not only
carried out crossed-field and single-field Hall and (single-field)
magnetoresistivity measurements over an extended field range
for each temperature, but have also done so for a large set of
temperatures in the low-T range. These efforts allow us to reach
the important conclusion that the crossover FWHM is propor-
tional to temperature (Fig. 3).

The Fermi surface is a property of the single-electron excita-
tion spectrum. In any Fermi liquid, it spans the momenta, kF, at
which the energy dependence of the single-electron Green’s func-
tion develops a pole at the Fermi energy. Hence, a reconstruction

of the Fermi surface across the QCP implies that the single-
electron Green’s function contains a singularity at the QCP.
Indeed, the conduction-electron Green’s function of a Kondo
lattice system can very generally be written as

Gðk;E;TÞ ¼ 1

E − ϵk − Σðk;E;TÞ : [1]

In the absence of static Kondo screening, the self-energy
Σðk;E;TÞ is nonsingular. Correspondingly, the Fermi surface is
smoothly connected to that of the conduction electrons alone;
it is small (21). In the presence of static Kondo screening,
Σðk;E;TÞ develops a pole; for E and T small compared to the
coherent Kondo scale, it takes the form

Σðk;E;TÞ ¼ ðv$Þ2

E − ϵ$f
þ ΔΣðk;E;TÞ: [2]

Here v$ and ϵ$f specify the strength and energy of the Kondo
resonance (22), and ΔΣðk;E;TÞ is the nonsingular term of the
self-energy. The existence of this pole in Σðk;E;TÞ shifts the Fermi
momenta from their positions on the small Fermi surface, kF,
to those on a large Fermi surface, k$

F. Approaching the point of
critically destroyed Kondo effect, the quasiparticle weight
vanishes (6, 7) in accordance with the divergence of the quasipar-
ticlemass seen in specific heat and resistivity (13, 21). In particular,
at the QCP, both the strength, v$, and the energy, ϵ$f , of the Kondo
resonance (see Eq. 2) go to zero in the E → 0 and T → 0 limits.
Moreover, the interacting nature of the fixed point implies an
E∕T scaling of the single-electronGreen’s function: The reasoning
is analogous to that for the dynamical spin susceptibility (6, 9),
and the property can be illustrated by explicit calculations in
simplified model settings for critical Kondo destruction (23).
Similar forms of dynamical scaling of the single-electron spectra
are likely a generic feature of other types of Kondo-destroying
QCPs (7, 8, 24); they appear in related contexts as well (25–27).

Fig. 3. FWHM of the Hall crossover. The width was determined from the
derivatives of the fits to RHðB2Þ in the crossed-field setup, to the simulta-
neously measured magnetoresistivity ρðB2Þ, and to ~RHðB1Þ of the single-field
experiment, respectively. See Fig. 1 Inset for the definition of the FWHM. The
values for ~RHðB1Þ were scaled by 1∕11 ¼ B2c∕B1c (ref. 13) to account for the c
axis vs. ab plane magnetic anisotropy of YbRh2Si2. The solid line represents a
linear fit to all datasets with the magnetoresistivity data being well described
up to 1 K; see SI Text IV. Within the experimental accuracy this fit intersects
the ordinate at the origin. Where there is overlap, our magnetoresistivity
results are in good agreement with the FWHM directly extracted from the
derivative of ρðB2Þ presented in ref. 20. The crossed-field data obtained ear-
lier in a very limited temperature range (14) are in good agreement with
both our results and the linear fit. The different temperature dependence
found earlier was dominated by the former single-field results differing from
ours. This difference is likely a result of an improved orientation procedure
that became possible only in a substantially improved setup (see SI Text I).
Arrow indicates the Néel temperature. Error bars are standard deviations.

Fig. 4. Position of the Hall crossover in the temperature-field phase diagram
of YbRh2Si2. The crossover fields, B0, are extracted from fits to RHðB2Þ of the
crossed-field experiment, to ~RHðB1Þ of the single-field experiment, and to
ρðB2Þ (cf. Materials and Methods). The values of the single-field Hall-effect
experiment were scaled by 1∕11 to account for the magnetic anisotropy
of YbRh2Si2. The red horizontal bars reflect the FWHM at selected tempera-
tures determined by the fit in Fig. 3, showing that the crossover fields of the
various experiments and samples all lie within the range spanned by the
FWHM. The dotted (dashed) line represents the boundary of the antiferro-
magnetic phase (Fermi-liquid regime) taken from ref. 13. Error bars are
omitted in order to avoid confusion with the width of the crossover; with
the exception of the data at 0.3 K and the single-field result of sample 2
at 0.19 K, the standard deviations are smaller than the symbol size.

Friedemann et al. PNAS ∣ August 17, 2010 ∣ vol. 107 ∣ no. 33 ∣ 14549
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Sven	  Friedemann	  et	  al.	  PNAS,	  107,	  14547	  (2010)	  



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.	  
Lep.	  99,	  016401	  
(2007)	  	  



Using	  analogues	  to	  understand	  the	  physics	  

•  Are	  the	  anomalies	  seen	  in	  quantum	  cri3cal	  heavy	  fermion	  
metals	  a	  consequence	  of	  Kondo	  physics	  OR	  a	  generic	  failure	  
of	  our	  understanding	  of	  quantum	  cri3cality?	  

•  Is	  there	  a	  “look	  –	  alike”	  for	  quantum	  cri3cality	  without	  the	  
Kondo	  physics?	  
–  d–metals	  near	  a	  magne3c	  instability	  
–  AFM?	  	  
–  FM?	  	  (issues	  of	  non-‐analy3city)	  

•  Is	  there	  a	  “look–alike”	  for	  the	  Kondo	  laNce	  which	  illustrates	  
the	  same	  physics?	  
–  3He	  bilayers	  	  



Quantum	  cri3cality	  in	  metallic	  systems	  

•  Paramagnon	  theory	  (1960s	  onward):	  	  
–  metals	  on	  the	  border	  of	  ferromagne3sm.	  	  
–  Pd,	  Ni3Al,	  Ni3Ga,	  YNi3,	  ZrZn2	  
–  Puzzles:	  neither	  Stoner	  nor	  Heisenberg-‐like	  

•  Stoner:	  B=a	  M	  +	  b	  M3	  with	  a»	  a0-‐λ(T/TF)2	  
•  Tc	  small,	  χ	  Curie-‐Weiss	  like,	  yet	  µeff/µ0	  large	  

–  Resolu3on:	  include	  spin-‐fluctua3ons	  
•  Berk,	  Schrieffer,	  Doniach,	  Engelsberg,	  Rice,	  Moriya,	  Yamada,	  Beal-‐Monod,	  
Misawa,	  Lonzarich,	  Con3nen3no	  …	  and	  more	  

•  	  B=(a+	  b	  hmi2)	  M	  +	  b	  M3	  

–  Modern	  incarna3on:	  Hertz-‐Millis	  (RG)	  approach	  

LGWH:	  Landau-‐Ginzburg-‐Wilson-‐Hertz	  (…)	  



Interplay	  between	  spin-‐fluctua3ons	  and	  the	  electron	  fluid	  
•  LGWH:	  Upper	  cri3cal	  dimension	  should	  formally	  be	  2	  
•  At	  d=2:	  

–  Long	  range	  interac3ons	  induced	  by	  fluid,	  
LGWH	  expansion	  breaks	  down	  (infinite	  number	  of	  
marginal	  operators)	  

•  Abanov	  and	  Chubukov,	  Phys	  Rev	  Lep	  93,	  255702	  (2004)	  
•  At	  d=3:	  

–  Breakdown	  of	  Fermi	  liquid	  at	  hot	  spots	  –	  need	  to	  treat	  
fully	  self-‐consistently	  

•  At	  Q=2kF:	  
–  d=2	  First	  order:	  

•  Ioffe,	  Millis	  Phys.	  Rev.	  B	  51,	  16151	  (1995).	  

I3nerant	  an3ferromagne3c	  quantum	  cri3cality	  (Q	  ≠	  0)	  
Hilbert	  v.	  Löhneysen,	  Achim	  Rosch,	  MaVhias	  Vojta,	  Peter	  Wölfle	  	  

Rev.	  Mod.	  Phys.	  79,	  1015-‐1075	  (2007).	  	  



•  Coupling	  to	  soz	  modes:	  par3cle-‐hole	  excita3ons	  in	  the	  spin	  
channel:	  
–  F	  !	  Fconven3onal	  +	  w	  m4	  ln	  (m2/m0

2	  +	  T 2/T02)	  	  
•  D.	  Belitz,	  T.R.	  Kirkpatrick,	  Jorg	  Röllbühler,	  PRL	  94,	  247205	  (2005)	  and	  
references	  therein.	  	  
Reminiscent	  of	  other	  fluctua3on	  induced	  first	  order	  transi3ons.	  

–  Non-‐analy3c	  ac3on	  in	  q:	  e.g.	  	  d=3	  !	  q2	  ln	  q	  
d=2	  !	  -‐|q|3/2	  mq

2	  at	  QCP.	  |q|	  near	  QCP.	  
•  A.	  V.	  Chubukov,	  C.	  Pépin,	  J.	  Rech,	  PRL	  92,	  147003	  (2004).	  	  
D.	  Belitz,	  T.	  R.	  Kirkpatrick,	  and	  T.	  Vojta,	  Phys.	  Rev.	  B	  55,	  9452	  (1997).	  

–  Over	  coun3ng?	  No	  –	  observe	  correc3ons	  in	  Fermi	  liquid	  
theory.	  

•  G.Y.Chitov	  and	  A.	  J.	  Millis,	  PRB	  64,	  054414	  (2001).	  	  

•  Special	  pleading:	  Nega3ve	  curvature	  of	  the	  density	  of	  states	  
Conclusion:	  generically	  driven	  first	  order,	  or	  order	  parameter	  must	  “curl	  up”.	  
But	  you	  can	  find	  a	  true	  LGWH	  quantum	  cri3cal	  point	  at	  finite	  magne3c	  field.	  

Ferromagne3c	  quantum	  cri3cal	  points	  (Q=0)	  



Generic	  phase	  diagram	  

Temperature	  

Applied	  magneJc	  field	  

Tuning	  parameter	  

2nd	  order	  phase	  transi3on	  
(no	  transi3on	  in	  a	  finite	  
magne3c	  field)	  

A	  tricri3cal	  point	  

A	  line	  of	  cri3cal	  	  
endpoints	  

Metamagne3c	  
quantum	  cri3cal	  	  
endpoint	  

First	  order	  metamagne3c	  transi3ons	  

S.	  A.	  Grigera,	  A.	  P.	  
Mackenzie,	  A.	  J.	  
Schofield,	  S.	  R.	  Julian	  
and	  G.	  G.	  Lonzarich	  	  
Int.	  J.	  Mod.	  Phys.	  B	  16,	  
3258-‐3264	  (2002).	  	  

D.	  Belitz	  et	  al.	  	  
Phys.	  Rev.	  Lep.	  94,	  247205	  
(2005)	  



R.	  P.	  Smith,	  M.	  Sutherland,	  G.	  G.	  Lonzarich,	  S.	  S.	  Saxena,	  N.	  Kimura,	  S.	  Takashima,	  	  
M.	  Nohara	  and	  H.	  Takagi	  	  
Nature	  455,	  #7217,	  1220-‐1223	  (2008).	  	  

A	  Marginal	  Fermi	  Liquid	  

Exposing	  physics	  normally	  too	  weak	  to	  see:	  e.g.	  Michael	  Reizer	  (1989)	  

See:	  Non-‐Fermi	  liquids	  A.	  J.	  Schofield	  Contemp.	  Phys.	  40,	  #2,	  95-‐115	  (1999).	  	  

LGWH:	  successes	  –	  ZrZn2	  a	  clean	  i3nerant	  FM	  (>1K)	  



The	  Ruddlesden-‐Popper	  Series:	  Sr1+nRunO1+3n	  

Temperature	  

Applied	  magneJc	  field	  

Tuning	  parameter	  

n=1	  SrRuO3	  

n=3	  Sr4Ru3O10	  

n=2	  Sr3Ru2O7	  

n=1	  Sr2RuO4	  

Fine	  tuning	  with	  
field	  angle	  n=2 

bilayer 



Genera3ng	  quantum	  cri3cality	  

T

xx c

Ordered	  
phase	  

Con3nuous	  phase	  transi3on	  driven	  to	  T=0	   Cri3cal	  end-‐point	  driven	  to	  T=0	  

Example:	  CePd2Si2	  An3ferromagne3sm	  
tuned	  by	  pressure.	  

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

Example:	  Sr3Ru2O7	  Metamagne3sm	  
tuned	  by	  magne3c	  field	  angle	  

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



The	  metamagne3c	  quantum	  cri3cal	  end-‐point	  (QCEP)	  

P.	  Gegenwart,	  F.	  Weickert,	  M.	  Garst,	  R.S.	  
Perry	  and	  Y.	  Maeno,	  	  

Phys.	  Rev.	  Lep.	  96,	  136402	  (2006).	  S.A.Grigera,	  R.S.Perry,	  A.J.Schofield,	  
M.Chiao,	  S.R.Julian,	  G.G.Lonzarich,	  
S.I.Ikeda,	  Y.Maeno,	  A.J.Millis,	  
A.P.Mackenzie,	  	  

Science,	  294,	  329	  (2001).	  

Theory	  of	  the	  metamagne3c	  quantum	  cri3cal	  endpoint:	  
A.J. Millis, A. J. Schofield, G.G. Lonzarich and S.A. Grigera, Phys. Rev. Lett. 88, 217204 (2002) 

QCEP	  scenario	  consistent	  with	  
thermal	  conduc3vity:	  F.	  Ronning,	  
et	  al.	  PRL	  97,	  067005	  (2006)	  



Quantum	  cri3cality	  –	  a	  playground	  for	  new	  phases	  
Quantum	  cri3cality	  concentrates	  the	  entropy:	  devices???	  

A.	  W.	  Rost,	  R.	  S.	  Perry,	  J.-‐F.	  Mercure,	  A.	  P.	  Mackenzie	  and	  S.	  A.	  Grigera	  	  
Science	  325,	  #5946,	  1360-‐1363	  (2009).	  	  



Quantum	  cri3cality	  driving	  new	  order	  in	  the	  vicinity	  of	  the	  QCP 

Temperature	  

Tuning	  parameter	  

Metal	   Metal	  

Quantum	  
cri3cal	  

?	  

Ozen	  superconduc3vity…but	  what	  if	  superconduc3vity	  cannot	  form?	  



Quantum	  “dark	  maper”	  

• 	  URu2Si2	  ,	  Sr3Ru2O7,	  	  	   	  ,	  Cuprates,	  …	  	  
	  
	  Condensed	  dark	  ma,er:	  maper	  that	  has	  a	  thermodynamic	  effect	  but	  whose	  order	  
parameter	  is	  transparent	  to	  current	  probes.	  

Sr3Ru2O7	  
“Disorder	  sensi3ve	  phase	  
forma3on	  linked	  to	  metamagne3c	  
quantum	  cri3cality”:	  	  
S.	  A.	  Grigera,	  P.	  Gegenwart,	  R.	  A.	  
Borzi,	  F.	  Weickert,	  A.	  J.	  Schofield,	  
R.	  S.	  Perry,	  T.	  Tayama,	  T.	  
Sakakibara,	  Y.	  Maeno,	  A.	  G.	  
Green,	  A.	  P.	  Mackenzie,	  Science	  
306,	  1154	  (2004)	  
Metal-‐to-‐Metal	  transi3on	  seen	  in	  
suscep3bility,	  dc	  magne3za3on,	  
resis3vity,	  magnetostric3on.	  



Resis3vity	  anisotropy	  appears…	  
as	  if	  magne3c	  field	  aligns	  domains	  	  

R.A.	  Borzi,	  S.	  A.	  Grigera,	  J.	  Farell,	  R.S.Parry,	  S.	  J.	  S.	  Lister,	  S.	  L.	  Lee,	  D.	  A.	  Tennant,	  	  
Y.	  Maeno,	  A.	  P.	  Mackenzie,	  Science,	  315,	  214	  (2007).	  



From	  par3cle-‐par3cle	  pairing	  to	  par3cle-‐hole	  pairing	  

A.	  J.	  Schofield	  phys.	  stat.	  sol.	  (b)	  247,	  #3,	  563-‐569	  (2010).	  



From	  par3cle-‐par3cle	  pairing	  to	  par3cle-‐hole	  pairing	  

A.	  J.	  Schofield	  phys.	  stat.	  sol.	  (b)	  247,	  #3,	  563-‐569	  (2010).	  



From	  par3cle-‐par3cle	  pairing	  to	  par3cle-‐hole	  pairing	  

A.	  J.	  Schofield	  phys.	  stat.	  sol.	  (b)	  247,	  #3,	  563-‐569	  (2010).	  



From	  par3cle-‐par3cle	  pairing	  to	  par3cle-‐hole	  pairing	  

A.	  J.	  Schofield	  phys.	  stat.	  sol.	  (b)	  247,	  #3,	  563-‐569	  (2010).	  



Dark	  order	  states	  as	  magne3c	  analogues	  of	  unconven3onal	  
superconductors	  

Superconductors:	  part-‐part	   Magnets:	  part-‐hole	  

Conven3onal:	  s-‐wave	   Conven3onal:	  Stoner	  ferromagne3sm	  

Unconven3onal:	  p-‐wave,	  d-‐wave,…	   “Pomeranchuk”:	  p-‐wave,	  d-‐wave,…	  

Inhomogeneous:	  FFLO	   Inhomogeneous:	  “spirals”,	  density	  waves	  

Mixed	  State	   Spin	  textured	  state	  

A.	  J.	  Schofield	  phys.	  stat.	  sol.	  (b)	  247,	  #3,	  563-‐569	  (2010).	  



Predic3ons:	  magne3c	  analogues	  of	  unconven3onal	  
superconductors	  should	  show	  strong	  disorder	  dependence	  

•  No	  systema3c	  studies.	  Exis3ng	  data	  from	  S.	  A.	  Grigera	  
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)	   Sr3Ru2O7	  
c.f.	  Sr2RuO4	  

A.	  P.	  Mackenzie	  et	  al.	  
Phys.	  Rev.	  Lep.	  80,	  
161	  (1998)	  

A.	  F.	  Ho	  and	  A.	  J.	  Schofield	  	  EPL	  84,	  #2,	  27007	  (2008).	  	  



Can	  we	  make	  Kondo	  laNce	  look-‐alike?	  

•  Evidence	  from	  d-‐metals	  of	  some	  resonance	  with	  the	  Landau-‐
Ginzburg-‐Wilson-‐Hertz	  view	  of	  quantum	  cri3cality	  

•  Can	  we	  create	  quantum	  cri3calty	  in	  a	  Kondo	  laNce	  “look-‐
alike”?	  



Kondo	  breakdown	  in	  a	  look-‐alike?	  

•  Bilayers	  of	  3He:	  	  
Michael	  Neumann,	  Ján	  Nyéki,	  Brian	  Cowan	  and	  John	  Saunders	  	  
Science	  317,	  #5843,	  1356-‐1359	  (2007).	  	  	  

Figure	  from	  A.	  Benlagra	  and	  C.	  Pepin,	  
PRB,	  79,	  045112	  (2009)	  

Graphite	  
substrate	  

Solid	  4He	  
bilayer	  

L2	  3He	  	  
L1	  3He	  



Kondo	  breakdown	  in	  a	  look-‐alike?	  

•  Bilayers	  of	  3He:	  	  
Michael	  Neumann,	  Ján	  Nyéki,	  Brian	  Cowan	  and	  John	  Saunders	  	  
Science	  317,	  #5843,	  1356-‐1359	  (2007).	  	  	  



Kondo	  breakdown	  in	  a	  look-‐alike?	  

•  Bilayers	  of	  3He:	  	  
Michael	  Neumann,	  Ján	  Nyéki,	  Brian	  Cowan	  and	  John	  Saunders	  	  
Science	  317,	  #5843,	  1356-‐1359	  (2007).	  	  	  

Evidence	  of	  quantum	  cri3cality	  in	  a	  Kondo	  like	  system:	  does	  it	  resemble	  heavy	  
fermion	  anomalous	  quantum	  cri3cal	  points?	  



Future	  Trends	  and	  Perspec3ves	  

•  Developments	  in	  materials:	  
–  Epitaxial	  growth	  [c.f.	  H.	  Shishido	  et	  al.	  
Science	  327,	  #5968,	  980-‐983	  (2010).	  ]	  

•  Developments	  in	  look-‐alikes:	  
–  Quantum	  cri3cal	  d-‐metals,	  oxides,	  organics…	  
–  Realizing	  an	  Anderson	  laNce	  in	  a	  semiconductor	  
–  Realizing	  an	  Anderson	  laNce	  in	  a	  cold	  atomic	  gas	  

•  Developments	  in	  experiments:	  
–  ARPES,	  tunnelling,	  high	  field	  facili3es	  
–  How	  could	  we	  use	  the	  new	  field	  of	  quantum	  metrology?	  



Realizing	  an	  Anderson	  laNce	  in	  semiconductors	  

•  Inspira3on	  1:	  Kondo	  dots	  

Andrei	  Kogan,	  Sami	  Amasha,	  M.	  A.	  
Kastner	  	  
Science	  304,	  #5675,	  1293-‐1295	  (2004).	  	  



Realizing	  an	  Anderson	  laNce	  in	  semiconductors	  

•  Inspira3on	  1:	  Kondo	  dots	  

M.	  Kastner	  (	  1993)	   Van	  der	  Wiel	  et	  al.	  Science	  289,	  2105	  (2004)	  

Could	  you	  make	  a	  laNce	  of	  Coulomb	  blockaded	  dots?	  

For	  a	  review,	  see	  M.	  Pus3lnik	  and	  L.	  I.	  Glasman:	  cond-‐mat/0501007.	  



Realizing	  an	  Anderson	  laNce	  in	  semiconductors	  

•  Inspira3on	  2:	  Bilayer	  2DEGs	  used	  to	  probe	  LuNnger	  liquid	  
behaviour	   ~

spinon

holon e-

B field

2DEG

A	  Altland,	  CW	  Barnes,	  F	  
Hekking	  &	  AJ	  Schofield,	  	  

Phys	  Rev	  Lep,	  83,	  1203	  
(1999).	  

V 

d 

•  Tunnelling	  between	  a	  2D	  system	  (known	  probe)	  and	  a	  1D	  wire	  
(unknown	  subject).	  

•  Smooth	  interface:	  momentum	  conserved	  along	  wire	  
•  Transverse	  magne3c	  field	  tunes	  rela3ve	  momentum	  



Realizing	  an	  Anderson	  laNce	  in	  semiconductors	  

•  Inspira3on	  2:	  Bilayer	  2DEGs	  used	  to	  probe	  LuNnger	  liquid	  
behaviour	  

VbgVb

VaVsl2DEG

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).	  	  



Achieving	  a	  single	  channel	  wire:	  



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).	  	  



Realizing	  an	  Anderson	  laNce	  in	  a	  bilayer	  system	  



Realizing	  an	  Anderson	  laNce	  in	  a	  bilayer	  system	  



Realizing	  an	  Anderson	  laNce	  in	  a	  bilayer	  system	  



Realizing	  an	  Anderson	  laNce	  in	  a	  bilayer	  system	  



Realizing	  an	  Anderson	  laNce	  in	  a	  bilayer	  system	  

Would	  be	  a	  very	  dilute	  Anderson/Kondo	  laNce	  –	  can	  we	  improve	  this?	  



Cold	  quantum	  gases	  as	  quantum	  simulators	  

•  Remarkable	  developments	  in	  cold	  quantum	  gases	  

•  Ul3mate	  control	  of	  the	  
Hamiltonian	  –	  laNce	  
shape,	  interac3ons	  
etc.	  

The	  hand	  of	  Landau…	  

Image:	  hpp://www.lens.unifi.it	  

…becomes	  the	  hand	  of	  the	  experimentalist	  
(changes	  are	  adiaba3c).	  



Realizing	  an	  Anderson	  LaNce	  in	  an	  op3cal	  laNce	  

•  Inspira3on:	  the	  (Fermi)	  Hubbard	  model	  in	  cold	  atomic	  gases	  

U.	  Schneider,	  L.	  Hackermüller,	  S.	  Will,	  Th.	  Best,	  I.	  Bloch,	  T.	  A.	  Cos8,	  R.	  W.	  Helmes,	  
D.	  Rasch	  and	  A.	  Rosch	  	  Science	  322,	  #5907,	  1520-‐1525	  (2008).	  	  



Realizing	  an	  Anderson	  LaNce	  in	  an	  op3cal	  laNce	  

•  Inspira3on:	  the	  (Fermi)	  Hubbard	  model	  in	  cold	  atomic	  gases	  

U.	  Schneider,	  L.	  Hackermüller,	  S.	  Will,	  Th.	  Best,	  I.	  Bloch,	  T.	  A.	  Cos8,	  R.	  W.	  Helmes,	  
D.	  Rasch	  and	  A.	  Rosch	  	  Science	  322,	  #5907,	  1520-‐1525	  (2008).	  	  



Realizing	  an	  Anderson	  LaNce	  in	  an	  op3cal	  laNce	  

•  Idea	  1:	  a	  tuned	  op3cal	  laNce	  



Realizing	  an	  Anderson	  LaNce	  in	  an	  op3cal	  laNce	  

•  Idea	  1:	  a	  shaped	  op3cal	  laNce	  (mul3-‐chroic	  lasers)	  



Realizing	  an	  Anderson	  LaNce	  in	  an	  op3cal	  laNce	  

•  Idea	  2:	  A	  bilayer	  –	  with	  K.	  Bongs	  

Like	  the	  semiconductor	  bilayer	  but	  created	  with	  standing	  waves	  of	  light	  
and	  an	  imaging	  system	  on	  the	  top	  layer.	  



Developments	  in	  experiments	  

•  Can	  we	  make	  use	  of	  high	  precision	  op3cal	  frequencies?	  
–  Hansch	  and	  Hall	  –	  Nobel	  prize	  in	  2005	  
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Optical Frequency Synthesizer for Precision Spectroscopy
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We have used the frequency comb generated by a femtosecond mode-locked laser and broadened to
more than an optical octave in a photonic crystal fiber to realize a frequency chain that links a 10 MHz
radio frequency reference phase-coherently in one step to the optical region. By comparison with a
similar frequency chain we set an upper limit for the uncertainty of this new approach to 5.1 3 10216.
This opens the door for measurement and synthesis of virtually any optical frequency and is ready to
revolutionize frequency metrology.

PACS numbers: 32.30.Jc, 06.30.Ft, 42.62.Eh

For precision optical spectroscopy one has to determine
optical frequencies of several 100 THz in terms of the defi-
nition of the SI second represented by the cesium ground
state hyperfine splitting at 9.2 GHz. In the past heroic ef-
forts were required to measure optical frequencies with
harmonic frequency chains which create successive har-
monics from the cesium radio frequency reference. These
frequency chains were large, delicate to handle and usually
designed to measure only one particular optical frequency
[1–4]. Because of the 105 times higher frequencies and
the narrow width of selected optical transitions, it is worth-
while to consider atomic clocks based on such optical
transitions. The major obstacle for the construction of
optical clocks has been the fact that no reliable clock-
work was available that could count these rapid oscilla-
tions. Projected accuracies for optical frequency standards
reach the 10218 level and put up extraordinary demands on
this clockwork. The f:2f interval frequency chain [5–7]
using a femtosecond (fs) frequency comb finally provides
the missing clockwork in a compact and reliable setup.

It has been long recognized that the periodic pulse train
of a mode-locked laser can be described in the frequency
domain as a comb of equidistant modes. Such a comb can
be used to measure large optical frequency differences by
counting modes if the spacing between them is known [8].
As the spectral width of these lasers scales inversely with
the pulse duration the advent of fs lasers has opened the
possibility to directly access THz frequency gaps [9,10].
Previously we have shown that the easily accessible repe-
tition rate of such a laser equals the mode spacing within
the experimental uncertainty of a few parts in 1016 [11] and
that the frequency comb is equally spaced even after further
spectral broadening in a standard single mode fiber on the
level of a few parts in 1018 [12]. Extending this principle of
determining frequency differences to the intervals between
harmonics of optical frequencies [13] leads naturally to the
absolute measurement of optical frequencies. The first fre-
quency chain following this principle has been used in a
recent determination of the hydrogen 1S-2S transition and

measured the interval between 3.5f and 4f where f is the
frequency of a HeNe laser at 3.39 mm (88.4 THz) [5].

The latest developments in photonic crystal fibers (PCF)
[14–17], with specifically engineered wave guiding and
dispersion properties, allow very efficient spectral broad-
ening of fs pulses to more than one optical octave. It has
been demonstrated that such a broad comb can be used as
a freely floating ruler to directly measure the frequency
interval between the fundamental ( f) and the second har-
monic (2f) of a Nd:YAG laser at 1064 nm!532 nm locked
to an iodine transition [6]. To exploit the full potential of
this approach we have now used such a broadened fre-
quency comb to stabilize the frequency interval between a
laser frequency f and its second harmonic 2f, and there-
fore the frequency f ! 2f 2 f itself. Alternatively, the
comb itself can be frequency doubled [6,7,18]. At the end
point of this development we have arrived at a frequency
chain that consists of one fs laser and an optional Nd:YAG
laser only and nevertheless links a 10 MHz rf reference
phase coherently in one step to almost 106 distinct optical
frequencies. To evaluate the performance of such a fre-
quency chain we report in this Letter on the comparison of
two such chains, setting an upper limit of 5.1 3 10216 for
their uncertainties.

To understand the mode structure of a fs frequency
comb, consider a pulse circulating in a laser cavity with
length L at a carrier frequency fc that is subject to strong
amplitude modulation described by an envelope function
A"t#. This function defines the pulse repetition time T !
f21

r by demanding A"t# ! A"t 2 T # where T is calcu-
lated from the cavity mean group velocity: T ! 2L!ygr .
Fourier transformation of A"t# shows that the resulting
spectrum consists of a comb of laser modes separated by
the pulse repetition frequency and centered at fc [19].
Since fc is not necessarily an integer multiple of fr , the
modes are shifted from being exact harmonics of the pulse
repetition frequency by an offset fo , fr :

fn ! nfr 1 fo , n ! a large integer. (1)
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Summary	  and	  conclusions	  

•  All	  the	  world	  of	  strong	  correla3on	  physics	  seems	  to	  be	  
contained	  in	  the	  Heavy	  Fermions	  

•  Many	  open	  puzzles	  s3ll	  remain	  
•  Can	  some	  be	  solved	  by	  understanding	  heavy	  fermion	  look-‐

alikes?	  
•  Future	  trends:	  

–  Dilute	  Kondo	  laNces	  in	  semiconductors	  
–  Kondo	  laNces	  in	  cold	  atoms	  
–  New	  experiments	  




