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The many faces of magnetism 



How do we understand 
the occurrence of 
magnetic order? 

Lev Landau (1908-1968) Philip Anderson (1923- ) 



(a) (b)

Broken	  symmetry	  is	  a	  cornerstone	  of	  CMP	  
Consider	  a	  magnet	  

T>Tc	  	  	  

These	  magnets	  are	  the	  same	  
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Broken	  symmetry	  is	  a	  cornerstone	  of	  CMP	  
Consider	  a	  magnet	  

These	  magnets	  are	  different	  
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This	  has	  a	  simple	  mathema-cal	  descrip-on	  

T>Tc	   T<Tc	  



F = F0 + a(T − Tc)M
2 + bM4 + ...

∂F

∂M
= 2a(T − Tc)M + 4bM3 = 0

M2
0 = −a(T − Tc)

2b

M0 =
[
a(Tc−T )

2b

] 1
2

T < Tc

= 0 T > Tc

Landau	  mean-‐field	  theory	  
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Minima	  in	  the	  free	  energy	  may	  be	  
iden-fied	  



The	  4-‐fold	  way	  of	  broken	  symmetry	  

•  Phase	  transi-ons	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Mathema-cal	  singularity	  at	  Tc	  

T

M

Tc

Like	  a	  black	  hole	  

M0	  ~	  |T-‐Tc|0.5	  



Cri-cal	  exponents	  
• Heat capacity: C ∼ |t|−α,

• Magnetization: M ∼ (−t)β , for B → 0, T < Tc,

• Magnetic susceptibility: χ ∼ |t|−γ ,

• Field dependence of χ at T = Tc: χ ∼ |B|1/δ,

• Correlation length: ξ ∼ |t|−ν ,

• The correlation function G(r) behaves like

G(r) ∼
{

1
|r|d−2+η |r| ≪ ξ

e−
|r|
ξ |r| ≫ ξ,

}

where r is distance and d is the dimensionality of the system.

Exponents	  don’t	  rely	  on	  any	  length	  scale	  in	  the	  system	  

t	  =	  T-‐Tc	  



Cri-cal	  exponents	  for	  mean	  field	  theory	  

α β γ δ ν η
ϵ = 0 (d = 4, mean field) 0 1

2 1 3 1
2 0

ϵ = 1 O(ϵ) 0.167 0.333 1.167 4 0.583 0
ϵ = 1 O(ϵ2) 0.077 0.340 1.244 4.462 0.626 0.019
3D Ising 0.110 0.327 1.237 4.789 0.630 0.036
2D Ising (exact) 0 1
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We	  will	  return	  to	  cri-cal	  exponents	  a	  liWle	  later	  



The	  4-‐fold	  way	  of	  broken	  symmetry	  

•  Phase	  transi-ons	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Mathema-cal	  singularity	  at	  Tc	  

•  Rigidity	  
order	  transmits	  forces	  

•  New	  excita-ons	  
New	  par-cle	  spectrum	  

•  Defects	  
Walls	  that	  separate	  different	  order	  in	  different	  

places	  



The	  magnet	  

•  Order	  parameter	  M	  

•  Rigidity:	  permanent	  magne-sm	  

•  Excita-ons:	  magnon	  par-cles	  

•  Defects:	  domain	  walls	  
x

φ(x)

v

−v
l



Superfluids	  and	  superconductors	  

•  Order	  parameter:	  <Ψ(x)>	  

•  Rigidity:	  the	  supercurrent	  

•  Excita-ons:	  Bogolons	  (via	  the	  Higgs	  
mechanism	  in	  a	  SC)	  

•  Defects:	  vor-ces	  



Dimensionality	  in	  magne-sm	  



Dimensionality determines the 
behaviour of the magnet (or universe) 

In two dimensions: Flatland 



Dimensionality determines the 
behaviour of the magnet or universe 

In one dimension: Lineland 















Problem: conventional techniques aren’t good at 
detecting magnetic order in low-dimensional systems 











How do we systematically deal with 
scales in magnetism? 



Renormaliza-on	  group	  

Kenneth	  Wilson	  
(1936	  -‐	  2013)	  

Explains	  how	  more	  is	  different	  



The	  RG	  allows	  us	  to	  understand	  how	  more	  is	  different	  

•  Physics	  is	  all	  about	  length	  scales.	  We	  only	  care	  
about	  one	  limit	  for	  a	  given	  problem	  

•  The	  RG	  tells	  us	  how	  the	  physics	  changes	  as	  we	  
alter	  the	  length	  scale	  of	  interest	  

•  It	  works	  by	  telling	  us	  about	  coupling	  constants	  

F = F0 + aM2 + bM4 + ...



In	  CMP	  we	  measure	  long	  length	  scales	  

This	  corresponds	  to	  losing	  small	  detail	  

Imagine	  losing	  your	  glasses…	  



The	  technical	  descrip-on	  of	  the	  process	  
(in	  pictures)	  

Λ/b
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Momentum	  space	  
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Anderson	  localiza-on	  

G(L) = σL 3 dimensions
G(L) = σa 2 dimensions
G(L) = σa/L 1 dimension

Consider	  conductance	  
(i.e.	  1/R)	  in	  three,	  two	  
and	  one	  dimensions	  	  

d=3	  

d=2	  

d=1	  



Anderson	  localiza-on	  

Conclusion:	  for	  Ohmic	  conductors	  we	  expect:	  

In	  contrast,	  for	  insulators:	  

Redefine	  g	  =	  ħG/e2	  and	  determine	  ‘flow’:	  

G(L) ∝ Ld−2

G(L) ∝ e−L/ξ

β(g) =
d ln g

d lnL
=

L

g

dg

dL



β ≈
{

(d− 2) metallic (large g)
ln g insulating (small g)β

g
gc

d = 3

d = 2

d = 1

Conclusion	  

2	  and	  1	  dimensional	  metals	  are	  insulators.	  d=3	  metals	  have	  a	  fixed	  point	  
(‘mobility	  edge’)	  



Renormaliza-on	  group	  and	  magne-sm	  

λ

m2W1

W2

A

B

C

D

FM PM

SE =

∫
ddx

[
1

2
(∇φ)2 +

m2

2
φ2 +

λ

4!
φ4

]

m2 = a(T − Tc)The	  Landau-‐Ginzburg	  model	  of	  magne-sm	  

Low	  T	  
Ordered	  
ferromagnet	  

High	  T	  
Disordered	  
paramagnet	  

Strong	  interac-ons	  

Weak	  interac-ons	  



RG	  allows	  us	  to	  derive	  the	  cri-cal	  exponents	  
from	  the	  flow	  

α β γ δ ν η
ϵ = 0 (d = 4, mean field) 0 1

2 1 3 1
2 0

ϵ = 1 O(ϵ) 0.167 0.333 1.167 4 0.583 0
ϵ = 1 O(ϵ2) 0.077 0.340 1.244 4.462 0.626 0.019
3D Ising 0.110 0.327 1.237 4.789 0.630 0.036
2D Ising (exact) 0 1
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Quantum	  disorder	  and	  quantum	  
magne-sm	  



A dimer-based molecular magnet 
[Cu(gly)(pyz)](ClO4) 

Phys. Rev. Lett. 112, 207201 (2014) 
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[Cu(gly)(pyz)](ClO4) 

Bleaney-Bowers 
Susceptibility: J=7.5 K 
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[Cu(gly)(pyz)](ClO4) 

Bleaney-Bowers 
Susceptibility: J=7.5 K 

No order in ZF 
down to 30 mK  



Isolated dimers 

E

BzS = 0

S = 1

∆



Weakly coupled dimers 

In an idealized case we expect a quantum phase 
transition to XY magnetic order 

E

B

∆

J

Weakly interacting dimers 



Weakly coupled dimers 

In an idealized case we expect a quantum phase 
transition to XY magnetic order 

E

Bz

∆

J

XY order

Weakly interacting dimers 
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[Cu(gly)(pyz)](ClO4) 

Bleaney-Bowers 
Susceptibility: J=7.5 K 

Two set of transitions 
in applied field 



[Cu(gly)(pyz)](ClO4) 

Consistent with a FM 
Coupled dimers 

Suggests J = 7.3 K 
and J’ = 3.3 K 
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Phys. Rev. Lett. 112, 207201 (2014) 



Conclusions	  

•  Sta-c	  magne-sm	  may	  be	  understood	  via	  symmetry	  
breaking	  and	  Landau’s	  mean	  field	  theory	  

•  Dimensionality	  is	  crucial	  in	  determining	  the	  proper-es	  of	  
a	  system	  

•  The	  renormaliza-on	  group	  allows	  us	  to	  probe	  the	  
behaviour	  at	  length	  scales	  of	  interest	  

•  Quantum	  dimers	  are	  building	  blocks	  of	  disordered	  states	  



This new book may be of interest 

For more details: 
 
•  Speak to me afterwards 

•  Email: 
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