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H. Casimir “Pauli and Theory of the Solid State”



• Solid-state physics has overcome this stereotype 


• Modern Condensed Matter Physics emphasizes universal, 
emergent laws


• Effectiveness of quantum field theory in condensed 
matter physics


• Observed phenomena CMP improve theoretical 
understanding QFTs in nonperturbative regime 



Low-energy universality

• What makes condensed matter physics systematic is the 
universality of low-energy phenomena


• Many condensed matter systems behave in the same 
way, independent of microscopic details


• Often, the low-energy regime is the regime of most 
physical interest



Example 1: Nambu-
Goldstone Boson

• Spontaneous symmetry breaking: NGBs, Lagrangian fixed 
by symmetries


• Example: phonon in solid


• displacement , symmetry 


• Effective Lagrangian: 



• Cubic interaction: restricted by shift symmetry

⃗u(x) ⃗u(x) → ⃗u(x) + ⃗c

ℒ = (∂t ⃗u)2 − (∂iuj)2 − (∂u)3 + ⋯



NGBs in magnets
• Ferromagnets and antiferromagnets: spontaneous-

symmetry breaking 


• Antiferromagnet:   

 
two NGBs with dispersion relation 


• Ferromagnets:  
 
ONE NGB with dispersion relation 

O(3) → O(2)

ℒ =
2

∑
a=1

(∂tSa)2 − v2(∂iSa)2

ω = vk

ℒ = iS1∂tS2 − (∂iSa)2

ω ∼ k2



Counting of NGBs

• Usually Goldstone theorem is thought to imply 
 
    # of NGBs = # of broken generators 
 
This is true in Lorentz invariant theories


• In Lorentz-noninvariant theories: 
 
    
  

Nlinear NGB + 2Nquadratic NGB = Nbrokgen generators



Example 2: Quantum Hall 
physics and duality

• Fractional Quantum Hall systems are the ultimate strongly 
coupled system in CMP


• Here we see one of the most sophisticated use of QFT


• Set up: electrons on the lowest Landau level


• The electrons filled a fraction  of the states on the LLL ν



The fractional quantum Hall effect (FQHE)
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The fractional quantum Hall effect (FQHE)

⌫ =
number of electrons
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The fractional quantum Hall effect (FQHE)

• without interaction: large ground-state degeneracy
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number of electrons

degeneracy of a LL
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The half-filled Landau level

• Experiments show that the half-filled Landau level is a 
gapless state


• also show that the low-energy degree of freedom does 
not carry charge (move in straight line in B field)


• What is the nature of thes low-energy degrees of 
freedom?



modulates the effective magnetic field B! experienced by
the CFs in the vicinity of ν ¼ 1=2. The modulated magnetic
field leads to commensurability oscillations, seen in Fig. 1,
flanked by shoulders of higher resistivity [9–14]. The
resistance minima appear at the well-established magnetic
commensurability condition: 2R!

C=a ¼ iþ 1=4, where
i ¼ 1; 2; 3;…; a is the period of the modulation, R!

C ¼
ℏk!F=eB

! is the CF cyclotron radius, k!F ¼
ffiffiffiffiffiffiffiffiffiffi
4πn!

p
is the CF

Fermi wave vector, and n! is the CF density [9–14]. If
we assume that n! is equal to the 2D electron density n on
both sides of ν ¼ 1=2, the above commensurability con-
dition predicts resistance minima at effective fields B!

i ¼
$½2ℏ

ffiffiffiffiffiffiffiffiffiffi
4πn!

p
&=½eaðiþ 1=4Þ& that are symmetric around

B! ¼ 0 (i.e., around B1=2). These B!
i , which are marked

with solid vertical lines labeled i ¼ 1; 2; 3 in Fig. 1,
agree with the experimental data for B > B1=2, especially
for i ¼ 1 where the deepest minimum is seen. The
commensurability minima for B < B1=2, however, appear
to the right of the expected values, as is clearly seen in
Fig. 1(b).
On the other hand, if we assume that, for B < B1=2, CFs

in the LLL are formed by the minority carriers, i.e., holes,
the commensurability condition predicts the dashed vertical
lines in Fig. 1(b), which show better agreement with the
experimental data. We elaborate on these observations in
the remainder of the Letter. We emphasize that the field
positions of the FQHSs we observe in the same sample
are quite consistent with those expected based on the filling
factors and the 2D electron density, as seen by the vertical
dotted lines in Fig. 1(a) [17]. This is true for the FQHSs
observed on both sides of ν ¼ 1=2.

Under the assumption that the density of CFs is equal to
the density of the minority carriers in the LLL [see insets to
Fig. 1(b)], the expected B!

i for CF commensurability for
B > B1=2 are the same as before because the minority carrier
density equals n. For B < B1=2, however, according to our
assumption, the CF density is equal to the density of holes in
the LLL: n! ¼ ð1 − ν=νÞn. Using this n! in the CF com-
mensurability condition leads to a quadratic equation for the
expected positions B!0

i of the commensurability minima
whose relevant solution can be approximated as B!0

i ≃ B!
i þ

B!2
i =B1=2 [18]. In this expression, we are giving B!0

i in terms
of B!

i for the case when n! ¼ n. The expression for B!0
i

implies that, for B < B1=2, the minima should be seen closer
to B1=2 by ≃B!2

i =B1=2. The calculated values of B!0
i for i ¼

1; 2; 3 are shown in Fig. 1(b) with vertical dashed lines, and
are in good agreement with the B < B1=2 experimental data.
Having established a possible explanation for the asym-

metry in the positions of the CF commensurability resis-
tance minima, we now consider data from samples with
different parameters. In Fig. 2, we show data from four
2DES samples. Their density, QW width, and modulation
period are given next to each trace, and the expected
positions of the CF commensurability minima are indicated
with vertical solid and dashed lines. The observed positions
of the minima in all traces show an asymmetry, which is
well captured by the minority density model. In the
a ¼ 400 nm trace, the minima appear very close to
ν ¼ 1=2 and are nearly symmetric, as are the predicted
positions from both models.
The asymmetry of the CF commensurability minima is

not unique to 2DESs. It persists in 2DHSs whose data are
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FIG. 1 (color online). (a) Magnetoresistance trace for a 2DES with density n ¼ 1.74 × 1011 cm−2 and subjected to a periodic potential
modulation, exhibiting strong CF commensurability oscillations near ν ¼ 1=2. The inset schematically shows the commensurability
condition of the quasiclassical CF cyclotron orbits, marked as i ¼ 1, 2, and 3, with a periodic potential modulation. Dotted vertical lines
mark the expected positions of the FQHSs, based on the 2D electron density. (b) The CF commensurability oscillations are shown in
greater detail. Vertical solid lines mark the expected positions of the resistance minima when the CF density (n!) is assumed to be equal
to the electron density; these positions are symmetric about ν ¼ 1=2. If n! equals the minority density, then the expected positions for the
B < B1=2 side are those shown with dashed vertical lines. The schematic insets indicate the basis of the CF minority density model
which assumes that CFs are formed by the minority carriers in the LLL (hatched parts of the broadened level).
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tance minima, we now consider data from samples with
different parameters. In Fig. 2, we show data from four
2DES samples. Their density, QW width, and modulation
period are given next to each trace, and the expected
positions of the CF commensurability minima are indicated
with vertical solid and dashed lines. The observed positions
of the minima in all traces show an asymmetry, which is
well captured by the minority density model. In the
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FIG. 1 (color online). (a) Magnetoresistance trace for a 2DES with density n ¼ 1.74 × 1011 cm−2 and subjected to a periodic potential
modulation, exhibiting strong CF commensurability oscillations near ν ¼ 1=2. The inset schematically shows the commensurability
condition of the quasiclassical CF cyclotron orbits, marked as i ¼ 1, 2, and 3, with a periodic potential modulation. Dotted vertical lines
mark the expected positions of the FQHSs, based on the 2D electron density. (b) The CF commensurability oscillations are shown in
greater detail. Vertical solid lines mark the expected positions of the resistance minima when the CF density (n!) is assumed to be equal
to the electron density; these positions are symmetric about ν ¼ 1=2. If n! equals the minority density, then the expected positions for the
B < B1=2 side are those shown with dashed vertical lines. The schematic insets indicate the basis of the CF minority density model
which assumes that CFs are formed by the minority carriers in the LLL (hatched parts of the broadened level).
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Quasiparticle

• Quasiparticle is a central notion in CMP


• Example: Landau’s quasiparticle in a Fermi liquid (e.g., 
electron gas in a metal)


• Landau’s quasipartlce = dressed electron of QED
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from R. Mattuck, A Guide to Feynman Diagrams in the Many-Body Problem



• Landau’s quasiparticle can have a mass drastically 
different from the bare mass of the electron


• But two things it cannot compromise: charge and spin


• charge: it cannot be the quasiparticle of the half-filled 
Landau level: the latter can move in straight line!



Duality in 2+1D QFT

• The problem of understanding the nature of the half-filled 
Landau level and its quasiparticle catalyzed new progress 
in QFT


• “Web of duality” between 2+1D quantum field theories


• Duality: equivalence between two QFTs whose 
Lagrangians look very differently, but have the same IR 
behavior


• Most of these dualities remain unproved conjectures, but 
with strong arguments supporting their validity



Fermionic particle-vortex duality

L = i ̄e�
µ(@µ � iAµ) e

Electron:

L = i ̄�µ(@µ � iaµ) � 1

4⇡
✏µ⌫�Aµ@⌫a�Quasiparticle:

DTS; Metlitski, Vishwanath; Wang, Senthil 2015

free fermion = “QED” in 2+1 D

emergent U(1) gauge field

physical EM field

Quasiparticle not coupled to the physical electromagnetic field

but to an emergent U(1) gauge field 
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• The example of half-filled Landau level illustrates a 
nontrivial interaction between theory and experiment:


• a puzzle about the behavior of a physical system in the 
lab spurs a development in formal quantum field theory



The “seed duality”

L = L[ , A]� 1

2

1

4⇡
AdA L = L[�, a] +

1

4⇡
ada+

1

2⇡
Ada

From this duality, a whole “web” of new dualities is derived 

  fermion = boson + flux

Karch, Tong; Seiberg, Senthil, Wang, Witten



Universal language

• “We have no better way of describing elementary 
particles than field theory”


• Many phases of condensed matter are described by 
quantum field theory


• CMP phenomena drive a better understanding of QFTs in 
the nonperturbative regime


• A large chunk of CMP is to understand the content of the 
low-energy effective field theorie (and also possible 
phases beyond QFT)


