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Flavors of Quantum Matter



A. Ordinary quantum matter
 Independent electrons, or pairs of electrons

B. Topological quantum matter
Long-range quantum entanglement leads 

           to sensitivity to spatial topology

C. Quantum matter without quasiparticles
Strange metals: infinite-range model 

maps to extremal charged black holes

and yields Bekenstein-Hawking entropy 
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Conventional 
metal

Area enclosed by 
Fermi surface =1+p

M. Platé, J. D. F. Mottershead, I. S. Elfimov, D. C. Peets, Ruixing Liang, D. A. Bonn, W. N. Hardy,
S. Chiuzbaian, M. Falub, M. Shi, L. Patthey, and A. Damascelli, Phys. Rev. Lett. 95, 077001 (2005)
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Ordinary quantum matter: the Fermi liquid (FL)
• Fermi surface separates empty

and occupied states in mo-

mentum space.

• Area enclosed by Fermi

surface = total density of

electrons (mod 2) = 1+p.

• Density of electrons can

be continuously varied at

zero temperature.

• Long-lived electron-like quasi-

particle excitations near

the Fermi surface: lifetime

of quasiparticles ⇠ 1/T 2
.
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Pseudogap

“Fermi arcs” 
at

low p

Kyle M. Shen, F. Ronning, D. H. Lu, F. Baumberger, N. J. C. Ingle, W. S. Lee, W. Meevasana,
Y. Kohsaka, M. Azuma, M. Takano, H. Takagi, Z.-X. Shen, Science 307, 901 (2005)
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1. The pseudogap metal

   Fermi liquid co-existening with topological order

2. The strange metal

   Metal without quasiparticles

   Infinite-range model: dual to extremal charged 

        black holes and yields 

        Bekenstein-Hawking entropy 

Outline
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A new metal — 
a fractionalized 

Fermi liquid (FL*) 
— with electron-
like quasiparticles 
on a Fermi surface 

of size p

Y. Qi and S. Sachdev, Phys. Rev. B 81, 115129 (2010)
M. Punk, A. Allais, and S. Sachdev, arXiv:1501.00978
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A new metal — 
a fractionalized 

Fermi liquid (FL*) 
— with electron-
like quasiparticles 
on a Fermi surface 

of size p
coexisting with 

topological order

Y. Qi and S. Sachdev, Phys. Rev. B 81, 115129 (2010)
M. Punk, A. Allais, and S. Sachdev, arXiv:1501.00978
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Evidence for Fermi surface of long-lived 
quasiparticles of density p

• Hall effect (Ando PRL 2004)

• Optical conductivity (van der Marel PNAS 2013)

• Magnetoresistance (Greven PRL 2014)

• Scanning Tunneling Microscopy (Seamus Davis, PNAS 2014):      

d-form factor density wave 



FL

Y. Kohsaka et al., Science 315, 1380 (2007)

Pseudogap

Density wave (DW) 
order at low T and p

SM



FL

Identified as a 
predicted “d-form 

factor density wave”SM

M. A. Metlitski and S. Sachdev, PRB 82, 075128 (2010). S. Sachdev R. La Placa, PRL 111, 027202 (2013).

K. Fujita, M. H Hamidian, S. D. Edkins, Chung Koo Kim, Y. Kohsaka, M. Azuma, M. Takano, H. Takagi,

H. Eisaki, S. Uchida, A. Allais, M. J. Lawler, E.-A. Kim, S. Sachdev, and J. C. Davis, PNAS 111, E3026 (2014)

Q = (⇡/2, 0)Pseudogap



Anti-
ferromagnet
with p holes
per square

Note: relative to the fully-filled band insulator, 
there are 1+p holes per square
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Strange 
metal

Many experimental 
indications of a 
quantum state 

which has:
• a continuously 

variable density at 
zero temperature,

• bulk excitations of 
arbitrarily low 
energy,

• and no long-lived 
quasiparticles.
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A. Kitaev, unpublished

S. Sachdev, arXiv:1506.05111
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density Q

⇣
~x

Horizon area Ah;
AdS2 ⇥R

d

ds

2 = (d⇣2 � dt

2)/⇣2 + d~x

2

Gauge field: A = (E/⇣)dt

⇣ = 1

L =  �↵D↵ +m  

Local fermion density of states

⇢(!) ⇠
⇢

!�1/2 , ! > 0

e�2⇡E |!|�1/2, ! < 0.

‘Equation of state’ relating E
and Q depends upon the geometry

of spacetime far from the AdS2

S. Sachdev, arXiv:1506.05111

Black hole thermodynamics

(classical GR) yields

1

Ab

@Ah

@Q = 8⇡GNE

Combination:

S =

Ah

4GNAb
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Pseudogap Strange 
metal



1. The pseudogap metal

   Fermi liquid co-existening with topological order

2. The strange metal

   Metal without quasiparticles

   Infinite-range model: dual to extremal charged 

        black holes and yields 

        Bekenstein-Hawking entropy 


