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Fermi liquid (FL)

Fermi
surface

e Fermi surface separates
empty and occupied states
In momentum space.

e Long-lived electron-like
quasiparticle excitations
near the Fermi surtace:

lifetime of quasiparti-
cles ~ 1/T%.

e Area enclosed by Fermi
surface = total density
of electrons (mod 2) =

1+ p.




Fermi liquid (FL)

Topological
argument for
the area of
Fermi surface

Put metal on a torus, adiabatically insert flux & = h/e
through hole, and measure change in momentum. In a
FL, we can assume the only low energy excitations are
quasiparticles near the Fermi surface, and this leads to
a non-perturbative proof of the Luttinger relation on the
area enclosed by the Fermi surface.

M. Oshikawa, Phys. Rev. Lett. 84, 3370 (2000)
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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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Y. Kohsaka et al., SCIENCE 315, 1380 (2007)
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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)
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a fractionalized
Fermi liquid (FL*)
— with electron-

like quasiparticles
on a Fermi surface
of size p ?




Electrical and optical evidence for Fermi
surface of long-lived quasiparticles of density p

Evolution of the Hall Coefficient and the Peculiar Electronic Structure
of the Cuprate Superconductors

Yoichi Ando,* Y. Kurita,” Seiki Komiya, S. Ono, and Kouji Segawa
PRL 92, 197001 (2004)

O I (5) I -] T-independent Hall

E o0 veeseol effect in a magnetic
O ®opece-0-0 ¢ *° .

5 field of fermions of
=T YBa,Cu,Oy ,, charge +e and
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Electrical and optical evidence for Fermi
surface of long-lived quasiparticles of density p

Spectroscopic evidence for Fermi liquid-like energy
and temperature dependence of the relaxation
rate in the pseudogap phase of the cuprates

Seyed Iman Mirzaei®, Damien Stricker?, Jason N. Hancock®® Chrlstophe Berthod"" Antoine Georges
Erik van Heumen®¢, Mun K. Chan', Xudong Zhao™?9, Yuan Li", Martin Greven’, Neven Barisi¢"
and Dirk van der Marel®’ PNAS 110,5774 (20 | 3)
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Fig. 6. Collapse of the frequency and temperature dependence of the re-
laxation rate of underdoped cuprate materlals Normal state M(w, T) as a
function of & = (hw)? + (prksT)?



Electrical and optical evidence for Fermi
surface of long-lived quasiparticles of density p

In-Plane Magnetoresistance Obeys Kohler’s Rule in the Pseudogap Phase
of Cuprate Superconductors

M. K. Chan,”” M.J. Veit,' C.J. Dorow,"" Y. Ge,' Y. Li,’ W. Tabis,"” Y. Tang,' X. Zhao,"”
N. Bariéié,l"t’s’jE and M. Greven'*

PRL 113, 177005 (2014)

We report in-plane resistivity (p) and transverse magnetoresistance (MR) measurements for underdoped
HgBa,CuO,. s (Hgl201). Contrary to the long-standing view that Kohler’s rule 1s strongly violated in
underdoped cuprates, we find that it is 1n fact satistied in the pseudogap phase of Hg1201. The transverse MR
shows a quadratic field dependence, p/py, = aH?, with a(T) « T~*. In combination with the observed
p « T? dependence, this is consistent with a single Fermi-liquid quasiparticle scattering rate. We show that
this behavior 1s typically masked in cuprates with lower structural symmetry or strong disorder effects.

1
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Can we have a metal with no broken translational
symmetry, and with long-lived electron-like
quasiparticles on a Fermi surface of size p !



Can we have a metal with no broken translational
symmetry, and with long-lived electron-like
quasiparticles on a Fermi surface of size p !

/ Answer: Yes. \

There can be a Fermi surface of size p,
but it must be accompanied by
topological order, in a “fractionalized Fermi liquid”.

At T=0, such a metal must be separated from a
Fermi liquid (with a Fermi surface of size 1+p) by a

\ quantum phase transition /




Fermi liquid (FL)

Topological
argument for
the area of
Fermi surface

Put metal on a torus, adiabatically insert flux & = h/e
through hole, and measure change in momentum. In a
FL, we can assume the only low energy excitations are
quasiparticles near the Fermi surface, and this leads to
a non-perturbative proof of the Luttinger relation on the
area enclosed by the Fermi surface.

M. Oshikawa, Phys. Rev. Lett. 84, 3370 (2000)



Fractionalized Fermi liquid (FL*)

Topological

argument for

the area of

Fermi surface

Violations of the Luttinger relation are possible in
a fractionalized Fermi liquid (FL*) because there

are “topologica.

” low energy excitations associated

with a flux of t.
of the torus.

ne emergent gauge field in the hole

T. Senthil, M.Vojta, and S. Sachdey, Phys. Rev. B 69,0351 | | (2004)
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4 )
Spin liquid.
These
“topological”
states are
needed to
allow for Fermi
surfaces of
total size p
(and not 1+p)

T. Senthil, M.Vojta, and S. Sachdey, Phys. Rev. B 69,0351 | | (2004)
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Nearest-neighbor hopping leads to attraction
between holon and spinon, which can pay for
the energy needed to create the spinon
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Spinon-holon bound state resides on
a ‘bonding” orbital between two sites
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Fractionalized Fermi liquid (FL*)
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gauge field
and
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T. Senthil, S. S., M.Vojta Phys. Rev. Lett. 90, 216403 (2003)
R. K. Kaul, A. Kolezhuk, M. Levin, S.S., and T. Senthil, Phys. Rev. B 75, 235122 (2007)
E. G. Moon and S. S. Phys. Rev. B 83, 224508 (201 1): M. Punk, A. Allais, and S. S., arXiv:1501.00978.
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Fractionalized Fermi liquid (FL*)
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4 Emergent A
gauge field
and
gauge-neutral,

O spin S=1/2,
charge +e

® fermions

@ @ _of density p |

T. Senthil, S. S., M.Vojta Phys. Rev. Lett. 90, 216403 (2003)
R. K. Kaul, A. Kolezhuk, M. Levin, S.S., and T. Senthil, Phys. Rev. B 75, 235122 (2007)
E. G. Moon and S. S. Phys. Rev. B 83, 224508 (201 1): M. Punk, A. Allais, and S. S., arXiv:1501.00978.




Fractionalized Fermi liquid (FL*)
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Note:
electron-like
quasiparticle
can only be a

dimer because
of spin-liquid
background; it
is not possible
to have it on a
single site

T. Senthil, S. S., M.Vojta Phys. Rev. Lett. 90, 216403 (2003)
R. K. Kaul, A. Kolezhuk, M. Levin, S.S., and T. Senthil, Phys. Rev. B 75, 235122 (2007)
E. G. Moon and S. S. Phys. Rev. B 83, 224508 (201 1): M. Punk, A. Allais, and S. S., arXiv:1501.00978.



Fractionalized Fermi liquid (FL*)
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Realizes a
metal with a
Fermi
surface of
area p and
“topological
order”

T. Senthil, S. S., M.Vojta Phys. Rev. Lett. 90, 216403 (2003)
R. K. Kaul, A. Kolezhuk, M. Levin, S.S., and T. Senthil, Phys. Rev. B 75, 235122 (2007)
E. G. Moon and S. S. Phys. Rev. B 83, 224508 (201 1): M. Punk, A. Allais, and S. S., arXiv:1501.00978.



Quantum dimer model with
bosonic and fermionic dimers

@ ®©
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Q Connection to the
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t-t’-t"-J model:

@ o - —(t+t’)/é

ty = (t—1t')/2

( \_) ty = —(t+t' +t")/4

M. Punk, A. Allais, and S. Sachdeyv, arXiv:1501.00978



Quantum dimer model with
bosonic and fermionic dimers

Dispersion and quasiparticle residue of a single fermionic dimer for J =V =1,
and hopping parameters obtained from the ¢-J model for the cuprates,
t1 = —1.05, to = 1.95 and t3 = —0.6, on a 8 x 8 lattice.

M. Punk, A. Allais, and S. Sachdeyv, arXiv:1501.00978



Quantum dimer model with
bosonic and fermionic dimers

“Back side” of Fermi surface is suppressed for observables
which add/remove electrons from the CuO, layer

M. Punk, A. Allais, and S. Sachdeyv, arXiv:1501.00978
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Pairing “glue” for d-wave superconductivity
from antiferromagnetic fluctuations

95’ Antiferromagnetic
paramagnon

Leads to <cLacT_k5> = capA(cos k; — cos k)

V.]. Emery, J. Phys. (Paris) Colloq. 44, C3-977 (1983)

D.. Scalapino, E. Loh, and J.E. Hirsch, Phys. Rev. B 34,8190 (1986)

K. Miyake, S. Schmitt-Rink, and C. M.Varma, Phys. Rev. B 34, 6554 (1986)
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Theories of quantum matter without guasiparticles

universal constraints on transport

g hydrodynamics * ‘

few conserved gquantities long time dynamics;
(unlike quasiparticle theories, “renormalized IR fluid”
which have infinite almost emerges
conserved quantities) ‘
‘ perturbative
: limit
memory matrix < holography
Critical fixed point of a field matrix large N theory;
theory without quasiparticles non-perturbative computations

appropriate for cuprates

A. Lucas and S. Sachdey, arXiv:1502.04704



Holography of a conformal field theory: AdS/CFT

: Gravity in d + 1
spatial dimensions,

with a black-hole
Khorizom at 1" > 0 y

~

 ACFTin
d spatial
dimensions:

T <«

Emergent
“holographic”
dimension

for d > 2,
the simplest
model without

\qua&partlclesj

Solvable models which have led to new
iInsights on the transport properties of
quantum matter without quasiparticles




Holography of a strange metal: a charged black hole

r

N
Horizon of a g A strange A
charged metal at
black hole density (Q)

—

ectric flux

r - £ = (0)

Emergent

“holographic™ [ gqlyaple models which have led to new
dimension insights on the transport properties of
quantum matter without quasiparticles




Theories of quantum matter without guasiparticles

universal constraints on transport

g hydrodynamics * ‘

few conserved gquantities long time dynamics;
(unlike quasiparticle theories, “renormalized IR fluid”
which have infinite almost emerges
conserved quantities) ‘
‘ perturbative
: limit
memory matrix < holography
Critical fixed point of a field matrix large N theory;
theory without quasiparticles non-perturbative computations

appropriate for cuprates

A. Lucas and S. Sachdey, arXiv:1502.04704



AF

——— L
PG SM

Strange

- metal
“  FL

DW




PG SM
7 ,
Strange

- metal
“  FL

DW

AF



PG _SM_
Strange

AF



Conclusions

|. Predicted d-form factor density wave order observed
in the non-La hole-doped cuprate superconductors.

2. Proposed the pseudogap metal is a fractionalized
Fermi liquid (FL*): a Fermi liquid co-existing with
topological order.

3. Many pseudogap properties can be understood in a
simple model in which the “electron becomes a
dimer”.

4. Can we experimentally detect possible
“topological order” in the pseudogap metal ?
(topological order is directly linked to
Fermi surface size)



