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Modern phases of quantum matter:

|. Ground states disconnected from independent
electron states: many-particle entanglement

2. Boltzmann-Landau theory of quasiparticles

Famous example:

The fractional guantum Hall effect of electrons in two
dimensions (e.g. in graphene) in the presence of a
strong magnetic field. The ground state is described
by Laughlin’s wavefunction, and the excitations are
quasiparticles which carry fractional charge.
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Modern phases of quantum matter:

|. Ground states disconnected from independent

electron states: many-particle entanglement

2. No quasiparticles

Condensed matter experiments:
Strange metals

Field theory example: conformal field theory




|. Strange metal in graphene

Experiments vs. theory combining
hydrodynamic/holographic/Boltzmann/memory-function
methods

2. Strange metal in correlated electron

superconductors
Onset of spin density wave order in metals

3. The pseudogap metal of the hole-doped

cuprate superconductors
Evidence for a metal with emergent gauge fields
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Fermi
surface

Ordinary metals: the Fermi liquid

e Fermi surface separates empty
and occupied states in mo-
mentum space.

e Area enclosed by Fermi sur-
face = Q. Momenta of low
energy excitations fixed by
density of all electrons.

e Long-lived electron-like quasi-
particle excitations near the
Fermi surface: lifetime of quasi-
particles ~ 1/T%.
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» Wiedemann-Franz law in a Fermi liquid:
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Graphene Predicted
T(K) strange metal
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e No quasiparticle excitations



Key properties of a strange metal

e No quasiparticle excitations

e Shortest possible “collision time”, or
more precisely, fastest possible local

h
kgl

equilibration time ~

S. Sachdeyv, Quantum Phase Transitions (1999)



Key properties of a strange metal

e No quasiparticle excitations

e Shortest possible “collision time”, or
more precisely, fastest possible local

h
kgl

equilibration time ~

e Continuously variable density, O
(conformal field theories are usually

at fixed density, Q@ = 0)
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J. Crossno et al. arXiv:1509.04713; Science, to appear

Strange metal in graphene
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Strange metal in graphene
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Strange metal in graphene
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Quasiparticle transport in metals:

e Compute the scattering rate of charged quasiparti-
cles off phonons: this leads to Bloch’s law (1930) : a
resistivity p(T') ~ T°.

Phonons
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Quasiparticle transport in metals:

e Compute the scattering ra —
cles off phonons: this leads
resistivity p(T') ~ T°.

ASHCROFT ' MERMIN

However, this ighores
“phonon drag”

PHONON DRAG

Peierls®® pointed out a way in which the low temperature resistivity might decline
more rapidly than 7. This behavior has yet to be observed,

28 R. E. Peierls, Ann. Phys. (5) 12, 154 (1932).
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Rates of Momentum Flow

FAST
Electrons

This is the regime of strange metal
transport of interest to us: electron-
electron interactions locally thermalize

the electron fluid on time and distance
scales shorter than those associated
with broken translational symmetry.

Boson ¢
coupled

strongly

to electrons

SLOW

Defects

Process controlling
resistivity (Peierls)



Transport in Strange Metals

universal constraints on transport

[Hartnoll, others] hyd rOdyna o ‘ [Donos, Gauntlett 1506]

[Lucas, Sachdev PRB]

long time dynamics;

few conserved quantities “‘renormalized IR fluid”
emerges
perturbative ‘
: limit
memory matrix R holography
[Lucas JHEP]

appropriate microscopics Dynamics of charged
for cuprates black hole horizons

figure from |[Lucas, Sachdev, Physical Review B91 195122 (2015)]

S. A. Hartnoll, P. K. Kovtun, M. Miiller, and S. Sachdev, PRB 76, 144502 (2007)



Relativistic hydrodynamics

hydrodynamics when [ > lee, t > tee

long time dynamics governed by conservation laws:

0,T" = J, (F&Y)",  §,J" =0.

S.A. Hartnoll, P. K. Kovtun, M. Muller, and S. Sachdev, PRB 76, 144502 (2007)



Relativistic hydrodynamics

» hydrodynamics when [ > lee, t > tee

» long time dynamics governed by conservation laws:

0,T" = J, (F&Y)",  §,J" =0.

dynamics of relaxation to equilibrium

> expand TH”, JH in perturbative parameter l..0,, :

THY = Pnt*" + (e + P)uu”

JH = Qut — g, PHP (3/0“_ %%T—u’/Fg;‘t) N

PHY = nhV 4yl
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S.A. Hartnoll, P. K. Kovtun, M. Muller, and S. Sachdev, PRB 76, 144502 (2007)



Relativistic hydrodynamics

» hydrodynamics when [ > lee, t > tee

» long time dynamics governed by conservation laws:
0,T" = J, (F&Y)",  §,J" =0.
dynamics of relaxation to equilibrium

> expand TH”, JH in perturbative parameter l..0,, :

THY = Pn*" + (e + P)utu”

I = Qut — g PP (D1 %apT — U )
PHY = phV 4 by

Qf = Tt — ;]
New (and only) transport co-efficient, o¢:

>
“quantum critical” conductivity at Q = 0.

S.A. Hartnoll, P. K. Kovtun, M. Muller, and S. Sachdev, PRB 76, 144502 (2007)
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» more generally, measure thermoelectric transport:

6Jz o 045 g 6EJ’

» o0 = easy experiment; related to QFT correlators:
i
Jij(w) — —{Ji(—w)Jj(w», etc.

W
= 7 = = = wvae



Thermoelectric transport coefficients

Transport has two components: a “momentum drag” term,
and a “‘quantum critical” term.

with entropy density S, @ = x s, p,, and M = xp, p..

Obtained in hydrodynamics, and by memory functions

S.A. Hartnoll, P. K. Kovtun, M. Miller, and S. Sachdev, PRB 76, 144502 (2007)
A. Lucas and S. Sachdev, PRB 91, 195122 (2015)



Thermoelectric transport coefficients

Transport has two components: a “momentum drag” term,
and a “‘quantum critical” term.

with entropy density S, @ = x s, p,, and M = xp, p..

In theories which are relativistic at high energies
(including graphene), Tag(w) = —pog(w), Tkg(w) =
prog(w), M =TS + nQ = H the enthalpy den-
sity, and @ = n the electron density

S.A. Hartnoll, P. K. Kovtun, M. Miller, and S. Sachdev, PRB 76, 144502 (2007)
A. Lucas and S. Sachdev, PRB 91, 195122 (2015)



Translational symmetry breaking

Momentum relaxation by an external source h coupling to the operator O

H = HO—/ddwh(az)O(az).

Leads to an additional term in equations of motion:

1t
0,TH = ... G

Timp

S.A. Hartnoll, P. K. Kovtun, M. Miller, and S. Sachdev, PRB 76, 144502 (2007)
A. Lucas and S. Sachdev, PRB 91, 195122 (2015)



Translational symmetry breaking

Momentum relaxation by an external source h coupling to the operator O
H = Hy-— /ddx h(x)O(x).

Leads to an additional term in equations of motion:

1
0,TH = ... IS

Timp

“Memory function” methods yield an explicit expression for 7imp:

S.A. Hartnoll, P. K. Kovtun, M. Miller, and S. Sachdev, PRB 76, 144502 (2007)
A. Lucas and S. Sachdev, PRB 91, 195122 (2015)



Thermoelectric transport coefficients

Transport has two components: a “momentum drag” term,

and a “‘quantum critical” term.

o= % mo(w) + g (w)
o= Lj\/l—Q mo(w) + ag(w)
K= j;il To(w) + Ko(w)

Obtained in hydrodynamics, and by memory functions

S.A. Hartnoll, P. K. Kovtun, M. Miller, and S. Sachdev, PRB 76, 144502 (2007)
A. Lucas and S. Sachdev, PRB 91, 195122 (2015)
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Magneto-electric transport

Transport has two components: a “momentum drag” term,
and a “‘quantum critical” term.

—1 : 2 2 9
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1
2( T — zw)/\/laQ + Q% + B0y

BQO.

T T Q2B 1 ((rk — iw)M + B20g)?

Electrical and thermal magnetotransport
in 2 magnetic field B with no additional parameters

(assuming o¢ is field-independent)
Obtained in hydrodynamics, and by memory functions

S.A. Hartnoll, P. K. Kovtun, M. Miller, and S. Sachdev, PRB 76, 144502 (2007)
A. Lucas and S. Sachdev, PRB 91, 195122 (2015)



AdS/CFT correspondence at zero temperature

: 1 d(d+1
Einstein gravity Sg = / d2x/—g [2_%2 <R+ ( )>]

AdSg.o
Minkowski

2
ds® = <£> [er — dt* + dfz}

r



AdS/CFET correspondence at non-zero temperature

1 d(d+1
Einstein gravity Sg = /dd+2x\/—g [2_/432 (73+ (d + )>]

CFTd_|_1 at
Hawking
temperature I’

/ of horizon

AdS-Schwarzschild
Minkowski

R \
]’ <«

Entropy density of CFTy,1, S ~ T
Bekenstein-Hawking entropy density, Sgp ~ T¢




Charged black branes

o 1 dld+1) R?
Einstein-Maxwell theory Seum = / A uy/—g [ <R+ | = _2F2>]

2k2

Quantum matter on
the boundary with

a variable charge
density Q of a global
U(1) symmetry.

e

AdS-Reissner-Nordstrom
T <

Realizes a strange metal: a state with an unbroken global U(1)
symmetry with a continuously variable charge density, O, at
I' = 0 which does not have any quasiparticle excitations.

A. Chamblin, R. Emparan, C.V.Johnson,and R. C. Myers, 99



Charged black branes

Quantum matter on
the boundary with

a variable charge
density Q of a global
U(1) symmetry.

e

More general theories have “hyperscaling violating metric”

2 1 dt” 20/(d—0) ;.2 )
ds :fr_Q TQd(z—l)/(d—H) - r dr —|—d371 at 7=0

C. Charmousis, B. Gouteraux, B. S. Kim, E. Kiritsis and R. Meyer, JHEP 1011, 151 (2010).
N. Tizuka, N. Kundu, P. Narayan and S. P. Trivedi, JHEP 1201, 94 (2012).
L. Huijse, S. Sachdev, B. Swingle, Phys. Rev. B 85, 035121 (2012)



Inhomogeneous charged black branes

Add a source term,

/ddm h(x) O(x)
e

Weakly disordered charged black branes yield results identical to

those obtained from memory functions and hydrodynamics

e G.T. Horowitz, J.E. Santos, and D. Tong, JHEP 1207, 168 (2012), JHEP 1211, 102 (2012).
e D. Vegh, arXiv:1301.0537. e M. Blake, D. Tong, and D. Vegh, PRL 112, 071602 (2013).

e M. Blake and D. Tong, PRD 88, 106004 (2013). e A. Lucas, S. Sachdev, and K. Schalm, PRD
89, 066018 (2014). e A. Lucas, JHEP 1503, 071 (2015). e R. A. Davison and B. Goutéraux,
arXiv:1505.05092; arXiv:1507.07137. e M. Blake, arXiv:1505.06992; arXiv:1507.04870.



Transport in Strange Metals

universal constraints on transport

[Hartnoll, others] hyd rOdyna o ‘ [Donos, Gauntlett 1506]

[Lucas, Sachdev PRB]

long time dynamics;

few conserved quantities “‘renormalized IR fluid”
emerges
perturbative ‘
: limit
memory matrix R holography
[Lucas JHEP]

appropriate microscopics Dynamics of charged
for cuprates black hole horizons

figure from |[Lucas, Sachdev, Physical Review B91 195122 (2015)]

S. A. Hartnoll, P. K. Kovtun, M. Miiller, and S. Sachdev, PRB 76, 144502 (2007)



Prediction for transport in the graphene strange metal

Recall that in a Fermi liquid, the Lorenz ratio L = k/(Tc), where

r 1s the thermal conductivity, and o is the conductivity, is given by
L = 7°k% /(3e?).



Prediction for transport in the graphene strange metal

Recall that in a Fermi liquid, the Lorenz ratio L. = k/(Tc), where
k 1s the thermal conductivity, and o is the conductivity, is given by
L = 7°k% /(3e?).

For a strange metal with a “relativistic” Hamiltonian, hydrody-
namic, holographic, and memory function methods yield

—1
| 62?}%Q27'imp U%Hﬂmp | 620%Q2Timp
7=00 |1 Ho T T b Ho
Q Q

79

2 2.2 12 —2
7 V% H Timp - e“v% Q  Timp
T?0q Hog ’

where H 1s the enthalpy density, Tipp 1s the momentum relaxation time
(from impurities), while 0 = 0@, an intrinsic, finite, “quantum criti-
cal” conductivity. Note that the limits Q — 0 and 73, — 00 do not
commute.

S. A. Hartnoll, P. K. Kovtun, M. Miiller, and S. Sachdev, PRB 76, 144502 (2007)
M. Miiller and S. Sachdev, PRB 78, 115419 (2008)



J. Crossno et al. arXiv:1509.04713; Science, to appear

Strange metal in graphene

Tbath (K)

n (10° cm?) Wiedemann-Franz
violated !
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Comparison to theory with a single momentum relaxation time 7jyyp.

Best fit of density dependence to thermal conductivity does not capture
the density dependence of electrical conductivity

A. Lucas, J. Crossno, K.C. Fong, P. Kim, and S. Sachdev, arXiv:1510.01738



Non-perturbative treatment of disorder

Note
n=090

Figure 3: A cartoon of a nearly quantum critical fluid where our hydrodynamic description of
transport is sensible. The local chemical potential u(x) always obeys |u| < kT, and so the
entropy density s/kp is much larger than the charge density |n|; both electrons and holes are
everywhere excited, and the energy density € does not fluctuate as much relative to the mean.
Near charge neutrality the local charge density flips sign repeatedly. The correlation length of
disorder £ is much larger than [, the electron-electron interaction length.

Numerically solve the hydrodynamic equations in the presence of a
x-dependent chemical potential. The thermoelectric transport properties

will then depend upon the value of the shear viscosity, 7.

A. Lucas, J. Crossno, K.C. Fong, P. Kim, and S. Sachdev, arXiv:1510.01738
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of a space-dependent chemical potential.
Best fit of density dependence to thermal conductivity now gives a better fit to

the density dependence of the electrical conductivity (for n/s ~ 10). The T
dependencies of other parameters also agree well with expectation.

A. Lucas, J. Crossno, K.C. Fong, P. Kim, and S. Sachdev, arXiv:1510.01738
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Figure 2: A comparison of our hydrodynamic theory of transport with the experimental results
of [33] in clean <amples of graphene at the charge neutrality point (n = 0). We use no new fit
parameters co @ red to Figure 1. The yellow shaded region denotes @ re Fermi liquid behavior
is observed; the purple shaded region denotes the likely onset of electron-phonon coupling.

Solution of the hydrodynamic equations in the presence
of a space-dependent chemical potential.
Best fit of density dependence to thermal conductivity now gives a better fit to

the density dependence of the electrical conductivity (for n/s ~ 10). The T
dependencies of other parameters also agree well with expectation.

A. Lucas, J. Crossno, K.C. Fong, P. Kim, and S. Sachdev, arXiv:1510.01738



Quantum matter without quasiparticles

e No quasiparticle excitations

e Shortest possible “collision time”, or more precisely, fastest

h
possible local equilibration time ~ ——
kgl

e Continuously variable density, O
(conformal field theories are usually at fixed density, Q = 0)

e Theory built from hydrodynamics/holography
/memory-functions/strong-coupled-field-theory

e Lixciting experimental realization in graphene.



|. Strange metal in graphene

Experiments vs. theory combining
hydrodynamic/holographic/Boltzmann/memory-function
methods

2. Strange metal in correlated electron

superconductors
Onset of spin density wave order in metals

3. The pseudogap metal of the hole-doped

cuprate superconductors
Evidence for a metal with emergent gauge fields



|. Strange metal in graphene

Experiments vs. theory combining
hydrodynamic/holographic/Boltzmann/memory-function
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methods
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2. Strange metal in correlated electron
superconductors
Onset of spin density wave order in metals
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3. The pseudogap metal of the hole-doped

cuprate superconductors
Evidence for a metal with emergent gauge fields
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Iron pnictides:

a new class of high temperature superconductors
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H. Ikeda, H.Takeya, K. Hirata, T. Terashima, and Y. Matsuda,
Physical Review B 81, 184519 (2010)
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no quasiparticles,
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S. Kasahara, T. Shibauchi, K. Hashimoto, K. Ikada, S. Tonegawa, R. Okazaki, H. Shishido,

H. Ikeda, H.Takeya, K. Hirata, T. Terashima, and Y. Matsuda,
Physical Review B 81, 184519 (2010)



Fermi surface+antiferromagnetism

Metal with “large”
Fermi surface

The electron spin polarization obeys

<§(r, 7')> = J(r, 7)eBT

where K is the ordering wavevector.



The Hubbard Model

Decouple U term by a Hubbard-Stratanovich transformation

S = /dzfr'dT Lo+ L, + Loy
L.=cle(—iV)e,

Lo

“Yukawa” coupling between fermions and

antiferromagnetic order:
\? ~ U, the Hubbard repulsion




Fermi surfacetantiferromagnetism

Metal with “large” Fermi surface



Fermi surface+antiferromagnetism

Fermi surfaces translated by K = (7, 7).



Fermi surface+antiferromagnetism

“Hot” spots



Fermi surfacetantiferromagnetism

-
7\
{ )
\_/
1

Electron and hole pockets in
antiferromagnetic phase with (J) # 0



Fermi surface+antiferromagnetism

—
(p) # 0 (@) =0
Metal with electron Metal with “large”
and hole pockets Fermi surface

Increasing interaction

S. Sachdev, A.V. Chubukoyv, and A. Sokol, Phys. Rev.B 51, 14874 (1995).
A.V. Chubukov and D. K. Morr, Physics Reports 288, 355 (1997).



Fermi surface+antiferromagnetism

Fermi surfaces translated by K = (7, 7).






Low energy theory for critical point near hot spots



Theory has fermions 11 5 (with Fermi velocities v o)
and boson order parameter ¢,

interacting with coupling A
Vi V2
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QMC for the onset of antiferromagnetism

Electrons with dispersions 51(53) and 51(3)
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e Momentum relaxation occurs via disorder perturbations which change
the local position of the quantum critical point.

H o= Hy- [ d'hz) @@
h(z)h(z') = hid%(z—2)

e Memory function methods yield
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We have described a metal with:

® A Fermi surface of electrons enclosing volume p,
and not the Luttinger volume of /+p

® Additional low energy quantum states on a torus
not associated with quasiparticle excitations i.e.
emergent gauge fields

There is a general and fundamental relationship

between these two characteristics.

M. Oshikawa, Phys. Rev. Lett. 84, 3370 (2000)
T. Senthil, M.Vojta, and S. Sachdeyv, Phys. Rev. B 69,0351 | | (2004)



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)

200
\?\
—
150 PG
I Pseudogap |
< 100 DW
-

2. Pseudogap
metal

at low p




T(K)

Y. Qi and S. Sachdev, Phys. Rev. B 81, 115129 (2010)
M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015)

2 O ’\

150 PG FL*

Pseudogap| & J

DW

4010

\s

100

A new metal —

a fractionalized
>0 Fermi liquid (FL*)
— with electron-

like quasiparticles
0 on a Fermi surface

0 . . " . W Of Size P



Recent evidence for pseudogap metal as FL*



Recent evidence for pseudogap metal as FL*

e Optical conductivity ~ 1/(—iw + 1/7) with
1/7 ~ w? + T?, with carrier density p (Mirzaei et al., PNAS
110, 5774 (2013)).



Recent evidence for pseudogap metal as FL*

e Optical conductivity ~ 1/(—iw + 1/7) with
1/7 ~ w? + T?, with carrier density p (Mirzaei et al., PNAS
110, 5774 (2013)).

e Magnetoresistance py, ~ 771 (1 +aH?T?) with 7 ~ T2
(Chan et al., PRL 113, 177005 (2014).



Recent evidence for pseudogap metal as FL*

e Optical conductivity ~ 1/(—iw + 1/7) with
1/7 ~ w? + T?, with carrier density p (Mirzaei et al., PNAS
110, 5774 (2013)).

e Magnetoresistance py, ~ 771 (1 +aH?T?) with 7 ~ T2
(Chan et al., PRL 113, 177005 (2014).

e Charge density wave instabilities of FL™* have wave vector and
form-factors which agree with STM /X-ray observations in

DW region (D. Chowdhury and S. Sachdev, PRB 90, 245136
(2014)).
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Recent evidence for pseudogap metal as FL*

e Optical conductivity ~ 1/(—iw + 1/7) with
1/7 ~ w? + T?, with carrier density p (Mirzaei et al., PNAS
110, 5774 (2013)).

e Magnetoresistance py, ~ 771 (1 +aH?T?) with 7 ~ T2
(Chan et al., PRL 113, 177005 (2014).

e Charge density wave instabilities of FL™* have wave vector and
form-factors which agree with STM /X-ray observations in

DW region (D. Chowdhury and S. Sachdev, PRB 90, 245136
(2014)).
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Optical conductivity ~ 1/(—iw + 1/7) with
1/7 ~ w? + T?, with carrier density p (Mirzaei et al., PNAS
110, 5774 (2013)).

Magnetoresistance py, ~ 7' (1+ aH?*T?) with 7 ~ T2
(Chan et al., PRL 113, 177005 (2014).

Charge density wave instabilities of FL* have wave vector and
form-factors which agree with STM /X-ray observations in

DW region (D. Chowdhury and S. Sachdev, PRB 90, 245136
(2014)).

T-independent positive Hall co-efficient, Ry, corresponding
to carrier density p in the higher temperature pseudogap
(Ando et al., PRL 92, 197001 (2004)) and in recent mea-
surements at high fields, low I', and around p ~ 0.16 in
YBCO (Proust-Taillefer-UBC collaboration, Badoux et al.,
arXiv:1511.08162).
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Fractionalized Fermi liquid (FL*)

We have described a metal with:

® A Fermi surface of electrons enclosing volume p,
and not the Luttinger volume of /+p

® Additional low energy quantum states on a torus
not associated with quasiparticle excitations i.e.
emergent gauge fields



Fractionalized Fermi liquid (FL*)

We have described a metal with:

® A Fermi surface of electrons enclosing volume p,
and not the Luttinger volume of /+p

® Additional low energy quantum states on a torus
not associated with quasiparticle excitations i.e.
emergent gauge fields

There is a general and fundamental relationship
between these two characteristics. Promising

indications that such a metal describes the
pseudogap of the cuprate supercondutors




