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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

onh a torus not associated with

quasiparticle excitations.

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)
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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 pz; ~ 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 Hall positive resistance Ry corresponding to
carrier density p in the higher temperature pseudogap (Ando
et al., PRL 92, 197001 (2004)) and in recent measurements
at high fields, low 7', and around p ~ 0.16 in YBCO (Proust-
Taillefer-UBC collaboration, Badoux et al., submitted).
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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)



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)



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



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)]
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Prediction for transport in the graphene strange metal

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

r 18 the thermal conductivity, and o is the conductivity, is given by
L = m2k% /(3e?).



Prediction for transport in the graphene strange metal

Recall that in a Fermi liquid, the Lorenz ratio L = k/(To), where
r 1s the thermal conductivity, and o is the conductivity, is given by
L = m2k%/(3e?).

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

| eQU%QQTimp U%HT | 622}127Q27'imp 1
oc=o0¢ |1 ., R = 14
H(TQ T HO'Q

I — Ve H Timp - e*v% Q% Timp 2
T?0¢ Hog ’

where H 1s the enthalpy density, 7jyp 1S the momentum relaxation time
(from impurities), while ¢ = 0@, an intrinsic, finite, “quantum criti-
cal” conductivity. Note that the limits Q — 0 and 7 — 00 do not
comimute.
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M. Miiller and S. Sachdev, PRB 78, 115419 (2008)



Observation of the Dirac fluid
and the breakdown of the Wiedemann-Franz law in graphene

Jesse Crossno,''? Jing K. Shi,! Ke Wang,! Xiaomeng Liu,! Achim Harzheim,! Andrew Lucas,! Subir Sachdev,!>?3
Philip Kim,"» 2" * Takashi Taniguchi,* Kenji Watanabe,* Thomas A. Ohki,® and Kin Chung Fong®: T

! Department of Physics, Harvard University, Cambridge, MA 02138, USA
2John A. Paulson School of Engineering and Applied Sciences,
Harvard Unawversity, Cambridge, MA 02138, USA
3 Perimeter Institute for Theoretical Physics, Waterloo, Ontario N2L 2Y5, Canada
* National Institute for Materials Science, Namiki 1-1, Tsukuba, Ibaraki 305-0044, Japan
® Raytheon BBN Technologies, Quantum Information Processing Group, Cambridge, Massachusetts 02138, USA
(Dated: September 28, 2015)

Interactions between particles in quantum many-body systems can lead to collective behavior
described by hydrodynamics. One such system is the electron-hole plasma in graphene near the
charge neutrality point which can form a strongly coupled Dirac fluid. This charge neutral plasma
of quasi-relativistic fermions is expected to exhibit a substantial enhancement of the thermal con-
ductivity, due to decoupling of charge and heat currents within hydrodynamics. Employing high
sensitivity Johnson noise thermometry, we report the breakdown of the Wiedemann-Franz law in
graphene, with a thermal conductivity an order of magnitude larger than the value predicted by
Fermi liquid theory. This result is a signature of the Dirac fluid, and constitutes direct evidence of
collective motion in a quantum electronic fluid.

arXiv:1509.04713
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Strange metal in graphene
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Strange metal in graphene
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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

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 of Hartnoll, Kovtun, Miuller,
Sachdev (PRB 76, 144502 (2007)) but in the presence of a z-dependent chemical

potential. The thermoelectric transport properties will then depend upon the
value of the shear viscosity, n.

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



Strange metal in graphene arXiv:1509.04165

Negative local resistance due to viscous electron backflow in graphene

D. A. Bandurin', I. Torre*?, R. Krishna Kumar™* M. Ben Shalom®>, A. Tomadin®, A. Principi7, G. H. Auton’,

E. Khestanova™”, K. S. Novoselov’, I. V. Grigorieval, L. A. Ponomarenko™* A. K. Geim', M. Polini*®

n (10" cm™)
Figure 1. Viscous backflow in doped graphene. (a,b) Steady-state distribution of current injected through
a narrow slit for a classical conducting medium with zero v (a) and a viscous Fermi liquid (b). (c) Optical
micrograph of one of our SLG devices. The schematic explains the measurement geometry for vicinity
resistance. (d,e) Longitudinal conductivity o,, and Ry for this device as a function of n induced by
applying gate voltage. I = 0.3 pA; L = 1 um. For more detail, see Supplementary Information.



|. Long-range entanglement in insulators

2. Theory of ordinary metals

(a) Quasiparticles
(b) Luttinger theorem for volume enclosed by Fermi surface

3. Fractionalized Fermi liquid

Quasiparticles with a non-Luttinger volume in the
pbseudogap metal of the cuprate superconductors

4. Strange metals without quasiparticles
Experiments in graphene, and charged black holes



