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® AdS/CFT applied to condensed matter:

. Generating functional for new non-trivial
unknown IR fixed points

2. Far superior method to compute real time
finite temperature/density correlation functions



AdS/CMT

® Quantum Critical Phenomena
® Physics controlled by a Quantum Ciritical Point

® Theory without quasiparticles: Qualitatively different
Macroscopics
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The strange metal in high Tc cuprates
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What is the theory of the strange metal?



Why is a strange meta
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Why is a strange meta
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® Linear-in-T resistivity
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® Power Law in AC conductivity
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Why is a strange metal “strange”? e.g.Anderson, Physics Today 2013

® Linear-in-T resistivity
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® Hall angle vs DC conductivity scaling
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Why is a strange metal “strange”?  e.g.Anderson, Physics Today 2013

® Linear-in-T resistivity
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® | ots of Power law scaling

® Hall angle vs DC conductivity scaling

o 1 1
tan 0 = L AN oy tanemetal ~ ODC,metal ™~ 7
Ope T T
® |nverse Matthiessen law
g~O0r+O0rr1 Pmetal N/OI"_IOII

This is not an exhaustive list...



Two lifetimes

® Hall angle in “strange metals”

® Theory (e.g. Drude, memory matrix)

o~ T taneHNT

Fundamental puzzle:

Needs “Inverse Matthiessen”

O~Or+0g7

Interacting ordinary systems
are “Matthiessen”

Pmetal ™~ PI + PII






Key insight from holography: (novel IR fixed point)

A strange metal is a state of matter consisting of two sectors,
one of which is a quantum critical state.

tWO sectors: two simultaneously coexisiting nearly independent
sets of low energy degrees of freedom (two lifetimes),

long-range entangled
charge conjugation symmetric Lifshitz scale invariant
hyperscaling violating critical theory.

quantum critical
state:
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Key role for holography: (superior computation)

A strange metal is a state of matter consisting of two sectors,
one of which is a quantum critical state.
Holography provides the computational theoretical framework.

tWO sectors: two simultaneously coexisiting nearly independent
sets of low energy degrees of freedom (two lifetimes),

|. anti-Matthiessen rule for DC transport
2. line widths are significantly broadened

long-range entangled
charge conjugation symmetric Lifshitz scale invariant
hyperscaling violating critical theory.

quantum critical
state:

3. unparticle physics

4. lots of scaling behavior (linewidths)
5. universality

6. very unstable



® Hall angle in “strange metals”

g~ — tan O = o
1
® Holography: two sectors

0 = OLif.quant.crit T Oconv.order

® Holography: cc-invariant quantum critical
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® AdS/CFT applied to condensed matter:

. Generating functional for new non-trivial
unknown IR fixed points

2. Far superior method to compute real time
finite temperature/density correlation functions






Holographic strange metals

o AdS/CFT:

® a dual gravitational description of a (strongly) interacting
quantum field theory.

Systems at finite temperature/density = AdS charged black hole

Electric Field
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Atomic physics . .
The Schroedinger Equation

Superconductor Fermi liquid
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CFT (holography) ZOFT = eXP(iSAdS)

Holographic
Holographic Landau Fermi liquid
Superconductor

v
Universal Holographic

Macroscopic physics Strange Metals



Holography describes new states of matter

® Holographic prediction:

Emergent scale invariant hyperscaling violating theories
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Holography describes new states of matter

® Holographic prediction:

Emergent scale invariant hyperscaling violating theories
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Many people:
Charmousis, Goutereaux, Gubser,
Gursoy, Hartnoll, Herzog, Horowitz,
Huijse, Kachru, Kim, Kovtun,
Kiritsis, Liu, Meyer, Mulligan, Sachdev, Swingle,
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e At finite /', 2z ~ 00 ,and quantum criticality is ultralocal



Holography describes new states of matter

® Holographic prediction:

Emergent scale invariant hyperscaling violating theories

1 Z (P
o [ty (e 0 et _vio)
2
762 f_Q {TQH/(d—G)dT2 _p2d(z=1)/(d=0) g2 dxﬂ A= Q $*

t— Nt . — Az

Lifshitz quantum critical theory supported by an ordered state

® Experimental signature: Quantum critical sector

Lots of power law scaling



Holography describes new states of matter

® Holographic prediction:

Emergent scale invariant hyperscaling violating theories
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2
762 f_Q {TQG/(d—G)dr2 _p2d(z=1)/(d=0) g2 da:ﬂ A= Q $*
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Lifshitz quantum critical theory supported by an ordered state

Transport: ® Experimental signature: Thermoelectric response

“Fluid Gravity” I

Policastro, Son, Starinets; :
Many people: O = Oces T Orelax , e

Davison, Donos, Gauntlett —

Jartnoll, Herzog, Horowitz,
Igbal, Liu, Inverse Matthiessen law: two independent sectors




Challenge to experiment

Can we show that the high 1. cuprate strange metals are
Lifshitz quantum critical theories supported by an ordered state?
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Holographic strange metals
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® The single fermion function from AdS/CFT

1
w—vpk + X(w, k)
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® The groundstate has a clear Fermi surface




Holographic strange metals

® The single fermion function from AdS/CFT Cubrovic, Zaanen, Schalm;
Science 325 (2009) 439

Faulkner, Liu, McGreevy,Vegh
Z PRD 83 (201 1) 125002,

: + ... :
W — ?}F(k _ kF) eV (2VkE Science 329 (2010) 1043

G(w, k) =

1
® The exponent Vg, ~ \/5—2 + k% is a free parameter

® Fermi surface excitations disperse as

(1/2v1,. v, <1/2
w~ (k—kp)* with z=<¢ 1 Vg = 1/2
1 Vip > 1/2




Holographic strange metals

® The single fermion function from AdS/CFT Cubrovic, Zaanen, Schalm;
Science 325 (2009) 439

Faulkner, Liu, McGreevy,Vegh
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Holographic strange metals

0.006 0.006

1500

0.004 0.004

1250

0.002| 0.002

1000

. U~ W

500

2VkF

S 0.000

wly

0.000

-0.002 -0.002

250

-0.004 -0.004

-0.006 |

. . . . -0.006
0.940 0945 0950 0955 0960 0965 0.9

ki Ky ki

Vg < 1/2 Vi = 1/2 Vi > 1/2

® The v, < 1/2 NFL is a system without quasiparticles

Quantum
Critical

® Physics: the probe fermion interacts
with a quantum critical sector

v

® Transport does not follow from FS excitations (alone).The
quantum critical sector contributes significantly
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® Holographic prediction
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The strange metal in high Tc cuprates
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The strange metal in high Tc cuprates
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® Linear resistivity in the High-Tc cuprates
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Most recent data...
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Two specific predictions from holography



Evidence of the quantum critical sector in the spectral function
Faulkner, Liu, McGreevy, Vegh
PRD 83 (201 1) 125002,
Science 329 (2010) 1043
Gauntlett, Sonner, Waldram
JHEP I'111 (2011) 153

Awk)

® Near w=0 for k # kp

1
ImG(w, k) ~ w?"* Vg ~ \/5—2 + k2



Holographic strange metal: novel lattice effects

® The quantum critical contribution to the spectral function

1
ImG (w, k) ~ w?"* Vg ~ \/5—2 + k2

® On a lattice

ImGlattlce g CU i
keA ;
I:{ kX
® The Green’s function is no ' v
longer strictly periodic / w .
0 1/2a

Liu, Schalm, Sun, Zaanen,
JHEP 1210 (2012) 036



Comparison to Experiment:
Dynamics of the superconducting gap



® In the superconducting state, massive fermionic quasiparticles
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In the superconducting state, massive fermionic quasiparticles

A

4—’
Spectral function at n; = 0.25
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unpublished



® In the superconducting state, fermionic quasiparticles are gapped

BCS

a (Gap closes) b (Gap predominantly fills) ar
T.
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A universal linear resistivity



® Ordinary metals

® Momentum relaxes
before collective behavior
sets in
—1

T, ~ micro. physics




® Ordinary metals —

® Momentum rglaxes | o Am. £ o
before collective behavior < >
sets in

—1

T, ~ micro. physics

® Strongly correlated metals (no quasiparticles)

Am.f.p. K external scales a
® Hydro sets in when —
° o 0 —
: o
Ampp, < Joupling ool _° o,
1.p. T o o o o >
0
® Momentum relaxes OO © 00 o lo )\m.f.p.
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Resistivity and hydrodynamics

® Hydrodynamics is a universal LEET Davison. Schalm. Zaanen

PRB89 (2014) 245116
Im<OO> Andreey, Kivelson, Spivak

PRL106 (201 1) 256804

ppc ~ lim | dkk?
w—0 w

® What choice for the impurity operator O ?
® Hydrodynamics: 7}, J, + "irrelevant” ops

e For O =T

1
00~~00
L) ~ w? — k? +iwk?ca 5k + ...
| , 1
ppc ~ lim [ dkk(nk®+...) ~ s(T) n=-—s
w—0 4

® Caveat: theory must be locally quantum critical z >~ o0
Lucas, Sachdeyv, Schalm, PRD89 (2014) 066018
Hartnoll, Mahajan, Punk, Sachdev PRB89 (2014) 155130



A universal mechanism for a linear resistivity

® Entropy density at low T Davison, Schalm, Zaanen

PRB89 (2014) 245116

300
S YBa,Cu,0,
200} i
v
E S(T) ~T + ...
=
~ 100L
Loram et al
% 50 100___150 200

® Universal linear-in-T resistivity from hydro + disorder

ppc ~ S(T) ~T+ ...

m  Caveat: holography has many other “linear resistivity” scenarios



Resistivity and hydrodynamics

® Hydrodynamics is a universal LEET

I
ope ~ lim [ k2 09

w—0 w

® What choice for the impurity operator O ?
® Hydrodynamics: 7}, J, + "irrelevant” ops

e Full thermoelectric transport for O conserved current.

Davison, Schalm, Zaanen

__ m00 I?
O=T strange meta Andreey, Kivelson, Spivak
O — JO Lucas,

— charge disorder graphene Lucas, Crossno, Fong, Kim, Sachdev

O = TOZ' strain disorder graphene Lucas, Schalm, Scopelliti, Schalm
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Figure 1: A comparison of our hydrodynamic theory of transport with the experimental results of
[33] in clean samples of graphene at T' = 75 K. We study the electrical and thermal conductances

at various charge densities n near the charge neutrality point.

Experimental data is shown

as circular red data markers, and numerical results of our theory, averaged over 30 disorder
realizations, are shown as the solid blue line. Our theory assumes the equations of state described
in (27) with the parameters Cp ~ 11, Cy = 9, Cy ~ 200, no ~ 110, ¢ ~ 1.7, and (28) with
ug ~ 0.13. The yellow shaded region shows where Fermi liquid behavior is observed and the
Wiedemann-Franz law is restored, and our hydrodynamic theory is not valid in or near this
regime. We also show the predictions of (2) as dashed purple lines, and have chosen the 3
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Evidence for hydrodynamic electron flow in PdCoO ,

Philip J. W. Moll, 23 Pallavi Kushwaha, 3 Nabhanila Nandi, 3
Burkhard Schmidt, 2 Andrew P. Mackenzie, 3**

3.5

Fig. 4. Hydrodynamic effect on transport. (A, B) The measured resistivity of
PdCoO , channels normalised to that of the widest channel (p,), plotted against the inverse
channel width 1/W multiplied by the bulk momentum- relaxing mean free path £, (closed
black circles). Blue solid line: prediction of a standard Boltzmann theory including boundary
scattering but neglecting momentum-conserving collisions (Red line:prediction of a model that

includes the effects of momentum-conserving scattering (see text). In (C) we show the

predictions of the hydrodynamic theory over a wide range of parameter space.

Negative local resistance due to viscous electron backflow in graphene
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Fig. 1. Viscous backflow in doped graphene. (A,B) Calculated 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 as a function of n
induced by applying gate voltage. I = 0.3 pA; L =1 um. The dashed curves in (E) show the
contribution expected from classical stray currents in this geometry (18).



A universal mechanism for a linear resistivity

® Entropy density at low T Davison, Schalm, Zaanen
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® Universal linear-in-T resistivity from hydro + disorder

ppc ~ S(T) ~T+ ...

m  Caveat: holography has many other “linear resistivity” scenarios



Two specific predictions from holography
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A universal mechanism for a linear resistivity
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® Universal linear-in-T resistivity from hydro + disorder

ppc ~ S(T) ~T+ ...

m  Caveat: holography has many other “linear resistivity” scenarios
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Fig. 1 | T-linear resistivity in five overdoped cuprates.
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® Towards experimental strange metals from Holography

m 2D Lattice

=  d-wave superconductor

® nodal-anti-nodal dichotomy

= All phenomena in one model.

®  Scaling in the Optical Conductivity

" Homes Law

m  Correlated scaling: Specific Heat, Magnetoresistance,
Magnetic Hall

® Phase transitions to ...



The strange metal in high Tc cuprates

Temperature T (K)

p—
e
=

300}

200

[t

-
=
=
-t
-
-,
A
—
-
=
—
-
—,
-,
—
=

Strange Metal

'Ic Tsconset

onsgt u -..’

Hole doping p



She, Overbosch, Sun, Liu, Mydosh,

" Zaanen, Schal
® Order parameter susceptibility AN, SN
= Non-canonical scaling dimension d d? 979
= Emergence from criticality
X(w) = ImGr(w) = (OT(w)O(0))
Probe: Target:
Superconducting Thin Strange Metal
High Te

insulating Normal State Low T
superconductor pgrrier

Quantum Critical
superconductor

Superconductor

Voltage Current
source meter



The strange metal in high Tc cuprates
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AF phase is a Mott insulator:
a Mott insulator is local “jammed” charge pinned to underlying lattice



Doping a holographic Mott Insulator

Andrade, Krikun, Schalm, Zaanen

AF phase is a Mott insulator:
a Mott insulator is charge density wave pinned to underlying lattice

In holography charge density wave are naturally Nakamura, Ooguri, Park,

: : : Donos, Gauntlett,
“intertwined” with loop current order Varma



® |oop current order in high Tc cuprates

Varma



® |oop current order in high Tc cuprates
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Charge Density Waves in Cuprates

® A doped holographic Mott insulator Andrade, Krikun, Schalm, Zaanen
= Onset of insulating phase is “mild”

= Remnant quantum critical conductivity
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Figure 2: DC resistivity for various locked states. Left panel: linear-linear plot near the
phase transition, Right panel: Log-log plot. The power law tail is seen at low temperature,
signalling the reamining near horizon degrees of freadom, which are not gapped.

Lifshitz quantum critical theory supported by an ordered state

Inverse Matthiessen law: two independent sectors
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Recent experimental results on strange metals

Scaling in ARPES linewidths Reber, Dessau et al
Bawden, van Heumen, Golden et al

Gap dynamics of superconductor Kondo et al;

Reber, Li, Dessau et al
Transport without quasiparticles
m Universal linear-in-T resistivity
= with zero intercept Latest: Boebinger, Shekhter et al
= proportional to entropy (specific heat) Legros, Taillefer et al
Density fluctuations and anomalous plasmon physics ~ Abbamonte et al
Charge density wave Mott insulator

= doping independent commensuration Davis and many others

® mild insulator transition Latest: Taillefer et al



Many of these results follow from

The Theory of a Strange Metal



Many of these results follow from

The Theory of a Strange Metal

A strange metal is a state of matter consisting of two sectors,
one of which is a quantum critical state.

Key insight from holography: (novel IR fixed point)

Theory: A quantum critical system without quasiparticles, supported by an ordered state
with transport characterized by collective behavior.

Experiment: excitations around the FS do not determine transport.
Experiment: quantum critical sector exhibits scaling and controls decay widths

Experiment: particle intuition does not apply.



Many of these results follow from

The Theory of a Strange Metal

A strange metal is a state of matter consisting of two sectors,
one of which is a quantum critical state.

Key insight from holography: (novel IR fixed point)
Key role for holography: (superior computation)

Holography provides the computational theoretical framework.
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Gauge/Gravity duality Wuerzburg 2018

A new road to an old dream:

Apply string theory to explain experiment

Holography gives a consistent, predictive framework
that captures the right physics of experimental strange metals.

There is a real possibility and opportunity that it can explain
puzzling observations in actual experiment.
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