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Motivations

Understand the properties of the cuprates: strongly coupled
materials with exotic transport properties
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Motivations

m The Strange Metal phase presents exotic transport properties:
the most famous is the linear in T resistivity up to 700 K
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Motivations

m Linear resistivity related to a critical point. Temperature is the
only scale.
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Motivations

m Scattering rates of metals with T-linear resistivity.
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m Naively using the Drude formula: p = -5 x T
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Motivations

The resistivity is not the end of the story: measurements on
strange metals are commonly performed at non-zero magnetic field
to suppress T (and phonons)
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Motivations

m Response to an external electric field E; and thermal gradient

V;T
Ji\ _ (o« E;
Q; o TO&,:,' /_i,'j —V_,'T

m transport coefficients are now matrices
Oxx = Oyy » Oxy = Oyx

m There are six independent transport coefficients
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Motivations

m Almost all the transport properties deviate from the Fermi
liquid behaviour

Fermi Liquid Strange Metals
P T? T e.g. Hussey review, '08
s=32 T s ~ A — BT Orbetelli et al. '92
tanfpy = 2% % % e.g. Hussey review, '08
Kohler's rule % ~ 5—22 % ~ tan?#y Harris '92
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Motivations

What can be said using gauge/gravity duality?
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What is Gauge/Gravity duality?

d + 1-dimensional classical gravity theories on AdSy11 vacuum are
equivalent to the large N (degrees of freedom per site) limit of
strongly coupled d-dimensional CFTs in flat space

m It is an equivalence between partition functions:
ZCFT = ei(sgra"ity)on-shell

m At present it is a still a conjecture but we have many
successful tests
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What is Gauge/Gravity duality?

At the phenomenological level we can construct strongly coupled
toy models by means of the holographic dictionary:

m asymptotic value of the gravitational fields <> sources of
operators in the CFT

m |ocal gravitational symmetries <+ global CFT symmetries
m black holes <> finite temperature field theories
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Magneto-transport: massive gravity as a paradigm

Massive gravity and momentum dissipation

m Breaking diffeomorphisms in the bulk by adding a mass term
for the graviton

= /d“x\/fg [R— A— %FQ +8 ([/C]2 - [’C2]>]

where Kﬁ” = f,,8", K= VK2
m the fixed metric f,, controls how diffeomorphisms are broken
m Holographic dictionary = 9, T* #0
m we want to dissipate momentum but to conserve energy
(elastic processes)

fox = f,, = 1, and zero otherwise
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Magneto-transport: massive gravity as a paradigm

B = 0 and momentum dissipation

m In the hydrodynamic regime (|3| < T?2) a dissipation rate 7~}
can be defined (at O(52)) Davison, '13, Davison & Gouteraux

'15
0;T* =0, O,T"=771T"
= —78/8
~ 2n(E+P)

m At sufficiently low | 3] there is a Drude peak in the electric
conductivity o(w) Vegh, '13
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Magneto-transport: massive gravity as a paradigm

B = 0 and momentum dissipation

m The DC electric conductivity opc¢ splits into two parts Blake

& Tong, '13

p°T

E+ P

OpC = 0Qo +
m The thermal Kpc and thermoelectric apc DC conductivities
are affected only by the Drude part A.A. et al., '14

Spr _ S?Tr
= erp  PCT P

Andrea Amoretti
Holographic thermo-electric transport properties and strange metals



Magneto-transport: massive gravity as a paradigm

Switch on B

m modify the gauge field A in order to introduce a magnetic

field perpendicular to the xy plane
A=y pz)dt+ Bxdy
m a background black-brane solution can be found and

consequently the thermodynamics can be defined in terms of

the horizon radius z, (gt(zn) = 0):

__ AER ) 207+ o
8z, ’ zﬁ
p:ﬁ7 E+P=TS+pp
Zp
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Magneto-transport: massive gravity as a paradigm

DC thermo-electric response

m having J/(z,) and Q(z,) we can compute the DC transport

I\ _ (o5 Ej
Qi) Taj Rj -V, T

four quantities determine the six transport coefficients

0Qo0 » P £+P7
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Magneto-transport: massive gravity as a paradigm

_ E+P ,02-|-UQ0 (Bzo’Qo-i—#)

Oxx = 2
T B2+ (B%oqo + £EF)
o g PPt o (Bl +25F)
Xy — 2
B + (Bog0 + 5F)
E+P 1
Oxx = pS c1pP\2
T B2p?+ (BZO'QO + T)
_ g P T o (B +5F)
Pxy = 2 2 2 E+P\2
B2p? + (B20qo + “£7)
S2T (B2oqo + ££P)
Rxx =
E+P\2
B2p? + (B20qo + “£7)
_ BpS’T
Ryxy = P

B2p? + (B20qo + #)2
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Holographic phenomenology: strange metals

Holographic strange metals phenomenology

Phenomenological temperature scalings in strange metals

We need 4 phenomenological inputs to predict the scalings of all

the 6 transport coefficients

m Blake & Donos, '14:

%% _ T
cQu™ T D= P Y T2

and O'OD < 0%0, reproduces the correct scaling for the
resistivity and the hall angle:

Oxy 1
~ T tanfy = —= ~ —
Pxx 5 H O T2

Andrea Amoretti
Holographic thermo-electric transport properties and strange metals



Holographic phenomenology: strange metals

Holographic strange metals phenomenology

o? o? 0 0 )
UQON%7 UDN?D27 P~ pPo, UD<<UQ0a SNSOT

To fix the scaling exponent § we need phenomenological inputs
which are free form spurious interactions (phonons effects):
transverse conductivities do the game!

B Ry, ~ % Zhang et al., '00, Matusiak et al., '09

Oxy

=S8~ 8T, and L,, = ~T

Rxy

in accordance with Loram et al., '93 and with Zhang, '00
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Holographic phenomenology: strange metals

Holographic strange metals phenomenology

2 3 2 4
Ap _ B P B P
s ot (2) (4 -2 (27 ()
Experiments: T~" with n ~ 3.5 — 3.9 Harris '92

Seebeck coefficient

Oy Sood  S0o%? /Po
ao ~ pooSy  madZ T

S =

Experiments: A — BT Orbetelli et al., '92
Possible 1/ T correction at high-T? Kim et al., '04 What about
phonon drag?
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Holographic phenomenology: strange metals

Some more technical outcomes

m Analysing real black-brane geometries to achieve cuprates
phenomenology: need of hyperscaling violating geometries
plus additional time scales! arXiv:1603.03029

m Possible existence on bounds on the diffusion constants
related to minimal dissipating time scales arXiv:1411.6631
(see also Blake '16)
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Holographic phenomenology: strange metals

Conclusions

m The six thermoelectric transport coefficients are functions of
four quantities: possibility to be predictive!

m At finite density thermodynamics and transport are intimately
related

m Does the magnetic field play a role in criticality?

m Holography seems to be a very promising framework which
provides new ideas for the understanding of transport
properties in the cuprates

m To get phenomenological insight we need data clean from
spurious effects: working directly with experimentalists!
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Holographic phenomenology: strange metals
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