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Outline

Nernst experiments in superconductors

Hydrodynamic analysis of the thermo-electric
response functions

Applications to graphene: quantum critical
transport and collective cyclotron motion

Obtain hydrodynamic resulexactlyfor a critical
gauge theory via the AdS/CFT correspondence

Comparison with experiments in high'S
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» Undopedx=0: antiferromagnetic Mott insulator
« Underdoped-optimally dopeal05 < x < 0.17
Strong Nernst signal up #=(2-3)T,
e Overdoped.17 < x
BCS-like transition, very small Nernst signal abdye



Nernst effect ?
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Nernst effect ?

In the presence of a

magnetic field:

Transverse voltage

due to a thermal
gradient

2. “Vortex” view

Nernst signal:

In Fermi liquids: g very small

—

Big Nernst signal above, <
Evidence for a “vortex liquid”
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Vortex liquid?

Two scenarii for superconducting transition:

- v

1) BCS-type: Amplitude vanishesht

o) -0

2) Phase fluctuations kill long range order:
(in purely 2d: Kosterlitz-Thouless)

@) -

while a“vortex (Cooper palr) liquidiwvith
local pairing amplltude{‘-IJ‘ >0  survives.
Pseudogap- “Preformed Pairs (bosons)?



Vortex liquid?

Two scenarii for superconducting transition:

- v

1) BCS-type: Amplitude vanishesht

o) -0

2) Phase fluctuations kill long range order: Probe with
(in purely 2d: Kosterlitz-Thouless) Nernst effect!
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Dip in T, nearx=1/8 indicates proximity of insulator



Nernst effect In Nb, 51, ;4
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Nernst effect In Nb,Si, ;4
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Organic superconductors
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Proximity to transition: Superconducter Mott insulator

Quantum criticality
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Sl-transition: Bose Hubbard model

Bose-Hubbard model

Coupling

t
g= U tunes the Sl-transition

Perturb the CFT with
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* a magnetic field
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Sl-transition: Bose Hubbard model

Bose-Hubbard model

Coupling

t
g= U tunes the Sl-transition

Perturb the CFT with
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Hydrodynamic
Approach



Fluid Dynamics

Two transport regimes:

|. Ballistic regime (collisonless)

Short times, t<<r,
Small scales

Il. Hydrodynamic regime (collision-dominated)

Long times
Large scales

t >> Trel




Recall: Hydrodynamics

ll. Hydrodynamic regime (collisiondominated)

Short times,
Large scales

t >> Z-rel




Recall: Hydrodynamics

Il. Hydrodynamic regime (collisiondominated)

Short times,
Large scales

t >> Z-rel

« Local equilibrium established|Tier), ioe(r )i tielr)

 Study relaxation towards global equilibrium

» Slow modes: Diffusion of the density of conserge@dntities:

* Charge
e Momentum
* Energy



Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

Energy-momentum tensor THY = (g + P)utu® + Pgt¥ + 7%

Current 3-vector JH = puﬁ* + M

U” : Energy velocity: u# = (:L0,0) — No energy current
V¥ . Dissipative current (“heat curreny”)

r*" ! Viscous stress tensor (Reynold’s tensor)



Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

Energy-momentum tensor THY = (g + P)utu® + Pgt¥ + 7%

Current 3-vector JH = puﬁ* + M

U” : Energy velocity: u# = (:L0,0) — No energy current
V¥ . Dissipative current (“heat curreny”)

r*" ! Viscous stress tensor (Reynold’s tensor)

+ Thermodynamic relations

e+ P=Ts+ up, de=Tds+ udp,



Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).
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Conservation laws (equations of motion):

éi#ﬁ‘f =( Charge conservation
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Relativistic Hydrodynamics
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Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

J* = put + v* T#Y = (g + P)utu® + Pghv + 74V

Conservation laws (equations of motion):

d J*=(0 Charge conservation 0 Lk, E,
K = —E. 0 B
—E, —-B 0
d,T"" = F*¥J., Energy/momentum conservatic..  _  _ o
E=-ik=" p.
. Che
d IHY = FFRYJ L+ —TOVO_HO Momentum relaxation
T.
imp

(Landau-Lifschitz)



Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).
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Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

J* = put + v* T#Y = (g + P)utu® + Pghv + 74V

Conservation laws (equations of motion):

d J*=(0 Charge conservation 0 Lk, E,
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Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

J* = put + v* T"Y = (g + P)utu® + Pg"¥ + 7V

Conservation laws (equations of motion):

Jd J* =(0 Charge conservation 0 Lk, E,
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d,T*" = F*Y ], Energy/momentum conservatic.. o,
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Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).
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Relativistic Hydrodynamics

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

JH = put + vt THY = (g + P)uHu® + Pgt¥ + 7%

Conservation laws (equations of motion):

d J* =0 Charge conservation 0 E, E,
# po—| B, 0 B
—E, —-B 0
&PT'”"" - F“"JI, Energy/momentum conservatic.. _ o7
E=-ik<Z p.
1 i
d IHY = FFRYJ, + —Tové_ﬂo Momentum relaxation
z-imp
12 JIny 7 A M
Positivity of V= + utu”)| (= dp+ Fopu™) + p -
entropy production 3 —
vt {Lh + J,;i”‘uh”_ 7t qhu" + O"Hh) + ((:— ??)5)\1}5&”&]

Irrelevant for response atk O

One singletransport coefficient (instead of twa)!




Relativistic hydrodynamics

e at the S-I transition

°In graphene! MM, and S. Sachdev, cond-mat 0801.2970.

— Get a feel for the “quantum criticadi, In graphene:
Calculation from a quantum Boltzmann equation

L. Fritz, J. Schmalian, MM, and S. Sachdev, cond9882.4289.



Relativistic plasma in graphene

MM, and S. Sachdev, cond-mat 0801.2970.

Honeycomb lattice of C atoms
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Relativistic plasma in graphene

MM, and S. Sachdev, cond-mat 0801.2970.

Honeycomb lattice of C atoms Tight binding dispersion

H=v_. (p -K ) [Gsublattice

Close to the two
— Ek — VF |k = K|

v=v, =10°m/s= &
. ,_ 300
Fermi points<, K" :

~500V,gn1. !

Relativistic (Dirac) cones



Universal conductivityo,,

Standard situation: No particle-hole symmepy:(0)

* Current is carried predominantly by majority carsi

* Finite current implies finite momentum:

(particles) @ «—

(holes) O >

* In the absence of impurities:
Momentum conservation impliesfinite conductivity



Universal conductivityo,,

Quantum critical situation: Particle-hole symmeipy=(0)

» Charge current without momentum (energy current)

(particle) ® - Pair creation/annihilation
(hole) @ > leads to current decay

J#0, JE=0

 Finite quantum critical conductivity!
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Universal conductivityo,

Quantum critical situation: Particle-hole symmeipy=(0)

» Charge current without momentum

(energy current)

(particle) @ <
(hole) @ >

Pair creation/annihilation
leads to current decay

J#£0, JF=0
 Finite quantum critical conductivity!
« Quantum criticality:

Relaxation time set by temperature
(interaction strengthy = ° / hv

A A

T|T

Quantum
critical
alo
) 0l0 :

o s

— Universal quantum critical conductivity




Universal conductivito, : graphene

L. Fritz, J. Schmalian, MM, and S. Sachdev, condi8af.4289

Quantum critical situation: Particle-hole symmefy=(0), no impurities

Quantum Boltzmann equation

o e k)= Ll ()] Do
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Universal conductivito, : graphene

L. Fritz, J. Schmalian, MM, and S. Sachdev, condi8af.4289

Quantum critical situation: Particle-hole symmey=(0), no impurities

Quantum Boltzmann equation

o e k)= Ll ()] Do

Linearization: f,(k,t)= £k, t)+ &, (k,t)
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L. Fritz, J. Schmalian, MM, and S. Sachdev, cond8f.4289

Quantum critical situation: Particle-hole symmey=(0), no impurities

Quantum Boltzmann equation

e k)= Ll b)) O

Linearization: f,(k,t)= £k, t)+ &, (k,t)

Great simplification Divergence of collinear scattering amplitude
Amp [ _—> —> — : ] —>0

— Equilibration along unidimensional spatial direcson
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Universal conductivito, : graphene

L. Fritz, J. Schmalian, MM, and S. Sachdev, cond8f.4289

Quantum critical situation: Particle-hole symmey=(0), no impurities

Quantum Boltzmann equation

(at reE aa%j 8= e LK) Da?

Linearization: f,(k,t)= £k, t)+ &, (k,t)

Great simplificationDivergence of collinear scattering amplitude
Amp [ —_— —> — : ] —>0

— Equilibration along unidimensional spatial direcson

. Ek
fulkit)= 220k~ g+ ault)) s du=cl)= =




Thermoelectric response

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

Charge and heat current: J#* = py* + p* Q" = (g+ P)u” - ud”

Thermo-electric response in the particle picture

7 & &
Q"_T&,%



Thermoelectric response

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

Charge and heat current: J#* = py* + p* Q" = (g+ P)u” - ud”
Thermo-electric response in the particle picture
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Thermo-electric response in the vortex picture
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Thermoelectric response

S. Hartnoll, P. Kovton, MM, and S. Sachdev, Phgs. B76, 144502 (2007).

Charge and heat current: J#* = py* + p* Q" = (g + P)u” - ud”

Thermo-electric response in the particle picture

J _ Y E g=| = o etc.
é - T& —V_}T _Jz'y Oz

Thermo-electric response in the vortex picture

B p Nernst signal  Nernst coefficient
Q VT eny =V, v=g,/B

Al R




Results



Response functions at B=0

Symmetry z-»-z: o, =a, =k, =0

Longitudinal conductivity:

l':TTTEWJt'.B—I::I.:I / _P—|—.'_J_—
Universal conductivity at the quantuNcal pigin= O
Drude-like conductivity, divergent for T — ©,& — 0,0%0
Momentum conservatiomp£0)!




Response functions at B=0

Symmetry z-»-z: o, =a, =k, =0

Longitudinal conductivity:
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+P , “energy (enthalpy)
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non-relativistic limit; £ v O
0 per particle




Response functions at B=0

Symmetry z-»-z: o, =a, =k, =0

Longitudinal conductivity:

2 —_
Orelw, ;B =0) = (.:r.;;+ °p_T )
m 1 -—wr

+P , “energy (enthalpy)

—

non-relativistic limit; £ v O
0 per particle




Response functions at B=0

Symmetry z-»-z: o, =a, =k, =0

Longitudinal conductivity: / COUlo(nb correction

B —0) — i d _ igk T +0|k?
":T"...-‘Tl::'-"-"';'-'-B_ﬂ:] a (EQ-I_F—'_L_J._EU.-'J_) [1 ! (HQ+1 l?u.-'"-.P+ )] d )




Response functions at B=0

Symmetry z—-z: o,,=a,=k,=0

Longitudinal conductivity: / Coulornb correction
2 2
Tza(i k3 B =0) = (EQ+P+El—iwr) [1 W (gg—l_l—iw’rP—l—E)} O( )

Thermal conductivity:

e 2T
Kaa(w, I B =0) = aT U P+el—dwr

+ O(k2),




B > 0 : Cyclotron resonance

E.g.: Hall conductivity

_ﬂwf + 42+ 29(1/7 — iw)
B (w+ifr+iv)" —

Collective cyclotron frequency of the relativistiapma

Opylw, k) =

v:  2eB

2eB
- a)nonrel -~ - i O]
¢’ (e+P)/ poc ° mc @7 T v

a)rel —




B > 0 : Cyclotron resonance

E.g.: Hall conductivity

Opylw, k) =

Poles in the respon*e

pWE Y+ 29T —iw)

B (w+i/T+iy)’ —w?

a
L

w=*d® —iy-i/T

Collective cyclotron frequency of the relativistiagpma

v:  2eB

2eB
a)rel — - a)nonrel == L — O]
° P (e+P)/ o ° mc ®7+ v

Intrinsic, interaction-induced broadening 2 B2
(«> Galilean invariant systems: y=0,—
No broadening due to Kohn’s theorem) cet+P




B > 0 : Cyclotron resonance

Longitudinal conductivity
(w+/7) (w+ i/ + iy + 3w} /7)

Trelw, k) = og

(w+i/T+ i7)* — w?




Cyclotron resonance In graphene!

MM, and S. Sachdev, cond-mat 0801.2970.

w=*J" —iy-i/r

v=1110°m/s
=c/300




Cyclotron resonance In graphene!

MM, and S. Sachdev, cond-mat 0801.2970.

w=*a)" —iy—i/T

v=1110°m/s
=c/300

Conditions to observe resonance

2eB
Negligible Landau quantizationE,, = hVW/— <<k
H 3 gd ) i - hc 8 T =300K
ydrodynamic, i} -
collison-dominated regime haf” <<kgT B= 01T

Negligible broadeni Lo p=10"cm*
egligible broadenin 1<

glig 9 VT J 2 (0 ~10°s™
Relativistic, quantum critical regime p< o, :_(kBT)



AdS/CFT correspondence:

Recover magnetohydrodynamics
from String theory techniques



AdS/CFT

The AdS/CFT correspondence (Maldacena, Polyakov)
relates CFTs to the quantum gravity theory of alblac
hole in Anti-de Sitter (AdS) space.




AdS/CFT

The AAS/CFT correspondence (Maldacena, Polyakov)
relates CFTs to the quantum gravity theory of alblac
hole in Anti-de Sitter (AdS) space.

3+1 dimensional
Anti-de Sitter
space

Black hole

o 2+1 dimensional CFT
holographically represents
the black hole physics, the
CFT living on the boundary
of AdS;,, space

 The temperature of the CFT|
equals the Hawking
temperature of the black ho




AdS/CFT

Goal:

»  Solveexactlya conformal field theory(CFT), obtaino,

e Soluble theories:
Supersymmetric Yang-Mills theoyperturbed by

- a chemical potential
- a magnetic field



AdS/CFT

Simplest gravitational dual to CE.I: Einstein-Maxwell theory

1 s, — | 1 1 w3

(embedded in M theory a8dS; x S7: 1/g% ~ N3/2)
It has a black hole solution (with electric and matac charge):
2 2
Qv 1 dz

2 _ 1 2 2 2 e
ds® = 22[ f(z)dt® + dx +dy]+22f(z)'

F = hruzdx A\ G’y -+ qrndz A dt .

;:O f(z) =1+ (K +q°)2" = (1+h* + q%)2°.

AdS Electric chargej and magnetic chargh,
‘ < L andB for the CFT

Black hole




AdS/CFT

Simplest gravitational dual to CE,I: Einstein-Maxwell theory

- 3
—/d‘im [ _R+4Fwﬁ >

(embedded in M theory a8dS; x S7: 1/g% ~ N3/2)

It has a black hole solution (with electric and matac charge):

2 2
2 & r_ 2 2 27, 1 dz
ds® = 2 | —f(z)dt” + dx* + dy| + 227 (2)

F = ha’dx A d}«‘ -+ qrnd}_’ A dt
/Z:O If(f—’):1-|—(:“r’z—|—q*2}.z’4—(1—|—1'[1r2—|—c';2).23',
AdS,,, Background« Equilibrium

‘ Transport«< Perturbations iy Ay
Response via Kubo formula frodl/d(g, AY

Black hole



AdS/CFT

Main results

* Precise agreement with MHD,
withoutimposing the principle of
positivity of entropy production!

 Exact value fonQ.

* Proven potential to go beyond MHD

S. Hartnoll+Ch. Herzog: beyond small B,
calculation ofz, (0,B).



Comparison of hydrodynamics
with experiments in high IS



Nernst signal (B > 0)

N = = (J =0)
~-0O.T -

X

S\

Nernst signal

en — k_B 5‘|‘P wc/’ﬁmp 180 . - : . .
N7\ 2 kgTp (W2/v 4 1/Timp)? + w2 | 160} La, SrCuO, |
140 T:nsm‘j]r \\\\‘T*
Quantum unit of the’ g A W

: =43.0860 uV/K =
Nernst signal De H "

0 & N
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Sr content x



Comparison with experiment:
Peltier coefficient

(2ek3)( slkg ) { Yo+ @ + Yol = upl(Ts)}

Ayy = 2 2
n )\ Bld, (y+ i) + 0

y

Quantum critical scalinge, P =#T° ; s=#T? ; o, =#




Comparison with experiment:
Peltier coefficient

{l'x},

(2ek3)( slkp ) { Yo+ @ + Yol = upl(Ts)}
h ]\ Bldy (Y+ UTimp)* + @7

Quantum critical scalinge, P =#T° ; s=#T? ; o, =#

‘{S‘
| 1
0 1 E T!ﬂ B K
. [ L] =0
Q:_]_ [ 0 T=0.68K
ﬁ-ﬁ‘ ®  T=0.82K
B  T=12K
% [} 1 s T=1.6K
- ® T=2K
C [l » T=32K
E || o {145 /0,937 )}
1 1 1 I 1 1 L L 1 1 L 1 I I
0.1 3yl 1 2



Comparison with experiment:
Peltier coefficient

{l'x},

) (2ek3)( slkp ) { Yo+ @ + Yol = upl(Ts)}
\ h J\Big, (Y+ UTimp)* + @7

Quantum critical scalinge, P =#T° ; s=#T? ; o, =#

—
-]
| 1tk
L L =1
E_J_ 0 T=0.68K
E'-ﬁ‘ ®  T=0.82K
e  T=12K
— TR e T=2K
& [| o T=32K
/ E [ | o 1145 f0.93°1 )
1 L 1 1 I 1 1 1 1 L 1 1 1 I I
0.1 N 1 2

Matches with Gaussian fluctuation theory at B << B



LSCO Experiments

Measurement oft,, = 0,,&y

1 .
=
. *...‘_H‘
0.1 3 e
a,, 0.01F l (T not too large)
0.001 Lt a, (B_}D)z(%kg) d, (2171'imp)2 P (fv)*
E B heo | @2\ i
0.0001 |
30 40 60 80 100120

T (K)
Y. Wang et al., Phys. Rev7B, 024510 (2006).



LSCO Experiments

Measurement oft,, = 0,,&y

1 .
e
C *...“H‘
0.1 3 e
a,, 0.01F l (T not too large)
- 2 2 6
0.001 Lt % g o) (281(3) d, (z’lTTimp) P’ ()
— == -
: B ey | 02,\
0.0001 ' 0
30 40 580 80 100120 hv = 47meV A

T (K) v=2500°c 1, =10"s
Y. Wang et al., Phys. Rev7B, 024510 (2006). ~102y

Graphene



LSCO Experiments

Measurement oft,, = 0,,&

1 BT2(# 07, +#T°)
. a. [ i Ay = 6 2 2.2
01 . .ﬁ Xy T4 T°+#B ,0 Timp
A, 001E (T not too large)
0.001 — %(B L)~ (‘ Zt?kB“ (ij (‘ quTimp“ 2p2(ﬁ,u)'6

0.0001 : 0
30 40 60 80 100120 v =47/meVA

T (K) v=2500°c 1, =10"s

Y. Wang et al., Phys. Rev/B, 024510 (2006). ~102y

“ — Prediction forw.:

6.2 GH B(
.= 0 2 i
; T

5%

35K)3
T

Graphene

» 2 ordes of magnitudemallerthan the
cyclotron frequency of free electrons

* Only observablen ultra-pure samples
where T i:nlp < Q)




B(T)

LSCO Experiments

B, T -dependence

Theory fora,, = o, N Lsco0-0.12 NernstsignalN
Xy XX

16
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6l
4l
)|
|

14

20 40 60 80 100 %0 10 20 30 40 50
T(K) T (K)

Y. Wang, L. Li, and N. P. Ong, Phys. ReV3B024510 (2006).
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Conclusions

General theory of transport in a weakly disordered
“vortex liquid” state close to a QCP.

Simplest modeteproducesnany trends of thilernst
measurementis cuprates.

Collectivecyclotron resonancebservable in
graphene

Exact solutions vidlack hole mappingave yielded
first exact results for transport co-efficiems
Interacting many-body systems, and were valuable in
determining general structure of hydrodynamics.



