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Quantum criticality of Ising-nematic ordering in a metal
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Quantum criticality of Ising-nematic ordering in a metal
The “standard model”:

Sy = / d*rdr [(0:9)° + 2 (Vo) + (A — Ao)9” + ue?]
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Quantum criticality of Ising-nematic ordering in a metal
The “standard model”:

Sy = / d*rdr [(0:9)° + 2 (Vo) + (A — Ao)9” + ue?]

\ Electrons with a

Ny
S, = Sy / chlT{ (0 + €k) Cka Fermi surface: ey =
2:1 >k4 : —2t(COS k., + cos ky) — ...

Ny
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a=1 k,q



Quantum criticality of Ising-nematic ordering in a metal
The “standard model”:

Sy = /dQ’I”dT (0-0)° + (Vo) + (A “Yukawa”
coupling
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Boltzmann view of electrical transport:

e Identify charge carriers: electrons near the Fermi surface. Com-
pute the scattering rate of these charged excitations off the bosonic
¢ fluctuations.
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Boltzmann view of electrical transport:

e Identify charge carriers: electrons near the Fermi surface. Com-
pute the scattering rate of these charged excitations off the bosonic
¢ fluctuations.

e Analogous to electron-phonon scattering in metals, where we have
“Bloch’s law”: a resistivity p(T) ~ T°.

e “Bloch’s law” for the Ising-nematic critical point yields
p(T) ~ T3,
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Boltzmann view of electrical transport:

e Identify charge carriers: electrons
pute the scattering rate of these ch.
¢ Auctuations. ASHCROFT/ MERMIN

e Analogous to electron-phonon scat
“Bloch’s law”: a resistivity p(T") ~

e “Bloch’s law” for the Ising-nemat;i
p(T) ~ T,

However, this ighores
“phonon drag”

PHONON DRAG

Peierls®® pointed out a way in which the low temperature resistivity might decline
more rapidly than T°.

28 R. E. Peierls, Ann. Phys. (5) 12, 154 (1932).
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Boltzmann view of electrical transport:

e Identify charge carriers: electrons 4 S
pute the scattering rate of these ch.
¢ fluctuations. ASHCROFT/ MERMIN

e Analogous to electron-phonon scat
“Bloch’s law”: a resistivity p(T") ~

e “Bloch’s law” for the Ising-nemat;i
p(T) ~ T,

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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Quantum criticality of Ising-nematic ordering in a metal
The “standard model”:

Sy = / d*rdr [(0:9)° + 2 (Vo) + (A — Ao)9” + ue?]

Ny
S = X [ dre 0, + 2 e

a=1 k

Ny
Spe = —¢ / dT Z Z Gq (cos k; — cos ky)cfﬁq/z,ack_q/g,a

a=1 k,q




Quantum criticality of Ising-nematic ordering in a metal
The “standard model”:

Sy = / d*rdr [(0:9)° + 2 (Vo) + (A — Ao)9” + ue?]

Ny , T v2 v4
S. = aZl/drcha(ﬁT ot o ....—,u)ca
_ v,
Sy = _g/dzrm S oo [eh {8202+ ea)
a=1

{02 =32+ )eh ) eal

This continuum theory has has strong electron—¢ scattering, and
no quasi-particle excitations. But it has a conserved momentum
P, and x3p # 0 (“phonon drag”), and so the resistivity p(7") = 0.



Quantum criticality of Ising-nematic ordering in a metal

Transport without gquasiparticles:

e ocus on the interplay between J, and T}, !
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The most-probable state with a non-zero current J
has a non-zero momentum P (and vice versa).
At non-zero density, J “drags” P.
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Transport without gquasiparticles:

e ocus on the interplay between J, and T}, !

a—— - |
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The most-probable state with a non-zero current J
has a non-zero momentum P (and vice versa).
At non-zero density, J “drags” P.

The resistivity of this metal is not determined by the scattering
rate of charged excitations near the Fermi surface, but by the
dominant rate of momentum loss by any excitation, whether

neutral or charged, or fermionic or bosonic



Quantum criticality of Ising-nematic ordering in a metal

Transport without gquasiparticles:

S. A. Hartnoll, R. Mahajan, M. Punk and S. Sachdev, arXiv:1401.7012.
A. Lucas, S. Sachdev, and K. Schalm, arXiv:1401.7933

e ocus on the interplay between J, and T}, !

—J
—— P <« II

1‘“

b

The dominant momentum loss occurs via the scattering of
the neutral bosonic ¢ excitations off random fields.

This is good news for the AdS/CMT approaches, which do
not capture the Fermi surface of most of the charged carriers.



Visualization of the emergence of the pseudogap
state and the evolution to superconductivity in a

lightly hole-doped Mott insulator

Y. Kohsaka, T. Hanaguri, M. Azuma, M. Takano, . C. Davis, and H. Takagi
Nature Physics, 8,534 (2012).

C

Evidence for “nematic” order
(i.e. breaking of 90° rotation symmetry) in Caq ggNag.12CuO,Cls.



Resistivity of strange metal

In the presence of weak disorder of quenched Gaussian random fields

Sdqis = /d2rd7' [V(r) c'c + h(r) ¢] :
(

VIV ) =V5a(r 1),
. h(r)h(r') = hgé(r — '),

0
0

we use the memory-function approach to obtain the resistivity for
current along angle v

L d’k 5 o InIIf (w, k), Im DG (w, k)
p(T) = o ili% 2m)? k= cos” (O — ) <VO » + h§ » .

S. A. Hartnoll, R. Mahajan, M. Punk and S. Sachdev, arXiv:1401.7012.
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In the presence of weak disorder of quenched Gaussian random fields

Sdqis = /dQTCZT [V(r) c'c + h(r) qb] :
(

VIV ) =V5a(r 1),
. h(r)h(r') = hgé(r — '),

0
0

we use the memory-function approach to obtain the resistivity for
current along angle v

1. d?k ImIIE (w, k) , ImDj(w,k)
o(T) = X?LP al)lg%) om)? k* cos? (O — V) (VO + hg .

e

Fermi surface term: Obtain 7-dependent corrections to
residual resistivity similar to earlier work

G. Zala, B. N. Narozhny, and I. L. Aleiner, Phys. Rev. B 64, 214204 (2001)
[. Paul, C. Pépin, B. N. Narozhny, and D. L. Maslov, Phys. Rev. Lett. 95, 017206 (2005).

S. A. Hartnoll, R. Mahajan, M. Punk and S. Sachdev, arXiv:1401.7012.



Resistivity of strange metal
In the presence of weak disorder of quenched Gaussian random fields
Sais = /d2rd7 V(r)c'e+ h(r) 0|,

|
. V() V() =V5d(r—1'),
; h(r)h(r') = hi 6(r — 1),

0
0

we use the memory-function approach to obtain the resistivity for
current along angle v

1 d?k

lim

XJ P w—0 (27’(’)2

o(T) = Im T (w, k) Ime(w,k)) |

k* cos? (Ox — ) <Vo » + hi K
»

Bosonic term: Dominant contribution:

pT) ~ 13 T4/

Crosses over from the “relativistic” form (z = 1, n ~ 0) with
p(T) ~ hiT at higher T, to the “Landau-damped” form (z =
3, n = 0) with p(T) ~ h2(TIn(1/T))~Y2 at lower T (subtle
corrections to scaling specific to this field theory).

S. A. Hartnoll, R. Mahajan, M. Punk and S. Sachdev, arXiv:1401.7012.
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In the presence of weak disorder of quenched Gaussian random fields

Sdqis = /d2rd7 [V(r) c'c + h(r) qb] :
(

VIV ) =V5a(r 1),
. h(r)h(r') = hgé(r — '),

0
0

we use the memory-function approach to obtain the resistivity for
current along angle v

1 . d*k
1111
X,%,P w=0 J (27)°

p(T) = k* cos? (Ox — ) <Vo + hi

W Ofw

Bosonic term: Dominant contribution:

pT) ~ 13 T4/

Crosses over from the “relativistic” form (z = 1, n ~ 0) with
CO(T ) ~ h%@ at higher T', to the “Landau-damped” form (z =

3, n = 0) with (p(T) ~ h3(T'In(1/T))"1/?) at lower T' (subtle
corrections to scaling specific to this field theory).

S. A. Hartnoll, R. Mahajan, M. Punk and S. Sachdev, arXiv:1401.7012.




Quantum criticality of Ising-nematic ordering in a metal

Transport without quasiparticles:

Resistivity from random-field disorder

T

S. A. Hartnoll, R. Mahajan, M. Punk and S. Sachdev, arXiv:1401.7012.
A. Lucas, S. Sachdev, and K. Schalm, arXiv:1401.7933



Quantum criticality of Ising-nematic ordering in a metal

Transport without quasiparticles:

Resistivity from random-field disorder

\

p(T) ~ hi T in region
with ‘relativistic’ criticality of ¢,
with dynamic critical exponent
z = 1.
Obtained by “memory function”
and by holography.

( )

J

T

S. A. Hartnoll, R. Mahajan, M. Punk and S. Sachdev, arXiv:1401.7012.
A. Lucas, S. Sachdev, and K. Schalm, arXiv:1401.7933
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Transport without quasiparticles:

Resistivity from random-field disorder
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Quantum criticality of Ising-nematic ordering in a metal

Transport without gquasiparticles:

Resistivity from random-field disorder

~N

(TIn(1/T))~"? in region
u-damped criticality of ¢,
Pre-empted

- amic critical exponent
o(T) s J \

r

p(T) ~ hi T in region A

with ‘relativistic’ criticality of ¢,

M. Metlitski,
D. F. Mross,

S. Sachdev, with dynamic critical exponent
and T. Senthil, 7z = .

arXiv:1403.3694 Obtained by “memory function”
and by holography.

T

J

S. A. Hartnoll, R. Mahajan, M. Punk and S. Sachdev, arXiv:1401.7012.
A. Lucas, S. Sachdev, and K. Schalm, arXiv:1401.7933



Quantum criticality of spin/charge density wave
ordering in a metal

Transport without gquasiparticles:

Resistivity from “random-bond” disorder

A. Patel and S. Sachdev
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Transport without gquasiparticles:
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A. Patel and S. Sachdev



Quantum criticality of spin/charge density wave
ordering in a metal

Transport without gquasiparticles:

Resistivity from “random-bond” disorder

( )

p(T) ~ T in region
with Landau-damped criticality of ¢, \

with dynamic critical exponent

~\

IO(T) \ z =2 J p(T) ~ T? in region

with ‘relativistic’ criticality of ¢,

with dynamic critical exponent
7 = 1L

Obtained by “memory function”

and by holography.
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A. Patel and S. Sachdev



Begin with a CFT




Holographic representation: AdS4

(A 2+]
dimensional
CFT
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Holographic representation: AdS4

f(r)

(A 2+
dimensional

CFT

. at T=0

\

J

f(r)dt* + dz* + dy”




Apply a chemical potential

V'




Holography of a non-Fermi liquid

Einstein-Maxwell-dilaton theory

T <
ectric flux
Er = <Q>
r — <Q>
1 V(e)) Z(9) ab
S = /dd+2ﬂf\/ —( _ﬁ (R— Z(VCI))Q 72 ) L2 FabF b-

with Z(®) = Zye®®, V(®) = — Ve P?, as & — 0.

C. Charmousis, B. Gouteraux, B. S. Kim, E. Kiritsis and R. Meyer, JHEP 1011, 151 (2010).
S. S. Gubser and F. D. Rocha, Phys. Rev. D 81, 046001 (2010).
N. Tizuka, N. Kundu, P. Narayan and S. P. Trivedi, arXiv:1105.1162 [hep-th].



Holography of a non-Fermi liquid

The r — oo limit of the metric of the Einstein-Maxwell-
dilaton (EMD) theory has the most general form with

h = aal
a+ (d—1)p
6, 8(d(d =) +6)’
© T AT T 2= 6)a?



Holography of a non-Fermi liquid

Computation of the entanglement entropy in the EMD
theory via the Ryu-Takayanagi formula for 0 =d — 1
yields

Sp = CEQ(d_l)/dP In P

where Cg is independent of UV details.

L. Huijse, S. Sachdey, B. Swingle, Physical Review B 85,035121 (2012)



Holography of a non-Fermi liquid

Computation of the entanglement entropy in the EMD
theory via the Ryu-Takayanagi formula for 0 =d — 1
yields

Sp = CEQ(d_l)/dP In P

where Cg is independent of UV details.
This is precisely as expected for a Fermi surface, when
combined with the Luttinger theorem!

L. Huijse, S. Sachdey, B. Swingle, Physical Review B 85,035121 (2012)



Holography of a non-Fermi liquid

. r2d(z—1)/(d—0)

2
d82 _ 1 ( dt | TQH/(dH)dT2+d$?)

To relax momentum, add a ‘random-field’ coupling to the field operator O:

S— S+ / d*rdrh(r)O(r,7) with h(r) =0 and h(r)h(r') = h3é*(r — 1)

A.Lucas, S. Sachdev, and K. Schalm arXiv:1401.7933



Holography of a non-Fermi liquid

d 2 i dtQ | 29/(d—9)d 2—|—d 2
> T 2\ T r2d—1)/d-e) " : Li

To relax momentum, add a ‘random-field’ coupling to the field operator O:

S— S+ / d*rdrh(r)O(r,7) with h(r) =0 and h(r)h(r') = h3é*(r — 1)

Solution of Einstein-Maxwell equations for small Aq yields the resistivity
p(T) ~ k2 Td==+n)/z

where dim|O| = (d + 2z — 2 4+ n)/2. This agrees with the memory function
computation of the bosonic contribution of the “standard model” field theory.
The crossover at higher energies to the Wilson-Fisher CFT (with z = 1,

n = 0) yields p(T) ~ T.

A.Lucas, S. Sachdev, and K. Schalm arXiv:1401.7933



@ The resistivity of strongly-coupled metals is not
determined by the scattering rate of charged

excitations near the Fermi surface, but by the
dominant rate of momentum loss by any excitation,
whether neutral or charged, or fermionic or bosonic.
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@ Resisitivity of nematic/CDW/SDWV critical points
from random field/bond disorder.




@ The resistivity of strongly-coupled metals is not
determined by the scattering rate of charged
excitations near the Fermi surface, but by the
dominant rate of momentum loss by any excitation,
whether neutral or charged, or fermionic or bosonic.

@ Resisitivity of nematic/CDW/SDWV critical points
from random field/bond disorder.

€ Thermodynamic/entanglement/transport (but not
Fermi surface) properties of strongly-coupled metals
can be modeled by charged black hole holographic
duals.




