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pseudogap of the cuprate superconductors

4. Non-Fermi liquids




B \o-ccoc —— Q = (7/2,0)

Y. Kohsaka et al., SCIENCE 315, 1380 (2007) d-form factor density wave order

his specific d-form factor density wave order (with Q along the axes) was ﬁrst]

T
[predicted in S. Sachdev and R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013).







L L s a ) Vs s BT \_JA‘%
\

8  form-factor density wave has unidirectional domains t::’
C g




dFF-DW Unidirectional Domains

>
Z(r,150mV)



dFF-DW Unidirectional Domains

(10,(r.g=Q)I-10,(r.q=Q)/(

Primary DW direction Orange : // (1,0), Blue : //(0,1
O,(r.g=Q,)|+|0.(r.g=Q,)) mary ge : // (1,0) (0.1)



dFF-DW Unidirectional Domains

(10,(r.g=Q)I-10,(r.q=Q)/(

Primary DW direction Orange : // (1,0), Blue : //(0,1
O(r,.g=Q)|+|0(r.g=Q,)|) mary ge : /7 (10) (0.1)



Phase-resolved Visualization of d-form factor DW in Cuprates
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K. Fujita, M. H Hamidian, S. D. Edkins, Chung Koo Kim, Y. Kohsaka, M. Azuma, M. Takano, H. Takagi, H. Eisaki,
S. Uchida, A. Allais, M. J. Lawler, E.-A. Kim, S. Sachdev, and J. C. Davis, PNAS to appear, arXiv:1404.0362



Quantum criticality of Ising-nematic ordering in a metal
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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
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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

Effective action for Ising order parameter

Sy = / d*rdr [(0:0)* + (Ve)® + (A — Ae)o” + ug*|



Quantum criticality of Ising-nematic ordering in a metal

Effective action for Ising order parameter

Sy = / d*rdr [(0:0)* + (Ve)® + (A — Ae)o” + ug*|

Effective action for electrons:

Ny |
SC — /dT Z Z CzaaTCia — Ztijczacm
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Quantum criticality of Ising-nematic ordering in a metal

“Yukawa” coupling between Ising order and electrons

Ny
Spc=—g / dT L L ¢q (cos k, — cos ky)chq/Z’ack_q/Q,a

a=1 k,q

for spatially dependent ¢

A A

=

(¢) > 0 (@) <0




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

o ¢ fluctuation at wavevector ¢ couples most efficiently to fermions
near ::]{70.




Quantum criticality of Ising-nematic ordering in a metal

o ¢ fluctuation at wavevector ¢ couples most efficiently to fermions
near ::]{70.

e Expand fermion kinetic energy at wavevectors about ::E() and
boson (¢) kinetic energy about ¢ = 0.



Quantum criticality of Ising-nematic ordering in a metal
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M. A. Metlitski and S. Sachdev, Phys. Rev. B 82, 075127 (2010)




Quantum criticality of Ising-nematic ordering in a metal
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One loop ¢ self-energy with N fermion flavors:
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Quantum criticality of Ising-nematic ordering in a metal
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Electron self-energy at order 1/Ny:
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Quantum criticality of Ising-nematic ordering in a metal
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I
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In the boson case, ¢2 ~ w'/? with z, = 3/2.
In the fermion case, q; ~ g5 ~ wl/#f with zp = 3/d.

Note zr < 2z for d > 2 = Fermions have higher energy than
bosons, and perturbation theory in g is OK.
Strongly-coupled theory in d = 2.



Quantum criticality of Ising-nematic ordering in a metal
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Schematic form of ¢ and fermion Green’s functions in d = 2

1/Ny G (dw 1
9 7w — .
A\ 0w + g2 — isgn(w)|w[2/3/N;

In both cases q, ~ qi ~ wl/? with z = 3/2. Note that the

bare term ~ w In G;l 1s irrelevant.

( Strongly-coupled theory without quasiparticles. j




Quantum criticality of Ising-nematic ordering in a metal
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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

Wl (% — 0y — 02) e + 1 (B +i0, — 02) y_
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Simple scaling argument for z = 3/2.

1/2

Under the rescaling x — x/s, y — y/s /%, and 7 — 7/5%, we

find invariance provided

¢ — ¢s
w N ¢8(22+1)/4
g — 98(3—27;)/4

So the action is invariant provided z = 3/2.
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k% ~ O, the fermion density

Sharp fermionic excitations
near Fermi surface with
w~ lqg|?, and z = 1.

Entropy density S ~ T(1-0)/7
with violation of hyperscaling
exponent 6 = d — 1.

Entanglement entropy
Sg ~ k% 'Pln P.



i v
Fermi
liquid

NFL
Nematic

QCP

e Fermi surface

k% ~ O, the fermion density with k¢ ~ Q.
Sharp fermionic excitations
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near Fermi surface with n(k)

w ~ |q|*, and z = 1.

Entropy density S ~ T(1-0)/7
with violation of hyperscaling
exponent 6 = d — 1.

Entanglement entropy
SE ~ k%_lplnp.
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NFL
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e Fermi surface
with k% ~ Q.

Sharp fermionic excitations
near Fermi surface with
w~ lqg|?, and z = 1.

e Diffuse termionic
excitations with z = 3/2
to three loops.

Entropy density S ~ T(1-0)/7
with violation of hyperscaling
exponent 6 = d — 1.

with 0 = d — 1.

Entanglement entropy
SE ~ k%_lplnp.
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liquid QCP

e Fermi surface

k% ~ Q, the fermion density with k¢ ~ Q.

Sharp fermionic excitations e Diffuse fermionic

near Fermi surface with excitations with z = 3/2
w ~ |q|*, and z = 1. to three loops.

Entropy density S ~ T(@=0)/z | o S~ T(d=0)/z
with violation of hyperscaling with 0 = d — 1.
exponent 6 = d — 1.

Entanglement entropy o Sp ~ kf;lP In P.
SE ~ k%_lplnp.
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Quantum criticality of Ising-nematic ordering in a metal
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Common theoretical belief from an analysis of scattering of
charged electronic quasiparticles off bosonic ¢ fluctuations:
resistivity of strange metal p(T) ~ T4/3.



Quantum criticality of Ising-nematic ordering in a metal

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°.



Quantum criticality of Ising-nematic ordering in a metal

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,



Quantum criticality of Ising-nematic ordering in a metal

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).



Quantum criticality of Ising-nematic ordering in a metal

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.



Quantum criticality of Ising-nematic ordering in a metal
Transport without gquasiparticles:

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

a—— - |
sssss——— |

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.
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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.



Resistivity of strange metal

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] :
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. h(r)h(r') = hgé(r — '),

0
0

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

XJ P w—0 (27’(’)2

o(T) = Im T (w, k) Ime(w,k)) |
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»

Bosonic term: Dominant contribution:

pT) ~ 13 T4/

Crosses over from the “relativistic” form (2 = 1, n ~ 0) with
CO(T ~ hQ@ at higher 7', to the “Landau- damped” form (z =
3, n = 0) with p(T) ~ h2 (TIn(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.




Resistivity of strange metal

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



Quantum criticality of Ising-nematic ordering in a metal

Transport without quasiparticles:

Resistivity from random-field disorder

~\

[ 0(T) ~ h2 (T1n(1/T))~'/2 in region
with Landau-damped criticality of ¢,
with dynamic critical exponent

/O(T) \ z = 3. y

\

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



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



