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“R-map” of BSCCO in zero magnetic field, similar to those published in Y. Kohsaka, C. Taylor,
K. Fujita, A. Schmidt, C. Lupien, T. Hanaguri, M. Azuma, M. Takano, H. Eisaki, H. Takagi,
S. Uchida, and J. C. Davis, Science 315, 1380 (2007). Davis group has sub-angstrom resolution
capabilities, with lattice drift corrections, which make sublattice phase-resolved STM possible.
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“R-map” of BSCCO in zero magnetic field, similar to those published in Y. Kohsaka, C. Taylor,
K. Fujita, A. Schmidt, C. Lupien, T. Hanaguri, M. Azuma, M. Takano, H. Eisaki, H. Takagi,
S. Uchida, and J. C. Davis, Science 315, 1380 (2007). Davis group has sub-angstrom resolution
capabilities, with lattice drift corrections, which make sublattice phase-resolved STM possible.












Charge density wave (CDW) order
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(cl(r1)ca(r2))
:7)(1'1 — I'Q):

Unconventional density wave (DW) :

Bose condensation of particle-hole pairs

) 6iQ°(P1—|—P2)/2

C.C.



(cl(r1)ca(r2))

Unconventional density wave (DW) :
Bose condensation of particle-hole pairs

7)(1'1 — I'2)

X Wpw (rl il r2> e!Q(ritr2)/2 4 ¢ o

Crucial “center-of-mass” co-ordinate.
(Not used in previous work)
Simplifies action of time-reversal



Unconventional density wave (DW) :
Bose condensation of particle-hole pairs

(cl(r1)ca(r2))

P(ri —r2)| X Upw (rl il r2> e!Q(ritr2)/2 o ¢

¢xfy:d/zgzﬁxky¥kr

Time-reversal symmetry requires P(k) = P(—k).

We expand (using reflection symmetry for Q along axes or diagonals)

P(k) = Ps + Py (cosk, + cosky) + Py(cos k, — cos k)
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(Unconventional DW order: s'-form factor)
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(Current order: p-form factor) [y
X

Plot of P;; = <c}§acja> for ¢+ = 5, and 7, § nearest neighbors.

sm(k ) — sin(ky) a:nd Q= (m,m)

S. Chakravarty, R. B. Laughlin, D. K. Morr, and C. Nayak, Phys. Rev. B 63, 094503 (2001).
P. A. Lee, N. Nagaosa, and X.-G. Wen, Rev. Mod. Phys. 78, 17 (2006).
R. B. Laughlin, Phys. Rev. B 89, 035134 (2014).

This state breaks time-reversal
and is also known as
“d-density wave”

(but is p-form factor
in our notation),
and “staggered-flux (SF)”.
(Similar comments apply to “loop”
orders of Varma and others.)



(Unconventional DW order: d-tform factor) [y
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This specific d-form factor density wave order (with Q along the axes) was first
predicted in S. Sachdev and R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013).
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This specific d-form factor density wave order (with Q along the axes) was first
predicted in S. Sachdev and R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013).
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This specific d-form factor density wave order (with Q along the axes) was first
predicted in S. Sachdev and R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013).
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This specific d-form factor density wave order (with Q along the axes) was first
predicted in S. Sachdev and R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013).




[Unconventional DW order: d-form factor)
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A DW with d-form factor predominant is nearly degenerate with d-wave
SC near the quantum-critical point for antiferromagnetism in a metal.

M. A. Metlitski and S. Sachdev, Phys. Rev. B 82, 075128 (2010)

See also Y. Wang and A. V. Chubukov, arXiv:1401.0712;
W. A. Atkinson, A. P. Kampf, and S. Bulut, arXiv:1404.1335 (3-band model).
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“R-map” of BSCCO in zero magnetic field, similar to those published in Y. Kohsaka, C. Taylor,
K. Fujita, A. Schmidt, C. Lupien, T. Hanaguri, M. Azuma, M. Takano, H. Eisaki, H. Takagi,
S. Uchida, and J. C. Davis, Science 315, 1380 (2007). Davis group has sub-angstrom resolution
capabilities, with lattice drift corrections, which make sublattice phase-resolved STM possible.
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Ub45K Broad (0,Q) and (Q,0) DW Features qy qx

For each pixel in
the circles, we
obtain 2 complex

numbers, O, (q)
and O, (q).
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“R-map” of BSCCO in zero magnetic field, similar to those published in Y. Kohsaka, C. Taylor,
K. Fujita, A. Schmidt, C. Lupien, T. Hanaguri, M. Azuma, M. Takano, H. Eisaki, H. Takagi,
S. Uchida, and J. C. Davis, Science 315, 1380 (2007). Davis group has sub-angstrom resolution
capabilities, with lattice drift corrections, which make sublattice phase-resolved STM possible.
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“R-map” of BSCCO in zero magnetic field, similar to those published in Y. Kohsaka, C. Taylor,
K. Fujita, A. Schmidt, C. Lupien, T. Hanaguri, M. Azuma, M. Takano, H. Eisaki, H. Takagi,
S. Uchida, and J. C. Davis, Science 315, 1380 (2007). Davis group has sub-angstrom resolution
capabilities, with lattice drift corrections, which make sublattice phase-resolved STM possible.
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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).




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

This specific d-form factor density wave order (with Q along the axes) was first
predicted in S. Sachdev and R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013).
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Phase-resolved Visualization of d-form factor DW in Cuprates
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Doping dependence
Nematicity and pseudogap of nematicity

tied to spin density wave
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Phase-resolved Visualization of d-form factor DW in Cuprates
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quantum critical point

Domination of “drag” effects, and
random “field” perturbations
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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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Only at higher energies; at the lowest energy
bosonic ¢ fluctuations are strongly coupled to
fermionic excitations near Fermi surface.

Phase diagram as a function of 1" and A



Quantum criticality of Ising-nematic ordering in a metal
The “standard model”:
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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
Spe =—9g / dT Z Z Gq (cos k; — cos ky)CL_I_q/Z’aCk_q/Q’a

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

s §£>‘/d F (0, 4 o) between bosons

¢ T Z2uZ2a | “T%a \Yr T k) Cka and fermions

a=1 k

Ny
Spe =—9g / dT Z Z Gq (cos k; — cos ky)CL_I_q/Z’aCk_q/Q’a

a=1 k,q
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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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“Bloch’s law”: a resistivity p(T) ~ T°.
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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,



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.
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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] :
(

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

~\

[ 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



Conclusions

& d-form factor density wave observed in STM studies
of numerous cuprates. Close spectroscopic link to
pseudogap at low temperatures, and to quantum

oscillations at high fields. Fluctuating order captures

many aspects of pseudogap at higher temperatures.
(A.Allais, D. Chowdhury, and S. Sachdey, arXiv:1406.0503)




Conclusions

& d-form factor density wave observed in STM studies
of numerous cuprates. Close spectroscopic link to
pseudogap at low temperatures, and to quantum
oscillations at high fields. Fluctuating order captures

many aspects of pseudogap at higher temperatures.
(A.Allais, D. Chowdhury, and S. Sachdey, arXiv:1406.0503)

& 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.




