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• Identify charge carriers: electrons near the Fermi surface. Com-
pute the scattering rate of these charged excitations o↵ the bosonic
� fluctuations.

• Analogous to electron-phonon scattering in metals, where we have
“Bloch’s law”: a resistivity ⇢(T ) ⇠ T 5.

• “Bloch’s law” for the Ising-nematic critical point yields
⇢(T ) ⇠ T 4/3.

• However, Bloch’s law ignores conservation of total momentum, or
phonon drag.

• The field theory for the Ising-nematic critical point has strong
electron�� scattering, and no quasi-particle excitations. Never-
theless, because of the central importance of the analog of phonon
drag, it has ⇢(T ) = 0.

Quantum criticality of Ising-nematic ordering in a metal

Boltzmann view of electrical transport:
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This continuum theory has has strong electron�� scattering, and

no quasi-particle excitations. But it has a conserved momentum

P, and �J,P 6= 0 (“phonon drag”), and so the resistivity ⇢(T ) = 0.



Quantum criticality of Ising-nematic ordering in a metal

J

P
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.

• Focus on the interplay between Jµ and Tµ⌫ !

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

• Focus on the interplay between Jµ and Tµ⌫ !

J

P

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

Transport without quasiparticles:

The dominant momentum loss occurs via the scattering of

the neutral bosonic � excitations o↵ random fields.

This is good news for the AdS/CMT approaches, which do

not capture the Fermi surface of most of the charged carriers.



Evidence for “nematic” order
(i.e. breaking of 90� rotation symmetry) in Ca1.88Na0.12CuO2Cl2.

LETTERS

PUBLISHED ONLINE: 20 MAY 2012 | DOI: 10.1038/NPHYS2321

Visualization of the emergence of the pseudogap
state and the evolution to superconductivity in a
lightly hole-doped Mott insulator
Y. Kohsaka1*, T. Hanaguri2, M. Azuma3, M. Takano4, J. C. Davis5,6,7,8 and H. Takagi1,2,9

Superconductivity emerges from the cuprate antiferromag-
netic Mott state with hole doping. The resulting electronic
structure1 is not understood, although changes in the state of
oxygen atoms seem paramount2–5. Hole doping first destroys
the Mott state, yielding a weak insulator6,7 where electrons
localize only at low temperatures without a full energy gap.
At higher doping levels, the ‘pseudogap’, a weakly conducting
state with an anisotropic energy gap and intra-unit-cell break-
ing of 90� rotational (C4v) symmetry, appears3,4,8–10. However,
a direct visualization of the emergence of these phenomena
with increasing hole density has never been achieved. Here we
report atomic-scale imaging of electronic structure evolution
from the weak insulator through the emergence of the pseu-
dogap to the superconducting state in Ca2� x

Na
x

CuO2Cl2. The
spectral signature of the pseudogap emerges at the lowest
doping level from aweakly insulating but C4v-symmetricmatrix
exhibiting a distinct spectral shape. At slightly higher hole
density, nanoscale regions exhibiting pseudogap spectra and
180� rotational (C2v) symmetry form unidirectional clusters
within the C4v-symmetric matrix. Thus, hole doping proceeds
by the appearance of nanoscale clusters of localized holes
within which the broken-symmetry pseudogap state is stabi-
lized. A fundamentally two-component electronic structure11
then exists in Ca2� x

Na
x

CuO2Cl2 until the C2v-symmetric clus-
ters touch at higher doping levels, and the long-range super-
conductivity appears.

To visualize at the atomic scale how the pseudogap and
superconducting states are formed sequentially from the weak
insulator state, we performed spectroscopic imaging scanning
tunnelling microscopy (SI-STM) studies on Ca2�x

Na
x

CuO2Cl2
(0.06  x  0.12; see also the Methods sections). The crystal
structure is simple tetragonal (I4/mmm) and thereby advantageous
because the CuO2 planes are unbuckled and free from orthorhom-
bic distortion. More importantly Ca2CuO2Cl2 can be doped from
the Mott insulator to the superconductor by introduction of Na
atoms. Figure 1c,d shows differential conductance images mea-
sured using SI-STM of bulk-insulating x = 0.06 and x = 0.08
samples taken in the field of views of the topographic images
in Fig. 1a,b. The wavy, bright, arcs in Fig. 1c,d have never been
observed in superconducting samples (x > 0.08) but appear only
in such quasi-insulating samples (x  0.08). They are created by

1Inorganic Complex Electron Systems Research Team, RIKEN Advanced Science Institute, Wako, Saitama 351-0198, Japan, 2Magnetic Materials
Laboratory, RIKEN Advanced Science Institute, Wako, Saitama 351-0198, Japan, 3Materials and Structures Lab., Tokyo Institute of Technology, Yokohama,
Kanagawa 226-8503, Japan, 4Institute for Integrated Cell-Material Sciences, Kyoto University, Sakyo-ku, Kyoto 606-8501, Japan, 5LASSP, Department of
Physics, Cornell University, Ithaca, New York 14853, USA, 6CMPMS Department, Brookhaven National Laboratory, Upton, New York 11973, USA, 7School
of Physics and Astronomy, University of St Andrews, St Andrews KY16 9SS, UK, 8Kavli Institute at Cornell for Nanoscale Science, Cornell University, Ithaca,
New York 14853, USA, 9Department of Physics, University of Tokyo, Hongo, Tokyo 113-0033, Japan. *e-mail: kohsaka@riken.jp.

spectral peaks in differential conductance spectra whose energy is
dependent on location (Fig. 1f). Consequently, the wavy arcs shrink
with increasing bias voltages and finally disappear. This behaviour,
due to tip-induced impurity charging12–14, is characteristic of poor
electronic screening in a weakly insulating state.

A wide variety of spectral shapes originating from electric
heterogeneity were found in these samples. A typical example of
the spectra is, as spectrum number 1 in Fig. 1e, the V-shaped
pseudogap (⇠0.2 eV) spectrum with a small dip (⇠20meV) near
the Fermi energy. This is indistinguishable from those found in
strongly underdoped cuprate superconductors3, and establishes
that the pseudogap state appears locally at the nanoscale within the
weak insulator. Besides the V-shaped pseudogap spectra in some
areas, we find a new class of spectra that is predominant elsewhere
in the insulating samples. As for example spectrum number 2 in
Fig. 1e, such spectra are extremely asymmetric about the Fermi
energy, U-shaped (concave in minus a few hundred millivolts) and
exhibit no clear pseudogap. The growing asymmetry is strongly
indicative of approaching the Mott insulating state15,16 whereas
the non-zero conductance in the unoccupied state is distinct
from the Mott insulating state17. The approach for spectroscopic
examination of the emergence of the pseudogap from the weak
insulator is therefore transformation from the U-shaped insulating
spectra to the V-shaped pseudogap spectra as a function of
location and doping.

Figure 2a represents the transformation between these two types
of spectrum. The V-shaped pseudogap becomes larger and broader,
and eventually is smoothly connected to the U-shaped insulating
spectra. To quantify this variation, we focus on positive biases where
the edge of the pseudogap is clear. We fit the following function
to each spectrum18,

f (E)= c0Re


E+ i� (E)p
(E+ i� (E))2 ��2

�
+ c1E+ c2 (1)

where E is the energy, � is the broadening term, � is the energy
gap and c

i

(i = 0,1,2) are fitting constants. Use of equation (1)
is merely for accurate quantitative parameterization of the gap
maximum and does not imply any particular electronic state.
We use � (E) = ↵E as ref. 18 (↵ is a proportional constant) but
momentum-independent� for simplicity of fitting procedures (see
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Resistivity of strange metal

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

In the presence of weak disorder of quenched Gaussian random fields
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Resistivity of strange metal

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

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

G. Zala, B. N. Narozhny, and I. L. Aleiner, Phys. Rev. B 64, 214204 (2001)

I. Paul, C. Pépin, B. N. Narozhny, and D. L. Maslov, Phys. Rev. Lett. 95, 017206 (2005).
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Bosonic term: Dominant contribution:

⇢(T ) ⇠ h2
0 T

(d�z+⌘)/z

Crosses over from the “relativistic” form (z = 1, ⌘ ⇡ 0) with

⇢(T ) ⇠ h2
0 T at higher T , to the “Landau-damped” form (z =

3, ⌘ = 0) with ⇢(T ) ⇠ h2
0 (T ln(1/T ))�1/2

at lower T (subtle

corrections to scaling specific to this field theory).
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Apply a chemical potential



Einstein-Maxwell-dilaton theory

Electric flux

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. Iizuka, N. Kundu, P. Narayan and S. P. Trivedi, arXiv:1105.1162 [hep-th].
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The r ! 1 limit of the metric of the Einstein-Maxwell-

dilaton (EMD) theory has the most general form with
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Computation of the entanglement entropy in the EMD

theory via the Ryu-Takayanagi formula for ✓ = d� 1

yields

SE = CEQ(d�1)/dP lnP

where CE is independent of UV details.

This is precisely as expected for a Fermi surface, when

combined with the Luttinger theorem!
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To relax momentum, add a ‘random-field’ coupling to the field operator O:

S ! S +

Z
ddrd⌧h(r)O(r, ⌧) with h(r) = 0 and h(r)h(r0) = h2

0�
d
(r � r0)

Solution of Einstein-Maxwell equations for small h0 yields the resistivity

⇢(T ) ⇠ h2
0 T

(d�z+⌘)/z ,

where dim[O] = (d + z � 2 + ⌘)/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,

⌘ ⇡ 0) yields ⇢(T ) ⇠ T .
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 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/SDW 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.	
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