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Why is a strange metal “strange”?

• Linear-in-T resistivity  
 
 

e.g. Anderson, Physics Today 2013
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Resistivity is very large, linear in T, non-
saturating
Implies strong local (back-)scattering
Mean free path is a lattice constant or less -
-- is this a meaningful concept?
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Why is a strange metal “strange”?

• Linear-in-T resistivity  
 

• Power Law in AC conductivity  
 
 

e.g. Anderson, Physics Today 2013
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Scaling in AC conductivity

Van Der Marel et al.

Holographic conductivity, Elias Kiritsis
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Why is a strange metal “strange”?

• Linear-in-T resistivity  
 

• Power Law in AC conductivity

• Hall angle vs DC conductivity scaling 
 
 
 
 
 
 
 

e.g. Anderson, Physics Today 2013
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Why is a strange metal “strange”?

• Linear-in-T resistivity  
 

• Power Law in AC conductivity

• Hall angle vs DC conductivity scaling

• Inverse Matthiessen law  
 
 
 
 
 
 
 

e.g. Anderson, Physics Today 2013
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Why is a strange metal “strange”?

• Linear-in-T resistivity  
 

• Power Law in AC conductivity

• Hall angle vs DC conductivity scaling

• Inverse Matthiessen law

• Lots of Power law scaling 
 
 
 
 

e.g. Anderson, Physics Today 2013
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Why is a strange metal “strange”?

• Linear-in-T resistivity  
 

• Lots of Power law scaling

• Hall angle vs DC conductivity scaling

• Inverse Matthiessen law  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Why is a strange metal “strange”?

• Linear-in-T resistivity  
 

• Lots of Power law scaling

• Hall angle vs DC conductivity scaling

• Inverse Matthiessen law  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This is not an exhaustive list…



Why is a strange metal “strange”?

• Linear-in-T resistivity  
 

• Lots of Power law scaling

• Hall angle vs DC conductivity scaling
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• AdS/CFT applied to condensed matter:

1. Generating functional for new non-trivial  
unknown IR fixed points 

2. Far superior method to compute real time  
finite temperature/density correlation functions



Holographic strange metals

• AdS/CFT: 

• a dual gravitational description of a (strongly) interacting 
quantum field theory.

Electric Field

UV
Charge 
Density

Q

Systems at finite temperature/density = AdS charged black hole



The Schroedinger Equation

Superconductor Fermi liquid

?? Strange Metal /
Marginal Fermi liquid ??

Detailed 
Atomic physics

Universal 
Macroscopic physics
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Superconductor Fermi liquid

?? Strange Metal /
Marginal Fermi liquid ??

Universal 
Macroscopic physics

CFT 



CFT (holography)

Holographic 
Superconductor

Holographic 
Strange Metals

Holographic 
Landau Fermi liquid

Universal 
Macroscopic physics

ZCFT = exp(iSAdS)



• Holographic prediction:  
 
Emergent scale invariant hyperscaling violating theories 
 
 
 
 
 
 
 

Holography describes new states of matter
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• Holographic prediction:  
 
Emergent scale invariant hyperscaling violating theories 
 
 
 
 
 
 
 

Holography describes new states of matter
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• There is invariance under:

xi → λ xi , t → λz t , r → λ r , ds → λ
θ
d ds

• The entropy scales as

S ∼ T
d−θ
z

which gives an interpretation to the hyperscaling violation exponent.

• There is a third exponent, associated with the charge density, the con-
duction exponent ζ:

Gouteraux+Kiritsis, Gouteraux

At = Q rζ−z

• If non-zero it also violates hyperscaling.

Holographic conductivity, Elias Kiritsis
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• Holographic prediction:  
 
Emergent scale invariant hyperscaling violating theories 
 
 
 
 
 
 
 
 
Lifshitz quantum critical theory supported by an ordered state

• At finite      ,               , and quantum criticality is ultralocal

Holography describes new states of matter
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• There is a third exponent, associated with the charge density, the con-
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Gouteraux+Kiritsis, Gouteraux

At = Q rζ−z

• If non-zero it also violates hyperscaling.
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• Holographic prediction:  
 
Emergent scale invariant hyperscaling violating theories 
 
 
 
 
 
 
 
 
Lifshitz quantum critical theory supported by an ordered state

• Experimental signature:  Quantum critical sector  
 

Holography describes new states of matter
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• Holographic prediction:  
 
Emergent scale invariant hyperscaling violating theories 
 
 
 
 
 
 
 
 
Lifshitz quantum critical theory supported by an ordered state

• Experimental signature: Thermoelectric response 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which gives an interpretation to the hyperscaling violation exponent.

• There is a third exponent, associated with the charge density, the con-
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At = Q rζ−z

• If non-zero it also violates hyperscaling.

Holographic conductivity, Elias Kiritsis
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e.g. Anderson, Physics Today 2013• Hall angle in “strange metals” 
 
 

• Theory (e.g. Drude, memory matrix)  
 
 

• Holography (no quasiparticles) 
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trick is to find quantities that are independent of the
bulk radial coordinate. These are provided for us by
the perturbed Maxwell equations, which give us the two
constant fluxes

Jx = �Z(�)U�a

0
x + Q�htx � BZ(�)U�hry

Jy = �Z(�)U�a

0
y + Q�hty + BZ(�)U�hrx (4)

from which we can evaluate the conductivities via the
ratios

�xx =
Jx

Ex
�xy =

Jy

Ex

Since Jx and Jy are constants, we can calculate these
ratios anywhere in the bulk. The simplest place to do
this is at the horizon, where the constraints of regularity
are enough to determine the conductivity. That is, we
demand the smooth behaviour

�axi = � Ei

4⇡T

ln(r � r+) + O(r � r+)

��i = O((r � r+)0)

�htxi = U�hrxi + O(r � r+) (5)

The quickest way to evaluate the conductivity is to plug
these requirements into the t�x component of Einstein’s
equations. This results in a pair of simultaneous equa-
tions for the value of �htxi at the horizon.
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Inverting these equations gives the values of the graviton
at the horizon, from which we can proceed to extract the
Hall conductivity
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We are now able to turn to the question of ultimate in-
terest, which is to calculate the Hall angle ✓H = �xy/�xx

for holographic theories in a magnetic field. Whilst trans-
port properties in a magnetic field can be unfamiliar, the
Hall angle is especially simple. In many ways it behaves
like the familiar DC conductivity- in the absence of a
lattice it is an infinite delta function, that will now be
resolved via momentum dissipation into a Drude peak.

The holographic results above imply that the Hall an-
gle takes the somewhat clumsy form
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Holes Particles

B

FIG. 2: In the presence of a magnetic field, the particle-hole
pairs responsible for �

ccs

are deflected in the same direction.
They therefore cannot carry a Hall current.

Whilst this formula is complicated, we can extract the
physics by noticing that for all geometries the quantity
in square brackets is simply a number bounded between
one and two. We can therefore deduce that the scaling of
the Hall angle is predominantly controlled by the overall
factor outside the brackets which may be written as

✓H ⇠ 4⇡BQ
k

2�(�)s

����
r+

(8)

Furthermore, for small magnetic fields the thermody-
namic and lattice factors appearing in (1) and (8) must
agree and so we may write

✓H ⇠ B

Q�diss (9)

The central point of this letter is the observation that,
in contrast to the DC conductivity, there is only a single
contribution to the Hall angle.

In particular, there is no additive contribution to the
Hall angle analogous to the ‘charge-conjugation symmet-
ric’ conductivity in �DC . In fact, at least at weak cou-
pling, it is easy to see why this should be the case. Re-
call that this current was carried by particle-hole pairs
moving in opposite directions. Upon adding a magnetic
field, these pairs are deflected in the same direction and
hence they do not contribute to the Hall conductivity �xy

(Fig. 2). This simple observation continues to hold in
strongly coupled theories - �xy is odd under charge con-
jugation symmetry and hence must vanish when Q = 0.

Motivated by the experimental results, our goal is to
understand how we can obtain di↵erent scalings in the
Hall angle and DC conductivity. It is easy to repro-
duce the original puzzle of the Hall angle. For geometries
where the lattice is very small, �diss � 1, then the DC
conductivity is dominated by the second term in (1), and
so scales in the same manner as the Hall angle.

This result should not be a surprise. In this regime, the
correct framework to describe strongly coupled transport
is the memory matrix [9, 19, 20]. Within this framework,
every operator that has a projection onto the momentum
operator, such as the electric and Hall currents, is con-
trolled by the momentum relaxation rate. The physics
is dominated by this single timescale and hence the Hall
angle and DC conductivity must agree.

2

We assume that the geometry has a regular horizon at
r = r+ where the gauge field vanishes a ⇠ (r � r+) and
U ⇠ 4⇡T (r � r+). As the radial coordinate r ! 1 we
assume that the metric approaches anti-de Sitter space
and that the gauge field approaches a constant which is
interpreted as the chemical potential, µ, in the boundary.

Associated to the chemical potential is a constant
charge density, Q, which is identified with the conserved
electric flux of the bulk theory Q = �e

2V
Z(�)a0. In

order to have a finite conductivity at Q 6= 0 we must
break translational invariance. This is done by demand-
ing that the scalar fields are non-vanishing on the bound-
ary �1 ! kx, �2 ! ky as r ! 1. This corresponds to
introducing oscillatory lattices in the scalar fields �i.

DC conductivity Before proceeding to calculate the
Hall conductivity, it will be important to first highlight
some features of the DC conductivity of these holographic
models. There has recently been a large amount of
progress in obtaining analytic expressions for the trans-
port properties of holographic theories [11–16]. The key
idea [11] is that the DC conductivity does not evolve in
the radial direction and hence can be expressed solely in
terms of horizon data. In particular, for the above holo-
graphic models, the resulting expression derived in [13]
is

�DC =


Z(�) +

4⇡Q2

k

2�(�)s

�
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(1)

where s = e

2V
/4⇡|r+ is the entropy density.

An important observation is the division of the con-
ductivity into two distinct terms. A precise distinction
can be made by comparison to the electrothermal con-
ductivity, ↵̄, computed in [16]

↵̄ =


4⇡Q

k

2�(�))

�

r+

(2)

from which we can see that the first term in the DC
conductivity, Z(�)|r+ , does not contribute to the elec-
trothermal conductivity. Such a term is already present
at Q = 0, where the theory is charge conjugation sym-
metric. In a weakly coupled system one can understand
this ‘charge conjugation symmetric’ conductivity as aris-
ing from particle hole pairs moving in opposite directions,
as illustrated in Fig. 1. However, we stress that for the
holographic theories discussed here, which are strongly
interacting and contain no quasiparticles, this intuition
is suggestive at best. Nevertheless, since �DC is even
under charge conjugation symmetry, there is a non-zero
conductivity for Q = 0 even at strong coupling.

A more surprising and novel feature of these holo-
graphic theories is that this ‘charge-conjugation symmet-
ric’ conductivity �ccs = Z(�)|r+ remains present even at
finite density. For the case of relativistic free fermions,
for instance in graphene, the addition of a chemical po-
tential would introduce a gap for particle-hole creation

Jx

Px

Holes Particles

FIG. 1: At weak coupling, the conductivity of a
charge-conjugation symmetric theory can be understood as

arising from particle hole pairs of opposite momenta.

proportional to µ and we would expect such a term to be
exponentially suppressed below this scale. In contrast,
for the strongly coupled holographic theories discussed
here, �ccs can have a power-law dependence on T even
at finite density [17].

When Q 6= 0 we also have to consider the second term
in (1). For a translationally invariant theory this term
would diverge, but is rendered finite in our models by
the presence of the lattice. As we outlined in the intro-
duction we will refer to this term, which is associated
with momentum dissipation, as �diss. The key point of
(1) is that the finite density conductivity consists of two
terms added together - that is they follow an ‘inverse-
Matthiessen’ law

�DC = �ccs + �diss (3)

In particular we reiterate that within these holographic
models both of these terms can remain at low energies,
even in the presence of a chemical potential.
Hall conductivity Having explained the salient fea-

tures of the DC conductivity, we now wish to generalise
the techniques of [13] to calculate the Hall conductiv-
ity. In Lorentz invariant theories, the conductivity in the
presence of a magnetic field is constrained to obey the
simple form �xx = 0, �xy = Q/B which was originally
reproduced from holography in [18].

Calculating the Hall conductivity in theories without
translational invariance is more complicated. To do this,
we consider the same class of models as before, but we
add a magnetic field Ay = Bx to the background. In
order to calculate the conductivity, we perturb the back-
ground solution by a constant electric field Ax = �Ext

as performed in [13]. The bulk equations then force us
to turn on other fields, for which a consistent ansatz is

Axi = �Eit + �axi(r)

gtxi = e

2V
�htxi(r)

grxi = e

2V
�hrxi(r)

�i = kxi + ��i(r)

where i runs over (1, 2) and we of course mean that x1 =
x, x2 = y. As is well-known in these calculations, the

Blake, Donos
PRL 114 (2015) 021601

� = �
Lif.quant.crit
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conv.order

�Lif.quant.crit does not contribute to �
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T
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• Real life condensed matter systems have

No supersymmetry

No large N limit

No UV CFT  
 
 

• Lifshitz ground states are unstable critical points 

Semi-local quantum liquids: intermediate “fixed points”

The systems we will have in mind are similarly unstable

Critical sector of the theory has no quasiparticles

Iqbal, Liu, Mezei

… but can flow to “universal” IR.

… but can flow to “universal” IR.



Are the high      cuprate strange metals  
Lifshitz quantum critical theories supported by an ordered state?

Tc
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Figure 1: The Fermi surface of a strange metal projected onto the funnel in space-time associated with an 
event horizon near a black hole. This figure encapsulates the holographic correspondence linking theories of 
interacting electron systems at finite density with those of quantum gravity in a higher dimension [1]. 

 

2. Applicants 
 

Principal Investigator:  

- prof. dr. Nigel E. Hussey (NEH) 

High Field Magnet Laboratory, Institute of Molecules and Materials, Radboud University (RU) 

Co-Investigators:  

- prof. dr. Mark S. Golden (MSG), dr. Erik van Heumen (EvH) 

Van der Waals-Zeeman Institute, IoP, University of Amsterdam (UvA) 

- prof. dr. Jan Zaanen (JZ), prof. dr. Koenraad Schalm (KS) 

Instituut-Lorentz for Theoretical Physics, University of Leiden (LEI_A) 

- prof. dr. Henk T. C. Stoof (HTCS), prof. dr. Stefan Vandoren (SV) 

Institute for Theoretical Physics, Center for Extreme Matter and Emergent Phenomena, Utrecht 

University (UU) 

- dr. Milan P. Allan (MPA) 

Huygens-Kamerlingh Onnes Laboratory, University of Leiden (LEI_B) 

 

 
 

N. Hussey  M. Golden E. van Heumen M. Allan      H. Stoof  S. Vandoren  K. Schalm  J. Zaanen

2.3 MEur award 
22 Nov 2016



• The single fermion function from AdS/CFT

• The groundstate has a clear Fermi surface

Holographic strange metals
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Holographic strange metals

• The single fermion function from AdS/CFT

• The exponent                                    is a free parameter

• Fermi surface excitations disperse as

G(�, k) =
Z

� � vF (k � kF )� ei��2⇥kF
+ . . .

Cubrovic, Zaanen, Schalm; 
Science 325 (2009) 439
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Holographic strange metals

• The single fermion function from AdS/CFT

G(�, k) =
Z

� � vF (k � kF )� ei��2⇥kF
+ . . .

Cubrovic, Zaanen, Schalm; 
Science 325 (2009) 439

Faulkner, Liu, McGreevy, Vegh
PRD 83 (2011) 125002, 
Science 329 (2010) 1043
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• The                     NFL is a system without quasiparticles

• Physics: the probe fermion interacts 
with a quantum critical sector

• Transport does not follow from FS excitations (alone). The 
quantum critical sector contributes significantly

Holographic strange metals

⌫kF < 1/2 ⌫kF = 1/2 ⌫kF > 1/2

⌃ ⇠ !2⌫kF

⌫kF < 1/2

9.4 The physics of the holographic fermions 333

 

Quantum
Critical

Figure 9.5: A cartoon illustrating the structure of the self-energy diagram behind
the “Fermi-surface” holographic phases highlighted in Fig. 9.4.

resummed in a Dyson series [364]. The “unparticles” of the AdS2 metal
just act as a simple “heat bath” damping the free fermions. One notices
that this is precisely coincident with the central assumption of the original
marginal Fermi-liquid phenomenology. In the original marginal Fermi liquid
context, the puzzle has all along been why there are these two subsystems.
But even if one takes this for granted, the more pressing question is why
can one get away with a naive resummation of second order perturbation
theory. In a single system of interacting electrons on the microscopic scale
diagrammatics would insist that one has to include vertex corrections as
well as “boson” self-energies, and it has been argued many times that these
also should become singular [365]. An old proverb states that Fermi-liquids
are like pregnancy, while it is impossible to be marginally pregnant.

How can we understand the emergence of nearly free fermions and the
validity of re-summed second order perturbation theory in the holographic
result? The first key is from section 6.3. We learned that by capping o↵ the
deep interior geometry one finds a confining state in the boundary. In the
radial direction the bulk turns into an e↵ective box and the standing waves
formed in this box dualise in non interacting gauge singlet mesons in the
boundary. They are truly free as the interactions through pion exchange are
1/N suppressed. Here the deep potential well manifest in the Schrödinger
formulation acts in a very similar way to this confining box. The only dif-
ference is that the bulk Dirac fermion has a finite probability to tunnel into
the RN horizon. This dualises in the “local quantum critical” self energy
that provides a finite width to the otherwise free fermions.

Holography teaches us here a valuable lesson regarding the physics of
strongly interacting Yang-Mills fields when the density becomes finite. Fer-
mionic probes in the “deconfining” or “fractionalised” vacuum of the local



This situation changed recently with the introduction of ultra-
resolution laser-ARPES [18] ..., which bypasses the unknowns of the 
ARPES lineshape and removes much of the effects of the 
heterogeneous “dirt” effects that are for example observed in STM 
experiments [22] (see supplementary materials). Combined with new 
methods for removing nonlinearities in the electron detection [23], a 
quantitative analysis of the small ... or scattering rates  (a self-energy 
effect) ... in an ARPES measurement.

Fig 1. Experimental electronic self 
energy Σ’’ as a function of energy, 
temperature, and doping.  a) The 
self energy is extracted from an 
ARPES spectrum (top left) located at 
the node  (green cut, bottom right) by 
taking momentum cuts at constant 
energy ( top r ight ) to ex t ract 
momentum widths ΓMDC(ω) (bottom 
left) which are directly proportional to 
Σ”(ω). (b) Measured temperature and 
energy dependence of Σ” for four 
different samples from overdoped 
Tc=75K (OD75K) through optimal 
d o p e d T c = 9 1 K ( O P T 9 1 K ) t o 
underdoped Tc=63K (UD63K). (c) Fit 
results for the three main parameters 
in the model as a function of doping.  
The superconducting dome is 
schematically illustrated by the 
inverted parabola. The most relevant 
parameter is the power α which is 
seen to have a simple l inear 
dependence on doping with value 0.5 
very near optimal doping.
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The strange metal in high Tc cuprates

strange metal 
= quantum critical phase



Two specific predictions from holography



• Evidence of the quantum critical sector in the spectral function

• Near               for
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Holographic strange metal: novel lattice effects

• The quantum critical contribution to the spectral function

• On a lattice

• The Green’s function is no  
longer strictly periodic
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Figure 2. The behavior of the di↵erent powers of !2⌫k�K ,!2⌫k ,!2⌫k+K in the lattice AdS2-metal

spectral function as a function of k. The IR of the Green’s function is controlled by the lowest

branch: !2⌫k+K in the ` = �1 Brillioun zone, !2⌫k in the ` = 0 Brillioun zone, and !2⌫k�K in the

` = 1 Brillioun zone.

logarithmic correction is easily understood as the leading term in the expansion

!2⌫

k

(µ) = !2⌫

k

(µ

0

)(1� 4k2�µ(x, y) ln! + . . .); (2.6)

it is present in the higher Brillioun corrections as well, but for ` > 0 these corrections

are subleading compared to the Umklapp correction. The logarithmic correction has an

interesting collusion right at the Brillioun zone boundary. Due to the “resonant” con-

dition in the bulk, at the boundary yet another scaling arises, associated with a factor

!2⌫

k | ln(!)|2. This takes over in the deep IR at the first Brillioun zone boundary, in a

regime �k
x

⌧ ⌫
k

/| ln(!)|, where �k
x

denotes the deviation of the momentum from the

boundary of the first Brillioun zone. This understanding allows us to immediately guess

what the answer will be at higher order in perturbation theory. At every next order in

perturbation theory one can Umklapp to one further Brillioun zone:

G
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This phenomenon of Umklapp imprinting on the scaling behavior of the fermion prop-

agators is most easily discerned in the AdS
2

metal. As we already emphasized, the AdS
2

-

metal is the ultimate “algebraic pseudo-gap” state, where the fermion spectra are charac-

terized by pseudogaps at all momenta, but where the algebraic rise of the spectral function

is characterized by the momentum dependence of the exponents. This result therefore

predicts that upon adding a periodic potential, the power law responses acquire generically

subdominant corrections. However, in the deep IR it is these subdominant corrections

– 8 –
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Figure 3. This sequence of AdS2 metal spectral functions for a fixed generic k shows how the

Umklapp contribution takes over at low frequencies. For ` = 0, inside the 1st BZ, we show the

full corrected spectral function Afull(!,~k) ⇠ ImG (red), the original “bare” holographic spectral

function Apure AdS(!,~k) ⇠ ImG0 (brown), and the Umklapp correction due to the periodic chemical

potential modulation �Alattice(!,~k) ⇠ Im�G (black).

Figure 4. The behavior of the AdS2 metal. The spectral function in three distinct regimes: the

first Brillion zone, the Brillioun edge and higher Brillioun zones. In each case the full spectral

function ImG(!,~k) = ImG0 + Im�G is plotted in red, the “bare” component G0 in brown and the

Umklapp contribution, Im�G in black. The frequency scale is chosen such that the contributions

are comparable by zooming as in Fig. 3. Below the ratio of the full spectral function in units of the

“bare” spectral function is plotted for the full range of frequencies. This shows the excess states at

low frequency that appear due to the lattice.

which control the density of states (Fig.4). Consistency argues that this can only be an

enhancement of the number of states at low energy (otherwise there would be a zero in the

spectral weight at small but finite !). In the first Brillioun zone (` = 0) the logarithmic
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Comparison to Experiment:
Dynamics of the superconducting gap



• In the superconducting state, fermionic quasiparticles are gapped

�BCS ⇠ hOi ⇠ T↵ �Hol ⇠ 1
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• In the superconducting state, massive fermionic quasiparticles

11

weight around the origin of FIG. 4 suggests that this is
not the case; however, to see this effect in the conductiv-
ity it would be necessary compute a 1/N2 correction as
in [26].

It would be interesting to understand better what
property of the boundary theory is reflected by the pres-
ence of the η5 coupling, which is required to produce an
actual gap in the fermion response. One clue is that its
presence specifies the ‘intrinsic parity’ of the dual oper-
ator, i.e. the dual operator acquires an interesting phase
under a parity transformation. Realizing string vacua
where this coupling is nonzero would probably be valu-
able.

So far we have considered the fermion spectral func-
tion at zero temperature. FIG 7 shows what happens
as one raises the temperature. The temperatures shown
are much less than Tc. As T → Tc, the condensate goes
to zero, so its coupling to the fermions goes to zero and
the gap disappears. Actually, the thermal broadening of
the peak makes the gap disappear at about .7Tc. In the
opposite limit, as T → 0, the width of the peak vanishes
rapidly. It appears to vanish faster than a power law, but
the general temperature dependence deserves further in-
vestigation.
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0

10

20

30

40

Ω

Im
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FIG. 7: The effect of temperature (much less than Tc) on the
fermion spectral function. Shown are plots at qϕ = 1, m2

ϕ =
−1, qζ = 1

2
, mζ = 0, η5 = .025, and momenta where the peak

is closest to ω = 0. The different curves correspond to differ-
ent temperatures approaching T = 0.

We close with a few comparisons with real phenomena.
Here we make a simple observation which follows from
the sharpness of the peaks in the ‘no man’s land’ regime
(i.e. outside the IR light cone). This regime is induced by
the superconducting order. This means that if we start at
high temperature in the normal phase with some Fermi
surface without stable quasiparticles (like say a marginal
Fermi liquid case, ν = 1

2 in the notation of [17]), and
cool into the superconducting phase, sharp quasiparticle
peaks appear, at least for η5 not too big. This matches a
mysterious piece of cuprate phenomenology: in the nor-
mal phase, photoemission experiments show no stable

quasiparticle peak, but a coherent peak emerges in the
superconducting phase (see e.g. figure 47 of the review
[50]). From the gravity point of view, this is happening
because the scalar condensate is removing the AdS2 re-
gion which was responsible for the finite lifetime of the
holographic quasiparticles [17]: this is the gravity state-
ment that the condensate is lifting the many gapless ex-
citations into which the quasiparticle could decay. The
mechanism for the stability of these excitations is very
similar to the recent holographic explanation [51] of the
critical velocity in a (holographic) superfluid below which
there is no drag, and above which energy is dissipated by
the creation of IR AdS4 unparticles.

This similarity can be made more precise. In a BCS
superfluid, the decay of the quasiparticles can be medi-
ated by emission of a Goldstone boson (this mode is eaten
in a superconductor, and the following effect is absent).
It can happen that this decay is kinematically forbid-
den: the decay cannot happen if the group velocity of
the quasiparticle is larger than the speed of sound (see
appendix B of [52]). In our system, the quasiparticles
develop a finite lifetime when they can decay into the
modes of the IR CFT dual to the IR AdS4 region. These
modes are distinct from the Goldstone mode (which is
apparently hidden by powers of N), but the effect is the
same.

The energy distribution curves (A(k, ω) at fixed k)
shown in FIG. 5 exhibit another feature in common
with ARPES measurements on the cuprates, namely the
so-called ‘peak-dip-hump’ structure: in addition to the
quasiparticle peak, one sees a broad maximum at larger
ω. This is a consequence of the IR lightcone. Over-
ambitiously, if this were the correct interpretation, the
location of the hump would give a measurement of the
speed of light of the quantum critical theory.
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A universal linear resistivity



• Linear resistivity in the High-Tc cuprates

Nigel Hussey 
High Field Magnet Laboratory  
Radboud University, Nijmegen 

Physics@FOM, Veldhoven, 20th January 2016 

Strange metals,  
       curious cuprates 

Cooper, Hussey et al.
 Science 323 (2009) 609

Pnictides vs. Cuprates 

Totally different ‘criticality’ in the two SC families  

– at least in the dc transport 

Cooper, NEH et al.,  
Science 323 609 (09) 

pcrit1 

D2 = A  

Analytis, NEH et al.,  
Nature Phys. 10 194 (14)    

0

0.002

0.004

0.006

0.1 0.15 0.2 0.25 0.3 0.35

D 2 (P
:

cm
/K

2 )

Hole doping p

0

0.5

1

1.5

D 1 (P
:

cm
/K

) T-linear term 

 

 

 

 

 

 

 

T2 term 

T2 term 

⇢ = ↵1T + ↵2T
2



• Linear resistivity in the High-Tc cuprates

Nigel Hussey 
High Field Magnet Laboratory  
Radboud University, Nijmegen 

Physics@FOM, Veldhoven, 20th January 2016 

Strange metals,  
       curious cuprates 

Cooper, Hussey et al.
 Science 323 (2009) 609

⇢ = ↵1T + ↵2T
2

Inverse Matthiessen law also fits the data

� =
�1

T
+

�2

T 2



• Ordinary metals

• Momentum relaxes 
before collective behavior  
sets in  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• Ordinary metals

• Momentum relaxes 
before collective behavior  
sets in  
 
 

• Strongly correlated metals (no quasiparticles)  

• Hydro sets in when

• Momentum relaxes 
after collective behavior  
sets in

a

e� �m.f.p.

⌧�1
rel. ⇠ micro. physics

�m.f.p. ⌧ external scales

�
m.f.p.

⌧ g
coupling

T

⌧�1
rel. ⇠ macro. physics

a

e�

�m.f.p.



Resistivity and hydrodynamics

• Hydrodynamics is a universal LEET

• What choice for the impurity operator     ?

• Hydrodynamics: 

• For 

• Caveat:  theory must be locally quantum critical
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A universal mechanism for a linear resistivity

• Entropy density at low  

• If                                      Then

Can be confirmed in a massive gravity model of a two-charge AdS black hole 
 

• Universal linear-in-T resistivity from hydro + disorder 
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Resistivity and hydrodynamics

• Hydrodynamics is a universal LEET

• What choice for the impurity operator     ?

• Hydrodynamics: 

• Full thermoelectric transport for      conserved current. 

⇢DC ⇠ lim
!!0

Z
dkk2

ImhOOi
!

O
Tµ⌫ , J⌫ + ”irrelevant” ops

Davison, Schalm, Zaanen

Andreev, Kivelson, SpivakO = T 00

O = J0

O = T 0i

Lucas,
Lucas, Crossno, Fong, Kim, Sachdev

Lucas, Schalm, Scopelliti, Schalm

O
strange metal?

charge disorder graphene

strain disorder graphene



hole FL elec. FLDirac fluid

�400 �200 0 200 400
0

0.5

1

1.5

2

n (µm�2)

�
(k

⌦
�

1

)
hole FL elec. FLDirac fluid

�400 �200 0 200 400
0

2

4

6

8

10

n (µm�2)


(n

W
/
K

)

Figure 1: testingFigure 1: A comparison of our hydrodynamic theory of transport with the experimental results of
[33] in clean samples of graphene at T = 75 K. We study the electrical and thermal conductances
at various charge densities n near the charge neutrality point. Experimental data is shown
as circular red data markers, and numerical results of our theory, averaged over 30 disorder
realizations, are shown as the solid blue line. Our theory assumes the equations of state described
in (27) with the parameters C

0

⇡ 11, C

2

⇡ 9, C

4

⇡ 200, ⌘

0

⇡ 110, �

0

⇡ 1.7, and (28) with
u

0

⇡ 0.13. The yellow shaded region shows where Fermi liquid behavior is observed and the
Wiedemann-Franz law is restored, and our hydrodynamic theory is not valid in or near this
regime. We also show the predictions of (2) as dashed purple lines, and have chosen the 3
parameter fit to be optimized for (n).

where e is the electron charge, s is the entropy density, n is the charge density (in units of length�2),
H is the enthalpy density, ⌧ is a momentum relaxation time, and �q is a quantum critical e↵ect, whose
existence is a new e↵ect in the hydrodynamic gradient expansion of a relativistic fluid. Note that up to
�q, �(n) is simply described by Drude physics. The Lorenz ratio then takes the general form
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WF
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), and much smaller (n � n

0

).
Both of these predictions were observed in the recent experiment, and fits of the measured L to (3) were
quantitatively consistent, until large enough n where Fermi liquid behavior was restored. However, the
experiment also found that the conductivity did not grow rapidly away from n = 0 as predicted in (2),
despite a large peak in (n) near n = 0, as we show in Figure 1. Furthermore, the theory of [25] does not
make clear predictions for the temperature dependence of ⌧ , which determines (T ).

In this paper, we argue that there are two related reasons for the breakdown of (2). One is that the
dominant source of disorder in graphene – fluctuations in the local charge density, commonly referred to as
charge puddles [43, 44, 45, 46] – are not perturbatively weak, and therefore a non-perturbative treatment
of their e↵ects is necessary.3 The second is that the parameter ⌧ , even when it is sharply defined, is

3See [47, 48] for a theory of electrical conductivity in charge puddle dominated graphene at low temperatures.
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Interactions between particles in quantum many-body systems can lead to collective behavior
described by hydrodynamics. One such system is the electron-hole plasma in graphene near the
charge neutrality point which can form a strongly coupled Dirac fluid. This charge neutral plasma
of quasi-relativistic fermions is expected to exhibit a substantial enhancement of the thermal con-
ductivity, due to decoupling of charge and heat currents within hydrodynamics. Employing high
sensitivity Johnson noise thermometry, we report the breakdown of the Wiedemann-Franz law in
graphene, with a thermal conductivity an order of magnitude larger than the value predicted by
Fermi liquid theory. This result is a signature of the Dirac fluid, and constitutes direct evidence of
collective motion in a quantum electronic fluid.

Understanding the dynamics of many interacting parti-
cles is a formidable task in physics, complicated by many
coupled degrees of freedom. For electronic transport in
matter, strong interactions can lead to a breakdown of
the Fermi liquid (FL) paradigm of coherent quasiparti-
cles scattering o↵ of impurities. In such situations, the
complex microscopic dynamics can be coarse-grained to
a hydrodynamic description of momentum, energy, and
charge transport on long length and time scales [1]. Hy-
drodynamics has been successfully applied to a diverse
array of interacting quantum systems, from high mobility
electrons in conductors [2], to cold atoms [3] and quark-
gluon plasmas [4]. As has been argued for strongly inter-
acting massless Dirac fermions in graphene at the charge-
neutrality point (CNP) [5–8], hydrodynamic e↵ects are
expected to greatly modify transport coe�cients as com-
pared to their FL counterparts.

Many-body physics in graphene is interesting due to
electron-hole symmetry and a linear dispersion relation
at the CNP [9, 10]. In particular, the Fermi surface van-
ishes, leading to ine↵ective screening [11] and the forma-
tion of a strongly-interacting quasi-relativistic electron-
hole plasma, known as a Dirac fluid [12]. The Dirac fluid
shares many features with quantum critical systems [13]:
most importantly, the electron-electron scattering time is
fast [14–17], and well suited to a hydrodynamic descrip-
tion. A number of exotic properties have been predicted
including nearly perfect (inviscid) flow [18] and a diverg-
ing thermal conductivity resulting in the breakdown of
the Wiedemann-Franz law [5, 6].

Away from the CNP, graphene has a sharp Fermi sur-
face and the standard Fermi liquid (FL) phenomenology
holds. By tuning the chemical potential, we may mea-
sure thermal and electrical conductivity in both the Dirac

fluid (DF) and the FL in the same sample. In a FL,
the relaxation of heat and charge currents is closely re-
lated as they are carried by the same quasiparticles. The
Wiedemann-Franz (WF) law [19] states that the elec-
tronic contribution to a metal’s thermal conductivity e

is proportional to its electrical conductivity � and tem-
perature T , such that the Lorenz ratio L satisfies

L ⌘ e

�T

=
⇡

2

3

✓
kB

e

◆2

⌘ L0 (1)

where e is the electron charge, kB is the Boltzmann con-
stant, and L0 is the Sommerfeld value derived from FL
theory. L0 depends only on fundamental constants, and
not on specific details of the system such as carrier den-
sity or e↵ective mass. As a robust prediction of FL the-
ory, the WF law has been verified in numerous metals
[19]. However, in recent years, an increasing number of
non-trivial violations of the WF law have been reported
in strongly interacting systems such as Luttinger liquids
[20], metallic ferromagnets [21], heavy fermion metals
[22], and underdoped cuprates [23], all related to the
emergence of non-Fermi liquid behavior.
The WF law is expected to be violated at the CNP

in a DF due to the strong Coulomb interactions between
thermally excited charge carriers. An electric field drives
electrons and holes in opposite directions; collisions be-
tween them introduce a frictional dissipation, resulting
in a finite conductivity even in the absence of disorder
[24]. In contrast, a temperature gradient causes electrons
and holes to move in the same direction inducing an en-
ergy current, which grows unimpeded by inter-particle
collisions (Fig. 3C inset). The thermal conductivity is
therefore limited only by the rate at which momentum is
relaxed due to residual impurities.
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!  
! ! Electron!transport!is!conventionally!determined!by!the!momentum5relaxing!

scattering!of!electrons!by!the!host!solid!and!its!excitations.!Hydrodynamic!fluid!flow!through!

channels,!in!contrast,!is!determined!partly!by!the!viscosity!of!the!fluid,!which!is!governed!by!

momentum5conserving!internal!collisions.!A!long5standing!question!in!the!physics!of!solids! !

has!been!whether!the!viscosity!of!the!electron!fluid!plays!an!observable!role!in!determining!

the!resistance.!Here!we!report!experimental!evidence!that!the!resistance!of!restricted!

channels!of!the!ultra5pure!two5dimensional!metal!PdCoO!!! has!a!large!viscous!contribution.!

Comparison!with!theory!allows!an!estimate!of!the!electronic!viscosity!in!the!range!between!

!×!!!!! kg(ms)!!!! and! !×!!!!! kg(ms)!!!,!to!be!compared!with! 1×10!!! kg(ms)!!!! for!

water!at!room!temperature.! !  
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! ! Fig.! 4.! ! Hydrodynamic! effect! on! transport.! (A,! B)! The! measured! resistivity! of!

PdCoO!!! channels! normalised! to! that! of! the!widest! channel! (!!),! plotted! against! the! inverse!

channel!width!1/W!multiplied!by! the!bulk!momentumK! relaxing!mean! free!path! !!" ! (closed!

black!circles).!Blue!solid! line:! ! prediction!of!a!standard!Boltzmann!theory! including!boundary!

scattering!but!neglecting!momentumKconserving!collisions!(Red!line:prediction!of!a!model!that!

includes! the! effects! of! momentumKconserving! scattering! (see! text).! In! (C)! we! show! the!

predictions!of!the!hydrodynamic!theory!over!a!wide!range!of!parameter!space. 
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Graphene hosts a unique electron system in which electron-phonon scattering is extremely weak but 
electron-electron collisions are sufficiently frequent to provide local equilibrium above liquid nitrogen 
temperature. Under these conditions, electrons can behave as a viscous liquid and exhibit 
hydrodynamic phenomena similar to classical liquids. Here we report strong evidence for this 
long-sought transport regime. In particular, doped graphene exhibits an anomalous (negative) voltage 
drop near current injection contacts, which is attributed to the formation of submicrometer-size 
whirlpools in the electron flow. The viscosity of graphene’s electron liquid is found to be |0.1 m2 s-1, an 
order of magnitude larger than that of honey, in agreement with many-body theory. Our work shows a 
possibility to study electron hydrodynamics using high quality graphene.  
 

 

Collective behavior of many-particle systems that undergo frequent inter-particle collisions has been 
studied for more than two centuries and is routinely described by the theory of hydrodynamics (1,2). The 
theory relies only on the conservation of mass, momentum and energy and is highly successful in 
explaining the response of classical gases and liquids to external perturbations varying slowly in space 
and time. More recently, it has been shown that hydrodynamics can also be applied to strongly 
interacting quantum systems including ultra-hot nuclear matter and ultra-cold atomic Fermi gases in the 
unitarity limit (3-6). In principle, the hydrodynamic approach can also be employed to describe 
many-electron phenomena in condensed matter physics (7-13). The theory becomes applicable if 
electron-electron scattering provides the shortest spatial scale in the problem such that κee ,ܹا κ 
where κee is the electron-electron scattering length, ܹ the characteristic sample size, κ ؠ  ୊߬ theݒ
mean free path, ݒ୊  the Fermi velocity, and ߬  the mean free time with respect to 
momentum-non-conserving collisions such as those involving impurities, phonons, etc. The above 
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Fig. 1. Viscous backflow in doped graphene. (A,B) Calculated steady-state distribution of current 

injected through a narrow slit for a classical conducting medium with zero ߥ (A) and a viscous Fermi 

liquid (B) E. (C) Optical micrograph of one of our SLG devices. The schematic explains the measurement 

geometry for vicinity resistance. (D,E) Longitudinal conductivity ߪ௫௫  and ܴ୚  as a function of ݊ 

induced by applying gate voltage. ܫ = 0.3 PA; ܮ = 1 Pm. The dashed curves in (E) show the 

contribution expected from classical stray currents in this geometry (18). 

To reveal hydrodynamics effects, we employed the geometry shown in Fig. 1C. In this case, ܫ is injected 

through a narrow constriction into the graphene bulk, and the voltage drop ୚ܸ is measured at the 

nearby side contacts located at the distance 1 ~ ܮ Pm away from the injection point. This can be 

considered as nonlocal measurements, although stray currents are not exponentially small (dashed 

curves in Fig. 1E). To distinguish from the proper nonlocal geometry (24), we refer to the linear-response 

signal measured in our geometry as “vicinity resistance”, ܴ୚ = ୚ܸ/ܫ. The idea is that, in the case of a 

viscous flow, whirlpools emerge as shown in Fig. 1B, and their appearance can then be detected as sign 

reversal of ୚ܸ, which is positive for the conventional current flow (Fig. 1A) and negative for viscous 

backflow (Fig. 1B). Fig. 1E shows examples of ܴ୚ for the same SLG device as in Fig. 1D, and other SLG 

and BLG devices exhibited similar behavior (18). One can see that, away from the CNP, ܴ୚ is indeed 

negative over a wide range of intermediate ܶ, despite a significant offset expected due to stray 

currents. Figure 2 details our observations further by showing maps ܴ୚(݊,ܶ) for SLG and BLG. The two 

Fermi liquids exhibited somewhat different behavior reflecting their different electronic spectra but ܴ୚ 

was negative over a large range of ݊ and ܶ for both of them. Two more ܴ୚ maps are provided in fig. 
S9. In total, seven multiterminal devices with ܹ from 1.5 to 4 Pm were investigated showing the 

vicinity behavior that was highly reproducible for both different contacts on a same device and different 

devices, independently of their ܹ, although we note that the backflow was more pronounced for 

devices with highest ߤ and lowest charge inhomogeneity.  
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• Microscopic transport: viscosities            plus microscopic cond.

• No thermal conductivity without charge current             
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• Microscopic transport: viscosities            plus microscopic cond.

• No thermal conductivity without charge current             

Can we trust the result

For neutral/strain disorder        does not play a role.
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Figure 1. Magnetoresistance up to 80T of the thin-film La2�x

Sr
x

CuO4 at x = 0.190. a

Field scans up to 80T for a set of temperatures up to 180K. The vertical ticks on the right

indicate the resistivity in temperature units, ⇢/↵, obtained using linear fit in panel b. The

aspect ratio is such that 1inch either horizontally or vertically represent the same value in

natural energy units, µ
B

B and k

B

T (80T corresponds approximately to 53.7K). b

Zero-field resistivity in a broad temperature range up to room temperature. The gray line

indicates a linear-fit for resistivity above superconducting transition temperature, T
c

,

⇢ = a+ ↵T , where the intercept a ⇡ 1.5(±1.5)µ⌦cm and the temperature-slope

↵ ⇡ 1.02(±0.01)µ⌦cm/K. The uncertainty in a,↵ reflects variation in a running slope

analysis over broad temperature range. c Temperature dependence of resistivity at fixed

field (indicated by color legend). Gray points indicate the zero-field resistivity from panel

a. The vertical ticks on the right indicate the resistivity in units of temperature, ⇢/↵, same

as in panel a. The solid line through a set of 80T points at low temperatures is a guide for

the eye. d Temperature dependence of field-slope of resistivity at fixed field (calculated as

linear regression for 65T < B < 77T field range). The slope saturates below about 25K.

12

T (K)
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Figure 1. Magnetoresistance up to 80T of the thin-film La2�x

Sr
x

CuO4 at x = 0.190. a

Field scans up to 80T for a set of temperatures up to 180K. The vertical ticks on the right

indicate the resistivity in temperature units, ⇢/↵, obtained using linear fit in panel b. The

aspect ratio is such that 1inch either horizontally or vertically represent the same value in

natural energy units, µ
B

B and k

B

T (80T corresponds approximately to 53.7K). b

Zero-field resistivity in a broad temperature range up to room temperature. The gray line

indicates a linear-fit for resistivity above superconducting transition temperature, T
c

,

⇢ = a+ ↵T , where the intercept a ⇡ 1.5(±1.5)µ⌦cm and the temperature-slope

↵ ⇡ 1.02(±0.01)µ⌦cm/K. The uncertainty in a,↵ reflects variation in a running slope

analysis over broad temperature range. c Temperature dependence of resistivity at fixed

field (indicated by color legend). Gray points indicate the zero-field resistivity from panel

a. The vertical ticks on the right indicate the resistivity in units of temperature, ⇢/↵, same

as in panel a. The solid line through a set of 80T points at low temperatures is a guide for

the eye. d Temperature dependence of field-slope of resistivity at fixed field (calculated as

linear regression for 65T < B < 77T field range). The slope saturates below about 25K.
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Figure 1. Magnetoresistance up to 80T of the thin-film La2�x

Sr
x

CuO4 at x = 0.190. a

Field scans up to 80T for a set of temperatures up to 180K. The vertical ticks on the right

indicate the resistivity in temperature units, ⇢/↵, obtained using linear fit in panel b. The

aspect ratio is such that 1inch either horizontally or vertically represent the same value in

natural energy units, µ
B

B and k

B

T (80T corresponds approximately to 53.7K). b

Zero-field resistivity in a broad temperature range up to room temperature. The gray line

indicates a linear-fit for resistivity above superconducting transition temperature, T
c

,

⇢ = a+ ↵T , where the intercept a ⇡ 1.5(±1.5)µ⌦cm and the temperature-slope

↵ ⇡ 1.02(±0.01)µ⌦cm/K. The uncertainty in a,↵ reflects variation in a running slope

analysis over broad temperature range. c Temperature dependence of resistivity at fixed

field (indicated by color legend). Gray points indicate the zero-field resistivity from panel

a. The vertical ticks on the right indicate the resistivity in units of temperature, ⇢/↵, same

as in panel a. The solid line through a set of 80T points at low temperatures is a guide for

the eye. d Temperature dependence of field-slope of resistivity at fixed field (calculated as

linear regression for 65T < B < 77T field range). The slope saturates below about 25K.

⇢DC ⇠ lim
!!0

Z
dkk(⌘k2 + . . .) ⇠ s(T ) ⇠ T

Intercept at T=0 is at
to very high precision 

⇢ = 0
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Figure 1. Magnetoresistance up to 80T of the thin-film La2�x

Sr
x

CuO4 at x = 0.190. a

Field scans up to 80T for a set of temperatures up to 180K. The vertical ticks on the right

indicate the resistivity in temperature units, ⇢/↵, obtained using linear fit in panel b. The

aspect ratio is such that 1inch either horizontally or vertically represent the same value in

natural energy units, µ
B

B and k

B

T (80T corresponds approximately to 53.7K). b

Zero-field resistivity in a broad temperature range up to room temperature. The gray line

indicates a linear-fit for resistivity above superconducting transition temperature, T
c

,

⇢ = a+ ↵T , where the intercept a ⇡ 1.5(±1.5)µ⌦cm and the temperature-slope

↵ ⇡ 1.02(±0.01)µ⌦cm/K. The uncertainty in a,↵ reflects variation in a running slope

analysis over broad temperature range. c Temperature dependence of resistivity at fixed

field (indicated by color legend). Gray points indicate the zero-field resistivity from panel

a. The vertical ticks on the right indicate the resistivity in units of temperature, ⇢/↵, same

as in panel a. The solid line through a set of 80T points at low temperatures is a guide for

the eye. d Temperature dependence of field-slope of resistivity at fixed field (calculated as

linear regression for 65T < B < 77T field range). The slope saturates below about 25K.

Intercept at T=0 is at
to very high precision 

⇢ = 0

⇢DC ⇠ lim
!!0

Z
dkk(⌘k2 + . . .) ⇠ s(T ) ⇠ T

MIR bound



• Good and bad metals

A cuprate superconductor at low T is a good metal
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The strange metal in high Tc cuprates



The strange metal in high Tc cuprates



The strange metal in high Tc cuprates

AF phase is a Mott insulator:
a Mott insulator is local “jammed” charge pinned to underlying lattice



Charge Density Waves in Cuprates

In these studies, the magnitude of the conventionally determined
CDM wavevector Q is reported to increase/diminish with increa-
sing p, as if evolution of momentum space electronic structure

with carrier density is the cause. Thus, distinguishing between an
r-space–based and a Fermi-surface–based theoretical approach
to the cuprate CDM remains an outstanding and fundamental
challenge and one that is key to the larger issue of controlling the
balance between different electronic phases. The reason is that,
in the k-space context (22–25), competition for spectral weight at
the Fermi surface between different electronic states including
the superconductivity is a zero sum game: Suppressing one state
amplifies another and vice versa. By contrast, in the strong in-
teraction r-space context (2–11), the physics of holes doped into
an antiferromagnetic MI yield “intertwined” states (4, 8–11, 26, 27)
including superconductivity, where closely related ordered states are
generated simultaneously by the same microscopic interactions.

CDMs and Phase Discommensurations
Understanding the cuprate CDM phenomenology has proved
challenging (28–30) because its q-space peaks are typically broad
with spectral weight distributed over many wavevectors (15–21)
and also because of the form factor symmetry (17, 31–33). For
example, Fig. 1 B and C shows a typical image of the elec-
tronic structure of underdoped Bi2Sr2CaCu2O8+x ψRðrÞ; here
ψRðr, 150 meVÞ≡ Iðr, 150 meVÞ=Iðr, − 150 meVÞ and Iðr,V Þ is
the measured tunnel current at position r for bias voltage V. The
CDM exhibits a d-symmetry form factor meaning that modula-
tions at the x-axis–oriented planar oxygen sites Ox(r) are π out of
phase with those at y-axis–oriented oxygen sites Oy(r), as shown
schematically by the overlay in Fig. 1B. Thus, the complex
Fourier transforms ~OxðqÞ; ~OyðqÞ of sublattice-resolved images
Ox(r);Oy(r) that are derived (17, 33) from ψRðrÞ yield the
d-symmetry form factor Fourier amplitudes

!!~ψRðqÞ
!! =!!~OxðqÞ− ~OyðqÞ

!! shown in Fig. 1D (SI Text, d-Symmetry Form
Factor of CDMs). One sees directly the wide range of q values
that exist under each CDM peak in ~ψRðqÞ (dashed boxes, Fig.
1D). Such broad peaks indicate quenched disorder of the CDM
but with two quite distinct possibilities for the identity of the
fundamental ordered state: (i) an incommensurate CDM state
whose wavevector Q evolves continuously along with the Fermi
wavevector kF (e.g., Fig. 1E) but is perturbed by disorder or (ii) a
commensurate CDM with constant fundamental wavevector Q0
driven by strong-coupling r-space effects (e.g., Fig. 1F), but
whose wavevector defined at the maximum of the fitted Fourier
amplitudes, QA, evolves due to changing arrangements of
discommensurations (DC).
McMillan (19) defined a “discommensuration” as a defect in a

commensurate CDM state where the phase of the CDM jumps
between discrete lattice-locked values. For example, consider
a sinusoidal modulation in one spatial dimension with a com-
mensurate period 4a0:

ψðxÞ≡ A exp½iΦðxÞ$= A exp½iðQ0x+φÞ$. [1]

Here Q0 = 2π=4a0 is the commensurate wavevector, A is the ampli-
tude, andΦðxÞ=Q0   x+φ is the position-dependent phase argument
of the function ψðxÞ. To form phase-locked regions, the phase offset
can take one of four discrete values φ

2π= 0,   14,  
2
4,

3
4. The DCs then

form boundaries between these regions as indicated by different
colors in Fig. 2 A, i and ii. When a commensurate CDM (Eq. 1)
is frustrated by Fermi-surface–based tendencies, a regular DC array
allows more/fewer modulations to be accommodated through suc-
cessive jumps in phase (Fig. 2 A, ii and ref. 19). The result is a new
phase-averaged wavevector !Q that depends on the profile of the DC
array φðxÞ through Q0x+φðxÞ≡ !Qx+ ~φðxÞ, where the slope !Q is
chosen so that the residual phase fluctuations ~φðxÞ average to zero
ð~φðxÞ= 0Þ. Graphically, finding the !Q is then equivalent to finding
the best linear function for ΦðxÞ as shown in Fig. 2 A, ii. In this
case, the difference in slope between the commensurate and phase-
averaged wavevectors, Q0 and !Q, is called the incommensurability
δ≡ !Q−Q0 (Fig. 2 A, iii) of such a nominally incommensurate phase.

A B

C D

E F

Fig. 1. (A) Schematic phase diagram of hole-doped cuprates. The high-
temperature superconductivity coexists with d-symmetry form factor charge
modulations (compare blue and pink “domes,” respectively) through most of
the underdoped regime. (B) Typical measured ψRðr, 150 meVÞ image of
Bi2Sr2CaCu2O8+x in the charge modulation phase. The subatomic resolution im-
age shows a typical charge modulation pattern of d-symmetry form factor,
spanning eight lattice constants horizontally (compare with E and F), and with
an overlay showing how the d-symmetry form factor affects each oxygen site.
The green crosses mark positions of Cu atoms in the underlying CuO2 plane.
(C) Typical ψRðr, 150 meVÞ of underdoped Bi2Sr2CaCu2O8+x. The short-range
nature of the charge modulations is clear. (D) The d-symmetry form factor
Fourier amplitudes

!!~ψRðq, 150meVÞ
!! calculated using complex Fourier transforms

of sublattice-resolved images Ox(r);Oy(r) derived from C. (E) Modeled d-form
factor charge density wave that represents an incommensurate modulation by
having a horizontal wavevector of lengthQ= 0.311× 2π=a, where a is the lattice
unit. The density values are sampled and color coded at each Cu site (green
crosses), O site, and center of CuO2 plaquette, to emphasize the modulation
pattern and relation to the underlying lattice. The initial phase is chosen so that
the modulation on the leftmost line of Cu sites matches in value the commen-
surate modulation in F. Incommensurate modulations such as the one shown
naturally arise from Fermi surface instabilities and therefore have the Fermi
surface nesting wavevector Q= 2kF and period 2π=Q= π=kF . The dashed line is
the profile of the density wave along the horizontal direction, without imposing
a d-form factor intraunit-cell structure, and the period is marked by the length of
the double arrow. (F) Modeled d-form factor charge density wave that is com-
mensurate, having wavevector Q= 1=4× 2π=a and period 2π=Q=4a with a the
lattice unit. The density values are sampled and color coded at each Cu site
(green crosses), O site, and center of CuO2 plaquette, to emphasize the modu-
lation pattern and relation to the underlying lattice. The initial wave phase is
chosen so that the modulation maximum occurs on a horizontal O site. The
dashed line is the profile of the density wave along the horizontal direction and
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Theories based upon strong real space (r-space) electron–electron in-
teractions have long predicted that unidirectional charge density
modulations (CDMs) with four-unit-cell (4a0) periodicity should occur
in the hole-doped cuprate Mott insulator (MI). Experimentally, how-
ever, increasing the hole density p is reported to cause the conven-
tionally defined wavevectorQA of the CDM to evolve continuously as
if driven primarily by momentum-space (k-space) effects. Here we
introduce phase-resolved electronic structure visualization for deter-
mination of the cuprate CDMwavevector. Remarkably, this technique
reveals a virtually doping-independent locking of the local CDM
wavevector at jQ0j=2π=4a0 throughout the underdoped phase dia-
gram of the canonical cuprate Bi2Sr2CaCu2O8. These observations
have significant fundamental consequences because they are orthog-
onal to a k-space (Fermi-surface)–based picture of the cuprate CDMs
but are consistent with strong-coupling r-space–based theories. Our
findings imply that it is the latter that provides the intrinsic organi-
zational principle for the cuprate CDM state.

CuO2 pseudogap | commensurate charge density modulation |
phase discommensuration

Strong Coulomb interactions between electrons on adjacent Cu
sites result in complete charge localization in the cuprate Mott

insulator (MI) state (1). When holes are introduced, theories based
upon the same strong r-space interactions have long predicted a state
of unidirectional modulation of spin and charge (2–11), with lattice-
commensurate periodicity for the charge component. Experimen-
tally, it is known that even the lightest hole doping of the MI state
produces nanoscale clusters of charge density modulations (CDMs)
(12, 13), which implies immediately that r-space interactions pre-
dominate. However, with increasing hole density p, the conven-
tionally defined wavevector QA of the CDM is reported to increase
(14) or diminish (15) continuously as if driven primarily by k-space
(Fermi surface) effects. Distinguishing between the r-space and
k-space theoretical perspectives is critical to identifying the correct
fundamental theories for the phase diagram and Cooper pairing
mechanism in underdoped cuprates. Here we introduce an approach
to this challenge by applying phase-resolved electronic structure vi-
sualization (16–18) in combination with the technique of phase
demodulation–residue minimization, to explore the CDM wave-
vector. Using these methods, we visualize the phase discommensura-
tions (19) and their influence on the doping dependence of both
the conventionally defined QA and the fundamental local wave-
vector Q0 of the underdoped cuprate CDM state.

CDMs in the Pseudogap Phase
As holes are introduced into the CuO2 plane of the MI, the first
nonmagnetic state to appear is the pseudogap (PG) phase (Fig.
1A). It contains nanoscale CDM clusters (12, 13) even at lowest
hole-density p; near p = 0.06 these CDM clusters percolate and
the superconducting state appears (12). X-ray scattering exper-
iments (15) now report a robust CDM state throughout the range

0.07 < p < 0.17 spanning the pseudogap regime. Both the PG and
the CDM states terminate somewhere near p ∼ 0.19 and give way
to a simple d-wave superconductor. A fundamental reason for the
great difficulty in understanding this complex phase diagram has
been the inability to discern the correct theoretical starting point.
Should one focus on the intense r-space electron–electron inter-
actions that form the basis for the parent MI state? Or should one
focus upon a Fermi surface of momentum space eigenstates rep-
resenting delocalized electrons?
A new opportunity to address these questions has emerged re-

cently, through studies of the CDM phenomena now widely ob-
served in underdoped cuprates (15, 20, 21). Pioneering studies of
CDMs in La2-xBaxCuO4 and La2-x-yNdySrxCuO4 near p = 0.125
discovered charge modulations of period 4a0 or Q = ((1/4,0);(0,1/
4))2π/a0 (14, 21). The initial intuitive explanation for a periodicity
that was half that predicted from a Hartree–Fock momentum
space treatment invoked an r-space model involving local mag-
netic moments whose antiferromagnetic order becomes frustrated
upon hole doping. A variety of powerful theoretical techniques (2–
11) support this strongly interacting r-space viewpoint. In the in-
terim, however, CDM phenomena have been discovered within the
pseudogap regime of many other underdoped cuprates (15, 20, 21).

Significance

Strong Coulomb interactions between electrons on adjacent Cu
atoms result in charge localization in the cuprate Mott-insulator
state. When a few percent of electrons are removed, both high-
temperature superconductivity and exotic charge density modu-
lations appear. Identifying the correct fundamental theory for
superconductivity requires confidence on whether a particle-like
or a wave-like concept of electrons describes this physics. To
address this issue, here we take the approach of using the phase
of charge modulations, available only from atomic-scale imaging.
It reveals a universal periodicity of the charge modulations of
four crystal unit cells. These results indicate that the particle-like
concept of strong interactions in real-space provides the intrinsic
organizational principle for cuprate charge modulations, implying
the equivalent for the superconductivity.
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teractions have long predicted that unidirectional charge density
modulations (CDMs) with four-unit-cell (4a0) periodicity should occur
in the hole-doped cuprate Mott insulator (MI). Experimentally, how-
ever, increasing the hole density p is reported to cause the conven-
tionally defined wavevectorQA of the CDM to evolve continuously as
if driven primarily by momentum-space (k-space) effects. Here we
introduce phase-resolved electronic structure visualization for deter-
mination of the cuprate CDMwavevector. Remarkably, this technique
reveals a virtually doping-independent locking of the local CDM
wavevector at jQ0j=2π=4a0 throughout the underdoped phase dia-
gram of the canonical cuprate Bi2Sr2CaCu2O8. These observations
have significant fundamental consequences because they are orthog-
onal to a k-space (Fermi-surface)–based picture of the cuprate CDMs
but are consistent with strong-coupling r-space–based theories. Our
findings imply that it is the latter that provides the intrinsic organi-
zational principle for the cuprate CDM state.
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sites result in complete charge localization in the cuprate Mott

insulator (MI) state (1). When holes are introduced, theories based
upon the same strong r-space interactions have long predicted a state
of unidirectional modulation of spin and charge (2–11), with lattice-
commensurate periodicity for the charge component. Experimen-
tally, it is known that even the lightest hole doping of the MI state
produces nanoscale clusters of charge density modulations (CDMs)
(12, 13), which implies immediately that r-space interactions pre-
dominate. However, with increasing hole density p, the conven-
tionally defined wavevector QA of the CDM is reported to increase
(14) or diminish (15) continuously as if driven primarily by k-space
(Fermi surface) effects. Distinguishing between the r-space and
k-space theoretical perspectives is critical to identifying the correct
fundamental theories for the phase diagram and Cooper pairing
mechanism in underdoped cuprates. Here we introduce an approach
to this challenge by applying phase-resolved electronic structure vi-
sualization (16–18) in combination with the technique of phase
demodulation–residue minimization, to explore the CDM wave-
vector. Using these methods, we visualize the phase discommensura-
tions (19) and their influence on the doping dependence of both
the conventionally defined QA and the fundamental local wave-
vector Q0 of the underdoped cuprate CDM state.

CDMs in the Pseudogap Phase
As holes are introduced into the CuO2 plane of the MI, the first
nonmagnetic state to appear is the pseudogap (PG) phase (Fig.
1A). It contains nanoscale CDM clusters (12, 13) even at lowest
hole-density p; near p = 0.06 these CDM clusters percolate and
the superconducting state appears (12). X-ray scattering exper-
iments (15) now report a robust CDM state throughout the range

0.07 < p < 0.17 spanning the pseudogap regime. Both the PG and
the CDM states terminate somewhere near p ∼ 0.19 and give way
to a simple d-wave superconductor. A fundamental reason for the
great difficulty in understanding this complex phase diagram has
been the inability to discern the correct theoretical starting point.
Should one focus on the intense r-space electron–electron inter-
actions that form the basis for the parent MI state? Or should one
focus upon a Fermi surface of momentum space eigenstates rep-
resenting delocalized electrons?
A new opportunity to address these questions has emerged re-

cently, through studies of the CDM phenomena now widely ob-
served in underdoped cuprates (15, 20, 21). Pioneering studies of
CDMs in La2-xBaxCuO4 and La2-x-yNdySrxCuO4 near p = 0.125
discovered charge modulations of period 4a0 or Q = ((1/4,0);(0,1/
4))2π/a0 (14, 21). The initial intuitive explanation for a periodicity
that was half that predicted from a Hartree–Fock momentum
space treatment invoked an r-space model involving local mag-
netic moments whose antiferromagnetic order becomes frustrated
upon hole doping. A variety of powerful theoretical techniques (2–
11) support this strongly interacting r-space viewpoint. In the in-
terim, however, CDM phenomena have been discovered within the
pseudogap regime of many other underdoped cuprates (15, 20, 21).

Significance

Strong Coulomb interactions between electrons on adjacent Cu
atoms result in charge localization in the cuprate Mott-insulator
state. When a few percent of electrons are removed, both high-
temperature superconductivity and exotic charge density modu-
lations appear. Identifying the correct fundamental theory for
superconductivity requires confidence on whether a particle-like
or a wave-like concept of electrons describes this physics. To
address this issue, here we take the approach of using the phase
of charge modulations, available only from atomic-scale imaging.
It reveals a universal periodicity of the charge modulations of
four crystal unit cells. These results indicate that the particle-like
concept of strong interactions in real-space provides the intrinsic
organizational principle for cuprate charge modulations, implying
the equivalent for the superconductivity.
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Figure 4: A) Phase diagram of the various commensurate states realized at di↵erent
temperatures and doping level (see text [NEEDS TO BE EXPLAINED BETTER]). B)
The commensurate plateux as seen on the fixed temperature cut of the phase diagram.
Importantly, the commensurate states keep being stable for a range of the charge density
values. C) Charge of a single discommensuration dependent on the net charge density of
a given discommensuration lattices, measured in the units of CDW charge (see (??)).

unit cell. Details are provided in the supplementary material. Therefore we define doping

fraction of a given state as

p =
⇢� ⇢1/1

⇢2/1 � ⇢1/1
(3)

Adding excess charge to the system is directly accomplished by adjusting the chemical

potential, while keeping the lattice wave vector fixed. This in turn has as e↵ect that the

preferred wave vector of the charge density wave changes. As a result, the system assumes

a certain di↵erent higher commensurate fraction in the ground state. This is summarized

on Fig. 4a. Remarkably, due to the lock in, some commensurate points keep being sta-

ble for a range of dopings, displaying the “Devil staircase”, familiar in the conventional

incommensurate systems.

If we now look closely on the profiles of these higher commensurate states, at strong

enough background potential and low enough temperature, we observe that the excess

periods of the spontaneous CDW (and hence the deviation of p/k from 1/1) are accounted

10
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Fig. 2 | Temperature dependence of the resistivity in LSCO. 

In-plane electrical resistivity ρ of our four LSCO samples as a function of 

temperature, with dopings p as indicated. The continuous curve is data taken in 

zero magnetic field (H = 0). The dots are the value of ρ at H = 55 T, obtained 

from isotherms of ρ vs H (Fig. S2). The thin line through the dots is a guide to 

the eye, whose value at T = 0 gives ρ(0) (Fig. S1). The straight black line is a 

linear fit to the zero-field data at high temperature, whose extrapolation to T = 0 

gives ρ0 (Fig. S1). The data deviate from the linear fit below the pseudogap 

temperature T* (Fig. 1). This deviation grows to gradually develop into a large 

upturn as T → 0, the signature of what has been called the “metal-to-insulator 

crossover” of cuprates (refs. 3,4). The size of the upturn, measured by the ratio 

ρ(0) / ρ0 (see text), is seen to decrease with doping. 

 



Charge Density Waves in Cuprates

• A doped holographic Mott insulator

Onset of insulating phase is “mild”

Remnant quantum critical conductivity
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gravitational theory can be interpreted as the ”scaling direction” of the renormalisation

group of the dual field theory with UV fixed point located on the boundary of AdS

(z = 0 in our coordinates). In Figs. 1f and 1d we show this scaling flow of both the

explicit lattice potential and the spontaneous crystal respectively. The irrelevancy of the

Umklapp potential is directly seen in Fig. 1f: the electric field sourced by the external

potential falls o↵ moving from the boundary to the deep interior. The spontaneous crystal

displays precisely the opposite flow: it is relevant in the IR without having any sources

in UV (Fig. 1d). One can now read o↵ the commensurate pinning mechanism from the

”scaling diagram”, Fig. 1e: this pinning occurs at intermediate energy scales. One sees

that ”halfway” the radial direction the (decreasing) external potential starts to overlap

with the (increasing) ”hair” coding for the spontaneous crystal.

1/1 Mott state

3a disc. lattice (4/3)

2a disc. lattice (3/2)

0.94 0.96 0.98 1.00 1.02

T

Tc

0.05

0.10

0.15

rDC

(a) (b)

Figure 2: DC resistivity for various locked states. Left panel: linear-linear plot near the
phase transition, Right panel: Log-log plot. The power law tail is seen at low temperature,
signalling the reamining near horizon degrees of freadom, which are not gapped.

The near horizon geometry contains a substantial feature of holography, the deep inte-

rior scaling geometry which encodes the densely entangled nature of holographic strange

metal. It’s signature is seen in DC electrical transport. The quantum critical matter,

represented by this IR scaling is never localized and thence the insultor arising upon

commensurate pinning is never gapped (11). Instead its resistivity diverges at zero tem-

perature as a power law, as seen on Fig.2b, contrary to the exponential suppression in

the conventional insulator. It also a↵ects the metal-insulator transition (Fig. 2a), which

doesn’t exhibit the abrupt rise of resistivity near Tc. This is actually quite suggestive

towards experiment. It has been known for a long time that the resistivity in spin-stripe

7
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Figure 5: DC resistivity of the holographic Mott insulator. Left panel: Di↵erent
commensurate states share similar behavior, revealing power law scaling at low temper-
ature. This signals the presence of quantum critical degrees of freedom, which remain
ungapped. Right panel: At the critical point no abrupt change of resistivity is seen,
suggesting a metal-insulator crossover. The dashed lines show resistivity in the unbro-
ken state without CDW, which is metallic. Temperature is scaled with respect to the
corresponding critical temperature of a given state (see e.g. Fig. 3a)
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• Plasmon in Fermi liquids
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 Fig. 2 – Scaling collapse of the continuum in optimally-doped BSCCO. (a) 
Dynamic charge susceptibility, ( , )qχ ω′′ , for a selection of momenta along the (1, 1)  
direction at 295 K (red symbols). The spectra were divided by q2 and offset for clarity. 
Error bars represent statistical, Poisson error. Grey lines are fits to the data using Eqs. 
1 and 2 (see text). (b)-(d) Parameters used for the fits at every momentum measured 
(red symbols). 0Π  represents the overall magnitude of the continuum, cω  is the UV 
cutoff, and V(q) is the Coulomb propagator near the surface. The dashed line in panel 
(b) represents a q2 fit. The dashed line in panel (d) represents a fit using 

( ) exp[ ] /V q qz q∝ − 18. Errors in q are given by the experimental momentum resolution. 
Parameter errors represent systematic uncertainty derived from a variation of 0.5±  in 
the exponent of the ratio ( )c qω ω  in Eq. 2. (e) Scaled collapse of the polarizability, 

( , )q ω′′Π , for all measured momenta (see text). The grey line is the fit function reported 
in Eq. 2. (f) Plot of the polarizability against the rescaled energy / Fv qω , showing 

2 2/q ω  scaling above the cutoff. The gray dashed line corresponds to 2 2/q ω′′Π ∝ . 
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Fig. 1 - Probing anomalous density fluctuations in the normal state of cuprates. 
(a) Schematic temperature-doping phase diagram of BSCCO showing the points 
investigated in this work, with filled symbols indicating where a complete q-
dependence was carried out. Here, AFI = Antiferromagnetic Insulator, 
PG = Pseudogap, SC = Superconductivity, FL = Fermi liquid, NFL = Non Fermi 
liquid, TN = Néel temperature, T* = Pseudogap temperature, Tc = Superconducting 
critical temperature. (b) Scattering geometry of the M-EELS experiment. ik  and fk  
represent momenta of the incident and scattered electron, respectively, and q is the in-
plane momentum transfer. (c) Lindhard polarizability, ( , )q ω′′Π , of a 2D Fermi liquid 
with a circular Fermi surface.  
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Latest: Boebinger, Shekhter et al
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Davis and many others

Abbamonte et al



• Many of these results follow from 
 

the Theory of a strange metal

A quantum critical system --- a theory without quasiparticles, 
supported by an ordered state with transport characterized by 
collective behavior.  

Experiment: Excitations around the FS do not determine 
transport.

Experiment: quantum critical sector exhibits scaling and 
controls decay widths

Experiment: particle intuition does not apply.
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Theory: framework provided by an holography
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Holography gives a consistent, predictive framework
 that captures the right physics of experimental strange metals.



Holography gives a consistent, predictive framework
 that captures the right physics of experimental strange metals.

There is a real possibility and opportunity that it can explain
puzzling observations in actual experiment.
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