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Optical spectroscopy (infrared)
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Target of the experiment ✏ (q ,!) the dielectric function

“Screening is one of the most important concepts in many-body theory”
Gerald D. Mahan

D
✏

screening
�! E =

D

✏

Infrared photons ✏ (!) ⌘ ✏ (q = 0,!)



Optical measurements

�

Reflectivity

R =

����1 �
p
✏

1 +
p
✏

����
2

+

Kramers–Kronig
=

✏1(!) + i ✏2(!)

R ⇠ 1

visible

R ⇠ 0

Ellipsometry
+

Fresnel equations
=

✏1(!) + i ✏2(!)



Qualitative expectations for a metal
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Computing the conductivity
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✏1 — Separating high- and low-energy transitions
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Can we compare �exp(!) = i ✏0! [1 � ✏ (!)] with �theo(!) ?

No — �theo contains only low-energy transitions, while �exp contains all transitions.

We must separate high- and low-energy transitions
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and subtract the high-energy transitions
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Extended Drude “model”
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Drude conductivity

�Drude(!) =
ne2/m

�i! + 1/⌧

Sum rule
2

⇡

π
1

0
d! Re�Drude(!) =

ne2

m

Extended Drude model

� (!) =
✏0!2

p

�i!m⇤(!)/m + 1/⌧ (!)

Sum rule

✏0!
2
p =

2

⇡

π
1

0
d! Re� (!)

Ohm’s law � =
J

E
=

nev

E

Newton’s law §v =
eE

m
�
v

⌧

(�i! + 1/⌧)v =
eE

m

m ! m⇤
(!) §v ! §v

m⇤
(!)

m

1

⌧ (!)
= Re ✏0!2

p
1

� (!)

m⇤
(!)

m
= Im

1

�!
✏0!

2
p

1

� (!)



Optical spectroscopy — Summary

Reflectivity & ellipsometry
(+ know-how)
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Strange metals See A. Georges & S. Sachdev lectures on SYK, Collège de France (����)
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Linear resistivity

Observed in

high-Tc cuprates,
some Fe-based superconductors,
some heavy-fermion materials,
twisted bilayer graphene,

etc. . .
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��

Linear resistivity

Observed in

high-Tc cuprates,
some Fe-based superconductors,
some heavy-fermion materials,
twisted bilayer graphene,

etc. . .

La2�xSrxCuO4 @ x = 0.19

ρ (
cm

)

T (K)

ρ (
cm

)

80 T
70 T
60 T
50 T
  0 T

Giraldo-Gallo et al., Science ���, ��� (����)

Twisted bilayer graphene

Jaoui et al., Nat. Phys. ��, ��� (����)



Resistivity and many-body spectrum
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Because the energy is extensive, a system of size
N has maximum energy of order N .

How are the ⇠ eN energy levels distributed ?

For independent particles, the inter-level spacing
at low-energy is �E ⇠ 1/N . E0

Emax ⇠ N

�E }# levels ⇠ eN
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Resistivity and many-body spectrum
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Because the energy is extensive, a system of size
N has maximum energy of order N .

How are the ⇠ eN energy levels distributed ?

For independent particles, the inter-level spacing
at low-energy is �E ⇠ 1/N . E0

Emax ⇠ N

�E }# levels ⇠ eN

For Landau quasiparticles, �E ⇠ 1/N as well.

Pauli-limited scattering rate
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Planckian dissipation

How fast can a quantum system equilibrate ?
Heisenberg uncertainty principle
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The good, the bad, and the strange
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Mott-Io�e-Regel limit
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Self-energy of a strange metal
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The exactly-solvable models (e.g. SYK) show
that the one-particle scattering rate has the
scaling form
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[�] arXiv:����.����� — Michon et al. (Geneva, Sherbrooke)

�. Approximate !/T scaling in the theoretical conductivity

�. Good !/T scaling collapse with similar scaling functions in the data

�. T -linear resistivity and g logT specific heat predicted and observed

�. Power law with anomalous exponent ⌫⇤(g ) < 1 predicted in the infrared

�. Anomalous exponent ⌫⇤ in the data consistent with g from the specific heat

The optical conductivity, resistivity, and specific heat of La2�xSrxCuO4, x = 0.24,
are mutually consistent with a Planckian dissipation scenario.
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Strange metal electrodynamics across the phase diagram of Bi2−xPbxSr2−yLayCuO6+δ cuprates
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Unlocking the mystery of the strange metal state has become the focal point of high-Tc research, not because
of its importance for superconductivity, but because it appears to represent a truly novel phase of matter
dubbed “quantum supreme matter.” Detected originally through high magnetic field, transport experiments,
signatures of this phase have now been uncovered with a variety of probes. Our high resolution optical data
of the low-Tc cuprate superconductor, Bi2−xPbxSr2−yLayCuO6+δ allows us to probe this phase over a large
energy and temperature window. We demonstrate that the optical signatures of the strange metal phase persist
throughout the phase diagram. The strange metal signatures in the optical conductivity are twofold: (i) a low
energy Drude response with Drude width on the order of temperature and (ii) a high energy conformal tail with
a doping dependent power-law exponent. While the Drude weight evolves monotonically throughout the entire
doping range studied, the spectral weight contained in the high energy conformal tail appears to be doping and
temperature independent. Our analysis further shows that the temperature dependence of the optical conductivity
is completely determined by the Drude parameters. Our results indicate that there is no critical doping level
inside the superconducting dome where the carrier density starts to change drastically and that the previously
observed “return to normalcy” is a consequence of the increasing importance of the Drude component relative to
the conformal tail with doping. Importantly, both the doping and temperature dependence of the resistivity are
largely determined by the Drude width.

DOI: 10.1103/PhysRevB.106.054515

I. INTRODUCTION

Since the discovery of cuprate high-Tc superconductivity
thirty-five years ago, numerous studies of the optical proper-
ties were published. It may appear as an exhausted affair—
everything that could be measured has been measured—and
this is reflected in the reduced output over the last ten years or
so [1– 9]. Nevertheless, high-Tc superconductivity continues to
be a fertile source of surprises [10]. If anything, the profundity
of the mystery pointing at a fundamentally different type of
physics has become more manifest in recent years. One aspect
is that the theoretical view on the physics behind transport
phenomena has been on the move. During the early history
of the subject, it was taken for granted that the transport
originates in a very dilute gas of thermally excited quasiparti-
cles as in conventional Fermi-liquid metals. Catalyzed by the
understanding of strongly interacting quantum critical states
of matter [11] and further elaborated by insights coming from
the AdS/CFT correspondence of string theory [12,13], it was
realized that in his regard Fermi liquids are singularly spe-
cial. Yet other states of strongly interacting quantum matter

*e.vanheumen@uva.nl
† jan@lorentz.leidenuniv.nl

may be formed, characterized by dense many body quan-
tum entanglement [14]. Rooted in the advancements in the
general understanding of quantum (eigenstate) thermalization
[15], one expects that such non-Fermi liquids are character-
ized by extremely rapid thermalization and the absence of
quasiparticle excitations [14]. One then expects that the trans-
port in such systems eventually rests on the highly collective
flows described by hydrodynamics, or otherwise in the form
of “incoherent” transport. The latter should reflect simple
scaling properties related to what is found at thermal phase
transitions.

On the experimental side, doubts regarding the Fermi liq-
uid arose early in the form of the famous linear-in-temperature
DC electrical resistivity, ρ(T ) ∼ T . This linearity of the re-
sistivity in optimally doped cuprates extends all the way from
the superconducting Tc up to the melting point of the crys-
tal, with ρ becoming larger than what is expected from the
Mott-Ioffe-Regel minimal conductivity criterium expected in
normal metals. Given the high-Tc of these materials, one could
argue that the normal state is always in the phonon scattering
dominated regime. However, this linearity extends to sub-
kelvin temperatures when superconductivity is suppressed in
high magnetic fields [16]. The problem of principle has been
all along to explain why this behavior is so simple—dealing
with quasiparticles the resistivity should be a more interesting
function of temperature. Recently the “Planckian dissipation”

2469-9950/2022/106(5)/054515(19) 054515-1 ©2022 American Physical Society
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One-component analysis of a two-component conductivity
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Two-component Drude model
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Two-component analysis

(�) Pure Drude response

(�) “Conformal tail”

Model

In text books, this Drude response is typically tied to
quasiparticles—by reference to the Sommerfeld model—and
it was conceptualized like this in this early era. However, such
a Drude response is actually completely generic for any finite
density charged fluid living in a spatial manifold characterized
by a weak translational symmetry breaking [20]. It just reflects
the fact that the total momentum of the fluid is long-lived
(see Sec. II). For instance, the “unparticle” fluids of AdS/CFT

an energy scale below which the conformal tail is suppressed.
Although the origin of the conformal tail is presently com-
pletely in the dark its gross properties may be best understood
as reflecting some form of bound optical response—it may be
viewed as the analog of interband transitions in the strongly
interacting electron soup.

σ̂ (ω) = σ̂ D(ω) + σ̂ inc(ω),

σ̂ D(ω) = DDr

#Dr − iω
,

σ̂ inc(ω) = −iDincω

($2 − ω2 − i#incω)β

for the complex optical response with D D
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(see Sec. II). For instance, the “unparticle” fluids of AdS/CFT

an energy scale below which the conformal tail is suppressed.
Although the origin of the conformal tail is presently com-
pletely in the dark its gross properties may be best understood
as reflecting some form of bound optical response—it may be
viewed as the analog of interband transitions in the strongly
interacting electron soup.

σ̂ (ω) = σ̂ D(ω) + σ̂ inc(ω),

σ̂ D(ω) = DDr

#Dr − iω
,

σ̂ inc(ω) = −iDincω

($2 − ω2 − i#incω)β

for the complex optical response with D D
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Two-component analysis

(�) Pure Drude response

(�) “Conformal tail”
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by a weak translational symmetry breaking [20]. It just reflects
the fact that the total momentum of the fluid is long-lived
(see Sec. II). For instance, the “unparticle” fluids of AdS/CFT

an energy scale below which the conformal tail is suppressed.
Although the origin of the conformal tail is presently com-
pletely in the dark its gross properties may be best understood
as reflecting some form of bound optical response—it may be
viewed as the analog of interband transitions in the strongly
interacting electron soup.

σ̂ (ω) = σ̂ D(ω) + σ̂ inc(ω),

σ̂ D(ω) = DDr

#Dr − iω
,

σ̂ inc(ω) = −iDincω

($2 − ω2 − i#incω)β

for the complex optical response with D D
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Two-component scenario

(�) Fermi liquid

(�) Localized charges



Optical conductivity of a Fermi liquid
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Quasiparticle scattering rate
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Conclusion

��

“Pluralitas non est ponenda sine necessitate”
William of Ockham

Thank you for listening


