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Ordinary metals


Ordinary metals are shiny, and they conduct heat and 
electricity efficiently. Each atom donates electrons which 

are delocalized throughout the entire crystal



Foundations of quantum many body theory:


1. Ground states connected adiabatically to

independent electron states


2. Quasiparticle structure of excited states
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Foundations of quantum many body theory:


1. Ground states connected adiabatically to

independent electron states


2. Boltzmann-Landau theory of quasiparticles



Current flow with quasiparticles


<latexit sha1_base64="Hm3cs1n2RE1aACXsZNtezB42PJg="></latexit>

Flowing quasiparticles scatter o↵ each
other in a typical scattering time ⌧

This time is much longer than a limiting

‘Planckian time’
~

kBT
.

The long scattering time implies that
quasiparticles are well-defined.



Band insulators
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Superconductor
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Electrons pair, and the pairs undergo Bose-Einstein condensation



YBa2Cu3O6+x

High temperature 
superconductors



Julian Hetel and Nandini Trivedi, Ohio State University

Nd-Fe-B magnets, YBaCuO superconductor
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P. Fazekas and P. W. Anderson, Philos. Mag. 30, 23 (1974).

Mott insulator: Triangular lattice antiferromagnet
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Mott insulator: Triangular lattice antiferromagnet
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ssc

non-collinear Néel state

Mott insulator: Triangular lattice antiferromagnet

Z2 spin liquid
with neutral S = 1/2 spinons
and vison excitations

N. Read and S. Sachdev, Phys. Rev. Lett. 66, 1773 (1991)

X.-G. Wen, Phys. Rev. B  44, 2664 (1991)



Excitations of the Z2 Spin liquid

=Spinon: Sz = 1/2
e (boson) or ✏ (fermion) particle
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Excitations of the Z2 Spin liquid
A vison 

m (boson) particle
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Excitations of the Z2 Spin liquid
<latexit sha1_base64="7pS/i3++DeqmjlMkFmQw5iB0/JU="></latexit>

• A spinon adiabatically transported around a vison picks up a
phase factor of �1: spinons and visons are mutual semions.

• A bound state of a spinon and a vison picks up a phase factor
of �1 when exchanged with another bound state of a spinon
and a vison:

– The ✏ spinon (fermion) is a bound state of the e spinon
(boson) and a vison (✏ = e⇥m).

– The e spinon (boson) is a bound state of the ✏ spinon
(fermion) and a vison (e = ✏⇥m).
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Rydberg Atoms

optical tweezer (traps atom)

ground state

excited state
(large principle
quantum number)

Fig: https://www.caltech.edu/about/
news/quantum-innovations-achieved-

using-alkaline-earth-atoms
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Rydberg atoms on the square lattice: theory

R. Samajdar, Wen Wei Ho, H. Pichler, M. D. 
Lukin, S. Sachdev, PRL 124, 103601 (2020)
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is related to the mean Rydberg excitation density hni by
� = @hni/@� according to the Hellman-Feynman theo-
rem. We measure hni vs. � along a slow linear sweep to
remain as adiabatic as possible. We take the numerical
derivative of the fitted data to obtain �, finding its peak
to be at �c/⌦ = 1.12(4) (see Methods).

Having identified the position of the critical point, we
now extract the value of ⌫ that optimizes data collapse
(inset of Fig. 3d and Methods). The resulting ⌫ = 0.62(4)
rescales the experimental data to clearly fall on a single
universal curve (Fig. 3d). This measurement is in good
agreement with the predicted ⌫ = 0.629 for the quan-
tum Ising universality class in (2+1) dimensions[14], and
distinct from both the mean-field value[13] of ⌫ = 1/2
and the previously verified value in (1+1) dimensions
[24] of ⌫ = 1. Despite imperfections associated with
non-adiabatic state preparation and decoherence in our
system, this demonstration of universal scaling highlights
opportunities for quantitative studies of quantum critical
phenomena on our platform.

PHASE DIAGRAM OF THE SQUARE LATTICE

A rich variety of new phases have been recently
predicted for the square lattice when Rydberg block-
ade is extended beyond nearest neighbors [14]. To
map this phase diagram experimentally, we use the
Fourier transform of single-shot measurement outcomes

F(k) =
���
P

i
exp(ik · xi/a)ni/

p
N

���, which characterizes

long-range order in our system. For instance, the checker-
board phase shows a prominent peak at k = (⇡,⇡),
corresponding to the canonical antiferromagnetic or-
der parameter: the staggered magnetization (Fig. 4a).
We construct order parameters for all observed phases
using the symmetrized Fourier transform F̃(k1, k2) =
hF(k1, k2) + F(k2, k1)i/2, averaged over experimental
repetitions, which takes into account the reflection sym-
metry in our system (see Methods).

When interaction strengths are increased such that
next-nearest (diagonal) neighbor excitations are sup-
pressed by Rydberg interactions (Rb/a &

p
2), trans-

lational symmetry along the diagonal directions is also
broken, leading to the appearance of a new striated phase
(Fig. 4b). In this phase, Rydberg excitations are mostly
located two sites apart and hence appear both on alter-
nating rows and alternating columns. This ordering is
immediately apparent through the observation of promi-
nent peaks at k = (0,⇡), (⇡, 0), and (⇡,⇡) in the Fourier
domain. As discussed and demonstrated below, quantum
fluctuations, appearing as defects on single shot images
(Fig. 4b), play a key role in stabilizing this phase.

At even larger values of Rb/a & 1.7, the star phase
emerges, with Rydberg excitations placed every four sites
along one direction and every two sites in the perpendic-
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FIG. 3. Observation of the (2+1)D Ising quantum
phase transition on a 16⇥16 array. a. The transition
into the checkerboard phase is explored using a linear detun-
ing sweep �(t) at constant ⌦. The resulting checkerboard
ordering is measured at various endpoints. b. Example of
growing correlations G(2) with increasing �/⌦ along a linear
sweep with sweep rate s = 15 MHz/µs. c. Growth of cor-
relation length ⇠ for s spanning an order of magnitude from
15 MHz/µs to 120 MHz/µs. ⇠ used here measures correlations
between the coarse-grained local staggered magnetization (see
Methods). d. For an optimized value of the critical expo-
nent ⌫, all curves collapse onto a single universal curve when
rescaled relative to the quantum critical point �c. Inset: dis-
tance D between all pairs of rescaled curves as a function of
⌫ (see Methods). The minimum at ⌫ = 0.62(4) (red dashed
line) yields the experimental value for the critical exponent
(red and gray shaded regions indicate uncertainties).

ular direction. There are two possible orientations for the
ordering of this phase, so Fourier peaks are observed at k
= (⇡, 0) and (⇡/2,⇡), as well as at their symmetric part-
ners (0,⇡) and (⇡,⇡/2) (Fig. 4c). In the thermodynamic
limit, the star ordering corresponds to the lowest-energy
classical configuration of Rydberg excitations on a square
array with a density of 1/4.

We now systematically explore the phase diagram on
13⇥13 (169 atoms) arrays, with dimensions chosen to be
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FIG. 4. Phase diagram of the two-dimensional square lattice. a. Example fluorescence image of atoms in the
checkerboard phase and the corresponding Fourier transform averaged over many experimental repetitions hF(k)i, highlighting
the peak at (⇡,⇡) (circled). b. Image of atoms in the striated phase and the corresponding hF(k)i highlighting peaks at
(0,⇡), (⇡, 0) and (⇡,⇡) (circled). c. Image of atoms in the star phase with corresponding Fourier peaks at (⇡/2,⇡) and (⇡, 0)
(circled), as well as at symmetric partners (⇡,⇡/2) and (⇡, 0). d. The experimental phase diagram is constructed by measuring
order parameters for each of the three phases for di↵erent values of the tunable blockade range Rb/a and detuning �/⌦. Red
markers indicate the numerically calculated phase boundaries (see Methods). e. The order parameters evaluated numerically
using DMRG for a 9⇥9 array (see Methods).

simultaneously commensurate with checkerboard, stri-
ated, and star orderings (see Methods). For each value
of the blockade range Rb/a, we linearly sweep � (sim-
ilar to Fig. 3a but with a ramp-down time of 200 ns),
stopping at evenly spaced endpoints to raster the full
phase diagram. For every endpoint, we extract the or-
der parameter corresponding to each many-body phase,
and plot them separately to show their prominence in
di↵erent regions of the phase diagram (Fig. 4d).

We compare our observations with numerical simu-
lations of the phase diagram using the density-matrix
renormalization group (DMRG) on a smaller 9⇥9 array
with open boundary conditions (Fig. 4e and red mark-
ers in Fig. 4d). We find excellent agreement in the ex-
tent of the checkerboard phase. For the striated and star
phases, we also find good similarity between experiment
and theory, although due to their larger unit cells and
the existence of many degenerate configurations, these
two phases are more sensitive to both edge e↵ects and

experimental imperfections. We emphasize that the nu-
merical simulations evaluate the order parameter for the
exact ground state of the system at each point, while
the experiment quasi-adiabatically prepares these states
via a dynamical process. These results establish the po-
tential of programmable quantum simulators with tun-
able, long-range interactions for studying large quantum
many-body systems that are challenging to access with
state-of-the-art computational tools [39].

QUANTUM FLUCTUATIONS IN THE
STRIATED PHASE

We now explore the nature of the striated phase. In
contrast to the checkerboard and star phases, which can
be understood from a dense-packing argument [14], this
phase has no counterpart in the classical limit (⌦ ! 0)
(see Methods). Striated ordering allows the atoms to
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FIG. 4. Phase diagram of the two-dimensional square lattice. a. Example fluorescence image of atoms in the
checkerboard phase and the corresponding Fourier transform averaged over many experimental repetitions hF(k)i, highlighting
the peak at (⇡,⇡) (circled). b. Image of atoms in the striated phase and the corresponding hF(k)i highlighting peaks at
(0,⇡), (⇡, 0) and (⇡,⇡) (circled). c. Image of atoms in the star phase with corresponding Fourier peaks at (⇡/2,⇡) and (⇡, 0)
(circled), as well as at symmetric partners (⇡,⇡/2) and (⇡, 0). d. The experimental phase diagram is constructed by measuring
order parameters for each of the three phases for di↵erent values of the tunable blockade range Rb/a and detuning �/⌦. Red
markers indicate the numerically calculated phase boundaries (see Methods). e. The order parameters evaluated numerically
using DMRG for a 9⇥9 array (see Methods).

simultaneously commensurate with checkerboard, stri-
ated, and star orderings (see Methods). For each value
of the blockade range Rb/a, we linearly sweep � (sim-
ilar to Fig. 3a but with a ramp-down time of 200 ns),
stopping at evenly spaced endpoints to raster the full
phase diagram. For every endpoint, we extract the or-
der parameter corresponding to each many-body phase,
and plot them separately to show their prominence in
di↵erent regions of the phase diagram (Fig. 4d).

We compare our observations with numerical simu-
lations of the phase diagram using the density-matrix
renormalization group (DMRG) on a smaller 9⇥9 array
with open boundary conditions (Fig. 4e and red mark-
ers in Fig. 4d). We find excellent agreement in the ex-
tent of the checkerboard phase. For the striated and star
phases, we also find good similarity between experiment
and theory, although due to their larger unit cells and
the existence of many degenerate configurations, these
two phases are more sensitive to both edge e↵ects and

experimental imperfections. We emphasize that the nu-
merical simulations evaluate the order parameter for the
exact ground state of the system at each point, while
the experiment quasi-adiabatically prepares these states
via a dynamical process. These results establish the po-
tential of programmable quantum simulators with tun-
able, long-range interactions for studying large quantum
many-body systems that are challenging to access with
state-of-the-art computational tools [39].

QUANTUM FLUCTUATIONS IN THE
STRIATED PHASE

We now explore the nature of the striated phase. In
contrast to the checkerboard and star phases, which can
be understood from a dense-packing argument [14], this
phase has no counterpart in the classical limit (⌦ ! 0)
(see Methods). Striated ordering allows the atoms to
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FIG. 2. Benchmarking of quantum simulator using
checkerboard ordering. a. A quasi-adiabatic detuning
sweep �(t) at constant Rabi frequency ⌦ is used to prepare
the checkerboard ground state with high fidelity. b. Two-
site correlation function G(2)(k, l), averaged over all pairs of
atoms on a 12⇥12 array, showing near-perfect alternating cor-
relations throughout the entire system. c. Exponential fits of
rectified horizontal and vertical correlations are used to ex-
tract correlation lengths in the corresponding directions ⇠H
and ⇠V . d. Histogram of many-body state occurrence fre-
quency after 6767 repetitions of the experiment on a 12⇥12
array. The two most frequently occurring microstates cor-
respond to the two perfect checkerboard orderings, and the
next four most common ones are those with a single defect in
one of the corners of the array. e. Probability of finding a
perfect checkerboard ground state as a function of array size.
The slightly higher probabilities in odd⇥odd systems is due to
commensurate edges on opposing sides of the array. All data
in this figure are conditioned on defect-free rearrangement of
the array.

systems [20, 21] by nearly an order of magnitude.

Single-site readout also allows us to study individual
many-body states of our system (Fig. 2d). Out of 6767
repetitions on a 12x12 array, the two perfectly ordered
states |AF1i and |AF2i are by far the most frequently
observed microstates, with near-equal probabilities be-
tween the two. We benchmark our state preparation by
measuring the probability of observing perfect checker-

board ordering as a function of system size (Fig. 2e). We
find empirically that the probability scales with the num-
ber of atoms according to an exponential 0.97N , o↵er-
ing a benchmark that includes all experimental imperfec-
tions such as finite detection fidelity, non-adiabatic state
preparation, spontaneous emission, and residual quan-
tum fluctuations in the ordered state (see Methods). Re-
markably, even for a system size as large as 15⇥15 (225
atoms), we still observe the perfect antiferromagnetic
ground state with probability 0.10+5

�4% within the expo-
nentially large Hilbert space of dimension 2225 ⇡ 1068.

(2+1)D ISING QUANTUM PHASE TRANSITION

We now describe quantitative studies of the quantum
phase transition into the checkerboard phase. Quantum
phase transitions fall into universality classes character-
ized by critical exponents that determine universal be-
havior near the quantum critical point, independent of
the microscopic details of the Hamiltonian [13]. The tran-
sition into the checkerboard phase is expected to be in the
paradigmatic—but never previously observed—quantum
Ising universality class in (2+1) dimensions [14] (with ex-
pected dynamical critical exponent z = 1 and correlation
length critical exponent ⌫ = 0.629).
To explore universal scaling across this phase transi-

tion for a large system, we study the dynamical build-
up of correlations associated with the quantum Kibble-
Zurek mechanism [24, 38] on a 16⇥16 (256 atoms) array,
at fixed Rb/a = 1.15. We start at a large negative de-
tuning with all atoms in |gi and linearly increase �/⌦,
stopping at various points to measure the growth of cor-
relations across the phase transition (Fig. 3a, b). Slower
sweep rates s = d�/dt result in longer correlation lengths
⇠, as expected (Fig. 3c).
The quantum Kibble-Zurek mechanism predicts a uni-

versal scaling relationship between the control parameter
� and the correlation length ⇠. Specifically, when both
� and ⇠ are rescaled with the sweep rate s (relative to a
reference rate s0)

⇠̃ = ⇠(s/s0)
µ (2)

�̃ = (���c)(s/s0)
 (3)

with exponents µ ⌘ ⌫/(1+z⌫) and  ⌘ �1/(1+z⌫), then
universality implies that the rescaled ⇠̃ vs. �̃ collapses
onto a single curve [24] for any sweep rate s. Taking
z = 1 to be fixed (as expected for a Lorentz-invariant
theory), we extract ⌫ for our system by finding the value
that optimizes this universal collapse.

In order to obtain ⌫, we first independently determine
the position of the critical point �c, which corresponds
to the peak of the susceptibility � = �@

2
hHi/@�2 and

is associated with a vanishing gap [13]. For adiabiatic
evolution under the Hamiltonian (1), the susceptibility �
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quantum phase transition  

in 2+1 dimensions
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G. Semeghini1, H. Levine1, A. Keesling1, S. Ebadi1, T. T. Wang1, D. Bluvstein1, R. Verresen1, H. Pichler2,3,
M. Kalinowski1, R. Samajdar1, A. Omran1,4, S. Sachdev1, A. Vishwanath1, M. Greiner1, V. Vuletić5, M. D. Lukin1
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Quantum spin liquids, exotic phases of matter with topological order, have been a major focus
of explorations in physical science for the past several decades. Such phases feature long-range
quantum entanglement that can potentially be exploited to realize robust quantum computation.
We use a 219-atom programmable quantum simulator to probe quantum spin liquid states. In our
approach, arrays of atoms are placed on the links of a kagome lattice and evolution under Rydberg
blockade creates frustrated quantum states with no local order. The onset of a quantum spin liquid
phase of the paradigmatic toric code type is detected by evaluating topological string operators
that provide direct signatures of topological order and quantum correlations. Its properties are
further revealed by using an atom array with nontrivial topology, representing a first step towards
topological encoding. Our observations enable the controlled experimental exploration of topological
quantum matter and protected quantum information processing.

Motivated by visionary theoretical work carried out
over the past five decades, a broad search is currently
underway to identify signatures of quantum spin liquids
(QSL) in novel materials [1, 2]. Moreover, inspired by
the intriguing predictions of quantum information the-
ory [3], techniques to engineer such systems for topologi-
cal protection of quantum information are being actively
explored [4]. Systems with frustration [5] caused by the
lattice geometry or long-range interactions constitute a
promising avenue in the search for QSLs. In particular,
such systems can be used to implement a class of so-
called dimer models [6–10], which are among the most
promising candidates to host quantum spin liquid states.
However, realizing and probing such states is challeng-
ing since they are often surrounded by other competing
phases. Moreover, in contrast to topological systems in-
volving time-reversal symmetry breaking, such as in the
fractional quantum Hall e↵ect [11], these states cannot
be easily probed via, e.g., quantized conductance or edge
states. Instead, to diagnose spin liquid phases, it is es-
sential to access nonlocal observables, such as topolog-
ical string operators [1, 2]. While some indications of
QSL phases in correlated materials have been previously
reported [12, 13], thus far, these exotic states of matter
have evaded direct experimental detection.

Programmable quantum simulators are well suited for
the controlled exploration of these strongly correlated
quantum phases [14–20]. In particular, recent work
showed that various phases of quantum dimer models
can be e�ciently implemented using Rydberg atom ar-
rays [21] and that a dimer spin liquid state of the toric
code type could be potentially created in a specific frus-
trated lattice [22]. We note that toric code states have

been dynamically created in small systems using quan-
tum circuits [23, 24]. However, some of the key prop-
erties, such as topological robustness, are challenging to
realize in such systems. Spin liquids have also been ex-
plored using quantum annealers, but the lack of coher-
ence in these systems has precluded the observation of
quantum features [25].

Dimer Models in Rydberg Atom Arrays. The key
idea of our approach is based on a correspondence [22]
between Rydberg atoms placed on the links of a kagome
lattice (or equivalently the sites of a ruby lattice), as
shown in Fig. 1A, and dimer models on the kagome lattice
[8, 10]. The Rydberg excitations can be viewed as “dimer
bonds” connecting the two adjacent vertices of the lat-
tice (Fig. 1B). Due to the Rydberg blockade [26], strong
and properly tuned interactions constrain the density of
excitations such that each vertex is touched by a maxi-
mum of one dimer. At 1/4 filling, each vertex is touched
by exactly one dimer, resulting in a perfect dimer cov-
ering of the lattice. Smaller filling fractions result in a
finite density of vertices with no proximal dimers, which
are referred to as monomers. A quantum spin liquid
can emerge within this dimer-monomer model close to
1/4 filling [22], and can be viewed as a coherent superpo-
sition of exponentially many degenerate dimer coverings
with a small admixture of monomers [10] (Fig. 1C). This
corresponds to the resonating valence bond (RVB) state
[6, 27], predicted long ago but so far still unobserved in
any experimental system.

To create and study such states experimentally, we uti-
lize two-dimensional arrays of 219 87Rb atoms individu-
ally trapped in optical tweezers [29, 30] and positioned
on the links of a kagome lattice, as shown in Fig. 1A. The
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FIG. 1. Dimer model in Rydberg atoms arrays. (A) Fluorescence image of 219 atoms arranged on the links of a kagome
lattice. The atoms, initially in the ground state |gi, evolve according to the many-body dynamics U(t). The final state of the
atoms is determined via fluorescence imaging of ground state atoms. Rydberg atoms are marked with red dimers on the bonds
of the kagome lattice. (B) We adjust the blockade radius to Rb/a = 2.4, by choosing ⌦ = 2⇡ ⇥ 1.4 MHz and a = 3.9 µm,
such that all six nearest neighbors of an atom in |ri are within the blockade radius Rb. A state consistent with the Rydberg
blockade at maximal filling can then be viewed as a dimer covering of the kagome lattice, where each vertex is touched by
exactly one dimer. (C) The quantum spin liquid state corresponds to a coherent superposition of exponentially many dimer
coverings. (D) Detuning �(t) and Rabi frequency ⌦(t) used for quasi-adiabatic state preparation. (E) (Top) Average density
of Rydberg excitations hni in the bulk of the system, excluding the outer three layers [28]. (Bottom) Probabilities of empty
vertices in the bulk (monomers), vertices attached to a single dimer, or to double dimers (weakly violating blockade). After
�/⌦ ⇠ 3, the system reaches ⇠ 1/4 filling, where most vertices are attached to a single dimer, consistent with an approximate
dimer phase.

atoms are initialized in an electronic ground state |gi and
coupled to a Rydberg state |ri via a two-photon optical
transition with Rabi frequency ⌦. The atoms in the Ry-
dberg state |ri interact via a strong van der Waals po-
tential V = V0/d

6, with d the interatomic distance. This
strong interaction prevents the simultaneous excitation
of two atoms within a blockade radius Rb = (V0/⌦)1/6

[26]. We adjust the lattice spacing a and the Rabi fre-
quency ⌦ such that, for each atom in |ri, its six nearest
neighbors are all within the blockade radius (Fig. 1B),
resulting in a maximum filling fraction of 1/4. The re-
sulting dynamics corresponds to unitary evolution U(t)
governed by the Hamiltonian

H

~ =
⌦(t)

2

X

i

�
x

i
� �(t)

X

i

ni +
X

i<j

Vijninj (1)

where ~ is the reduced Planck constant, ni = |riihri| is
the Rydberg state occupation at site i, �x

i
= |giihri| +

|riihgi| and �(t) is the time-dependent two-photon de-
tuning. After the evolution, the state is analyzed by
projective readout of ground state atoms (Fig. 1A, right
panel) [29].

To explore many-body phases in this system, we uti-
lize quasi-adiabatic evolution, in which we slowly turn
on the Rydberg coupling ⌦ and subsequently change the
detuning � from negative to positive values using a cu-
bic frequency sweep over about 2 µs (Fig. 1D). We stop

the cubic sweep at di↵erent endpoints and first measure
the density of Rydberg excitations hni. Away from the
array boundaries (which result in edge e↵ects permeat-
ing just two layers into the bulk), we observe that the
average density of Rydberg atoms is uniform across the
array (see Fig. S3 and [28]). Focusing on the bulk den-
sity, we find that for �/⌦ & 3, the system reaches the
desired filling fraction hni ⇠ 1/4 (Fig. 1E, top panel).
The resulting state does not have any obvious spatial or-
der (Fig. 1A) and appears as a di↵erent configuration
of Rydberg atoms in each experimental repetition (see
Fig. S4 and [28]). From the single-shot images, we evalu-
ate the probability for each vertex of the kagome lattice
to be attached to: one dimer (as in a perfect dimer cover-
ing), zero dimers (i.e. a monomer), or two dimers (repre-
senting weak blockade violations). Around �/⌦ ⇠ 4 we
observe an approximate plateau where ⇠ 80% of the ver-
tices are connected to a single dimer (Fig. 1E), indicating
an approximate dimer covering.

Measuring topological string operators. A defin-
ing property of a phase with topological order is that it
cannot be probed locally. Hence, to investigate the pos-
sible presence of a QSL state, it is essential to measure
topological string operators, analogous to those used in
the toric code model [3]. For the present model, there
are two such string operators, the first of which charac-
terizes the e↵ective dimer description, while the second
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1. “Conventional” phases of matter 

   Metals, insulators, superconductors
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Table 1  |  Slope of T-linear resistivity and Planckian limit in seven materials.

Material n 
(1027 m-3)

 m*
(m0)

A1 / d  
(! / K)

h / (2e2 TF)
(! / K)

⍺

Bi2212 p = 0.23 6.8 8.4 ± 1.6 8.0 ± 0.9 7.4 ± 1.4 1.1 ± 0.3

Bi2201 p ~ 0.4 3.5 7 ± 1.5 8 ± 2 8 ± 2 1.0 ± 0.4

LSCO p = 0.26 7.8 9.8 ± 1.7 8.2 ± 1.0 8.9 ± 1.8 0.9 ± 0.3

Nd-LSCO p = 0.24 7.9 12 ± 4 7.4 ± 0.8 10.6 ± 3.7 0.7 ± 0.4

PCCO x = 0.17 8.8 2.4 ± 0.1 1.7 ± 0.3 2.1 ± 0.1 0.8 ± 0.2

LCCO x = 0.15 9.0 3.0 ± 0.3 3.0 ± 0.45 2.6 ± 0.3 1.2 ± 0.3

TMTSF P = 11 kbar 1.4 1.15 ± 0.2 2.8 ± 0.3 2.8 ± 0.4 1.0 ± 0.3
 

 

Table 1 | Slope of T-linear resistivity vs Planckian limit in seven materials.  

Comparison of the measured slope of the T-linear resistivity in the T = 0 limit,  

A1 , with the value predicted by the Planckian limit (Eq. 1; penultimate column), 

for four hole-doped cuprates (Bi2212, Bi2201, LSCO and Nd-LSCO), two 

electron-doped cuprates (PCCO and LCCO) and the organic conductor 

(TMTSF)2PF6 , as discussed in the text (and Supplementary Information).     

The ratio α of the experimental value, A1
☐ = A1 / d, over the predicted value,       

is given in the last column. Although A1
☐ varies by a factor 5, the ratio m* / n  

(~1/TF) is seen to vary by the same amount, so that α = 1.0 in all cases,        

within error bars. 

 

 

 

 

 

A. Legros, S. Benhabib, W. Tabis, F. Laliberté, M. Dion, M. Lizaire, B. Vignolle, D. Vignolles, H. Raffy, Z. Z. Li, P. Auban-
Senzier, N. Doiron-Leyraud, P. Fournier, D. Colson, L. Taillefer, and C. Proust, Nature Physics 15, 142 (2019)
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Remarkable recent observation of
‘Planckian’ strange metal transport in cuprates,
pnictides, magic-angle graphene, and
ultracold atoms: the resistivity, ⇢, is

⇢ =
m⇤

ne2
1

⌧

with a universal scattering rate

1

⌧
⇡ kBT

~ ,

independent of the strength of interactions!

Current flow without quasiparticles
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Electron scattering time ⌧ in 7 di↵erent strange metals



The SYK model has a scale-invariant 
entanglement structure:  

i.e. electrons are entangled at all  
distance and time scales 

 
In one set of variables, it describes  

certain strange metals 
 
 

In a dual set of variables it describes certain 
black holes

The Sachdev-Ye-Kitaev (SYK) model

Sachdev (2010), Kitaev (2015), Maldacena Stanford (2015)

Sachdev, Ye (1993)



The Sachdev-Ye-Kitaev (SYK) model

Pick a set of random positions

Sachdev, Ye (1993); Kitaev (2015)
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The SYK model
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The SYK model

Entangle electrons pairwise randomly

Sachdev, Ye (1993); Kitaev (2015)
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Electron scattering
time ⌧ in

the SYK model

1

⌧
= ↵

kBT

~
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The SYK model has a scale-invariant 
entanglement structure:  

i.e. electrons are entangled at all  
distance and time scales 

 
In one set of variables, it describes  

certain strange metals 
 
 

In a dual set of variables it describes certain 
black holes

The Sachdev-Ye-Kitaev (SYK) model

Sachdev (2010), Kitaev (2015), Maldacena Stanford (2015)

Sachdev, Ye (1993)



Objects so dense that light is 
gravitationally bound to them.

Black Holes

Horizon radius R =
2GM

c2
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G Newton’s constant, c velocity of light, M mass of black hole
For M = earth’s mass, R ⇡ 9mm!
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Quantum Entanglement across a black hole horizon
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Quantum Entanglement across a black hole horizon

Black hole 

horizon
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Black hole 

horizon

Quantum Entanglement across a black hole horizon



Black hole 

horizon

Quantum Entanglement across a black hole horizon

There is quantum entanglement 
between the inside and outside of 

a black hole



Black hole 

horizon

Quantum Entanglement across a black hole horizon

Hawking (1975) used other arguments to show 
that black hole horizons have a temperature

(The entanglement reasoning: to an outside 

observer, the state of the electron inside the black 
hole cannot be known, and so the outside 

electron is in a random state. )



Quantum

Black

holes

• Black holes have an entropy and
a temperature, TH = ~c3/(8⇡GMkB).

• The entropy is proportional to
their surface area.

• They relax to thermal equilib-
rium in a Planckian time⇠ ~/(kBTH).
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Black holes are represented as a `hologram’ by a  
quantum many-body system in one lower dimension. 

 
Duality: a `change of variables’ between the  

many-particle configurations and the metric of spacetime 

Susskind, Maldacena…..



Quantum

Black

holes

• Black holes have an entropy and
a temperature, TH = ~c3/(8⇡GMkB).

• The entropy is proportional to
their surface area.

• They relax to thermal equilib-
rium in a Planckian time⇠ ~/(kBTH).
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The hologram of a black hole
in d dimensions

is a quantum many-particle system
in (d� 1) dimensions

which relaxes to thermal equilibrium
in a Planckian time ⇠ ~/(kBT )



~x
⇣

Maxwell’s electromagnetism  
and Einstein’s general relativity  

allow black hole solutions with a net charge 
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The near-horizon
geometry of a

charged black hole is
one-dimensional (⇣)



~x
⇣

Maxwell’s electromagnetism  
and Einstein’s general relativity  

allow black hole solutions with a net charge 

The hologram of the 
1+1 dimensional 
gravity near the 

horizon of a charged 
black hole is the 0+1 

dimensional SYK 
model

Sachdev (2010); Kitaev (2015); Sachdev (2015); Maldacena, Stanford, Yang (2016) ; Moitra, 
Trivedi, Vishal (2018) ; Gaikwad, Joshi, Mandal, Wadia (2018); Iliesiu, Turaci (2020) 



The SYK model has a scale-invariant 
entanglement structure:  

i.e. electrons are entangled at all  
distance and time scales 

 
In one set of variables, it describes  

certain strange metals 
 
 

In a dual set of variables it describes certain 
black holes

The Sachdev-Ye-Kitaev (SYK) model

Sachdev (2010), Kitaev (2015), Maldacena Stanford (2015)

Sachdev, Ye (1993)
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