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N ! 1 yields critical strange metal.
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Electrons in clean macroscopic samples of graphene exhibit an astonishing variety of quantum
phases when strong perpendicular magnetic field is applied. These include integer and fractional
quantum Hall states as well as symmetry broken phases and quantum Hall ferromagnetism. Here we
show that mesoscopic graphene flakes in the regime of strong disorder and magnetic field can exhibit
another remarkable quantum phase described by holographic duality to an extremal black hole in
two dimensional anti-de Sitter space. This phase of matter can be characterized as a maximally
chaotic non-Fermi liquid since it is described by a complex fermion version of the Sachdev-Ye-Kitaev
model known to possess these remarkable properties.

Tensions between the laws of quantum mechanics and
classical gravity that are emblematic of the extreme en-
vironments occurring in the early universe and near hori-
zons of black holes constitute the most enigmatic mys-
teries in modern physics. A promising avenue to resolve
some of the paradoxes encountered in these studies, such
as the black hole information paradox, is the holographic
principle [1]. In holographic duality, quantum gravity
degrees of freedom in a (d + 1)-dimensional spacetime
“bulk” are represented by a many-body system defined
on its d-dimensional boundary.

Important new insights into these fundamental ques-
tions have been gained recently through the study of the
Sachdev-Ye-Kitaev (SYK) model [2, 3] which describes
a system of N fermions in (0+1) dimensions subject to
random all-to-all four-fermion interactions and is dual to
dilaton gravity in (1+1) dimensional anti-de Sitter space
AdS2 [4, 5]. Despite being maximally strongly interact-
ing this model is, remarkably, exactly solvable in the limit
of large N . It has been shown to exhibit physical proper-
ties characteristic of the black hole, including the exten-
sive ground state entropy S0 ⇠ N , emergent conformal
symmetry at low energy and fast scrambling of quan-
tum information that saturates the fundamental bound
on the relevant Lyapunov chaos exponent �T . Exten-
sions of this model also show interesting behaviors, in-
cluding unusual spectral properties [6–8], supersymme-
try [9], quantum phase transitions of an unusual type
[10–12], quantum chaos propagation [13–15], patterns of
entanglement [16, 17] and strange metal behavior [18].

In this letter we propose a simple experimental real-
ization of the SYK model with complex fermions in a
mesoscopic graphene flake with an irregular boundary
and subject to a strong applied magnetic field. Unlike
the earlier proposals in solid state systems [19, 20], which
targeted the Majorana fermion version of the model, our
proposed device does not require superconductivity or
advanced fabrication techniques and should therefore be
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FIG. 1. Schematic depiction of the proposed device. Ir-
regular shaped graphene flake in applied magnetic field B

forms the (0+1) dimensional many-body system equivalent
to a black hole in (1+1) anti-de Sitter space. Inset: lattice
structure of graphene with A and B sublattices marked and
nearest neighbor vectors denoted by �j .

relatively straightforward to assemble using only the ex-
isting technologies. The proposed design is illustrated in
Fig. 1. Magnetic field B applied to graphene is known
to produce a variety of interesting quantum phases [21–
30]. At the noninteracting level the field simply reorga-
nizes the single-particle electron states into Dirac Lan-
dau levels with energies [31] En ' ±~v

p
2n(eB/~c) and

n = 0, 1, · · · . We argue that when the graphene flake
is su�ciently small and irregular the electrons in the
n = 0 Landau level (LL0) are generically described by
the SYK model. This remarkable property is rooted in
the celebrated Aharonov-Casher construction [32] which
implies that, in the absence of interactions, LL0 remains
perfectly sharp even in the presence of strong disorder
that respects the chiral symmetry of graphene. As we
shall see a flake with a highly irregular boundary, il-
lustrated in Fig. 1, is chirally symmetric. Electrons in
LL0, therefore, remain nearly perfectly degenerate, de-
spite the fact that their wavefunctions acquire random
spatial structure. When Coulomb repulsion is projected
onto these highly disordered states, random all-to-all in-
teractions between the zero modes are generated, exactly
as required to define the SYK model.
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Apply a temperature di↵erence�T ,
and measure the voltage di↵erence
�V , while no current is flowing.
The thermopower is

⇥ =
�V

�T
=

kB
e

⇥ (a number)
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Thermopower

Thermopower is non-zero as T ! 0
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E is a dimensionless measure of the
particle-hole asymmetry
(E = 0 for Q = 1/2)

SYK metal island
weakly coupled to 
normal metal leadsA. Kruchkov,  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Normal metal island
weakly coupled to 
normal metal leads
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Thermopower

Thermopower vanishes linearly as T ! 0
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FIG. 4. Crossovers in transport from the SYK regime at
T > J/N , to Schwarizan dominated behavior at T < J/N .
It is assumed here that T, J/N � Ecoh, EC . We use J = 1
and E = 0.05. The values of N are N = 1 (red), N = 1000
(green), and N = 100 (blue).

lB =
p

h/eB, which for B =10 T gives magnetic length
scale lB ⇡ 8 nm. We propose a graphene flake of size
L ' 80 nm should allow the wavefunctions to be sensi-
tive to the disorder originating from the edges. For such
length scales, the number of states in the lowest Lan-
dau level is hundreds, N ⇡ �/�0 ⇠ 102. This sets the
number of states for the SYK electrons N .

We have two initial energy scales: the strength of the
SYK interactions in Ref. 14 is estimated as J ⇡ 25 meV,
but this is likely to decrease with the e↵ective system
size L/lB (J vanishes for infinite-size monolayer); we take
here J ⇡ 10 meV as a reasonable estimate for our L ' 80
nm flake. The finite bandwidth of the lowest Landau level
(LLL) is set by bulk disorder and is estimated to be t ⇡ 1
meV in realistic samples.

These estimates yield a rather low energy for the co-
herence scale Ecoh ⇡ 1 K for the crossover in Section III.
The crossover for the Schwarzian corrections in Section V
is similar J/N ⇡ 1 K. Finally, the charging energy EC ,

relevant for Section IV can be controlled by tuning the
capacitance of the system independently from other ef-
fective parameters (flake size, dielectric constant, sepa-
ration to the gate, and etc.). This can be achieved, for
example, by putting the back gate in the proximity of the
dots, which increases capacitance C of the quantum dot
in the controllable way. Depending on the thickness of
the dielectric layer, the charging energy of the quantum
dot C can be tuned between 0.5 to 50 K.

VII. CONCLUSIONS

The SYK model realizes a many-body state of quan-
tum matter without quasiparticle excitaions. Its unusual
properties include a non-vanishing entropy density in the
zero temperature limit, and a maximal quantum Lya-
punov exponent. Its low energy theory is identical to
those of charged quantum black holes which also share
these properties.

One of the main points of our paper is that the large
low T entropy density has a direct experimental signature
in the thermopower. We examined in detail the experi-
mental configuration shown in Fig. 1: with a SYK island,
realized e.g. in a graphene flake as proposed in Ref. 14,
coupled to metallic leads. We computed the characteris-
tic signature of SYK criticality in the electrical conduc-
tance, the thermal conductance, and the thermopower,
and the main results are in (18).

Every experimental realizations will have some low
temperature cuto↵ below which the SYK criticality de-
scribed above will not hold. We consider three possi-
bilities for this cuto↵: the coherence energy Ecoh in (1)
below which quasiparticles re-emerge (see Section III and
(24)), the charging energy EC (see Section IV and (42)),
and finite N e↵ects which appear below the scale J/N

and are described by quantum gravity fluctuations con-
trolled by a Schwarzian action (see Section V and (44)).
The e↵ects of these crossovers in the transport properties
are contained in Figs. 2, 3, and 4 respectively.

An examination of these figures show that the ther-
mopower, ⇥, has distinctive signatures, which will al-
low identification of the SYK regime, and the nature of
the low T crossover. The thermopower is T independent
in the SYK regime T < J , and remains nearly so into
the crossover into the Schwarzian dominated regime at
T < J/N (see Fig. 4); this reflects the presence of the
zero temperature entropy S0. For the case of a low T

crossover into the Fermi liquid, ⇥ vanishes linearly with
T , reflecting the vanishing entropy of the Fermi liquid
(see Fig. 2); and for a low T crossover into the Coulomb
blockade, ⇥ increases (see Fig. 3). Figs. 2, 3, and 4 also
contain the crossovers in the electrical and thermal con-
ductance, which should serve as additional experimen-
tal diagnostics, and allow conclusive identification of a
regime of a SYK criticality.
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FIG. 4. Crossovers in transport from the SYK regime at
T > J/N , to Schwarizan dominated behavior at T < J/N .
It is assumed here that T, J/N � Ecoh, EC . We use J = 1
and E = 0.05. The values of N are N = 1 (red), N = 1000
(green), and N = 100 (blue).

lB =
p

h/eB, which for B =10 T gives magnetic length
scale lB ⇡ 8 nm. We propose a graphene flake of size
L ' 80 nm should allow the wavefunctions to be sensi-
tive to the disorder originating from the edges. For such
length scales, the number of states in the lowest Lan-
dau level is hundreds, N ⇡ �/�0 ⇠ 102. This sets the
number of states for the SYK electrons N .

We have two initial energy scales: the strength of the
SYK interactions in Ref. 14 is estimated as J ⇡ 25 meV,
but this is likely to decrease with the e↵ective system
size L/lB (J vanishes for infinite-size monolayer); we take
here J ⇡ 10 meV as a reasonable estimate for our L ' 80
nm flake. The finite bandwidth of the lowest Landau level
(LLL) is set by bulk disorder and is estimated to be t ⇡ 1
meV in realistic samples.

These estimates yield a rather low energy for the co-
herence scale Ecoh ⇡ 1 K for the crossover in Section III.
The crossover for the Schwarzian corrections in Section V
is similar J/N ⇡ 1 K. Finally, the charging energy EC ,

relevant for Section IV can be controlled by tuning the
capacitance of the system independently from other ef-
fective parameters (flake size, dielectric constant, sepa-
ration to the gate, and etc.). This can be achieved, for
example, by putting the back gate in the proximity of the
dots, which increases capacitance C of the quantum dot
in the controllable way. Depending on the thickness of
the dielectric layer, the charging energy of the quantum
dot C can be tuned between 0.5 to 50 K.

VII. CONCLUSIONS

The SYK model realizes a many-body state of quan-
tum matter without quasiparticle excitaions. Its unusual
properties include a non-vanishing entropy density in the
zero temperature limit, and a maximal quantum Lya-
punov exponent. Its low energy theory is identical to
those of charged quantum black holes which also share
these properties.

One of the main points of our paper is that the large
low T entropy density has a direct experimental signature
in the thermopower. We examined in detail the experi-
mental configuration shown in Fig. 1: with a SYK island,
realized e.g. in a graphene flake as proposed in Ref. 14,
coupled to metallic leads. We computed the characteris-
tic signature of SYK criticality in the electrical conduc-
tance, the thermal conductance, and the thermopower,
and the main results are in (18).

Every experimental realizations will have some low
temperature cuto↵ below which the SYK criticality de-
scribed above will not hold. We consider three possi-
bilities for this cuto↵: the coherence energy Ecoh in (1)
below which quasiparticles re-emerge (see Section III and
(24)), the charging energy EC (see Section IV and (42)),
and finite N e↵ects which appear below the scale J/N

and are described by quantum gravity fluctuations con-
trolled by a Schwarzian action (see Section V and (44)).
The e↵ects of these crossovers in the transport properties
are contained in Figs. 2, 3, and 4 respectively.

An examination of these figures show that the ther-
mopower, ⇥, has distinctive signatures, which will al-
low identification of the SYK regime, and the nature of
the low T crossover. The thermopower is T independent
in the SYK regime T < J , and remains nearly so into
the crossover into the Schwarzian dominated regime at
T < J/N (see Fig. 4); this reflects the presence of the
zero temperature entropy S0. For the case of a low T

crossover into the Fermi liquid, ⇥ vanishes linearly with
T , reflecting the vanishing entropy of the Fermi liquid
(see Fig. 2); and for a low T crossover into the Coulomb
blockade, ⇥ increases (see Fig. 3). Figs. 2, 3, and 4 also
contain the crossovers in the electrical and thermal con-
ductance, which should serve as additional experimen-
tal diagnostics, and allow conclusive identification of a
regime of a SYK criticality.

Conductance 
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Normal metal behavior for T < Tcoh ⇠ h2/U
SYK behavior for T > Tcoh ⇠ h2/U



T (K)
1.41 32.4

(a)

(b) (c)

(a) -!"# at B=-10 T with $./0 = 2 at a 
range of temperatures between 1.41 K 
and 31.4 K. Shading indicates doping 
regions for various LLs in the dot. (b) 
Average value of -!"# in the regions 
highlighted by colors in (a). (c) 
Arrhenius plot of the variance of -!"#
divided by the square of the average 
value for the regions highlighted in (a). 
Dashed lines are lines of best fit for 
#$&#' > 3 K.
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T (K)
1.41 32.4

Vdot

Vdiag

(c)

(d)

(e)

(a) Reservoir !,- at at B=-10 T as a function 
of "$% and "#% at T=350 mK. (b) !!"# as a 
function of "$% and "#%, measured 
simultaneously with (a). (c) !!"# at B=-10 T 
with "$% and "#% simultaneously varied to 
maintain $./0 = 2, at a range of temperatures 
between 1.41 K and 31.4 K as indicated by 
the color scale. Shaded regions show the 
doping regions for various Landau levels (LLs) 
in the dot. Inset schematics illustrate the 
general behavior of the edge states in 
different doping regions, as well as the 
voltages measured to determine !!)&% and 
!!"#. (d) !!)&% measured along the same "$%
and "#% values as (c) at T=1.41 K. (e) 
Arrhenius plot of the variance of !!"# divided 
by the square of the average value in the 
hole-doped side of the n=0 LL (dark blue) and 
the electron-doped side of the n=1 LL 
(yellow). Dashed lines are lines of best fit for 
#$&#' > 3 K. Inset: Average value of !!"# in 
these doping regions.

n=-1+ n=0- n=0+ n=1- n=1+
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Striking feature of observations at finite N :
fluctuations from random couplings are much larger

for T < Tcoh (normal metal regime)
than for T > Tcoh (possible SYK regime)
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as representing quark propagators and the double lines as
gluon propagators. The quark propagator is given simply
by 1/z while the gluon propagator is given by

D(J kl(t) = (—0',j(t)(Pkl(0) )

Let us now move on to the connected two-point
Green's function

1 1 1
G, (z,w, t }=— tr trS(—() w —q(O) }~

co +m
(2.3)

00 00

+ & + &
( trgP(t) try"(0) )c .N 0„0z +'m"+'

(2.8)
We will now immediately generalize to arbitrary time

dependence by replacing (2.3) by
2

+j', kl( t} ~'l~jk (2.4}

For instance, the time dependence in (2.1) may be
changed in such a way that the "momentum space" prop-
agator co +m in (2.4) is replaced by I /(t0 +y ~

co
~
+m )

or 1/(co +ace +m ), for example. In other words, in
(2.1) we can replace ,'(dy/d—t)z by yK(d/dt)q with K
any reasonable function. Our only requirement is that u
is a smooth function of t and does not blow up as t goes
to zero.
Introducing as usual the one-particle irreducible self-

energy X;.(z}, we can write the generalized rainbow in-
tegral equation [Fig. 1(b)]

X(z)=o 1 =cr G(z) .
z —X(z) (2.5)

Here we have used the fact, which is immediately obvious
from examining the Feynman diagrams, that X;j(z) is
equal to 5;.X(z) and the fact that the gluon propagator
only appears at equal time

1
ij, kl(0) ~il~jk N

a

Note that the quark does not know about time. Solving
the quadratic equation for X, we obtain the Green's func-
tion as defined in (1.3):

N G, (z, w)= 1

(zw)
zw

'2 (2.9)

We next include Wick contractions within the same
trace in (tr(p tr(p"). We see that graphically these con-
tractions describe vertex and self-energy corrections. The
vertex corrections can be immediately summed: The ex-
pression in (2.9) is to be multiplied by two factors, the
factor

Henceforth, for the sake of notational clarity we will set
cr to unity; it can always be recovered by dimensional
analysis. Diagrammatically, the expression for G, (z, to, t )
can be described as two separate quark loops, carrying
"momentum" z and w, respectively, interacting by emit-
ting and absorbing gluons [see Fig. 2(a)].
With a Gaussian distribution for (p, we can readily

"Wick-contract" the expression ( ter (t)trqr"(0) )C. Let
us begin by ignoring contractions within the same trace
(in which case m and n are required to be equal). In the
large N limit, the dominant graphs [see Fig. 2(b)] are
given essentially by "ladder graphs" (with one crossing)
which immediately sum to

G(z)= (z—+z —4o ) .1

20
(2.6)

G,

X(z)=bo =her G(z) .1
z—X(z) (2.7)

Thus, we have the same distribution of eigenvalues with a
suitable rede5nition of the end points.

Taking the absorptive part, we recover immediately
Wigner s semicircle law as given in (1.20).
Incidentally, within this diagrammatic approach, band

matrices can be treated immediately. Let the matrices y
be restricted so that (p," vanishes unless ~i j~ (bN/—2
with b & 1. Such matrices describe, for example, the hop-
ping of a single electron on a one-dimensional lattice with
random hopping amplitudes. The essential feature is that
from each site the electron can hop to O(1/N) sites.
Looking at the Feynman diagrams, we see that in the
generalized rainbow integral equation we simply restrict
the range of summation from N to bN and thus, instead
of (2.3), we obtain

FIG. 2. (a) Feynman diagram expansion for the connected
two-point Green's function. The dotted lines here represent the
"gluon" propagator. (b) Some typical low order Feynman dia-
grams contributing to the connected two-point Green's func-
tion.
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Properties of a strange metal:

1. Resistivity ⇢(T ) = ⇢0 +AT + . . . as T ! 0

and ⇢(T ) < h/e2 (in d = 2).

Metals with ⇢(T ) > h/e2 are bad metals.

2. Specific heat ⇠ T ln(1/T ) as T ! 0.

3. Optical conductivity
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Yukawa-SYK models
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with gij` independent random numbers with zero mean.
Leads to fully self-consistent Migdal-Eliashberg equations
⌃ ⇠ g2G G�, ⌃� ⇠ g2G G in a SYK-like large N limit.
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Fermi surface coupled to a critical boson with disorder
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Residual resistivity is determined by v2; Linear-in-T resistivity determined by g02;
Transport insensitive to g; Marginal Fermi liquid self energy and T ln(1/T ) specific heat.
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From the SYK model 
to a quantum theory of


charged black holes
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A CFT in d spatial dimensions has an entropy density S ⇠ T d. The SYK
model is a 0+1 dimensional CFT, and we obtain a T -independent entropy:

lim
T!0

lim
N!1

S

N
= s0 ) D(E)

?
= eNs0�(E � E0)
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• For generic black holes with charge Q in
asymptotically Minkowski 3+1 dimensions,
the SYK model yields, in terms of A0 =
2GQ2/c4, the horizon area at T = 0:
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There is no degeneracy, but an
exponentially small level spacing
down to the ground state.
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• For generic black holes with charge Q in
asymptotically Minkowski 3+1 dimensions,
the SYK model yields, in terms of A0 =
2GQ2/c4, the horizon area at T = 0:
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Bekenstein-Hawking
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Strong theory of charged black holes
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• With su�cient low energy
supersymmetry:
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There are exponentially many
degenerate BPS ground states,
and an energy gap � above
the ground state. Similar
results for supersymmetric
SYK models
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• Graphene flakes display a crossover from quasiparticle behavior with
large disorder-induced fluctuations at low T , to a higher T regime
with weak fluctuations and a T -independent thermopower. The latter
behavior matches that of the SYK model

• Linear-T resistivity, T ln(1/T ) specific heat, ⇠ 1/! optical conductiv-
ity, and marginal Fermi liquid electron spectrum all arise from a SYK-
like model with spatially random interactions in a two-dimensional
quantum-critical metal.

• Toy SYK model captures the correct universal low energy quantum
theory of charged black holes, and provides a quantum simulation of
black hole microstates.
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