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SCIENCE

Sorry, Einstein. Quantum Study Suggests
‘Spooky Action’ Is Real.
By JOHN MARKOFF OCT. 21, 2015

In a landmark study, scientists at Delft University of Technology in the
Netherlands reported that they had conducted an experiment that they say proved
one of the most fundamental claims of quantum theory — that objects separated by
great distance can instantaneously affect each other’s behavior.

The finding is another blow to one of the bedrock principles of standard
physics known as “locality,” which states that an object is directly influenced only
by its immediate surroundings. The Delft study, published Wednesday in the
journal Nature, lends further credence to an idea that Einstein famously rejected.
He said quantum theory necessitated “spooky action at a distance,” and he refused
to accept the notion that the universe could behave in such a strange and
apparently random fashion.

In particular, Einstein derided the idea that separate particles could be
“entangled” so completely that measuring one particle would instantaneously
influence the other, regardless of the distance separating them.

Einstein was deeply unhappy with the uncertainty introduced by quantum
theory and described its implications as akin to God’s playing dice.

But since the 1970s, a series of precise experiments by physicists are
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Part of the laboratory 
setup for an experiment 

at Delft University of 
Technology, in which 

two diamonds were set 
1.3 kilometers apart, 
entangled and then 
shared information. 
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Quantum Entanglement: quantum superposition 
with more than one particle

Principles of Quantum Mechanics: 1I. Quantum Entanglement

Hydrogen atom:
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Einstein-Podolsky-Rosen “paradox” (1935): 
Measurement of one particle 

instantaneously determines the state of the 
other particle arbitrarily far away
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Quantum phase transitions

Quantum 
entanglement A simple 

qubit 
model
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A qubit: 2 states |"i, |#i.

Pauli gates:

X |"i = |#i , X |#i = |"i

Y |"i = i |#i , Y |#i = �i |"i
Z |"i = |"i , Z |#i = � |#i

A 2-qubit Hamiltonian: H = J (X1X2 + Y1Y2 + Z1Z2)

Ground state:
1p
2
(|"i1 |#i2 � |#i1 |"i2)

Energy = �3J

Excited states: |"i1 |"i2, |#i1 |#i2,
1p
2
(|"i1 |#i2 + |#i1 |"i2)

Energy = J



<latexit sha1_base64="q4rfe/OphRnn7rtEkWN4kn90m+Y="></latexit>

A qubit: 2 states |"i, |#i.

Pauli gates:

X |"i = |#i , X |#i = |"i

Y |"i = i |#i , Y |#i = �i |"i
Z |"i = |"i , Z |#i = � |#i

A 2-qubit Hamiltonian: H = J (X1X2 + Y1Y2 + Z1Z2)

Ground state:
1p
2
(|"i1 |#i2 � |#i1 |"i2)

Energy = �3J

Excited states: |"i1 |"i2, |#i1 |#i2,
1p
2
(|"i1 |#i2 + |#i1 |"i2)

Energy = J



The simple model

S. Sachdev and J. Ye,  Phys. Rev. Lett. 70, 3339 (1993)
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H =
NX

i<j=1

Jij (XiXj + YiYj + ZiZj)

Jij are random numbers with zero mean, and variance ⇠ J2/N

(Technical comment: the solvable model has states in the self-conjugate representation
of SU(M), and we take the limit N ! 1 followed by the limit M ! 1)
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The main result

S. Sachdev, Phys. Rev. Lett. 105, 151602 (2010)
A. Kitaev (2015)

J. Maldacena and D. Stanford,  Phys. Rev. D 94, 106002 (2016)
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S0 is the T ! 0 entropy of the qubit model.

A. Georges, O. Parcollet, and S. Sachdev, Phys. Rev. B 63, 134406 (2001)

It maps on to the Bekenstein-Hawking

entropy of charged black holes
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• f(⌧) is the reparameterization of the imaginary time of the qubit model:
⌧ on a circle of circumference ~/(kBT ).

• f(⌧) is also the fluctuation of the boundary of a theory of 2D-gravity in
1+1 spacetime dimensions: a ‘boundary graviton’.

• The action of 2D-gravity, S2D�gravity, is constrained by an emergent time
reparameterization symmetry which is broken down to
a conformal symmetry (SL(2,R)).
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Consequences of 2D-gravity for the dynamic spin susceptibility

�L(!) =
P

n |h0|Xi |ni|2 �(~! � En + E0), (at T = 0)

�L(!) ⇠ tanh
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2kBT

◆
1� C� ! tanh

✓
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2kBT

◆
� . . .
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A. Georges and O. Parcollet  
PRB 59, 5341 (1999)
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Conformally (SL(2,R))
invariant result with

characteristic dissipative
time ⇠ ~/(kBT )
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the boundary 

graviton
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Horizon radius R =
2GM

c2

Objects so dense that light is 
gravitationally bound to them.

Black Holes

In Einstein’s theory, the 
region inside the black hole 
horizon is disconnected from 

the rest of the universe.

G Newton’s constant, c velocity of light, M mass of black hole
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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 used this to show that 
black hole horizons have an 
entropy and a temperature

(because to an outside observer, the state of the 
electron inside the black hole is an unknown)



J. D. Bekenstein, PRD 7, 2333 (1973)
S. W. Hawking, Nature 248, 30 (1974) 

• 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).

<latexit sha1_base64="CtCuY4XtgqWdISPYGjZpgV6IJPk="></latexit><latexit sha1_base64="CtCuY4XtgqWdISPYGjZpgV6IJPk="></latexit><latexit sha1_base64="CtCuY4XtgqWdISPYGjZpgV6IJPk="></latexit><latexit sha1_base64="CtCuY4XtgqWdISPYGjZpgV6IJPk="></latexit>

Quantum 
Black 
holes



On September 14, 2015, LIGO detected the merger of 
two black holes, each weighing about 30 solar masses, 
with radii of about 100 km, 1.3 billion light years away

0.1 seconds later !



LIGO
September 14, 2015

• The ring-down time
8⇡GM

c3
⇠ 8 milliseconds. Curiously, for essen-

tially all types of black holes, the ring-down time equals

~
kBTH
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~
kBTH

, ~ Planck’s constant, kB Boltzmann’s constant
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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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Maxwell’s electromagnetism  
and Einstein’s general relativity  

allow black hole solutions with a net charge 



~x
⇣

Zooming into the near-
horizon region of a 

charged black hole at 
low temperature, yields 
a gravitational theory 
in one space (   ) and 
one time dimension

⇣

Maxwell’s electromagnetism  
and Einstein’s general relativity  

allow black hole solutions with a net charge 



~x
⇣

This 2D-gravity theory 
is precisely that 

appearing in the low T 
limit of the  

Sachdev-Ye-Kitaev 
(SYK) models 

(including the qubit 
model)!

Maxwell’s electromagnetism  
and Einstein’s general relativity  

allow black hole solutions with a net charge 
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Charged black holes

r
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total
charge Q
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of radius r0
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A. Chamblin, R. Emparan, C.V. Johnson, and R.C. Myers, PRD 60, 064018 (1999)

IEM =

Z
dd+2x

p
g


� 1

22

✓
Rd+2 +

d(d+ 1)

L2

◆
+

1

4g2F
F 2

�
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Solutions of IEM have metric and gauge field (F = dA)

ds2 = V (r)d⌧2 + r2d⌦2
d +

dr2

V (r)
, iµ

 
1� rd�1

0

rd�1

!
d⌧

V (r) = 1 +
r2

L2
+

⇥
2

r2d�2
� M

rd�1
.

where d⌦2
d is the metric of the d-sphere. All parameters of the solution are

determined in terms of the chemical potential µ, and the Hawking temperature

of horizon, T .
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Sd
<latexit sha1_base64="sNqyFaeX5xGrXQcUM8pit4YxZSg=">AAAB93icdVDLSsNAFJ34rPVVdelmsBVcSJjEhmZZdOOyomkLbSyTybQdOnkwMymU0G9wqyt34tbPceG/OH0IKnrgwuGce7n3niDlTCqE3o2V1bX1jc3CVnF7Z3dvv3Rw2JRJJgj1SMIT0Q6wpJzF1FNMcdpOBcVRwGkrGF3N/NaYCsmS+E5NUupHeBCzPiNYacmr3N6HlV6pjEyn6jiODZGJ3JrjVjWxkIvsKrRMNEcZLNHolT66YUKyiMaKcCxlx0Kp8nMsFCOcTovdTNIUkxEe0I6mMY6oPA/HLJVz6ufzu6fwVJsh7CdCV6zgXP0+nONIykkU6M4Iq6H87c3Ev7xOpvqun7M4zRSNyWJRP+NQJXAWAgyZoETxiSaYCKbPhmSIBSZKR1XUeXw9Df8nTdu0Lkz7xi7XL5fJFMAxOAFnwAI1UAfXoAE8QAADD+ARPBkT49l4MV4XrSvGcuYI/IDx9gkea5L8</latexit>



Charged black holes
In the T ! 0 limit, at fixed µ, we obtain a charged black hole
solution with radius r0(T ! 0, µ) = Rh. All properties of this
black hole can be expressed in terms of Rh
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• In the near-horizon region, we change co-ordinates from r to
⇣ so that

r �Rh =
R2

2

⇣
, R2 =

LRhp
d(d+ 1)R2

h + (d� 1)2L2
.

Then the near-horizon metric becomes AdS2⇥ Sd, with

ds2 = R2
2


�dt2 + d⇣2

⇣2

�
+R2

hd⌦
2
d , A =

E
⇣
dt .

where the dimensionless electric field E is

E =
gFRh

p
2d [(d+ 1)R2

h + (d� 1)L2]

2 [d(d+ 1)R2
h + (d� 1)2L2]

.
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AdS2 ⇥ S2

ds2 = (d⇣2 � dt2)/⇣2 + d~x2

Gauge field: A = (E/⇣)dt
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Charged black holes
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charge Q
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• The entropy S0, the charge Q, and the dimension-
less electric field E obey the same thermodynamic
relation as the SYK model

dS0

dQ = 2⇡E



2D gravity and black holes
• Reparameterization invariance is a defining property

of Einstein’s theory of gravity

• In imaginary time, AdS2 is the homogeneous hyper-
bolic space: two-dimensional surface of constant neg-
ative curvature. Its metric is invariant under SL(2,R)
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ds2 = (d⌧2 + d⇣2)/⇣2 is invariant under

⌧ 0 + i⇣ 0 =
a(⌧ + i⇣) + b

c(⌧ + i⇣) + d
with ad� bc = 1.
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• Reparameterization invariance is a defining property
of Einstein’s theory of gravity

• In imaginary time, AdS2 is the homogeneous hyper-
bolic space: two-dimensional surface of constant neg-
ative curvature. Its metric is invariant under SL(2,R)
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2D gravity and black holes
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Low T quantum fluctuations
about the Einstein-Maxwell

theory of charged black holes in
d � 2 spatial dimensions leads to
the same 2D gravity theory as

the SYK models.

https://arxiv.org/search/hep-th?searchtype=author&query=Vishal%2C+V
https://arxiv.org/search/hep-th?searchtype=author&query=Song%2C+W


SYK model and charged black holes
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t-J model
H = � 1p

N

NX

i,j=1

tij c
†
i↵cj↵ +

1p
N

NX

i<j=1

Jij
~Si · ~Sj

We consider the hole-doped case, with no double occupancy. Each
site has 3 states which we map to the ‘superspin’ space of a boson
b (the holon) and a fermion f↵ (the spinon):

|0i ) b
† |vi , c

†
↵ |0i ) f

†
↵ |vi

c↵ = f↵b
†

~S =
1

2
f
†
↵�↵�f�

f
†
↵f↵ + b

†
b = 1

U(1) gauge invariance, b ! be
i�
, f↵ ! f↵e

i�

The physical electron (c↵) and spin (~S) operators are rotations in
this SU(1|2) superspin space.
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Momentum-space view at large p

1+p mobile holes in a filled band

tion (LDA), which are in good agreement with previous
calculations [11,12], and a tight-binding fit of the experi-
mentally determined FS. The spectra in Figs. 1(b) and 1(c)
were measured along momentum space directions near the
nodal and antinodal regions of the BZ, as indicated by the
arrows in Fig. 1(a). Dispersive features are clearly observ-
able, with a behavior which is ubiquitous among the cup-
rates [1]. Close to the nodal direction the QP peak exhibits
a pronounced dispersion that can be followed over
!250 meV below EF; near "!; 0#, on the other hand, the
band is much shallower with a van Hove singularity
!39 meV below EF. By integrating over a $5 meV win-
dow about EF the ARPES spectra normalized at high
binding energies, one obtains an estimate for the normal-
state FS [Fig. 1(d); the EF-intensity map across two BZs
was downfolded to the reduced zone scheme and symme-
trized with respect to the BZ diagonal, taking an average
for equivalent k points, and then fourfolded]. As discussed
later, at T % 10 K a d-wave SC gap is open along the FS;
thus this procedure returns the loci of minimum excitation
energy across the gap, which, however, still correspond to
the underlying normal-state FS crossings [1].

The FS of Tl2201-OD30 [Fig. 1(d)] consists of a large
hole-pocket centered at "!;!#, which, as suggested by the
low binding energy of the van Hove singularity [Fig. 1(c)],
appears to be approaching a topological transition from
hole to electronlike. The FS volume, counting holes, is
63$ 2% of the BZ corresponding to a carrier concentra-
tion of 1:26$ 0:04 hole=Cu atom, in very good agreement
with Hall-coefficient [13] and AMRO [6] experiments,
which found 1.30 and 1.24 itinerant holes, respectively,
in slightly more overdoped samples. These measurements
all indicate that the low-energy electronic structure of very

overdoped Tl2201 is dominated by a single CuO band. In
both ARPES and AMRO data there is no evidence for the
TlO band that in LDA calculations crosses EF and gives
rise to a small electron pocket centered at k % "0; 0# for
nonoxygenated (i.e., " % 0) Tl2201 [Fig. 1(a), dashed FS].
This, however, is no surprise even within the indepen-
dent particle picture. In fact, adjusting the chemical po-
tential in the calculations in a rigid-band-like fashion to
match the doping level of our Tl2201-OD30 sample (as
determined by the total FS volume), the TlO band is
emptied of its electrons and the LDA FS reduces to the
single CuO pocket [Fig. 1(a), solid FS]. Since full deple-
tion of the TlO band takes place for !EF ’ &0:159 eV,
corresponding to the removal of 0.024 electrons from
the TlO band (as well as 0.109 from the CuO band), already
the deviation of the Tl3' and Cu2' content of our samples
from the stoichiometric ratio 2:1, which contributes
!0:14 hole=formula unit, would be sufficient to empty
the TlO band even in the nonoxygenated " % 0 case. In
this sense, the Tl-Cu nonstoichiometry and the presence of
the TlO band cooperate in pushing the " % 0 system away
from half filling, which may help explain why nonoxygen-
ated Tl2201 is not a charge transfer insulator like undoped
(i.e., x % 0) LSCO [12]. As for the detailed shape of the
FS, which in LDA calculations is more square than in
ARPES and AMRO results, better agreement would re-
quire the inclusion in the calculations of correlation ef-
fects and/or O-doping beyond a rigid-band picture. Alter-
natively, the ARPES data can be modeled by the tight-
binding dispersion #k%$' t1

2 "coskx'cosky#' t2 coskx(
cosky ' t3

2 "cos2kx ' cos2ky# ' t4
2 "cos2kxcosky ' coskx(

cos2ky#' t5 cos2kxcos2ky, as in Ref. [14] (setting a % 1
for the lattice constant). With parameters $ % 0:2438,
t1 % &0:725, t2 % 0:302, t3 % 0:0159, t4 % &0:0805,
and t5 % 0:0034, all expressed in eV, this dispersion re-
produces both the FS shape [Fig. 1(d)] and the QP energy
at "0; 0# and especially near "!; 0# [Figs. 2(f) and 2(g)].

The analysis of the ARPES spectra in Fig. 2 indicates a
SC gap consistent with a dx2&y2 form. Because of the lack
of normal-state data, the opening of the gap for this
Tl2201-OD30 sample could not be followed via the shift
of the leading edge midpoint (LEM) across Tc, as is
commonly done (this was, however, possible in subsequent
temperature dependent experiments on a less overdoped
Tc % 74 K sample). In the present case, the existence of a
gap can be most easily visualized by the comparison of
nodal and antinodal symmetrized spectra [15], in particu-
lar, by the presence of a peak at EF along the nodal di-
rection [signature of a FS crossing; bold line in Fig. 2(a)]
and by the lack thereof along the antinodal [Fig. 2(b)]. For
a more quantitative analysis, we performed a fit of the
spectra along different k-space cuts intersecting the under-
lying normal-state FS [Fig. 2(d); as line shape we used a
Lorentzian QP peak plus a steplike background identified
by the ARPES intensity at k ) kF, all multiplied by a
Fermi function and convoluted with the instrumental en-
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FIG. 1 (color online). (a) LDA FS for two different doping
levels corresponding to a volume, counting holes, of 50% (cyan,
dashed line) and 63% (blue, solid line) of the BZ. (b),(c) ARPES
spectra taken at T % 10 K on Tl2201-OD30 along the directions
marked by arrows in (a). (d) ARPES FS of Tl2201-OD30 along
with a tight-binding fit of the data (black lines).
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“Fermi arcs”



Hard antinodal gap revealed by quantum oscillations in the pseudogap 
regime of underdoped high-Tc superconductors 
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spin-down Landau levels leads to a spin-damping factor of Rs ≈ 1 (see 
Supplementary Information)39. Figure 3a shows the dHvA wave-
form in YBa2Cu3O6.55, which is seen to have a forward-leaning saw-
tooth form—the direction of the sawtooth form is identified from 
the direction of the diamagnetic response in measured magnetic 
torque (Supplementary Fig. 3). The observed sawtooth form is seen 
to be similar to that measured in the well-known ideal 2D electron 
gas in a GaAs/AlGaAs heterostructure (Fig. 3c)29. Figure 3 shows 
all the hallmarks of a clean 2D metal consisting of a single section 
of Fermi surface in YBa2Cu3O6.55, including (1) a forward-leaning 
‘sawtooth’ waveform in the magnetization and magnetic torque 
(Fig. 3a,c), (2) an inverted U-shape waveform in the magnetic sus-
ceptibility and the resistivity (Fig. 3a,c) and (3) multiple harmonics  
whose amplitudes fall on an approximately exponential curve  
(Fig. 3b,d). The forward-leaning sawtooth dHvA oscillations 
observed in YBa2Cu3O6.55 are inconsistent with the inverse sawtooth 
expected for a large reservoir contribution (ζres

I
) to the electronic 

density of states at the Fermi level (see Supplementary Information 
and Supplementary Figs. 4 and 5).

Our observation of forward-leaning sawtooth dHvA oscilla-
tions in underdoped YBa2Cu3O6 + x points to an isolated 2D Fermi 
surface section. The forward-leaning sawtooth shape of the dHvA 
quantum oscillatory waveform arises from the jumps in chemical 
potential between discrete filled and empty Landau levels as the 
magnetic field is swept25,27,28,30,32. In contrast, a Fermi surface sec-
tion coexisting with a significant reservoir contribution (ζres

I
) to 

the electronic density of states at the Fermi level, for example from 
other Fermi surface sections, would cause notable departures from 
the forward-leaning sawtooth waveform expected for ideal 2D met-
als (see Supplementary Information and Supplementary Fig. 4),  
ultimately resulting in a backward-leaning sawtooth waveform  
for a sufficiently large reservoir contribution. A large reservoir 
contribution to the electronic density of states at the Fermi level 
would be expected for scenarios such as those involving addi-
tional Fermi sections40, open Fermi surface sheets28, a significant  
interlayer dispersion of the Fermi surface28,37,38,41 and an addi-
tional broad incoherent density of states29, among others (see 
Supplementary Information).
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Fig. 1 | Two proposed scenarios of the pseudogap ground state in YBa2Cu3O6!+!x. a, The Fermi arcs are part of a large cylindrical Fermi surface, while 
the antinodal states are rendered incoherent. b, The Fermi surface, translated for example by biaxial charge density wave order vectors Qx and Qy, and 
reconstructed into a nodal electron pocket, antinodal hole pockets and one-dimensional (1D) open sheets. c, Alternatively, Fermi arcs are unusual 
isolated objects sharply truncated in momentum space, while the remaining density of states encompassing the antinodal region is completely gapped. 
d, Fermi arcs connected for example by biaxial charge density wave order vectors yield a single isolated nodal electron pocket. Although Fermi surface 
reconstruction by a biaxial charge density wave has been chosen as an illustration45, alternative models of Fermi surface reconstruction could potentially 
yield similar results.
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To place an upper bound on the relative size of any reservoir 
accompanying the observed Fermi surface pocket, we make quan-
titative comparisons of the amplitude and sign of each successive 
harmonic with model predictions in which the size of the reser-
voir is treated as a variable (Fig. 4). We model the Fermi surface in 
YBa2Cu3O6.55 by a single 2D Fermi surface section accompanied by 
a finite reservoir of electronic density of states at the Fermi level. In 
the limit of an ideal 2D metal characterized by an isolated Fermi 
surface section, each of the harmonics contributing to the wave-
form has an amplitude that decreases in an exponential fashion 
with increasing harmonic index p. For T → 0, the susceptibility takes  
the form

∂M
∂B

/ !
X

p
ap cos

2πpF0

B

! "
ð1Þ

where ap ¼ e"pΓ0=BRT;p

I
, F0 is the fundamental quantum oscillation 

frequency, RT,p is a thermal damping factor close to unity at T = 1.5 K 
and we have assumed Rs = 1 (see Supplementary Information)37. 
Here Γ0

I
 is the effective Dingle damping term that parameterizes 

damping caused by quasiparticle scattering and other effects, and 
is related to the effective scattering rate τ−1 via τ!1 ¼ eΓ0=πm#

I
 (see 

Supplementary Information).28 The measured quantum oscillation 
data (Figs. 2a,c and 3b) show an exponential decrease in the ampli-
tude of successive harmonics, all of which have the same sign, as 
expected for an ideal 2D metal. In contrast, a finite reservoir contri-
bution ζres

I
 to the electronic density of states would yield consecutive 

harmonic amplitudes that deviate from an exponential decrease and 
exhibit relative changes in harmonic sign for a sufficiently large res-
ervoir size, starting with the higher harmonics (see Supplementary 
Information)28. We can thus place an upper bound on the size of 
any finite reservoir contribution by comparing the relative ampli-
tude and size of each successive measured harmonic with a model 
simulation in which the reservoir size is varied.

In Fig. 4, we simulate a Fermi surface model in which a 2D Fermi 
surface with an energy-averaged or constant component of electronic 
density of states at the Fermi level ζ2D,0 is accompanied by a finite 
reservoir with electronic density of states ζres

I
 (see Supplementary 

Information). Figure 4 shows a simulation of the relative magnitude 
and sign of consecutive harmonics for such a Fermi surface model 
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Fig. 2 | Enhanced quantum oscillations compared to measurements on previous samples. a, Fourier transform showing the rich harmonic content of the 
measured quantum oscillations (shown in b). The dashed lines show the smaller exponential amplitude damping with increasing harmonic index for the 
present samples compared to those measured in ref. 39, signalling a substantially lower impurity (Dingle) damping for the new generation of samples. The 
same Fourier transform is shown in the inset with an extended frequency range. b, Comparison of the absolute amplitude of quantum oscillations in the 
contactless resistivity measured as a function of magnetic field reveals considerably larger quantum oscillations (green) measured on the present samples 
compared to previous measurements (purple)39 (data are scaled to have equal amplitude in the infinite magnetic field limit). Throughout, B!=!μ0H0, 
where H0 is the applied magnetic field. c, Peak-to-peak amplitude of the dHvA oscillations as a function of magnetic field (red circles) compared with the 
exponential simulation e!Γ0=B

I
 (black line), from which an effective Dingle damping factor of Γ0 ¼

I
!83!T is estimated. The observed increase in damping at 

lower magnetic fields could arise from effects such as a small nodal gap (see Supplementary Information). The inset shows the Fourier transform of the 
dHvA oscillations. d, Oscillations in the magnetization (measured in the magnetic torque) at two different angles (magenta and red), showing a single 
series of oscillations when θ!=!36°. The black line shows simulated dHvA oscillations for an isolated 2D Fermi surface (see Supplementary Information), 
assuming a quasiparticle effective mass m*, where m! cos θ ¼

I
!1.6!me and me is the free electron mass.
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“Fermi arcs” reconstructed by charge density wave 
order at high magnetic fields in YBa2Cu3O6.55



                                   Yawen Fang, Gaël Grissonnanche, Anaëlle Legros, Simon Verret, Francis 
Laliberté, Clément Collignon, Amirreza Ataei, Maxime Dion, Jianshi Zhou, David Graf,   
M. J. Lawler,  Paul Goddard, Louis Taillefer, and B. J. Ramshaw, arXiv:2004.01725

We use angle-dependent magnetoresistance (ADMR) to measure the Fermi surface of the cuprate 
La1.6−xNd0.4SrxCuO4. Above the critical doping p*—outside of the pseudogap phase—we find a Fermi 
surface that is in quantitative agreement with angle-resolved photoemission. Below p*, however, the ADMR is 
qualitatively different, revealing a clear change in Fermi surface topology. We find that our data is most 
consistent with a Fermi surface that has been reconstructed by a Q = (π,π) wavevector. While static Q = (π,π) 
antiferromagnetism is not found at these dopings, our results suggest that this wavevector is a fundamental 
organizing principle of the pseudogap phase. 

7

FIG. 2. Fermi surface of Nd-LSCO at p = 0.24p = 0.24p = 0.24. (a) Left panels: The angle-dependent mag-

netoresistance of Nd-LSCO at p = 0.24 as a function of ✓ for four di↵erent temperatures, T = 25,

20, 12, 6 K, and at B = 45 T. The grey bar near ✓ = 90� for T = 6 K and 12 K indicates the

presence of superconductivity. Right panels: simulations obtained from the Chambers formula,

using the tight-binding parameters from ARPES measurements [12], and in which the relaxation

time ⌧(k) is the only free parameter. (b) The Fermi surface used for the calculation in panel (a),

shown as cuts at kz = 0, ⇡/c, and 2⇡/c, where c is the height of the body-centered-tetragonal unit

cell (and c/2 is the distance between copper oxide layers). (c) The full 3D Fermi surface obtained

from ADMR at p = 0.24. The coloring corresponds to the vz component of the Fermi velocity,

with positive vz in teal, negative vz in purple, and vz = 0 in magenta. A single cyclotron orbit,

perpendicular to the magnetic field, is drawn in black, with the Fermi velocity at di↵erent points

around the orbit shown as gray arrows. The strong variation in vz around the cyclotron orbits is

what leads to ADMR.

!c is the cyclotron frequency, m? is the cyclotron e↵ective mass, e is the electron charge, and

12

FIG. 4. Fermi surface reconstruction in Nd-LSCO at p = 0.21p = 0.21p = 0.21. The top three panels show the

Fermi surface for three di↵erent scenarios, and the bottom three panels show the resulting ADMR

simulations. (b) Calculated ADMR using the same tight-binding and scattering rate parameters

as in Figure 2a, but with the chemical potential shifted past the van Hove singularity (p ⇡ 0.23) to

p = 0.21, for which the Fermi surface is shown in panel (a). (d) Calculated ADMR for a period-3

CDW reconstructed Fermi surface; the section of reconstructed Fermi surface used to calculate the

ADMR is highlighted in orange in panel (c), the unreconstructed Fermi surface is shown with a

blue dashed line. These are the small nodal electron pockets believed to result from CDW order in

YBa2Cu3O6+x and are able to account for the ADMR in YBa2Cu3O6+x at p = 0.11. (f) Calculated

ADMR for reconstruction of the Fermi surface caused by a (⇡,⇡) order parameter, using the same

tight-binding parameters as Figure 2, a gap of 58 kelvin, and a constant scattering rate; (e) The

hole pockets used to simulate the ADMR in (f) are highlighted in orange.

weakest along � = 45�. The gap magnitude (the strength of the potential associated with

the FSR) that best reproduces the data is 58 kelvin — comparable to the onset temperature

T
? of the pseudogap phase at this doping [11, 29]. We find that a momentum-independent

p > pc Large Fermi surface
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Fermi surface transformation at the pseudogap critical point of a cuprate 
superconductor 
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Evidence for a quantum critical point at p = pc ⇡ 0.3
with SYK criticality.

Spin glass order for p < pc
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Numerics matches many other observations, including
the breakdown of the Luttinger-volume Fermi surface for p < pc,

and Planckian dissipation at scale ~/(kBT ).
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