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of inverse field, by subtracting the monotonic background (shown for
all temperatures in Supplementary Fig. 2). This shows that the oscillations are periodic in 1/B, as is expected of oscillations that arise
from Landau quantization. A Fourier transform yields the power
spectrum, displayed in Fig. 3b, which consists of a single frequency,
F 5 (530 6 20) T. In Fig. 3c, we plot the amplitude of the oscillations
as a function of temperature, from which we deduce a carrier mass
m* 5 (1.9 6 0.1)m0, where m0 is the bare electron mass. Within error
bars, both F and m* are the same in sample B, for which the current J is
parallel to the b axis (see Supplementary Fig. 1). Oscillations of the
same frequency are also observed in Rxx (in both samples), albeit with a
smaller amplitude. We note that while at 7.5 K the oscillations are still
perceptible, they are absent at 11 K, as expected from thermally
damped quantum oscillations (see Supplementary Fig. 5).
While quantum oscillations in YBa2Cu3O61y (YBCO) have been
the subject of a number of earlier studies8–10, the data reported so far
do not exhibit clear oscillations as a function of 1/B and, as such, have
not been accepted as convincing evidence for a Fermi surface11.
Furthermore, we note that all previous work was done on oriented
powder samples as opposed to the high-quality single crystals used in
the present study.
Quantum oscillations are a direct measure of the Fermi surface
area via the Onsager relation: F 5 (W0/2p2)Ak, where W0 5 (2.07 3
10215) T m2 is the flux quantum, and Ak is the cross-sectional area of
the Fermi surface normal to the applied field. A frequency of 530 T
implies a Fermi surface pocket that encloses a k-space area (in the a–b
plane) of Ak 5 5.1 nm22, that is, 1.9% of the Brillouin zone (of area
4p2/ab). This is only 3% of the area of the Fermi surface cylinder
measured in Tl-2201 (see Fig. 1c), whose radius is kF < 7 nm21. In the
remainder, we examine two scenarios to explain the dramatic difference between the small Fermi surface revealed by the low frequency of
quantum oscillations reported here for YBa2Cu3O6.5 and the large
cylindrical surface observed in overdoped Tl-2201. The first scenario
assumes that the particular band structure of YBa2Cu3O6.5 is different and supports a small Fermi surface sheet. In the second, the
electronic structure of overdoped copper oxides undergoes a transformation as the doping p is reduced below a value pc associated with
a critical point.
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Figure 3 | Quantum oscillations in YBCO. a, Oscillatory part of the Ha
resistance, obtained by subtracting the monotonic background (shown
the inset of Fig. 2 for T 5 2 K), as a function of inverse magnetic field,
The background at each temperature is given in Supplementary Fig. 2.
b, Power spectrum (Fourier transform) of the oscillatory part for the T 5
isotherm, revealing a single frequency at F 5 (530 6 20) T, which
corresponds to a k-space area Ak 5 5.1 nm22, from the Onsager relatio
F 5 (W0/2p2)Ak . Note that the uncertainty of 4% on F is not given by
width of the peak (a consequence of the small number of oscillations), bu
the accuracy with which the position of successive maxima in a can be
determined. c, Temperature dependence of the oscillation amplitude A
plotted as ln(A/T) versus T. The fit is to the standard Lifshitz–Kosevic
formula, whereby A/T 5 [sinh(am*T/B)]21, which yields a cyclotron m
m* 5 (1.9 6 0.1)m0, where m0 is the free electron mass.
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A simple model:
Fluctuating antiferromagnetism leads
to small Fermi surfaces and
bulk topological order with
long-range quantum entanglement

Begin with the “spin-fermion” model. Electrons ci↵ on the square
lattice with dispersion
⌘
X ⇣ †
X
†
†
Hc =
t⇢ ci,↵ ci+v⇢ ,↵ + ci+v⇢ ,↵ ci,↵
µ
ci,↵ ci,↵ + Hint
i,⇢

i

are coupled to an antiferromagnetic order parameter
` = x, y, z
X
†
`
`
Hint =
⌘i (i)ci,↵ ↵ ci, + V

`

(i),

i

where ⌘i = ±1 on the two sublattices.

When ` (i) =constant independent of i, we have long-range AFM,
and a gap in the fermion spectrum at the anti-nodes.
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Increasing SDW order

For fluctuating antiferromagnetism, we transform to a
rotating reference frame using the SU(2) rotation Ri
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Fluctuating antiferromagnetism
The simplest e↵ective Hamiltonian for the fermionic chargons is
the same as that for the electrons, with the AFM order replaced
by the Higgs field.
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IF we can transform to a rotating reference frame in which H a (i) =
a constant independent of i and time, THEN the fermions in
the presence of fluctuating AFM will inherit the anti-nodal gap of
the electrons in the presence of static AFM.
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a constant independent of i and time, THEN the fermions in
the presence of fluctuating AFM will inherit the anti-nodal gap of
the electrons in the presence of static
AFM.
Increasing SDW order

Fluctuating antiferromagnetism
We cannot always find a single-valued SU(2) rotation Ri to make
the Higgs field H a (i) a constant !
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Fluctuating antiferromagnetism
We cannot always find a single-valued SU(2) rotation Ri to make
the Higgs field H a (i) a constant !
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Topological order
We cannot always find a single-valued SU(2) rotation Ri to make
the Higgs field H a (i) a constant !

n-fold
vortex in
AFM order

R
n

( 1) R

Vortices with n odd must be suppressed: such a metal with
“fluctuating antiferromagnetism” has BULK Z2
TOPOLOGICAL ORDER and fermions which inherit the
“pocket” Fermi surfaces of the antiferromagnetic metal i.e. a
pseudogap. Odd vortices in antiferromagnetism are stable
bulk quasiparticles (‘visons’) which could be observed in STM.
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by the onset of superconductivity near a quantum critical point.

Use of high magnetic

fields to suppress superconductivity has enabled a detailed study of the ground state in
these systems. Yet, the direct e↵ect of strong magnetic fields on the metallic behavior at
low temperatures is poorly understood, especially near critical doping, x = 0.19. Here we

B

xcrit

x

High field studies of cuprates have been
crucial to unraveling their phase diagram
Plethora of evidence for an exotic metal
underlying the underdoped regime
A metal with bulk topological order (i.e.
long-range quantum entanglement) can
explain existing experiments
Novel quantum criticality likely associated
with a deconfined-confined transition in a

Novel quantum criticality likely associated
with a deconfined-confined transition in a
gauge theory
Higher field studies, with more
experimental probes (STM…), promise to
answer many open questions, and could lead
to direct detection of topological order.
An understanding of these issues is crucial
to understanding the origin of the high
critical temperature for superconductivity

