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Quantum oscillations and the Fermi surface in an
underdoped high-Tc superconductor
Nicolas Doiron-Leyraud1, Cyril Proust2, David LeBoeuf1, Julien Levallois2, Jean-Baptiste Bonnemaison1,
Ruixing Liang3,4, D. A. Bonn3,4, W. N. Hardy3,4 & Louis Taillefer1,4

Despite twenty years of research, the phase diagram of high-
transition-temperature superconductors remains enigmatic1,2. A
central issue is the origin of the differences in the physical prop-
erties of these copper oxides doped to opposite sides of the super-
conducting region. In the overdoped regime, the material behaves
as a reasonably conventional metal, with a large Fermi surface3,4.
The underdoped regime, however, is highly anomalous and
appears to have no coherent Fermi surface, but only disconnected
‘Fermi arcs’5,6. The fundamental question, then, is whether under-
doped copper oxides have a Fermi surface, and if so, whether
it is topologically different from that seen in the overdoped
regime. Here we report the observation of quantum oscillations
in the electrical resistance of the oxygen-ordered copper oxide
YBa2Cu3O6.5, establishing the existence of a well-defined Fermi
surface in the ground state of underdoped copper oxides, once
superconductivity is suppressed by a magnetic field. The low oscil-
lation frequency reveals a Fermi surface made of small pockets, in
contrast to the large cylinder characteristic of the overdoped
regime. Two possible interpretations are discussed: either a small
pocket is part of the band structure specific to YBa2Cu3O6.5 or
small pockets arise from a topological change at a critical point
in the phase diagram. Our understanding of high-transition-
temperature (high-Tc) superconductors will depend critically on
which of these two interpretations proves to be correct.

The electrical resistance of two samples of ortho-II ordered
YBa2Cu3O6.5 was measured in a magnetic field of up to 62 T applied
normal to the CuO2 planes (Bjjc). (Sample characteristics and details
of the measurements are given in the Methods section.) With a Tc of
57.5 K, these samples have a hole doping per planar copper atom of
p 5 0.10, that is, they are well into the underdoped region of the
phase diagram (see Fig. 1a). Angle-resolved photoemission spec-
troscopy (ARPES) data for underdoped Na2 2 xCaxCu2O2Cl2 (Na-
CCOC) at precisely the same doping (reproduced in Fig. 1b from
ref. 6) shows most of the spectral intensity to be concentrated in a
small region near the nodal position (p/2, p/2), suggesting a Fermi
surface broken up into disconnected arcs, while ARPES studies on
overdoped Tl2Ba2CuO61d (Tl-2201) at p 5 0.25 reveal a large, con-
tinuous cylinder (reproduced in Fig. 1c from ref. 4).

The Hall resistance Rxy as a function of magnetic field is displayed
in Fig. 2 for sample A, and in Supplementary Fig. 1 for sample B, where
oscillations are clearly seen above the resistive superconducting trans-
ition. Note that a vortex liquid phase is believed to extend well above
the irreversibility field, beyond our highest field of 62 T, which may
explain why Rxy is negative at these low temperatures, as opposed to
positive at temperatures above Tc. Nevertheless, quantum oscillations
are known to exhibit the very same diagnostic characteristics of

frequency and mass in the vortex state as in the field-induced normal
state above the upper critical field Hc2(0) (for example, ref. 7). They are
caused by the passage of quantized Landau levels across the Fermi level
as the applied magnetic field is varied, and as such they are considered
the most robust and direct signature of a coherent Fermi surface. The
inset of Fig. 2 shows the 2 K isotherm and a smooth background curve.
We extract the oscillatory component, plotted in Fig. 3a as a function
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Figure 1 | Phase diagram of high-temperature superconductors.
a, Schematic doping dependence of the antiferromagnetic (TN) and
superconducting (Tc) transition temperatures and the pseudogap crossover
temperature T* in YBCO. The vertical lines at p 5 0.1 and p 5 0.25 mark the
positions of copper oxide materials discussed in the text: ortho-II ordered
YBa2Cu3O6.5 and Na-CCOC, located well into the underdoped region, and
Tl-2201, well into the overdoped region, respectively. b, c, Distribution of
ARPES spectral intensity in one quadrant of the Brillouin zone, measured
(b), on Na-CCOC at p 5 0.1, and (c), on Tl-2201 at p 5 0.25 (reproduced
from ref. 6 and ref. 4, with permissions from K. M. Shen and A. Damascelli,
respectively). These respectively reveal a truncated Fermi surface made of
‘Fermi arcs’ at p 5 0.10, and a large, roughly cylindrical and continuous
Fermi surface at p 5 0.25. The red ellipse in b encloses an area Ak that
corresponds to the frequency F of quantum oscillations measured in YBCO.
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FIG. 2. Time evolution of electronic density in the leftmost site of a 4-site Hubbard model in

a longer time scale for (a) 3b-CIF (b) 3b-NIA, (c) WC approximations. Blue lines show the

highest and lowest geminal occupation number in time. Here, m, ! are set to unity and Hubbard

parameters are U = 0.1 and t = 1. The four electrons filled the two leftmost sites initially.

changes from t ≈ 532 a.u for U = 0.1 to t ≈ 3 a.u for U = 10. It is important to note that in

3b-NIA and WC approximations, λmax and λmin start to diverge much earlier, although we

can not immediately see the effect in neither natural orbital occupation numbers nor on-site

electronic densities.

Nonetheless, it is well-known that the time-evolution of a far from equilibrium state is

generally very difficult to handle with any approximation, and particularly with the ground-

state-tuned ones; hence, we change the initial states to be closer to the system’s ground state
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Uncertainty-­‐based	
  error	
  model	
  
d

dt
⇢(t) = [⇢(t), iH] +R(t, cj(t))

d

dt
hXji(t) = h[iH,Xj ]i(t) =

X

k

hj,khXki(t)

the	
  intended	
  2me-­‐evolu2on	
   sample	
  varia2ons	
  
(noise	
  &	
  errors)	
  

fine-­‐tuned	
  equa2ons	
  of	
  mo2on	
  
(by	
  adjus2ng	
  cj(t),	
  but	
  R≠0)	
  

expecta2on	
  values	
  
used	
  to	
  verify	
  EOM	
  

Pessimis2c	
  assump2on:	
  increasing	
  entropy	
  (2nd	
  law)	
  and	
  fast	
  thermaliza2on	
  (R>>H)	
  



Maximum	
  entropy	
  2me	
  evolu2on	
  
{Xj |1  j  M} = E [R

hXji(t) 2 argmax

{hXji|Xj2R}
S({hXji(t)|1  j  M})

d

dt
hXji(t) = h[iH,Xj ]i(t) =

X

k

hj,khXki(t)

“important”	
  expecta2on	
  values	
  
evolved	
  

reconstructed	
  

(E \R = {?})

Xj 2 E

Xj 2 R

Time	
  evolve	
  what	
  we	
  can	
  …	
  

Reconstruct	
  at	
  every	
  moment	
  what	
  we	
  cannot	
  …	
  

Entropy	
  must	
  be	
  approximated	
  …	
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1D	
  Heisenberg	
  XX	
  model	
  w/	
  cri2cal	
  transverse	
  field:	
  

| i(t = 0) = |0i⌦N ⌦ |1i⌦N

Time	
  evolu2on	
  from	
  an	
  interface	
  between	
  low-­‐	
  &	
  high-­‐energy	
  states:	
  

Exact	
  solu2on	
  w/	
  Jordan-­‐Wigner	
  transforma2on:	
  



Noise-­‐based	
  error	
  model	
  
H + �H , (hj + �hj , Jj + �Jj) �hj , �Jj 2 [��E, �E]i.i.d.	
  

Average	
  over	
  noise	
  realiza2ons	
  to	
  reduce	
  errors:	
  

unaveraged	
   averaged	
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Preliminary	
  numerical	
  results	
  

" / exp(�cL)t
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2N�LX
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   ⇢j,j+L marginals	
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linear	
  growth	
  of	
  entropy?	
  



Future	
  work	
  
Short	
  term:	
  

Long	
  term:	
  

•  Precondi2oning	
  of	
  entropy	
  maximiza2on	
  
•  Compare	
  w/	
  cumulant	
  reconstruc2on	
  &	
  tMPS	
  
•  Applica2ons	
  (quantum	
  algorithms	
  &	
  D-­‐Wave	
  device)	
  

•  Examine	
  choice	
  of	
  expecta2on	
  values	
  
•  Develop	
  new	
  entropy	
  approximants:	
  

•  Develop	
  compa2ble	
  varia2onal	
  states:	
  

varia2onal	
  states	
  
all	
  physical	
  states	
  
limited	
  constraints	
  

Efficient	
  op2miza2on	
  of	
  Shannon-­‐type	
  inequali2es?	
  

Thermodynamic	
  integra2on	
  /	
  energy	
  representa2on?	
  

⇢̂ =

Z
w(E)�(E � Ĥ)dE


