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Transport and quantum oscillations measurements in the cuprate superconductor YBa2 Cu3 Oy point to densitywave order as an explanation for the peculiar doping evolution of the Fermi surface.
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Understanding high-temperature superconductivity
in the copper oxides is considered by many as one of the
most important and challenging problems in modern
condensed-matter physics. It is, however, not just the
superconducting state that presents unresolved questions, but also the nonsuperconducting normal state of
these materials is anything but ordinary. At small carrier doping into the parent insulating compounds, the
dominant feature is the so-called pseudogap regime [1],
where low-energy states disappear upon cooling below
a characteristic temperature T ∗ (see Fig. 1). The origin
of this phenomenon is hotly debated and believed to be
the key to the solution of the problem of why cuprate
compounds have such a high-Tc .
Over the past few years, sophisticated quantum oscillation measurements have been used to map the Fermi
surface of the cuprate’s charge carriers [2, 3]. One
of the puzzling results is that the quantum oscillation
signal disappears if the carrier concentration through
doping is lower than a certain critical value [4], indicating a yet unexplained quantum phase transition.
Presenting the results of an important set of new experiments in Physical Review B [5], David LeBoeuf at
the Université de Sherbrooke, Canada, and collaborators in the US, Canada, and France, have made a
significant discovery concerning this peculiar transition. The data demonstrate a striking correlation between two experimental approaches—quantum oscillation and transport measurements—which gives information on what happens to the Fermi surface as the
doping is changed. The results are found to be consistent with a one-dimensional density-wave modulation,
the so-called “stripes”—which have also been observed
in other cuprate superconductors—being the cause of
the abrupt change in the Fermi surface [6, 7]. This
implies that stripes [8, 9] are much more common to
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cuprates than previously thought and that they form an
integral part of the pseudogap phenomenology.
To appreciate these experimental findings, it is instructive to recall important cuprate characteristics. The
key action in cuprate superconductors is believed to occur in the CuO2 layers to which the transition metal ions
(Y, Ba, La, Sr, etc.) contribute carriers. The so-called
parent compounds, like La2 SrCu4 and YBa2 Cu3 O6 , are
half-filled Mott insulators, where the strong mutual repulsion among electrons prevents their motion, making
them insulators even though band theory predicts they
should conduct. The unpaired Cu 3d electrons form
magnetic moments, which order antiferromagnetically.
Chemical doping changes the carrier concentration p
(Fig. 1), which first leads to the suppression of antiferromagnetism and then to the appearance of superconductivity. While the properties deep inside the superconducting state appear to be qualitatively well captured
by BCS theory, which describes conventional superconductors like lead and niobium, the normal-state properties are highly anomalous, particularly the underdoped
pseudogap region below T ∗ and also the region above
Tc around optimal doping (p ≈ 0.16) (see Fig. 1). In
the latter “incoherent metal,” the resistivity obeys ρ ∝ T
over a wide range of temperatures, in striking contrast
to a Fermi-liquid T 2 law, expected for conventional metals. Thus cuprate superconductivity does not emerge
from conventional metallic behavior, but rather from the
doping of a Mott insulator [10].
Experimental data characterizing the pseudogap
regime have seen a spectacular evolution over the last
years [1, 11]. It was long believed that coherent electronic quasiparticles do not exist in this regime, an absence that was hypothesized mainly because early photoemission experiments only detected broad features
in the single-electron spectrum. The most important
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FIG. 1: (Top) Schematic phase diagram of cuprate superconductors as function of temperature T and doping level p.
At half-filling, p = 0, the materials are antiferromagnetic
(AF) Mott insulators; superconductivity (SC) thus emerges
from doping a Mott insulator. The doping range p < 0.16
(p > 0.16) is dubbed underdoped (overdoped), and the underdoped regime, p < 0.16, is characterized by the pseudogap.
Quantum oscillations have been detected at low T in large applied fields. (Bottom) Schematic evolution of the Fermi surface
in a density-wave scenario. All panels show a quarter of the
two-dimensional Brillouin zone, with occupied states shaded.
On the far overdoped side, a large unreconstructed Fermi surface is seen. For smaller doping, but p > pc , the density-wave
reconstruction induces electron pockets near (0, π ), whereas
those disappear for p < pc in favor of open orbits. (The existence of smaller pockets depends on microscopic details.)
(Credit: Alan Stonebraker)

breakthrough in this debate was the detection of definitive quantum oscillations in high magnetic fields in
2007 by Taillefer’s group in YBa2 Cu3 O6.5 with p =
0.10 [2], subsequently verified and also extended to
YBa2 Cu4 O8 [3]. Why are quantum oscillation experiments so informative? Quantum oscillations arise from
the motion of electrons on closed fixed-energy orbits in
momentum space perpendicular to the applied field B.
The orbits’ quantization results in oscillations in 1/B of
observables such as the magnetic susceptibility, with the
period being inversely proportional to the momentumspace area of the orbit. In a two-dimensional metal,
the oscillations allow one to directly extract the Fermisurface area. Applying this analysis to the cuprates, the
quantum-oscillation experiments indicate the existence
of tiny Fermi pockets, which are incompatible both with
the “large” Fermi surface of (1 − x ) electrons expected in
a conventional metal, and with a possible “small” Fermi
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surface of x holes proposed for doped Mott insulators
[10]. Thus coherent quasiparticles appear to be present,
but with an unexpected type of Fermi surface. An additional notable feature is the negative low-temperature
Hall coefficient R H in the regime where quantum oscillations are observed, suggesting that the Fermi surface
of the dominant carriers is electronlike instead of holelike [12].
One possible explanation for most of these features
is a Fermi-surface reconstruction due to density-wave
order. Bragg scattering from the density wave will
open gaps in the electron’s band structure, such that
the original Fermi surface breaks up into small pockets of both electron and hole character. We already
know that cuprates of the La2− x Srx CuO4 family display
stripelike density-wave order [8, 9], and indications of
field-induced spin-density-wave order have also been
reported for YBa2 Cu3 Oy [13].
A recent detailed study [4] of quantum oscillations
in YBa2 Cu3 Oy of different doping levels revealed that
quantum oscillations disappear for doping levels p
smaller than a critical pc ≈ 0.08, with clear signatures
of a continuous quantum phase transition at pc (Fig. 1
). This was interpreted in terms of an underlying metalto-insulator transition.
In this context, the findings of LeBoeuf et al. [5] are
very interesting. The authors study both resistivity and
Hall effect of YBa2 Cu3 Oy at high magnetic fields over
a large range of temperatures and doping concentrations (0.078 ≤ p ≤ 0.152). The most significant discovery is that the low-temperature high-field Hall coefficient changes sign at the same concentration, pc , at
which the quantum oscillations disappear, i.e., R H > 0
for p < pc and R H < 0 for p > pc . In contrast, the
Hall coefficient at 100 K is positive for all p, i.e., the
dominant negative Hall signal for p > pc only emerges
at low T, with doping-dependent downturn (TH ) and
zero-crossing (T0 ) temperatures of R H . Furthermore, resistivity measurements show that the small-p positive
Hall signal correlates with a low-temperature upturn in
ρ( T ), which is present for p < pc but not for p > pc , previously associated with a metal-to-insulator crossover.
The collected data of Refs. [4] and [5] strongly support the scenario of a doping-dependent Fermi-surface
reconstruction in YBa2 Cu3 Oy at low temperatures and
high fields, such that electron pockets are present for
p > pc , which dominate most transport properties. The
most plausible origin of the Fermi-surface reconstruction is indeed density-wave order. Various theoretical calculations have shown that spin-density-wave order produces an electron pocket near (0, π ) over some
range of parameters. By analogy with La2− x Srx CuO4
cuprates, one expects that the modulation period of
the density wave increases with decreasing p, such
that some Fermi pockets merge and disappear below
a critical pc , giving way to a Fermi surface with onedimensional open orbits [7]. A possible Fermi-surface
evolution is shown in the bottom panels of Fig. 1.
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This means that the quantum phase transition at pc
is not a metal-to-insulator transition, as had been previously assumed, but instead a Lifshitz transition inside
a density-wave phase where the electron pockets disappear [7]. Assuming that the electron pockets have a
significantly higher mobility than the remaining orbits
qualitatively explains most of the transport data. The
presence of one-dimensional orbits for p < pc is, furthermore, consistent with the evolution of the in-plane
resistivity anisotropy [5]. Finally, the authors of Ref. [5]
point to a similarity between the YBa2 Cu3 Oy transport
data and that obtained on stripe-ordered cuprates of the
La2− x Srx CuO4 family, where a significant low-T drop of
R H has been observed as well.
Taken together, the experimental observations can be
considered as strong evidence for density-wave order
in YBa2 Cu3 Oy at low temperatures and high fields. Of
course, the following important questions remain.
(i) What is the role of the magnetic field in the experiments of LeBoeuf et al. [5]? Does it merely enable
transport measurements by suppressing superconductivity, or does it actually induce the density-wave order?
The answer is not obvious: On the one hand, various
characteristic transport signatures, such as sign change
in R H ( T ) at p > pc and the apparent metal-to-insulator
crossover, are present at zero field as well. On the other
hand, it is known from neutron scattering that an applied field strongly enhances spin-density-wave order
in YBa2 Cu3 Oy [13].
(ii) Is the R H -downturn temperature TH indeed to
be interpreted as the onset of strong fluctuations of
the density-wave order, as suggested by LeBoeuf et

al. [5]? Notably, TH monotonously decreases with doping, whereas experiments in other cuprates indicate that
both strength and onset temperature of stripe order are
largest at p = 1/8 doping and decrease from there upon
reducing p [14, 15]. This issue is crucial in order to clarify the relation between the enigmatic pseudogap and
the emergence of density-wave order.
While the question of whether stripes are crucial to
understand the pairing mechanism responsible for superconductivity in cuprates is still open, these findings
set a significant new constraint on an eventual theory.
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