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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

1Département de physique and RQMP, Université de Sherbrooke, Sherbrooke, Canada J1K 2R1. 2Laboratoire National des Champs Magnétiques Pulsés (LNCMP), UMR CNRS-UPS-
INSA 5147, Toulouse 31400, France. 3Department of Physics and Astronomy, University of British Columbia, Vancouver, Canada V6T 1Z4. 4Canadian Institute for Advanced Research,
Toronto, Canada M5G 1Z8.
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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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of inverse field, by subtracting the monotonic background (shown for
all temperatures in Supplementary Fig. 2). This shows that the oscilla-
tions 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 differ-
ence 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 differ-
ent and supports a small Fermi surface sheet. In the second, the
electronic structure of overdoped copper oxides undergoes a trans-
formation as the doping p is reduced below a value pc associated with
a critical point.

Band structure calculations for stoichiometric YBCO (y 5 1.0),

which is slightly overdoped (with p 5 0.2), show a Fermi surface
consisting of four sheets12,13, as reproduced in Fig. 4a: two large
cylinders derived from the CuO2 bi-layer, one open surface coming
from the CuO chains, and a small cylinder associated with both chain
and plane states. The latter sheet, for example, could account for the
low frequency reported here. ARPES studies on YBCO near optimal

doping14,15 appear to be in broad agreement with this electronic
structure. However, recent band structure calculations16 performed
specifically for YBa2Cu3O6.5, which take into account the unit cell
doubling caused by the ortho-II order, give a Fermi surface where the
small cylinder is absent, as shown in Fig. 4b. This leaves no obvious
candidate Fermi surface sheet for the small orbit reported here.

The fact that the same oscillations are observed for currents along a
and b suggests that they are not associated with open orbits in the
chain-derived Fermi surface sheet. In YBCO, the CuO chains along
the b axis are an additional channel of conduction, responsible for an
anisotropy in the zero-field resistivity r(T) of the normal state (above
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Figure 2 | Hall resistance of YBa2Cu3O6.5. Rxy as a function of magnetic
field B, for sample A, at different temperatures between 1.5 and 4.2 K. The
field is applied normal to the CuO2 planes (B | | c) and the current is along the
a axis of the orthorhombic crystal structure (J | | a). The inset shows a zoom
on the data at T 5 2 K, with a fitted monotonic background (dashed line).
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Figure 3 | Quantum oscillations in YBCO. a, Oscillatory part of the Hall
resistance, obtained by subtracting the monotonic background (shown in
the inset of Fig. 2 for T 5 2 K), as a function of inverse magnetic field, 1/B.
The background at each temperature is given in Supplementary Fig. 2.
b, Power spectrum (Fourier transform) of the oscillatory part for the T 5 2 K
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 relation
F 5 (W0/2p2)Ak . Note that the uncertainty of 4% on F is not given by the
width of the peak (a consequence of the small number of oscillations), but by
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–Kosevich
formula, whereby A/T 5 [sinh(am*T/B)]21, which yields a cyclotron mass
m* 5 (1.9 6 0.1)m0, where m0 is the free electron mass.
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Figure 4 | Fermi surface of YBCO from band structure calculations.
a, Fermi surface of YBa2Cu3O7 in the kz 5 0 plane (from ref. 13, with
permission from O. K. Andersen), showing the four bands discussed in the
main text. b, Fermi surface of ortho-II ordered YBa2Cu3O6.5 in the kz 5 0
plane (from ref. 16, with permission from T. M. Rice). In both a and b the
grey shading indicates one quadrant of the first Brillouin zone.
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Figure 2: Experimental quantum oscillations for different angles compared with simulations
for a two fundamental-warped cylinder model. (A) Measured oscillations in the contactless
conductivity plotted versus 1/B cos θ (the projection of the field along the ĉ-axis) at θ =0, 1.3,
11.3, 12, 16.3, 18, 21.3, 26.3, 31.3, 36.3, 38, 41.3, 45.2, 46.3, 48, 49, 49.4, 50.1, 50.6, 51.4,
51.5, 52, 52.3, 52.5, 52.9, 53.1, 54.4, 54.9, 55.5, 56, 56.2, 56.95, 57.2, 57.4, 58.15, 58.2, 59.4,
59.6, 60.6, 61.2, 61.4, 61.7, 62.5, 62.6, 62.7, 63.2, 63.4, 63.7, 64.1, 64.5, 65.5, 66, 66.3, 68.1,
69.4 and 70.6◦, all at φ ≈ 45◦. The inset shows a schematic of the angles θ and φ with respect
to the crystalline axes. (B) Simulated oscillations at the same angles and fields as (A) for two
Fermi surface cylinders exhibiting a fundamental warping [21, 22, 23, 24], for parameters listed
in [31] previously fit to the restricted experimental range within the dotted line accessed in
earlier experiments. The striking amplitude enhancement expected in the vicinity of the Yamaji
angle in B is absent in the experimental data in A. (C) A schematic showing the degeneracy
in the cyclotron orbit cross-sectional area yielding an amplitude enhancement at the Yamaji
angle (green). (D) Schematic of experimentally measured quantum oscillations in β-(ET)2IBr2
from [18], for which θYamaji ≈ − 18◦. Here, the same fundamental sinusoidal warping occurs
for two slightly different Fermi surface cross-sections, giving rise to an additional beat.
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Twofold twisted Fermi surface from staggered order in
an underdoped high Tc superconductor

Suchitra E. Sebastian,1∗ N. Harrison,2 F. F. Balakirev,2 M. M. Altarawneh,2,3

Ruixing Liang,4,5 D. A. Bonn,4,5 W. N. Hardy,4,5 G. G. Lonzarich,1
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3Department of Physics, Mu’tah University, Mu’tah, Karak, 61710, Jordan,

4Department of Physics and Astronomy, University of British Columbia, Vancouver V6T 1Z4, Canada,
5Canadian Institute for Advanced Research, Toronto M5G 1Z8, Canada,

We present quantum oscillation measurements in underdoped YBa2Cu3O6+x

over a broad range in magnetic fields tilted with respect to the planes and

rotated in-plane, which reveal that the fundamental warping of the Fermi sur-

face expected for the tetragonal symmetry of the YBa2Cu3O6+x Brillouin zone

is suppressed, and is instead replaced by a small amplitude warping of an

unexpected two-fold twisted symmetry. The twisted Fermi surface geometry

enables the unique identification of a staggered form of order that tranforms

the symmetry of the Brillouin zone, and importantly, locates the Fermi surface

pockets at the nodal region of the original Brillouin zone. The suppression of

the fundamental warping further provides a potential explanation for the ob-

served anisotropy in optical conductivity that characterises the pseudogap.
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Magnetic-field-induced charge-stripe order in the
high-temperature superconductor YBa2Cu3Oy
TaoWu1, Hadrien Mayaffre1, Steffen Krämer1, Mladen Horvatić1, Claude Berthier1, W. N. Hardy2,3, Ruixing Liang2,3, D. A. Bonn2,3

& Marc-Henri Julien1

Electronic charges introduced in copper-oxide (CuO2) planes
generate high-transition-temperature (Tc) superconductivity but,
under special circumstances, they can also order into filaments
called stripes1. Whether an underlying tendency towards charge
order is present in all copper oxides and whether this has any
relationship with superconductivity are, however, two highly con-
troversial issues2,3. To uncover underlying electronic order, mag-
netic fields strong enough to destabilize superconductivity can be
used. Such experiments, including quantum oscillations4–6 in
YBa2Cu3Oy (an extremely clean copper oxide in which charge
order has not until now been observed) have suggested that super-
conductivity competes with spin, rather than charge, order7–9. Here
we report nuclear magnetic resonance measurements showing that
high magnetic fields actually induce charge order, without spin
order, in the CuO2 planes of YBa2Cu3Oy. The observed static, uni-
directional, modulation of the charge density breaks translational
symmetry, thus explaining quantum oscillation results, and we
argue that it is most probably the same 4a-periodic modulation
as in stripe-ordered copper oxides1. That it develops only when
superconductivity fades away and near the same 1/8 hole doping
as in La22xBaxCuO4 (ref. 1) suggests that charge order, although
visibly pinned by CuO chains in YBa2Cu3Oy, is an intrinsic pro-
pensity of the superconducting planes of high-Tc copper oxides.
The ortho II structure of YBa2Cu3O6.54 (p5 0.108, where p is the

hole concentration per planar Cu) leads to two distinct planar Cu
NMR sites: Cu2F are those Cu atoms located below oxygen-filled
chains, and Cu2E are those below oxygen-empty chains10. The main
discovery of ourwork is that, on cooling in a fieldH0 of 28.5 T along the
c axis (that is, in the conditions for which quantum oscillations are
resolved; see Supplementary Materials), the Cu2F lines undergo a
profound change, whereas theCu2E lines do not (Fig. 1). To first order,
this change can be described as a splitting of Cu2F into two sites having
both different hyperfine shiftsK5 Æhzæ/H0 (where Æhzæ is the hyperfine
field due to electronic spins) and quadrupole frequencies nQ (related to
the electric field gradient). Additional effects might be present (Fig. 1),
but they areminor in comparisonwith the observed splitting. Changes
in field-dependent and temperature-dependent orbital occupancy (for
example dx2{y2 versus dz2{r2 ) without on-site change in electronic
density are implausible, and any change in out-of-plane charge density
or lattice would affect Cu2E sites as well. Thus, the change in nQ can
only arise from a differentiation in the charge density between Cu2F
sites (or at the oxygen sites bridging them). A change in the asymmetry
parameter and/or in the direction of the principal axis of the electric
field gradient could also be associated with this charge differentiation,
but these are relatively small effects.
The charge differentiation occurs below Tcharge5 506 10K for

p5 0.108 (Fig. 1 and Supplementary Figs 9 and 10) and 676 5K for
p5 0.12 (Supplementary Figs 7 and 8). Within error bars, for each of
the samples Tcharge coincides with T0, the temperature at which the
Hall constant RH becomes negative, an indication of the Fermi surface

reconstruction11–13. Thus, whatever the precise profile of the static
charge modulation is, the reconstruction must be related to the trans-
lational symmetry breaking by the charge ordered state.
The absence of any splitting or broadening of Cu2E lines implies a

one-dimensional character of the modulation within the planes and
imposes strong constraints on the charge pattern. Actually, only two
types of modulation are compatible with a Cu2F splitting (Fig. 2). The
first is a commensurate short-range (2a or 4a period) modulation
running along the (chain) b axis. However, this hypothesis is highly
unlikely: to the best of our knowledge, no such modulation has ever
been observed in the CuO2 planes of any copper oxide; it would there-
fore have to be triggered by a charge modulation pre-existing in the
filled chains. A charge-density wave is unlikely because the finite-size
chains are at best poorly conducting in the temperature and doping
range discussed here11,14. Any inhomogeneous charge distribution
such as Friedel oscillations around chain defects would broaden rather
than split the lines. Furthermore, we can conclude that charge order
occurs only for high fields perpendicular to the planes because the
NMR lines neither split at 15T nor split in a field of 28.5 T parallel
to the CuO2 planes (along either a or b), two situations in which
superconductivity remains robust (Fig. 1). This clear competition
between charge order and superconductivity is also a strong indication
that the charge ordering instability arises from the planes.
Theonlyother patterncompatiblewithNMRdata is an alternationof

more and less charged Cu2F rows defining a modulation with a period
of four lattice spacings along the a axis (Fig. 2). Strikingly, this corre-
sponds to the (site-centred) charge stripes found in La22xBaxCuO4 at
doping levels near p5 x5 0.125 (ref. 1). Being a proven electronic
instability of the planes, which is detrimental to superconductivity2,
stripe ordernot onlyprovides a simple explanationof theNMRsplitting
but also rationalizes the striking effect of the field. Stripe order is also
fully consistent with the remarkable similarity of transport data in
YBa2Cu3Oy and in stripe-ordered copper oxides (particularly the
dome-shaped dependence ofT0 around p5 0.12)11–13. However, stripes
must be parallel from plane to plane in YBa2Cu3Oy, whereas they are
perpendicular in, for example, La22xBaxCuO4. We speculate that this
explains why the charge transport along the c axis in YBa2Cu3Oy

becomes coherent in high fields below T0 (ref. 15). If so, stripe fluctua-
tions must be involved in the incoherence along c above T0.
Once we know the doping dependence of nQ (ref. 16), the difference

DnQ5 3206 50 kHz for p5 0.108 implies a charge density variation
as small as Dp5 0.036 0.01 hole between Cu2Fa and Cu2Fb. A
canonical stripe description (Dp5 0.5 hole) is therefore inadequate
at the NMR timescale of ,1025 s, at which most (below T0) or all
(above T0) of the charge differentiation is averaged out by fluctuations
faster than 105 s21. This should not be a surprise: themetallic nature of
the compound at all fields is incompatible with full charge order, even
if this order is restricted to the direction perpendicular to the stripes17.
Actually, there is compelling evidence of stripe fluctuations down to
very low temperatures in stripe-ordered copper oxides18, and indirect

1Laboratoire National des Champs Magnétiques Intenses, UPR 3228, CNRS-UJF-UPS-INSA, 38042 Grenoble, France. 2Department of Physics and Astronomy, University of British Columbia, Vancouver,
British Columbia V6T1Z1, Canada. 3Canadian Institute for Advanced Research, Toronto, Ontario M5G1Z8, Canada.
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very low temperatures in stripe-ordered copper oxides18, and indirect

1Laboratoire National des Champs Magnétiques Intenses, UPR 3228, CNRS-UJF-UPS-INSA, 38042 Grenoble, France. 2Department of Physics and Astronomy, University of British Columbia, Vancouver,
British Columbia V6T1Z1, Canada. 3Canadian Institute for Advanced Research, Toronto, Ontario M5G1Z8, Canada.
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evidence (explaining the rotational symmetry breaking) over a broad
temperature range in YBa2Cu3Oy (refs 14, 19–22). Therefore, instead
of being a defining property of the ordered state, the small amplitude of
the charge differentiation is more likely to be a consequence of stripe
order (the smectic phase of an electronic liquid crystal17) remaining
partly fluctuating (that is, nematic).
In stripe copper oxides, charge order at T5Tcharge is always accom-

panied by spin order at Tspin,Tcharge. Slowing down of the spin

fluctuations strongly enhances the spin–lattice (1/T1) and spin–spin
(1/T2) relaxation rates between Tcharge and Tspin for

139La nuclei. For
themore strongly hyperfine-coupled 63Cu, the relaxation rates become
so large that the Cu signal is gradually ‘wiped out’ on cooling below
Tcharge (refs 18, 23, 24). In contrast, the 63Cu(2) signal here in
YBa2Cu3Oy does not experience any intensity loss and 1/T1 does not
show any peak or enhancement as a function of temperature (Fig. 3).
Moreover, the anisotropy of the linewidth (Supplementary
Information) indicates that the spins, although staggered, align mostly
along the field (that is, c axis) direction, and the typical width of the
central lines at base temperature sets an uppermagnitude for the static
spin polarization as small as gÆSzæ# 23 1023mB for both samples in
fields of,30T. These consistent observations rule out the presence of
magnetic order, in agreement with an earlier suggestion based on the
presence of free-electron-like Zeeman splitting6.
In stripe-ordered copper oxides, the strong increase of 1/T2 on

cooling below Tcharge is accompanied by a crossover of the time decay
of the spin-echo from the high-temperature Gaussian form
exp(2K(t/T2G)2) to an exponential form exp(2t/T2E)18,23. A similar
crossover occurs here, albeit in a less extreme manner because of the
absence ofmagnetic order: 1/T2 sharply increases belowTcharge and the
decay actually becomes a combination of exponential and Gaussian
decays (Fig. 3). In Supplementary Information we provide evidence
that the typical values of the 1/T2E below Tcharge imply that antiferro-
magnetic (or ‘spin-density-wave’) fluctuations are slow enough to
appear frozen on the timescale of a cyclotron orbit 1/vc< 10212 s.
In principle, such slow fluctuations could reconstruct the Fermi sur-
face, provided that spins are correlated over large enough distances25,26

(see also ref. 9). It is unclear whether this condition is fulfilled here. The
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Figure 4 | Phase diagram of underdoped YBa2Cu3Oy. The charge ordering
temperature Tcharge (defined as the onset of the Cu2F line splitting; blue open
circles) coincides with T0 (brown plus signs), the temperature at which the Hall
constant RH changes its sign. T0 is considered as the onset of the Fermi surface
reconstruction11–13. The continuous line represents the superconducting
transition temperature Tc. The dashed line indicates the speculative nature of
the extrapolation of the field-induced charge order. The magnetic transition
temperatures (Tspin) are frommuon-spin-rotation (mSR) data (green stars)27.T0
and Tspin vanish close to the same critical concentration p5 0.08. A scenario of
field-induced spin order has been predicted for p. 0.08 (ref. 8) by analogy with
La1.855Sr0.145CuO4, for which the non-magnetic ground state switches to
antiferromagnetic order in fields greater than a few teslas (ref. 7 and references
therein).Ourwork, however, shows that spin order does not occur up to,30T.
In contrast, the field-induced charge order reported here raises the question of
whether a similar field-dependent charge order actually underlies the field
dependence of the spin order in La22xSrxCuO4 and YBa2Cu3O6.45. Error bars
represent the uncertainty in defining the onset of theNMR line splitting (Fig. 1f
and Supplementary Figs 8–10).
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Figure 3 | Slow spin fluctuations instead of spin order. a, b, Temperature
dependence of the planar 63Cu spin-lattice relaxation rate 1/T1 for p5 0.108
(a) and p5 0.12 (b). The absence of any peak/enhancement on cooling rules
out the occurrence of a magnetic transition. c, d, Increase in the 63Cu spin–spin
relaxation rate 1/T2 on cooling below,Tcharge, obtained from a fit of the spin-
echo decay to a stretched form s(t) / exp(2(t/T2)

a), for p5 0.108 (c) and
p5 0.12 (d). e, f, Stretching exponent a for p5 0.108 (e) and p5 0.12 (f). The
deviation from a5 2 on cooling arises mostly from an intrinsic combination of
Gaussian and exponential decays, combined with some spatial distribution of
T2 values (Supplementary Information). The grey areas define the crossover
temperature Tslow below which slow spin fluctuations cause 1/T2 to increase
and to become field dependent; note that the change of shape of the spin-echo
decay occurs at a slightly higher (,115K) temperature than Tslow. Tslow is
slightly lower thanTcharge, which is consistentwith the slow fluctuations being a
consequence of charge-stripe order. The increase of a at the lowest
temperatures probably signifies that the condition cÆhz2æ1/2tc= 1, where tc is
the correlation time, is no longer fulfilled, so that the associated decay is no
longer a pure exponential. We note that the upturn of 1/T2 is already present at
15T, whereas no line splitting is detected at this field. The field therefore affects
the spin fluctuations quantitatively but not qualitatively. g, Plot of NMR signal
intensity (corrected for a temperature factor 1/T and for the T2 decay) against
temperature. Open circles, p5 0.108 (28.5T); filled circles, p5 0.12 (33.5T).
The absence of any intensity loss at low temperatures also rules out the presence
of magnetic order with any significant moment. Error bars represent the added
uncertainties in signal analysis, experimental conditions andT2measurements.
All measurements are with H | | c.
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Recently, charge density wave (CDW) order in the CuO2 planes of underdoped YBa2Cu3O6þ! was

detected using resonant soft x-ray scattering. An important question remains: is the chain layer responsible

for this charge ordering? Here, we explore the energy and polarization dependence of the resonant

scattering intensity in a detwinned sample of YBa2Cu3O6:75 with ortho-III oxygen ordering in the chain

layer. We show that the ortho-III CDW order in the chains is distinct from the CDW order in the planes.

The ortho-III structure gives rise to a commensurate superlattice reflection at Q ¼ ½0:33 0L$ whose

energy and polarization dependence agrees with expectations for oxygen ordering and a spatial modu-

lation of the Cu valence in the chains. Incommensurate peaks at [0.30 0 L] and [0 0.30 L] from the CDW

order in the planes are shown to be distinct in Q as well as their temperature, energy, and polarization

dependence, and are thus unrelated to the structure of the chain layer. Moreover, the energy dependence of

the CDW order in the planes is shown to result from a spatial modulation of energies of the Cu 2p to

3dx2%y2 transition, similar to stripe-ordered 214 cuprates.

DOI: 10.1103/PhysRevLett.109.167001 PACS numbers: 74.72.Gh, 61.05.cp, 71.45.Lr, 78.70.Dm

Direct evidence for charge density wave (CDW) order
in YBa2Cu3O6þ! (YBCO) was recently observed in
high magnetic field using nuclear magnetic resonance [1]
and in zero-field diffraction, first with resonant soft
x-ray scattering (RSXS) [2] and subsequently with hard
x-ray scattering [3]. Prior to these measurements,
density wave order [4,5] had been observed in 214
cuprates [La2%x%yðBa; SrÞxðEu;NdÞyCuO4] [6] as well
as Ca2%xNaxCuO2Cl2 [7] and Bi2Sr2CaCu2O8þ! [8].
However, density wave order in YBCO—a material long
considered a benchmark cuprate due to its low disorder and
high Tc;max ’ 94:2 K—had only been inferred indirectly,
being offered as an explanation for Hall effect measure-
ments [9] and the electron pockets observed in quantum
oscillation experiments [10–12]. The observation of den-
sity wave order in YBCO thus marks an important mile-
stone in efforts to determine whether density wave order is
generic to the cuprates while providing new opportunities
to identify common features of CDWorder in the cuprates.

RSXS is well suited to give direct insight into the nature
of CDW order in YBCO. RSXS involves diffraction with
the photon energy tuned through an x-ray absorption edge.
This gives significant energy dependence to the atomic
scattering form factor, fð!Þ, enhancing the scattering
from weak ordering and providing sensitivity to the charge,

spin, and orbital occupation of specific elements. At the Cu
L absorption edge, the scattering is sensitive to modula-
tions in the unoccupied Cu 3d states that are central to the
low energy physics of the cuprates [13–17]. The recent
RSXS measurements of Ghiringhelli et al. at the Cu L
absorption edge identified superlattice peaks at Q ¼
½0:31 0L$ and [0 0.31 L] indicative of CDW order [2].
They also showed that the intensity of the superlattice
reflections peak at (Tc and decrease in intensity for
T < Tc, providing a clear link between the density wave
order and superconductivity [2]. Importantly, based on the
energy dependence of the scattering intensity and the
presence of peaks at H ¼ 0:31 and K ¼ 0:31 in a det-
winned sample, Ghiringhelli et al. also demonstrate that
the CDW superlattice peaks originate from modulations in
the CuO2 planes.
However, the possible role of the charge reservoir layer

in stabilizing the CDWorder is not yet clear. In YBCO, the
charge reservoir for the CuO2 planes is composed of CuO
chains. The Cu sites in the chains (Cu1) and planes (Cu2)
have different orbital symmetries and contribute differ-
ently to x-ray absorption spectroscopy (XAS) and RSXS
measurements [18,19]. In addition to making the structure
orthorhombic (a ! b), the chain layer can be oxygen
ordered into a variety of ‘‘ortho’’ ordered phases [20,21].
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high magnetic field using nuclear magnetic resonance [1]
and in zero-field diffraction, first with resonant soft
x-ray scattering (RSXS) [2] and subsequently with hard
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density wave order [4,5] had been observed in 214
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However, density wave order in YBCO—a material long
considered a benchmark cuprate due to its low disorder and
high Tc;max ’ 94:2 K—had only been inferred indirectly,
being offered as an explanation for Hall effect measure-
ments [9] and the electron pockets observed in quantum
oscillation experiments [10–12]. The observation of den-
sity wave order in YBCO thus marks an important mile-
stone in efforts to determine whether density wave order is
generic to the cuprates while providing new opportunities
to identify common features of CDWorder in the cuprates.

RSXS is well suited to give direct insight into the nature
of CDW order in YBCO. RSXS involves diffraction with
the photon energy tuned through an x-ray absorption edge.
This gives significant energy dependence to the atomic
scattering form factor, fð!Þ, enhancing the scattering
from weak ordering and providing sensitivity to the charge,

spin, and orbital occupation of specific elements. At the Cu
L absorption edge, the scattering is sensitive to modula-
tions in the unoccupied Cu 3d states that are central to the
low energy physics of the cuprates [13–17]. The recent
RSXS measurements of Ghiringhelli et al. at the Cu L
absorption edge identified superlattice peaks at Q ¼
½0:31 0L$ and [0 0.31 L] indicative of CDW order [2].
They also showed that the intensity of the superlattice
reflections peak at (Tc and decrease in intensity for
T < Tc, providing a clear link between the density wave
order and superconductivity [2]. Importantly, based on the
energy dependence of the scattering intensity and the
presence of peaks at H ¼ 0:31 and K ¼ 0:31 in a det-
winned sample, Ghiringhelli et al. also demonstrate that
the CDW superlattice peaks originate from modulations in
the CuO2 planes.
However, the possible role of the charge reservoir layer

in stabilizing the CDWorder is not yet clear. In YBCO, the
charge reservoir for the CuO2 planes is composed of CuO
chains. The Cu sites in the chains (Cu1) and planes (Cu2)
have different orbital symmetries and contribute differ-
ently to x-ray absorption spectroscopy (XAS) and RSXS
measurements [18,19]. In addition to making the structure
orthorhombic (a ! b), the chain layer can be oxygen
ordered into a variety of ‘‘ortho’’ ordered phases [20,21].
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Analysis of the energy and polarization dependence of
the integrated scattering intensities (Fig. 3) demonstrates
that the H ¼ 0:30 and K ¼ 0:30 peaks are due to modu-
lations in the CuO2 planes, whereas the H ¼ 0:33 peaks
are due to ortho-III ordering in the chain layer. To model
the scattering intensity of the H ¼ 0:33 peak, we followed
the procedure in Ref. [19] which illustrated that the

scattering intensity and polarization dependence of the
oxygen order superstructure in ortho-II ordered YBCO
(full-empty-full-empty chains) could be calculated by ac-
counting for the impact of the oxygen dopants on the Cu1 d
states in the full and empty chains. This was done by
experimentally determining the energy dependence of
the atomic scattering tensor, Fi, for Cu in full, FCu1fð!Þ,
and empty, FCu1eð!Þ, chains using polarization dependent
x-ray absorption measurements in YBCO prepared with
either an entirely full (YBa2Cu3O7) or an entirely empty
(YBa2Cu3O6) chain layer. Here we use the same analysis
for the H ¼ 0:33 peak with FCu1fð!Þ and FCu1eð!Þ from
Ref. [19] and Isc;o$IIIðH ¼ 0:33; ~!Þ ¼ jfCu1fð!; ~!Þ þ fO $
fCu1eð!; ~!Þj2. As shown in Fig. 3(a), this analysis repro-
duces the energy and polarization dependence of the H ¼
0:33 peak, providing confirmation that this peak is domi-
nated by the oxygen order in the chain layer.
In contrast, both the polarization and energy dependence

of the H ¼ 0:30 and K ¼ 0:30 peaks are consistent with a
spatial modulation of the Cu 3dx2$y2 states in the CuO2

planes. First, one must note that the incident " and #
polarizations couple to different components of the scat-
tering tensor. For # polarization, the photon polarization is
entirely along the bðaÞ axis for the HðKÞ ¼ 0:30 peak
and is therefore sensitive to the bbðaaÞ components of
the scattering tensor. However, for " polarized light,
the polarization has components along both the a and
c axes that depend on the scattering geometry. For modu-
lations of Cu 3dx2$y2 states, faa;Cu2 ’ fbb;Cu2 & fcc;Cu2
and Iscð""0Þ=Iscð##0Þ ¼ ½sinð$Þ sinð%Þ!faa(2, where $
and % are the angles of the incident and scattered light
relative to the sample surface [see Fig. 1(b)] [30]. For the
values of $ and % in our measurement, one would expect
the ratio of Iscð""0Þ=Iscð##0Þ ¼ 0:46 for a modulation of
Cu 3dx2$y2 states. As shown in Fig. 3(b), the K ¼ 0:30
peak is in good agreement with this ratio.
A final intriguing aspect of the energy dependence of the

scattering intensity is that the line shape can be described
by a simple phenomenological model for the scattering
intensity based on a spatial modulation of the energy of the
Cu 2p to 3dx2$y2 transition. The energy of this transition is

determined by the energy of the 3dx2$y2 states, as well as

the core hole energy and the interaction energy of the core
hole with the d electrons, all of which may be spatially
modulated. This energy shift model was recently shown to
account for the energy dependence of the scattering inten-
sity of the [1=4 0 L] charge stripe ordering peak in
La1:475Nd0:4Sr0:125CuO4, unlike models based on lattice
displacements or charge density modulations [17].
Although in YBCO we do not know the structure factor
that accounts for the [0.30 0 L] and [0 0.30L] peaks, we can
naively invoke the same energy shift model and assume that
Isc½0:30 0L(ð!Þ / Isc½0 0:30L(ð!Þ / jfCu2að@!þ !EÞ $
fCu2bð@!$ !EÞj2, where Cu2a and Cu2b represent two
sites in the CuO2 planes with fð!Þ that is identical apart

FIG. 3 (color online). (a) The measured energy dependence of
the [0.33 0 1.4] oxygen ordering peak with # and " polarized
incident light along with the calculated spectra for ortho-III
oxygen ordering of the chain layer. (b) The energy dependence
of the [0 0.30 1.44] peak measured with # and " polarized light.
(c) The energy dependence of the [0.30 0 1.44] peak with "
polarized light compared to the energy shift model calculation.
The energy shift calculation captures the correct peak position
and energy width of the scattering intensity. (d) The energy shift
model calculation compared to the [0 0.30 1.44] peak with #
polarized light.

FIG. 2 (color online). The [H 0 L] [(a) and (b)] and [0 K L]
[(c) and (d)] normalized scattering intensity, Isc=I0, in arbitrary
units. The scattering intensity was measured with # [(a) and (c)]
and " [(b) and (d)] incident photon polarization at T ¼ 60 K.
r.l.u., reciprocal lattice units.
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A prevailing description of the stripe phase in underdoped cuprate superconductors is that the charge

carriers (holes) phase segregate on a microscopic scale into hole-rich and hole-poor regions. We report

resonant elastic x-ray scattering measurements of stripe-ordered La1:475Nd0:4Sr0:125CuO4 at the Cu L and

O K absorption edges that identify an additional feature of stripe order. Analysis of the energy dependence

of the scattering intensity reveals that the dominant signature of the stripe order is a spatial modulation in

the energies of Cu 3d and O 2p states rather than the large modulation of the charge density (valence)

envisioned in the common stripe paradigm. These energy shifts are interpreted as a spatial modulation of

the electronic structure and may point to a valence-bond-solid interpretation of the stripe phase.

DOI: 10.1103/PhysRevLett.110.017001 PACS numbers: 74.72.Gh, 61.05.cp, 71.45.Lr, 78.70.Dm

Static stripe order in cuprates was first theoretically
predicted by mean-field Hubbard model calculations
[1–4] and subsequently observed in lanthanum-based cup-
rates by neutron and x-ray diffraction [5–11]. Although
still a matter of debate, more recent work has indicated that
stripe-like density wave order is generic to the cuprates
[12–17] and plays a significant role in competing with or
possibly causing superconductivity [18].

Microscopically, stripes in the cuprates have been
widely described as rivers of charge—hole-rich antiphase
domain walls that separate undoped antiferromagnetic
regions. However, alternate models with different under-
lying physics, such as the valence bond solid (VBS),
have also been proposed to explain stripe order [19–21].
VBS models involve singlet formation between neigh-
boring spins and, in contrast to other models of stripe
order, may occur with a small modulation of the charge
density [20].

Distinguishing which of these models is most relevant
to stripe order in the cuprates is challenging since the
models share many symmetries and experimental signa-
tures. In particular, direct evidence for charge-density
modulations, which may distinguish various models,
has been elusive. Neutron and conventional x-ray scat-
tering are only sensitive to lattice displacements. It is
therefore only inferred indirectly that these lattice dis-
placements are induced by modulations in charge density
(valence). Resonant soft x-ray scattering (RSXS) offers a
means to couple more directly to modulations in the
electronic structure, including charge-density modula-
tions. By performing an x-ray diffraction measurement
on resonance (at an x-ray absorption edge), the atomic
scattering form factor fð!Þ is enhanced and made

sensitive to the valence, orbital orientation, and spin state
of specific elements. A key feature of RSXS is that the
energy dependence of the scattering intensity through an
absorption edge differs for lattice distortions, charge-
density modulations, or other forms of electronic order-
ing, providing a means to distinguish these different
types of order.
In the cuprates, RSXS of the [2", 0, L] charge-density

wave (CDW) superlattice peak has been measured in stripe-
ordered La2#xBaxCuO4 (LBCO) [10], La2#x#yEuySrxCuO4

(LESCO) [11,22], and La1:475Nd0:4Sr0:125CuO4 (LNSCO)
[23] at the O K (1s!2p) and Cu L (2p ! 3d) absorption
edges, which provide sensitivity to the O 2p and Cu 3d
orbitals that are central to the physics of the cuprates. These
measurements have been interpreted as direct evidence for
a large valence modulation on the O sites [10]. Moreover,
it is argued that a modulation of the valence occurs primarily
on the O sites and not on the Cu sites, which are instead
subject to lattice distortions induced by the valence modu-
lation on the O sites [10,11]. However, efforts to model the
energy dependence of the scattering intensity based on this
picture are not truly reconciled with experiment, leaving
this interpretation open to question [11].
In this Letter, we present O K and Cu L edge RSXS

measurements of LNSCO. The energy dependence of the
scattering intensity is modeled using x-ray absorption
measurements to determine fð!Þ at different sites in the
lattice, a procedure that has proven effective in describing
the scattering intensity of valence modulations in the chain
layer of ortho-II YBa2Cu3O6þ! (YBCO) [24]. Contrary to
previous analysis of LESCO [11] and LBCO [10], we show
that the resonant scattering intensity is best described by
small energy shifts in the O 2p and Cu 3d states at different
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A prevailing description of the stripe phase in underdoped cuprate superconductors is that the charge

carriers (holes) phase segregate on a microscopic scale into hole-rich and hole-poor regions. We report

resonant elastic x-ray scattering measurements of stripe-ordered La1:475Nd0:4Sr0:125CuO4 at the Cu L and

O K absorption edges that identify an additional feature of stripe order. Analysis of the energy dependence

of the scattering intensity reveals that the dominant signature of the stripe order is a spatial modulation in

the energies of Cu 3d and O 2p states rather than the large modulation of the charge density (valence)

envisioned in the common stripe paradigm. These energy shifts are interpreted as a spatial modulation of

the electronic structure and may point to a valence-bond-solid interpretation of the stripe phase.
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Static stripe order in cuprates was first theoretically
predicted by mean-field Hubbard model calculations
[1–4] and subsequently observed in lanthanum-based cup-
rates by neutron and x-ray diffraction [5–11]. Although
still a matter of debate, more recent work has indicated that
stripe-like density wave order is generic to the cuprates
[12–17] and plays a significant role in competing with or
possibly causing superconductivity [18].

Microscopically, stripes in the cuprates have been
widely described as rivers of charge—hole-rich antiphase
domain walls that separate undoped antiferromagnetic
regions. However, alternate models with different under-
lying physics, such as the valence bond solid (VBS),
have also been proposed to explain stripe order [19–21].
VBS models involve singlet formation between neigh-
boring spins and, in contrast to other models of stripe
order, may occur with a small modulation of the charge
density [20].

Distinguishing which of these models is most relevant
to stripe order in the cuprates is challenging since the
models share many symmetries and experimental signa-
tures. In particular, direct evidence for charge-density
modulations, which may distinguish various models,
has been elusive. Neutron and conventional x-ray scat-
tering are only sensitive to lattice displacements. It is
therefore only inferred indirectly that these lattice dis-
placements are induced by modulations in charge density
(valence). Resonant soft x-ray scattering (RSXS) offers a
means to couple more directly to modulations in the
electronic structure, including charge-density modula-
tions. By performing an x-ray diffraction measurement
on resonance (at an x-ray absorption edge), the atomic
scattering form factor fð!Þ is enhanced and made

sensitive to the valence, orbital orientation, and spin state
of specific elements. A key feature of RSXS is that the
energy dependence of the scattering intensity through an
absorption edge differs for lattice distortions, charge-
density modulations, or other forms of electronic order-
ing, providing a means to distinguish these different
types of order.
In the cuprates, RSXS of the [2", 0, L] charge-density

wave (CDW) superlattice peak has been measured in stripe-
ordered La2#xBaxCuO4 (LBCO) [10], La2#x#yEuySrxCuO4

(LESCO) [11,22], and La1:475Nd0:4Sr0:125CuO4 (LNSCO)
[23] at the O K (1s!2p) and Cu L (2p ! 3d) absorption
edges, which provide sensitivity to the O 2p and Cu 3d
orbitals that are central to the physics of the cuprates. These
measurements have been interpreted as direct evidence for
a large valence modulation on the O sites [10]. Moreover,
it is argued that a modulation of the valence occurs primarily
on the O sites and not on the Cu sites, which are instead
subject to lattice distortions induced by the valence modu-
lation on the O sites [10,11]. However, efforts to model the
energy dependence of the scattering intensity based on this
picture are not truly reconciled with experiment, leaving
this interpretation open to question [11].
In this Letter, we present O K and Cu L edge RSXS

measurements of LNSCO. The energy dependence of the
scattering intensity is modeled using x-ray absorption
measurements to determine fð!Þ at different sites in the
lattice, a procedure that has proven effective in describing
the scattering intensity of valence modulations in the chain
layer of ortho-II YBa2Cu3O6þ! (YBCO) [24]. Contrary to
previous analysis of LESCO [11] and LBCO [10], we show
that the resonant scattering intensity is best described by
small energy shifts in the O 2p and Cu 3d states at different
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The concept that superconductivity competes with other orders in cuprate superconductors has
become increasingly apparent, but obtaining direct evidence with bulk-sensitive probes is
challenging. We have used resonant soft x-ray scattering to identify two-dimensional charge
fluctuations with an incommensurate periodicity of ~3.2 lattice units in the copper-oxide planes
of the superconductors (Y,Nd)Ba2Cu3O6+x, with hole concentrations of 0.09 to 0.13 per planar
Cu ion. The intensity and correlation length of the fluctuation signal increase strongly upon cooling
down to the superconducting transition temperature (Tc); further cooling below Tc abruptly reverses
the divergence of the charge correlations. In combination with earlier observations of a large
gap in the spin excitation spectrum, these data indicate an incipient charge density wave instability
that competes with superconductivity.

Asuccessful theory of high-temperature
superconductivity in the copper oxides
requires a detailed understanding of the

spin, charge, and orbital correlations in the nor-
mal state from which superconductivity emerges.

In recent years, evidence of ordering phenomena
in which these correlations might take on partic-
ularly simple forms has emerged (1, 2). Despite
intense efforts, however, only two order param-
eters other than superconductivity have thus far
been unambiguously identified by bulk-sensitive
experimental probes: (i) uniform antiferromag-
netism in undoped insulating cuprates and (ii)
uniaxiallymodulated antiferromagnetism (3) com-
bined with charge order (3, 4) in doped cuprates
of the so-called “214” family [that is, compounds
of composition La2−x−y(Sr,Ba)x(Nd,Eu)yCuO4].
The latter is known as “stripe order,” with a
commensurate charge modulation of period 4a
(where lattice unit a = 3.8 to 3.9 Å is the distance
between neighboringCu atoms in theCuO2 planes),
which greatly reduces the superconducting transi-
tion temperature (Tc) of 214 materials at a doping
level p ~ 1/8 per planar Cu atom. Incommensu-
rate spin fluctuations in 214 materials with p ≠ 1/8

(5) have been interpreted as evidence of fluctu-
ating stripes (6). A long-standing debate has
evolved around the questions of whether stripe
order is a generic feature of the copper oxides
and whether stripe fluctuations are essential for
superconductivity.

Recent attention has focused on the “123”
family [RBa2Cu3O6+x with R = Yor another rare
earth element], which exhibits substantially lower
chemical disorder and higher maximal Tc than
the 214 system. For underdoped 123 compounds,
the anomaly in the Tc-versus-p relation at p = 1/8
(7) and the large in-plane anisotropies in the
transport properties (8, 9) have been interpreted
as evidence of stripe order or fluctuations, in anal-
ogy to stripe-ordered 214 materials (10). Differ-
ences in the spin dynamics of the two families
have, however, cast some doubt on this interpre-
tation. In particular, neutron-scattering studies of
moderately doped 123 compounds have revealed
a gap of magnitude ≥20 meV in the magnetic
excitation spectrum (11–14), whereas 214 com-
pounds with similar hole concentrations exhibit
nearly gapless spin excitations (5). Further ques-
tions have been raised by the recent discovery of
small Fermi surface pockets in quantum oscil-
lation experiments on underdoped 123 materials
in magnetic fields large enough to weaken or ob-
literate superconductivity (15). Some researchers
have attributed this observation to a Fermi sur-
face reconstruction due to magnetic field–induced
stripe order (10), whereas others have argued that
even the high magnetic fields applied in these
experiments appear incapable of closing the spin
gap and that a biaxial charge modulation is re-
quired to explain the quantum oscillation data (16).
Nuclear magnetic resonance (NMR) experiments
have shown evidence of a magnetic field–induced
uniaxial charge modulation (17), but they do not
yield information about electronic fluctuations out-
side of a very narrow energywindowof ~1 meV.On
the other hand, scattering experiments to determine
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been unambiguously identified by bulk-sensitive
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stripe order (10), whereas others have argued that
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experiments appear incapable of closing the spin
gap and that a biaxial charge modulation is re-
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at jq∥j ≃ 0:31 reciprocal lattice units (rlu) in both
systems in the range 0.09 ≤ p ≤ 0.13 confirms that
they are independent of the Cu1 chains and other
details of the doping mechanism. Samples out-
side this narrow p range do not show any evidence

of the anomalous REXS response, in agreement
with earlier RXS work (24). This implies weaker
charge fluctuations in samples at lower p, where
incommensurate magnetic order has been ob-
served at low temperatures (27), and at higher p,

where the superconducting Tc is maximal. The
range in which the REXS peak is observed co-
incides with the well-known plateau in the Tc-
versus-p relation of the 123 system (shaded region
in Fig. 3), which suggests that competition be-
tween superconducting and charge density cor-
relations is responsible for the anomalously low
Tc in this range.

To further explore the interplay between super-
conductivity and the anomalous charge density
response, we have measured the temperature de-
pendence of the REXS peak, both in the energy-
resolved mode presented above and in the more
traditional energy-integrated detection (Fig. 4,
A and B). The peak is present both above and
below the superconducting Tc. It narrows contin-
uously upon cooling toward Tc, indicating a pro-
nounced increase of the correlation length that
reaches (16 T2)a at Tc of YBa2Cu3O6.6, to be com-
pared with domain sizes in the range of 40a to 66a
for stripe-ordered La1.875Ba0.125CuO4 (4, 28, 29).
The T-dependent correlation length demonstrates
that the signal arises from charge density fluc-
tuations, rather than a static charge density wave
(CDW). The incipient CDW phase transition her-
alded by the nearly diverging correlation length
is preempted by the superconducting transition,
which manifests itself in an abrupt decrease of
the intensity and correlation length of the REXS
peak (Fig. 4, C and D). This constitutes direct
evidence of the competition between supercon-
ducting and incommensurate CDW states, which
was already suggested by the doping depen-
dence of the REXS response (Fig. 3). CDW cor-
relations were previously observed by scanning

Fig. 2. Polarization and energy dependence of the REXS peak in YBa2Cu3O6.6. (A) REXS scans measured
at the Cu L3 edge for positive and negative values of q// along (1,0) and (0,1), using s polarization (20).
(B) Ratio between the REXS signal intensities obtained with p and s polarizations (pol.). The experimental
data for YBa2Cu3O6.6 and Nd1.2Ba1.8Cu3O7 are compared to the model calculations (see text for details)
and to the magnetic excitation signal (100- to 300-meV energy loss). (C) XAS spectra of YBa2Cu3O6.6
with two polarizations and two geometries corresponding to negative and positive values of q// (Fig. 1C).
The main contributions to the XAS peaks are indicated. RXS with photon energies at the main absorption
peak of 931.5 eV selects signals arising from the Cu2 sites. (D and E) REXS scans show the CDW peak
only when exciting at the Cu2 sites and show nothing at higher excitation energies.

Fig. 3. Dependence of the CDW signal at 15 K on the hole doping level p.
The CDW signal is present in several YBa2Cu3O6+x and Nd1+yBa2−yCu3O7
samples, but only for 0.09 ≤ p ≤ 0.13. In this doping range (shaded in the

central panel), the Tc-versus-p relation exhibits a plateau. The CDW peak po-
sition does not change with p outside of the experimental error, but its
intensity is maximum at p ≃ 0:11.
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Long-Range Incommensurate Charge
Fluctuations in (Y,Nd)Ba2Cu3O6+x
G. Ghiringhelli,1* M. Le Tacon,2 M. Minola,1 S. Blanco-Canosa,2 C. Mazzoli,1

N. B. Brookes,3 G. M. De Luca,4 A. Frano,2,5 D. G. Hawthorn,6 F. He,7 T. Loew,2

M. Moretti Sala,3 D. C. Peets,2 M. Salluzzo,4 E. Schierle,5 R. Sutarto,7,8 G. A. Sawatzky,8

E. Weschke,5 B. Keimer,2* L. Braicovich1

The concept that superconductivity competes with other orders in cuprate superconductors has
become increasingly apparent, but obtaining direct evidence with bulk-sensitive probes is
challenging. We have used resonant soft x-ray scattering to identify two-dimensional charge
fluctuations with an incommensurate periodicity of ~3.2 lattice units in the copper-oxide planes
of the superconductors (Y,Nd)Ba2Cu3O6+x, with hole concentrations of 0.09 to 0.13 per planar
Cu ion. The intensity and correlation length of the fluctuation signal increase strongly upon cooling
down to the superconducting transition temperature (Tc); further cooling below Tc abruptly reverses
the divergence of the charge correlations. In combination with earlier observations of a large
gap in the spin excitation spectrum, these data indicate an incipient charge density wave instability
that competes with superconductivity.

Asuccessful theory of high-temperature
superconductivity in the copper oxides
requires a detailed understanding of the

spin, charge, and orbital correlations in the nor-
mal state from which superconductivity emerges.

In recent years, evidence of ordering phenomena
in which these correlations might take on partic-
ularly simple forms has emerged (1, 2). Despite
intense efforts, however, only two order param-
eters other than superconductivity have thus far
been unambiguously identified by bulk-sensitive
experimental probes: (i) uniform antiferromag-
netism in undoped insulating cuprates and (ii)
uniaxiallymodulated antiferromagnetism (3) com-
bined with charge order (3, 4) in doped cuprates
of the so-called “214” family [that is, compounds
of composition La2−x−y(Sr,Ba)x(Nd,Eu)yCuO4].
The latter is known as “stripe order,” with a
commensurate charge modulation of period 4a
(where lattice unit a = 3.8 to 3.9 Å is the distance
between neighboringCu atoms in theCuO2 planes),
which greatly reduces the superconducting transi-
tion temperature (Tc) of 214 materials at a doping
level p ~ 1/8 per planar Cu atom. Incommensu-
rate spin fluctuations in 214 materials with p ≠ 1/8

(5) have been interpreted as evidence of fluctu-
ating stripes (6). A long-standing debate has
evolved around the questions of whether stripe
order is a generic feature of the copper oxides
and whether stripe fluctuations are essential for
superconductivity.

Recent attention has focused on the “123”
family [RBa2Cu3O6+x with R = Yor another rare
earth element], which exhibits substantially lower
chemical disorder and higher maximal Tc than
the 214 system. For underdoped 123 compounds,
the anomaly in the Tc-versus-p relation at p = 1/8
(7) and the large in-plane anisotropies in the
transport properties (8, 9) have been interpreted
as evidence of stripe order or fluctuations, in anal-
ogy to stripe-ordered 214 materials (10). Differ-
ences in the spin dynamics of the two families
have, however, cast some doubt on this interpre-
tation. In particular, neutron-scattering studies of
moderately doped 123 compounds have revealed
a gap of magnitude ≥20 meV in the magnetic
excitation spectrum (11–14), whereas 214 com-
pounds with similar hole concentrations exhibit
nearly gapless spin excitations (5). Further ques-
tions have been raised by the recent discovery of
small Fermi surface pockets in quantum oscil-
lation experiments on underdoped 123 materials
in magnetic fields large enough to weaken or ob-
literate superconductivity (15). Some researchers
have attributed this observation to a Fermi sur-
face reconstruction due to magnetic field–induced
stripe order (10), whereas others have argued that
even the high magnetic fields applied in these
experiments appear incapable of closing the spin
gap and that a biaxial charge modulation is re-
quired to explain the quantum oscillation data (16).
Nuclear magnetic resonance (NMR) experiments
have shown evidence of a magnetic field–induced
uniaxial charge modulation (17), but they do not
yield information about electronic fluctuations out-
side of a very narrow energywindowof ~1 meV.On
the other hand, scattering experiments to determine
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Direct observation of competition between
superconductivity and charge density wave
order in YBa2Cu3O6.67

J. Chang1,2*, E. Blackburn3, A. T. Holmes3, N. B. Christensen4, J. Larsen4,5, J. Mesot1,2,
Ruixing Liang6,7, D. A. Bonn6,7, W. N. Hardy6,7, A. Watenphul8, M. v. Zimmermann8, E. M. Forgan3

and S. M. Hayden9

Superconductivity often emerges in the proximity of, or in
competition with, symmetry-breaking ground states such as
antiferromagnetism or charge density waves1–5 (CDW). A
number of materials in the cuprate family, which includes the
high transition-temperature (high-Tc) superconductors, show
spin and charge density wave order5–7. Thus a fundamental
question is to what extent do these ordered states exist
for compositions close to optimal for superconductivity.
Here we use high-energy X-ray diffraction to show that
a CDW develops at zero field in the normal state of
superconducting YBa2Cu3O6.67 (Tc = 67K). This sample has
a hole doping of 0.12 per copper and a well-ordered oxygen
chain superstructure8. Below Tc, the application of a magnetic
field suppresses superconductivity and enhances the CDW.
Hence, the CDW and superconductivity in this typical high-Tc
material are competing orders with similar energy scales,
and the high-Tc superconductivity forms from a pre-existing
CDW environment. Our results provide a mechanism for the
formation of small Fermi surface pockets9, which explain the
negative Hall and Seebeck effects10,11 and the ‘Tc plateau’12 in
this material when underdoped.

Charge density waves in solids are periodic modulations of con-
duction electron density. They are often present in low-dimensional
systems such as NbSe2 (ref. 4). Certain cuprate materials such as
La2�x�yNdySrxCuO4 (Nd-LSCO) and La2�xBaxCuO4 (LBCO) also
show charge modulations that suppress superconductivity near x =
1/8 (refs 6,7). In some cases, these are believed to be unidirectional
in the CuO2 plane, and have been dubbed ‘stripes’2,3. There is now a
mounting body of indirect evidence that charge and/or spin density
waves (static modulations) may be present at high magnetic fields
in samples with high Tc: quantum oscillation experiments on un-
derdoped YBa2Cu3Oy (YBCO) have revealed the existence of at least
one small Fermi surface pocket9,10, whichmay be created by a charge
modulation11. More recently, nuclear magnetic resonance (NMR)
studies have shown a magnetic-field-induced splitting of the Cu2F
lines of YBCO (ref. 13). An important issue is the extent towhich the
tendency towards charge order exists in high-Tc superconductors2,3.

Here we report a hard (100 keV) X-ray diffraction study, in
magnetic fields up to 17 T, of a detwinned single crystal of
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Germany, 9H. H. Wills Physics Laboratory, University of Bristol, Bristol, BS8 1TL, UK. *e-mail: johan.chang@epfl.ch.

YBa2Cu3O6.67 (with ortho-VIII oxygen ordering8,12, Tc = 67K
and p = 0.12, where p is the hole concentration per planar
Cu). We find that a CDW forms in the normal state below
TCDW ⇡ 135K. The charge modulation has two fundamental
wave vectors qCDW = q1 = (�1,0,0.5) and q2 = (0,�2,0.5), where
�1 ⇡ 0.3045(2) and �2 ⇡ 0.3146(7), with no significant field- or
temperature-dependence of these values. The CDW gives rise
to satellites of the parent crystal Bragg peaks at positions such
as Q = (2 ± �1,0,0.5). Although the satellite intensities have a
strong temperature and magnetic field dependence, the CDW is
not field-induced and is unaffected by field in the normal state.
Below Tc it competes with superconductivity, and a decrease of
the CDW amplitude in zero field becomes an increase when
superconductivity is suppressed by field. A very recent paper14
reports complementary resonant soft X-ray scattering experiments
performed on (Y,Nd)Ba2Cu3O6+x as a function of doping and in
the absence of amagnetic field. The results are broadly in agreement
with our zero field data.

Figure 1a,g shows scans through the (2� �1,0,0.5) and (0,2�
�2,0.5) positions at T = 2K. Related peaks were observed at
(2+�1,0,0.5) and (4��1,0,0.5) (see Supplementary Fig. S3). The
incommensurate peaks are not detected above 150K (Fig. 1c). From
the peak width we estimate that the modulation has an in-plane
correlation length ⇠a ⇡ 95± 5Å (at 2 K and 17 T—see Methods).
The existence of four similar in-plane modulations (±�1,0) and
(0,±�2) indicates that the modulation is associated with the (nearly
square) CuO2 planes rather than the CuO chains. The present
experiment cannot distinguish between 1�q and 2�q structures,
that is, we cannot tell directly whether modulations along the a and
b directions co-exist in space or occur in different domains of the
crystal. However, Bragg peaks from the twoCDWcomponents have
similar intensities and widths (Fig. 1b,g) despite the orthorhombic
crystal structure, which breaks the symmetry between them. This
suggests that q1 and q2 are coupled, leading to the co-existence of
multiple wave vectors, as seen in other CDW systems such as NbSe2
(ref. 4). The scan along the c⇤ direction in Fig. 1d has broad peaks
close to l = ±0.5 reciprocal lattice units (r.l.u.), indicating that the
CDW is weakly correlated along the c direction, with a correlation
length ⇠c of approximately 0.6 lattice units.
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Figure 2 | Competition between charge–density-wave order and superconductivity. a, Temperature dependence of the peak intensity at (1.695, 0, 0.5)
(circles) and (0, 3.691, 0.5) (squares) for different applied magnetic fields. The square data points have been multiplied by a factor of four. In the normal
state, there is a smooth onset of the CDW order. In the absence of an applied magnetic field there is a decrease in the peak intensity below Tc. This trend
can be reversed by the application of a magnetic field. b, Magnetic field dependence of the lattice modulation peak intensity at (1.695,0,0.5) for different
temperatures. At T = 2 K, the peak intensity grows approximately linearly with magnetic field up to the highest applied field. c,d, Gaussian linewidth of the
(1.695, 0, 0.5) CDW modulation plotted versus temperature and field respectively. The raw linewidth, including a contribution from the instrumental
resolution, is field-independent in the normal state (T > Tc). In contrast, the CDW order becomes more coherent below Tc, once a magnetic field is applied.
This effect ceases once the amplitude starts to be suppressed owing to competition with superconductivity. The vertical dashed lines in a,c illustrate the
connection between these two features of the data that define the Tcusp temperatures. All other lines are guides to the eye. Error bars indicate standard
deviations of the fit parameters described in Methods.

The intensities of the incommensurate Bragg peaks are sensitive
to atomic displacements parallel to the total scattering vector
Q. The comparatively small contribution to Q along the c⇤

direction from l = 0.5 r.l.u. means that our signal for a (h,
0, 0.5) peak is dominated by displacements parallel to the a
direction. (There will also be displacements parallel to the c
direction but we are essentially insensitive to them in our present
scattering geometry). Our data indicate that the incommensurate
peaks are much stronger if they are satellites of strong Bragg
peaks of the form (⌧ = (2n,0,0)) at positions such as ⌧ ± q1.
This indicates that the satellites are caused by a modulation
of the parent crystal structure. The fact that the scattering is
peaked at l = ±0.5 r.l.u. means that neighbouring bilayers are
modulated in antiphase. The two simplest structures (Fig. 3a,b)
compatible with our data (see Supplementary Information) involve
the neighbouring CuO2 planes in the bilayer being displaced in
the same (bilayer-centred) or opposite (chain-centred) directions,
resulting in the maximum amplitude of the modulation being on
the CuO2 planes or CuO chains respectively. In their 2�q form,
these structures would lead to the in-plane ‘checkerboard’ pattern
shown in Fig. 3c. Scanning tunnelling microscopy studies of other
underdoped cuprates16 and of field-induced CDW correlations in
vortex cores17 also support the tendency towards checkerboard
formation18, although disorder can cause small stripe domains
to mimic checkerboard order19. Our observation of a CDW

may be related to phonon anomalies20, which suggest that in
YBCO near p⇡ 1/8 there are anomalies in the underlying charge
susceptibility for q⇡ (0,0.3).

Cuprate superconductors show strong spin correlations, and
the interplay between spin and charge correlations may be at the
heart of the high-Tc phenomenon. The spin correlations are largely
dynamic, with energies up to several hundred meV. YBa2Cu3O6+x
and La2�x(Ba,Sr)xCuO4+� show incommensurate magnetic order,
which can be enhanced by suppressing superconductivity with an
applied magnetic field21–24; this has some analogies with the CDW
order observed here. The magnetic order is static on the ⇠1meV
frequency scale of neutron diffraction and has been detected in
lightly doped YBa2Cu3O6+x for p 0.082 (ref. 21), and moderately
doped La2�xSrxCuO4 for p  0.14 (ref. 24). The YBa2Cu3O6.67
(p⇡ 1/8) sample studied here is expected to have a relatively large
spin gap, h̄! ⇡ 20meV (ref. 25), in its magnetic excitations at
low temperature, making it unlikely that it orders magnetically.
As discussed earlier, this is confirmed by other measurements13,14,
so the CDW does not seem to be accompanied by spin order.
Moreover, there is no obvious relationship between qCDW and the
wave vector of the incipient spin fluctuations qSF ⇡ (0.1,0) of
similarly doped samples25.

It is interesting to note that TCDW corresponds approximately
withTH (Fig. 4), the temperature at whichHall effectmeasurements
suggest that Fermi surface reconstruction begins26. A CDW that
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. a, Doping dependence of the antiferromagnetic ordering temperature TN, the incommensurate spin-density
wave order TSDW (green triangles; ref. 21), the superconducting temperature Tc and the pseudogap temperature T⇤ as determined from the Nernst effect30

(black squares) and neutron diffraction29 (purple squares). Notice that the Nernst effect30 indicates a broken rotational symmetry inside the pseudogap
region, whereas a translational symmetry preserving magnetic order is found by neutron scattering29. Below temperature scale TH (black circles), a larger
and negative Hall coefficient was observed26 and interpreted in terms of a Fermi surface reconstruction. Our X-ray diffraction experiments show that in
YBCO p = 0.12 incommensurate CDW order spontaneously breaks the crystal translational symmetry at a temperature TCDW that is twice as large as Tc.
TCDW is also much larger than TNMR (red squares), the temperature scale below which NMR observes field-induced charge order13. b, Field dependence of
TCDW (filled red circles) and Tcusp (open squares), the temperature below which the CDW is suppressed by superconductivity, compared with TH (open
black circle) and TVL (filled blue circles), the temperature where the vortex liquid state forms26. Error bars on TSDW, TH, TNMR, and T⇤ are explained in
refs 21,26,30,33. The error bars on TCDW and Tcusp reflect the uncertainty in determining the onset and suppression temperature of CDW order from Fig. 2.

these various orders are ‘intertwined’31. In this context, we can
view our present results as indicating that the electron system
has a tendency towards two ground states: a charge density
wave, which breaks translational symmetry and involves electron–
hole correlations, versus superconductivity, which breaks gauge
symmetry and involves electron–electron correlations.We note that
the q-vectors of the CDW lie close to the separation of pieces of
Fermi surface that have maximum superconducting gap at optimal
doping and have the same sign of the order parameter.

Methods
Our experiments used 100 keV hard X-ray synchrotron radiation from the
DORIS-III storage ring at DESY, Hamburg, Germany. We installed a recently
developed 17 T horizontal cryomagnet designed for beamline use on the triple-axis
diffractometer at beamline BW5. The sample was mounted by gluing it over a hole
in a temperature-controlled aluminium plate within the cryomagnet vacuum and
was thermally shielded by thin Al and aluminizedmylar foils glued to this plate. The
sample temperature could be controlled over the range ⇠2–300K. The incoming
and outgoing beams passed through 1mm thick aluminium cryostat vacuum
windows, which gave a maximum of ⇠ ±10� input and output angles relative to
the field direction, which was parallel to the sample c axis within <1�. Between
the beam access windows and the sample plate, there were further aluminium
foil thermal radiation shields at liquid nitrogen temperature. A 2mm square
aperture collimated the incoming beam, so that it passed mainly through the part
of the sample over the hole in the aluminium plate, greatly reducing background
scattering by the plate. Further slits before the analyser and the detector removed
scattering by the cryostat windows and nitrogen shields. The scattering plane
(a⇤–c⇤) was horizontal. The cryomagnet was mounted on a rotation stage with a
goniometer giving � tilt about the field axis. The sample was initially mounted
with its a axis nearly horizontal. The � goniometer allowed the exact alignment of
this axis using the (2 0 0) Bragg peak and could also be used for low-resolution
scans in the b⇤ direction. Magnetic fields were applied with the sample heated
above Tc; it was then field-cooled to base temperature. When fields were applied,
minor changes in the position and angle of the sample holder were observed; these
were corrected by use of horizontal and vertical motion stages under the cryostat
rotation stage, and by realigning on the (2 0 0) Bragg peak. During temperature
scans, realignment on the (2 0 0) Bragg peak was performed automatically at every
temperature point to ensure that all measurements were centred. After results
had been obtained with the a axis horizontal, the sample was remounted with
the b axis horizontal for further measurements. The YBa2Cu3O6.67 sample had
dimensions a⇥b⇥ c = 3.1⇥1.7⇥0.6mm3 and mass 18mg. The superconducting
transition temperature Tc = 67K (width: 10%–90%= 1.1K) was derived from
a zero-field-cooled magnetization curve at 0.1mT. The single crystal was 99%

detwinned and the Cu–O chains were ordered with the ortho-VIII structure by
standard procedures12.

The diffracted intensities from the CDW, shown in Fig. 1, are composed of
an incommensurate lattice modulation peak on a smoothly varying background.
The background along (h, 0, 0.5) mainly originates from the tails of the ortho-VIII
peaks (see Supplementary Information). It varies strongly from one Brillouin
zone to another; for example, the background around (2.7, 0, 0.5) is an order of
magnitude larger than around (1.7, 0, 0.5). The background has essentially no
field dependence (Fig. 1a–c) so subtracting the zero-field from high-field data is
a simple way to eliminate the background. This reveals the field-enhanced signal
inside the superconducting state (Fig. 1a–d).

As there is a weak temperature dependence in the background (Fig. 1a–c), it
is not possible to eliminate it by subtracting a high-temperature curve. Therefore,
to obtain the temperature dependences shown in Fig. 2, we fitted the data to
a Gaussian function G(Q) and modelled the background by a second-order
polynomial B(Q)= c0 + c1Q+ c2Q2. The constants c0, c1 and c2 have a small
but significant temperature dependence. The low counting statistics resulted in
Gaussians fitting equally well as other possible lineshapes such as Lorentzians.

The signal-to-background ratio is best for the (2� �1, 0, 0.5) peak due
the weaker structural ortho-VIII peak (see Supplementary Fig. S2). From the
Gaussian fits to the (2��1, 0, 0.5) satellite peak at 2 K and 17 T we can estimate
the correlation length ⇠ along the three crystal axis directions. We define ⇠ = 1/� ,
where � = (� 2

meas�� 2
R)0.5 is the measured Gaussian standard deviation corrected for

the instrument resolution �R and expressed in Å�1. Along the a axis direction, we
find � = 6.4⇥10�3 r.l.u. ⌘ 1.1⇥10�2 Å�1, and hence ⇠a = 95±5Å. Deconvolving
the poor instrumental resolution along the b axis direction for the (2��1, 0, 0.5)
peak yields a similar correlation length ⇠b ⇠ ⇠a.
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Figure 1 | Incommensurate charge–density-wave order. Diffracted intensity in reciprocal space Q= (h,k,l) = ha⇤ +kb⇤ + lc⇤ where a⇤ = 2⇡/a, b⇤ = 2⇡/b
and c⇤ = 2⇡/c, with lattice parameters a = 3.81 Å, b = 3.87 Å (Supplementary Fig. S1), c = 11.72 Å. Four different scans in reciprocal space, projected into
the first Brillouin zone, are shown schematically in e. a–c, Scans along (h,0,0.5) for temperatures and magnetic fields (applied along the crystal
c-direction) as indicated. An incommensurate lattice modulation, peaked at (2��1, 0, 0), where �1 = 0.3045(2), emerges as the temperature is lowered
below 135 K. The intensity of the satellite in b is of the order 2⇥ 10�6 weaker than the (2, 0, 0) reflection. This becomes field-dependent below the
zero-field superconducting transition temperature Tc = 67 K. The full-width half-maximum instrumental resolution is shown by horizontal lines in b,f. By
deconvolving the resolution from the Gaussian fits to the data taken at 17 T and 2 K, an h-width of �a = 6.4⇥ 10�3 r.l.u. corresponding to a correlation
length ⇠a = 1/�a of 95±5 Å was found (see Methods). d, The field-induced signal I(17 T)� I(0 T) at T = 2 K is modulated along (1.695, 0, l) and peaks at
approximately l = ±0.5. f, Scan along (1.695, k, 0.5). The poor resolution along the k-direction did not allow accurate determination of the width along
(1.695, k, 0.5), but we estimate a value of 0.01 r.l.u., comparable to that along (h, 0, 0.5), indicating similar coherence lengths along a- and b-axis directions.
g–i, Scans along (0, k, 0.5). Incommensurate peaks are found in several Brillouin zones, for example, at positions Q= (0,2±�2,0.5) and (0,4��2,0.5),
where �2 = 0.3146(7), see also Supplementary Fig. S3. The vertical dashed line in g indicates �1 whereas the line in a indicates �2. The lattice modulation
was fitted to a Gaussian function (solid lines in a–d,f–i) on a background (dashed lines) modelled by a second-order polynomial. Error bars are determined
by counting statistics.

In zero field, the intensity of the CDWBragg peak (Fig. 2) grows
on cooling to Tc, below which it is partially suppressed. For T >Tc,
a magnetic field applied along the c direction has no effect. Below
Tc it causes an increase of the intensity of the CDW signal (Figs 1a
and 2). At T = 2K, the intensity grows with applied magnetic field
(Fig. 2b) and shows no signs of saturation up to 17 T. The magnetic
field also makes the CDW more long-range ordered (Fig. 2c). In
zero magnetic field, the q-width varies little with temperature.
However, below Tc in a field, the CDW order not only becomes
stronger, but also becomes more coherent, down to a temperature
Tcusp below which the intensity starts to decrease (Figs 2 and 4).
All of this is clear evidence for competition between CDW and
superconducting orders.

Non-resonant X-ray diffraction is sensitive to modulations of
charge density and magnetic moments. In our case, the expected
magnetic cross-section is several orders of magnitude smaller than
our observed signal, which must therefore be due to charge scatter-
ing. NMR measurements on a sample of the same composition as

ours13 indicate that the CDW is not accompanied by magnetic or-
der, and this is confirmed by soft X-raymeasurements, whichwould
also be sensitive to fluctuating order14. Charge density modulations
in solids will always involve both a modulation of the electronic
charge and a periodic displacement of the atomic positions15. We
are more sensitive to the atomic displacements than to the charge
modulation because ions with large numbers of electrons (as in
YBCO)dominate the scattering (see Supplementary Information).

NMR data13 suggest that CDW order only appears below
T ⇡ 67K andH > 9 T, whereas with X-rays we observe CDW order
in zero field up to 135K. This apparent discrepancy may arise
from differing timescales of various probes (see Supplementary
Information for further discussion). X-ray diffraction experiments
are usually interpreted as measuring the static order of a given
structure, but, if performed with wide energy acceptance, are
also sensitive to short-lived structures. Thus, it is possible that
the observed CDW is quasi-static and only frozen on the NMR
timescale (⇡3 ns) at high fields and lower temperatures.
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Thermodynamic phase diagram of static charge
order in underdoped YBa2Cu3Oy
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The interplay between superconductivity and any other
competing order is an essential part of the long-standing
debate on the origin of high-temperature superconductivity
in cuprate materials1,2. Akin to the situation in the heavy
fermions, organic superconductors and pnictides, it has been
proposed that the pairing mechanism in the cuprates comes
from fluctuations of a nearby quantum phase transition3.
Recent evidence for charge modulation4 and its associated
fluctuations5–7 in the pseudogap phase of YBa2Cu3Oy makes
charge order a likely candidate for a competing order. However,
a thermodynamic signature of the charge-ordering phase
transition is still lacking. Moreover, whether the charge
modulation is uniaxial or biaxial remains controversial. Here
we address both issues by measuring sound velocities in
YBa2Cu3O6.55 in high magnetic fields. We provide the first
thermodynamic signature of the competing charge-order phase
transition in YBa2Cu3Oy and construct a field–temperature
phase diagram. The comparison of different acoustic modes
indicates that the charge modulation is biaxial, which differs
from a uniaxial stripe charge order.

In most La-based cuprate superconductors, static order of both
spin and charge (so-called stripe order) has been unambiguously
identified by spectroscopic and thermodynamic probes1,2. At
low temperature, magnetic fields weaken superconductivity and
at the same time reinforce the magnitude of such orders8–10.
As the superconducting transition temperature (Tc) in the La-
based materials is substantially lower than in other cuprate
materials, it has been argued that stripe order is detrimental to
high-temperature superconductivity. In underdoped YBa2Cu3Oy
(YBCO), there is now compelling evidence of competing order
even though Tc = 94K at optimal doping. The discovery of
quantum oscillations11 combined with the negative Hall12 and
Seebeck13 coefficients at low temperature has demonstrated
that the Fermi surface of underdoped YBCO undergoes a
reconstruction at low temperature and consists of at least one
electron pocket. A comparative study of thermoelectric transport
in underdoped YBCO and in La1.8�xEu0.2SrxCuO4 (a cuprate in
which stripe order is well established) has been interpreted as
charge stripe order causing reconstruction of the Fermi surface at
low temperature14. High-field nuclear magnetic resonance (NMR)
measurements have revealed that the translational symmetry
of the CuO2 planes in YBCO is broken by the emergence
of a modulation of the charge density at low temperature4.
In addition, NMR measurements show that the modulation
is observed above a threshold magnetic field and suggest that

1Laboratoire National des Champs Magnétiques Intenses, UPR 3228, (CNRS-INSA-UJF-UPS), Toulouse 31400, France, 2Laboratoire National des Champs
Magnétiques Intenses, UPR 3228, (CNRS-INSA-UJF-UPS), Grenoble 38042, France, 3Department of Physics and Astronomy, University of British
Columbia, Vancouver V6T 1Z1, Canada, 4Canadian Institute for Advanced Research, Toronto M5G 1Z8, Canada. *e-mail: david.leboeuf@lncmi.cnrs.fr;
cyril.proust@lncmi.cnrs.fr.

charge order is most likely uniaxial4. In zero field, long-range
charge fluctuations in YBCO were recently observed with resonant
soft X-ray scattering (RSXS) up to 150K and 160K for p =
0.11 (ref. 5) and p = 0.133 (ref. 6), respectively, whereas hard
X-ray scattering experiments suggest that a charge order develops
below 135K for p = 0.12 (ref. 7). All measurements identify
charge fluctuations at two wave vectors corresponding to an
incommensurate periodicity of approximately 3.2 lattice units.
The identification of a thermodynamic phase transition is thus
important to determine where long-range charge order exists in the
phase diagram and particularly whether static order occurs only in
high magnetic fields.

Here we report sound velocity measurements, a thermodynamic
probe, in magnetic fields large enough to suppress superconduc-
tivity. The sound velocity is defined as vs =

p
cij/⇢, where ⇢ is the

density of the material, cij = @2F/@"i@"j (ref. 15), F is the free
energy and "i is the strain along direction i (in the contracted Voigt
notation). Changes in the elastic constants cij are expectedwhenever
a strain-dependent phase transition occurs. Owing to their high
sensitivity, sound velocity measurements are a powerful probe for
detecting such phase transitions, in particular charge ordering in
strongly correlated electron systems16.

We have measured several elastic constants (see Supplementary
Table S1 for the description of the elastic modes) in high
magnetic fields in an underdoped YBCO6.55 sample withTc =60.7K
corresponding to a hole doping p = 0.108 (ref. 17). Figure 1a,b
shows the field dependence of the relative variation of the
sound velocity 1vs/vs corresponding to the c11 mode, at different
temperatures. At T = 4.2K, the softening of the elastic constant at
the vortex lattice melting field Bm ⇡ 20 T corresponds to the first-
order melting transition from a vortex lattice to a vortex liquid18,19
(see Supplementary Information for more details). At T = 29.5K,
this anomaly shifts to lower field (Bm ⇡5 T) and because the pinning
potential becomes less effective, the magnitude of the change of
c11 at the melting transition becomes smaller20. At T = 29.5K and
above Bm, a sudden increase of the elastic constant can clearly be
resolved at Bco = 18 T, which corresponds to a thermodynamic
signature of a phase transition. Whereas Bco is almost temperature
independent at low temperature, it increases rapidly between 35 and
50 K (see red arrows in Fig. 1b). For T � 50K, no change of c11 can
be resolved up to the highest field. Owing to the difference in the
temperature dependence of Bm and Bco, the phase transition at Bco
cannot originate from vortices. Figure 2 shows the phase diagram in
which both Bm and Bco deduced from sound velocity measurements
are plotted as a function of temperature. The identification of this
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debate on the origin of high-temperature superconductivity
in cuprate materials1,2. Akin to the situation in the heavy
fermions, organic superconductors and pnictides, it has been
proposed that the pairing mechanism in the cuprates comes
from fluctuations of a nearby quantum phase transition3.
Recent evidence for charge modulation4 and its associated
fluctuations5–7 in the pseudogap phase of YBa2Cu3Oy makes
charge order a likely candidate for a competing order. However,
a thermodynamic signature of the charge-ordering phase
transition is still lacking. Moreover, whether the charge
modulation is uniaxial or biaxial remains controversial. Here
we address both issues by measuring sound velocities in
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thermodynamic signature of the competing charge-order phase
transition in YBa2Cu3Oy and construct a field–temperature
phase diagram. The comparison of different acoustic modes
indicates that the charge modulation is biaxial, which differs
from a uniaxial stripe charge order.

In most La-based cuprate superconductors, static order of both
spin and charge (so-called stripe order) has been unambiguously
identified by spectroscopic and thermodynamic probes1,2. At
low temperature, magnetic fields weaken superconductivity and
at the same time reinforce the magnitude of such orders8–10.
As the superconducting transition temperature (Tc) in the La-
based materials is substantially lower than in other cuprate
materials, it has been argued that stripe order is detrimental to
high-temperature superconductivity. In underdoped YBa2Cu3Oy
(YBCO), there is now compelling evidence of competing order
even though Tc = 94K at optimal doping. The discovery of
quantum oscillations11 combined with the negative Hall12 and
Seebeck13 coefficients at low temperature has demonstrated
that the Fermi surface of underdoped YBCO undergoes a
reconstruction at low temperature and consists of at least one
electron pocket. A comparative study of thermoelectric transport
in underdoped YBCO and in La1.8�xEu0.2SrxCuO4 (a cuprate in
which stripe order is well established) has been interpreted as
charge stripe order causing reconstruction of the Fermi surface at
low temperature14. High-field nuclear magnetic resonance (NMR)
measurements have revealed that the translational symmetry
of the CuO2 planes in YBCO is broken by the emergence
of a modulation of the charge density at low temperature4.
In addition, NMR measurements show that the modulation
is observed above a threshold magnetic field and suggest that

1Laboratoire National des Champs Magnétiques Intenses, UPR 3228, (CNRS-INSA-UJF-UPS), Toulouse 31400, France, 2Laboratoire National des Champs
Magnétiques Intenses, UPR 3228, (CNRS-INSA-UJF-UPS), Grenoble 38042, France, 3Department of Physics and Astronomy, University of British
Columbia, Vancouver V6T 1Z1, Canada, 4Canadian Institute for Advanced Research, Toronto M5G 1Z8, Canada. *e-mail: david.leboeuf@lncmi.cnrs.fr;
cyril.proust@lncmi.cnrs.fr.

charge order is most likely uniaxial4. In zero field, long-range
charge fluctuations in YBCO were recently observed with resonant
soft X-ray scattering (RSXS) up to 150K and 160K for p =
0.11 (ref. 5) and p = 0.133 (ref. 6), respectively, whereas hard
X-ray scattering experiments suggest that a charge order develops
below 135K for p = 0.12 (ref. 7). All measurements identify
charge fluctuations at two wave vectors corresponding to an
incommensurate periodicity of approximately 3.2 lattice units.
The identification of a thermodynamic phase transition is thus
important to determine where long-range charge order exists in the
phase diagram and particularly whether static order occurs only in
high magnetic fields.

Here we report sound velocity measurements, a thermodynamic
probe, in magnetic fields large enough to suppress superconduc-
tivity. The sound velocity is defined as vs =

p
cij/⇢, where ⇢ is the

density of the material, cij = @2F/@"i@"j (ref. 15), F is the free
energy and "i is the strain along direction i (in the contracted Voigt
notation). Changes in the elastic constants cij are expectedwhenever
a strain-dependent phase transition occurs. Owing to their high
sensitivity, sound velocity measurements are a powerful probe for
detecting such phase transitions, in particular charge ordering in
strongly correlated electron systems16.

We have measured several elastic constants (see Supplementary
Table S1 for the description of the elastic modes) in high
magnetic fields in an underdoped YBCO6.55 sample withTc =60.7K
corresponding to a hole doping p = 0.108 (ref. 17). Figure 1a,b
shows the field dependence of the relative variation of the
sound velocity 1vs/vs corresponding to the c11 mode, at different
temperatures. At T = 4.2K, the softening of the elastic constant at
the vortex lattice melting field Bm ⇡ 20 T corresponds to the first-
order melting transition from a vortex lattice to a vortex liquid18,19
(see Supplementary Information for more details). At T = 29.5K,
this anomaly shifts to lower field (Bm ⇡5 T) and because the pinning
potential becomes less effective, the magnitude of the change of
c11 at the melting transition becomes smaller20. At T = 29.5K and
above Bm, a sudden increase of the elastic constant can clearly be
resolved at Bco = 18 T, which corresponds to a thermodynamic
signature of a phase transition. Whereas Bco is almost temperature
independent at low temperature, it increases rapidly between 35 and
50 K (see red arrows in Fig. 1b). For T � 50K, no change of c11 can
be resolved up to the highest field. Owing to the difference in the
temperature dependence of Bm and Bco, the phase transition at Bco
cannot originate from vortices. Figure 2 shows the phase diagram in
which both Bm and Bco deduced from sound velocity measurements
are plotted as a function of temperature. The identification of this
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Thermodynamic phase diagram of static charge
order in underdoped YBa2Cu3Oy
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The interplay between superconductivity and any other
competing order is an essential part of the long-standing
debate on the origin of high-temperature superconductivity
in cuprate materials1,2. Akin to the situation in the heavy
fermions, organic superconductors and pnictides, it has been
proposed that the pairing mechanism in the cuprates comes
from fluctuations of a nearby quantum phase transition3.
Recent evidence for charge modulation4 and its associated
fluctuations5–7 in the pseudogap phase of YBa2Cu3Oy makes
charge order a likely candidate for a competing order. However,
a thermodynamic signature of the charge-ordering phase
transition is still lacking. Moreover, whether the charge
modulation is uniaxial or biaxial remains controversial. Here
we address both issues by measuring sound velocities in
YBa2Cu3O6.55 in high magnetic fields. We provide the first
thermodynamic signature of the competing charge-order phase
transition in YBa2Cu3Oy and construct a field–temperature
phase diagram. The comparison of different acoustic modes
indicates that the charge modulation is biaxial, which differs
from a uniaxial stripe charge order.

In most La-based cuprate superconductors, static order of both
spin and charge (so-called stripe order) has been unambiguously
identified by spectroscopic and thermodynamic probes1,2. At
low temperature, magnetic fields weaken superconductivity and
at the same time reinforce the magnitude of such orders8–10.
As the superconducting transition temperature (Tc) in the La-
based materials is substantially lower than in other cuprate
materials, it has been argued that stripe order is detrimental to
high-temperature superconductivity. In underdoped YBa2Cu3Oy
(YBCO), there is now compelling evidence of competing order
even though Tc = 94K at optimal doping. The discovery of
quantum oscillations11 combined with the negative Hall12 and
Seebeck13 coefficients at low temperature has demonstrated
that the Fermi surface of underdoped YBCO undergoes a
reconstruction at low temperature and consists of at least one
electron pocket. A comparative study of thermoelectric transport
in underdoped YBCO and in La1.8�xEu0.2SrxCuO4 (a cuprate in
which stripe order is well established) has been interpreted as
charge stripe order causing reconstruction of the Fermi surface at
low temperature14. High-field nuclear magnetic resonance (NMR)
measurements have revealed that the translational symmetry
of the CuO2 planes in YBCO is broken by the emergence
of a modulation of the charge density at low temperature4.
In addition, NMR measurements show that the modulation
is observed above a threshold magnetic field and suggest that
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charge order is most likely uniaxial4. In zero field, long-range
charge fluctuations in YBCO were recently observed with resonant
soft X-ray scattering (RSXS) up to 150K and 160K for p =
0.11 (ref. 5) and p = 0.133 (ref. 6), respectively, whereas hard
X-ray scattering experiments suggest that a charge order develops
below 135K for p = 0.12 (ref. 7). All measurements identify
charge fluctuations at two wave vectors corresponding to an
incommensurate periodicity of approximately 3.2 lattice units.
The identification of a thermodynamic phase transition is thus
important to determine where long-range charge order exists in the
phase diagram and particularly whether static order occurs only in
high magnetic fields.

Here we report sound velocity measurements, a thermodynamic
probe, in magnetic fields large enough to suppress superconduc-
tivity. The sound velocity is defined as vs =

p
cij/⇢, where ⇢ is the

density of the material, cij = @2F/@"i@"j (ref. 15), F is the free
energy and "i is the strain along direction i (in the contracted Voigt
notation). Changes in the elastic constants cij are expectedwhenever
a strain-dependent phase transition occurs. Owing to their high
sensitivity, sound velocity measurements are a powerful probe for
detecting such phase transitions, in particular charge ordering in
strongly correlated electron systems16.

We have measured several elastic constants (see Supplementary
Table S1 for the description of the elastic modes) in high
magnetic fields in an underdoped YBCO6.55 sample withTc =60.7K
corresponding to a hole doping p = 0.108 (ref. 17). Figure 1a,b
shows the field dependence of the relative variation of the
sound velocity 1vs/vs corresponding to the c11 mode, at different
temperatures. At T = 4.2K, the softening of the elastic constant at
the vortex lattice melting field Bm ⇡ 20 T corresponds to the first-
order melting transition from a vortex lattice to a vortex liquid18,19
(see Supplementary Information for more details). At T = 29.5K,
this anomaly shifts to lower field (Bm ⇡5 T) and because the pinning
potential becomes less effective, the magnitude of the change of
c11 at the melting transition becomes smaller20. At T = 29.5K and
above Bm, a sudden increase of the elastic constant can clearly be
resolved at Bco = 18 T, which corresponds to a thermodynamic
signature of a phase transition. Whereas Bco is almost temperature
independent at low temperature, it increases rapidly between 35 and
50 K (see red arrows in Fig. 1b). For T � 50K, no change of c11 can
be resolved up to the highest field. Owing to the difference in the
temperature dependence of Bm and Bco, the phase transition at Bco
cannot originate from vortices. Figure 2 shows the phase diagram in
which both Bm and Bco deduced from sound velocity measurements
are plotted as a function of temperature. The identification of this
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Figure 1 | Field dependence of the sound velocity in underdoped
YBa2Cu3Oy

. a,b, Field dependence of the longitudinal mode c11

(propagation q and polarization u of the sound wave along a axis) in
underdoped YBCO (p= 0.108) at different temperatures from T= 4.2 K to
T= 24.9 K (a), and from T= 29.5 K to T= 50 K (b). The curves are shifted
for clarity. The measurements were performed in static magnetic field up to
28 T. Black arrows indicate the field Bm corresponding to the vortex lattice
melting. At low temperature, the loss of the vortex lattice compression
modulus can be estimated and is in agreement with previous studies (see
Supplementary Information). For T> 40 K, Bm cannot be resolved. Red
arrows indicate the field Bco where the charge-order phase transition
occurs. This transition is not related to vortex physics because it is also
seen in acoustic modes c44 and c55 (Fig. 3 and Supplementary Fig. S3),
which are insensitive to the flux line lattice because those modes involve
atomic motions parallel to the vortex flux lines (u kH k c).

phase stabilized by the magnetic field above Bco is straightforward.
High-field NMR measurements in YBCO at similar doping have
shown that charge order develops above a threshold field Bco >15 T
and below T RMN

co = 50± 10K (ref. 4). Given the similar field and
temperature scales, it is natural to attribute the anomaly seen in
the elastic constant at Bco to the thermodynamic transition towards
the static charge order.

The phase diagram in Fig. 2 shares common features with the
theoretical phase diagram of superconductivity in competition

0
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charge order
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Tco
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p = 0.108 Bm

Tco
NMR
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Figure 2 | Thermodynamic phase diagram. Magnetic field–temperature
phase diagram of underdoped YBCO (p= 0.108) obtained from the
anomalies seen in the elastic constant c11 (Fig. 1). Black squares indicate the
transition from a vortex lattice to a vortex liquid at Bm, which cannot be
resolved above 40 K. Red circles correspond to the phase transition
towards static charge order at Bco, as observed in c11. The error bars on the
field scale Bm (Bco) correspond to the width of the transition in the
derivative (raw data) of c11(B). The charge-order transition is almost
temperature independent up to ⇡40 K. Above 40 K the field scale Bco at
which charge order sets in rises. In the Supplementary Information, we
argue that the overall behaviour of the charge-order phase boundary in this
B–T diagram is consistent with a theoretical model of superconductivity in
competition with a density-wave state21. The green diamond is the
temperature TNMR

co = 50± 10 K at which NMR experiments detect the onset
of a charge modulation at a field B= 28.5 T in YBCO at doping p= 0.11
(ref. 4). Within the error bars, this onset temperature agrees with our
findings. Dashed lines are guides to the eye.

with a density-wave order21 (see discussion in the Supplementary
Information). For T below 40K or so, static charge order sets
in only above a threshold field of 18 T, akin to the situation in
La2�xSrxCuO4 (x = 0.145) in which a magnetic field is necessary
to destabilize superconductivity and to drive the system to a
magnetically ordered state9. Close to the onset temperature of
static charge order, Tco, the threshold field Bco sharply increases
and the phase boundary tends to become vertical. This is in
agreement with the theoretical phase of competing order with
superconductivity that predicts that superconducting fluctuations
have no significant effect on charge order in this part of
the phase diagram.

We now turn to the analysis of the symmetry of the charge
modulation. In the framework of the Landau theory of phase
transitions, an anomaly in the elastic constant occurs at a phase
transition only if a coupling in the free energy Fc = gmnQm "n (where
m and n are integers and gmn is a coupling constant) between the
order parameter Q and the strain " is symmetry allowed, that is,
only if Qm and "n transform according to the same irreducible
representation22. In Fig. 3 we compare the field dependence at
T = 20K of four different modes c11, c44, c55 and c66 that display
an anomaly at Bco. To explain the presence of such coupling for
all these modes, we rely on group theory arguments. YBCO is
an orthorhombic system (point group D2h), and given the even
character of the strains we have only to consider the character table
of point groupD2 shown in Table 1.

To represent the different symmetric charge modulations that
transform according to each irreducible representation of the point
groupD2 and to determine to which acoustic mode they couple, we
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FIG. 1: The temperature dependence of the CDW scattering intensity at Q = [-0.31 0 1.48] in

YBa2Cu3O6.67 measured by resonant x-ray scattering in Ref. [4]. This sample has T

c

⇡ 65.5K.

intensity at the antiferromagnetic wavevector in the insulating antiferromagnet La2CuO4

between 550K and 350K [6]. This increase was explained by the classical thermal, angular

fluctuations of the 3-component antiferromagnetic order parameter in d = 2 spatial di-

mensions [7]. Indeed, this is a special case of a general result of Polyakov [8] who showed

that order parameters with N � 3 components are dominated by angular fluctuations in

d = 2; here, we will use the N = 6 case to describe X-ray scattering in the pseudogap of

YBa2Cu3O6.67.

The observed decrease in charge order with decreasing T in YBa2Cu3O6.67 at low T was

predicted in Ref. [9] using a Landau theory framework [10] to describe competition between

superconductivity and charge density wave order. Here we will extend the theory to a

much wider regime of temperatures. The Landau theory introduces a complex field  (r)

to represent the superconductivity, and two complex fields �
x,y

(r) to represent the charge

order. The latter can represent modulations at the wavevectors Q
x,y

in not only the site
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We extend recent low-temperature analyses of competing orders in the cuprate superconductors to the
pseudogap regime where all orders are fluctuating. A universal continuum limit of a classical Ginzburg-Landau
functional is used to characterize fluctuations of the superconducting order: this describes the crossover from
Gaussian fluctuations at high temperatures to the vortex-binding physics near the onset of global phase coher-
ence. These fluctuations induce affiliated corrections in the correlations of other orders, and in particular, in the
different realizations of charge order. Implications for scanning tunneling spectroscopy and neutron-scattering
experiments are noted: there may be a regime of temperatures near the onset of superconductivity where the
charge order is enhanced with increasing temperatures.
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I. INTRODUCTION

A number of recent perspectives1–8 have highlighted new
experimental9–14 and theoretical15–27 works exploring the in-
terplay between the multiple order parameters which charac-
terize the ground state of some of the cuprate superconduct-
ors. Good evidence was obtained for a strong coupling
between the superconducting order and density wave order
in spin/charge/bond correlations !described more precisely
below". In particular, by tuning the superconducting order by
an applied magnetic field at very low temperatures (T), a
strong field-dependent variation was observed in the latter
correlations.
In this paper, we explore the possibility of observing re-

lated connections in the finite temperature ‘‘pseudogap’’ re-
gion above the superconducting critical temperature Tc .
Here, the superconducting order has strong T-dependent
fluctuations; we will compute these fluctuations in the frame-
work of a two-dimensional Ginzburg-Landau theory, includ-
ing a precise characterization of strong fluctuations obtained
from numerical studies. We will show that the model of Ref.
16 predicts that such fluctuations lead to a corresponding
sympathetic variation in the autocorrelations of the other or-
ders. Working to linear order in the coupling between super-
conductivity and these orders, we provide a computation of
certain universal characteristics of the T dependence of the
latter fluctuations. Our results will also be formally extended
to T#Tc for completeness, but it must be noted that we
neglect the interlayer coupling and quantum effects, which
become important at lower T.28
We begin by defining the order parameters under consid-

eration. The primary order is the complex superconducting
order #(r) which describes the spatial variation in the order
associated with condensation of Cooper pairs. This is ex-
pected to undergo strong ‘‘phase’’ fluctuations29 for T near
Tc . Using the proximity of the underdoped cuprates to a
superfluid-insulator quantum transition, Refs. 30,31 argued
that ‘‘amplitude’’ fluctuations should be treated at an equal
footing,32 and proposed that such thermal fluctuations could

be described by a classical partition function of a suitable
universal continuum limit of the Ginzburg-Landau free en-
ergy: this will be reviewed here in Sec. III. Such an approach
describes the crossover from Gaussian superconducting fluc-
tuations at temperatures well above Tc , to the vortex physics
of the Kosterlitz-Thouless transition near Tc . A dynamic
theory with a similar static component !although with a lat-
tice cutoff" was recently used33–35 to describe the notable
measurements36 of the Nernst effect.
This fluctuating superconductor is also expected to have

appreciable correlations in other order parameters. The spin-
density-wave order is described by the complex three-
component vectors $x% , $y% , where %$x ,y ,z extends over
the three spin directions, and the spin operator on site r,
S%(r) is given by

S%!r"$Re&eiKsx•r$x%!r""eiKsy•r$y%!r"' . !1.1"

Here Ksx ,y are the spin-density-wave ordering wave vectors
along the x and y principle axes of the square lattice: near a
doping of ($1/8, we have Ksx$(3)/4,)) and Ksy
$() ,3)/4). In a similar manner we can define bond order
parameters *ax ,y(r) by examining the modulations in the
exchange energy of a pair of spins separated by a distance a:

S%!r"S%!r"a"$Re&eiKcx•r*ax!r""eiKcy•r*ay!r"' .
!1.2"

The special case a$0 of *ax ,y is a measure of the charge-
density wave order. Comparison between Eqs. !1.2" and !1.1"
suggests that the ordering wave vectors are related by Kcx ,y
$2Ksx ,y , and this is observed experimentally.
A number of other order parameters which are invariant

under spin rotations, like *ax ,y , can also be defined.16,21
These include the site charge density, the average electron
kinetic energy in a bond, or modulations in the pairing am-
plitude. By symmetry, all such quantities will have modula-
tions at the wave vectors Kcx ,y , and we can therefore expect
that their order parameter fluctuations will track those of
*ax ,y . Differences in microscopic physics can, of course,
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These include the site charge density, the average electron
kinetic energy in a bond, or modulations in the pairing am-
plitude. By symmetry, all such quantities will have modula-
tions at the wave vectors Kcx ,y , and we can therefore expect
that their order parameter fluctuations will track those of
*ax ,y . Differences in microscopic physics can, of course,

PHYSICAL REVIEW B 69, 144504 !2004"

0163-1829/2004/69!14"/144504!9"/$22.50 ©2004 The American Physical Society69 144504-1

Sunday, September 22, 13



1. Review of recent experiments
      
2. Theory of pseudogap

3. Microscopic basis

Outline

Sunday, September 22, 13



1. Review of recent experiments
      
2. Theory of pseudogap

3. Microscopic basis

Outline

Sunday, September 22, 13



2

3.0

2.5

2.0

1.5

1.0

0.5

0.0

CD
W

 S
ca

tt
er

in
g 

In
te

ns
ity

 (a
rb

. u
ni

ts
)

150100500

Temperature (K)

YBa2Cu3O6.67
Q = [-0.31 0 1.48] 

FIG. 1: The temperature dependence of the CDW scattering intensity at Q = [-0.31 0 1.48] in

YBa2Cu3O6.67 measured by resonant x-ray scattering in Ref. [4]. This sample has T

c

⇡ 65.5K.

intensity at the antiferromagnetic wavevector in the insulating antiferromagnet La2CuO4

between 550K and 350K [6]. This increase was explained by the classical thermal, angular

fluctuations of the 3-component antiferromagnetic order parameter in d = 2 spatial di-

mensions [7]. Indeed, this is a special case of a general result of Polyakov [8] who showed

that order parameters with N � 3 components are dominated by angular fluctuations in

d = 2; here, we will use the N = 6 case to describe X-ray scattering in the pseudogap of

YBa2Cu3O6.67.

The observed decrease in charge order with decreasing T in YBa2Cu3O6.67 at low T was

predicted in Ref. [9] using a Landau theory framework [10] to describe competition between

superconductivity and charge density wave order. Here we will extend the theory to a

much wider regime of temperatures. The Landau theory introduces a complex field  (r)

to represent the superconductivity, and two complex fields �
x,y

(r) to represent the charge

order. The latter can represent modulations at the wavevectors Q
x,y

in not only the site
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A very similar result was obtained by Kopietz in the
Schwinger boson formalism. The constant C& is not
determined by our experiment, and in Fig. 6{b) the
overall scale was adjusted in order to obtain the best fit of
Eq. (10) to the data.
In order to estimate the effect of the cutoff in the ener-

gy integration on the correlation length deduced in our
experiment, we have calculated the integral Eq. (5) nu-
merically, using the dynamic structure factor of Tyc
et al. These authors find that the characteristic energy
of the spin system is given by c00=cg '[T/2frp, ]'~ . For
energies up to 12 meV, this prediction has been experi-
mentally verified by Yamada et al. We have fitted the
data generated by a numerical integration of Eq. (5) to
simple Lorentzians and thus established a conversion
table between the correlation length measured in our ex-
periment and the intrinsic correlation length. We found
that the two lengths are indistinguishable over most of
the temperature range. A noticeable difference, although
still within the experimental error bar, only appears
above 500 K. To take this discrepancy into account, we
have adjusted the error bars of the highest temperature
points in Fig. 6(a). The insensitivity of the measured
correlation length to the cutoff is hardly surprising, since
even at 600 K the characteristic frequency is still only 20

FIG. 5. Representative energy-integrating scans along
(H, 0.38,0) for carrier-free La2Cu04 (T&=325 K). The dashed
line is the experimental resolution function; the solid line the re-
sult of a fit to a convolution of the resolution function with a
two-dimensional Lorentzian scattering function.
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to simple Lorentzians, S(q)=S(0)/(1+q g ) convoluted
with the experimental resolution function. The result of
this procedure is shown in Fig. 6(a), together with the
theoretical predictions Eqs. (8) and (9). Since J-135
meV has been determined experimentally, the Monte
Carlo prediction contains no adjustable parameters. For
the analytical formula Eq. (8) we obtained 2frp, =150
meV=1. 11J from a least-squares fit to our data. The
agreement between the fitted curve, the Monte Carlo
simulation, and our data is clearly good. For compar-
ison, the curve calculated from Eq. (8) with the spin-wave
theory value' of 2~p, =0.94J deviates significantly from
both the experimental and the numerical data. This indi-
cates an —15% error in calculating 2', from spin-wave
theory. As we will see shortly, our estimate of this error
is somewhat reduced if corrections to the 2D Heisenberg
Hamiltonian are taken into account. It is gratifying to
see that both experiment and theory are now sufficiently
far advanced that this small error is clearly noticeable.
The temperature dependence of S(0), the q =0 instan-

taneous correlation function, is shown in Fig. 6(b). Up to
a negligibly small O(T) correction, the predictions of
Chakravarty, Halperin, and Nelson' and Tyc, Halperin,
and Chakravarty for S(0) are
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FIG. 6. (a) Inverse magnetic correlation length of a carrier-
free La2Cu04 sample together with several theoretical predic-
tions, as discussed in the text. (b) Peak intensities of the 2D
Lorentzian fits to the energy-integrating scans for this sample.
The short-dashed line in both figures refers to the expression of
Hasenfratz and Niedermayer, Ref. 22, modified according to
Eq. (12) in the text.
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FIG. 2. (a) Intensity vs scattering angle 28 for neutron
powder scans of the (100) peak region at 15 K and at room
temperature. (b) (100) peak intensity vs temperature. The
line is a spin- —,

' magnetization curve for TN =220 K, calculat-
ed from molecular-field theory.

As the sample was cooled below 200 K, an additional
weak peak [0.5% of the (200) peak intensity] appeared
at the (100) position of the orthorhombic structure. The
instrumental resolution was sufficient to determine that it
could not be a (001) peak. This peak at 15 K is shown
in Fig. 2(a) and compared to the same scan carried out
at room temperature. The (100) peak intensity (mea-
sured as peak height above background) is plotted versus
temperature in Fig. 2(b) indicating an ordering ternpera-
ture of =220~ 10 K. The symmetric line shape of the
peak indicates three-dimensional ordering, in contrast to
the asymmetric shape characteristic of two-dimensional
ordering. The peak width is resolution limited, indicat-
ing that the ordering is of long range. Additional low-
temperature peaks were also found at the (011), (031),
(120), and (300) positions, all of which are forbidden by
the orthorhombic crystal structure. X-ray powder dif-
fraction experiments carried out on a rotating-anode
source did not reveal any (100) or (001) peaks to within
0.1% of the (002) nuclear peak intensity. It seemed pos-
sible that a model involving oxygen-vacancy ordering
might explain these observed superlattice reflections.

However, preliminary calculations indicate that unreal-
istically high vacancy concentrations would be required
to explain the observed intensities of these reflections,
and the lack of corresponding x-ray peaks argues against
such an interpretation. Similarly, a displacive structural
phase transformation would yield superlattice peaks with
intensities increasing roughly as (sin8/X), contrary to
observation. A recent neutron diffraction study of
La2Cu04 ~ by Yamaguchi et aI. ' was interpreted as in-
dicating antiferromagnetism modulated along the [001]
axis, on the basis of an increasing intensity at the (021)
peak position with decreasing temperature below 240 K.
We doubt this interpretation since our (021) peak has no
magnetic contribution.
We therefore conclude that the (100) and the other

four peaks noted above are characteristic of an antiferro-
magnetic spin structure whose onset is associated with
the susceptibility anomaly. From an analysis of the in-
tegrated intensities of the (100), (011), and (031) peaks,
and assuming a magnetic moment on the copper sites
only, we find that the spins are aligned along the [001]
axis, while the antiferromagnetic modulation is along the

2803

Above TNéel

Below TNéel

B. Keimer et al.,
Phys. Rev. B 46, 14034 (1992).
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A very similar result was obtained by Kopietz in the
Schwinger boson formalism. The constant C& is not
determined by our experiment, and in Fig. 6{b) the
overall scale was adjusted in order to obtain the best fit of
Eq. (10) to the data.
In order to estimate the effect of the cutoff in the ener-

gy integration on the correlation length deduced in our
experiment, we have calculated the integral Eq. (5) nu-
merically, using the dynamic structure factor of Tyc
et al. These authors find that the characteristic energy
of the spin system is given by c00=cg '[T/2frp, ]'~ . For
energies up to 12 meV, this prediction has been experi-
mentally verified by Yamada et al. We have fitted the
data generated by a numerical integration of Eq. (5) to
simple Lorentzians and thus established a conversion
table between the correlation length measured in our ex-
periment and the intrinsic correlation length. We found
that the two lengths are indistinguishable over most of
the temperature range. A noticeable difference, although
still within the experimental error bar, only appears
above 500 K. To take this discrepancy into account, we
have adjusted the error bars of the highest temperature
points in Fig. 6(a). The insensitivity of the measured
correlation length to the cutoff is hardly surprising, since
even at 600 K the characteristic frequency is still only 20

FIG. 5. Representative energy-integrating scans along
(H, 0.38,0) for carrier-free La2Cu04 (T&=325 K). The dashed
line is the experimental resolution function; the solid line the re-
sult of a fit to a convolution of the resolution function with a
two-dimensional Lorentzian scattering function.
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to simple Lorentzians, S(q)=S(0)/(1+q g ) convoluted
with the experimental resolution function. The result of
this procedure is shown in Fig. 6(a), together with the
theoretical predictions Eqs. (8) and (9). Since J-135
meV has been determined experimentally, the Monte
Carlo prediction contains no adjustable parameters. For
the analytical formula Eq. (8) we obtained 2frp, =150
meV=1. 11J from a least-squares fit to our data. The
agreement between the fitted curve, the Monte Carlo
simulation, and our data is clearly good. For compar-
ison, the curve calculated from Eq. (8) with the spin-wave
theory value' of 2~p, =0.94J deviates significantly from
both the experimental and the numerical data. This indi-
cates an —15% error in calculating 2', from spin-wave
theory. As we will see shortly, our estimate of this error
is somewhat reduced if corrections to the 2D Heisenberg
Hamiltonian are taken into account. It is gratifying to
see that both experiment and theory are now sufficiently
far advanced that this small error is clearly noticeable.
The temperature dependence of S(0), the q =0 instan-

taneous correlation function, is shown in Fig. 6(b). Up to
a negligibly small O(T) correction, the predictions of
Chakravarty, Halperin, and Nelson' and Tyc, Halperin,
and Chakravarty for S(0) are
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FIG. 6. (a) Inverse magnetic correlation length of a carrier-
free La2Cu04 sample together with several theoretical predic-
tions, as discussed in the text. (b) Peak intensities of the 2D
Lorentzian fits to the energy-integrating scans for this sample.
The short-dashed line in both figures refers to the expression of
Hasenfratz and Niedermayer, Ref. 22, modified according to
Eq. (12) in the text.
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Polyakov, 1975
Chakravarty, Halperin, Nelson 1989

Key idea: analogy with the onset of 
antiferromagnetism in the insulator La2CuO4
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Symmetries:
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Multi-component order parameter

S. Sachdev and E. Demler, 
Phys. Rev. B 69, 144504 (2004). 

Sunday, September 22, 13



Symmetries:
Charge conservation (O(2)), x translations (O(2)), y trans-
lations (O(2)), x $ y (Z2), inversion, time-reversal.
Landau-Ginzburg free energy:

F =

Z
d

2
r

"
|r |2 + s1| |2 + u1| |4

+|r�
x

|2 + |r�
y

|2 + s2

�
|�

x

|2 + |�
y

|2
�

+u2

�
|�

x

|2 + |�
y

|2
�2

+ w

�
|�

x

|4 + |�
y

|4
�

+v| |2
�
|�

x

|2 + |�
y

|2
�
#

Competing orders: v is positive (and large).

Multi-component order parameter

S. Sachdev and E. Demler, 
Phys. Rev. B 69, 144504 (2004). 

Needed: a theory for large v
Sunday, September 22, 13



 

�
x

,�
y

Multi-component order parameter

Sunday, September 22, 13



 

�
x

,�
y

Multi-component order parameter

Preferred
configurations

Support from electron theory:
 M. A. Metlitski and S. Sachdev,  Phys. Rev. B 85, 075127 (2010)
 K. B. Efetov, H. Meier, and C. Pepin, Nature Physics 9, 442 (2013)
Sunday, September 22, 13



 

�
x

,�
y

Multi-component order parameter

Preferred
configurations

Support from electron theory:
 M. A. Metlitski and S. Sachdev,  Phys. Rev. B 85, 075127 (2010)
 K. B. Efetov, H. Meier, and C. Pepin, Nature Physics 9, 442 (2013)

Excluded region

Sunday, September 22, 13



 

�
x

,�
y

Multi-component order parameter

Preferred
configurations

Excluded region

n̂

Label order parameter by a

6-component unit vector n↵ with

P
↵ n2

↵ = 1

Sunday, September 22, 13



where  / n1 + in2, �x

/ n3 + in4, �y

/ n5 + in6.

Describes O(6) ) O(2)⇥O(2)⇥O(2)oZ2.

Solve by cluster Monte Carlo and 1/N expansion.

Z =

Z
Dn↵(r) �

 
6X

↵=1

n2
↵(r)� 1

!
exp

 
� ⇢s

2T

Z
d2r

"
2X

↵=1

(rn↵)
2

+ �
6X

↵=3

(rn↵)
2

+ g
6X

↵=3

n2
↵

+ w
h�
n2
3 + n2

4

�2
+

�
n2
5 + n2

6

�2i
#!

.

O(6) non-linear sigma model

L. E. Hayward, D. G. Hawthorn, R. G. Melko, and S. Sachdev, arXiv:1309.xxxx
Sunday, September 22, 13



13

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

T/⇢

s

0

2

4

6

8

10

12

S

�
x

/
a

2

ga

2 = 0.2, � = 0.6, wa

2 = 0.0

ga

2 = 0.2, � = 1.0, wa

2 = 0.0

ga

2 = 0.3, � = 1.0, wa

2 = �0.2

ga

2 = 0.4, � = 1.0, wa

2 = 0.0

ga

2 = 0.2, � = 0.6, wa

2 = 0.0

ga

2 = 0.2, � = 1.0, wa

2 = 0.0

ga

2 = 0.3, � = 1.0, wa

2 = �0.2

ga

2 = 0.4, � = 1.0, wa

2 = 0.0

FIG. 6: Comparison of the charge order structure factor as obtained from the large N expansion

at order 1/N , with the computations of the Monte Carlo for the same parameters, and size L = 32.

Large N calculations are solid lines, and Monte Carlo data is plotted as circles with statistical

error bars.

find that the e↵ective action for the auxiliary fields maps via

S[�, �

x

, �

y

] ! S[�, �

x

, �

y

] +
i

2w
J (�

x

� �

y

) � t

N⇢

s

w

J

2 (A9)

By taking functional derivatives with respect to J , and then setting J = 0, we can now
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Onset of superconductivity in Monte Carlo
8
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• The same set of parameters used to describe X-ray scatter-
ing, also predict the strength of superconducting fluctuations
above T

c

. Indeed YBa2Cu3O6+x

shows significant fluctua-
tion diamagnetism over the same range of temperatures. (S.
Chatterjee et al, in progress).

• Charge order was originally observed around vortex cores,
indicating its competition with superconductivity.

• The charge order becomes long-ranged in high magnetic fields,
and can explain the observed quantum oscillations (Taillefer,
Sebastian).

• Fluctuating 6-component order can explain “Fermi arc” pho-
toemission spectra (Randeria; D. Chowdhury et al, in progress)

Other experiments in the pseudogap
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FIG. 1. (Color online) Angular dependence of the torque density
for the UD57 YBa2Cu3O6.5 crystal in 10 T at T = 58.1, 60.3, 61.5,
66.9, and 72.2 K after correcting for a fixed instrumental offset of 10◦

and subtracting the gravitational term (Ref. 12). The solid lines show
single-parameter fits to the formula for 2D GF derived from Eq. (2)
plus χN

D (T ) shown in Fig. 2(a). Note the sin 2θ behavior at higher T .

χab(T ), which is the susceptibility anisotropy. Figure 1 shows
torque data for UD57 up to 15 K above the low-field Tc of
57 K. Much of our data, including the two curves for UD57
in Fig. 1 at higher T , follow a sin 2θ dependence very closely,
however, there are striking deviations at lower T arising from
nonlinearity in M(B) that we discuss later.

Figure 2(a) shows χD(T ) obtained from sin 2θ fits for
three doping levels at high enough T so that M remains ∝B.
The solid lines for OD89 and UD57 are fits up to 300 K
that include χFL

c (T ) from Eq. (1), with the strong cutoff
described below, plus the normal state background anisotropy
χN

D (T ) which arises from the g-factor anisotropy of the Pauli
paramagnetism.18 For UD crystals the T dependence of χN

D (T )
is caused by the pseudogap (see Ref. 19), plus a smaller
contribution from the electron pocket18 observed in high-field
quantum oscillation studies.20 We used the same pseudogap
energies (kBT ∗) and other parameters defining χN

D (T ) as
in our recent work on larger single crystals,18 e.g., T ∗ =
435 K for UD57. OD89 has no pseudogap and presumably
no pockets, so we represent the weak variation of χN

D (T ) with
T by the second order polynomial shown in Fig. 2(a).

Figures 2(b)–2(d) show plots of 1/|χFL
c (T )| vs T where

χFL
c (T ) ≡ χD(T ) − χN

D (T ). The short-dashed lines for UD22
and UD57 in Figs. 2(b) and 2(c) show the contribution from
Eq. (1) in the 2D limit (γ → ∞) with the two adjustable
parameters T MF1

c and ξab(0) given in Table I. The solid lines
show the effect of the same type of cutoff used in previous
studies of the the conductivity σ FL

ab (T ,B), as summarized in
Ref. 21. For OD89 we use the full 2D-3D form of Eq. (1) with
ξab(0) = 1.06 nm and γ = 5,22 shown by the short-dashed
line, with the solid line again including the cutoff.21 The high
quality of these fits could be somewhat fortuitous in view
of our neglect of any charge density wave (CDW),19 but other
subtraction procedures give similar values of 1/|χFL

c (T )|. Heat
capacity studies give a very similar value ξab(0) = 1.12 nm for
OD88 YBCO (Ref. 24) while our values for UD57 and UD22
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FIG. 2. (Color online) (a) Main: χD(T ) for the three crystals;
solid lines show fits to χFL

c (T ) + χN
D (T ) for OD89 and UD57, and

dashed lines show χN
D (T ). Inset: Symbols show M calculated for

various values of ε, using Eq. (2), when the anisotropy parameter
r ≡ [2ξc(0)/s]2 = 0. For r = 0.13 symbols show M given by the
2D-3D form of Eq. (2), which contains r and an extra integral (Ref. 2).
The lines show formulas used (Ref. 23) to represent these values of M

when fitting τ (θ ) data. (b)–(d) Plots of 1/|χFL
c (T )| vs T for the three

crystals. GF fits based on Eq. (1) are shown by short dashed lines,
without a cutoff, and by solid lines, with a strong cutoff (Ref. 21).
Red triangles for UD57 show ξab(0)2/ε obtained by fitting τ (θ ) to
the full 2D GF formula when M(B) is nonlinear, and converted to
1/|χFL

c (T )| using Eq. (1). For UD22 the full GF formula was used for
all the points shown in (b).

agree with previous work9,25 for the same Tc values. For UD57,
setting γ = 45,26 rather than the 2D limit of Eq. (1) (γ → ∞),
has no significant effect.

As the critical region is approached from above Tc the
exponent of ξab(T ) is expected to change from the MF value
of −1/2 to the 3D XY value of −2/3.1 It is very likely that
this will also apply to strongly 2D materials, including UD57,
since heat capacity data above and below Tc (Ref. 27) do show
the ln |ε| terms associated with the 3D XY model. We have
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Cuprate superconductors show much stronger thermody-
namic fluctuations than classical ones because of their higher
transition temperatures (Tc), shorter Ginzburg-Landau (GL)
coherence lengths, and quasi-two-dimensional layered struc-
tures with weakly interacting CuO2 planes.1,2 Observations
of diamagnetism3 and large Nernst coefficients over a broad
temperature (T ) range well above Tc for several types of
cuprate4,5 are intriguing.6 They are often cited as evidence
for preformed Cooper pairs without the long-range phase
coherence needed for superconductivity. In contrast, in Ref. 7
it is argued that phase and amplitude fluctuations set in
simultaneously. However, the fluctuations are still considered
to be strong in that the mean-field transition temperature
T MF

c , obtained by applying entropy and free energy balance
considerations to heat capacity data, is substantially larger
than Tc, especially for underdoped cuprates. In standard GL
theory the coefficient of the |ψ |2 term in the free energy, where
ψ is the order parameter, changes sign at T MF1

c , as explained
in Ref. 8. If |ψ |4 and higher order terms are neglected, T MF1

c

can be obtained from a Gaussian fluctuation (GF) analysis of
the magnetic susceptibility and other physical properties.1

One difficulty in this area is separating the fluctuation (FL)
contribution to a given property from the normal state (N)
background. Recently this has been dealt with for the in-plane
electrical conductivity σab(T ) of YBa2Cu3O6+x crystals by
applying very high magnetic fields (B).9 When analyzed using
GF theory, σ FL

ab (T ) was found to cut off even more rapidly
above T ! 1.1Tc than previously thought.10,11 It was also
strongly reduced at high B and the fields needed to suppress
σ FL

ab (T ) extrapolated to zero between 120 and 140 K depending
on x, which tends to support a vortex or Kosterlitz-Thouless
scenario. Therefore questions such as the applicability of GF
theory versus a phase fluctuation or mobile vortex scenario
and the extent to which Tc is suppressed below T MF1

c by
strong critical fluctuations are still being discussed. They are
of general interest because superconducting fluctuations could
limit the maximum Tc that can be obtained in a given class
of material,7 and, moreover,9 the fluctuation cutoff could be
linked in some way to the pairing mechanism.

Here we report torque magnetometry data measured12 from
Tc to 300 K for tiny YBa2Cu3O6+x (YBCO) single crystals
from overdoped (OD) to heavily underdoped (UD). These were

grown in nonreactive BaZrO3 crucibles from high-purity (5N)
starting materials. Evidence for the quality of the UD crystals
includes extremely sharp x-ray peaks,13 and substantial mean
free paths from quantum oscillation measurements.14 The
OD89 crystal is from another preparation batch which had
narrow superconducting transitions and a maximum Tc of
93.8 K.15 We analyze the results using GF theory which,
unlike some other approaches, predicts the magnitude of the
observed effects as well as their T dependence. We show that
it gives excellent single-parameter fits to the striking angular
dependence of the torque, which has previously been attributed
to the presence of a very large magnetic field scale.3 We
also show that inelastic scattering is a plausible mechanism
for cutting off the fluctuations at higher T and a possible
alternative to strong fluctuations for limiting Tc.

Although measurements of the London penetration depth16

below Tc and thermal expansion17 above and below Tc for
optimally doped (OP) YBCO crystals give evidence for
critical fluctuations described by the three-dimensional (3D)
XY model, up to ±10 K from Tc, we argue later that these do
not alter our overall picture.

A crystal with magnetization M in an applied magnetic
field B attached to a piezoresistive cantilever causes a change
in electrical resistance proportional to the torque density τ ≡
M × B. If B is parallel to the c axis of a cuprate crystal, then in
the low-field limit the contribution to M in the c-axis direction
from Gaussian fluctuations (MFL

c ) is given by2

MFL
c (T ) = −πkBT B

3%2
0

ξ 2
ab(T )

s
√

1 + [2ξab(T )/γ s)]2
. (1)

Here γ = ξab(T )/ξc(T ) is the anisotropy, defined as the
ratio of the T -dependent coherence lengths ‖ and ⊥ to the
layers, i.e., ξab,c(T ) = ξab,c(0)/ε1/2 with ε = ln(T/T MF1

c ).2,9

The distance between the CuO2 bilayers is taken as s =
1.17 nm, and %0 and kB are the pair flux quantum and
Boltzmann’s constant, respectively. For B ⊥ c the fluctuation
magnetization is negligibly small.

As the angle θ between the applied field and CuO2 planes is
altered, τ (θ ) will vary as τ (θ ) = 1

2χD(T )B2 sin 2θ , as long as
M ∝ B. Thus, fits to τ (θ ) ∝ B2 sin 2θ give χD(T ) ≡ χc(T ) −
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Cuprate superconductors show much stronger thermody-
namic fluctuations than classical ones because of their higher
transition temperatures (Tc), shorter Ginzburg-Landau (GL)
coherence lengths, and quasi-two-dimensional layered struc-
tures with weakly interacting CuO2 planes.1,2 Observations
of diamagnetism3 and large Nernst coefficients over a broad
temperature (T ) range well above Tc for several types of
cuprate4,5 are intriguing.6 They are often cited as evidence
for preformed Cooper pairs without the long-range phase
coherence needed for superconductivity. In contrast, in Ref. 7
it is argued that phase and amplitude fluctuations set in
simultaneously. However, the fluctuations are still considered
to be strong in that the mean-field transition temperature
T MF

c , obtained by applying entropy and free energy balance
considerations to heat capacity data, is substantially larger
than Tc, especially for underdoped cuprates. In standard GL
theory the coefficient of the |ψ |2 term in the free energy, where
ψ is the order parameter, changes sign at T MF1

c , as explained
in Ref. 8. If |ψ |4 and higher order terms are neglected, T MF1

c

can be obtained from a Gaussian fluctuation (GF) analysis of
the magnetic susceptibility and other physical properties.1

One difficulty in this area is separating the fluctuation (FL)
contribution to a given property from the normal state (N)
background. Recently this has been dealt with for the in-plane
electrical conductivity σab(T ) of YBa2Cu3O6+x crystals by
applying very high magnetic fields (B).9 When analyzed using
GF theory, σ FL

ab (T ) was found to cut off even more rapidly
above T ! 1.1Tc than previously thought.10,11 It was also
strongly reduced at high B and the fields needed to suppress
σ FL

ab (T ) extrapolated to zero between 120 and 140 K depending
on x, which tends to support a vortex or Kosterlitz-Thouless
scenario. Therefore questions such as the applicability of GF
theory versus a phase fluctuation or mobile vortex scenario
and the extent to which Tc is suppressed below T MF1

c by
strong critical fluctuations are still being discussed. They are
of general interest because superconducting fluctuations could
limit the maximum Tc that can be obtained in a given class
of material,7 and, moreover,9 the fluctuation cutoff could be
linked in some way to the pairing mechanism.

Here we report torque magnetometry data measured12 from
Tc to 300 K for tiny YBa2Cu3O6+x (YBCO) single crystals
from overdoped (OD) to heavily underdoped (UD). These were

grown in nonreactive BaZrO3 crucibles from high-purity (5N)
starting materials. Evidence for the quality of the UD crystals
includes extremely sharp x-ray peaks,13 and substantial mean
free paths from quantum oscillation measurements.14 The
OD89 crystal is from another preparation batch which had
narrow superconducting transitions and a maximum Tc of
93.8 K.15 We analyze the results using GF theory which,
unlike some other approaches, predicts the magnitude of the
observed effects as well as their T dependence. We show that
it gives excellent single-parameter fits to the striking angular
dependence of the torque, which has previously been attributed
to the presence of a very large magnetic field scale.3 We
also show that inelastic scattering is a plausible mechanism
for cutting off the fluctuations at higher T and a possible
alternative to strong fluctuations for limiting Tc.

Although measurements of the London penetration depth16

below Tc and thermal expansion17 above and below Tc for
optimally doped (OP) YBCO crystals give evidence for
critical fluctuations described by the three-dimensional (3D)
XY model, up to ±10 K from Tc, we argue later that these do
not alter our overall picture.

A crystal with magnetization M in an applied magnetic
field B attached to a piezoresistive cantilever causes a change
in electrical resistance proportional to the torque density τ ≡
M × B. If B is parallel to the c axis of a cuprate crystal, then in
the low-field limit the contribution to M in the c-axis direction
from Gaussian fluctuations (MFL

c ) is given by2

MFL
c (T ) = −πkBT B

3%2
0

ξ 2
ab(T )

s
√

1 + [2ξab(T )/γ s)]2
. (1)

Here γ = ξab(T )/ξc(T ) is the anisotropy, defined as the
ratio of the T -dependent coherence lengths ‖ and ⊥ to the
layers, i.e., ξab,c(T ) = ξab,c(0)/ε1/2 with ε = ln(T/T MF1

c ).2,9

The distance between the CuO2 bilayers is taken as s =
1.17 nm, and %0 and kB are the pair flux quantum and
Boltzmann’s constant, respectively. For B ⊥ c the fluctuation
magnetization is negligibly small.

As the angle θ between the applied field and CuO2 planes is
altered, τ (θ ) will vary as τ (θ ) = 1

2χD(T )B2 sin 2θ , as long as
M ∝ B. Thus, fits to τ (θ ) ∝ B2 sin 2θ give χD(T ) ≡ χc(T ) −
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Cuprate superconductors show much stronger thermody-
namic fluctuations than classical ones because of their higher
transition temperatures (Tc), shorter Ginzburg-Landau (GL)
coherence lengths, and quasi-two-dimensional layered struc-
tures with weakly interacting CuO2 planes.1,2 Observations
of diamagnetism3 and large Nernst coefficients over a broad
temperature (T ) range well above Tc for several types of
cuprate4,5 are intriguing.6 They are often cited as evidence
for preformed Cooper pairs without the long-range phase
coherence needed for superconductivity. In contrast, in Ref. 7
it is argued that phase and amplitude fluctuations set in
simultaneously. However, the fluctuations are still considered
to be strong in that the mean-field transition temperature
T MF

c , obtained by applying entropy and free energy balance
considerations to heat capacity data, is substantially larger
than Tc, especially for underdoped cuprates. In standard GL
theory the coefficient of the |ψ |2 term in the free energy, where
ψ is the order parameter, changes sign at T MF1

c , as explained
in Ref. 8. If |ψ |4 and higher order terms are neglected, T MF1

c

can be obtained from a Gaussian fluctuation (GF) analysis of
the magnetic susceptibility and other physical properties.1

One difficulty in this area is separating the fluctuation (FL)
contribution to a given property from the normal state (N)
background. Recently this has been dealt with for the in-plane
electrical conductivity σab(T ) of YBa2Cu3O6+x crystals by
applying very high magnetic fields (B).9 When analyzed using
GF theory, σ FL

ab (T ) was found to cut off even more rapidly
above T ! 1.1Tc than previously thought.10,11 It was also
strongly reduced at high B and the fields needed to suppress
σ FL

ab (T ) extrapolated to zero between 120 and 140 K depending
on x, which tends to support a vortex or Kosterlitz-Thouless
scenario. Therefore questions such as the applicability of GF
theory versus a phase fluctuation or mobile vortex scenario
and the extent to which Tc is suppressed below T MF1

c by
strong critical fluctuations are still being discussed. They are
of general interest because superconducting fluctuations could
limit the maximum Tc that can be obtained in a given class
of material,7 and, moreover,9 the fluctuation cutoff could be
linked in some way to the pairing mechanism.

Here we report torque magnetometry data measured12 from
Tc to 300 K for tiny YBa2Cu3O6+x (YBCO) single crystals
from overdoped (OD) to heavily underdoped (UD). These were

grown in nonreactive BaZrO3 crucibles from high-purity (5N)
starting materials. Evidence for the quality of the UD crystals
includes extremely sharp x-ray peaks,13 and substantial mean
free paths from quantum oscillation measurements.14 The
OD89 crystal is from another preparation batch which had
narrow superconducting transitions and a maximum Tc of
93.8 K.15 We analyze the results using GF theory which,
unlike some other approaches, predicts the magnitude of the
observed effects as well as their T dependence. We show that
it gives excellent single-parameter fits to the striking angular
dependence of the torque, which has previously been attributed
to the presence of a very large magnetic field scale.3 We
also show that inelastic scattering is a plausible mechanism
for cutting off the fluctuations at higher T and a possible
alternative to strong fluctuations for limiting Tc.

Although measurements of the London penetration depth16

below Tc and thermal expansion17 above and below Tc for
optimally doped (OP) YBCO crystals give evidence for
critical fluctuations described by the three-dimensional (3D)
XY model, up to ±10 K from Tc, we argue later that these do
not alter our overall picture.

A crystal with magnetization M in an applied magnetic
field B attached to a piezoresistive cantilever causes a change
in electrical resistance proportional to the torque density τ ≡
M × B. If B is parallel to the c axis of a cuprate crystal, then in
the low-field limit the contribution to M in the c-axis direction
from Gaussian fluctuations (MFL

c ) is given by2

MFL
c (T ) = −πkBT B

3%2
0

ξ 2
ab(T )

s
√

1 + [2ξab(T )/γ s)]2
. (1)

Here γ = ξab(T )/ξc(T ) is the anisotropy, defined as the
ratio of the T -dependent coherence lengths ‖ and ⊥ to the
layers, i.e., ξab,c(T ) = ξab,c(0)/ε1/2 with ε = ln(T/T MF1

c ).2,9

The distance between the CuO2 bilayers is taken as s =
1.17 nm, and %0 and kB are the pair flux quantum and
Boltzmann’s constant, respectively. For B ⊥ c the fluctuation
magnetization is negligibly small.

As the angle θ between the applied field and CuO2 planes is
altered, τ (θ ) will vary as τ (θ ) = 1

2χD(T )B2 sin 2θ , as long as
M ∝ B. Thus, fits to τ (θ ) ∝ B2 sin 2θ give χD(T ) ≡ χc(T ) −

060505-11098-0121/2013/88(6)/060505(5) ©2013 American Physical Society

Sunday, September 22, 13



• The same set of parameters used to describe X-ray scatter-
ing, also predict the strength of superconducting fluctuations
above T

c

. Indeed YBa2Cu3O6+x

shows significant fluctua-
tion diamagnetism over the same range of temperatures. (S.
Chatterjee et al, in progress).

• Charge order was originally observed around vortex cores,
indicating its competition with superconductivity.

• The charge order becomes long-ranged in high magnetic fields,
and can explain the observed quantum oscillations (Taillefer,
Sebastian).

• Fluctuating 6-component order can explain “Fermi arc” pho-
toemission spectra (Randeria; D. Chowdhury et al, in progress)

Other experiments in the pseudogap

model that proposed that the circulating super-
currents weaken the superconducting order pa-
rameter and allow the local appearance of a
coexisting spin density wave (SDW) and HTSC
phase (23) surrounding the core. In a more
recent model, which is an extension of (5) and
(22), the effective mass associated with spin
fluctuations results in an AF localization length
that might be substantially greater than the core
radius (30). An associated appearance of charge
density wave order was also predicted (31)
whose effects on the HTSC quasi-particles
should be detectable in the regions surrounding
the vortex core (23).

To test these ideas, we apply our recently
developed techniques of low-energy quasi-par-
ticle imaging at HTSC vortices (21). We choose
to study Bi-2212, because YBCO and LSCO
have proven nonideal for spectroscopic studies
because their cleaved surfaces often exhibit
nonsuperconducting spectra. Our “as-grown”
Bi-2212 crystals are generated by the floating
zone method, are slightly overdoped with Tc !
89 K, and contain 0.5% of Ni impurity atoms.
They are cleaved (at the BiO plane) in cryogen-
ic ultrahigh vacuum below 30 K and immedi-
ately inserted into the STM head. Figure 1A
shows a topographic image of the 560 Å square
area where all the STM measurements reported
here were carried out. The atomic resolution
and the supermodulation (with wavelength
"26 Å oriented at 45° to the Cu-O bond direc-
tions) are evident throughout.

To study effects of the magnetic field B on
the superconducting electronic structure, we
first acquire zero-field maps of the differential
tunneling conductance (G ! dI/dV) measured
at all locations (x, y) in the field of view (FOV)
of Fig. 1A. Because LDOS(E ! eV) # G(V ),
where V is the sample bias voltage, this results
in a two-dimensional map of the local density
of states LDOS(E, x, y, B ! 0). We acquire
these LDOS maps at energies ranging from –12
meV to $12 meV in 1-meV increments. The B
field is then ramped to its target value, and, after
any drift has stabilized, we remeasure the topo-
graph with the same resolution. The FOV
where the high-field LDOS measurements are
to be made is then matched to that in Fig. 1A
within 1 Å ("0.25a0) by comparing character-
istic topographic/spectroscopic features. Final-
ly, we acquire the high-field LDOS maps,
LDOS(E, x, y, B), at the same series of energies
as the zero-field case.

To focus preferentially on B field effects,
we define a type of two-dimensional map:

S E1

E2(x, y, B) ! !
E1

E2

%LDOS&E, x, y, B'

! LDOS&E, x, y, 0'(dE (1)

which represents the integral of all additional
spectral density induced by the B field be-
tween the energies E1 and E2 at each location

(x, y). We use this technique of combined
electronic background subtraction and energy
integration to enhance the signal-to-noise ra-
tio of the vortex-induced states. In Bi-2212,
these states are broadly distributed in energy
around )7 meV (21), so S )1

)12(x, y, B) effec-
tively maps the additional spectral strength
under their peaks.

Figure 1B is an image of S1
12(x, y, 5)

measured in the FOV of Fig. 1A. The loca-
tions of seven vortices are evident as the
darker regions of dimension "100 Å. Each
vortex displays a spatial structure in the inte-
grated LDOS consisting of a checkerboard
pattern oriented along Cu-O bonds. We have
observed spatial structure with the same pe-
riodicity and orientation, in the vortex-in-
duced LDOS on multiple samples and at
fields ranging from 2 to 7 T. In all 35 vortices
studied in detail, this spatial and energetic
structure exists, but the checkerboard is more
clearly resolved by the positive-bias peak.

We show the power spectrum from the
two-dimensional Fourier transform of
S1

12(x, y, 5),PS[S1
12(x, y, 5)]!{FT%S1

12&x, y, 5)]}2,
in Fig. 2A and a labeled schematic of these
results in Fig. 2B. In these k-space images,
the atomic periodicity is detected at the points
labeled by A, which by definition are at
(0,)1) and ()1,0). The harmonics of the
supermodulation are identified by the sym-
bols B1 and B2. These features (A, B1, and
B2) are observed in the Fourier transforms of
all LDOS maps, independent of magnetic
field, and they remain as a small background
signal in PS[S1

12(x, y, 5)] because the zero-
field and high-field LDOS images can only
be matched to within 1 Å before subtraction.
Most importantly, PS[S1

12(x, y, 5)] reveals
new peaks at the four k-space points, which
correspond to the spatial structure of the vor-
tex-induced quasi-particle states. We label
their locations C. No similar peaks in the
spectral weight exist at these points in the
two-dimensional Fourier transform of these
zero-field LDOS maps.

To quantify these results, we fit a Lorent-
zian to PS[S1

12(x, y, 5)] at each of the four
points labeled C in Fig. 2B. We find that they
occur at k-space radius 0.062 Å*1 with width
+ ! 0.011 ) 0.002 Å*1. Figure 2C shows
the value of PS[S1

12(x, y, 5)] measured along
the dashed line in Fig. 2B. The central peak
associated with long-wavelength structure,
the peak associated with the atoms, and the
peak due to the vortex-induced quasi-particle
states are all evident. The vortex-induced
states identified by this means occur at ()1/4,
0) and (0, )1/4) to within the accuracy of the
measurement. Equivalently, the checkerboard
pattern evident in the LDOS has spatial peri-
odicity 4a0 oriented along the Cu-O bonds.
Furthermore, the width + of the Lorentzian
yields a spatial correlation length for these
LDOS oscillations of L ! (1/,+) - 30 ) 5

Å (or L - 7.8 ) 1.3a0). This is substantially
greater than the measured (21) core radius. It
is also evident in Figs. 1B and 2A that the
LDOS oscillations have stronger spectral
weight in one Cu-O direction than in the

Fig. 1. Topographic and spectroscopic images of
the same area of a Bi-2212 surface. (A) A topo-
graphic image of the 560 Å field of view (FOV ) in
which the vortex studies were carried out. The
supermodulation can be seen clearly along with
some effects of electronic inhomogeneity. The
Cu–O–Cu bonds are oriented at 45° to the su-
permodulation. Atomic resolution is evident
throughout, and the inset shows a 140 Å square
FOV at .2 magnification to make this easier to
see. The mean Bi-Bi distance apparent here is
a0 ! 3.83 Å and is identical to the mean Cu-Cu
distance in the CuO plane "5 Å below. (B) A map
of S1

12(x, y, 5) showing the additional LDOS in-
duced by the seven vortices. Each vortex is ap-
parent as a checkerboard at 45° to the page
orientation. Not all are identical, most likely be-
cause of the effects of electronic inhomogeneity.
The units of S1

12(x, y, 5) are picoamps because it
represents /dI/dV!0V. In this energy range, the
maximum integrated LDOS at a vortex is "3
pA, as compared with the zero field integrated
LDOS of "1 pA. The latter is subtracted from
the former to give a maximum contrast of "2
pA. We also note that the integrated differen-
tial conductance between 0 and *200 meV is
200 pA because all measurements reported in
this paper were obtained at a junction resis-
tance of 1 gigaohm set at a bias voltage of
–200 mV.
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A Four Unit Cell Periodic
Pattern of Quasi-Particle States
Surrounding Vortex Cores in

Bi2Sr2CaCu2O8!"
J. E. Hoffman,1 E. W. Hudson,1,2* K. M. Lang,1 V. Madhavan,1

H. Eisaki,3† S. Uchida,3 J. C. Davis1,2‡

Scanning tunneling microscopy is used to image the additional quasi-particle
states generated by quantized vortices in the high critical temperature super-
conductor Bi2Sr2CaCu2O8!". They exhibit a copper-oxygen bond–oriented
“checkerboard” pattern, with four unit cell (4a0) periodicity and a #30 ang-
strom decay length. These electronic modulations may be related to the mag-
netic field–induced, 8a0 periodic, spin density modulations with decay length
of #70 angstroms recently discovered in La1.84Sr0.16CuO4. The proposed ex-
planation is a spin density wave localized surrounding each vortex core. General
theoretical principles predict that, in the cuprates, a localized spin modulation
of wavelength $ should be associated with a corresponding electronic modu-
lation of wavelength $/2, in good agreement with our observations.

Theory indicates that the electronic structure of
the cuprates is susceptible to transitions into a
variety of ordered states (1–10). Experimentally,
antiferromagnetism (AF) and high-temperature
superconductivity (HTSC) occupy well-known
regions of the phase diagram, but, outside these
regions, several unidentified ordered states exist.
For example, at low hole densities and above the
superconducting transition temperature, the un-
identified “pseudogap” state exhibits gapped
electronic excitations (11). Other unidentified
ordered states, both insulating (12) and conduct-
ing (13), exist in magnetic fields sufficient to
quench superconductivity. Categorization of the
cuprate electronic ordered states and clarifica-
tion of their relationship to HTSC are among the
key challenges in condensed matter physics
today.

Because the suppression of superconductiv-
ity inside a vortex core can allow one of the
alternative ordered states (1–10) to appear there,
the electronic structure of HTSC vortices has
attracted wide attention. Initially, theoretical ef-
forts focused on the quantized vortex in a Bard-
een-Cooper-Schrieffer (BCS) superconductor
with dx2-y2 symmetry (14–18). These models
included predictions that, because of the gap

nodes, the local density of electronic states
(LDOS) inside the core is strongly peaked at the
Fermi level. This peak, which would appear in
tunneling studies as a zero bias conductance
peak (ZBCP), should display a four-fold sym-
metric “star shape” oriented toward the gap
nodes and decaying as a power law with
distance.

Scanning tunneling microscopy (STM) stud-
ies of HTSC vortices have revealed a very dif-
ferent electronic structure from that predicted by
the pure d-wave BCS models. Vortices in
YBa2Cu3O7 (YBCO) lack ZBCPs but exhibit
additional quasi-particle states at %5.5 meV
(19), whereas those in Bi2Sr2CaCu2O8!" (Bi-
2212) also lack ZBCPs (20). More recently, the
additional quasi-particle states at Bi-2212 vorti-
ces were discovered at energies near %7 meV
(21). Thus, a common phenomenology for low-
energy quasi-particles associated with vortices is
becoming apparent. Its features include (i) the
absence of ZBCPs, (ii) a radius for the actual
vortex core (where the coherence peaks are
absent) of #10 Å (21), (iii) low-energy quasi-
particle states at %5.5 meV (YBCO) and %7
meV (Bi-2212), (iv) a radius of up to #75 Å
within which these states are detected (21), and
(v) the absence of a four-fold symmetric star-
shaped LDOS.

Because d-wave BCS models do not explain
this phenomenology, new theoretical approach-
es have been developed. Zhang (5) and Arovas
et al. (22) first focused attention on magnetic
phenomena associated with HTSC vortices with
proposals that a magnetic field induces antifer-
romagnetic order localized by the core. More
generally, new theories describe vortex-induced
electronic and magnetic phenomena when the
anticipated effects of strong correlations and

strong antiferromagnetic spin fluctuations are
included (22–26). Common elements of their
predictions include the following: (i) the prox-
imity of a phase transition into a magnetic or-
dered state can be revealed when the supercon-
ductivity is weakened by the influence of a
vortex (22–26), (ii) the resulting magnetic order,
either spin (22, 23, 25) or orbital (24, 26), will
coexist with superconductivity in some region
near the core, and (iii) this localized magnetic
order will generate associated spatial modula-
tions in the quasi-particle density of states (23–
26). Given the relevance of such predictions to
the identification of alternative ordered states,
determination of the magnetic and electronic
structure of the HTSC vortex is an urgent
priority.

Information on the magnetic structure of
HTSC vortices has recently become available
from neutron scattering and nuclear magnetic
resonance (NMR) studies. Near optimum dop-
ing, some cuprates show strong inelastic neutron
scattering (INS) peaks at the four k-space points
(1/2 % ", 1/2) and (1/2, 1/2 % "), where " # 1/8
and k-space distances are measured in units of
2&/a0. This demonstrates the existence, in real
space, of fluctuating magnetization density with
spatial periodicity of 8a0 oriented along the
Cu-O bond directions, in the superconducting
phase. The first evidence for field-induced mag-
netic order in the cuprates came from INS ex-
periments on La1.84Sr0.16CuO4 by Lake et al.
(27). When La1.84Sr0.16CuO4 is cooled into the
superconducting state, the scattering intensity at
these characteristic k-space locations disappears
at energies below #7 meV, opening up a “spin
gap.” Application of a 7.5 T magnetic field
below 10 K causes the scattering intensity to
reappear with strength almost equal to that in the
normal state. These field-induced spin fluctua-
tions have a spatial periodicity of 8a0 and wave
vector pointing along the Cu-O bond direction.
Their magnetic coherence length LM is at least
20a0, although the vortex-core diameter is only
#5a0. More recently, studies by Khaykovich et
al. (28) on a related material, La2CuO4!y, found
field-induced enhancement of elastic neutron
scattering (ENS) intensity at these same incom-
mensurate k-space locations, but with LM '
100a0. Thus, field-induced static AF order with
8a0 periodicity exists in this material. Finally,
NMR studies by Mitrović et al. (29) explored
the spatial distribution of magnetic fluctuations
near the core. NMR is used because 1/T1, the
inverse spin-lattice relaxation time, is a measure
of spin fluctuations, and the Larmor frequency
of the probe nucleus is a measure of their loca-
tions relative to the vortex center. In YBCO at
B ( 13 T, the 1/T1 of 17O rises rapidly as the
core is approached and then diminishes inside
the core. These experiments are all consistent
with vortex-induced spin fluctuations occurring
outside the core.

Theoretical attention was first focused on the
regions outside the core by a phenomenological
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model that proposed that the circulating super-
currents weaken the superconducting order pa-
rameter and allow the local appearance of a
coexisting spin density wave (SDW) and HTSC
phase (23) surrounding the core. In a more
recent model, which is an extension of (5) and
(22), the effective mass associated with spin
fluctuations results in an AF localization length
that might be substantially greater than the core
radius (30). An associated appearance of charge
density wave order was also predicted (31)
whose effects on the HTSC quasi-particles
should be detectable in the regions surrounding
the vortex core (23).

To test these ideas, we apply our recently
developed techniques of low-energy quasi-par-
ticle imaging at HTSC vortices (21). We choose
to study Bi-2212, because YBCO and LSCO
have proven nonideal for spectroscopic studies
because their cleaved surfaces often exhibit
nonsuperconducting spectra. Our “as-grown”
Bi-2212 crystals are generated by the floating
zone method, are slightly overdoped with Tc !
89 K, and contain 0.5% of Ni impurity atoms.
They are cleaved (at the BiO plane) in cryogen-
ic ultrahigh vacuum below 30 K and immedi-
ately inserted into the STM head. Figure 1A
shows a topographic image of the 560 Å square
area where all the STM measurements reported
here were carried out. The atomic resolution
and the supermodulation (with wavelength
"26 Å oriented at 45° to the Cu-O bond direc-
tions) are evident throughout.

To study effects of the magnetic field B on
the superconducting electronic structure, we
first acquire zero-field maps of the differential
tunneling conductance (G ! dI/dV) measured
at all locations (x, y) in the field of view (FOV)
of Fig. 1A. Because LDOS(E ! eV) # G(V ),
where V is the sample bias voltage, this results
in a two-dimensional map of the local density
of states LDOS(E, x, y, B ! 0). We acquire
these LDOS maps at energies ranging from –12
meV to $12 meV in 1-meV increments. The B
field is then ramped to its target value, and, after
any drift has stabilized, we remeasure the topo-
graph with the same resolution. The FOV
where the high-field LDOS measurements are
to be made is then matched to that in Fig. 1A
within 1 Å ("0.25a0) by comparing character-
istic topographic/spectroscopic features. Final-
ly, we acquire the high-field LDOS maps,
LDOS(E, x, y, B), at the same series of energies
as the zero-field case.

To focus preferentially on B field effects,
we define a type of two-dimensional map:

S E1

E2(x, y, B) ! !
E1

E2

%LDOS&E, x, y, B'

! LDOS&E, x, y, 0'(dE (1)

which represents the integral of all additional
spectral density induced by the B field be-
tween the energies E1 and E2 at each location

(x, y). We use this technique of combined
electronic background subtraction and energy
integration to enhance the signal-to-noise ra-
tio of the vortex-induced states. In Bi-2212,
these states are broadly distributed in energy
around )7 meV (21), so S )1

)12(x, y, B) effec-
tively maps the additional spectral strength
under their peaks.

Figure 1B is an image of S1
12(x, y, 5)

measured in the FOV of Fig. 1A. The loca-
tions of seven vortices are evident as the
darker regions of dimension "100 Å. Each
vortex displays a spatial structure in the inte-
grated LDOS consisting of a checkerboard
pattern oriented along Cu-O bonds. We have
observed spatial structure with the same pe-
riodicity and orientation, in the vortex-in-
duced LDOS on multiple samples and at
fields ranging from 2 to 7 T. In all 35 vortices
studied in detail, this spatial and energetic
structure exists, but the checkerboard is more
clearly resolved by the positive-bias peak.

We show the power spectrum from the
two-dimensional Fourier transform of
S1

12(x, y, 5),PS[S1
12(x, y, 5)]!{FT%S1

12&x, y, 5)]}2,
in Fig. 2A and a labeled schematic of these
results in Fig. 2B. In these k-space images,
the atomic periodicity is detected at the points
labeled by A, which by definition are at
(0,)1) and ()1,0). The harmonics of the
supermodulation are identified by the sym-
bols B1 and B2. These features (A, B1, and
B2) are observed in the Fourier transforms of
all LDOS maps, independent of magnetic
field, and they remain as a small background
signal in PS[S1

12(x, y, 5)] because the zero-
field and high-field LDOS images can only
be matched to within 1 Å before subtraction.
Most importantly, PS[S1

12(x, y, 5)] reveals
new peaks at the four k-space points, which
correspond to the spatial structure of the vor-
tex-induced quasi-particle states. We label
their locations C. No similar peaks in the
spectral weight exist at these points in the
two-dimensional Fourier transform of these
zero-field LDOS maps.

To quantify these results, we fit a Lorent-
zian to PS[S1

12(x, y, 5)] at each of the four
points labeled C in Fig. 2B. We find that they
occur at k-space radius 0.062 Å*1 with width
+ ! 0.011 ) 0.002 Å*1. Figure 2C shows
the value of PS[S1

12(x, y, 5)] measured along
the dashed line in Fig. 2B. The central peak
associated with long-wavelength structure,
the peak associated with the atoms, and the
peak due to the vortex-induced quasi-particle
states are all evident. The vortex-induced
states identified by this means occur at ()1/4,
0) and (0, )1/4) to within the accuracy of the
measurement. Equivalently, the checkerboard
pattern evident in the LDOS has spatial peri-
odicity 4a0 oriented along the Cu-O bonds.
Furthermore, the width + of the Lorentzian
yields a spatial correlation length for these
LDOS oscillations of L ! (1/,+) - 30 ) 5

Å (or L - 7.8 ) 1.3a0). This is substantially
greater than the measured (21) core radius. It
is also evident in Figs. 1B and 2A that the
LDOS oscillations have stronger spectral
weight in one Cu-O direction than in the

Fig. 1. Topographic and spectroscopic images of
the same area of a Bi-2212 surface. (A) A topo-
graphic image of the 560 Å field of view (FOV ) in
which the vortex studies were carried out. The
supermodulation can be seen clearly along with
some effects of electronic inhomogeneity. The
Cu–O–Cu bonds are oriented at 45° to the su-
permodulation. Atomic resolution is evident
throughout, and the inset shows a 140 Å square
FOV at .2 magnification to make this easier to
see. The mean Bi-Bi distance apparent here is
a0 ! 3.83 Å and is identical to the mean Cu-Cu
distance in the CuO plane "5 Å below. (B) A map
of S1

12(x, y, 5) showing the additional LDOS in-
duced by the seven vortices. Each vortex is ap-
parent as a checkerboard at 45° to the page
orientation. Not all are identical, most likely be-
cause of the effects of electronic inhomogeneity.
The units of S1

12(x, y, 5) are picoamps because it
represents /dI/dV!0V. In this energy range, the
maximum integrated LDOS at a vortex is "3
pA, as compared with the zero field integrated
LDOS of "1 pA. The latter is subtracted from
the former to give a maximum contrast of "2
pA. We also note that the integrated differen-
tial conductance between 0 and *200 meV is
200 pA because all measurements reported in
this paper were obtained at a junction resis-
tance of 1 gigaohm set at a bias voltage of
–200 mV.
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• The same set of parameters used to describe X-ray scatter-
ing, also predict the strength of superconducting fluctuations
above T

c

. Indeed YBa2Cu3O6+x

shows significant fluctua-
tion diamagnetism over the same range of temperatures. (S.
Chatterjee et al, in progress).

• Charge order was originally observed around vortex cores,
indicating its competition with superconductivity.

• The charge order becomes long-ranged in high magnetic fields,
and can explain the observed quantum oscillations (Taillefer,
Sebastian).

• Fluctuating 6-component order can explain “Fermi arc” pho-
toemission spectra (Randeria; D. Chowdhury et al, in progress)

Other experiments in the pseudogap
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HJ =

X
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Jij ~Si · ~Sj

with
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†
i↵~�↵�ci� is the antiferromagnetic exchange interaction.

Introduce the Nambu spinor
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✓
ci"
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◆
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Then we can write

HJ =
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X
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Jij

⇣
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i↵a~�↵�Di�a

⌘
·
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D†

j�b~���Dj�b

⌘

where a, b are the Nambu indices. This form makes explicit the sym-

metry under independent SU(2) pseudospin transformations on each

site

Di↵a ! Ui,abDi↵b

This pseudospin (gauge) symmetry is important in classifying spin

liquid ground states of HJ . It is fully broken by the electron hopping

tij but does have remnant consequences in doped spin liquid states.

Pseudospin symmetry of the exchange interaction

I. A✏eck, Z. Zou, T. Hsu, and P. W. Anderson, Phys. Rev. B 38, 745 (1988)
E. Dagotto, E. Fradkin, and A. Moreo, Phys. Rev. B 38, 2926 (1988)
P. A. Lee, N. Nagaosa, and X.-G. Wen, Rev. Mod. Phys. 78, 17 (2006)
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Introduce the Nambu spinor

Di" =

✓
ci"
c†i#

◆
, Di# =

✓
ci#
�c†i"

◆

Then we can write

HJ =

1

8

X

i<j

Jij

⇣
D†

i↵a~�↵�Di�a

⌘
·
⇣
D†

j�b~���Dj�b

⌘

where a, b are the Nambu indices. This form makes explicit the sym-

metry under independent SU(2) pseudospin transformations on each

site

Di↵a ! Ui,abDi↵b

This pseudospin (gauge) symmetry is important in classifying spin

liquid ground states of HJ . It is fully broken by the electron hopping

tij but does have remnant consequences in doped spin liquid states.

We will find important consequences of the pseudospin

symmetry in ordinary metals with antiferromagnetic

correlations.

M. A. Metlitski and S. Sachdev,  Phys. Rev. B 85, 075127 (2010)

Pseudospin symmetry of the exchange interaction
HtJ = �

X

i,j

tijc
†
i↵cj↵ +

X

i<j

Jij ~Si · ~Sj
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In Fourier space, the exchange interaction J(q) is

maximum near q = K ⌘ (⇡,⇡). So it is most ef-

fective near points on the Fermi surface which are

separated by K, the so-called “hot spots”. Exchange

interactions near the hot spots are expected to lead

to d-wave superconductivity at low temperatures.

HtJ = �
X

i,j

tijc
†
i↵cj↵ +

X

i<j

Jij ~Si · ~Sj

M. A. Metlitski and S. Sachdev,  Phys. Rev. B 85, 075127 (2010)

We will find important consequences of the pseudospin

symmetry in ordinary metals with antiferromagnetic

correlations.

Pseudospin symmetry of the exchange interaction
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Hot spots on the Fermi surface
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Pairing “glue” from antiferromagnetic fluctuations

V. J. Emery, J. Phys. (Paris) Colloq. 44, C3-977 (1983)
D.J. Scalapino, E. Loh, and J.E. Hirsch, Phys. Rev. B 34, 8190 (1986)

K. Miyake, S. Schmitt-Rink, and C. M. Varma, Phys. Rev. B 34, 6554 (1986)
S. Raghu, S.A. Kivelson, and D.J. Scalapino, Phys. Rev. B 81, 224505 (2010)

E. Berg, M. Metlitski, and S. Sachdev, Science 338, 1606 (2012) 
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d-wave superconductor: particle-particle pairing 
at and near hot spots, with 

sign-changing pairing amplitude

D
c†k↵c

†
�k�

E
= "

↵�

�

S

(cos k
x

� cos k
y

)

�S

��S
K
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H =
X

k

"
⇥
v1 · k+ ↵(v1 ⇥ k)2

⇤
c†A↵(k)cA↵(k)

+
⇥
v2 · k+ ↵(v2 ⇥ k)2

⇤
c†C↵(k)cC↵(k)

+
⇥
�v1 · k+ ↵(v1 ⇥ k)2

⇤
c†B↵(k)cB↵(k)

+
⇥
�v2 · k+ ↵(v2 ⇥ k)2

⇤
c†D↵(k)cD↵(k)

+

Z
d2x

"
�J

⇣
c†A↵~�↵�cC� + c†C↵~�↵�cA�

⌘

·
⇣
c†B�~���cD� + c†D�~���cB�

⌘

�V
⇣
c†A↵cC↵ + c†C↵cA↵

⌘⇣
c†B�cD� + c†D�cB�

⌘#

Hamiltonian at and near hot spots
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H =
X

k

"
⇥
v1 · k+ ↵(v1 ⇥ k)2

⇤
c†A↵(k)cA↵(k)

+
⇥
v2 · k+ ↵(v2 ⇥ k)2

⇤
c†C↵(k)cC↵(k)

+
⇥
�v1 · k+ ↵(v1 ⇥ k)2

⇤
c†B↵(k)cB↵(k)

+
⇥
�v2 · k+ ↵(v2 ⇥ k)2

⇤
c†D↵(k)cD↵(k)

+

Z
d2x

"
�J

⇣
c†A↵~�↵�cC� + c†C↵~�↵�cA�

⌘

·
⇣
c†B�~���cD� + c†D�~���cB�

⌘

�V
⇣
c†A↵cC↵ + c†C↵cA↵

⌘⇣
c†B�cD� + c†D�cB�

⌘#

Hamiltonian at and near hot spots

This Hamiltonian
has an exact
SU(2)xSU(2)
pseudospin 
symmetry !

M. A. Metlitski and S. Sachdev,
  Phys. Rev. B 85, 075127 (2010)
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Pairing “glue” from antiferromagnetic fluctuations

V. J. Emery, J. Phys. (Paris) Colloq. 44, C3-977 (1983)
D.J. Scalapino, E. Loh, and J.E. Hirsch, Phys. Rev. B 34, 8190 (1986)

K. Miyake, S. Schmitt-Rink, and C. M. Varma, Phys. Rev. B 34, 6554 (1986)
S. Raghu, S.A. Kivelson, and D.J. Scalapino, Phys. Rev. B 81, 224505 (2010)

E. Berg, M. Metlitski, and S. Sachdev, Science 338, 1606 (2012) 
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Same “glue” leads to particle-hole pairing !
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B
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M. A. Metlitski and S. Sachdev,  Phys. Rev. B 85, 075127 (2010)
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d-wave superconductor: particle-particle pairing 
at and near hot spots, with 

sign-changing pairing amplitude

D
c†k↵c

†
�k�

E
= "

↵�

�

S

(cos k
x

� cos k
y

)

�S

��S
K
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D
c†k�Q/2,↵ck+Q/2,↵

E
= PQ(cos k

x

� cos k
y

)

Incommensurate d-wave bond order: 
particle-hole pairing at and near hot spots, with 

sign-changing pairing amplitude

After 
pseudospin 
rotation on 

half the 
hot-spots 

M. A. Metlitski and 
S. Sachdev, 

Phys. Rev. B 85, 
075127 (2010)

Q is ‘2kF ’
wavevector

K
PQ

�PQ

Sunday, September 22, 13



Incommensurate d-wave bond order

M. A. Metlitski and 
S. Sachdev, 

Phys. Rev. B 85, 075127 
(2010)

PQ

�PQ

D
c†k�Q/2,↵ck+Q/2,↵

E
= PQ(cos k

x

� cos k
y

)
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Q

Q

M. A. Metlitski and 
S. Sachdev, 

Phys. Rev. B 85, 075127 
(2010)

Incommensurate d-wave bond order

PQ

�PQ

D
c†k�Q/2,↵ck+Q/2,↵

E
= PQ(cos k

x

� cos k
y

)
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Incommensurate d-wave bond order

Observed low T
ordering.

Our computations show
that the charge order is
predominantly d-wave

also at this Q.

This Q is preferred in
computations of bond

order within the
superconducting phase.

S. Sachdev and R. La Placa, Physical Review Letters 111, 027202 (2013)
M. Vojta and S. Sachdev, Physical Review Letters 83, 3916 (1999)

M. Vojta and O. Rosch, Physical Review B 77, 094504 (2008)

K
Q
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Superconducting order  (r):
D
c

†
i↵

c

†
j�

E
= "

↵�

⇥P
k�S

(k)eik·(ri�r
j

)
⇤
 ((r

i

+ r
j

)/2)

Charge/bond order �

x,y

(r) at wavevectors Q
x,y

:

D
c

†
i↵

c

j�

E
= �

↵�

⇥P
k PQ

x

(k)eik·(ri�r
j

)
⇤
e

iQ
x

·(r
i

+r
j

)/2�
x

((r
i

+ r
j

)/2)

+�

↵�

⇥P
k PQ

y

(k)eik·(ri�r
j

)
⇤
e

iQ
y

·(r
i

+r
j

)/2�
y

((r
i

+ r
j

)/2)

Multi-component order parameter
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H =
X

k

"
⇥
v1 · k+ ↵(v1 ⇥ k)2

⇤
c†A↵(k)cA↵(k)

+
⇥
v2 · k+ ↵(v2 ⇥ k)2

⇤
c†C↵(k)cC↵(k)

+
⇥
�v1 · k+ ↵(v1 ⇥ k)2

⇤
c†B↵(k)cB↵(k)

+
⇥
�v2 · k+ ↵(v2 ⇥ k)2

⇤
c†D↵(k)cD↵(k)

+

Z
d2x

"
�J

⇣
c†A↵~�↵�cC� + c†C↵~�↵�cA�

⌘

·
⇣
c†B�~���cD� + c†D�~���cB�

⌘

�V
⇣
c†A↵cC↵ + c†C↵cA↵

⌘⇣
c†B�cD� + c†D�cB�

⌘#

Hamiltonian at and near hot spots

This Hamiltonian
has an exact
SU(2)xSU(2)
pseudospin 
symmetry !

M. A. Metlitski and S. Sachdev,
  Phys. Rev. B 85, 075127 (2010)
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H =
X

k

"
⇥
v1 · k+ ↵(v1 ⇥ k)2

⇤
c†A↵(k)cA↵(k)

+
⇥
v2 · k+ ↵(v2 ⇥ k)2

⇤
c†C↵(k)cC↵(k)

+
⇥
�v1 · k+ ↵(v1 ⇥ k)2

⇤
c†B↵(k)cB↵(k)

+
⇥
�v2 · k+ ↵(v2 ⇥ k)2

⇤
c†D↵(k)cD↵(k)

+

Z
d2x

"
�J

⇣
c†A↵~�↵�cC� + c†C↵~�↵�cA�

⌘

·
⇣
c†B�~���cD� + c†D�~���cB�

⌘

�V
⇣
c†A↵cC↵ + c†C↵cA↵

⌘⇣
c†B�cD� + c†D�cB�

⌘#

Hamiltonian at and near hot spots

Fermi surface

curvature; breaks

pseudospin symmetry
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H =
X

k

"
⇥
v1 · k+ ↵(v1 ⇥ k)2

⇤
c†A↵(k)cA↵(k)

+
⇥
v2 · k+ ↵(v2 ⇥ k)2

⇤
c†C↵(k)cC↵(k)

+
⇥
�v1 · k+ ↵(v1 ⇥ k)2

⇤
c†B↵(k)cB↵(k)

+
⇥
�v2 · k+ ↵(v2 ⇥ k)2

⇤
c†D↵(k)cD↵(k)

+

Z
d2x

"
�J

⇣
c†A↵~�↵�cC� + c†C↵~�↵�cA�

⌘

·
⇣
c†B�~���cD� + c†D�~���cB�

⌘

�V
⇣
c†A↵cC↵ + c†C↵cA↵

⌘⇣
c†B�cD� + c†D�cB�

⌘#

Hamiltonian at and near hot spots

Fermi surface

curvature; breaks

pseudospin symmetry

Coulomb repulsion;

breaks

pseudospin symmetry
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H =
X

k

"
⇥
v1 · k+ ↵(v1 ⇥ k)2

⇤
c†A↵(k)cA↵(k)

+
⇥
v2 · k+ ↵(v2 ⇥ k)2

⇤
c†C↵(k)cC↵(k)

+
⇥
�v1 · k+ ↵(v1 ⇥ k)2

⇤
c†B↵(k)cB↵(k)

+
⇥
�v2 · k+ ↵(v2 ⇥ k)2

⇤
c†D↵(k)cD↵(k)

+

Z
d2x

"
�J

⇣
c†A↵~�↵�cC� + c†C↵~�↵�cA�

⌘

·
⇣
c†B�~���cD� + c†D�~���cB�

⌘

�V
⇣
c†A↵cC↵ + c†C↵cA↵

⌘⇣
c†B�cD� + c†D�cB�

⌘#

Hamiltonian at and near hot spots

Fermi surface

curvature; breaks

pseudospin symmetry

Coulomb repulsion;

breaks

pseudospin symmetry

Perform standard Hartree-Fock-BCS factorizations into

�S = h"↵� A↵ B�i = �h"↵� C↵ D�i

PQ =
D
 †

A↵ B↵

E
= �

D
 †

C↵ D↵

E

With pseudospin symmetry, energy depends only on |�S |2+ |PQ|2.
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�S

PQ

Mean-field theory of charge/bond order and 
d-wave superconductivity

Both orders are induced by a “glue” provided by the antiferromagnetic 
exchange interaction

0.1 0.2 0.3 0.4 0.5

0.1

0.2

0.3

0.4

T

Jay Sau and S. Sachdev, to appear
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Particle-hole instabilities of the full Fermi surface
HtJ = �

X

i,j

tijc
†
i↵cj↵ +

X

i<j

Jij ~Si · ~Sj

Optimize the free energy w.r.t. a mean field Hamiltonian
which allows for spin-singlet charge order (PQ(k)):

HMF = �
X

i,j

tijc
†
i↵cj↵ +

X

k,Q

PQ(k)c†k+Q/2,↵ck�Q/2,↵

Expanding the free energy in powers of the order parame-
ters we obtain

F = F0 +
X

k,Q

P ⇤
Q(k)MQ(k,k0)PQ(k0)

We compute the eigenvalues, 1 + �Q, and eigenfunctions,
PQ(k) of the kernel MQ(k,k0)
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S. Sachdev and R. La Placa, Phys. Rev. Lett. 111, 027202 (2013)

Time-reversal
preserving

Time-reversal
breaking

Charge-ordering eigenvalue �Q/J0 of particle-hole propagator.

The corresponding eigenvector is PQ(k) and this leads to the orderD
c†i↵cj↵

E
=

⇥P
k PQ(k)eik·(ri�rj)

⇤
eiQ·(ri+rj)/2
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Time-reversal
preserving

Time-reversal
breaking

Minimum at Q = (Q
m

, Q
m

) with

PQ(k) = 0.993(cos k
x

� cos k
y

)

�0.069(cos(2k
x

)� cos(2k
y

))

�0.009(cos k
x

� cos k
y

)

⇥
p
8 sin k

x

sin k
y

Incommensurate

d-wave bond order

S. Sachdev and R. La Placa, Phys. Rev. Lett. 111, 027202 (2013)

Charge-ordering eigenvalue �Q/J0 of particle-hole propagator.

The corresponding eigenvector is PQ(k) and this leads to the orderD
c†i↵cj↵

E
=

⇥P
k PQ(k)eik·(ri�rj)

⇤
eiQ·(ri+rj)/2

Sunday, September 22, 13



K
(±Q0, Q0)

1.2 1.4 1.6 1.8

0.5

1.

Q0

Qm

Remarkable agreement between
the value of Qm from

Hartree-Fock in a metal with
short-range incommensurate

spin correlations,
and the value of Q0 from
hot spots of commensurate

antiferromagnetism.
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Time-reversal
preserving

Time-reversal
breaking

Minimum at Q = (Q
m

, Q
m

) with

PQ(k) = 0.993(cos k
x

� cos k
y

)

�0.069(cos(2k
x

)� cos(2k
y

))

�0.009(cos k
x

� cos k
y

)

⇥
p
8 sin k

x

sin k
y

Incommensurate

d-wave bond order

S. Sachdev and R. La Placa, Phys. Rev. Lett. 111, 027202 (2013)

Charge-ordering eigenvalue �Q/J0 of particle-hole propagator.

The corresponding eigenvector is PQ(k) and this leads to the orderD
c†i↵cj↵

E
=

⇥P
k PQ(k)eik·(ri�rj)

⇤
eiQ·(ri+rj)/2
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Time-reversal
preserving

Time-reversal
breaking

S. Sachdev and R. La Placa, Phys. Rev. Lett. 111, 027202 (2013)

Charge-ordering eigenvalue �Q/J0 of particle-hole propagator.

The corresponding eigenvector is PQ(k) and this leads to the orderD
c†i↵cj↵

E
=

⇥P
k PQ(k)eik·(ri�rj)

⇤
eiQ·(ri+rj)/2
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Time-reversal
preserving

Time-reversal
breaking

Q = (⇡,⇡) with

PQ(k) = i(sin k
x

� sin k
y

)

Staggered orbital currents

S. Sachdev and R. La Placa, Phys. Rev. Lett. 111, 027202 (2013)

Charge-ordering eigenvalue �Q/J0 of particle-hole propagator.

The corresponding eigenvector is PQ(k) and this leads to the orderD
c†i↵cj↵

E
=

⇥P
k PQ(k)eik·(ri�rj)

⇤
eiQ·(ri+rj)/2
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Time-reversal
preserving

Time-reversal
breaking

S. Sachdev and R. La Placa, Phys. Rev. Lett. 111, 027202 (2013)

Charge-ordering eigenvalue �Q/J0 of particle-hole propagator.

The corresponding eigenvector is PQ(k) and this leads to the orderD
c†i↵cj↵

E
=

⇥P
k PQ(k)eik·(ri�rj)

⇤
eiQ·(ri+rj)/2
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Time-reversal
preserving

Time-reversal
breaking

Q = (0, 0) with

PQ(k) = cos k
x

� cos k
y

Ising-nematic order

S. Sachdev and R. La Placa, Phys. Rev. Lett. 111, 027202 (2013)

Charge-ordering eigenvalue �Q/J0 of particle-hole propagator.

The corresponding eigenvector is PQ(k) and this leads to the orderD
c†i↵cj↵

E
=

⇥P
k PQ(k)eik·(ri�rj)

⇤
eiQ·(ri+rj)/2
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Time-reversal
preserving

Time-reversal
breaking

S. Sachdev and R. La Placa, Phys. Rev. Lett. 111, 027202 (2013)

Charge-ordering eigenvalue �Q/J0 of particle-hole propagator.

The corresponding eigenvector is PQ(k) and this leads to the orderD
c†i↵cj↵

E
=

⇥P
k PQ(k)eik·(ri�rj)

⇤
eiQ·(ri+rj)/2
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Time-reversal
preserving

Time-reversal
breaking

S. Sachdev and R. La Placa, Phys. Rev. Lett. 111, 027202 (2013)

Charge-ordering eigenvalue �Q/J0 of particle-hole propagator.

The corresponding eigenvector is PQ(k) and this leads to the orderD
c†i↵cj↵

E
=

⇥P
k PQ(k)eik·(ri�rj)

⇤
eiQ·(ri+rj)/2

Q = (Q
m

, 0) with

PQ(k) = 0.963(cos k
x

� cos k
y

)

�0.231

�0.067(cos(2k
x

)� cos(2k
y

))

�0.044(cos k
x

+ cos k
y

)

�0.046(cos(2k
x

) + cos(2k
y

))

Incommensurate

d +s -wave bond order
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Plot of Pij =

D
c†i↵cj↵

E
for i, j nearest neighbors.

Incommensurate d-wave bond order

Unidirectional order along Q = (4⇡/11, 0)

!1

"1

FIG. 5: Plot of the values of �i j, when i and j are nearest neighbors; the value is denoted by a colored square

centered at the midpoint between i and j. The lines intersect at the Cu sites, and the colored squares are on

the O sites: the colors are therefore a measure of the charge density (or other spectral properties) on the O

sites. This is also the bond-component of the ordering in Eq. (9), proportional to �d; there is an additional

site-component, proportional to �s, which is not shown. The plot above is for the case of uni-directional

order at Q = (±Qm, 0) where Qm = 4⇡/11, and other cases are in the following figures.

apparent at first glance: the periods along the x and y axes appear the same. However, the Fourier

transforms of these two cases are distinct.

The four plots in Fig. 5-8 together contain information that should be useful in interpreting

scanning tunneling microscopy, nuclear magnetic resonance, and X-ray scattering experiments:

the colors can be viewed as a measure of any observable on the O site which is invariant under

time-reversal and spin rotation. Most simply, such an observable is the charge density on the O site,

but any spectral property of the O atom also qualifies, and the latter can have readily measurable

consequences in such experiments.

Finally, we consider the electronic spectral function in the presence of bond-ordering in a metal.

This is obtained by diagonalizing the following Hamiltonian

Hb =
X

k

"
"(k)c†k↵ck↵ �

X

Q

�Q(k +Q/2) c†k+Q,↵ck↵

#
, (10)

13
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Bi-directional order along Q = (4⇡/11, 0) and (0, 4⇡/11).

!1

"1

FIG. 6: As in Fig. 5, but for the case of bi-directional order at Q = (±Qm, 0) and Q = (0,±Qm).

!1

"1

FIG. 7: As in Fig. 5, but for the case of uni-directional order at Q = ±(Qm,Qm). We have chosen �Q(k) to

be purely d, which is an excellent approximation to the state in Table I. In this case �i j is non-zero only if i

and j are nearest neighbors, and these are shown above; there is no density wave on the Cu sites. This plot

also appeared in Ref. [21] with a di↵erent period.

14

Incommensurate d-wave bond order
Plot of Pij =

D
c†i↵cj↵

E
for i, j nearest neighbors.

Sunday, September 22, 13



Unidirectional order along Q = (4⇡/11, 4⇡/11)

!1

"1

FIG. 6: As in Fig. 5, but for the case of bi-directional order at Q = (±Qm, 0) and Q = (0,±Qm).

!1

"1

FIG. 7: As in Fig. 5, but for the case of uni-directional order at Q = ±(Qm,Qm). We have chosen �Q(k) to

be purely d, which is an excellent approximation to the state in Table I. In this case �i j is non-zero only if i

and j are nearest neighbors, and these are shown above; there is no density wave on the Cu sites. This plot

also appeared in Ref. [21] with a di↵erent period.

14

Incommensurate d-wave bond order
Plot of Pij =

D
c†i↵cj↵

E
for i, j nearest neighbors.
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!1

"1

FIG. 8: As in Fig. 7, but for the case of bi-directional order at Q = ±(Qm,Qm) and Q = ±(Qm,�Qm).

where the sum over k extends over the complete Brillouin zone of the square lattice. For the case

of bi-directional order in Eq. (9), the sum over Q extends over the 4 values (±Qm, 0) and (0,±Qm).

Some care must be taken in evaluating the wavevector Q/2 in the argument of �Q in Eq. (10)

as it is not invariant under translation of Q by a reciprocal lattice vector of the square lattice: in

each term, we take the momenta k and k + Q to be separated by exactly Q (and not modulo a

reciprocal lattice vector), and then �Q(k +Q/2) is evaluated at the midpoint between them. For

Qm = 4⇡/11, determining the spectrum of Hb involves diagonalizing a 121⇥121 matrix for each k.

From the eigenfunctions and eigenvectors we computed the imaginary part of the single-electron

Green’s function, ImGk,k(! + i⌘), the quantity related to the photoemission spectrum. For the

bi-directional ordering along Q = (±Qm, 0), (0,±Qm) of Eq. (9) the result is shown in Fig. 9. The

corresponding result for bi-directional ordering along Q = ±(Qm,Qm),±(Qm,�Qm) is in Fig. 10;

in this case �s = 0 by symmetry, and only �d was non-zero.

The stability of the Fermi arc in the ‘nodal’ region (kx ⇡ ky) is enhanced [32, 37] because of

the weak coupling to the charge order, arising from the predominant d character of Eq. (9). In the

anti-nodal region, the parent Fermi surface has been gapped out by the bond order, but ‘shadows’

are apparent at wavevectors shifted by the charge order. However, these Fermi surfaces should

be easily broadened by impurity-induced phase-shifts in the charge ordering, while protecting the

15

Incommensurate d-wave bond order

Bi-directional order along Q = (4⇡/11, 4⇡/11) and (4⇡/11,�4⇡/11)

Plot of Pij =

D
c†i↵cj↵

E
for i, j nearest neighbors.

Sunday, September 22, 13



Incommensurate d-wave bond order

FIG. 9: Electron spectral density in the phase with bidirectional charge order at Q = (Qm, 0) and (0,Qm)

with Qm = 4⇡/11. The left panel show ImGk,k(! + i⌘) at ! = 0 and ⌘ = 0.02; the right panel shows

log
⇥
ImGk,k(! + i⌘)

⇤
for the same parameters, as a way of enhancing the low intensities. The dashed line

is the underlying Fermi surface of the metal without charge order. The charge order is as in Eqs. (3,9) with

�d = 0.3, �s/�d = �0.234, and other parameters as in Fig. 2.

nodal arcs. Furthermore, contributions from the superconducting component of the pairing order

parameter should also help fully gap out the antinodal region.

16

Photoemission spectrum ImG(k,! = i0+);
right panel shows log ImG(k,! = i0+)

Bi-directional order along Q = (4⇡/11, 0) and (0, 4⇡/11).
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FIG. 10: As in Fig. 9, but for the case of bi-directional ordering along Q = ±(Qm,Qm),±(Qm,�Qm). The

charge order is as in Eqs. (3,9) with �d = 0.3, and �s = 0 is required by symmetry.
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Incommensurate d-wave bond order
Photoemission spectrum ImG(k,! = i0+);
right panel shows log ImG(k,! = i0+)

Bi-directional order along Q = (4⇡/11, 4⇡/11) and (4⇡/11,�4⇡/11)
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 There is an approximate pseudospin 
symmetry in metals with antiferromagnetic  
spin correlations.

 The pseudospin partner of d-wave 
superconductivity is an incommensurate         
d-wave bond order

 These orders form a pseudospin doublet, 
whose fluctuations lead to the “pseudogap” 
phase, described by the angular fluctuations of 
an order parameter with 6 real components.
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