
               Zlatko Tesanovic, Johns Hopkins University
             zbt@pha.jhu.edu        http://www.pha.jhu.edu/~zbt

Superconductivity in the Iron Age

Saturday, March 23, 13

mailto:zbt@pha.jhu.edu
mailto:zbt@pha.jhu.edu
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt


               Zlatko Tesanovic, Johns Hopkins University
             zbt@pha.jhu.edu        http://www.pha.jhu.edu/~zbt

Superconductivity in the Iron Age

Science Blockbuster of 2009 

Saturday, March 23, 13

mailto:zbt@pha.jhu.edu
mailto:zbt@pha.jhu.edu
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt


               Zlatko Tesanovic, Johns Hopkins University
             zbt@pha.jhu.edu        http://www.pha.jhu.edu/~zbt

Superconductivity in the Iron Age

Science Blockbuster of 2009 

Saturday, March 23, 13

mailto:zbt@pha.jhu.edu
mailto:zbt@pha.jhu.edu
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt


               Zlatko Tesanovic, Johns Hopkins University
             zbt@pha.jhu.edu        http://www.pha.jhu.edu/~zbt

Superconductivity in the Iron Age

Science Blockbuster of 2009 

#6- Iron-based 
Superconductors,
which rivaled swine-flu for 
citations among scholars…

Saturday, March 23, 13

mailto:zbt@pha.jhu.edu
mailto:zbt@pha.jhu.edu
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt


               Zlatko Tesanovic, Johns Hopkins University
             zbt@pha.jhu.edu        http://www.pha.jhu.edu/~zbt

Superconductivity in the Iron Age

Science Blockbuster of 2009 

#6- Iron-based 
Superconductors,
which rivaled swine-flu for 
citations among scholars…

o
          $ 1,000,000,000 question: 
How to make a 100 K iron-based     
        superconductor ?

Saturday, March 23, 13

mailto:zbt@pha.jhu.edu
mailto:zbt@pha.jhu.edu
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt


               Zlatko Tesanovic, Johns Hopkins University
             zbt@pha.jhu.edu        http://www.pha.jhu.edu/~zbt

Superconductivity in the Iron Age

Science Blockbuster of 2009 

#6- Iron-based 
Superconductors,
which rivaled swine-flu for 
citations among scholars…

o
          $ 1,000,000,000 question: 
How to make a 100 K iron-based     
        superconductor ?

o              

o$ 100 question: What is the 
theory of iron-pnictides ?

Saturday, March 23, 13

mailto:zbt@pha.jhu.edu
mailto:zbt@pha.jhu.edu
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt
http://www.pha.jhu.edu/~zbt


Valley density-wave and multiband superconductivity in iron-based pnictide superconductors

Vladimir Cvetkovic and Zlatko Tesanovic
Institute for Quantum Matter and Department of Physics & Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218, USA

!Received 5 September 2008; revised manuscript received 22 June 2009; published 20 July 2009"

The key feature of the Fe-based superconductors is their quasi-two-dimensional multiband Fermi surface. By
relating the problem to a negative U Hubbard model and its superconducting ground state, we show that the
defining instability of such a Fermi surface is the valley density-wave !VDW", a combined spin/charge density-
wave at the wave vector connecting the electron and hole valleys. As the valley parameters change by doping
or pressure, the fictitious superconductor experiences “Zeeman splitting,” eventually going into a nonuniform
“Fulde-Ferrell-Larkin-Ovchinikov” !FFLO" state, an itinerant and often incommensurate VDW of the real
world, characterized by the metallic conductivity from the ungapped remnants of the Fermi surface. When
Zeeman splitting exceeds the “Chandrasekhar-Clogston” limit, the “FFLO” state disappears and the VDW is
destabilized. Near this point, the VDW fluctuations and interband pair repulsion are essential ingredients of
high-Tc superconductivity in Fe pnictides.

DOI: 10.1103/PhysRevB.80.024512 PACS number!s": 74.20.!z, 71.45.Lr, 74.70.Dd, 75.30.Fv

I. INTRODUCTION

Recently, the superconductivity below 7 K in LaOFeP
!Ref. 1" led to the discovery of high Tc#26 K in its doped
sibling LaO1−xFxFeAs!x"0.1".2 Even higher Tc’s were
found by replacing La with other rare earths, up to the cur-
rent record of Tc=55 K.3 These are the first noncuprate su-
perconductors !SCs" exhibiting such high Tc’s and their dis-
covery has touched off a storm of activity.4

In this paper, we introduce a notable element into the
theoretical debate by considering a unified model of spin
density-wave, orbital density-wave, structural deformation,
and superconductivity in Fe pnictides. The model is simple
but it contains the necessary physical features. The essential
ingredients are electron and hole pockets !valleys" of the
quasi-two-dimensional !2D" multiply connected Fermi sur-
face !FS".5–7 To extract the basic physics we consider spin-
less electrons first and only a single electron and a single
hole band with identical band parameters. We then show that
this model can be related to a 2D negative U Hubbard model,
the ground state of which is known exactly—it is a
superconductor.8 In real FeAs materials, this fictitious super-
conductivity translates into a fully gapped valley density-
wave !VDW", a unified state representing a combination of
spin, charge, and orbital density-waves !SDW/CDW/ODW"
at the commensurate wave vector M connecting the two val-
leys. Next, we introduce two different fictitious “chemical
potentials,” #e!#h for the electron and the hole valleys, as
measured from the bottom and the top of the bands,
respectively—this describes the effect of doping the parent
iron-pnictide compounds and corresponds to the external
Zeeman splitting in our fictitious attractive Hubbard model.
As $#=#e−#h increases, so does this Zeeman splitting, and
eventually our fictitious superconducting state approaches to
and exceeds the “Chandrasekhar-Clogston” limit, giving way
to a nonuniform Fulde-Ferrell-Larkin-Ovchinikov !FFLO"
ground state at an incommensurate !IC" wave vector q,
where $q$ is set by $kF=kF

e −kF
h , and thus by doping x. This

“FFLO state” is nothing but an IC VDW at the wave vector
M+q. Finally, as $kF !x" exceeds certain critical value $kc

!xc", the “superconducting” state is completely destroyed and
so is the VDW in a true material. However, for $kF above but
near $kc, we consider strong “superconducting” fluctuations
and find that these VDW fluctuations can induce real super-
conductivity in Fe pnictides !see Fig. 1". In principle, one
could avoid the mapping to the negative U Hubbard model
and argue that the VDW instability in pnictides occurs for
the same reasons as the SDW instability found in, say, Cr.9

We find, however, that our “fictitious superconductivity” de-
scription is more appropriate to pnictides not only due to its
illustrative purposes but also because it allows us to extend
the analogy to the “FFLO” state and multiband “SC,” i.e.,

FIG. 1. !Color online" Phase diagram of Fe pnictides, depicting
the evolution of our fictitious superconductor from the fully gapped
VDW insulator to the “FFLO superconductor”—a partially gapped
metallic VDW—to the real SC under the influence of the Zeeman
splitting $# !doping or pressure". The red dot on the vertical axis
symbolizes the parent compounds and the regime below it might be
physically inaccessible. Insets: FS of !a" the normal state in the
folded !%↔M" BZ !Ref. 18", !b" the VDW metal !computed with
the interband interaction set to unity"—this is the C4 version of !c"
the continuum FFLO state !Ref. 21". The remaining states are fully
gapped.
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Theory of the valley-density wave and hidden order in iron pnictides

Jian Kang and Zlatko Tešanović
Institute for Quantum Matter and Department of Physics & Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218, USA

(Received 20 November 2010; revised manuscript received 22 December 2010; published 31 January 2011)

In the limit of perfect nesting, the physics of iron pnictides is governed by the density wave formation at the
zone-edge vector M. At high energies, various spin- (SDW), charge-, and orbital/pocket- (PDW) density waves,
and their linear combinations, all appear equally likely, unified within the unitary order parameter of U(4) × U(4)
symmetry. Nesting imperfections and low-energy interactions reduce this symmetry to that of real materials.
Nevertheless, the generic ground state preserves a distinct signature of its highly symmetric origins: A SDW
along one axis of the iron lattice is predicted to coexist with a perpendicular PDW, accompanied by weak charge
currents. This “hidden” order induces the structural transition in our theory, naturally insures Ts ! TN , and leads
to orbital ferromagnetism and other observable consequences.

DOI: 10.1103/PhysRevB.83.020505 PACS number(s): 74.70.Xa, 75.30.Fv, 75.25.Dk

The discovery of high-temperature superconductivity
(HTS) in iron pnictides1,2 has sparked intense research.3 Like
the cuprates, the pnictides are layered systems and exhibit
antiferromagnetism (AF) at zero doping (x = 0), followed
by HTS beyond some finite x.3,4 Magnetic order in parent
compounds consists of an AF spin chain along the wave vector
(π,0) or (0,π ) in the unfolded Brilliouin zone (UBZ) and an FM
spin chain along the perpendicular direction.5 The dynamical
origin of this AF state is hotly debated: Within the itinerant
electron model, the magnetic transition is ascribed to the
SDW instability, enhanced by the near-nesting among electron
and hole pockets of the Fermi surface (FS).6–9 To ensure
“striped” spin order, only one electron pocket is involved in
SDW, and the spin-wave anisotropy arises from the electron
pockets’ finite ellipticity.10,11 In contrast, within the localized
Heisenberg-type model12,13 various frustrated couplings J1a ,
J1b, J2 between neighboring spins conspire to produce the
observed magnetic order and the magnon anisotropy.14,15

In addition, the tetrahedral-to-orthorhombic structural
transformation is observed, accompanied by the AF
transition.16,17 The AF-ordered moment is linearly
proportional to orthorhombicity on change in x, and
both transitions disappear for x > xc.18 Magnetoelastic
coupling was suggested as being responsible for the close
relation between two transitions.19 In this approach, the
structural transition is driven by magnetic interactions.20

However, in the 1111 compounds, the structural transition
temperature Ts is consistently above the AF one, TN , at any
x.5 Furthermore, the in-plane resistivity anisotropy develops
well above TN in the presence of uniaxial pressure, and hints
at the appearance of a form of order near Ts .21 One possible
explanation for Ts > TN is that magnetic fluctuations are
much stronger than those associated with structural order.

In this Rapid Communication, we advance another physical
picture to account for this evident close relation between
the structural and magnetic transitions: the two are just
different faucets of one and the same type of ordering of
much higher, U(4) × U(4) symmetry. This high symmetry
characterizes the dynamics of pnictides within the high-
energy regime, extending from the energies of order of the
bandwidth D down to those set by Ts ∼ TN . This regime is
governed by “perfect” nesting and the ensuing tendency toward
formation of a valley-density wave (VDW) at the nesting

vector Q, with all of its different reincarnations—various
spin-, charge-, and orbital/pocket-density waves (SDW, CDW,
PDW, respectively), as well as their mutually orthogonal linear
combinations—unified within a unitary U(4) × U(4) order
parameter.22 At yet lower energies, however, as the U(4) ×
U(4) symmetry-breaking interactions and the deviations from
perfect nesting come into play, the symmetry is reduced down
to that of real materials. Nevertheless, provided there is a
significant segregation of scales in the effective Hamiltonian
of iron pnictides between the high-energy U(4) × U(4)-
symmetric and the low-energy symmetry-breaking terms, the
ground state and its excitations bear a distinct signature of their
highly symmetric origin.

Our picture is based on the itinerant model and re-
lies on the hierarchy of energy scales that separate the
“flavor”-conserving from the “flavor”-changing interactions
of quasiparticles on the FS, composed of two hole (h1,h2)
and two electron (e1,e2) pockets (or valleys) (Fig. 1). This
hierarchy is further assisted by the differences in area and
shape of different pockets being much smaller than their
common overall features; hence the U(4)e × U(4)h symmetry.
Such hierarchy, quantified in Ref. [ 22], does not reflect a
deep underlying principle; rather, it is an accident of the
particular semimetallic character of pnictides and a screened
Coulomb repulsion.23 But be that as it may, the hierarchy
is well obeyed in all parent compounds and we use it as
an organizing framework to derive the following results:
(i) The ground state of parent pnictides is the combination
of a SDW along the wave vector (π,0) or (0,π ) in the UBZ
and a spin-singlet density wave (DW) along the perpendicular
direction; (ii) the spin-singlet DW is predominantly a PDW,
with a tiny admixture of a CDW, and is imaginary, i.e., it
represents a modulated pattern of weak currents on interiron
bonds. This PDW is difficult to detect and is dubbed the
“hidden” order; (iii) the imaginary PDW at Q = (π,0) [or
(0,π )] induces real CDW at 2Q = (0,0), differing from the
CDW similarly generated by the SDW. The resulting broken
orbital symmetry between ex and ey pockets (Fig. 1) drives the
observed tetragonal-to-orthorhombic transition; and (iv) the
predicted electronic structure of the ground state has numerous
observable consequences, some of which we explore. Our
results are generic for the 1111 and 122 materials, and—with

020505-11098-0121/2011/83(2)/020505(4) ©2011 American Physical Society
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What is a (THE) Model for Iron-Pnictides ?   Æ
U(4)£U(4) Theory of Valley-Density Wave (VDW)  

Key assumption I: 

Eremin, Knolle

Hirschfeld, Kuroki, Bernevig, 
Thomale, Chubukov, Eremin,

Key assumption II: 
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U(4)£U(4) Theory of Valley-Density Wave (VDW)  
V. Cvetkovic and ZT, PRB 80, 024512 (2009); 
J. Kang and ZT, arXiv:1011.2499

Æ U(4)£U(4) symmetry  Æ unified spin and pocket/orbital flavors
Saturday, March 23, 13



Hierarchy of RG Energy Scales U, W >> G1, G2 Æ
U(4)£U(4) Theory of Valley-Density Wave (VDW)  

VDW in Fe-pnictides
is a (nearly) U(4)£U(4)
symmetric combination: 
SDW/CDW/ODW

(. . .) Æ

D. K. Pratt, et al., 
arxiv/0903.2833

TS (K) TN (K) mord (ȝB)

LaFeAsO 155 137 0.36

CeFeAsO 155 140 0.83

PrFeAsO 153 127 0.48

NdFeAsO 150 141 0.9

CaFeAsF 134 114 0.49

SrFeAsF 175 120

CaFe2As2 173 173 0.8

SrFe2As2 220 220 0.94-1.0

BaFe2As2 140 140 0.9

V. Cvetkovic and ZT, PRB 80, 024512 (2009); 
J. Kang and ZT, arXiv:1011.2499
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“Near” U(4)£U(4) Symmetry and Experiments

Orbital “AF” Æ Can this modulated current 
pattern be observed by neutrons? ¹SR?

J. Kang and ZT, arXiv:1011.2499
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Friedel-Like Oscillations from Interstitial Iron in Superconducting Fe1þyTe0:62Se0:38

V. Thampy,1 J. Kang,1 J. A. Rodriguez-Rivera,2,3 W. Bao,4 A. T. Savici,5 J. Hu,6 T. J. Liu,6 B. Qian,6 D. Fobes,6 Z. Q. Mao,6

C. B. Fu,7,8,9 W.C. Chen,3,9 Q. Ye,5 R.W. Erwin,2 T. R. Gentile,9 Z. Tesanovic,1 and C. Broholm1,2

1Institute for Quantum Matter and Department of Physics and Astronomy, Johns Hopkins University, Baltimore, Maryland 21218, USA
2NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA

3Department of Materials Science and Engineering, University of Maryland, College Park, Maryland 20740, USA
4Department of Physics, Renmin University of China, Beijing 100872, China
5NSSD, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

6Department of Physics, Tulane University, New Orleans, Louisiana 70118, USA
7Department of Physics, Indiana University, Bloomington, Indiana 47408, USA

8Department of Physics, Shanghai Jiaotong University, Shanghai, 200240, China
9National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA

(Received 23 September 2011; published 7 March 2012)

Using polarized and unpolarized neutron scattering, we show that interstitial Fe in superconducting

Fe1þyTe1"xSex induces a magnetic Friedel-like oscillation that diffracts at Q? ¼ ð12 0Þ and involves >50
neighboring Fe sites. The interstitial >2!B moment is surrounded by compensating ferromagnetic four-

spin clusters that may seed double stripe ordering in Fe1þyTe. A semimetallic five-band model with ð12 1
2Þ

Fermi surface nesting and fourfold symmetric superexchange between interstitial Fe and two in-plane

nearest neighbors largely accounts for the observed diffraction.

DOI: 10.1103/PhysRevLett.108.107002 PACS numbers: 74.70.Xa, 74.25.Ha

While superconducting Fe1þyTe1"xSex shares band
structure, Fermi surface [1], and a spin resonance [2] with
Fe pnictide superconductors [3–5], the parent magnetic
structures are surprisingly different. Figure 1(a) depicts the
distinct magnetic unit cells with single striped order for 122
arsenides [qm ¼ ð12 ; 12Þ] [6] versus double stripes for
Fe1þyTe [qm ¼ ð12 ; 0Þ] [7,8]. In this Letter, we show that
short range ordered glassy magnetism at ð12 ; 0Þ in super-
conducting Fe1þyTe1"xSex (x ¼ 0:38) arises frommagnetic
Friedel-like oscillations surrounding interstitial Fe forming
what we call a magnetic polaron. A critical role of interstitial
iron to stabilize the lamellar structure [9], enhance magne-
tism [10], and reduce the superconducting volume fraction
[11] was previously noted. Our results provide a quantitative
microscopic view of the pivotal magnetic polaron.

We used three coaligned Fe1þyTe0:62Se0:38 single crys-
tals with total mass& 20 g and y ¼ 0:01ð2Þ determined by
energy-dispersive x-ray analysis. Grown by a flux method
[11], the samples are tetragonal (space group P4=nmm)
with low temperature (T) lattice parameters a ¼ 3:791 !A
and c ¼ 6:023 !A. Magnetization and specific heat mea-
surements yielded Tc ¼ 14:0ð2Þ K and a superconducting
volume fraction of 92.9(7)% and 83(1)%, respectively
[Fig. 5(b)].

Neutron scattering was performed by using the Multi
Axis Crystal Spectrometer at National Institute of
Standards and Technology Center for Neutron Research
[12]. Twenty detection channels permitted mapping of
elastic scattering throughout a reciprocal lattice plane
[13]. High T measurements (T ¼ 25 K) provided back-
ground to cancel the dominant elastic nuclear scattering, so

the difference data probe magnetic correlations that be-
come static below 25 K. Polarized neutrons were used to
establish the magnetic origin and polarization of the scat-
tering. Spin-polarized 3He gas held in glass cells within a
vertical solenoid concentric with the sample rotation axis
was used to select the vertical component of neutron spin
before and after detected scattering events [14]. The 5 meV
flipping ratio was typically 56 and 8.4 for Bragg scattering
from Al2O3 and Fe1þyTe0:62Se0:38, respectively. The cor-
responding sample depolarization factor of 0.825 was
T-independent between 4 and 30 K. A channel mixing
correction, obtained from the measured flipping ratio,
and transmission correction for time-dependent 3He polar-
ization (" & 60–90 h)—averaging 60 (42) for the non-
spin-flip (spin-flip) channel—was applied to T-difference

FIG. 1 (color online). (a) Fe-plane magnetic order in the 122
and 11 parent compounds. (b) Half unit cell of Fe1þyTe1"xSex
showing the location of interstitial Fe in orange (FeI).

PRL 108, 107002 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

9 MARCH 2012

0031-9007=12=108(10)=107002(5) 107002-1 ! 2012 American Physical Society
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onances in dependence onH. WhenH decreases,
resonances I and II show opposite spectral be-
havior, and the transmittance intensities of the
two resonance branches cross one another. In
particular, resonance I evolves from a broad pro-
file to a narrower and suppressed resonance,
whereas resonance II grows in strength and be-
comes more and more pronounced. This is due
to the fact that when the middle rod is suc-
cessively shifted toward the bottom shorter rod
pair and therefore couples more strongly to it,
resonance II is enhanced. Simultaneously, res-
onance I is reduced because the middle rod is
shifted gradually away from the top longer rod
pair and therefore couples less strongly to it. It
is noteworthy that the spectral positions of the
two quadrupolar resonances can also provide
information on the spatial structure change.
Figure 4C shows the calculated spectral posi-
tions of the two quadrupolar resonances in de-
pendence of H. When the middle rod is shifted
downward (see the gray region), the position of
resonance I stays nearly the same, whereas
resonance II shifts to lower energies. In contrast,
when the middle rod is shifted upward (see the
white region), resonance II does not show a prom-
inent position change, whereas resonance I shifts
to significantly lower energies. Figure 4 clearly
demonstrates how the full spectral behavior of
the 3D plasmonic structure is correlated to the
structural changes in space and will allow for
evaluation of the magnitudes as well as the di-
rections of structural changes. Differential spectra
that evaluate 3D conformational changes from
the initial configuration to successive configu-
rations offer even more distinct spectral features
and facilitate the identification of specific mo-
tions. Figures S4 and S5 (17) show how this can
aid the spectral analysis of the 3D ruler system
upon minute structural tilting and twisting.

To demonstrate the fundamental concepts of
3D plasmon rulers, we used in our study a com-
plex sequence of nanolithography steps. The re-
sulting optical response of the 3D plasmon ruler
has been correlated with the particle plasmon
resonances of the individual nanostructure assem-
bly. The same concepts can be applied to single
metallic nanocrystals joined together by oligo-
nucleotides or peptides (21–24), giving rise to a
new generation of plasmon rulers with unprec-
edented ability tomonitor the sequence of events
that occur during a wide variety of macromo-
lecular transformations in three dimensions. Me-
tallic nanoparticles of different lengths or sizes
could be attached at different positions of the
DNA or protein (25, 26), and each metallic ele-
ment may move individually or collectively in
three dimensions. Dark-field microspectroscopy
of the scattering or the extinction spectrumwould
offer a useful tool to identify the 3D arrangement
of the different constituents in real time, as it is
unambiguously correlated to very distinct and rich
spectral features. As in the case of nuclear mag-
netic resonance, 3D plasmon rulers could use a
lookup database where the optical spectra cor-

responding to all possible structural configurations
are stored. Spectral features can then be associated
with certain distortions. Novel methods of data
mining and inference would facilitate this task.
This concept can be further extended by using
polarization sensitivity as well as tomography-like
spectroscopy from different directions. The real-
ization of 3D plasmon rulers using nanoparticles
and biochemical linkers is challenging, but 3D
nanoparticle assemblies with desired symmetries
and configurations have been successfully dem-
onstrated very recently (24, 25, 27–30). These
exciting experimental achievements will pave the
road toward the realization of 3D plasmon rulers
in biological and soft-matter systems.
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Direct Observation of Nodes
and Twofold Symmetry in
FeSe Superconductor
Can-Li Song,1,2 Yi-Lin Wang,2 Peng Cheng,1 Ye-Ping Jiang,1,2 Wei Li,1 Tong Zhang,1,2 Zhi Li,2

Ke He,2 Lili Wang,2 Jin-Feng Jia,1 Hsiang-Hsuan Hung,3 Congjun Wu,3 Xucun Ma,2*
Xi Chen,1* Qi-Kun Xue1,2

We investigated the electron-pairing mechanism in an iron-based superconductor, iron selenide
(FeSe), using scanning tunneling microscopy and spectroscopy. Tunneling conductance spectra of
stoichiometric FeSe crystalline films in their superconducting state revealed evidence for a gap
function with nodal lines. Electron pairing with twofold symmetry was demonstrated by direct
imaging of quasiparticle excitations in the vicinity of magnetic vortex cores, Fe adatoms, and Se
vacancies. The twofold pairing symmetry was further supported by the observation of striped
electronic nanostructures in the slightly Se-doped samples. The anisotropy can be explained in
terms of the orbital-dependent reconstruction of electronic structure in FeSe.

Despite intense experimental investiga-
tion, the pairing symmetry in the recently
discovered iron (Fe)–based supercon-

ductors remains elusive (1–3). Phonon-mediated
pairing in conventional superconductors is typi-
cally isotropic, leading to s-wave symmetry. Un-
conventional pairing mechanisms, such as spin
fluctuations, may give rise to an order parameter
with its sign change over the Fermi surfaces and
a pairing symmetry such as sT (4, 5). The sT
scenario is supported by the phase-sensitive

“Josephson tunneling” (6, 7) and angle-resolved
photoemission spectroscopy (8) experiments. If
the sign change occurs on a single electron or

1State Key Laboratory for Low-Dimensional Quantum Physics,
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onances in dependence onH. WhenH decreases,
resonances I and II show opposite spectral be-
havior, and the transmittance intensities of the
two resonance branches cross one another. In
particular, resonance I evolves from a broad pro-
file to a narrower and suppressed resonance,
whereas resonance II grows in strength and be-
comes more and more pronounced. This is due
to the fact that when the middle rod is suc-
cessively shifted toward the bottom shorter rod
pair and therefore couples more strongly to it,
resonance II is enhanced. Simultaneously, res-
onance I is reduced because the middle rod is
shifted gradually away from the top longer rod
pair and therefore couples less strongly to it. It
is noteworthy that the spectral positions of the
two quadrupolar resonances can also provide
information on the spatial structure change.
Figure 4C shows the calculated spectral posi-
tions of the two quadrupolar resonances in de-
pendence of H. When the middle rod is shifted
downward (see the gray region), the position of
resonance I stays nearly the same, whereas
resonance II shifts to lower energies. In contrast,
when the middle rod is shifted upward (see the
white region), resonance II does not show a prom-
inent position change, whereas resonance I shifts
to significantly lower energies. Figure 4 clearly
demonstrates how the full spectral behavior of
the 3D plasmonic structure is correlated to the
structural changes in space and will allow for
evaluation of the magnitudes as well as the di-
rections of structural changes. Differential spectra
that evaluate 3D conformational changes from
the initial configuration to successive configu-
rations offer even more distinct spectral features
and facilitate the identification of specific mo-
tions. Figures S4 and S5 (17) show how this can
aid the spectral analysis of the 3D ruler system
upon minute structural tilting and twisting.

To demonstrate the fundamental concepts of
3D plasmon rulers, we used in our study a com-
plex sequence of nanolithography steps. The re-
sulting optical response of the 3D plasmon ruler
has been correlated with the particle plasmon
resonances of the individual nanostructure assem-
bly. The same concepts can be applied to single
metallic nanocrystals joined together by oligo-
nucleotides or peptides (21–24), giving rise to a
new generation of plasmon rulers with unprec-
edented ability tomonitor the sequence of events
that occur during a wide variety of macromo-
lecular transformations in three dimensions. Me-
tallic nanoparticles of different lengths or sizes
could be attached at different positions of the
DNA or protein (25, 26), and each metallic ele-
ment may move individually or collectively in
three dimensions. Dark-field microspectroscopy
of the scattering or the extinction spectrumwould
offer a useful tool to identify the 3D arrangement
of the different constituents in real time, as it is
unambiguously correlated to very distinct and rich
spectral features. As in the case of nuclear mag-
netic resonance, 3D plasmon rulers could use a
lookup database where the optical spectra cor-

responding to all possible structural configurations
are stored. Spectral features can then be associated
with certain distortions. Novel methods of data
mining and inference would facilitate this task.
This concept can be further extended by using
polarization sensitivity as well as tomography-like
spectroscopy from different directions. The real-
ization of 3D plasmon rulers using nanoparticles
and biochemical linkers is challenging, but 3D
nanoparticle assemblies with desired symmetries
and configurations have been successfully dem-
onstrated very recently (24, 25, 27–30). These
exciting experimental achievements will pave the
road toward the realization of 3D plasmon rulers
in biological and soft-matter systems.
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We investigated the electron-pairing mechanism in an iron-based superconductor, iron selenide
(FeSe), using scanning tunneling microscopy and spectroscopy. Tunneling conductance spectra of
stoichiometric FeSe crystalline films in their superconducting state revealed evidence for a gap
function with nodal lines. Electron pairing with twofold symmetry was demonstrated by direct
imaging of quasiparticle excitations in the vicinity of magnetic vortex cores, Fe adatoms, and Se
vacancies. The twofold pairing symmetry was further supported by the observation of striped
electronic nanostructures in the slightly Se-doped samples. The anisotropy can be explained in
terms of the orbital-dependent reconstruction of electronic structure in FeSe.

Despite intense experimental investiga-
tion, the pairing symmetry in the recently
discovered iron (Fe)–based supercon-

ductors remains elusive (1–3). Phonon-mediated
pairing in conventional superconductors is typi-
cally isotropic, leading to s-wave symmetry. Un-
conventional pairing mechanisms, such as spin
fluctuations, may give rise to an order parameter
with its sign change over the Fermi surfaces and
a pairing symmetry such as sT (4, 5). The sT
scenario is supported by the phase-sensitive

“Josephson tunneling” (6, 7) and angle-resolved
photoemission spectroscopy (8) experiments. If
the sign change occurs on a single electron or
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hole pocket, then nodes should show up in the
superconducting gap function (5). The presence
of nodes in the Fe-based superconductors is still
very controversial (9–12). Here, we report the
observation of nodal superconductivity in iron
selenide (FeSe) by use of a low-temperature
scanning tunneling microscope (STM). We find
that the symmetry of the order parameter is
twofold instead of fourfold.

FeSe is the simplest Fe-based superconductor
with an ambient-pressure transition temperature
of Tc ~ 8 K that can increase to 37 K at a pressure
of 8.9 GPa (1, 2). However, the uncertainty in
the stoichiometry of Fe(Se,Te) samples (1–3) has
made it challenging to understand the super-
conducting and normal states in the materials. To
avoid this complexity, we grew the stoichiomet-
ric FeSe single-crystalline films on the SiC(0001)
substrate with molecular beam epitaxy (MBE)
in ultra-high vacuum (UHV) (13) and performed
the STM experiment on the films in the same
UHV system. TheMBEgrowth of the FeSe films
is characterized by a typical layer-by-layer mode,
as demonstrated in fig. S1. The STM topographic
images (Fig. 1, A and B, and fig. S1) revealed
atomically flat and defect-free Se-terminated (001)
surfaces with large terraces. The selenium atom
spacing of the (1 × 1)–Se lattice (Fig. 1B) in the
topmost layer was 3.8 Å, which is in good agree-
ment with a previous report (1). The synchrotron
x-ray power diffraction exhibited a structural tran-
sition from tetragonal to orthorhombic symmetry
at 90 K for FeSe (14). In the low-temperature or-
thorhombic phase, the Fe-Fe lattice’s constant dif-
ference between the two close-packed directions
was 0.012 Å at 20 K. This difference is too small
to be resolved with STM, so Fig. 1B appears as a
square lattice.

The scanning tunneling spectroscopy (STS)
probes the quasiparticle density of states and mea-
sures the superconducting gap at the Fermi en-
ergy (EF) (15). In Fig. 1C, we show the tunneling
spectra on the sample in Fig. 1A at various temper-
atures. The spatial homogeneity of the STS spec-
tra (fig. S2) further demonstrates the high quality
of the MBE samples. At a temperature below Tc,
the spectra exhibit two conductance peaks and a
gap centered at the Fermi energy. The maximum
of the superconducting gap ∆0 = 2.2 meV is half
of the energy between the two conductance peaks.
The most striking feature of the spectra at 0.4 K,
analogous to the cuprate high-Tc superconductors
(15), is the V-shaped dI/dV and the linear depen-
dence of the quasiparticle density of states on en-
ergy near EF. This feature explicitly reveals the
existence of line nodes in the superconducting gap
function. At elevated temperatures, the V-shaped
spectra in Fig. 1C smear out as the superconduct-
ing gap disappears above Tc.

We suggest that the nodal superconductivity
exists only in FeSe with a composition close to
stoichiometry. By introducing Te into the com-
pound, the ternary Fe(Se,Te) becomes a nodeless
sT-wave superconductor, which is characterized
by a fully gapped tunneling spectrum in the low-

temperature limit (16). The nodes are intrinsic to
the superconducting gap function of the stoichi-
ometric FeSe. The scattering-induced extrinsic
origin of the V-shaped spectrum in FeSe is quite
unlikely. If the scattering strength is too weak,
the gap is not closed; if it is too strong, there is a
finite residual density of states at the Fermi lev-
el. In this extrinsic scenario, the V-shaped spec-

trum without residual density of states at the
Fermi level is only possible in an accidental case
in which scattering strength exactly matches a
specific value (17).

Examination of the electronic structure in
the Brillouin zone (BZ) reveals the origin of
the nodes as well as the symmetry of the order
parameter. In the unfolded BZ of FeSe (Fig. 1D),

Fig. 2. The vortex core states. (A) STS (setpoint, 10 mV, 0.1 nA) on the center of a vortex core. (B) Zero-bias
conductance map (40 × 40 nm2; setpoint, 10 mV, 0.1 nA) for a single vortex at 0.4 K and 1 T magnetic field.
(C and D) Tunneling conductance curves measured at equally spaced (2 nm) distances along a and b axes.

Fig. 1. STM characteriza-
tion of the as-grown FeSe
films. (A) Topographic im-
age (2.5V, 0.1 nA, 200by
200 nm2) of a FeSe film
(~30 unit cells thick). The
step height is 5.5 Å. (In-
set) The crystal structure.
(B) Atomic-resolution STM
topography (10 mV, 0.1
nA, 5 by 5 nm2) of FeSe
film. The bright spots cor-
respond to the Se atoms
in the top layer. a and b
correspond to either of
Fe-Fe bond directions. The
same convention is used
for a and b axes through-
out. (C) Temperature de-
pendence of differential
conductance spectra (set-
point, 10 mV, 0.1 nA).
(D) Schematic of the un-
folded Brillouin zone and
the Fermi surface (green
ellipses). The nodal lines
for coskxcosky and (coskx+
cosky ) gap functions are indicated by black and red dashed lines, respectively. The sizes of all pockets
are exaggerated for clarity. The black arrow indicates the direction of nesting.
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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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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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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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NMR lines neither split at 15T nor split in a field of 28.5 T parallel
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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
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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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Thermodynamic phase diagram of static charge
order in underdoped YBa2Cu3Oy

David LeBoeuf1*, S. Krämer2, W. N. Hardy3,4, Ruixing Liang3,4, D. A. Bonn3,4 and Cyril Proust1,4*

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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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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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
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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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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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model that proposed that the circulating super-
currents weaken the superconducting order pa-
rameter and allow the local appearance of a
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where the high-field LDOS measurements are
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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:
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darker regions of dimension "100 Å. Each
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Most importantly, PS[S1
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weight in one Cu-O direction than in the
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which the vortex studies were carried out. The
supermodulation can be seen clearly along with
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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
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orientation. Not all are identical, most likely be-
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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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An Intrinsic Bond-Centered Electronic
Glass with Unidirectional Domains
in Underdoped Cuprates
Y. Kohsaka,1 C. Taylor,1 K. Fujita,1,2 A. Schmidt,1 C. Lupien,3 T. Hanaguri,4 M. Azuma,5
M. Takano,5 H. Eisaki,6 H. Takagi,2,4 S. Uchida,2,7 J. C. Davis1,8*

Removing electrons from the CuO2 plane of cuprates alters the electronic correlations sufficiently
to produce high-temperature superconductivity. Associated with these changes are spectral-weight
transfers from the high-energy states of the insulator to low energies. In theory, these should be
detectable as an imbalance between the tunneling rate for electron injection and extraction—a
tunneling asymmetry. We introduce atomic-resolution tunneling-asymmetry imaging, finding
virtually identical phenomena in two lightly hole-doped cuprates: Ca1.88Na0.12CuO2Cl2 and
Bi2Sr2Dy0.2Ca0.8Cu2O8+d. Intense spatial variations in tunneling asymmetry occur primarily at the
planar oxygen sites; their spatial arrangement forms a Cu-O-Cu bond-centered electronic pattern
without long-range order but with 4a0-wide unidirectional electronic domains dispersed
throughout (a0: the Cu-O-Cu distance). The emerging picture is then of a partial hole localization
within an intrinsic electronic glass evolving, at higher hole densities, into complete delocalization
and highest-temperature superconductivity.

Metallicity of the cuprate CuO2 planes
derives (1) from both oxygen 2p and
copper 3d orbitals (Fig. 1A). Coulomb

interactions lift the degeneracy of the relevant
d-orbital, producing lower and upper d-states sepa-
rated by the Mott-Hubbard energy U (Fig. 1B).
The lower d-states and oxygen p-state become
hybridized, yielding a correlated insulator with
charge-transfer gapD (Fig. 1B). The “hole-doping”
process, which generates highest-temperature su-
perconductivity, then removes electrons from the
CuO2 plane, creating new hole-like electronic
states with predominantly oxygen 2p character
(2). This is a radically different process than hole-
doping a conventional semiconductor because,
when an electron is removed from a correlated
insulator, the states with which it was correlated
are also altered fundamentally. Numerical
modeling of this process (3) indicates that when
n holes per unit cell are introduced, the correlation
changes generate spectral-weight transfers from
both filled and empty high-energy bands—
resulting in the creation of ~2n new empty states

just above the chemical potential m (Fig. 1B). But
precisely how these spectral-weight transfers
result in cuprate high-temperature supercon-
ductivity remains controversial.

Recently, it has been proposed that these
doping-induced correlation changes might be
observable directly as an asymmetry of electron
tunneling currents with bias voltage (4, 5)—
electron extraction at negative sample bias being
strongly favored over electron injection at posi-
tive sample bias. Such effects should be de-
tectable with a scanning tunneling microscope
(STM). The STM tip-sample tunneling current
is given by

Iðr→, z, V Þ ¼ f ðr→, zÞ
Z

eV

0
Nðr→, EÞdE ð1Þ

where z is the tip’s surface-normal coordinate, V
is the relative sample-tip bias, and Nðr→,EÞ is
the sample’s local-density-of-states (LDOS) at
lateral locations r→ and energy E. Unmeasurable
effects due to the tunneling matrix elements, the
tunnel-barrier height, and z variations from elec-
tronic heterogeneity are contained in f ðr→, zÞ (see
supporting online text 1). For a simple metallic
system where f ðr→, zÞ is a featureless constant,
Eq. 1 shows that spatial mapping of the dif-
ferential tunneling conductance dI=dV ðr→,V Þ
yields Nðr→,E ¼ eV Þ. However, for the strongly
correlated electronic states in a lightly hole-
doped cuprate, the situation is much more
complex. In theory (4), the correlations cause
the ratio Z(V) of the average density-of-states
for empty states NðE ¼ þeV Þ to that of filled
states NðE ¼ −eV Þ to become asymmetric by
an amount

ZðV Þ ≡ NðE ¼ þeV Þ
NðE ¼ −eV Þ

≈
2n

1þ n
ð2Þ

Spectral-weight sum rules (5) also indicate that
the ratio Rðr→Þ of the energy-integrated Nðr→,EÞ
for empty states E > 0 to that of filled states E < 0
is related to n by

Rðr→Þ ≡

Z
Wc

0
Nðr→,EÞ dE

Z
0

−∞
Nðr→,EÞdE

¼ 2nðr→Þ
1 − nðr→Þ

þ O
nt
U

! "
ð3Þ

Here t is in-plane hopping rate and Wc satisfies
“all low-energy scales” < Wc < U.

As a test of such ideas, we show in Fig. 1C
the predicted evolution of the tunneling
asymmetry (TA) with n from (4), and in Fig.
1D we show the measured evolution of spatially
averaged TA in a sequence of lightly hole-doped
Ca2-xNaxCuO2Cl2 samples with different x. We
see that the average TA is indeed large at low x
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Fig. 1. (A) Relevant electronic
orbitals of the CuO2 plane: Cu 3d
orbitals are shown in orange and
oxygen 2p orbitals are shown
in blue. A single plaquette of
four Cu atoms is shown within
the dashed square box, and a
single Cu-O-Cu unit is within
the dashed oval. (B) Schematic
energy levels in the CuO2 plane
and the effects of hole doping
upon it. (C) The expected tun-
neling asymmetry between elec-
tron extraction (negative bias)
and injection (positive bias) from
(4) where low values of Z occur at
low hole densities n. (D) Mea-
sured doping dependence of
average tunneling asymmetry
in Ca2-xNaxCuO2Cl2. a.u., arbi-
trary units.
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Removing electrons from the CuO2 plane of cuprates alters the electronic correlations sufficiently
to produce high-temperature superconductivity. Associated with these changes are spectral-weight
transfers from the high-energy states of the insulator to low energies. In theory, these should be
detectable as an imbalance between the tunneling rate for electron injection and extraction—a
tunneling asymmetry. We introduce atomic-resolution tunneling-asymmetry imaging, finding
virtually identical phenomena in two lightly hole-doped cuprates: Ca1.88Na0.12CuO2Cl2 and
Bi2Sr2Dy0.2Ca0.8Cu2O8+d. Intense spatial variations in tunneling asymmetry occur primarily at the
planar oxygen sites; their spatial arrangement forms a Cu-O-Cu bond-centered electronic pattern
without long-range order but with 4a0-wide unidirectional electronic domains dispersed
throughout (a0: the Cu-O-Cu distance). The emerging picture is then of a partial hole localization
within an intrinsic electronic glass evolving, at higher hole densities, into complete delocalization
and highest-temperature superconductivity.

Metallicity of the cuprate CuO2 planes
derives (1) from both oxygen 2p and
copper 3d orbitals (Fig. 1A). Coulomb

interactions lift the degeneracy of the relevant
d-orbital, producing lower and upper d-states sepa-
rated by the Mott-Hubbard energy U (Fig. 1B).
The lower d-states and oxygen p-state become
hybridized, yielding a correlated insulator with
charge-transfer gapD (Fig. 1B). The “hole-doping”
process, which generates highest-temperature su-
perconductivity, then removes electrons from the
CuO2 plane, creating new hole-like electronic
states with predominantly oxygen 2p character
(2). This is a radically different process than hole-
doping a conventional semiconductor because,
when an electron is removed from a correlated
insulator, the states with which it was correlated
are also altered fundamentally. Numerical
modeling of this process (3) indicates that when
n holes per unit cell are introduced, the correlation
changes generate spectral-weight transfers from
both filled and empty high-energy bands—
resulting in the creation of ~2n new empty states

just above the chemical potential m (Fig. 1B). But
precisely how these spectral-weight transfers
result in cuprate high-temperature supercon-
ductivity remains controversial.

Recently, it has been proposed that these
doping-induced correlation changes might be
observable directly as an asymmetry of electron
tunneling currents with bias voltage (4, 5)—
electron extraction at negative sample bias being
strongly favored over electron injection at posi-
tive sample bias. Such effects should be de-
tectable with a scanning tunneling microscope
(STM). The STM tip-sample tunneling current
is given by

Iðr→, z, V Þ ¼ f ðr→, zÞ
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where z is the tip’s surface-normal coordinate, V
is the relative sample-tip bias, and Nðr→,EÞ is
the sample’s local-density-of-states (LDOS) at
lateral locations r→ and energy E. Unmeasurable
effects due to the tunneling matrix elements, the
tunnel-barrier height, and z variations from elec-
tronic heterogeneity are contained in f ðr→, zÞ (see
supporting online text 1). For a simple metallic
system where f ðr→, zÞ is a featureless constant,
Eq. 1 shows that spatial mapping of the dif-
ferential tunneling conductance dI=dV ðr→,V Þ
yields Nðr→,E ¼ eV Þ. However, for the strongly
correlated electronic states in a lightly hole-
doped cuprate, the situation is much more
complex. In theory (4), the correlations cause
the ratio Z(V) of the average density-of-states
for empty states NðE ¼ þeV Þ to that of filled
states NðE ¼ −eV Þ to become asymmetric by
an amount
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Here t is in-plane hopping rate and Wc satisfies
“all low-energy scales” < Wc < U.

As a test of such ideas, we show in Fig. 1C
the predicted evolution of the tunneling
asymmetry (TA) with n from (4), and in Fig.
1D we show the measured evolution of spatially
averaged TA in a sequence of lightly hole-doped
Ca2-xNaxCuO2Cl2 samples with different x. We
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direct test of such ideas has not been possible
because neither the real-space electronic struc-
ture of the ECG state, nor that of an individual
“cluster,” could be determined directly as no
suitable imaging techniques existed.

Design of TA studies in Ca1.88Na0.12CuO2Cl2
and Bi2Sr2Dy0.2Ca0.8Cu2O8+d. STM-based im-
aging might appear an appropriate tool to ad-
dress such issues. But dI/dV imaging is fraught

with problems in lightly doped cuprates. For
example, a standard dI/dV image, although well
defined, is not a direct image of the LDOS (see
supporting online text 1). Moreover, there are
theoretical concerns that, in Ca2-xNaxCuO2Cl2,
the topmost CuO2 plane may be in an “extraor-
dinary” state (34) or that interference between
two tunneling trajectories through the 3pz-Cl
orbitals adjacent to a dopant Na+ ion may cause

rotational symmetry breaking in the tunneling
patterns (35).

The new proposals (4, 5) for tunneling
asymmetry measurements provide a notable
solution to problems with standard dI/dV
imaging because Eqs. 2 and 3 have a crucial
practical advantage. If we define the ratios
Zðr→, V Þ and Rðr→, V Þ in terms of the tunneling
current

Zðr→,V Þ ≡
dI
dV ðr

→, z, þV Þ
dI
dV ðr

→, z,−V Þ
ð4aÞ

Rðr→, V Þ ≡ Iðr→, z, þV Þ
Iðr→, z, −V Þ ð4bÞ

we see immediately from Eq. 1 that the un-
known effects in f ðr→, zÞ are all canceled out
by the division process. Thus, Zðr→, V Þ and
Rðr→, V Þ not only contain important physical
information (4, 5) but, unlike Nðr→, EÞ, are also
expressible in terms of measurable quantities
only. We have confirmed that the unknown
factors f ðr→, zÞ are indeed canceled out in Eq. 4
(see supporting online text and figures 2).

To address the material-specific theoret-
ical concerns (34, 35), we have designed a
sequence of identical TA-imaging exper-
iments in two radically different cuprates:
strongly underdoped Ca1.88Na0.12CuO2Cl2
(Na-CCOC; critical temperature Tc ~ 21 K)
and Bi2Sr2Dy0.2Ca0.8Cu2O8+d (Dy-Bi2212; Tc ~
45 K). As indicated schematically in Fig. 2, B
and C, they have completely different crystal-
lographic structure, chemical constituents, and
dopant species and sites in the termination
layers lying between the CuO2 plane and the
STM tip. Na-CCOC has a single CuO2 layer

Fig. 4. (A and D) R maps of Na-CCOC and Dy-Bi2212, respectively (taken at 150 mV from areas in
the blue boxes of Fig. 3, C and D). The fields of view are (A) 5.0 nm by 5.3 nm and (B) 5.0 nm by
5.0 nm. The blue boxes in (A) and (D) indicate areas of Fig. 4, B and C, and Fig. 4, E and F,
respectively. (B and E) Higher-resolution R map within equivalent domains from Na-CCOC and Dy-
Bi2212, respectively (blue boxes of Fig. 4, A and D). The locations of the Cu atoms are shown as
black crosses. (C and F) Constant-current topographic images simultaneously taken with Fig. 4, B
and E, respectively. Imaging conditions are (C) 50 pA at 600 mV and (F) 50 pA at 150 mV. The
markers show atomic locations, used also in Fig. 4, B and E. The fields of view of these images are
shown in Fig. 3, A and B, as orange boxes.

Fig. 5. (A) Locations relative to
the O and Cu orbitals in the CuO2
plane where each dI/dV spectrum
at the surfaces of Fig. 4, C and F,
and shown in Fig. 5B, is mea-
sured. Spectra are measured
along equivalent lines labeled
1, 2, 3, and 4 in both domains
of Fig. 4, B and E, and Fig. 5A.
(B) Differential tunneling con-
ductance spectra taken along
parallel lines through equiv-
alent domains in Na-CCOC and
Dy-Bi2212. All spectra were
taken under identical junction conditions (200 pA, 200 mV). Numbers (1 to 4)
correspond to trajectories where these sequences of spectra were taken.
Locations of the trajectories, relative to the domains, are shown between
Fig. 4B (C) and 4E (F) by arrows.
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Direct observation of competition between
superconductivity and charge density wave
order in YBa2Cu3O6.67
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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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Physics, Technical University of Denmark, DK-2800 Kongens Lyngby, Denmark, 5Laboratory for Neutron Scattering, Paul Scherrer Institut, CH-5232
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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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temperature-dependence of these values. The CDW gives rise
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as Q = (2 ± �1,0,0.5). Although the satellite intensities have a
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not field-induced and is unaffected by field in the normal state.
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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.
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�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
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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
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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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FIG. 1. Schematic, proposed, ground state phase diagram
of H as a function of the doping δ for physically reasonable
values of t, J and V . The vertical axis represents a param-
eter which measures the strength of quantum spin fluctua-
tions—it increases linearly with N but can also be tuned con-
tinuously by J ′/J . The magnetic M symmetry is broken
in the hatched region, while C symmetry is broken (with ac-
companying charge-density modulation) in the shaded region;
there are numerous additional phase transitions at which the
detailed nature of the M or C symmetry breaking changes -
these are not shown. For δ = 0, M symmetry is broken only
below the critical point X, while C symmetry is broken only
above X. The superconducting S symmetry is broken for all
δ > 0 at large N ; for smaller N , the S can be restored at
small δ by additional C breaking along the vertical axis for
the states in the inset–this is not shown. The superconduc-
tivity is pure d-wave only in the large δ region were C and
M are not broken. The arrow A1 represents the path along
which quantitative results are obtained in this paper, while
A2 is the experimental path. The nature of the C symme-
try breaking along path A1 is also sketched: the thick and
dashed lines indicate varying values of |Qij | (proportional to
the bond charge density) on the links, while the circles rep-
resent b2i (proportional to the site hole density). The charge
densities on the links and sites not shown take values con-
sistent with the symmetries of the figures shown. We expect
that the nature of the C symmetry breaking will not change
significantly as we move from A1 to A2, and across the phase
boundary where M is broken: this suggests the appearance
of collinearly polarized spin-density waves, which break both
C and M, and which undergo an ‘anti-phase’ shift across the
hole-rich stripes16.

energy with respect to the site charge density N(1 −
b2
i ) = 〈ni〉 and the complex bond pairing amplitude

NQij = 〈J αβc†iαc†jβ〉/(bibj) (where b2
i is the hole density

at site i and J denotes the Sp(2N)-invariant antisym-
metric tensor), while maintaining certain local and global
constraints. There have been a number of related earlier
mean-field studies17, but they have all (with the excep-
tion of Ref. 11) restricted attention to the case where bi

and |Qij| are spatially uniform (note that |Qij| has the
same symmetry signature as the bond charge density, and
is therefore a measure of its value). However such solu-
tions are usually unstable, and at best metastable, at low
doping; here we have attempted to find the true global
minima of the saddle-point equations, while allowing for
arbitrary spatial dependence: such a procedure leads to
considerable physical insight, and also leads to solutions
in accord with recent experimental observations.

First, at δ = 0 along A1 we find the fully dimerized, in-
sulating spin-Peierls (or 2× 1 bond charge-density wave)
solution18 in which |Qij| is non-zero only on the bonds
shown in Fig. 1. Moving to small non-zero δ along A1,
our numerical search always yielded lowest energy states
with C broken, consisting of bond-centered charge-density
waves19 with a p × 1 unit cell, as shown in Fig. 1. We
always found p to be an even integer, reflecting the dimer-
ization tendency of the δ = 0 solution. Within each p×1
unit cell, we find that the holes are concentrated on a
q× 1 region, with a total linear hole density of ρ#. A key
property is that q and ρ# remain finite, while p → ∞,
as δ → 0. Indeed, the values of q and ρ# are deter-
mined primarily by t, J , and the nearest-neighbor value
of Vij = Vnn, and are insensitive to δ and longer range
parts of Vij. For δ → 0, we found that q = 2 was optimum
for a wide range of parameter values, while larger values
of q (q ≥ 4) appear for smaller values of Vnn; specifically
we had q = 2, ρ# = 0.42 at t/J = 1.25, Vnn/t = 0.6, and
q = 4 , ρ# = 0.8 at t/J = 1.25, Vnn/t = 0.5. The limit
Vnn → 0 leads to q → ∞ which reflects the tendency to
phase separation in the “bare” t − J model. The evolu-
tion of p with δ is shown in Fig. 2. Note that there is a
large plateau at p = 4 around doping δ = 1/8, and, for
some parameter regimes, this is the last state before C
is restored at large δ; indeed p = 4 is the smallest value
of p for which our mean-field theory has solutions with
bi not spatially uniform. Experimentally1,2, a pinning of
the charge order at a wavevector K = 1/4 is observed,
and we consider it significant that this value emerges nat-
urally from our theory.

Our large-N theory only found states in which the
ordering wavevector K was quantized at the rational
plateaus in Fig. 2. However, for smaller N we expect that
irrational, incommensurate, values of K will appear, and
interpolate smoothly between the plateau regions.

In our large-N theory, each q-width stripe above is
a one-dimensional superconductor, while the intervening
(q − p)-width regions are insulating. However, fluctua-
tion corrections will couple with superconducting regions,

2

M. Vojta and S. Sachdev, Physical Review Letters 83, 3916 (1999)
S. Sachdev and N. Read, Int. J. Mod. Phys. B 5, 219 (1991)
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Fermi surface+antiferromagnetism

The electron spin polarization obeys
�

⌃S(r, �)
⇥

= ⌃⇥(r, �)eiK·r

where K is the ordering wavevector.

+

Metal with “large” 
Fermi surface
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Metal with “large” Fermi surface

Fermi surface+antiferromagnetism

Saturday, March 23, 13



Fermi surfaces translated by K = (�,�).

Fermi surface+antiferromagnetism
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“Hot” spots

Fermi surface+antiferromagnetism
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Fermi surface+antiferromagnetism

Electron and hole pockets in

antiferromagnetic phase

with antiferromagnetic order parameter h~'i 6= 0
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S. Sachdev, A. V. Chubukov, and A. Sokol, Phys. Rev. B 51, 14874 (1995). 
A. V. Chubukov and D. K. Morr, Physics Reports 288, 355 (1997).
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Pairing by SDW fluctuation exchange

We now allow the SDW field ⌦⌅ to be dynamical, coupling to elec-
trons as

Hsdw = �
�

k,q,�,⇥

⌦⌅q · c†k,�⌦⇥�⇥ck+K+q,⇥ .

Exchange of a ⌦⌅ quantum leads to the e�ective interaction

Hee = �1
2

�

q

�

p,⇤,⌅

�

k,�,⇥

V�⇥,⇤⌅(q)c†k,�ck+q,⇥c†p,⇤cp�q,⌅,

where the pairing interaction is

V�⇥,⇤⌅(q) = ⌦⇥�⇥ · ⌦⇥⇤⌅
⇤0

��2 + (q�K)2
,

with ⇤0�2 the SDW susceptibility and � the SDW correlation length.
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BCS Gap equation

In BCS theory, this interaction leads to the ‘gap
equation’ for the pairing gap �k ⇤ ⌅ck⇥c�k⇤⇧.

�k = �
⇤

p

�
3⇥0

��2 + (p� k�K)2

⇥
�p

2
⌅

⇤2
p + �2

p

Non-zero solutions of this equation require that
�k and �p have opposite signs when p� k ⇥ K.
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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)
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Unconventional pairing at and near hot spots
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“Hot” spots

Fermi surface+antiferromagnetism
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Low energy theory for critical point near hot spots
Saturday, March 23, 13



Low energy theory for critical point near hot spots
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Theory has fermions  1,2 (with Fermi velocities v1,2)

and boson order parameter ~',
interacting with coupling �

k
x

ky

Ar. Abanov and 
A. V. Chubukov, 

Phys. Rev. Lett. 84, 5608 
(2000).

Saturday, March 23, 13



v1 v2

�2 fermions
occupied

�1 fermions
occupied

Theory has fermions  1,2 (with Fermi velocities v1,2)

and boson order parameter ~',
interacting with coupling �

k
x

ky

M. A. Metlitski and 
S. Sachdev, 

Phys. Rev. B 85, 075127 
(2010)

Saturday, March 23, 13



v1 v2

�2 fermions
occupied

�1 fermions
occupied

Theory has fermions  1,2 (with Fermi velocities v1,2)

and boson order parameter ~',
interacting with coupling �

k
x

kyThis low-energy theory is invariant under 
particle-hole transformation. Particles and 
holes both have spin S=1/2, and have only 

spin-spin interactions. 
Theory has an emergent SU(2)4 symmetry.

M. A. Metlitski and 
S. Sachdev, 

Phys. Rev. B 85, 075127 
(2010)

Saturday, March 23, 13



Unconventional pairing at and near hot spots
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Unconventional particle-hole pairing at and near hot spots

Q is ‘2kF ’
wavevector

After 
pseudospin 

rotation 

M. A. Metlitski and 
S. Sachdev, 

Phys. Rev. B 85, 075127 
(2010)
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Q is ‘2kF ’
wavevector

After 
pseudospin 

rotation 

M. A. Metlitski and 
S. Sachdev, 
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(2010)

��Q
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�Q corresponds to

incommensurate d-wave bond order

or a quadrupole density wave
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Incommensurate d-wave bond order

M. A. Metlitski and 
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⌦
c†r↵cs↵

↵
=

X

Q

X

k

eiQ·(r+s)/2e�ik·(r�s)
D
c†k�Q/2,↵ck+Q/2,↵

E

where Q extends over Q = (±Q0,±Q0) with Q0 = 2⇡/(7.3) and

D
c†k�Q/2,↵ck+Q/2,↵

E
= �Q(cos k

x

� cos k
y

)

Note

⌦
c†r↵cs↵

↵
is non-zero only when r, s are nearest neighbors.

“Bond density” 
measures amplitude 
for electrons to be 

in  spin-singlet 
valence bond.

-1

+1

M. A. Metlitski and 
S. Sachdev, 

Phys. Rev. B 85, 075127 
(2010)
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Incommensurate d-wave bond order

High T pseudogap:
Fluctuating composite
order parameter of
nearly degenerate
d-wave pairing and
incommensurate
d-wave bond order
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Charge ordering in metals with antiferromagnetic spin correlations

Rolando La Placa and Subir Sachdev
Department of Physics, Harvard University, Cambridge MA 02138

(Dated: February 28, 2013)

Metals with antiferromagnetic spin correlations have an instability to the superconductivity of spin-singlet
Cooper pairs with d symmetry (for the Fermi surface of the cuprates). Metlitski et al. (Phys. Rev. B 82, 075128
(2010)) noted that in two dimensions, in the low energy continuum theory, this superconductivity is degenerate
with a charge density wave ordering which has a local d symmetry under rotations about the lattice points. We
present an unrestricted Hartree-Fock computation on a simple lattice model, and find that the d symmetry is
dominant for a range of small ordering wavevectors, including those observed in recent experiments. We note
implications for the phase diagram of the cuprates.

PACS numbers:

Introduction. A remarkable series of experiments [1–12]
have shed new light on the enigmatic underdoped region of
the cuprate high temperature superconductors. These exper-
iments consistently detect a bi-directional density wave with
a period of about 3-4 lattice spacings at low hole densities.
Moreover, this density wave order is co-incident with regions
of the phase diagram where quantum oscillations [13] were
observed in YBa2Cu3Oy, strongly supporting the hypothesis
[7, 14–16] that the density wave plays a central role in the
formation of the Fermi pockets responsible for the quantum
oscillations. Some of the experiments [3, 5, 6, 8, 11] are also
sensitive to the electronic microstructure of the density wave:
these indicate that there is negligible modulation of the charge
density on the Cu sites. Instead, it appears to be primarily a
bond density wave, with modulations in spin-singlet observ-
ables associated with a Cu-Cu link, such as the average elec-
tron kinetic energy.

This paper will examine a model for the charge ordering
proposed in Ref. [17]. They studied a two-dimensional metal
with antiferromagnetic spin correlations, using a continuum
limit which focused on particular ‘hot spots’ on the Fermi sur-
face [18]. In this limit, Ref. [17] showed that theory had an
emergent pseudospin symmetry, and consequently the metal
had two degenerate instabilities: to superconductivity with
d-wave pairing, and to a density wave which had a local d-
wave symmetry of rotations about each lattice point. The den-
sity wave instability had a small incommensurate wavevector
Q = (Q,±Q), where Q is determined by the positions of the
hot spots. Lattice corrections break the pseudospin symme-
try, and the superconducting instability becomes stronger than
the charge order in the full theory. Metzner and collaborators
[19, 20] studied this charge ordering using functional renor-
malization group methods, and called it an ‘incommensurate
nematic’. They also found similar instabilities with wavevec-
tors Q = (Q, 0), (0,Q), corresponding to those seen in the
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mulated these instabilities in terms of a non-linear � model
on pseudospin space, and emphasized their importance for the
physics of the pseudo-gap; they labelled the above charge or-
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in Ref. 17. For a range of small wavevectors, including those
observed in the experiments [1–6, 8–11]. the charge order has
a predominant d symmetry of rotations about the Cu lattice
sites. The predominant d symmetry implies that the charge
order is primary located on the Cu-Cu bonds, and there is lit-
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Method. We will examine the following Hamiltonian of
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order is primary located on the Cu-Cu bonds, and there is lit-
tle modulation of the charge density on the Cu sites.

Method. We will examine the following Hamiltonian of
electrons on a square lattice with annihilation operators ck,↵,
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The interactions between the electrons couple their spin den-
sity via a susceptibility �(q) which is peaked near the antifer-
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romagnet wavevector; we assume the simple form
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⇠�2 + 2(2 � cos(qx � Kx) � cos(qy � Ky))
(3)

where ⇠ is the antiferromagnetic correlation length. The sum
over wavevectors extends over K = ±(⇡, ⇡(1 � �)), ± (⇡(1 �
�), ⇡), and we will use both the commensurate case � = 0 or
the incommensurate case � = 1/4. We will only need mod-
erate values of ⇠ for our main conclusions, and the e↵ects we
discuss are present even at ⇠ = 1. We do not include an ex-
plicit density-density interaction between the electrons, and
assume its main e↵ect is to renormalize the dispersion.

We will perform an unrestricted Hartree-Fock-BCS analy-
sis of H. We need the best variational estimate for the mean-
field Hamiltonian

HMF =
X

k

"
"(k) c†k,↵ck,↵ + �S (k) ✏↵� ck,↵c�k� + H.c.
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#
, (4)

optimized over the spin-singlet superconducting pairing func-
tion �S (k), and the density wave orders �Q(k) at the
wavevectors Q. Note that both orders are characterized by
arbitrary functions of k extending over the Brillouin zone,
and these will be determined by a functional minimization
of the free energy. Here, we only consider the cases where
either �S (k) or �Q(k) are non-zero, but not both; in the
case of co-existing order, HMF must also include terms like
⇠ ✏↵� ck+Q/2,↵c�k+Q/2,�, and we defer this case to future work.
Fermi statistics requires �S (�k) = �S (k), while hermiticity
requires �⇤Q(k) = ��Q(k). For time-reversal symmetry to be
preserved we need �Q(�k) = �Q(k), but we will not impose
this as a constraint, and so will allow for the breaking of time-
reversal.

The free energy of H obeys the variational principle

F  FMF + hH � HMFiMF (5)

where the average is over a thermal ensemble defined by HMF

at a temperature T . We compute the right hand side in powers
of �S (k) and �Q(k), and replace the inequality by an inequal-
ity. To quadratic order in the order parameters, we write the
result in terms of hermitian functional operators on the Bril-
louin zone as

F = 2
X
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p
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p
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where the kernels are
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while the polarizabilities are
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f ("(k +Q/2)) � f ("(k �Q/2))
"(k �Q/2) � "(k +Q/2)

(8)

with f the Fermi function. Note that the kernels in Eq. (7)
have an identical form: this is a consequence of the spin-
spin interaction in H; density-density interactions yield dis-
tinct terms in the pairing and charge channels. Note further
that for dispersions with "(k + Q) = �"(k) the two kernels
equal each other: Ref. [17] pointed out that such a relation-
ship holds close to the hot spots of a generic Fermi surface
for certain Q, and this was a key ingredient in the emergent
pseudospin symmetry; we will see the same Q emerge in our
computation below.

From Eq. (6) we see that the linear instability of the metal
occurs via condensation in the eigenmodes of the operators
MS ,Q(k,k0) with the lowest eigenvalues. We have chosen the
specific forms of the kernels in Eq. (7) so that we need only
solve the following eigenvalue problem

3
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q
⇧S ,Q(k) �(k�k0)

q
⇧S ,Q(k0) �S ,Q(k0) = �S ,Q�S ,Q(k)

for the minimum eigenvalues �S ,Q and corresponding eigen-
vectors �S ,Q(k), and their structure is independent of the
overall strength of the interaction �0. The order parameters
characterizing the condensed phases will then be �S ,Q(k) /
�S ,Q(k)/

p
⇧S ,Q(k). Our principal numerical results below

are on the Q dependence of �Q, and on the k dependence
of �S ,Q(k) so obtained. We diagonalized the kernels after dis-
cretizing the Brillouin zone to L2 points with L up to 80, with
t1 = 1, t2 = �0.32, and t3 = 0.16 for a range of values of T , µ,
and ⇠.

Results. For the full range of parameters examined, we con-
sistently found that �S was the minimal eigenvalue, and the
corresponding eigenvector �S (k) was well approximated by
the d-wave form ⇠ (cos kx�cos ky) (specific results for the ac-
curacy of this eigenvector appear below in Table I). So d-wave
superconductivity is the primary instability.

We also examined the structure of the leading charge order-
ing instability, and show the Q dependence of �Q in Fig ??.
The minimum is at a wavevector along the diagonal with
Q = (Q,Q), with Q close to the value specified by the hot-
spot computation of Ref. [17]. There are also notable station-
ary points in the eigenvalues at (Q, 0), (0, 0) and (⇡, ⇡), whose
nature will become clearer after consideration of the eigen-
vectors below.

We found that we could characterize the eigenvectors
�S ,Q(k) e�ciently by an expansion in simple basis functions,
 �(k) of the square lattice space group. For this, our specific
parameterization of the charge order �Q(k) in Eq. (4) we im-
portant, in which we identified Q and k as the center-of-mass
and relative momenta of the particle-hole pair. Then we can
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Metals with antiferromagnetic spin correlations have an instability to the superconductivity of spin-singlet
Cooper pairs with d symmetry (for the Fermi surface of the cuprates). Metlitski et al. (Phys. Rev. B 82, 075128
(2010)) noted that in two dimensions, in the low energy continuum theory, this superconductivity is degenerate
with a charge density wave ordering which has a local d symmetry under rotations about the lattice points. We
present an unrestricted Hartree-Fock computation on a simple lattice model, and find that the d symmetry is
dominant for a range of small ordering wavevectors, including those observed in recent experiments. We note
implications for the phase diagram of the cuprates.

PACS numbers:

Introduction. A remarkable series of experiments [1–12]
have shed new light on the enigmatic underdoped region of
the cuprate high temperature superconductors. These exper-
iments consistently detect a bi-directional density wave with
a period of about 3-4 lattice spacings at low hole densities.
Moreover, this density wave order is co-incident with regions
of the phase diagram where quantum oscillations [13] were
observed in YBa2Cu3Oy, strongly supporting the hypothesis
[7, 14–16] that the density wave plays a central role in the
formation of the Fermi pockets responsible for the quantum
oscillations. Some of the experiments [3, 5, 6, 8, 11] are also
sensitive to the electronic microstructure of the density wave:
these indicate that there is negligible modulation of the charge
density on the Cu sites. Instead, it appears to be primarily a
bond density wave, with modulations in spin-singlet observ-
ables associated with a Cu-Cu link, such as the average elec-
tron kinetic energy.

This paper will examine a model for the charge ordering
proposed in Ref. [17]. They studied a two-dimensional metal
with antiferromagnetic spin correlations, using a continuum
limit which focused on particular ‘hot spots’ on the Fermi sur-
face [18]. In this limit, Ref. [17] showed that theory had an
emergent pseudospin symmetry, and consequently the metal
had two degenerate instabilities: to superconductivity with
d-wave pairing, and to a density wave which had a local d-
wave symmetry of rotations about each lattice point. The den-
sity wave instability had a small incommensurate wavevector
Q = (Q,±Q), where Q is determined by the positions of the
hot spots. Lattice corrections break the pseudospin symme-
try, and the superconducting instability becomes stronger than
the charge order in the full theory. Metzner and collaborators
[19, 20] studied this charge ordering using functional renor-
malization group methods, and called it an ‘incommensurate
nematic’. They also found similar instabilities with wavevec-
tors Q = (Q, 0), (0,Q), corresponding to those seen in the
experiments [1–6, 8–11]. And recently Efetov et al. [21] for-
mulated these instabilities in terms of a non-linear � model
on pseudospin space, and emphasized their importance for the
physics of the pseudo-gap; they labelled the above charge or-
der as a ‘quadrupolar’ order.

It should be noted that above the charge-ordering is distinct

from the time-reversal-symmetry breaking “d-density wave”
state [22], and the confusion in the nomenclature is unfortu-
nate. As will become clear from our presentation below, it
is useful to formulate the various charge ordering configura-
tions in terms of their symmetries of rotation about the Cu
lattice points. In our approach, the “d-density wave” state of
Ref. [22] actually has a px,y symmetry about the lattice points
[17], and so we will identify it by the px,y label.

Here we will present an unrestricted Hartree-Fock-BCS on
a simple lattice model of a metal with antiferromagnetic spin
corrections. We will make no direct reference to the contin-
uum limit or to the hot spots, and will retain full momen-
tum dependence of all variables across the Brillouin zone.
We will find, as expected, that the dominant instability of
the metal is always towards superconductivity with d-wave
pairing. The leading sub-dominant instability is towards a
spin-singlet charge ordering closely related to that proposed
in Ref. 17. For a range of small wavevectors, including those
observed in the experiments [1–6, 8–11]. the charge order has
a predominant d symmetry of rotations about the Cu lattice
sites. The predominant d symmetry implies that the charge
order is primary located on the Cu-Cu bonds, and there is lit-
tle modulation of the charge density on the Cu sites.

Method. We will examine the following Hamiltonian of
electrons on a square lattice with annihilation operators ck,↵,
where k is a crystal momentum and ↵ =", # is a spin label:

H =
X

k

"(k) c†k,↵ck,↵ �
1

2V

X

q

�(q) ~S (�q) · ~S (q). (1)

where there is an implicit sum over spin indices. Here ~S (q) =P
k c†k+q,↵ ~�↵� ck,� is the electron spin density (~� are the Pauli

matrices), and V is the system volume. For the electronic dis-
persion, we assume a tight-binding model which provides a
good fit to photoemission data

"(k) = �2t1
⇣
cos(kx) + cos(ky)

⌘
� 4t2 cos(kx) cos(ky)

�2t3
⇣
cos(2kx) + cos(2ky)

⌘
� µ. (2)

The interactions between the electrons couple their spin den-
sity via a susceptibility �(q) which is peaked near the antifer-
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spin-singlet charge ordering closely related to that proposed
in Ref. 17. For a range of small wavevectors, including those
observed in the experiments [1–6, 8–11]. the charge order has
a predominant d symmetry of rotations about the Cu lattice
sites. The predominant d symmetry implies that the charge
order is primary located on the Cu-Cu bonds, and there is lit-
tle modulation of the charge density on the Cu sites.

Method. We will examine the following Hamiltonian of
electrons on a square lattice with annihilation operators ck,↵,
where k is a crystal momentum and ↵ =", # is a spin label:

H =
X

k

"(k) c†k,↵ck,↵ �
1

2V

X

q

�(q) ~S (�q) · ~S (q). (1)

where there is an implicit sum over spin indices. Here ~S (q) =P
k c†k+q,↵ ~�↵� ck,� is the electron spin density (~� are the Pauli

matrices), and V is the system volume. For the electronic dis-
persion, we assume a tight-binding model which provides a
good fit to photoemission data

"(k) = �2t1
⇣
cos(kx) + cos(ky)

⌘
� 4t2 cos(kx) cos(ky)

�2t3
⇣
cos(2kx) + cos(2ky)

⌘
� µ. (2)

The interactions between the electrons couple their spin den-
sity via a susceptibility �(q) which is peaked near the antifer-
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romagnet wavevector; we assume the simple form

�(q) =
X

K

�0

⇠�2 + 2(2 � cos(qx � Kx) � cos(qy � Ky))
(3)

where ⇠ is the antiferromagnetic correlation length. The sum
over wavevectors extends over K = ±(⇡, ⇡(1 � �)), ± (⇡(1 �
�), ⇡), and we will use both the commensurate case � = 0 or
the incommensurate case � = 1/4. We will only need mod-
erate values of ⇠ for our main conclusions, and the e↵ects we
discuss are present even at ⇠ = 1. We do not include an ex-
plicit density-density interaction between the electrons, and
assume its main e↵ect is to renormalize the dispersion.

We will perform an unrestricted Hartree-Fock-BCS analy-
sis of H. We need the best variational estimate for the mean-
field Hamiltonian

HMF =
X

k

"
"(k) c†k,↵ck,↵ + �S (k) ✏↵� ck,↵c�k� + H.c.

+
X

Q

�Q(k) c†k+Q/2,↵ck�Q/2,↵

#
, (4)

optimized over the spin-singlet superconducting pairing func-
tion �S (k), and the density wave orders �Q(k) at the
wavevectors Q. Note that both orders are characterized by
arbitrary functions of k extending over the Brillouin zone,
and these will be determined by a functional minimization
of the free energy. Here, we only consider the cases where
either �S (k) or �Q(k) are non-zero, but not both; in the
case of co-existing order, HMF must also include terms like
⇠ ✏↵� ck+Q/2,↵c�k+Q/2,�, and we defer this case to future work.
Fermi statistics requires �S (�k) = �S (k), while hermiticity
requires �⇤Q(k) = ��Q(k). For time-reversal symmetry to be
preserved we need �Q(�k) = �Q(k), but we will not impose
this as a constraint, and so will allow for the breaking of time-
reversal.

The free energy of H obeys the variational principle

F  FMF + hH � HMFiMF (5)

where the average is over a thermal ensemble defined by HMF

at a temperature T . We compute the right hand side in powers
of �S (k) and �Q(k), and replace the inequality by an inequal-
ity. To quadratic order in the order parameters, we write the
result in terms of hermitian functional operators on the Bril-
louin zone as

F = 2
X

k,k0
�⇤S (k)

p
⇧S (k)MS (k,k0)

p
⇧S (k0)�S (k0) (6)

+
X

k,k0,Q

�⇤Q(k)
q
⇧Q(k)MQ(k,k0)

q
⇧Q(k0)�Q(k0) + . . .

where the kernels are

MS (k,k0) = �k,k0 +
3
V
�(k � k0)

p
⇧S (k)⇧S (k0)

MQ(k,k0) = �k,k0 +
3
V
�(k � k0)

q
⇧Q(k0)⇧Q(k) (7)

while the polarizabilities are

⇧S (k) =
1 � 2 f ("(k))

2"(k)

⇧Q(k) =
f ("(k +Q/2)) � f ("(k �Q/2))
"(k �Q/2) � "(k +Q/2)

(8)

with f the Fermi function. Note that the kernels in Eq. (7)
have an identical form: this is a consequence of the spin-
spin interaction in H; density-density interactions yield dis-
tinct terms in the pairing and charge channels. Note further
that for dispersions with "(k + Q) = �"(k) the two kernels
equal each other: Ref. [17] pointed out that such a relation-
ship holds close to the hot spots of a generic Fermi surface
for certain Q, and this was a key ingredient in the emergent
pseudospin symmetry; we will see the same Q emerge in our
computation below.

From Eq. (6) we see that the linear instability of the metal
occurs via condensation in the eigenmodes of the operators
MS ,Q(k,k0) with the lowest eigenvalues. We have chosen the
specific forms of the kernels in Eq. (7) so that we need only
solve the following eigenvalue problem

3
V

X

k0

q
⇧S ,Q(k) �(k�k0)

q
⇧S ,Q(k0) �S ,Q(k0) = �S ,Q�S ,Q(k)

for the minimum eigenvalues �S ,Q and corresponding eigen-
vectors �S ,Q(k), and their structure is independent of the
overall strength of the interaction �0. The order parameters
characterizing the condensed phases will then be �S ,Q(k) /
�S ,Q(k)/

p
⇧S ,Q(k). Our principal numerical results below

are on the Q dependence of �Q, and on the k dependence
of �S ,Q(k) so obtained. We diagonalized the kernels after dis-
cretizing the Brillouin zone to L2 points with L up to 80, with
t1 = 1, t2 = �0.32, and t3 = 0.16 for a range of values of T , µ,
and ⇠.

Results. For the full range of parameters examined, we con-
sistently found that �S was the minimal eigenvalue, and the
corresponding eigenvector �S (k) was well approximated by
the d-wave form ⇠ (cos kx�cos ky) (specific results for the ac-
curacy of this eigenvector appear below in Table I). So d-wave
superconductivity is the primary instability.

We also examined the structure of the leading charge order-
ing instability, and show the Q dependence of �Q in Fig ??.
The minimum is at a wavevector along the diagonal with
Q = (Q,Q), with Q close to the value specified by the hot-
spot computation of Ref. [17]. There are also notable station-
ary points in the eigenvalues at (Q, 0), (0, 0) and (⇡, ⇡), whose
nature will become clearer after consideration of the eigen-
vectors below.

We found that we could characterize the eigenvectors
�S ,Q(k) e�ciently by an expansion in simple basis functions,
 �(k) of the square lattice space group. For this, our specific
parameterization of the charge order �Q(k) in Eq. (4) we im-
portant, in which we identified Q and k as the center-of-mass
and relative momenta of the particle-hole pair. Then we can
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Charge-ordering eigenvector

3

�  �(k) Q = Q = Q = Q = �S (k)
(1.15,1.15) (1.15, 0) (0,0) (⇡, ⇡)

s 1 0 -0.231 0 0 0
s0 cos kx + cos ky 0 0.044 0 0 0
s00 cos(2kx) + cos(2ky) 0 -0.046 0 0 0
d cos kx � cos ky 0.993 0.963 0.997 0 0.997
d0 cos(2kx) � cos(2ky) - 0.069 -0.067 -0.057 0 -0.056
d00 2 sin kx sin ky 0 0 0 0 0
px

p
2 sin kx 0 0 0 0.706 0

py
p

2 sin ky 0 0 0 -0.706 0
g (cos kx � cos ky) -0.009 0 0 0 0
⇥
p

8 sin kx sin ky

TABLE I: Values of cQ,� in the expansion in Eq. (9) for various val-
ues Q and �. The last column shows the coe�cients in the corre-
sponding expansion for �S (k). We used µ = �1.2, ⇠ = 2, T = 0.06,
and L = 80.

write

�Q(k) =
X

�

cQ,�  �(k) (9)

where � labels various orthonormal basis functions, and cQ,�
are numerical coe�cients that we determine. Thus we have
the s basis function  s(k) = 1, the extended s function
 s0 (k) = cos kx + cos ky, the d function  d(k) = cos kx � cos ky

and so on, as shown in Table I. Depending upon the symmetry
of Q (in particular, the little group of the wavevector Q) and
of the eigenvector, some of the cQ,� may be exactly zero. But
for a generic Q, only time-reversal constrains the values of
cQ,�, and we are allowed to have an admixture of many basis
functions. Nevertheless, we will see that only a small number
of basis functions have appreciable coe�cients, and so Eq. (9)
represents a useful expansion.
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TABLE I: Values of cQ,� in the expansion in Eq. (9) for various val-
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where � labels various orthonormal basis functions, and cQ,�
are numerical coe�cients that we determine. Thus we have
the s basis function  s(k) = 1, the extended s function
 s0 (k) = cos kx + cos ky, the d function  d(k) = cos kx � cos ky

and so on, as shown in Table I. Depending upon the symmetry
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where � labels various orthonormal basis functions, and cQ,�
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the s basis function  s(k) = 1, the extended s function
 s0 (k) = cos kx + cos ky, the d function  d(k) = cos kx � cos ky

and so on, as shown in Table I. Depending upon the symmetry
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of the eigenvector, some of the cQ,� may be exactly zero. But
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cQ,�, and we are allowed to have an admixture of many basis
functions. Nevertheless, we will see that only a small number
of basis functions have appreciable coe�cients, and so Eq. (9)
represents a useful expansion.
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where � labels various orthonormal basis functions, and cQ,�
are numerical coe�cients that we determine. Thus we have
the s basis function  s(k) = 1, the extended s function
 s0 (k) = cos kx + cos ky, the d function  d(k) = cos kx � cos ky
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of Q (in particular, the little group of the wavevector Q) and
of the eigenvector, some of the cQ,� may be exactly zero. But
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FIG. 1. Schematic, proposed, ground state phase diagram
of H as a function of the doping δ for physically reasonable
values of t, J and V . The vertical axis represents a param-
eter which measures the strength of quantum spin fluctua-
tions—it increases linearly with N but can also be tuned con-
tinuously by J ′/J . The magnetic M symmetry is broken
in the hatched region, while C symmetry is broken (with ac-
companying charge-density modulation) in the shaded region;
there are numerous additional phase transitions at which the
detailed nature of the M or C symmetry breaking changes -
these are not shown. For δ = 0, M symmetry is broken only
below the critical point X, while C symmetry is broken only
above X. The superconducting S symmetry is broken for all
δ > 0 at large N ; for smaller N , the S can be restored at
small δ by additional C breaking along the vertical axis for
the states in the inset–this is not shown. The superconduc-
tivity is pure d-wave only in the large δ region were C and
M are not broken. The arrow A1 represents the path along
which quantitative results are obtained in this paper, while
A2 is the experimental path. The nature of the C symme-
try breaking along path A1 is also sketched: the thick and
dashed lines indicate varying values of |Qij | (proportional to
the bond charge density) on the links, while the circles rep-
resent b2i (proportional to the site hole density). The charge
densities on the links and sites not shown take values con-
sistent with the symmetries of the figures shown. We expect
that the nature of the C symmetry breaking will not change
significantly as we move from A1 to A2, and across the phase
boundary where M is broken: this suggests the appearance
of collinearly polarized spin-density waves, which break both
C and M, and which undergo an ‘anti-phase’ shift across the
hole-rich stripes16.

energy with respect to the site charge density N(1 −
b2
i ) = 〈ni〉 and the complex bond pairing amplitude

NQij = 〈J αβc†iαc†jβ〉/(bibj) (where b2
i is the hole density

at site i and J denotes the Sp(2N)-invariant antisym-
metric tensor), while maintaining certain local and global
constraints. There have been a number of related earlier
mean-field studies17, but they have all (with the excep-
tion of Ref. 11) restricted attention to the case where bi

and |Qij| are spatially uniform (note that |Qij| has the
same symmetry signature as the bond charge density, and
is therefore a measure of its value). However such solu-
tions are usually unstable, and at best metastable, at low
doping; here we have attempted to find the true global
minima of the saddle-point equations, while allowing for
arbitrary spatial dependence: such a procedure leads to
considerable physical insight, and also leads to solutions
in accord with recent experimental observations.

First, at δ = 0 along A1 we find the fully dimerized, in-
sulating spin-Peierls (or 2× 1 bond charge-density wave)
solution18 in which |Qij| is non-zero only on the bonds
shown in Fig. 1. Moving to small non-zero δ along A1,
our numerical search always yielded lowest energy states
with C broken, consisting of bond-centered charge-density
waves19 with a p × 1 unit cell, as shown in Fig. 1. We
always found p to be an even integer, reflecting the dimer-
ization tendency of the δ = 0 solution. Within each p×1
unit cell, we find that the holes are concentrated on a
q× 1 region, with a total linear hole density of ρ#. A key
property is that q and ρ# remain finite, while p → ∞,
as δ → 0. Indeed, the values of q and ρ# are deter-
mined primarily by t, J , and the nearest-neighbor value
of Vij = Vnn, and are insensitive to δ and longer range
parts of Vij. For δ → 0, we found that q = 2 was optimum
for a wide range of parameter values, while larger values
of q (q ≥ 4) appear for smaller values of Vnn; specifically
we had q = 2, ρ# = 0.42 at t/J = 1.25, Vnn/t = 0.6, and
q = 4 , ρ# = 0.8 at t/J = 1.25, Vnn/t = 0.5. The limit
Vnn → 0 leads to q → ∞ which reflects the tendency to
phase separation in the “bare” t − J model. The evolu-
tion of p with δ is shown in Fig. 2. Note that there is a
large plateau at p = 4 around doping δ = 1/8, and, for
some parameter regimes, this is the last state before C
is restored at large δ; indeed p = 4 is the smallest value
of p for which our mean-field theory has solutions with
bi not spatially uniform. Experimentally1,2, a pinning of
the charge order at a wavevector K = 1/4 is observed,
and we consider it significant that this value emerges nat-
urally from our theory.

Our large-N theory only found states in which the
ordering wavevector K was quantized at the rational
plateaus in Fig. 2. However, for smaller N we expect that
irrational, incommensurate, values of K will appear, and
interpolate smoothly between the plateau regions.

In our large-N theory, each q-width stripe above is
a one-dimensional superconductor, while the intervening
(q − p)-width regions are insulating. However, fluctua-
tion corrections will couple with superconducting regions,
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We point out that unidirectional bond-centered charge-density-wave states in cuprates involve electronic
order in both s- and d-wave channels, with nonlocal Coulomb repulsion suppressing the s-wave component.
The resulting bond-charge-density wave, coexisting with superconductivity, is compatible with recent photo-
emission and tunneling data and as well as neutron-scattering measurements, once long-range order is de-
stroyed by slow fluctuations or glassy disorder. In particular, the real-space structure of d-wave stripes is
consistent with the scanning-tunneling-microscopy measurements on both underdoped Bi2Sr2CaCu2O8+! and
Ca2−xNaxCuO2Cl2 of Kohsaka et al. #Science 315, 1380 !2007"$.
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I. INTRODUCTION

A remarkable aspect of the copper-oxide high-Tc super-
conductors is that various ordering phenomena apparently
compete, including commensurate and incommensurate
magnetisms, superconducting pairing, and charge-density-
wave formation. !More exotic states have also been pro-
posed, but not verified experimentally beyond doubt." While
commensurate magnetism and superconductivity are com-
mon phases in essentially all families of cuprates, the role of
other instabilities for the global features of the phase diagram
is less clear.

A particularly interesting role is taken by charge-density
waves. Such states break the discrete lattice translation sym-
metry, with examples being stripe, checkerboard, and
valence-bond order. In the compounds, La2−xBaxCuO4 and
La2−xSrxCuO4 !with Nd or Eu codoping" evidence for stripe-
like spin and charge modulations with static long-range order
were detected,1–4 in particular, near one-eighth doping. !This
is supported, e.g., by strong phonon anomalies seen in
neutron-scattering experiments.5" While in other cuprate
families similar long-range order has not been found, signa-
tures of short-range charge order, likely pinned by impurities,
have been observed in scanning-tunneling microscopy
!STM" on underdoped Bi2Sr2CaCu2O8+! !Refs. 6–9" and
Ca2−xNaxCuO2Cl2.9,10 The low-energy electronic structure in
the presence of charge order turns out to be remarkable: In
La15/8Ba1/8CuO4, angle-resolved photoemission spectroscopy
!ARPES" indicated a quasiparticle !QP" gap with d-wavelike
form, i.e., charge order coexists with gapless !nodal" QP in
the !1,1" direction #while antinodal QP near !0,#" are
gapped$.11 STM data on both underdoped Bi2Sr2CaCu2O8+!
and Ca2−xNaxCuO2Cl2 and show QP interference arising
from coherent low-energy states near the nodes, whereas
electronic states at higher energy and wave vector close to
the antinode are dominated by the real-space modulation of
the short-range charge order.7,9,12 This dichotomy in momen-
tum space has also been found in ARPES experiments in
La2−xSrxCuO4,13 Bi2Sr2CaCu2O8+!,14 and Ca2−xNaxCuO2Cl2
!Ref. 15" where well-defined nodal and ill-defined antinodal
QP are frequently observed.

These results suggest that momentum-space differentia-
tion and tendencies toward charge ordering are common to

underdoped cuprates.16–18 The concept of fluctuating stripes,
i.e., almost charge-ordered states, has been discussed early
on.1,3,16,18,19 This concept, appropriate for compounds with-
out static long-range order, assumes the existence of a nearby
stripe-ordered state, with physical observables being influ-
enced by the low-lying collective modes associated with
charge-ordering instability. Following this idea, we have re-
cently calculated20 the spin excitation spectrum of slowly
fluctuating !or disordered" stripes. We were able to show that
fluctuating stripes give rise to an “hour-glass” magnetic
spectrum, very similar to that observed in neutron-scattering
experiments both on La2−xBaxCuO4 !Ref. 21" and
YBa2Cu3O6+!.22,23

The focus of this paper is on the electronic structure of
stripe states. We introduce the concept of “d-wave stripes”:
Here, the modulation of charge densities has primarily a
d-wave form factor, i.e., lives more on the bonds than on the
sites of the square lattice, leaving nodal QP unaffected. We
illustrate that a picture of such bond-centered charge order,
coexisting with superconductivity !this state may be dubbed
“valence-bond supersolid”", is consistent with various fea-
tures seen in both ARPES and STM measurements. In par-
ticular, the real-space pattern of d-wave stripes !Fig. 1" is
strikingly similar to the STM results of Ref. 9, obtained on
underdoped Bi2Sr2CaCu2O8+! and Ca2−xNaxCuO2Cl2.

FIG. 1. Schematic real-space structure of a stripe state with
primarily d-wave character and a 4$1 unit cell, i.e., Q
= !%# /2,0". Cu lattice sites are shown as circles, with their size
representing the on-site hole densities. The line strengths indicate
the amplitude of bond variables such as kinetic and magnetic ener-
gies. The modulation in the site charge densities is small, whereas
the one in the bond densities is large and of d-wave type !Ref. 24".
Note the similarity of the bond modulation with the STM data of
Ref. 9.
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Finally, note that Fig. 2 also has a broad local minimum
near Q = (⇡, ⇡). Here �Q(k) is found to have the odd-parity
px,y form in Table I. Condensation of this mode will break
time-reversal symmetry, and lead to the state with sponta-
neous orbital currents proposed by Chakravarty et al. [25].

We now study the electronic spectral function in the Q =
(Q0, 0) charge-ordered state. We will work with the state with
bi-directional charge order [13]; in our theory the degeneracy
between the uni-directional and bi-directional charge ordered
state is broken only by terms quartic in the �Q, and we have
not accounted for these here. Choosing the largest 2 compo-
nents from Table I, we have the order parameter

�Q(k) =
(
�s + �d(cos kx � cos ky) , Q = (±Q0, 0)
�s � �d(cos kx � cos ky) , Q = (0,±Q0) (9)

with �s/�d = �0.234. We computed the imaginary part of
the single-electron Green’s function, ImGk,k(! + i⌘), and the
results are shown in Fig. 4. The stability of the Fermi arc in

FIG. 4: Electron spectral density in the phase with bidirectional
charge order at Q = (Q0, 0) and (0,Q0) with Q0 = 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 Eq. (9) with �d = 0.3, and other parameters as in Fig. 2.

‘nodal’ region (kx ⇡ ky) is enhanced [30] because of the weak
coupling to the charge order, arising from the predominant
d character of Eq. (9). However, there is strong coupling in
the anti-nodal region, and any Fermi surfaces appearing in the
latter region should be easily broadened by impurity-induced
phase-shifts in the charge ordering.

Discussion. We have described the features of a simple
model of the underdoped cuprates. We began with a metal
with antiferromagnetic spin correlations. Exchange of the an-
tiferromagnetic fluctuations leads to an attractive force in the
spin-singlet d channel of the particle-particle sector, and a cor-
responding instability to superconductivity. Ref. [20] noted
that the same antiferromagnetic fluctuations also lead to an
enhancement in the spin-singlet d channel of the particle-hole
sector, and a sub-dominant instability to bond order. Here we
have studied the momentum-space structure of the latter in-
stability across the entire Brillouin zone, without any assump-
tions of particle-hole symmetry or the continuum limit, and

found that the spin-singlet, d character persists to the exper-
imentally observed wavevectors. This leads to our proposal
for charge ordering in the underdoped cuprates, summarized
in Eq. (9).

The charge order here, and its connection to spin order,
should be distinguished from that of the “stripe” model [31];
in the latter model, the charge order is tied to the square
of incommensurate spin order, and occurs at twice the spin-
ordering wavevector. Instead, in our model, bond order
appears in a regime of “quantum-disordered” antiferromag-
netism [26]. This is consistent with Ref. [7], which showed
that the spin order and charge order are in distinct doping
regimes in YBa2Cu3Oy, with the charge-ordering regime co-
inciding with regime of quantum oscillations [16, 17].

We also presented computations of the spectral function of
the charge-ordered metal, and showed that it contains “Fermi
arc” features across the diagonals of the Brillouin zone. It was
argued by Harrison and Sebastian [15] that the same Fermi
arcs can be combined to explain the quantum oscillations.

In our computations here, the strongest instability to charge
ordering was at wavevector ±(Q0,±Q0); but notice also the
blue “valleys” in Fig. 2 extending from this wavevector to
(±Q0, 0), (0,±Q0). Other approaches to charge ordering
due to antiferromagnetic interactions [23, 26], which include
strong-coupling e↵ects, do find ordering along the (1, 0) and
(0, 1) directions. Specifically, we expect that extending our
present computation to include pairing e↵ects will enhance
charge order correlations along the (1, 0) and (0, 1) directions,
as was the case in the computations of Ref. [26]. It would also
be interesting to include an applied magnetic field in such an
extension.

For the phase diagram of the hole-doped cuprates, our
model has a quantum-critical point near optimal doping as-
sociated with disappearance of bond order [7, 26] described
by Eq. (9). An important challenge is to use such a critical
point to describe the evolution of the Fermi surface [16], and
the ‘strange’ metal.

Acknowledgments. We thank for A. Chubukov, D. Chowd-
hury, J. C. Davis, E. Demler, K. Efetov, D. Hawthorn,
P. Hirschfeld, J. Ho↵man, H. Meier, W. Metzner, C. Pépin,
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p
2 sin kx 0 0 0 0.706 0

py
p
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⇥
p

8 sin kx sin ky

TABLE I: Values of cQ,� in the expansion in Eq. (9) for various val-
ues Q and �. The last column shows the coe�cients in the corre-
sponding expansion for �S (k). We used µ = �1.2, ⇠ = 2, T = 0.06,
and L = 80.

write

�Q(k) =
X

�

cQ,�  �(k) (9)

where � labels various orthonormal basis functions, and cQ,�
are numerical coe�cients that we determine. Thus we have
the s basis function  s(k) = 1, the extended s function
 s0 (k) = cos kx + cos ky, the d function  d(k) = cos kx � cos ky

and so on, as shown in Table I. Depending upon the symmetry
of Q (in particular, the little group of the wavevector Q) and
of the eigenvector, some of the cQ,� may be exactly zero. But
for a generic Q, only time-reversal constrains the values of
cQ,�, and we are allowed to have an admixture of many basis
functions. Nevertheless, we will see that only a small number
of basis functions have appreciable coe�cients, and so Eq. (9)
represents a useful expansion.

D
c†k�Q/2,↵ck+Q/2,↵

E
/ �Q(k) = �0(cos kx � cos ky)

with Q = (±Q, 0), (0,±Q).
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Fermi surface of the metal without charge order. The charge order is
as in Eq. (9) with �d = 0.3, and other parameters as in Fig. 2.

‘nodal’ region (kx ⇡ ky) is enhanced [30] because of the weak
coupling to the charge order, arising from the predominant
d character of Eq. (9). However, there is strong coupling in
the anti-nodal region, and any Fermi surfaces appearing in the
latter region should be easily broadened by impurity-induced
phase-shifts in the charge ordering.

Discussion. We have described the features of a simple
model of the underdoped cuprates. We began with a metal
with antiferromagnetic spin correlations. Exchange of the an-
tiferromagnetic fluctuations leads to an attractive force in the
spin-singlet d channel of the particle-particle sector, and a cor-
responding instability to superconductivity. Ref. [20] noted
that the same antiferromagnetic fluctuations also lead to an
enhancement in the spin-singlet d channel of the particle-hole
sector, and a sub-dominant instability to bond order. Here we
have studied the momentum-space structure of the latter in-
stability across the entire Brillouin zone, without any assump-
tions of particle-hole symmetry or the continuum limit, and

found that the spin-singlet, d character persists to the exper-
imentally observed wavevectors. This leads to our proposal
for charge ordering in the underdoped cuprates, summarized
in Eq. (9).

The charge order here, and its connection to spin order,
should be distinguished from that of the “stripe” model [31];
in the latter model, the charge order is tied to the square
of incommensurate spin order, and occurs at twice the spin-
ordering wavevector. Instead, in our model, bond order
appears in a regime of “quantum-disordered” antiferromag-
netism [26]. This is consistent with Ref. [7], which showed
that the spin order and charge order are in distinct doping
regimes in YBa2Cu3Oy, with the charge-ordering regime co-
inciding with regime of quantum oscillations [16, 17].

We also presented computations of the spectral function of
the charge-ordered metal, and showed that it contains “Fermi
arc” features across the diagonals of the Brillouin zone. It was
argued by Harrison and Sebastian [15] that the same Fermi
arcs can be combined to explain the quantum oscillations.

In our computations here, the strongest instability to charge
ordering was at wavevector ±(Q0,±Q0); but notice also the
blue “valleys” in Fig. 2 extending from this wavevector to
(±Q0, 0), (0,±Q0). Other approaches to charge ordering
due to antiferromagnetic interactions [23, 26], which include
strong-coupling e↵ects, do find ordering along the (1, 0) and
(0, 1) directions. Specifically, we expect that extending our
present computation to include pairing e↵ects will enhance
charge order correlations along the (1, 0) and (0, 1) directions,
as was the case in the computations of Ref. [26]. It would also
be interesting to include an applied magnetic field in such an
extension.

For the phase diagram of the hole-doped cuprates, our
model has a quantum-critical point near optimal doping as-
sociated with disappearance of bond order [7, 26] described
by Eq. (9). An important challenge is to use such a critical
point to describe the evolution of the Fermi surface [16], and
the ‘strange’ metal.
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