
The “pseudogap” phase 
of the 

high temperature 
superconductors  

HARVARD

ITAMP, Harvard	

September 4, 2014 	


!
!

Subir Sachdev

Talk online: sachdev.physics.harvard.edu



YBa2Cu3O6+x

High temperature 
superconductors



YBa2Cu3O6+x

High temperature 
superconductors

CuO2 plane

Cu

O



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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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

0.04 0.08 0.12 0.16
0

40

80

120

Superconducting

Spin
order

T 
(K

)

p (hole/Cu)

Field-induced
charge order

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.

LETTER RESEARCH

8 S E P T E M B E R 2 0 1 1 | V O L 4 7 7 | N A T U R E | 1 9 3

Macmillan Publishers Limited. All rights reserved©2011

T.Wu, H. Maya↵re, S. Kramer, M. Horvatic, C. Berthier, W.N. Hardy, R. Liang,
D.A. Bonn, and M.-H. Julien, Nature 477, 191 (2011).

Antiferromagnet	

(Neel order)

?



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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Superconductivity:  
Bose condensation of Cooper pairs of electrons
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Superconductivity:  
Bose condensation of Cooper pairs of electrons
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and can be described by the generic formula [25],

Jc!Q" ! Cie2Q#Qi , (1)

where Ci $ 4.4 3 107 A#cm2 and Qi % 5± for hole-
doped superconductors, and Ci $ 1.8 3 106A#cm2 and
Qi % 2± for electron-doped superconductors. Despite
a similar angular dependence, the Jc values can differ
widely between electron- and hole-doped cuprates, espe-
cially for high-Q grain boundary junctions. The original
tricrystal configuration [Fig. 1(a)] [24], requires [001]
tilt grain boundary junctions with 30± misorientation.
According to Eq. (1), Jc for Q ! 30± should be about
0.5 A#cm2 for NCCO, 5 orders of magnitude smaller
than for YBCO [24]. Although this disadvantage can be
partially offset by making thicker films, care must be
taken to avoid film inhomogeneity and retain film epitaxy.
With these constraints in mind, we have deposited c-axis-
oriented epitaxial films (thickness $6000 10 000 Å) of
NCCO and PCCO on various tricrystal [100] SrTiO3
substrates. The electron-doped cuprate films were grown
epitaxially on the substrate at T ! 750 ±C using pulsed
laser deposition from a stoichiometric target of NCCO or
PCCO in 300 mTorr of nitrous oxide. The film deposition
is followed by a vaccum annealing at 750 ±C for 5 minutes
followed by a slow cooling to room temperature. This
achieves a full oxygenation during film growth, followed
by a controlled reduction to remove the excess oxygen at
the apical site (i.e., in Nd1.85Ce0.15CuO42y , y & 0.04).

FIG. 1. (a) Geometry of the frustrated tricrystal geometry, with
polar plots of the pairing orbital wave functions (white and black
indicating opposite signs) for a dx22y2 superconductor. (b), (c)
SSM images of a NCCO thin film epitaxially grown on the
STO substrate (a), cooled in nominal zero field and imaged
at 4.2 K with a square pickup loop 7.5 mm in diameter, with
fields of 10.2 mG (b) and 20.2 mG (c) applied. (d) A three-
dimensional rendering of the image '!b" 2 !c"(#2.

A judicious control of the oxygen content is crucial for
maximizing Tc, and to control other superconducting and
normal-state properties in the bulk and at the junction
interface [26].
Our films have a Tc of 22–25 K for NCCO, and 22–

23 K for PCCO. The 10%–90% resistive transition width
is 0.6 K or less. The in-plane normal-state resistivity is
$300 mV cm at room temperature, with a quadratic tem-
perature variation [6]. The room temperature to Tc resistiv-
ity ratio is 5 to 6. The critical current of an NCCO bicrystal
grain boundary junction !Q ! 30±" at 4.2 K and ambient
magnetic field is Jc ! 6 6 2 A#cm2, about a factor of 10
larger than predicted by Eq. (1), indicating better sample
quality.
As in the previous tricrystal experiments [1,24], we use

a scanning SQUID microscope (SSM) [27] to measure
the magnetic fields near the tricrystal point of a c-axis-
oriented epitaxial cuprate film deposited on a tricrystal
(100) SrTiO3 type orbital (STO) substrate [Fig. 1(a)]. The
crystallographic orientations of the tricrystal were chosen
to form an energetically frustrated state at the tricrystal
point for a superconductor with dx22y2 pairing symmetry,
regardless of whether the grain boundary junction interface
is in the clean or dirty limit [24]. This frustration is relaxed
by the spontaneous generation of a magnetic vortex with
total flux F being half of the conventional superconductor
flux quantum !F ! F0#2 ! hc#4e". Direct observation
of this half-flux quantum effect serves as conclusive evi-
dence for d-wave symmetry. Shown in Figs. 1(b) and 1(c)
are SSM images for an NCCO film deposited on an STO
substrate with the geometry of Fig. 1(a). These images
are of Josephson vortices with fields either pointing out of
(b) or into (c) the sample, centered at the tricrystal point
and extending along the grain boundaries. The images
are complicated by smooth variations in the background
signal, inductive interactions between the SQUID and the
sample, and dipolar features (often observed in SSM im-
ages of cuprate superconductors [28]), presumably due to
roughness and/or magnetic inhomogeneities at the surface.
Figure 1(d) shows a three-dimensional rendering of an im-
age obtained by subtracting (c) from (b) (and dividing by
2). This largely removes the extraneous features. There are
several evidences that the magnetic signals at the tricrys-
tal point are due to half-flux quantum Josephson vortices.
First, although the vortices can switch signs, the field mag-
nitude is the same after these changes, and there is always
a vortex with this general appearance at the tricrystal point,
under any conditions of cooldown and externally applied
magnetic field. Further, the observed magnetic fields agree
with those expected for the half-flux quantum Joseph-
son vortex. The normal component of the magnetic field
from such a vortex at the superconducting surface is given
by [29]

Bz!ri , ri!" !
F0ai

plLlJi

e2ri#lJi

1 1 a2
i e22ri#lji

e2jri!j#lL , (2)
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Pairing Symmetry and Flux Quantization in a
Tricrystal Superconducting Ring of YBa2Cu307—j

C.C. Tsuei, J.R. Kirtley, C.C. Chi, * Lock See Yu-Jahnes, A. Gupta, T. Shaw, J.Z. Sun, and M. B.Ketchen
IBM Thomas J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York l0598

(Received 21 March 1994; revised manuscript received 19 May 1994)
%e have used the concept of flux quantization in superconducting YBa2Cu307 h rings with 0, 2, and

3 grain-boundary Josephson junctions to test the pairing symmetry in high-T, superconductors. The
magnetic flux threading these rings at 4.2 K is measured by employing a scanning superconducting
quantum interference device microscope. Spontaneous magnetization of a half magnetic flux quantum,
40/2 = h/4e has been observed in the 3-junction ring, but not in the 2-junction rings. These results
are consistent with d-wave pairing symmetry.

PACS numbers: 74.60.6e, 74.72.Bk

An unambiguous determination of the order parame-
ter symmetry is crucial to understanding the mechanism
responsible for high-temperature superconductivity in the
cuprates. For example, a d, 2—y2 symmetry [A(k) —k, —
k2 —cos28] in the pairing wave function will lend strong
support for pairing mediated by antiferromagnetic spin
fluctuations [1]. Theories such as the interlayer coupling
model [2] will be supported if s-wave superconductivity
can be demonstrated. On the other hand, the van Hove
model [3] is compatible with either symmetry. Recently,
there have been numerous experiments [4—6] dealing with
various aspects of pairing symmetry in high-T, supercon-
ductors. Unfortunately, the results are ambiguous. The
reports in favor of d-wave pairing are roughly equal in
number to those supporting s-wave symmetry. This un-
settling situation partially stems from the often indirect
nature of the experimental evidence, as well as experi-
mental issues such as sample quality, impurity scatter-
ing, twinning, and trapped magnetic flux. For details, the
reader is referred to Ref. [4].
In this Letter an experiment based on flux quanti-

zation of a three-grain ring of YBa2Cu307 s is pro-
posed and applied to test the symmetry of the pair state.
The symmetry of a pair wave function can best be
probed at the junction interface as the Cooper pairs tun-
nel across a Josephson junction or weak link [7]. The
sign of the Josephson current of a junction between two
d-wave superconductors depends on the relative orienta-
tion of their order parameters with respect to the junction
interface. As shown recently by Sigrist and Rice [8], the
supercurrent I,'~ can be expressed by

I;~ = (A'J cos28; cos28, ) sinlLP;. = I,'J sinb, P;, , (1)
where A'j is a constant characteristic of junction ij,
and 8; and 8, are angles of the crystallographic axes
(or equivalently wave vectors k and kY) with respect
to a junction interface (e.g., a grain boundary) between
superconductors i and j.
In the case of s-wave symmetry, the sign of I" is

a constant of 8;, 8J-, but its magnitude can vary due to
gap anisotropy. For the case of a single superconduct-

C,„,+ I L+ d@;, = n4, ,4p
2 J

(2)

where I„the current circulating in the ring, is given by

I, = I,' sind @i2 = I, sink@23 = I,"sinb, P;, . (3)

Equations (2) and (3) are valid for both s-wave and d-
wave rings. In the case of a ring with an odd number
of vr junctions, it is sufficient to consider the case where
only one critical current is negative (say I,' = —~l,' ~).
Then I, = ~I,'2~sin( —m + A@i2). For zero external field,4„,= 0, n = 0, and ~1,' ~

L && 40, I,"L && iI~0, the flux
quantization condition Eq. (2) will lead to the following
expression for the circulating current:

2m'(L/4O) + 1/ (I'2] + 1/IP + (4)

Equation (4) is essentially a restatement of the spontaneous
magnetization of an odd-number m. -junction ring.
It should be pointed out that the Sigrist-Rice formula,

Eq. (1), is based on an implicit assumption that the junc-
tion interface is perfectly smooth and without any disor-
der. In reality, the electron wave vector orthogonal to
the junction face can be significantly distorted by inter-
face roughness, impurities, strain, oxygen deficiency, etc.

ing ring with one Josephson junction, Sigrist and Rice
showed that, based on free energy considerations, the
ground state of a ring with one m. junction (i.e., I'~ &
0) has a spontaneous magnetization if the critical cur-
rent is sufficiently large. The magnetic flux threading
through such a m ring is exactly half of the flux quantum
(40/2 = Ii/4e = 1.035 X 10 Gcm ) when the external
field H,„,= 0 and the condition L ~1, ~

& 4O, where L is
the self-inductance of the ring, is satisfied. In the case of
a multiple-junction ring, Sigrist and Rice [8] suggested that
a ring of odd-number njunction. s will also exhibit 40/2
spontaneous magnetization. In the following, we show
that this is indeed true. In reference to the odd-number
n.-junction ring in Fig. 1 and Eq. (1), the flux quantization
of a superconducting ring can be written as follows:
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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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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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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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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
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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.

LETTER RESEARCH

8 S E P T E M B E R 2 0 1 1 | V O L 4 7 7 | N A T U R E | 1 9 3

Macmillan Publishers Limited. All rights reserved©2011

?

T.Wu, H. Maya↵re, S. Kramer, M. Horvatic, C. Berthier, W.N. Hardy, R. Liang,
D.A. Bonn, and M.-H. Julien, Nature 477, 191 (2011).

X-ray  
scattering



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

0.04 0.08 0.12 0.16
0

40

80

120

Superconducting

Spin
order

T 
(K

)

p (hole/Cu)

Field-induced
charge order

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).

0 20 40 60 80 100
0

4

8

100

10–1

10–2

 

1/
T 1

 (m
s–

1 )
1/
T 2

 (�
s–

1 )

33.5 T
28.5 T

15 T
15 T

T (K)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

 

15 T

 

0

0.02

0.04

0.06

15 T

 

 

 

 

0 50 100 0 50 100
1.0

1.5

2.0

33.5 T

28.5 T

T (K)

 

 

T (K)

a

c

e

b

d

f

g

�

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
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and to become field dependent; note that the change of shape of the spin-echo
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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
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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.
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Direct observation of competition between
superconductivity and charge density wave
order in YBa2Cu3O6.67

J. Chang1,2*, E. Blackburn3, A. T. Holmes3, N. B. Christensen4, J. Larsen4,5, J. Mesot1,2,
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and S. M. Hayden9

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

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

Here we report a hard (100 keV) X-ray diffraction study, in
magnetic fields up to 17 T, of a detwinned single crystal of

1Institut de la Matière Complexe, Ecole Polytechnique Fedérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland, 2Paul Scherrer Institut, Swiss Light
Source, CH-5232 Villigen PSI, Switzerland, 3School of Physics and Astronomy, University of Birmingham, Birmingham, B15 2TT, UK, 4Department of
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Germany, 9H. H. Wills Physics Laboratory, University of Bristol, Bristol, BS8 1TL, UK. *e-mail: johan.chang@epfl.ch.

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

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

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

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

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

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

It is interesting to note that TCDW corresponds approximately
withTH (Fig. 4), the temperature at whichHall effectmeasurements
suggest that Fermi surface reconstruction begins26. A CDW that
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(black squares) and neutron diffraction29 (purple squares). Notice that the Nernst effect30 indicates a broken rotational symmetry inside the pseudogap
region, whereas a translational symmetry preserving magnetic order is found by neutron scattering29. Below temperature scale TH (black circles), a larger
and negative Hall coefficient was observed26 and interpreted in terms of a Fermi surface reconstruction. Our X-ray diffraction experiments show that in
YBCO p = 0.12 incommensurate CDW order spontaneously breaks the crystal translational symmetry at a temperature TCDW that is twice as large as Tc.
TCDW is also much larger than TNMR (red squares), the temperature scale below which NMR observes field-induced charge order13. b, Field dependence of
TCDW (filled red circles) and Tcusp (open squares), the temperature below which the CDW is suppressed by superconductivity, compared with TH (open
black circle) and TVL (filled blue circles), the temperature where the vortex liquid state forms26. Error bars on TSDW, TH, TNMR, and T⇤ are explained in
refs 21,26,30,33. The error bars on TCDW and Tcusp reflect the uncertainty in determining the onset and suppression temperature of CDW order from Fig. 2.

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

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

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

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

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

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

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

the instrument resolution �R and expressed in Å�1. Along the a axis direction, we
find � = 6.4⇥10�3 r.l.u. ⌘ 1.1⇥10�2 Å�1, and hence ⇠a = 95±5Å. Deconvolving
the poor instrumental resolution along the b axis direction for the (2��1, 0, 0.5)
peak yields a similar correlation length ⇠b ⇠ ⇠a.

Received 18 June 2012; accepted 18 September 2012;
published online 14 October 2012

References
1. Mathur, N. D. et al. Magnetically mediated superconductivity in heavy fermion

compounds. Nature 394, 39–43 (1998).
2. Kivelson, S. A. et al. How to detect fluctuating stripes in the high-temperature

superconductors. Rev. Mod. Phys. 75, 1201–1241 (2003).
3. Vojta, M. Lattice symmetry breaking in cuprate superconductors: Stripes,

nematics, and superconductivity. Adv. Phys. 58, 699–820 (2009).
4. Moncton, D. E., Axe, J. D. & DiSalvo, F. J. Neutron scattering study of the

charge–density wave transitions in 2H–TaSe2 and 2H–NbSe2. Phys. Rev. B 16,
801–819 (1977).

5. Demler, E., Sachdev, S. & Zhang, Y. Spin-ordering quantum transitions of
superconductors in a magnetic field. Phys. Rev. Lett. 87, 067202 (2001).

6. Tranquada, J. M. et al. Evidence for stripe correlations of spins and holes in
copper oxide superconductors. Nature 375, 561–563 (1995).

NATURE PHYSICS | VOL 8 | DECEMBER 2012 | www.nature.com/naturephysics 875

LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS2456

17 T | |c
0 T

17 T | |c
0 T

17 T | |c
0 T

T = 150 K

Cut 2

Cut 4 Cut 4 Cut 4

I (
cn

ts
 s

¬1
)

h in (h, 0, 0.5) (r.l.u.) h in (h, 0, 0.5) (r.l.u.) h in (h, 0, 0.5) (r.l.u.)

k in (0, k, 0.5) (r.l.u.) k in (0, k, 0.5) (r.l.u.)

I (
17

 T
)-

I (
0

T)
 (

cn
ts

 s
¬1

)

Cut 3

200

I (
cn

ts
 s

¬1
)

2 K

65 K

0 T

65 K
0 T

65 K
0 T

x0.625

¬1.0 ¬0.5
l in (1.696, 0, 1) (r.l.u.)

450

400

350

300

250

200

150

I (
cn

ts
 s

¬1
)

450

400

350

300

250

0.5
Cut 1

200

150

I (
cn

ts
 s

¬1
)

450

400

350

300

250

200

150

1.64 1.66 1.68 1.70 1.72 1.74

T = 2 K T = 66 K

1.64 1.66 1.68

0.3 (0, 0, 0)

0.3

k

h

1.70 1.72 1.74 1.64 1.66 1.68 1.70 1.72 1.74

Cut 1 Cut 1 Cut 1

0

50

100

150

0.0 0.5 1.0

100

150

200

I (
cn

ts
 s

¬1
)

100

150

200

I (
cn

ts
 s

¬1
)

100

150

200

1.64 1.66 1.68 1.70 1.72 1.74

Cut 2

Cut 4

I (
cn

ts
 s

¬1
)

350

300

250

200

150

100

2.26 2.28 2.30 2.32 2.34 2.36
k in (0, k, 0.5) (r.l.u.)

3.64 3.66 3.68 3.70 3.72 3.74

h i

e f

b c

–0.05 0.00
k in (1.694, k, 0.5) (r.l.u.)

0.05

Cut 350 K
0 T

a

d

g

l

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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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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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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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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FIG. 1. a. Schematic of measurement geometry. b. Visu-
alization of bond-centered, commensurate, and unidirectional
CDW order having di↵erent orbital symmetries.

ization, respectively, and

T (!,Q) =
X

n

Fn(!)e
�i2⇡Q·rn =

2

4
taa tab tac
tba tbb tbc
tca tcb tcc

3

5 (2)

is a tensor equivalent of the structure factor – a sum over
site index n of the atomic scattering form factor, Fn(!).
The form factor is given by Fn(!) = F 0

n(!) + FR
n (!),

where F 0
n(!) and FR

n (!) are non-resonant and resonant
contributions, respectively. The resonant part, FR

n (!), is
strongly enhanced on an x-ray absorption edge and has a
symmetry that captures the local symmetry of electronic
structure. For instance, at the Cu L edge, which probes
the Cu 2p ! 3d transition, a Cu atom in tetragonal CuO2

planes would have C4 rotational symmetry and

FR
Cu(!) =

2

4
fR
aa(!) 0 0
0 fR

bb(!) 0
0 0 fR

cc(!)

3

5 , (3)

where fR
aa(!) = fR

bb(!) � fR
cc(!). When summed over

n, the resulting symmetry of T (!,Q) involves both in-
tra and inter unit cell symmetries – symmetry associated
with the average form factor, FR

n (!) and the orbital sym-
metry of the CDW modulation.

By scattering at photon energies corresponding to the
Cu L (931.4 eV) and O K (528.3 eV) absorption edges,
we can resolve the CDW order into the Cu and O sublat-
tices, which occupy the “sites” and “bonds”, respectively,
of a single-band CDW model.[16]

At the O K edge, the O sublattice can be further sub-
divided into two sublattices, Ox and Oy, having di↵erent

symmetries of FR
n (!). Since O 2p holes are primarily in

�-bonded 2px or 2py orbitals, it follows that one sublat-
tice of O will have fR

aa 6= 0 and fR
bb ' 0 and the other

will have fR
aa ' 0 and fR

bb 6= 0, at least at the O pre-edge
photon energies of interest. Referencing to the CDW
wave vector, Q = a

2⇡ (H 0 0) or b
2⇡ (0 K 0), these two

O sublattices can be denoted as �-bonded parallel (Ok)
or perpendicular (O?) to Q (see Fig. 1b). The compo-
nents of T (!,Q) can also be referenced relative to Q. We
henceforth refer to the diagonal, in-plane components of
T (!,Q) as t? and tk, which sum over O? and Ok, respec-
tively (e.g. tk =

P
n faa,ne

�iHn and t? =
P

n fbb,ne
�iHn

for Q = (H 0 0)).
The components of T (!,Q) can be determined by

varying ✏f and ✏i relative to the crystallographic axes of
the sample. As detailed in the Supplementary Informa-
tion, this is realized experimentally by a combination of
rotating the sample azimuthally by an angle, �, about a
fixed Q and rotating the incident polarization ✏i between
� and ⇡ (see Fig. 1a). Additionally, since the CDW peak
in the cuprates is broad in L, a wide range of measure-
ment geometries (at �=0 or 180�) can access the CDW
peak and thus probe the components of T (!,Q).

MODEL PARAMETRIZATION
We now turn to investigating the symmetry of CDW

order through the symmetry of T (!,Q) which provides
insight into the microscopic character of the CDW order.
To see why this is, we first consider the simple scenario of
CDW order with a sinusoidal modulation of charge den-
sity (s + s0 symmetry) on a tetragonal CuO2 plane. In
this scenario, one would expect to have |t?| = |tk| � |tcc|,
at both the Cu L and O K edges, mirroring the dx2�y2

symmetry of FR. If the average electronic structure were
instead orthorhombic (fR

? 6= fR
k ), |t?| 6= |tk| might be

expected to occur. However, this could also occur if
fR
? = fR

k combined with a CDW state with a di↵erent

orbital symmetry (eg. d + s0) that modulates the a and
b components of Fn(!) to di↵erent degrees. These dif-
fering possibilities highlight how T (!,Q) is linked to the
underlying symmetry of the CDW order.
A more general description is achieved by parametriz-

ing the CDW order with di↵erent orbital symmetries into
the single band model from Ref. [16]. The charge varia-
tion (or some other quantity related to CDW order such
as �!n)[6, 23] on bonds connecting nearest neighbour
Cu sites i and j is given by:

�ij =
X

Q⇤

"
1

V

X

k

eik·(ri�rj)�Q⇤(k)

#
eiQ

⇤·(ri+rj)/2,

(4)
where V is volume and Q⇤ are the wavevectors of the
CDW order. For 1D stripes, Q⇤ is given by either
(±Qm 0 0) or (0 ± Qm 0) whereas checkerboard order

Compatible with “stripe” model,	

and spin-density-wave (SDW) order
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Charge density wave (CDW) order in underdoped
cuprates has recently been revealed as an important and
generic competitor to superconductivity (SC).[1–9] A sig-
nificant property of CDW order is that it can exhibit
both inter and intra unit cell symmetry breaking.[10, 11]
Specifically, CDW order can occur with d rather than s
or s0 orbital symmetry.[12–20] Here, we report resonant
soft x-ray scattering measurements of La1.88Ba0.12CuO4

(LBCO) and YBa2Cu3O6.67 (YBCO) that are resolved
onto the O 2px(y) and Cu sublattices and mapped to the
CDW symmetry. Our main finding is that LBCO has
primarily s0 symmetry CDW with a secondary d compo-
nent (24±3%), distinguishing it from the predominant d
symmetry CDW observed in other cuprates.[19, 20] We
propose that the s0 symmetry in LBCO may be related
to the “1/8–anomaly” and that it favours static spin or-
dering more than d symmetry. Additionally, we find that
C4 symmetry of the Cu sublattice scattering is preserved
in LBCO and broken in YBCO.Moreover, in YBCO the
symmetry is broken to di↵erent degrees along the a and b
crystal axes, suggesting either exotic checkerboard order
or domains of stripes. Finally, we present and discuss
implications of energy dependent scattering from the O
2px(y) sublattices in LBCO.

Stimulated by theory,[16, 17] resonant soft x-ray scat-
tering (RSXS) in YBCO and Bi2Sr2�xLaxCuO6+�,[19]
and scanning tunnelling microscopy (STM) mea-
surements in Bi2Sr2CaCu2O8+� (Bi-2212) and
Ca2�xNaxCuO2Cl2 (Na-CCOC) [20] have recently
reported that d symmetry characterizes the CDW order
in the CuO2 planes. In this d-symmetry CDW state, the
modulation of charge (or a related microscopic quantity)
on O px and O py sites is out of phase, as depicted
in Fig. 1a for a commensurate, bond-centered CDW.
An important question is whether d-symmetry CDW
order is a generic property of underdoped cuprates
and, specifically, if it also occurs in the canonical
stripe-ordered La-based cuprates. Admittedly, there are
many similarities in the CDW order of the La-based
cuprates and other cuprates (eg. Bi-2212, YBCO) such
as an enhancement in CDW intensity at doping levels
near p = 1/8,[21, 22] competition with SC and a com-
mon spectroscopic signature to the resonant scattering

intensity[6, 23]. However, these similarities are at odds
with important di↵erences such as the doping depen-
dence of the CDW incommensurability.[7, 8, 22, 24–26]
Perhaps most significantly, static spin density wave
(SDW) order that is commensurate with the CDW order
is only observed in the La-based cuprates. Accordingly,
it is not yet clear whether stripe order in the La-based
cuprates and CDW order in other cuprates should be
viewed as slightly di↵erent manifestations of a common
order or as truly distinct phases.
To address these questions, we have resolved the or-

bital symmetry and microscopic character of CDW order
in LBCO and YBCO using a RSXS technique that com-
bines varying the incident photon polarization relative to
the material’s crystallographic axes and simultaneously
rotating the crystal about the CDW ordering wavevector
Q, as illustrated in Fig. 1a. With this approach, at the
O K edge we are able to determine the relative strength,
phase relation and energy dependence of scattering from
two O sublattices comprised of O atoms with Cu–O–Cu
bonds either parallel (Ok) or perpendicular (O?) to Q
(see Fig. 1b). The proportion of d to s0 symmetry was
characterized from O K edge measurements in LBCO us-
ing a polarization dependent RSXS model developed with
parameters directly related to the physical ratio �d/�s0 .
Additionally, RSXS measurements sensitive to the Cu
sublattice were used to assess the degree of rotational C4

symmetry on Cu sites in LBCO and YBCO.
Prior to discussing our results, we first describe the

polarization dependent RSXS model which is used in this
analysis and then parametrize the model in terms of the
symmetry components of the CDW order. Within this
framework, the CDW orbital symmetries in LBCO and
YBCO are elucidated from the experimental data.

POLARIZATION DEPENDENT RESONANT
X-RAY SCATTERING

On an x-ray absorption edge, the resonant elastic x-ray
scattering intensity is given by:

I(✏i,!,Q) /
��✏⇤f · T (!,Q) · ✏i

��2 , (1)

where ! is the angular frequency, Q is the momentum
transfer, ✏i and ✏f are the incident and scattered polar-

X-ray observations indicate strong s0 component in LBCO
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The identity of the fundamental broken symmetry (if any) in the
underdoped cuprates is unresolved. However, evidence has been
accumulating that this state may be an unconventional density
wave. Here we carry out site-specific measurements within each
CuO2 unit cell, segregating the results into three separate elec-
tronic structure images containing only the Cu sites [Cu(r)] and
only the x/y axis O sites [Ox(r) and Oy(r)]. Phase-resolved Fourier
analysis reveals directly that the modulations in the Ox(r) and Oy(r)
sublattice images consistently exhibit a relative phase of π. We
confirm this discovery on two highly distinct cuprate compounds,
ruling out tunnel matrix-element and materials-specific systemat-
ics. These observations demonstrate by direct sublattice phase-
resolved visualization that the density wave found in underdoped
cuprates consists of modulations of the intraunit-cell states that
exhibit a predominantly d-symmetry form factor.

CuO2 pseudogap | broken symmetry | density-wave form factor

Understanding the microscopic electronic structure of the
CuO2 plane represents the essential challenge of cuprate

studies. As the density of doped holes, p, increases from zero in
this plane, the pseudogap state (1, 2) first emerges, followed by
the high-temperature superconductivity. Within the elementary
CuO2 unit cell, the Cu atom resides at the symmetry point with
an O atom adjacent along the x axis and the y axis (Fig. 1A,
Inset). Intraunit-cell (IUC) degrees of freedom associated with
these two O sites (3, 4), although often disregarded, may actually
represent the key to understanding CuO2 electronic structure.
Among the proposals in this regard are valence-bond ordered
phases having localized spin singlets whose wavefunctions are
centered on Ox or Oy sites (5, 6), electronic nematic phases
having a distinct spectrum of eigenstates at Ox and Oy sites (7,
8), and orbital-current phases in which orbitals at Ox and Oy are
distinguishable due to time-reversal symmetry breaking (9). A
common element to these proposals is that, in the pseudogap
state of lightly hole-doped cuprates, some form of electronic
symmetry breaking renders the Ox and Oy sites of each CuO2
unit cell electronically inequivalent.

Electronic Inequivalence at the Oxygen Sites of the CuO2
Plane in Pseudogap State
Experimental electronic structure studies that discriminate the
Ox from Oy sites do find a rich phenomenology in underdoped
cuprates. Direct oxygen site-specific visualization of electronic
structure reveals that even very light hole doping of the insulator
produces local IUC symmetry breaking, rendering Ox and Oy
inequivalent (10), that both Q ≠ 0 density wave (11) and Q = 0
C4-symmetry breaking (11, 12, 13) involve electronic inequi-
valence of the Ox and Oy sites, and that the Q ≠ 0 and Q = 0

broken symmetries weaken simultaneously with increasing p and
disappear jointly near pc = 0.19 (13). For multiple cuprate com-
pounds, neutron scattering reveals clear intraunit-cell breaking of
rotational symmetry (14, 15, 16). Thermal transport studies (17)
can likewise be interpreted. Polarized X-ray scattering studies
reveal the electronic inequivalence between Ox and Oy sites (18)
and that angular dependent scattering is best modeled by spa-
tially modulating their inequivalence with a d-symmetry form
factor (19). Thus, evidence from a variety of techniques indicates
that Q = 0 C4 breaking (electronic inequivalence of Ox and Oy) is
a key element of underdoped-cuprate electronic structure. The
apparently distinct phenomenology of Q ≠ 0 incommensurate
density waves (DW) in underdoped cuprates has also been reported
extensively (20–27). Moreover, recent studies (28, 29) have dem-
onstrated beautifully that the density modulations first visualized
by scanning tunneling microscopy (STM) imaging (30) are in-
deed the same as the DW detected by these X-ray scattering
techniques. However, although distinct in terms of which symmetry
is broken, there is mounting evidence that the incommensurate
DW and the IUC degrees of freedom are somehow linked micro-
scopically (13, 16, 19, 31, 32).

Significance

High-temperature superconductivity emerges when holes are
introduced into the antiferromagnetic, insulating CuO2 plane
of the cuprates. Intervening between the insulator and the
superconductor is the mysterious pseudogap phase. Evidence
has been accumulating that this phase supports an exotic
density wave state that may be key to its existence. By in-
troducing visualization techniques that discriminate the elec-
tronic structure at the two oxygen sites with each CuO2 unit
cell, we demonstrate that this density wave consists of periodic
modulations maintaining a phase difference of π between ev-
ery such pair of oxygen sites. Therefore, the cuprate pseudo-
gap phase contains a previously unknown electronic state—
a density wave with a d-symmetry form factor.
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The identity of the fundamental broken symmetry (if any) in the
underdoped cuprates is unresolved. However, evidence has been
accumulating that this state may be an unconventional density
wave. Here we carry out site-specific measurements within each
CuO2 unit cell, segregating the results into three separate elec-
tronic structure images containing only the Cu sites [Cu(r)] and
only the x/y axis O sites [Ox(r) and Oy(r)]. Phase-resolved Fourier
analysis reveals directly that the modulations in the Ox(r) and Oy(r)
sublattice images consistently exhibit a relative phase of π. We
confirm this discovery on two highly distinct cuprate compounds,
ruling out tunnel matrix-element and materials-specific systemat-
ics. These observations demonstrate by direct sublattice phase-
resolved visualization that the density wave found in underdoped
cuprates consists of modulations of the intraunit-cell states that
exhibit a predominantly d-symmetry form factor.

CuO2 pseudogap | broken symmetry | density-wave form factor

Understanding the microscopic electronic structure of the
CuO2 plane represents the essential challenge of cuprate

studies. As the density of doped holes, p, increases from zero in
this plane, the pseudogap state (1, 2) first emerges, followed by
the high-temperature superconductivity. Within the elementary
CuO2 unit cell, the Cu atom resides at the symmetry point with
an O atom adjacent along the x axis and the y axis (Fig. 1A,
Inset). Intraunit-cell (IUC) degrees of freedom associated with
these two O sites (3, 4), although often disregarded, may actually
represent the key to understanding CuO2 electronic structure.
Among the proposals in this regard are valence-bond ordered
phases having localized spin singlets whose wavefunctions are
centered on Ox or Oy sites (5, 6), electronic nematic phases
having a distinct spectrum of eigenstates at Ox and Oy sites (7,
8), and orbital-current phases in which orbitals at Ox and Oy are
distinguishable due to time-reversal symmetry breaking (9). A
common element to these proposals is that, in the pseudogap
state of lightly hole-doped cuprates, some form of electronic
symmetry breaking renders the Ox and Oy sites of each CuO2
unit cell electronically inequivalent.

Electronic Inequivalence at the Oxygen Sites of the CuO2
Plane in Pseudogap State
Experimental electronic structure studies that discriminate the
Ox from Oy sites do find a rich phenomenology in underdoped
cuprates. Direct oxygen site-specific visualization of electronic
structure reveals that even very light hole doping of the insulator
produces local IUC symmetry breaking, rendering Ox and Oy
inequivalent (10), that both Q ≠ 0 density wave (11) and Q = 0
C4-symmetry breaking (11, 12, 13) involve electronic inequi-
valence of the Ox and Oy sites, and that the Q ≠ 0 and Q = 0

broken symmetries weaken simultaneously with increasing p and
disappear jointly near pc = 0.19 (13). For multiple cuprate com-
pounds, neutron scattering reveals clear intraunit-cell breaking of
rotational symmetry (14, 15, 16). Thermal transport studies (17)
can likewise be interpreted. Polarized X-ray scattering studies
reveal the electronic inequivalence between Ox and Oy sites (18)
and that angular dependent scattering is best modeled by spa-
tially modulating their inequivalence with a d-symmetry form
factor (19). Thus, evidence from a variety of techniques indicates
that Q = 0 C4 breaking (electronic inequivalence of Ox and Oy) is
a key element of underdoped-cuprate electronic structure. The
apparently distinct phenomenology of Q ≠ 0 incommensurate
density waves (DW) in underdoped cuprates has also been reported
extensively (20–27). Moreover, recent studies (28, 29) have dem-
onstrated beautifully that the density modulations first visualized
by scanning tunneling microscopy (STM) imaging (30) are in-
deed the same as the DW detected by these X-ray scattering
techniques. However, although distinct in terms of which symmetry
is broken, there is mounting evidence that the incommensurate
DW and the IUC degrees of freedom are somehow linked micro-
scopically (13, 16, 19, 31, 32).
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density wave state that may be key to its existence. By in-
troducing visualization techniques that discriminate the elec-
tronic structure at the two oxygen sites with each CuO2 unit
cell, we demonstrate that this density wave consists of periodic
modulations maintaining a phase difference of π between ev-
ery such pair of oxygen sites. Therefore, the cuprate pseudo-
gap phase contains a previously unknown electronic state—
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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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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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