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

& Marc-Henri Julien1

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

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

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

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

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

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

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

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

1Laboratoire National des Champs Magnétiques Intenses, UPR 3228, CNRS-UJF-UPS-INSA, 38042 Grenoble, France. 2Department of Physics and Astronomy, University of British Columbia, Vancouver,
British Columbia V6T1Z1, Canada. 3Canadian Institute for Advanced Research, Toronto, Ontario M5G1Z8, Canada.
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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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we find regimes where the globally optimal state has a
CDW with wavevector very close to (Q0, 0) and a d-wave
form factor.

We consider the following model of a metal with anti-
ferromagnetic and Coulomb interactions,

H =
X

x,a

h
� tac

†
x+a

c
x

+
Ja
8
c†
x+a

~�c
x+a

· c†
x

~�c
x

+
Va

2
c†
x+a

c
x+a

c†
x

c
x

i
+HU ,

(1)

where the electrons c live on the sites x of a square lattice
with spacing a = 1 and ~� is the vector of Pauli matrices,
which act on an implicit spin index. The vector a con-
nects neighboring sites, and we allow first, second, and
third neighbor hoppings t1, t2, t3, respectively. However,
we limit the Coulomb (V ) and exchange (J) interactions
to the nearest neighbors. HU represents an infinite on-
site Coulomb repulsion, which we account for by project-
ing out doubly occupied sites. The couplings are real
and preserve all lattice symmetries, and we work at fixed
density.

We seek to minimize the energy of the Hamiltonian (1)
within the space of states

|vari ⌘
"
Y

i

(1� ni"ni#)

#
|gd(Hvar)i , (2)

where |gd(Hvar)i is the ground state of the quadratic
hamiltonian

Hvar =
X

x,a

[�T
a

+ �
a

cosQ · (x+ a/2)] c†
x+a

c
x

, (3)

and the state |vari has no doubly occupied sites by con-
struction. T

a

are variational hopping parameters and
�
a

parameters for the ordering wave-function. We note
that the particular parameterization in Eq. (3) is care-
fully chosen [22, 23]: it is crucial that Q couple to the
center-of-mass co-ordinate of the particle-hole pair for an
e�cient symmetry characterization of order parameters
at incommensurate Q. Previous analyses [19, 40, 45] did
not make this choice.

This variational ansatz allows for the condensation of
a charge/bond density wave with wavevector Q, whose
local pattern (the form factor) is determined by the wave-
function �. That is,

D
c†
x+a

c
x

E

var
= �T̄

a

+ �̄
a

cos [Q · (x+ a/2)] , (4)

where �̄ is nonzero if and only if � is nonzero, and they
both have the same symmetries under point group trans-
formations and time reversal. We further restrict �

a

to
have the form

�
a

= P1�a + P2(�a�x̂

+ �
a�ŷ

+ �
a+x̂

+ �
a+ŷ

)

+ P3(�a�x̂

� �
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� �
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)

+ iP4(�a+x̂
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+ iP5(�a�x̂

� �
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� �
a+x̂

+ �
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) ,

(5)

a) b)

c)

FIG. 2. Schematic illustration of the ordering patterns in real
space. a) diagonal d-wave CDW (P3 6= 0, Q = (0.25, 0.25)⇡)
b) horizontal, predominantly d-wave CDW (P3 6= 0, Q =
(0.25, 0)⇡) c) staggered flux state (P5 6= 0, Q = (⇡,⇡)). For
the time reversal invariant orders a) and b) we show the fluc-
tuation of hc†

x+a

c

x

i about the average with positive (red) and
negative (blue) values. For the time reversal breaking order
c) we show the pattern of permanent currents.

with x̂ = (1, 0), ŷ = (0, 1). Time reversal is preserved if
P4 = P5 = 0. If P1, P2 � P3, a predominantly s-wave
charge/bond density wave is induced, whereas P1, P2 ⌧
P3 induces a predominantly d-wave bond density wave. It
is important to notice that, for generic Q, s- and d-wave
characters mix, so that P3 = 0 does not imply that �̄

a

is
purely s-wave. If P4 or P5 are nonzero, a time reversal
breaking pattern of spontaneous currents is created. In
particular the state with only P5 6= 0 and Q = (⇡,⇡)
is the staggered flux state. Figure 2 shows a schematic
representation of a few relevant CDW and spontaneous
current patterns.
We carry out the variational computation in a slightly

unusual way. Ideally, we would like to prescribe, and
keep fixed, the Fermi surface of the system, especially
the presence and location of hot spots. This is the Fermi
surface seen in, say, photoemission experiments, and it is
di↵erent from the one obtained from the kinetic term in
(1), because of interaction e↵ects. This “true” Fermi sur-
face is not easily accessible, but the Fermi surface of the
optimal variational Hamiltonian is a close proxy. There-
fore, instead of minimizing with respect to the variational
hoppings Ta, we set them to values of our satisfaction,
and tune the bare hoppings ta in such a way as to make
our choice a variational optimum [30]. We carry out this
procedure while having all Pi = 0, then we look at what
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i↵~�↵�ci� is the antiferromagnetic exchange interaction. In-

troduce the Nambu spinor
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where a, b are the Nambu indices. This form makes explicit the symmetry

under independent SU(2) pseudospin transformations on each site

 i↵a ! Ui,ab i↵b

This pseudospin (gauge) symmetry is important in classifying spin liquid

ground states of HJ . It is fully broken by tij , Vij , but we find that it

nevertheless has important consequences in ordinary metals with antifer-

romagnetic interactions.

Pseudospin symmetry of the exchange interaction
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Bond, charge, and current order

relative co-ord. average co-ord.
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FIG. 3. In the top row, the gain in variational energy (per site, times 100) by allowing ordering at wavevector Q is displayed.
Each diagram is for a di↵erent Fermi surface, shown in the inset. The local minimum at Q = (⇡,⇡) is the staggered flux
state P5 6= 0. The local minima at Q = (Q0, Q0) and Q = (Q0, 0) are predominantly d-wave CDW (P3 6= 0). The red
dots denote wavevectors Q that connect hot spots. In the bottom row, we show approximate diagrams of the ground state
order, as a function of J and V . The setup corresponding to the plot above is indicated with a black dot. Model parameters
(values in the brackets correspond to plots from left to right): x = 10%, t1 = 1, t2 2 {0.5, 0.16, 0.18}, t3 2 {0.6, 0.9, 1.6},
J 2 {0.09, 0.235, 0.4}, V 2 {1., 1.5, 0.5}. Variational parameters: T1 = 1., T2 2 {�0.1, �0.32, �0.5}, T3 = 0.128. As described
in the text the Fermi surface is determined by the Ta parameters.

CDW order can further improve the variational bound,
while keeping Ta fixed. For each wavevector Q, we min-
imize the variational energy, hvar|H |vari, with respect
to the parameters Pi, one at a time. For a few choice
wavevectors Q we also looked at simultaneous minimiza-
tion with respect to P1, P2 and P3, without finding sig-
nificant additional energy gains. This three parameter
minimization is the limit of the computational resources
at our disposal.

In order to have su�cient momentum resolution, we
use a lattice of 32⇥32 sites. Because the wavefunction is
not a smooth function of the variational parameters, we
cannot use derivative information to carry out the mini-
mization, so we compute the energy over a grid of points
in variational space. More precisely, we store the expec-
tation value of every operator making up the Hamilto-
nian (1). This allows us to explore the parameter space
without having to recompute the energy for every setup.
Our grid comprises a total of about 30,000 points in vari-
ational space, each point requiring about 12 hr of CPU
time on a 1.7GHz AMD Opteron.

Fig. 3 illustrates the results of this variational analy-
sis. For a few representative choices of model parame-

ters, we show the Q values the system finds it energeti-
cally favorable to order. The form factor corresponding
to each energy minimum is not explicitly shown in the
plot. The minimum at Q = (⇡,⇡) has P5 6= 0, i.e. it
is the SF state, whereas all other minima are predom-
inantly d-wave CDW, i.e. have P3 6= 0. The parame-
ters are chosen close to the onset of the order. A more
comprehensive picture is given by the approximate phase
diagrams of the bottom row, which show the kind of or-
der that yields the greatest gain in energy over a range
of parameters. The staggered flux state is dominant at
large J , but is suppressed by the Coulomb repulsion V
which prefers CDWs. As can be seen in the upper row,
in addition to this main order, other subleading energy
minima are usually present. In particular, even when the
global energy minimum is the staggered flux state, the
CDWs are still present as a local minimum. The CDWs
become global minima at smaller J , and the appropri-
ate Fermi surface configuration and moderate J stabilize
the wavevector Q = (Q0, 0) over Q = (Q0, Q0). In our
framework, we cannot address the issue of competition
between orders, as this would require simultaneous min-
imization with respect to several more parameters, but

Results of a variational Monte Carlo computation on a wavefunction with
double-occupancy projected out.

A. Allais, J. Bauer, and S. Sachdev, arXiv:1402.4807
Q52.00003, Mile High Ballroom 1F, Wednesday March 5, 2:54 PM
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FIG. 3. In the top row, the gain in variational energy (per site, times 100) by allowing ordering at wavevector Q is displayed.
Each diagram is for a di↵erent Fermi surface, shown in the inset. The local minimum at Q = (⇡,⇡) is the staggered flux
state P5 6= 0. The local minima at Q = (Q0, Q0) and Q = (Q0, 0) are predominantly d-wave CDW (P3 6= 0). The red
dots denote wavevectors Q that connect hot spots. In the bottom row, we show approximate diagrams of the ground state
order, as a function of J and V . The setup corresponding to the plot above is indicated with a black dot. Model parameters
(values in the brackets correspond to plots from left to right): x = 10%, t1 = 1, t2 2 {0.5, 0.16, 0.18}, t3 2 {0.6, 0.9, 1.6},
J 2 {0.09, 0.235, 0.4}, V 2 {1., 1.5, 0.5}. Variational parameters: T1 = 1., T2 2 {�0.1, �0.32, �0.5}, T3 = 0.128. As described
in the text the Fermi surface is determined by the Ta parameters.

CDW order can further improve the variational bound,
while keeping Ta fixed. For each wavevector Q, we min-
imize the variational energy, hvar|H |vari, with respect
to the parameters Pi, one at a time. For a few choice
wavevectors Q we also looked at simultaneous minimiza-
tion with respect to P1, P2 and P3, without finding sig-
nificant additional energy gains. This three parameter
minimization is the limit of the computational resources
at our disposal.

In order to have su�cient momentum resolution, we
use a lattice of 32⇥32 sites. Because the wavefunction is
not a smooth function of the variational parameters, we
cannot use derivative information to carry out the mini-
mization, so we compute the energy over a grid of points
in variational space. More precisely, we store the expec-
tation value of every operator making up the Hamilto-
nian (1). This allows us to explore the parameter space
without having to recompute the energy for every setup.
Our grid comprises a total of about 30,000 points in vari-
ational space, each point requiring about 12 hr of CPU
time on a 1.7GHz AMD Opteron.

Fig. 3 illustrates the results of this variational analy-
sis. For a few representative choices of model parame-

ters, we show the Q values the system finds it energeti-
cally favorable to order. The form factor corresponding
to each energy minimum is not explicitly shown in the
plot. The minimum at Q = (⇡,⇡) has P5 6= 0, i.e. it
is the SF state, whereas all other minima are predom-
inantly d-wave CDW, i.e. have P3 6= 0. The parame-
ters are chosen close to the onset of the order. A more
comprehensive picture is given by the approximate phase
diagrams of the bottom row, which show the kind of or-
der that yields the greatest gain in energy over a range
of parameters. The staggered flux state is dominant at
large J , but is suppressed by the Coulomb repulsion V
which prefers CDWs. As can be seen in the upper row,
in addition to this main order, other subleading energy
minima are usually present. In particular, even when the
global energy minimum is the staggered flux state, the
CDWs are still present as a local minimum. The CDWs
become global minima at smaller J , and the appropri-
ate Fermi surface configuration and moderate J stabilize
the wavevector Q = (Q0, 0) over Q = (Q0, Q0). In our
framework, we cannot address the issue of competition
between orders, as this would require simultaneous min-
imization with respect to several more parameters, but
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FIG. 3. In the top row, the gain in variational energy (per site, times 100) by allowing ordering at wavevector Q is displayed.
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J 2 {0.09, 0.235, 0.4}, V 2 {1., 1.5, 0.5}. Variational parameters: T1 = 1., T2 2 {�0.1, �0.32, �0.5}, T3 = 0.128. As described
in the text the Fermi surface is determined by the Ta parameters.

CDW order can further improve the variational bound,
while keeping Ta fixed. For each wavevector Q, we min-
imize the variational energy, hvar|H |vari, with respect
to the parameters Pi, one at a time. For a few choice
wavevectors Q we also looked at simultaneous minimiza-
tion with respect to P1, P2 and P3, without finding sig-
nificant additional energy gains. This three parameter
minimization is the limit of the computational resources
at our disposal.

In order to have su�cient momentum resolution, we
use a lattice of 32⇥32 sites. Because the wavefunction is
not a smooth function of the variational parameters, we
cannot use derivative information to carry out the mini-
mization, so we compute the energy over a grid of points
in variational space. More precisely, we store the expec-
tation value of every operator making up the Hamilto-
nian (1). This allows us to explore the parameter space
without having to recompute the energy for every setup.
Our grid comprises a total of about 30,000 points in vari-
ational space, each point requiring about 12 hr of CPU
time on a 1.7GHz AMD Opteron.

Fig. 3 illustrates the results of this variational analy-
sis. For a few representative choices of model parame-

ters, we show the Q values the system finds it energeti-
cally favorable to order. The form factor corresponding
to each energy minimum is not explicitly shown in the
plot. The minimum at Q = (⇡,⇡) has P5 6= 0, i.e. it
is the SF state, whereas all other minima are predom-
inantly d-wave CDW, i.e. have P3 6= 0. The parame-
ters are chosen close to the onset of the order. A more
comprehensive picture is given by the approximate phase
diagrams of the bottom row, which show the kind of or-
der that yields the greatest gain in energy over a range
of parameters. The staggered flux state is dominant at
large J , but is suppressed by the Coulomb repulsion V
which prefers CDWs. As can be seen in the upper row,
in addition to this main order, other subleading energy
minima are usually present. In particular, even when the
global energy minimum is the staggered flux state, the
CDWs are still present as a local minimum. The CDWs
become global minima at smaller J , and the appropri-
ate Fermi surface configuration and moderate J stabilize
the wavevector Q = (Q0, 0) over Q = (Q0, Q0). In our
framework, we cannot address the issue of competition
between orders, as this would require simultaneous min-
imization with respect to several more parameters, but
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FIG. 3. In the top row, the gain in variational energy (per site, times 100) by allowing ordering at wavevector Q is displayed.
Each diagram is for a di↵erent Fermi surface, shown in the inset. The local minimum at Q = (⇡,⇡) is the staggered flux
state P5 6= 0. The local minima at Q = (Q0, Q0) and Q = (Q0, 0) are predominantly d-wave CDW (P3 6= 0). The red
dots denote wavevectors Q that connect hot spots. In the bottom row, we show approximate diagrams of the ground state
order, as a function of J and V . The setup corresponding to the plot above is indicated with a black dot. Model parameters
(values in the brackets correspond to plots from left to right): x = 10%, t1 = 1, t2 2 {0.5, 0.16, 0.18}, t3 2 {0.6, 0.9, 1.6},
J 2 {0.09, 0.235, 0.4}, V 2 {1., 1.5, 0.5}. Variational parameters: T1 = 1., T2 2 {�0.1, �0.32, �0.5}, T3 = 0.128. As described
in the text the Fermi surface is determined by the Ta parameters.

CDW order can further improve the variational bound,
while keeping Ta fixed. For each wavevector Q, we min-
imize the variational energy, hvar|H |vari, with respect
to the parameters Pi, one at a time. For a few choice
wavevectors Q we also looked at simultaneous minimiza-
tion with respect to P1, P2 and P3, without finding sig-
nificant additional energy gains. This three parameter
minimization is the limit of the computational resources
at our disposal.

In order to have su�cient momentum resolution, we
use a lattice of 32⇥32 sites. Because the wavefunction is
not a smooth function of the variational parameters, we
cannot use derivative information to carry out the mini-
mization, so we compute the energy over a grid of points
in variational space. More precisely, we store the expec-
tation value of every operator making up the Hamilto-
nian (1). This allows us to explore the parameter space
without having to recompute the energy for every setup.
Our grid comprises a total of about 30,000 points in vari-
ational space, each point requiring about 12 hr of CPU
time on a 1.7GHz AMD Opteron.

Fig. 3 illustrates the results of this variational analy-
sis. For a few representative choices of model parame-

ters, we show the Q values the system finds it energeti-
cally favorable to order. The form factor corresponding
to each energy minimum is not explicitly shown in the
plot. The minimum at Q = (⇡,⇡) has P5 6= 0, i.e. it
is the SF state, whereas all other minima are predom-
inantly d-wave CDW, i.e. have P3 6= 0. The parame-
ters are chosen close to the onset of the order. A more
comprehensive picture is given by the approximate phase
diagrams of the bottom row, which show the kind of or-
der that yields the greatest gain in energy over a range
of parameters. The staggered flux state is dominant at
large J , but is suppressed by the Coulomb repulsion V
which prefers CDWs. As can be seen in the upper row,
in addition to this main order, other subleading energy
minima are usually present. In particular, even when the
global energy minimum is the staggered flux state, the
CDWs are still present as a local minimum. The CDWs
become global minima at smaller J , and the appropri-
ate Fermi surface configuration and moderate J stabilize
the wavevector Q = (Q0, 0) over Q = (Q0, Q0). In our
framework, we cannot address the issue of competition
between orders, as this would require simultaneous min-
imization with respect to several more parameters, but
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FIG. 3. In the top row, the gain in variational energy (per site, times 100) by allowing ordering at wavevector Q is displayed.
Each diagram is for a di↵erent Fermi surface, shown in the inset. The local minimum at Q = (⇡,⇡) is the staggered flux
state P5 6= 0. The local minima at Q = (Q0, Q0) and Q = (Q0, 0) are predominantly d-wave CDW (P3 6= 0). The red
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(values in the brackets correspond to plots from left to right): x = 10%, t1 = 1, t2 2 {0.5, 0.16, 0.18}, t3 2 {0.6, 0.9, 1.6},
J 2 {0.09, 0.235, 0.4}, V 2 {1., 1.5, 0.5}. Variational parameters: T1 = 1., T2 2 {�0.1, �0.32, �0.5}, T3 = 0.128. As described
in the text the Fermi surface is determined by the Ta parameters.

CDW order can further improve the variational bound,
while keeping Ta fixed. For each wavevector Q, we min-
imize the variational energy, hvar|H |vari, with respect
to the parameters Pi, one at a time. For a few choice
wavevectors Q we also looked at simultaneous minimiza-
tion with respect to P1, P2 and P3, without finding sig-
nificant additional energy gains. This three parameter
minimization is the limit of the computational resources
at our disposal.

In order to have su�cient momentum resolution, we
use a lattice of 32⇥32 sites. Because the wavefunction is
not a smooth function of the variational parameters, we
cannot use derivative information to carry out the mini-
mization, so we compute the energy over a grid of points
in variational space. More precisely, we store the expec-
tation value of every operator making up the Hamilto-
nian (1). This allows us to explore the parameter space
without having to recompute the energy for every setup.
Our grid comprises a total of about 30,000 points in vari-
ational space, each point requiring about 12 hr of CPU
time on a 1.7GHz AMD Opteron.

Fig. 3 illustrates the results of this variational analy-
sis. For a few representative choices of model parame-

ters, we show the Q values the system finds it energeti-
cally favorable to order. The form factor corresponding
to each energy minimum is not explicitly shown in the
plot. The minimum at Q = (⇡,⇡) has P5 6= 0, i.e. it
is the SF state, whereas all other minima are predom-
inantly d-wave CDW, i.e. have P3 6= 0. The parame-
ters are chosen close to the onset of the order. A more
comprehensive picture is given by the approximate phase
diagrams of the bottom row, which show the kind of or-
der that yields the greatest gain in energy over a range
of parameters. The staggered flux state is dominant at
large J , but is suppressed by the Coulomb repulsion V
which prefers CDWs. As can be seen in the upper row,
in addition to this main order, other subleading energy
minima are usually present. In particular, even when the
global energy minimum is the staggered flux state, the
CDWs are still present as a local minimum. The CDWs
become global minima at smaller J , and the appropri-
ate Fermi surface configuration and moderate J stabilize
the wavevector Q = (Q0, 0) over Q = (Q0, Q0). In our
framework, we cannot address the issue of competition
between orders, as this would require simultaneous min-
imization with respect to several more parameters, but
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FIG. 3. In the top row, the gain in variational energy (per site, times 100) by allowing ordering at wavevector Q is displayed.
Each diagram is for a di↵erent Fermi surface, shown in the inset. The local minimum at Q = (⇡,⇡) is the staggered flux
state P5 6= 0. The local minima at Q = (Q0, Q0) and Q = (Q0, 0) are predominantly d-wave CDW (P3 6= 0). The red
dots denote wavevectors Q that connect hot spots. In the bottom row, we show approximate diagrams of the ground state
order, as a function of J and V . The setup corresponding to the plot above is indicated with a black dot. Model parameters
(values in the brackets correspond to plots from left to right): x = 10%, t1 = 1, t2 2 {0.5, 0.16, 0.18}, t3 2 {0.6, 0.9, 1.6},
J 2 {0.09, 0.235, 0.4}, V 2 {1., 1.5, 0.5}. Variational parameters: T1 = 1., T2 2 {�0.1, �0.32, �0.5}, T3 = 0.128. As described
in the text the Fermi surface is determined by the Ta parameters.

CDW order can further improve the variational bound,
while keeping Ta fixed. For each wavevector Q, we min-
imize the variational energy, hvar|H |vari, with respect
to the parameters Pi, one at a time. For a few choice
wavevectors Q we also looked at simultaneous minimiza-
tion with respect to P1, P2 and P3, without finding sig-
nificant additional energy gains. This three parameter
minimization is the limit of the computational resources
at our disposal.

In order to have su�cient momentum resolution, we
use a lattice of 32⇥32 sites. Because the wavefunction is
not a smooth function of the variational parameters, we
cannot use derivative information to carry out the mini-
mization, so we compute the energy over a grid of points
in variational space. More precisely, we store the expec-
tation value of every operator making up the Hamilto-
nian (1). This allows us to explore the parameter space
without having to recompute the energy for every setup.
Our grid comprises a total of about 30,000 points in vari-
ational space, each point requiring about 12 hr of CPU
time on a 1.7GHz AMD Opteron.

Fig. 3 illustrates the results of this variational analy-
sis. For a few representative choices of model parame-

ters, we show the Q values the system finds it energeti-
cally favorable to order. The form factor corresponding
to each energy minimum is not explicitly shown in the
plot. The minimum at Q = (⇡,⇡) has P5 6= 0, i.e. it
is the SF state, whereas all other minima are predom-
inantly d-wave CDW, i.e. have P3 6= 0. The parame-
ters are chosen close to the onset of the order. A more
comprehensive picture is given by the approximate phase
diagrams of the bottom row, which show the kind of or-
der that yields the greatest gain in energy over a range
of parameters. The staggered flux state is dominant at
large J , but is suppressed by the Coulomb repulsion V
which prefers CDWs. As can be seen in the upper row,
in addition to this main order, other subleading energy
minima are usually present. In particular, even when the
global energy minimum is the staggered flux state, the
CDWs are still present as a local minimum. The CDWs
become global minima at smaller J , and the appropri-
ate Fermi surface configuration and moderate J stabilize
the wavevector Q = (Q0, 0) over Q = (Q0, Q0). In our
framework, we cannot address the issue of competition
between orders, as this would require simultaneous min-
imization with respect to several more parameters, but
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FIG. 3. In the top row, the gain in variational energy (per site, times 100) by allowing ordering at wavevector Q is displayed.
Each diagram is for a di↵erent Fermi surface, shown in the inset. The local minimum at Q = (⇡,⇡) is the staggered flux
state P5 6= 0. The local minima at Q = (Q0, Q0) and Q = (Q0, 0) are predominantly d-wave CDW (P3 6= 0). The red
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J 2 {0.09, 0.235, 0.4}, V 2 {1., 1.5, 0.5}. Variational parameters: T1 = 1., T2 2 {�0.1, �0.32, �0.5}, T3 = 0.128. As described
in the text the Fermi surface is determined by the Ta parameters.

CDW order can further improve the variational bound,
while keeping Ta fixed. For each wavevector Q, we min-
imize the variational energy, hvar|H |vari, with respect
to the parameters Pi, one at a time. For a few choice
wavevectors Q we also looked at simultaneous minimiza-
tion with respect to P1, P2 and P3, without finding sig-
nificant additional energy gains. This three parameter
minimization is the limit of the computational resources
at our disposal.

In order to have su�cient momentum resolution, we
use a lattice of 32⇥32 sites. Because the wavefunction is
not a smooth function of the variational parameters, we
cannot use derivative information to carry out the mini-
mization, so we compute the energy over a grid of points
in variational space. More precisely, we store the expec-
tation value of every operator making up the Hamilto-
nian (1). This allows us to explore the parameter space
without having to recompute the energy for every setup.
Our grid comprises a total of about 30,000 points in vari-
ational space, each point requiring about 12 hr of CPU
time on a 1.7GHz AMD Opteron.

Fig. 3 illustrates the results of this variational analy-
sis. For a few representative choices of model parame-

ters, we show the Q values the system finds it energeti-
cally favorable to order. The form factor corresponding
to each energy minimum is not explicitly shown in the
plot. The minimum at Q = (⇡,⇡) has P5 6= 0, i.e. it
is the SF state, whereas all other minima are predom-
inantly d-wave CDW, i.e. have P3 6= 0. The parame-
ters are chosen close to the onset of the order. A more
comprehensive picture is given by the approximate phase
diagrams of the bottom row, which show the kind of or-
der that yields the greatest gain in energy over a range
of parameters. The staggered flux state is dominant at
large J , but is suppressed by the Coulomb repulsion V
which prefers CDWs. As can be seen in the upper row,
in addition to this main order, other subleading energy
minima are usually present. In particular, even when the
global energy minimum is the staggered flux state, the
CDWs are still present as a local minimum. The CDWs
become global minima at smaller J , and the appropri-
ate Fermi surface configuration and moderate J stabilize
the wavevector Q = (Q0, 0) over Q = (Q0, Q0). In our
framework, we cannot address the issue of competition
between orders, as this would require simultaneous min-
imization with respect to several more parameters, but
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to the parameters Pi, one at a time. For a few choice
wavevectors Q we also looked at simultaneous minimiza-
tion with respect to P1, P2 and P3, without finding sig-
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minimization is the limit of the computational resources
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cannot use derivative information to carry out the mini-
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nian (1). This allows us to explore the parameter space
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ters are chosen close to the onset of the order. A more
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diagrams of the bottom row, which show the kind of or-
der that yields the greatest gain in energy over a range
of parameters. The staggered flux state is dominant at
large J , but is suppressed by the Coulomb repulsion V
which prefers CDWs. As can be seen in the upper row,
in addition to this main order, other subleading energy
minima are usually present. In particular, even when the
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imize the variational energy, hvar|H |vari, with respect
to the parameters Pi, one at a time. For a few choice
wavevectors Q we also looked at simultaneous minimiza-
tion with respect to P1, P2 and P3, without finding sig-
nificant additional energy gains. This three parameter
minimization is the limit of the computational resources
at our disposal.
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use a lattice of 32⇥32 sites. Because the wavefunction is
not a smooth function of the variational parameters, we
cannot use derivative information to carry out the mini-
mization, so we compute the energy over a grid of points
in variational space. More precisely, we store the expec-
tation value of every operator making up the Hamilto-
nian (1). This allows us to explore the parameter space
without having to recompute the energy for every setup.
Our grid comprises a total of about 30,000 points in vari-
ational space, each point requiring about 12 hr of CPU
time on a 1.7GHz AMD Opteron.
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ters, we show the Q values the system finds it energeti-
cally favorable to order. The form factor corresponding
to each energy minimum is not explicitly shown in the
plot. The minimum at Q = (⇡,⇡) has P5 6= 0, i.e. it
is the SF state, whereas all other minima are predom-
inantly d-wave CDW, i.e. have P3 6= 0. The parame-
ters are chosen close to the onset of the order. A more
comprehensive picture is given by the approximate phase
diagrams of the bottom row, which show the kind of or-
der that yields the greatest gain in energy over a range
of parameters. The staggered flux state is dominant at
large J , but is suppressed by the Coulomb repulsion V
which prefers CDWs. As can be seen in the upper row,
in addition to this main order, other subleading energy
minima are usually present. In particular, even when the
global energy minimum is the staggered flux state, the
CDWs are still present as a local minimum. The CDWs
become global minima at smaller J , and the appropri-
ate Fermi surface configuration and moderate J stabilize
the wavevector Q = (Q0, 0) over Q = (Q0, Q0). In our
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between orders, as this would require simultaneous min-
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The optimal form-factor for charge order at

both (Q0, 0) and (Q0, Q0) is predominantly d-wave.
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and on implications for photoemission.
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Charge-ordered ground states permeate the
phenomenology of 3d-based transition metal ox-
ides, and more generally represent a distinctive
hallmark of strongly-correlated states of matter.
The recent discovery of charge order in various
cuprate families fueled new interest into the role
played by this incipient broken symmetry within
the complex phase diagram of high-Tc supercon-
ductors. Unveiling its origin and nature is key to
a microscopic understanding of the normal state,
which carries the seeds of unconventional super-
conductivity. Here we use resonant X-ray scat-
tering to resolve the main characteristics of the
charge-modulated state in two cuprate families:
Bi2Sr2−xLaxCuO6+δ (Bi2201) and YBa2Cu3O6+y

(YBCO). As a first result, we detect no signa-
tures of spatial modulations along the nodal di-
rection in Bi2201, thus clarifying the inter-unit-
cell momentum-structure of the order parameter.
In addition, by adopting a special experimental
geometry, we also resolve the intra-unit-cell sym-
metry of the charge ordered state, which is re-
vealed to be a d-wave bond-order. These results
represent a fundamental advancement in our mi-
croscopic description of charge order in cuprates,
and provide crucial insights for the understanding
of its origin and interplay with superconductivity
and magnetism.

Complex oxides exhibit a mosaic of exotic electronic
phases with various symmetry-broken ground states that
revolve around three main instabilities: antiferromag-
netism, charge order, and superconductivity. In particu-
lar, charge order – the tendency of the valence electrons
to segregate in periodically-modulated structures – is
found in various classes of strongly-correlated 3d -oxides,
such as manganites [1, 2], nickelates [3–6], and cobaltates
[7, 8]. The possibility of a universal charge-ordered state
in the underdoped cuprates (near and around the ’magic’
hole-doping p = 0.12) has been contemplated since the
early discovery of period-4 stripe-like charge correlations
in the La-based materials [9–12]. In the last few years,
the spectroscopic signatures of charge-modulated states

with wavevector Q∗∼0.31 reciprocal lattice units (r.l.u.,
used hereafter) have been found in YBCO using resonant
elastic/inelastic X-ray scattering (REXS/RIXS) [13–18].
Even more recently, this phenomenology was confirmed
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FIG. 1: Charge ordering patterns and wavevec-
tors. a,b, Low-temperature REXS (at photon energy hν =
931.5 eV) and Fourier-transformed (FT) STM scans (at con-
stant bias voltage V = 24mV), respectively, from an under-
doped Bi2201-UD15K sample, mapping reciprocal-space fea-
tures along the two high-symmetry directions: (H, 0), antin-
odal, green; and (H,H), nodal, orange. c,e, Modulation of
the charge density ∆ρ(x, y), with functional form given by a
sum (c) and product (e) of cosines, and a wavevector mag-
nitude Q∗ = 0.265 r.l.u. (black bars indicate the period and
direction of the spatial modulation, expressed in terms of the
lattice parameter a=3.86 Å). The blue rectangles denote the
undistorted unit cell. d,f, Fourier transforms of c,e, with
Gaussian broadening. The arrows indicate the directions of
the data in a,b, which validate the scenario in c,d.
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varying electronic density through the Coulomb interac-
tion (see Fig. 2a,b and Supplementary Information). In
order to evaluate the symmetry of the CDW order param-
eter ∆CDW, we can selectively probe the different tran-
sition channels (Cu-2px,y,z → 3d) by rotating the light
polarization in the REXS measurements. Here we focus
on three possibilities for ∆CDW: (i) a site-centered mod-
ulation (∆CDW =∆s), corresponding to an extra charge
residing on the Cu-3d orbital (Fig. 2c, top); (ii) an ex-
tended s-wave bond-order [∆CDW=∆s′(cos kx+cos ky)],
where the spatially-modulated density is on the O-2p
states, and the maxima along the x and y directions coin-
cide (Fig. 2c, middle); (iii) a d -wave bond-order [∆CDW=
∆d(cos kx−cos ky)], where the charge modulation changes
sign between x- and y-coordinated oxygen atoms, and the
maxima are shifted by a half wavelength (Fig. 2c, bot-
tom). The resulting shifts of orbital energies and corre-
sponding transition energies (∆Ex,y,z) at the Cu-L3 edge
have been calculated using a maximum charge amplitude
of 0.1e, as suggested by STM [20, 35] studies.

In the experiments we use a special geometry, in which
the sample is rotated around the ordering vector Q∗

(Fig. 3a,b). This method allows looking at the same
wavevector while modulating (as a function of the az-
imuthal rotation angle α) the relative weight of the Cu
2px,y,z → 3d transitions, which is controlled by the light
polarization through dipole selection rules (see Fig. 2b
and Supplementary Table I). Here the α dependence of
the charge order signal is the new information that allows
testing – through comparison with theoretical predictions
from scattering theory – the validity of the scenarios
under consideration for the symmetry of the CDW or-
der parameter. The azimuthal dependence of the REXS

signal was studied in Bi2201-UD15K and in two under-
doped YBa2Cu3Oy compounds (YBa2Cu3O6.51, YBCO-
Ortho II, with p ≃ 0.10 and YBa2Cu3O6.75, YBCO-
Ortho III, with p≃0.13; see also Materials and Methods).
A series of in-plane momentum (Q∥) scans of the charge
order peak in YBCO-Ortho III is presented in Fig. 3c for
the range 0◦ < α < 180◦ and both σ- and π-polarized
incoming X-rays.
The total scattered intensity IREXS is extracted by fit-

ting the REXS momentum scans with a Gaussian peak,
and is in general proportional to the amplitude of the
charge modulation. We can directly compare IREXS to
the theoretical REXS cross section [36, 37]:
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where ϵ and ϵ

′ represent the polarization vectors for in-
coming and outgoing photons, respectively; Q∗ is the

ordering wavevector; Rn are the Cu lattice sites. F (n)
pq

is the scattering tensor – dependent on photon energy
(ω), azimuthal angle (α), and lattice site (n) – which in
this case is diagonal (Fpq = Fppδpq). For a single Cu-

2p → 3d transition within a CuO2 plane, F (n)
pq is also

well-approximated by a single Lorentzian peak with site-

and orbital-dependent transition energies: F (n)
pp (ω) ∼

Fpp(α)×
(

ω −∆E(n)
p + iΓ

)−1
(see Supplementary Infor-

mation for a more detailed discussion). The total cal-
culated scattering intensity is then given by: Icalc (α) =
Iϵ→σ′ (α) + Iϵ→π′ (α), where ϵ = σ or π. In order to
eliminate all possible extrinsic effects due to the sam-
ple shape and orientation with respect to the scattering
geometry (and thus facilitate the comparison to the the-

Polarization and angular
analysis of X-ray scattering

at Q = (Q0, 0)
in Bi2201 and YBCO

This type of predominantly d-wave bond order at

Q = (Q0, 0) was first predicted in S. Sachdev and

R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013).
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varying electronic density through the Coulomb interac-
tion (see Fig. 2a,b and Supplementary Information). In
order to evaluate the symmetry of the CDW order param-
eter ∆CDW, we can selectively probe the different tran-
sition channels (Cu-2px,y,z → 3d) by rotating the light
polarization in the REXS measurements. Here we focus
on three possibilities for ∆CDW: (i) a site-centered mod-
ulation (∆CDW =∆s), corresponding to an extra charge
residing on the Cu-3d orbital (Fig. 2c, top); (ii) an ex-
tended s-wave bond-order [∆CDW=∆s′(cos kx+cos ky)],
where the spatially-modulated density is on the O-2p
states, and the maxima along the x and y directions coin-
cide (Fig. 2c, middle); (iii) a d -wave bond-order [∆CDW=
∆d(cos kx−cos ky)], where the charge modulation changes
sign between x- and y-coordinated oxygen atoms, and the
maxima are shifted by a half wavelength (Fig. 2c, bot-
tom). The resulting shifts of orbital energies and corre-
sponding transition energies (∆Ex,y,z) at the Cu-L3 edge
have been calculated using a maximum charge amplitude
of 0.1e, as suggested by STM [20, 35] studies.

In the experiments we use a special geometry, in which
the sample is rotated around the ordering vector Q∗

(Fig. 3a,b). This method allows looking at the same
wavevector while modulating (as a function of the az-
imuthal rotation angle α) the relative weight of the Cu
2px,y,z → 3d transitions, which is controlled by the light
polarization through dipole selection rules (see Fig. 2b
and Supplementary Table I). Here the α dependence of
the charge order signal is the new information that allows
testing – through comparison with theoretical predictions
from scattering theory – the validity of the scenarios
under consideration for the symmetry of the CDW or-
der parameter. The azimuthal dependence of the REXS

signal was studied in Bi2201-UD15K and in two under-
doped YBa2Cu3Oy compounds (YBa2Cu3O6.51, YBCO-
Ortho II, with p ≃ 0.10 and YBa2Cu3O6.75, YBCO-
Ortho III, with p≃0.13; see also Materials and Methods).
A series of in-plane momentum (Q∥) scans of the charge
order peak in YBCO-Ortho III is presented in Fig. 3c for
the range 0◦ < α < 180◦ and both σ- and π-polarized
incoming X-rays.
The total scattered intensity IREXS is extracted by fit-

ting the REXS momentum scans with a Gaussian peak,
and is in general proportional to the amplitude of the
charge modulation. We can directly compare IREXS to
the theoretical REXS cross section [36, 37]:

I
ϵ→ϵ

′ (α) ∝
∣

∣

∣

∑

n
eiQ

∗
·Rn

(

∑

pq
ϵp · F

(n)
pq (ω,α) · ϵ′q

)
∣

∣

∣

2
,

(1)
where ϵ and ϵ

′ represent the polarization vectors for in-
coming and outgoing photons, respectively; Q∗ is the

ordering wavevector; Rn are the Cu lattice sites. F (n)
pq

is the scattering tensor – dependent on photon energy
(ω), azimuthal angle (α), and lattice site (n) – which in
this case is diagonal (Fpq = Fppδpq). For a single Cu-

2p → 3d transition within a CuO2 plane, F (n)
pq is also

well-approximated by a single Lorentzian peak with site-

and orbital-dependent transition energies: F (n)
pp (ω) ∼

Fpp(α)×
(

ω −∆E(n)
p + iΓ

)−1
(see Supplementary Infor-

mation for a more detailed discussion). The total cal-
culated scattering intensity is then given by: Icalc (α) =
Iϵ→σ′ (α) + Iϵ→π′ (α), where ϵ = σ or π. In order to
eliminate all possible extrinsic effects due to the sam-
ple shape and orientation with respect to the scattering
geometry (and thus facilitate the comparison to the the-
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FIG. 4: a, Ratio of σ- to π-incident X-ray scattering inten-
sity from CDW order in YBCO-Ortho II, YBCO-Ortho III,
and Bi2201-UD15K. Continuous lines represent the azimuthal
angle-dependent scattering ratio Iσcalc/I

π
calc as calculated for

the various symmetries of a unidirectional CDW order pa-
rameter (shaded areas cover the experimental range 0.1 <
Fzz/Fxx < 0.15); the curves are normalized at their mini-
mum value (at α = 90◦), which is set equal to 1. b, Ratio
of the σ/π normalized scattering intensity between α = 0◦

and α=90◦: colored boxes represent the ranges spanned by
Iσcalc/I

π
calc, while the bottom rectangles cover the experimental

range for YBCO and Bi2201 as shown in a.

oretical predictions), we plot in In Fig. 4a the azimuthal
dependence of the ratio IσREXS/I

π
REXS between the scat-

tering intensity for σ- and π-polarized incident X-rays.
Markers indicate experimental points (IREXS), while con-
tinuous lines are model calculations (Icalc) for each sep-
arate term in the expansion of the CDW order param-
eter ∆CDW(k,Q). Here a unidirectional modulation is
used, but the results are similar if a bidirectional order
is assumed instead (see Supplementary Figure 2). The
ratio Fzz/Fxx (= Fzz/Fyy) between those components
of the diagonal scattering tensor controlling the out-of-
plane (Fzz) and in-plane (Fxx) transition amplitudes is
constrained to the range estimated from the X-ray ab-
sorption data (see Supplementary Information), corre-
sponding to Fzz/Fxx∼0.1−0.15. Figure 4b compares the
total amplitude of the Iσ/Iπ profiles from Fig. 4a, as eval-
uated by taking the ratio between its α=0◦ and α=90◦

value, and highlights how the best overall agreement is

achieved for a d -wave bond order.
In order to quantitatively assess the validity of these

models, we have calculated the reduced chi-square (χ2
red)

for all the experimental points (inclusive of YBCO-
Ortho II, YBCO-Ortho III, and Bi2201-UD15K) and the-
oretical configurations shown in Fig. 4 (see Supplemen-
tary Information for a formal definition of χ2

red). The
values of χ2

red are subsequently used to extract the prob-
ability P for the different models considered here. These
probability levels (Table I) indicate that a d -wave bond-
order is substantially more likely to describe the exper-
imental data than site- or s-wave bond-orders, with the
latter one being particularly inadequate. We note that
the hierarchy in the likelihood of the various terms for
the CDW order parameter seem to follow theoretical
predictions for ∆CDW in the context of the t -J model
[24, 38, 39]. In addition, at this stage, the small difference
between the probability level for bi- and uni-directional
CDW does not allow us to conclusively establish which
one better describes the experimental data.

∆CDW
Probability levels P (%)

Bidirectional Unidirectional

∆s 30.3 38.8

∆s′(cos kx + cos ky) 12.0 6.0

∆d (cos kx − cos ky) 81.8 87.6

TABLE I: Statistical comparison of CDW models.
Probability levels P for the hypothesis that a specific CDW
model fits the experimental data better than a random sam-
ple. The values suggest that a d -wave bond-order state
outperforms the other models in that it has a substantially
greater likelihood of describing the experimental data. A uni-
or bi-directional order describe the data equally well, as indi-
cated by the proximity in their probability levels.

Altogether, we reveal the charge-ordered electronic
ground state in two cuprate families to be best described
by a d -wave bond-order with O-2p charge modula-
tions propagating exclusively along the a and b axes.
Therefore, our study reaffirms the pivotal role played
by the O-2p ligand states [40, 41]. In light of recent
results demonstrating the ubiquity of charge ordering in
cuprates [20, 21], and of previous works pointing to bond-
order in La1.875Ba0.125CuO4 [6], Ca1.88Na0.12CuO2Cl2,
and Bi2Sr2Dy0.2Ca0.8Cu2O8+δ [42, 43], we propose that
the microscopic defining symmetry of such state is also
universal, and of d -wave bond-order type. The com-
monality between the symmetry of the superconducting
(SC) and CDW order parameters further suggests
that the same attractive interaction responsible for
particle-particle (Cooper) pairing and leading to the
SC instability, might also be active in the particle-hole
channel. This aspect – which has been recently proposed
at the theoretical level and was suggested to originate

The symmetry of charge order in the cuprates

R. Comin, R. Sutarto, F. He, E. da Silva Neto, L. Chauviere, A. Frano,
R. Liang, W.N. Hardy, D.A.Bonn, Y.Yoshida, H. Eisaki, J. E. Ho↵man,

B. Keimer, G.A. Sawatzky, and A. Damascelli, arXiv:1402.5415

This type of predominantly d-wave bond order at

Q = (Q0, 0) was first predicted in S. Sachdev and

R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013).
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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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or precursor critical fluctuations



Gradual onset of inten-

sity over a wide range

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

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

FIG. 5. Representative energy-integrating scans along
(H, 0.38,0) for carrier-free La2Cu04 (T&=325 K). The dashed
line is the experimental resolution function; the solid line the re-
sult of a fit to a convolution of the resolution function with a
two-dimensional Lorentzian scattering function.

0.045
La&cu0& &

I I

——Ref. 22 {2np,=0.94J}—Ref. 22 {2np, fitted)
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to simple Lorentzians, S(q)=S(0)/(1+q g ) convoluted
with the experimental resolution function. The result of
this procedure is shown in Fig. 6(a), together with the
theoretical predictions Eqs. (8) and (9). Since J-135
meV has been determined experimentally, the Monte
Carlo prediction contains no adjustable parameters. For
the analytical formula Eq. (8) we obtained 2frp, =150
meV=1. 11J from a least-squares fit to our data. The
agreement between the fitted curve, the Monte Carlo
simulation, and our data is clearly good. For compar-
ison, the curve calculated from Eq. (8) with the spin-wave
theory value' of 2~p, =0.94J deviates significantly from
both the experimental and the numerical data. This indi-
cates an —15% error in calculating 2', from spin-wave
theory. As we will see shortly, our estimate of this error
is somewhat reduced if corrections to the 2D Heisenberg
Hamiltonian are taken into account. It is gratifying to
see that both experiment and theory are now sufficiently
far advanced that this small error is clearly noticeable.
The temperature dependence of S(0), the q =0 instan-

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

TNéel = 325K

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

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

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

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

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

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

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

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

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

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

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

χFL
c (T ) ≡ χD(T ) − χN

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

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

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

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

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

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

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

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

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

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

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

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

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

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

c

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

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

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

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

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

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

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

Although measurements of the London penetration depth16

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

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

c ) is given by2

MFL
c (T ) = −πkBT B

3%2
0

ξ 2
ab(T )

s
√

1 + [2ξab(T )/γ s)]2
. (1)

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

c ).2,9

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

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

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

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

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

c

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

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

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

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

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

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

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

Although measurements of the London penetration depth16

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

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

c ) is given by2

MFL
c (T ) = −πkBT B

3%2
0

ξ 2
ab(T )

s
√

1 + [2ξab(T )/γ s)]2
. (1)

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

c ).2,9

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

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

2χD(T )B2 sin 2θ , as long as
M ∝ B. Thus, fits to τ (θ ) ∝ B2 sin 2θ give χD(T ) ≡ χc(T ) −
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The magnetization of three high-quality single crystals of YBa2Cu3O6+x , from slightly overdoped to heavily
underdoped, has been measured using torque magnetometry. Striking effects in the angular dependence of the
torque for the two underdoped crystals, a few degrees above the superconducting transition temperature (Tc), are
described well by the theory of Gaussian superconducting fluctuations using a single adjustable parameter. The
data at higher temperatures (T ) are consistent with a strong cutoff in the fluctuations for T ! 1.1Tc. Numerical
estimates suggest that inelastic scattering could be responsible for this cutoff.
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Cuprate superconductors show much stronger thermody-
namic fluctuations than classical ones because of their higher
transition temperatures (Tc), shorter Ginzburg-Landau (GL)
coherence lengths, and quasi-two-dimensional layered struc-
tures with weakly interacting CuO2 planes.1,2 Observations
of diamagnetism3 and large Nernst coefficients over a broad
temperature (T ) range well above Tc for several types of
cuprate4,5 are intriguing.6 They are often cited as evidence
for preformed Cooper pairs without the long-range phase
coherence needed for superconductivity. In contrast, in Ref. 7
it is argued that phase and amplitude fluctuations set in
simultaneously. However, the fluctuations are still considered
to be strong in that the mean-field transition temperature
T MF

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

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

c

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

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

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

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

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

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

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

Although measurements of the London penetration depth16

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

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

c ) is given by2

MFL
c (T ) = −πkBT B

3%2
0

ξ 2
ab(T )

s
√

1 + [2ξab(T )/γ s)]2
. (1)

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

c ).2,9

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

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

2χD(T )B2 sin 2θ , as long as
M ∝ B. Thus, fits to τ (θ ) ∝ B2 sin 2θ give χD(T ) ≡ χc(T ) −
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Diamagnetism in the pseudogap
• The same set of parameters used to describe X-ray scattering, also predict

the strength of superconducting fluctuations above Tc. We characterize

the diamagnetism by computing a dimensionless ratio, R(T ), between the

diamagnetic susceptibility, �d, and the charge order correlation length:

R(T ) ⌘ 12⇡ �d(T )

kBT ⇠2cdw

L. E. Hayward, D. G. Hawthorn, R. G. Melko, and S. Sachdev, to appear
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 The charge order of the cuprates was argued to 
be predominantly d-wave bond order by S. Sachdev 
and R. LaPlaca (Phys. Rev. Lett. 111, 027202 (2013)). 
This predicted order appears to have been 
observed in recent X-ray scattering experiments by 
Comin et al. (arXiv:1402.5415)	


!

 Angular, classical, thermal fluctuations of a multi-
component order parameter, involving charge 
order and superconductivity, describe the 
pseudogap regime in YBCO.
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