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Technique dependent Field-onset : YBCO

Relationship with vortex physics. For all samples, HchargeE9–15 T
is found to be lower than the melting transition of the
vortex lattice that takes place at Hmelt 420 T for T r5 K (ref. 14).
The charge-ordering transition thus occurs inside the vortex-solid
phase. As the vortex cores represent normal regions of radius xSC
within the superconductor, it is expected15–17 that the charge
fluctuations detected above Tc (refs 9–11) continue to develop at
low temperatures within the cores where they escape the
competition with superconductivity. As suggested by LDOS
modulations in Bi-2212 (ref. 2), halos of incipient charge order
are centred on the cores and they extend over a typical distance
xcharge4xSC (Fig. 4). On increasing the field, the long-range, static,
charge order may be expected to appear when these halos start to
overlap. This should occur at Hcharge¼F0/(2pxcharge

2), as the halo
density equals the density of vortices whose cores start to overlap at
the upper critical field, Hc2¼F0/(2pxSC

2). Owing to our

observation of a field-induced transition to the charge-ordered
state, this prediction is now confirmed by experiments for the first
time: Hcharge¼ 9.3±1.3 T for p¼ 0.12 (ortho-VIII) translates into
xcharge¼ 16a, where a is the planar Cu–Cu distance. This is to be
compared to xchargeE19a measured at H¼ 9 T and T¼ 2 K by
X-ray diffraction for the same doping level10. Despite the obvious
simplistic nature of the description (for instance, neither a coupling
between CuO2 planes nor an in-plane anisotropy of xcharge is
considered), this agreement suggests that this picture is indeed the
correct starting point for explaining the field-induced transition.
This is the second central result of this work.

Doping dependence of charge order around p¼ 0.11–0.12. On
increasing the field further in the p¼ 0.109 sample, Dnquad
saturates at fields of 30–35 T (Fig. 3a). Remarkably, this field scale
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Figure 2 | Temperature-induced transition towards charge order in the pseudogap state. (a) Quadrupole part of the splitting of the highest-frequency
O(2) quadrupole satellite for p¼0.109 and p¼0.125 (see Methods for details) as a function of temperature in fields of 27.4 and 28.8 T, respectively.
The lines are guides to the eye. (b) Transition temperature Tcharge showing a maximum around hole-doping p¼0.115–0.12. The thick trace is a guide to
the eye. (c) Magnetic hyperfine shift 17 K of O(2,3) sites for p¼0.109 and H||c. No anomalous change of 17K is observed across Tcharge. At low temperature
in the charge-ordered state, the maximum shift variation D17KE0.01% between 12 and 28.5 T (yellow region) represents a minor change compared
to the decrease D17 KE0.12% between T¼ 300 K and 60 K associated with the pseudogap42. The pseudogap is thus essentially unaffected by the
occurrence of charge order. This result agrees with the relatively modest size of the field-induced changes in the 63Cu relaxation rate 1/T1 (ref. 8).
The field dependence of 17K below Tc arises from the density of nodal states in a d-wave superconductor43. Error bars represent s.d of the fit parameters.
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Figure 3 | Quantum phase transition to the charge-ordered state. (a) Quadrupole part of the splitting of the O(2) line shown in Fig. 1 for p¼0.109
and TE3 K (see Methods for details). The thick red trace is a guide to the eye. The thin black line is a fit to (H"Hc)0.5. (b) Quadrupole splitting of
63Cu(2F) (planar Cu sites below oxygen-filled chains) for p¼0.104 (ortho-II) at T¼ 2 K. (c) Full linewidth at half maximum of the 63Cu central line for
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Hmelt (T-0), which has been argued to reflect the upper critical field Hc2 (T-0) (ref. 15). Error bars represent s.d. in the fit parameters.
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Figure 2 | Competition between charge–density-wave order and superconductivity. a, Temperature dependence of the peak intensity at (1.695, 0, 0.5)
(circles) and (0, 3.691, 0.5) (squares) for different applied magnetic fields. The square data points have been multiplied by a factor of four. In the normal
state, there is a smooth onset of the CDW order. In the absence of an applied magnetic field there is a decrease in the peak intensity below Tc. This trend
can be reversed by the application of a magnetic field. b, Magnetic field dependence of the lattice modulation peak intensity at (1.695,0,0.5) for different
temperatures. At T = 2 K, the peak intensity grows approximately linearly with magnetic field up to the highest applied field. c,d, Gaussian linewidth of the
(1.695, 0, 0.5) CDW modulation plotted versus temperature and field respectively. The raw linewidth, including a contribution from the instrumental
resolution, is field-independent in the normal state (T > Tc). In contrast, the CDW order becomes more coherent below Tc, once a magnetic field is applied.
This effect ceases once the amplitude starts to be suppressed owing to competition with superconductivity. The vertical dashed lines in a,c illustrate the
connection between these two features of the data that define the Tcusp temperatures. All other lines are guides to the eye. Error bars indicate standard
deviations of the fit parameters described in Methods.

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

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

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

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

It is interesting to note that TCDW corresponds approximately
withTH (Fig. 4), the temperature at whichHall effectmeasurements
suggest that Fermi surface reconstruction begins26. A CDW that
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FIG. 1: Charge-density-wave correlations induced by a magnetic field in YBa2Cu3O6.67.

A magnetic field applied along the c-axis introduces new CDW correlations propagating along both

CuO bond directions a and b in the CuO2 planes. a,b,f -i Raw x-ray scattering intensity data for

the (h, 0, ℓ) (a-b) and (0, k, ℓ) (f-i) planes for magnetic fields 0 ≤ B ≤ 16.5 T. Strong features

in (a) and (b) are due to CuO chain scattering. c,d Field induced scattering for (h, 0, ℓ). e,j

CDW intensity along lines Q = na⋆ + mb⋆ ± qa,b + ℓc⋆ isolated from data such as a,b,f -i. The

CDW intensity has been isolated by fitting peaks due to the CDW and other structural features

to a series of h- or k-cuts through data such as a,b,f -i. CDWs propagating along the a-axis (a-e)

within individual bilayers become stronger without changing phase relationship with neighbouring

bilayers. Those propagating along b-axis f -j become in-phase with neighbouring bilayers, which

changes the profile in ℓ. The shaded areas in (j) show: weakly anticorrelated CDW (grey); 3D

CDW precursor correlations (blue); 3D CDW order (red). Error bars are standard deviations

determined by counting statistics. We describe reciprocal space as Q = ha⋆ + kb⋆ + ℓc⋆, where

a⋆ = 2π/a, a = 3.81 Å, b = 3.87 Å and c = 11.72 Å.
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FIG. 1: Charge-density-wave correlations induced by a magnetic field in YBa2Cu3O6.67.

A magnetic field applied along the c-axis introduces new CDW correlations propagating along both

CuO bond directions a and b in the CuO2 planes. a,b,f -i Raw x-ray scattering intensity data for

the (h, 0, ℓ) (a-b) and (0, k, ℓ) (f-i) planes for magnetic fields 0 ≤ B ≤ 16.5 T. Strong features

in (a) and (b) are due to CuO chain scattering. c,d Field induced scattering for (h, 0, ℓ). e,j

CDW intensity along lines Q = na⋆ + mb⋆ ± qa,b + ℓc⋆ isolated from data such as a,b,f -i. The

CDW intensity has been isolated by fitting peaks due to the CDW and other structural features

to a series of h- or k-cuts through data such as a,b,f -i. CDWs propagating along the a-axis (a-e)

within individual bilayers become stronger without changing phase relationship with neighbouring

bilayers. Those propagating along b-axis f -j become in-phase with neighbouring bilayers, which

changes the profile in ℓ. The shaded areas in (j) show: weakly anticorrelated CDW (grey); 3D

CDW precursor correlations (blue); 3D CDW order (red). Error bars are standard deviations

determined by counting statistics. We describe reciprocal space as Q = ha⋆ + kb⋆ + ℓc⋆, where

a⋆ = 2π/a, a = 3.81 Å, b = 3.87 Å and c = 11.72 Å.
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FIG. 1: Charge-density-wave correlations induced by a magnetic field in YBa2Cu3O6.67.

A magnetic field applied along the c-axis introduces new CDW correlations propagating along both

CuO bond directions a and b in the CuO2 planes. a,b,f -i Raw x-ray scattering intensity data for

the (h, 0, ℓ) (a-b) and (0, k, ℓ) (f-i) planes for magnetic fields 0 ≤ B ≤ 16.5 T. Strong features

in (a) and (b) are due to CuO chain scattering. c,d Field induced scattering for (h, 0, ℓ). e,j

CDW intensity along lines Q = na⋆ + mb⋆ ± qa,b + ℓc⋆ isolated from data such as a,b,f -i. The

CDW intensity has been isolated by fitting peaks due to the CDW and other structural features

to a series of h- or k-cuts through data such as a,b,f -i. CDWs propagating along the a-axis (a-e)

within individual bilayers become stronger without changing phase relationship with neighbouring

bilayers. Those propagating along b-axis f -j become in-phase with neighbouring bilayers, which

changes the profile in ℓ. The shaded areas in (j) show: weakly anticorrelated CDW (grey); 3D

CDW precursor correlations (blue); 3D CDW order (red). Error bars are standard deviations

determined by counting statistics. We describe reciprocal space as Q = ha⋆ + kb⋆ + ℓc⋆, where

a⋆ = 2π/a, a = 3.81 Å, b = 3.87 Å and c = 11.72 Å.
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