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reported earlier on the basis of c-axis resistivity measurements14,
in excellent agreement with our own results.) The two-peak
structure is also apparent in the usual T—p plane: the single Tc
dome at H¼ 0 transforms into two domes when a magnetic field
is applied (Fig. 4b).

Discussion
A natural explanation for two peaks in the Hc2 vs p curve is that
each peak is associated with a distinct critical point where some

phase transition occurs. An example of this is the heavy-fermion
metal CeCu2Si2, where two Tc domes in the temperature-pressure
phase diagram were revealed by adding impurities to weaken
superconductivity15: one dome straddles an underlying anti-
ferromagnetic transition and the other dome a valence
transition16. In YBCO, there is indeed strong evidence of two
transitions—one at p1 and another at a critical doping consistent
with p2 (ref. 17). In particular, the Fermi surface of YBCO is
known to undergo one transformation at p¼ 0.08 and another
near pB0.18 (ref. 18). Hints of two critical points have also been
found in Bi2Sr2CaCu2O8þ d, as changes in the superconducting
gap detected by ARPES at p1B0.08 and p2B0.19 (ref. 19).

The transformation at p2 is a reconstruction of the large hole-
like cylinder at high doping that produces a small electron
pocket18,20,21. We associate the fall of Tc and the collapse of Hc2
below p2 to that Fermi-surface reconstruction. Recent studies
indicate that charge-density wave order plays a role in the
reconstruction22–25. Indeed, the charge modulation seen with
X-rays23–25 and the Fermi-surface reconstruction seen in the Hall
coefficient18,26 emerge in parallel with decreasing temperature
(see Fig. 5). Moreover, the charge modulation amplitude drops
suddenly below Tc, showing that superconductivity and charge
order compete23–25 (Supplementary Fig. 7a). As a function of
field24, the onset of this competition defines a line in the H—T
plane (Supplementary Fig. 7b) that is consistent with our Hc2(T)
line (Fig. 3). The flip side of this phase competition is that
superconductivity must in turn be suppressed by charge order,
consistent with our interpretation of the Tc fall and Hc2 collapse
below p2.

We can quantify the impact of phase competition by
computing the condensation energy dE at p¼ p2, using
Hc1¼ 110±5 mT at Tc¼ 93 K (ref. 27) and Hc2¼ 140±20 T
(Table 1), and comparing with dE at p¼ 0.11 (see above): dE
decreases by a factor 20 and dE/Tc

2 by a factor 8 (see
Supplementary Note 5). In Fig. 4c, we plot the doping
dependence of dE/Tc

2 (in qualitative agreement with earlier
estimates based on specific heat data28—see Supplementary
Fig. 8). We attribute the tremendous weakening of super-
conductivity below p2 to a major drop in the density of states
as the large hole-like Fermi surface reconstructs into small
pockets. This process is likely to involve both the pseudogap
formation and the charge ordering.
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Figure 4 | Doping dependence of Hc2, Tc and the condensation energy.
(a) Upper critical field Hc2 of the cuprate superconductor YBCO as a
function of hole concentration (doping) p. Hc2 is defined as Hvs(T-0)
(Table 1), the onset of the vortex-solid phase at T-0, where Hvs(T) is
obtained from high-field resistivity data (Fig. 3, and Supplementary Figs 5
and 6). The point at p¼0.14 (square) is from data on Y124 (Fig. 3b). The
points at p40.22 (diamonds) are from data on Tl-2201 (Table 1, Fig. 2 and
Supplementary Fig. 6). Error bars on the Hc2 data represent the uncertainty
in extrapolating the Hvs(T) data to T¼0. (b) Critical temperature Tc of
YBCO as a function of doping p, for three values of the magnetic field H, as
indicated (Table 1). Tc is defined as the point of zero resistance. All lines are
a guide to the eye. Two peaks are observed in Hc2(p) and in Tc(p; H40),
located at p1B0.08 and p2B0.18 (open diamonds). The first peak coincides
with the onset of incommensurate spin modulations at pE0.08, detected
by neutron scattering30 and muon spin spectroscopy31. The second peak
coincides with the approximate onset of Fermi-surface reconstruction18,21,
attributed to charge modulations detected by high-field NMR (ref. 22) and
X-ray scattering23–25. (c) Condensation energy dE (red circles), given by the
product of Hc2 and Hc1 (see Supplementary Note 5 and Supplementary
Fig. 8), plotted as dE/Tc

2 vs p. Note the eightfold drop below p2 (vertical
dashed line), attributed predominantly to a corresponding drop in the
density of states. All lines are a guide to the eye.
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CO=charge order
SO=spin order
PG=pseudo-gap
SC=superconductor
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Figure 1 | 17O NMR evidence of charge order in YBa2Cu3O6.56 (p=0.109). 

Magnetic field induced modifications of the highest-frequency quadrupole satellite of 

O(2) sites (lying in bonds oriented along the a axis) at T = 2.9 K. f0 (~40-160 MHz) is 

the frequency of the centre of the shown spectrum. Continuous lines are fits with one 

Gaussian at 6.2 and 9.6 T and with two Gaussian functions (each shown as a dotted 

line) at higher fields. See Methods section for more information about the 17O 

spectra. 
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Figure 1 | 17O NMR evidence of charge order in YBa2Cu3O6.56 (p=0.109). 

Magnetic field induced modifications of the highest-frequency quadrupole satellite of 

O(2) sites (lying in bonds oriented along the a axis) at T = 2.9 K. f0 (~40-160 MHz) is 

the frequency of the centre of the shown spectrum. Continuous lines are fits with one 

Gaussian at 6.2 and 9.6 T and with two Gaussian functions (each shown as a dotted 

line) at higher fields. See Methods section for more information about the 17O 

spectra. 
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Cp ?

In a type-II superconductor at T¼ 0, the onset of the
superconducting state as a function of decreasing magnetic
field H occurs at the upper critical field Hc2, dictated by the

pairing gap D through the coherence length x0BvF/D, via Hc2¼
F0/2px0

2, where vF is the Fermi velocity and F0 is the magnetic
flux quantum. Hc2 is the field below which vortices appear in the
sample. Typically, the vortices immediately form a lattice (or
solid) and thus cause the electrical resistance to go to zero. So the
vortex-solid melting field, Hvs, is equal to Hc2. In cuprate
superconductors, the strong 2D character and low superfluid
density cause a vortex liquid phase to intervene between the
vortex-solid phase below Hvs(T) and the normal state above
Hc2(T) (ref. 1). It has been argued that in underdoped cuprates
there is a wide vortex-liquid phase even at T¼ 0 (refs 2–5), so
that Hc2(0)44Hvs(0), implying that D is very large. Whether the
gap D is large or small in the underdoped regime is a pivotal issue
for understanding what controls the strength of super-
conductivity in cuprates. So far, however, no measurement on a

cuprate superconductor has revealed a clear transition at Hc2,
so there are only indirect estimates2,6,7 and these vary widely
(see Supplementary Discussion and Supplementary Fig. 1). For
example, superconducting signals in the Nernst effect2 and the
magnetization4 have been tracked to high fields, but it is difficult
to know whether these are due to vortex-like excitations below
Hc2 or to fluctuations above Hc2 (ref. 7).

Here we demonstrate that measurements of the thermal
conductivity can directly detect Hc2, and we show that in the
cuprate superconductors YBa2Cu3Oy (YBCO) and YBa2Cu4O8
(Y124) there is no vortex liquid at T¼ 0. This fact allows us
to then use measurements of the resistive critical field Hvs(T) to
obtain Hc2 in the T¼ 0 limit. By including measurements on the
overdoped cuprate Tl2Ba2CuO6þ d (Tl-2201), we establish the full
doping dependence of Hc2. The magnitude of Hc2 is found to
undergo a sudden drop as the doping is reduced below p¼ 0.18,
revealing the presence of a T¼ 0 critical point below which a
competing phase markedly weakens superconductivity. This
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Figure 1 | Thermal conductivity of YBCO and Y124. (a–d) Magnetic field dependence of the thermal conductivity k in YBCO (p¼0.11) and Y124
(p¼0.14), for temperatures as indicated. The end of the rapid rise marks the end of the vortex state, defining the upper critical field Hc2 (vertical
dashed line). In Fig. 1a,c, the data are plotted as k vs H/Hc2, with Hc2¼ 22 T for YBCO and Hc2¼44 T for Y124. The remarkable similarity of the
normalized curves demonstrates the good reproducibility across dopings. The large quantum oscillations seen in the YBCO data above Hc2 confirm the
long electronic mean path in this sample. In Fig. 1b,d, the overlap of the two isotherms plotted as k vs H shows that Hc2(T) is independent of temperature
in both YBCO and Y124, up to at least 8 K. (e) Thermal conductivity of the type-II superconductor KFe2As2 in the T¼0 limit, for a sample in the
clean limit (green circles). Error bars represent the uncertainty in extrapolating k/T to T¼0. The data9 are compared with a theoretical calculation
for a d-wave superconductor in the clean limit8. (f) Electrical resistivity of Y124 at T¼ 1.5 K (blue) and T¼ 12 K (red) (ref. 11). The green arrow defines
the field Hn below which the resistivity deviates from its normal-state behaviour (green dashed line). While Hc2(T) is essentially constant up to 10 K
(Fig. 1d), Hvs(T)—the onset of the vortex-solid phase of zero resistance (black arrows)—moves down rapidly with temperature (see also Fig. 3b).
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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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Figure 1 | Field dependence of the sound velocity in underdoped
YBa2Cu3Oy

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

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

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

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

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

0
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Figure 2 | Thermodynamic phase diagram. Magnetic field–temperature
phase diagram of underdoped YBCO (p= 0.108) obtained from the
anomalies seen in the elastic constant c11 (Fig. 1). Black squares indicate the
transition from a vortex lattice to a vortex liquid at Bm, which cannot be
resolved above 40 K. Red circles correspond to the phase transition
towards static charge order at Bco, as observed in c11. The error bars on the
field scale Bm (Bco) correspond to the width of the transition in the
derivative (raw data) of c11(B). The charge-order transition is almost
temperature independent up to ⇡40 K. Above 40 K the field scale Bco at
which charge order sets in rises. In the Supplementary Information, we
argue that the overall behaviour of the charge-order phase boundary in this
B–T diagram is consistent with a theoretical model of superconductivity in
competition with a density-wave state21. The green diamond is the
temperature TNMR

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

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

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

To represent the different symmetric charge modulations that
transform according to each irreducible representation of the point
groupD2 and to determine to which acoustic mode they couple, we
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FIG. 1. (a) The color density plot represents the electron spectral
function in the presence of long-range bidirectional bond density
wave at zero magnetic field (we use the unfolded Brillouin zone as
measured in photoemission, and the density plot has full 4 fold sym-
metry about the center of the square; in experiments such a long-
range BDW is likely only present at high-fields, and the photoemis-
sion spectrum with short-range BDW correlations appears in Fig. 2).
All other annotations are superimposed to highlight aspects of the
spectral density. The wavevectors of the charge density wave are
marked by the dashed arrows. In black, the Fermi surface used for
our computation. The zero field charge density wave induces recon-
struction and the formation of an electron-like pocket, shown in red
and two hole-like pockets, shown in blue. The pocket contours are
obtained by semiclassical analysis as described in sec. III A. The pa-
rameters are t1 = 1.0, t2 = �0.33, t3 = 0.03, µ = �0.9604, p = 10%,
Px

0 = Py
0 = 0.15, � = 0.317. (b) Quantum oscillations in the den-

sity of states induced by an applied magnetic field: red lines mark
peaks associated with the electron pocket (frequency 432 T or 1.55%
of Brillouin zone), and blue lines those from the hole pockets (fre-
quency 90.9 T or 0.326% of Brillouin zone).

description of the zero field, T > Tc regime obtained in terms
of a multicomponent O(6) order parameter, n, collecting the
order parameters of both superconductivity and bond density
wave [6, 19, 21, 38]. At low temperature, terms that break the
O(6) symmetry explicitly cause n to fluctuate preferentially
along the particular direction that corresponds to supercon-
ductivity.

FIG. 2. Electron spectral function in the presence of fluctuating
superconducting and bond density wave correlations. p = 11%,
�0 = Px

0 = Py
0 = 1, T/t1 = 0.06, g/⇤2 = 0.2, ⇢S = 0.05, ⇤ = 2.

The details are discussed in sec. IV.

This produces long-range superconductivity. On the other
hand, at higher temperature, O(6) symmetry is approximately
restored and n fluctuates along all directions, yielding short-
ranged superconducting and bond order correlations (see
Fig. 13 in secVII B). This model has been shown [6] to be
in agreement with measurements obtained via X-ray scatter-
ing experiments. In this paper, we explore the implications of
the phase fluctuations of n arising from the O(6) model on the
spectral density of electronic excitations. We do so by cou-
pling at the RPA level the Fermi surface to the superconduct-
ing and bond order fluctuations described by the model. Our
main results are displayed in Fig. 2, showing a constant fre-
quency cut (at ! = 0) of the electron spectral function. Bond
order fluctuations lead to enhanced scattering in the nested
regions of the Fermi surface, whereas superconducting fluc-
tuations damp the nodal quasiparticles. A small region of the
Fermi surface near the nodal points remains una↵ected by ei-
ther order, and we identify it with the “Fermi arcs” seen in
photoemission spectroscopy. A more detailed description of
the features of the electron spectral function is given in sec-
tion IV.

II. MODEL

We base our analysis on the following model hamiltonian

H =
X

r,a


� tac†

r+a

c
r

+ �
a

 
r+a/2c†

r+a,"c
†
r,# + h.c.

+
X

i

Pi
a

eiQi·(r+a/2)�i
r+a/2c†

r+a

c
r

+ h.c.
�
.

(1)

Here r labels the sites of a square lattice and the vector a

runs over first, second and third neighbors, and also on-site
(a = 0). The first term is the usual kinetic term, with hopping
parameters ta.
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