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Cuprate superconductors have a universal tendency to form charge density-wave (CDW) order
which competes with superconductivity and is strongest at a doping p' 0.12. Here we show that
in the archetypal cuprate YBa2Cu3Oy (YBCO) pressure suppresses charge order, but does not
affect the pseudogap phase. This is based on transport measurements under pressure, which reveal
that the onset of the pseudogap at T ∗ is independent of pressure, while the negative Hall effect, a
clear signature of CDW order in YBCO, is suppressed by pressure. We also find that pressure and
magnetic field shift the superconducting transition temperature Tc of YBCO in the same way as a
function of doping – but in opposite directions – and most effectively at p' 0.12. This shows that
the competition between superconductivity and CDW order can be tuned in two ways, either by
suppressing superconductivity with field or suppressing CDW order by pressure. Based on existing
high-pressure data and our own work, we observe that when CDW order is fully suppressed at high
pressure, the so-called “1/8 anomaly” in the superconducting dome vanishes, revealing a smooth
Tc dome which now peaks at p' 0.13. We propose that this Tc dome is shaped by the competing
effects of the pseudogap phase below its critical point p?∼ 0.19 and spin order at low doping.

PACS numbers: 74.72.Gh, 74.62.Fj, 74.25.Dw

I. INTRODUCTION

The recent observation of charge density modula-
tions in YBa2Cu3Oy (YBCO) [1–4], La2−xSrxCuO4

(LSCO) [5], HgBa2CuO4+δ [6], Bi2Sr2CuO6+δ [7] and
Bi2Sr2CaCu2O8+δ [8] shows that charge density-wave
(CDW) order is a generic tendency of cuprates, not spe-
cific to materials such as La2−xBaxCuO4 (LBCO), where
it has long been known to exist [9]. In Fig. 1, the on-
set temperature of CDW modulations seen in YBCO by
x-ray diffraction, TXRD, is plotted as a function of dop-
ing [10,11]. It forms a dome peaked at p= 0.12, as does
the onset temperature of CDW order seen by nuclear
magnetic resonance (NMR) (above a threshold magnetic
field), TNMR [12]. The Fermi surface of YBCO under-
goes a reconstruction (FSR), attributed to CDW order,
into small electron [13] and hole [14] pockets at low tem-
perature. This process is detected as a downturn in
the Hall coefficient RH(T ) towards negative values [15],
characterized by a maximum in RH(T ) at a tempera-
ture Tmax [16]. As seen in Fig. 1, Tmax also peaks at
p= 0.12. CDW and FSR also both peak at p= 0.12 in
La1.8−xEu0.2SrxCuO4 [17,18].

That the CDW phase in cuprates is universally peaked
at p= 0.12 is a striking experimental fact which natu-
rally begs an understanding. Prior explanations in terms
of a commensurate match of the CDW period with ei-
ther the lattice or the hole density are no longer viable.
Indeed, while in LBCO or LSCO-based materials the
CDW incommensurability tracks p and the period be-
comes nearly commensurate with the lattice at p' 0.12,
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FIG. 1. Temperature-doping phase diagram of YBCO, show-
ing the superconducting phase below Tc (black dots [19]) and
the onset of charge order seen by NMR, above a threshold
magnetic field, below TNMR (green squares [12]). CDW mod-
ulations are detected by x-ray diffraction below TXRD (up tri-
angles [10]; down triangles [11]). The Fermi surface undergoes
a reconstruction seen as a downturn in the Hall coefficient be-
low Tmax (red dots [16]). T ? marks the onset of the pseudogap
phase (dashed line [20,21]). Full lines are guides to the eye.

neither of these facts are true for YBCO [10,11]. For
some as yet unknown reason, the conditions for CDW
formation in cuprates are most favourable at p= 0.12.
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FIG. 2. a-axis electrical resistivity ρa(T ) of YBCO as a function of temperature at dopings and pressures as indicated. The
top panels show the ρa(T ) (or the resistance R(T ) for panel (g)). The bottom panels show ρa(T ) (R(T )) normalized by its value
at T = 275 K. The data in panels (g) and (h) are reproduced from ref. 22, on YBa2Cu4O8 with p = 0.14 (Tc = 80 K), which is
stoichiometric with perfect oxygen order. In panels (d) and (f), the straight line is a linear fit to the data at high temperature.
The pseudogap temperature T ?(arrow) is defined as the temperature below which ρa(T ) deviates from its linear dependence
at high temperature [20,21]. Note that T ?> 300 K for p = 0.090 [20]. The absence of linearity in YBa2Cu4O8 (panels (g) and
(h)) may come from measurements on a twinned sample with randomly oriented domains. The important aspect is that there
is no change in the functional form of R(T ) in YBa2Cu4O8 up to 10 GPa. TXRD marks the onset of CDW modulations seen in
x-ray diffraction at the corresponding doping (see Fig. 1). The normalized resistivity is affected by pressure only below TXRD.

CDW order and superconductivity are competing
phases. The x-ray intensity drops sharply below Tc [2,3],
showing that superconductivity weakens CDW order in
YBCO. The absence of NMR splitting under an in-plane
magnetic field (H ‖ ab), as opposed to an out-of-plane
field (H ‖ c), is another evidence of the phase compe-
tition between charge order and superconductivity [1].
Conversely, CDW order weakens superconductivity. This
shows up in the doping dependence of the superconduct-
ing critical temperature Tc and upper critical field Hc2,
as a dip in the former (Fig. 1) [19] and a local minimum
in the latter [23], both centred at p= 0.12, where CDW
order is strongest. The dip in Tc was shown to scale with
the onset of FSR, closely linking the two [16]. Applica-
tion of a magnetic field H restores the CDW amplitude
below Tc, while it has no effect above Tc [3]. This shows
that one can tune the competition between CDW order
and superconductivity by applying a magnetic field.

Here we show that pressure is a second, independent
tuning parameter for this competition, shifting Tc in the
same way as the magnetic field, as a function of doping,
but in opposite direction. Therefore, pressure is seen
as a tuning parameter that weakens CDW order, with
little direct effect on superconductivity or on the pseu-
dogap phase. Following our initial report of these obser-
vations [24], which is an early version of the present arti-
cle, recent x-ray studies observe that pressure suppresses

CDW order in YBCO [25,26]. As a result, the increase
of Tc with pressure is a consequence of competition be-
tween superconductivity and charge order. By applying
sufficiently large pressures one can fully suppress CDW
order and obtain the superconducting phase diagram free
of competition which, based on existing data, displays a
Tc dome peaked at p' 0.13 and not at p= 0.16. The
fact that both CDW order and superconductivity peak
around the same doping in the absence of mutual com-
petition suggests that some competing mechanism from
another origin acts to suppress both at low doping. Iden-
tifying this mechanism will be key to understanding the
cuprate phase diagram.

II. METHODS

Single crystals of YBa2Cu3Oy were prepared as de-
scribed elsewhere [27], with oxygen content y ranging
from y= 6.35 to y= 6.998. The hole concentration (dop-
ing) p of each sample is given by its superconducting
critical temperature Tc [19]. Tc was determined from
measurements of the electrical resistivity ρ(T ) or Nernst
signal N(T ) in H = 0 and 15 T (applied along the c axis
of the orthorhombic structure), giving Tc(H = 0) and
Tc(H = 15 T) as the temperature below which ρ and N
are zero. The values of y, p, Tc(H = 0) and Tc(H = 15 T)
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for our 13 YBCO samples are listed in Table I of the
Appendix. This includes a sample with 1.4 % of Ca sub-
stitution (at y' 7), for which p= 0.19.

The a-axis electrical resistivity ρa(T ) at ambient and
high pressure, in H = 0 and 15 T, was measured at Sher-
brooke on three single crystals with a high degree of oxy-
gen order: 1) y= 6.50, Tc(0) = 54.5 K, p= 0.090 (ortho-
II); 2) y= 6.54, Tc(0) = 60.2 K, p= 0.107 (ortho-II); and
3) y= 6.67, Tc(0) = 65.3 K, p= 0.119 (ortho-VIII). The
Hall coefficient RH(T ) = ρab(T )/H at ambient and high
pressure, and magnetic fields up to H = 35 T, was mea-
sured at the National High Magnetic Field Laboratory in
Tallahassee on two single crystals with high oxygen or-
der: 1) y= 6.54, Tc(0) = 61.3 K, p= 0.109 (ortho-II) and
2) y= 6.67, Tc(0) = 66.0 K, p= 0.120 (ortho-VIII). The
samples were pressurized using a nonmagnetic piston-
cylinder clamp cell with either a 1/1 mixture of pen-
tane and 3-methyl-1-butanol or 7373 Daphne oil as the
pressure medium, ensuring a hydrostatic pressure dur-
ing pressurization. The pressure was determined from
the superconducting transition of a lead gauge or from
the fluorescence of a ruby chip. Note that pressure can
enhance oxygen order in YBCO, and oxygen ordering in-
creases the doping in the CuO2 planes (see Sec. III D).
To avoid this, one should apply pressure at temperatures
below ∼ 200 K [28,29]. Another (simpler) way is to start
with oxygen-ordered samples, apply the pressure at room
temperature and rapidly cool the samples ( < 2 hours at
300 K) to avoid relaxation effects. This is the approach
we used.

III. EFFECT OF PRESSURE

A. Electrical resistivity

In Figs. 2(a), (c) and (e), the electrical resistivity ρa(T )
of our 3 oxygen-ordered YBCO samples is plotted as a
function temperature, for different values of the applied
pressure. In Figs. 2(b), (d) and (f), we show the resistiv-
ity normalized at T = 275 K. We see that above 150 K and
for all three dopings, pressure has essentially no effect on
the functional form of ρa(T ) and only induces a slight
reduction in amplitude. At p= 0.107 and 0.119, the data
exhibit a linear-T regime at high temperature, followed
by a drop below linearity at T ?, a clear signature of the
pseudogap phase [30]. At p= 0.090, T ? is above 300 K
[20] which is too high to lend a clear linear-T regime
within our experimental range, but the normalized curves
all fall on top of each other. The fact that both T ? and
the subsequent drop are insensitive to pressure shows
that in YBCO the pseudogap itself is not affected by
pressure in this doping range. As shown in Figs. 2(g)
and (h), the same holds true in YBa2Cu4O8 (p= 0.14),
measured up to 10 GPa [22], suggesting that this con-
clusion is valid up to such high pressures. In the re-
lated system La1.6−xNd0.4SrxCuO4(Nd-LSCO) where a
departure from linear-T resistivity [31] is unambiguously

connected to the pseudogap opening as seen in Angle Re-
solved Photoemission Spectroscopy data [32], the pseu-
dogap was also found to be independent of pressure close
to p= 0.15 [33]. (In Nd-LSCO, pressure tunes the pseu-
dogap critical point p? down but does not affect T ? at
dopings well below p? [33].) Note that NMR data on the
cuprate (CaxLa1−x)(Ba1.75−xLa0.25+x)Cu3Oy, where Ca
doping modifies the lattice parameters and acts as inter-
nal pressure while keeping hole doping constant, showed
that this internal pressure does not affect the pseudogap
temperature T ? but changes Tc [34], consistent with our
interpretation. Going to lower temperatures below TXRD

(Figs. 2(b), (d) and (f)), our data now reveal changes
in ρa(T ) which we attribute to the CDW and which we
discuss below in the light of normal-state Hall effect mea-
surements.

B. Hall effect

In YBCO, a clear consequence of the CDW is the fact
that the Fermi surface is reconstructed at low temper-
atures. This FSR was first established through quan-
tum oscillation measurements [13,35,36], which revealed
a small Fermi surface, and Hall effect data, which showed
that the Hall coefficient RH is negative [15] and therefore
that the Fermi surface is electron-like. This is shown in
Figs. 3(b) and (d) where we plot RH at low tempera-
ture for YBCO at p= 0.109 and 0.120. As a function of
temperature, the Hall effect is positive at high temper-
ature, reaches a maximum at a temperature Tmax, and
then falls rapidly to negative values because of FSR by
the CDW [16]. In Fig. 1 we reproduce Tmax as a function
of doping from ref. [16] and see that it forms a dome that
peaks near 1/8 and correlates with the presence of the
CDW. A negative Hall signal is only observed over the
doping range where CDW order is seen by x-rays [10,11],
above p= 0.08 [16] and below p= 0.16 [37]. The ampli-
tude of the negative RH was also shown to be maximal
where CDW is strongest [10,16] and where the dip in Tc is
more pronounced [16]. Consequently, in YBCO RH is a
reliable marker of the CDW phase. In Fig. 3 we show
its evolution as a function of pressure for p= 0.109 and
0.120. In Figs. 3(a) and (c), we plot a set of representa-
tive isotherms at ambient pressure and 1.8 GPa, down to
10 K and at fields up to 34 T, which is sufficient to reach
the normal state value [23] (at ambient pressure). In
the bottom panels we show the normal-state RH at 34 T
as a function of temperature. At p= 0.120 we see that
pressure has a large effect on both the amplitude of RH

and the temperature at which it changes sign, suppress-
ing both quantities significantly. The same is observed
at p= 0.109 albeit in a much reduced fashion.

We interpret this reduction in the amplitude of the
negative RH as a clear signature of the suppression of
the CDW by pressure. As discussed below, doping is
also affected by pressure, but the change in RH seen here
cannot be explained by that alone. At p= 0.120 and
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20 K, we see a relative change ∆RH/RH = (RH(1.8GPa)−
RH(0GPa))/RH(0GPa) of about 40%. According to RH

data as a function of doping in YBCO [16], this would
require a change in doping larger than ∆p = 0.012 if that
was the sole effect. This is much larger than the actual
change in doping induced by 1.8 GPa, estimated to be
∆p = 0.002 at p= 0.120 (see Sec. III D below). We there-
fore conclude that pressure suppresses the CDW phase.
This is consistent with direct observations of the CDW by
x-ray measurements on YBCO [25,26], which also found
that the CDW disappears under pressure. We note that
1.0 GPa appears sufficient to fully suppress the CDW sig-
nature in x-ray [25] at p ∼ 0.105 while RH remains neg-
ative up to at least 1.8 GPa, presumably because CDW
fluctuations survive up to much higher pressure and can
still cause a FSR.

Recent Hall effect measurements on YBCO at p= 0.11
up to 2.6 GPa revealed a very weak effect of pressure
on RH [38], which led the authors to conclude that the
CDW is only weakly affected by pressure. This is con-
sistent with our observation that the effect of pressure
is much weaker at p= 0.109 than at p= 0.120, which
we explain as follows. Pressure suppresses the CDW
dome at all dopings across the phase diagram, which
should suppress the negative RH. At the same time,
pressure increases the doping (see Sec. III D) and since
the CDW dome is peaked at p= 0.12, a slight increase
in doping from p= 0.11 should make RH more negative.
The two effects therefore balance each other at p= 0.11.
At p= 0.12, however, they reinforce each other, hence
the much greater sensitivity of RH under pressure. We
note that our p= 0.109 sample has a Tc= 61.3 K, which is
slightly higher than the Tc= 60.7 K reported in ref. [38],
consistent with the fact that they observe an even weaker
effect of pressure on RH. A simple test would be to ap-
ply more pressure to their sample with p= 0.11, thereby
tuning p beyond 0.12: RH should rapidly become less
negative, as we find in our sample with p= 0.120.

C. Superconducting Tc

In contrast to T ?, pressure has a large effect on Tc. In
Fig. 4(a), we plot the pressure dependence of Tc for our
samples whose resistivity data are shown in Fig. 2. The
slope dTc/dP has a positive value, of magnitude 3.0± 0.2,
3.5± 0.4, and 7.5± 0.5 K / GPa for p= 0.090, 0.107, and
0.119, respectively. Fig. 4(b) displays these measured
values of dTc/dP (open red circles) as a function of dop-
ing, and they show a good agreement with published data
obtained by applying pressure at low temperature (open
blue circles). This confirms that our sample are negligi-
bly affected by oxygen-ordering effects, but still raises the
relevance of discussing the effect of pressure on doping in
YBCO.
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FIG. 3. Hall coefficient RH of YBCO at dopings and pressures
as indicated. In panels (a,c) we show RH as a function of field
at temperatures as indicated. In panels (b,d) we show RH as
a function of temperature from our data at H = 34 T. In all
panels the full lines are data at ambient pressure and dashed
lines are data at 1.8 GPa. Note that the slight upturn at 10 K
and p= 0.120 (d) is an artefact caused by superconductivity,
as RH has not fully transitioned (saturated) to the normal
state value at 34 T (red dashed line in (c)).

D. Hole doping

There are two mechanisms by which pressure increases
doping in YBCO. The first, previously mentioned, has to
do with the re-arrangement of oxygen atoms in the CuO
chains. Pressure improves the degree of oxygen order.
With oxygen ordering comes an enhanced charge trans-
fer between CuO chains and CuO2 planes, and hence
an increased doping of holes into the planes. This has
been studied in detail (e.g. ref. 29), and there are two
approaches to eliminate this ordering process: 1) apply
pressure at a temperature of 200 K or lower (to freeze
oxygen movement in the chains); 2) use samples that al-
ready have a high degree of oxygen order.

In Table II, we collect published data on the suppres-
sion of Tc with pressure P , specifically the rate dTc/dP ,
only for those studies that have used one or the other
of these approaches to ensure that no oxygen relaxation
effects take place. For dopings higher than p= 0.15, in
the range where no superstructure is favoured, these pre-
cautions are not necessary. To the long list of published
data in Table II, we add our three data points on oxygen-
ordered samples (from Fig. 4(a)) and they fit very well
with the other published data (Fig. 4(b)).

The second mechanism by which pressure increases
doping is one that cannot be avoided. By bringing the
chains closer to the planes, charge transfer is improved
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FIG. 4. (a) Superconducting Tc of our YBCO samples with
dopings as indicated as a function of pressure (applied at
room temperature). Tc is obtained from the resistivity data
in Fig. 2. (b) Sensitivity of Tc to pressure P in YBCO, de-
fined as dTc/dP , the initial slope in the Tc vs P dependence,
as a function of doping p. The data points come from the
literature (blue circles and dots; see Table II and references
therein) and from our own measurements (red circles and
dots; data from panel (a)). Two quantities are plotted: 1)
the measured values of dTc/dP (labelled (dTc/dP )meas; open
circles); 2) the corrected values (labelled (dTc/dP )corr; full
dots). The corrected data are obtained via (dTc/dP )corr =
(∂Tc/∂P )p = (dTc/dP )meas − 0.01 p (dTc/dp) (see Table II

and Sec. III D). The red line is the magnitude of the correc-
tion, with (∂Tc/∂p)P being the derivative of the Tc vs p curve
(black line; right axis). The horizontal dashed line marks
(dTc/dP )corr = 0.

and hole doping is increased. The variation of Tc, with
pressure therefore includes two terms [39,40]:

∂Tc
∂P

=
∂p

∂P

(
∂Tc
∂p

)
P

+

(
∂Tc
∂P

)
p

. (1)

The term on the left of the equation is the raw “sensitiv-
ity to pressure”, as measured in the experiment. The first

term on the right represents the doping effect of pressure
and the second term is the direct (intrinsic) dependence
of Tc on P , of interest here. Fortunately, the first term
is small. In Fig. 4(b), we plot that raw ∂Tc/∂P (referred
as dTc/dPmeas) vs doping p (open circles) (see Table II).
We immediately see a sharp peak at p= 0.12. To investi-
gate the effect of pressure-induced doping on these data,
we plot a corrected set of data, obtained by subtracting
the product of ∂p/∂P and (∂Tc/∂p)P (first term on the
right of Eq. 1). The term ∂p/∂P represents the charge
transfer (doping) rate, from chains to planes, as pres-
sure is increased. Since this rate should depend on the
initial doping p (e.g. charge transfer will be greater for
highly doped chains than lightly doped), we assume that
∂p/∂P varies linearly with p. We then fix the prefactor
by requiring that (∂Tc/∂P )p = 0 for p ≥ 0.16, in the over-
doped region. This is based on our assumption that the
small negative values of ∂Tc/∂P measured at p > 0.16
are purely due to the doping effect, since (∂Tc/∂p)P < 0
on the downward sloping side of the Tc vs p curve. This
yields ∂p/∂P = 0.01 ∗ p hole / GPa. As for (∂Tc/∂p)P , it
is simply the derivative of the Tc vs p curve (black curve
in Fig. 1). The resulting product term ∂p/∂P ∗(∂Tc/∂p)P
is plotted as the red line in Fig. 4(b) and its subtraction
from the measured ∂Tc/∂P corresponds to the corrected
data (∂Tc/∂P )p, plotted as full dots. We see that the
correction is small everywhere. The doping dependence
of the corrected (∂Tc/∂P )p is also plotted in Fig. 7 as
blue circles. Since these doping effects of pressure di-
rectly come from the presence of chains and their dop-
ing role in the plane, they should be absent in chainless
cuprates [41–44].

In summary, both the measured dTc/dP and the cor-
rected (∂Tc/∂P )p peak sharply at p= 0.12 (Fig. 4(b)),

as noted earlier [45]. The dramatic increase in dTc/dP
between p' 0.11 and p' 0.12 (Fig. 4(a)), previously de-
tected in thermal expansion measurements at ambient
pressure [46], signals a rapid change in the properties of
YBCO near p= 0.12. Note also that Tc is enhanced by
pressure only below p' 0.16. Given that CDW order (as
detected by x-ray diffraction) onsets below p' 0.16 [11]
and peaks at p= 0.12 (Fig. 1), we attribute the pressure
enhancement of Tc to a suppression of the competing
CDW order. This interpretation is confirmed by looking
at the effect of a magnetic field, an established tuning
parameter for this phase competition [3,10,11].

IV. EFFECT OF MAGNETIC FIELD

The sensitivity of the superconducting transition tem-
perature Tc to a magnetic field H applied along the
c axis was studied across the doping range of YBCO,
from p' 0.06 to p' 0.19. Using either resistivity
(Fig. 5) or Nernst effect data (Fig. 6), the amount
dTc by which Tc is reduced when a field of 15 T
is applied was measured on 13 different single crys-
tals (see Table I). The sensitivity to field, defined as
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FIG. 5. Electrical resistance of YBCO with oxygen con-
tents y as indicated, in H = 15 T, plotted versus T−Tc,
where Tc =Tc(0) is the zero-field superconducting transi-
tion temperature. The shift in Tc caused by the field,
∆Tc =Tc(0)−Tc(15 T), is marked by a short vertical line
and is a measure of the sensitivity to field, defined as
− dTc / dH = ∆Tc / 15 T. All values of Tc(0), Tc(15 T), and
∆Tc / 15 T are listed in Table I.

− dTc / dH = [Tc(H = 0)−Tc(H = 15 T)] / 15 T, is plot-
ted in Fig. 7.

We see that it is small and flat above p= 0.16, it rises
rapidly below p= 0.16, to reach a maximum at p= 0.12,
and then decreases at lower p. So − dTc/dH vs p peaks
at p= 0.12. This is not surprising, since we know that
Hc2 vs p has a local minimum at p' 0.12 [16,23]. Note
also that TXRD intersects Tc at p' 0.16 (Fig. 1), thereby
explaining the low sensitivity at p> 0.16. All this con-
firms that superconductivity is weakened when CDW or-
der grows, consistent with the scenario of phase compe-
tition discussed above.

V. DISCUSSION

In Fig. 7, we see that (∂Tc / ∂P )p and − dTc / dH track
each other : both are small and flat for p> 0.16, both rise
rapidly below p= 0.16, and both peak at p= 0.12. The
two sensitivities look so identical as a function of doping
because H and P are pure tuning parameters: H does
not directly couple to CDW order (which is independent
of H above Tc [3]) and P does not directly couple to
superconductivity (∂Tc / ∂P ∼ 0 at p> 0.16). Field and
pressure are two complementary parameters with which
to tune phase competition between CDW order and su-
perconductivity in YBCO, in opposite directions. This
is consistent with our interpretation that pressure sup-
presses CDW order in YBCO, as shown by x-ray studies
in underdoped YBCO [25,26]. We mention that the same
is seen in LBCO at p= 0.125, with pressure suppressing

-0.4

 0

 0.4

 0.8

 1.2

-70 -60 -50 -40 -30 -20 -10  0

N 
/ N

m
ax

T - Tc ( K )

YBCO

H = 15 T

y = 6.67
6.80
6.86
6.92
6.95
6.998

FIG. 6. Nernst effect of YBCO for six of the samples whose
resistance data are shown in Fig. 5, in H = 15 T, plotted
versus T−Tc. Tc(15 T) is defined as the point where N = 0,
indicated by the linear extrapolations (dashed lines). The
corresponding values are listed in Table I. Details on Nernst
effect measurements can be found in ref. 21.

CDW order and raising Tc [44].
We therefore expect that a sufficiently strong pressure

will suppress CDW order entirely and reveal the super-
conducting phase diagram of YBCO free of competition.
To examine this scenario, we reproduce in Fig. 8 the
data for Tc in YBCO as a function of pressure up to
17 GPa and over a wide range of doping as measured
by Sadewasser et al. [29]. Taking the measured Tc at
P = 2 and 7.5 GPa, we show in Fig. 9 the evolution
of the Tc dome with pressure. To obtain the Tc dome
in the high pressure limit, we take the measured value
at 15 GPa for p= 0.117 where Tc saturates, and linearly
extrapolate for the four other dopings shown in Fig. 8.
For the highest doping (black; p= 0.175), the linear ex-
trapolation is reasonable and the uncertainty is small,
so that Tc(15 GPa) = 80± 5 K. Note that a recent study
reports a linear decrease of Tc with pressure in over-
doped YBa2Cu3O7 leading to a complete suppression
above ∼ 10 GPa [47]. For the lowest two dopings, it is
clear that Tc(15 GPa) = 0 regardless of how one extrapo-
lates to 15 GPa. The only significant uncertainty is on the
sample with p= 0.071 (blue), whose data stop at 8 GPa.
The dependence of Tc between 8 GPa and 15 GPa could
be quite different from the linear extrapolation shown in
Fig. 8. To reflect that uncertainty, we assign a large error
bar to that point, namely Tc(15 GPa) = 63± 20 K. This
large uncertainty has little impact on the superconduct-
ing dome displayed in Fig. 9. In particular, the position
of the peak in the dome of Tc vs p at 15 GPa must neces-
sarily be in the interval 0.08<p< 0.13, most likely close
to 0.13.

In Fig. 9, we summarize those Tc data at P = 2, 7.5
and 15 GPa and plot them as a function of doping. Note
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FIG. 7. Sensitivity of Tc to pressure and magnetic field in
YBCO as a function of doping. The sensitivity to pressure is
defined as the positive change dTc induced by a small pres-
sure dP (at constant p), plotted as (∂Tc / ∂P )p vs p (blue
dots, right axis; see Table II in the Appendix). Open circles
with error bars are from our own data (see Fig. 4(a)); full
circles are from published data (Fig. 4 and Table II in the
Appendix). To get (∂Tc / ∂P )p, a small doping-dependent
correction is applied to the measured dTc / dP , that accounts
for the increase in doping, and hence in Tc, due to pres-
sure (see Sec. III D). The dashed line marks (∂Tc / ∂P )p = 0.
The sensitivity to field is defined as the negative shift dTc

in Tc in 15 T: − dTc / dH = [Tc(H = 0)−Tc(H = 15 T)] / 15 T
(red squares, left axis; Table I in the Appendix).

that in order to obtain the doping values under pres-
sure, we use the following formula: p(P ) = p(0) + 0.01 ∗
p ∗ P (see Sec. III D), where p(0) is the doping value
at ambient pressure. For instance, for p(0) = 0.117,
p(15 GPa) = 0.135. Therefore, as a primary effect (even
without considering superconductivity), pressure changes
the phase diagram of YBCO by increasing doping. More
significantly, we see that when CDW order is removed,
the superconducting phase in the temperature-doping di-
agram of YBCO is transformed in two important ways.
First, the dip at p' 0.12 gradually goes away, so that
by P = 15 GPa, Tc forms a dome peaked at p' 0.13. In-
deed, the fact that Tc for p(0) = 0.117 becomes flat above
15 GPa (Fig. 8) implies that it has reached its maxi-
mal value of Tc = 105 K and shows that the peak in the
dome of Tc vs p at 15 GPa must be at p(15 GPa) = 0.135
or lower. (We note that 15 GPa far exceeds the pres-
sure at which the CDW signal in x-ray is suppressed
(∼ 1.0 GPa) at p ∼ 0.105 [25]. Nevertheless, the fact
that Tc at p(0) = 0.117 keeps evolving above 1.0 GPa is
consistent with the fact that RH is negative at 1.8 GPa:
both show that the effects of the CDW persist to pres-
sures well above 1.0 GPa.) Secondly, the foot of the dome
at low doping moves up, from p= 0.05 to p' 0.075. As
a result, the fall of Tc with decreasing p is much faster

0.117

0

20

40

60

80

100

120

0 4 8 12 16

T
c

( 
K

 )

P ( GPa )

YBCO

0.071

0.061

0.059

0.175p =

FIG. 8. Superconducting Tc versus pressure in YBCO for
dopings as indicated, reproduced from ref. 29. Note that to
avoid relaxation effects due to oxygen ordering, the pressure
was applied at low temperature. Full lines are a guide to
the eye. We extract the values of Tc at P = 2 and 7.5 GPa
by taking cuts, and at P = 15 GPa (vertical dashed line)
by extrapolating the data (dotted lines). The values of Tc

thus obtained are plotted in Fig. 9, with the doping adjusted
to account for pressure effects. The zero-pressure values of Tc

are (from bottom to top): Tc(0) = 14.2 (yellow), 17.5 (green),
34.1 (blue), 63.7 (red) and 92.3 K (black) [29].

than it was at ambient pressure (Fig. 9). At P = 0, Tc
falls below p' 0.16 because a competing phase of CDW
order sets in below a T = 0 critical point at p' 0.16 [37].
At P = 15 GPa, this CDW critical point is removed (pos-
sibly), yet Tc is still a dome, now falling below p' 0.13.
What competing phase, resistant to pressure, is causing
that fall? Let us mention two possible scenarios.

The first scenario is spin order. In YBCO at ambient
pressure, long-range antiferromagnetic order exists up to
p = 0.05 and short-range incommensurate spin-density-
wave (SDW) correlations extend up to p ' 0.08 [48].
CDW, SDW and superconducting phases all compete
with each other [49]. By suppressing CDW order, pres-
sure could strengthen SDW order, extend its range up to
higher p, and stiffen its competing effect on superconduc-
tivity at low doping. Adding Zn impurities in YBCO has
shown to suppress superconductivity, e.g. at p' 0.12,
but to also suppress CDW order, and to nucleate SDW
order [49]. Note however that muon spin rotation stud-
ies in LBCO showed that hydrostatic pressure suppressed
magnetic order (SDW) while enhancing superconducting
fraction [50].

A second scenario for a competition that persists at
high pressure is the pseudogap phase. In particular, the
pseudogap due to strong correlations associated with the
Mott insulator is known to compete with superconduc-
tivity [51,52], and to produce a dome of Tc vs p [53]. It
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FIG. 9. Superconducting phase diagram of YBCO, showing
Tc at P = 0 (dashed blue line; same as Fig. 1 [19]), P = 2 GPa
(green open circles, from our data in Fig. 4(a); green dots,
from ref. 29 (see Fig. 8)) and P = 7.5 GPa (purple dots,
from ref. 29 (see Fig. 8)). Tc measured at, or extrapolated to,
P = 15 GPa is shown as red dots (from ref. 29 (see Fig. 8)).
The doping values have been adjusted to include the effect of
pressure (see Sec. III D). The green, purple, and red lines are
guides to the eye.

remains to be seen where in doping the peak in Tc lies
with respect to the T ? line and the underlying critical
point for the transition from Fermi-liquid phase at high
p to pseudogap phase at low p [54,55]. We propose that
both competing effects shape the CDW-free Tc dome: the
pseudogap phase below its critical point p?∼ 0.19 and
spin order at low doping.

In any scenario, two questions must be addressed: Why
a dome of CDW order peaked at p' 0.12? Why does
pressure have such a strong detrimental effect on CDW
order, while it has little direct effect on either super-
conductivity or the pseudogap phase? Note that in the
present manuscript we focused on the short-range 2D
CDW order present in zero (and low) magnetic field,
which was shown to cause the FSR [56]. In future in-
vestigations, the pressure dependence of the long-range
3D CDW order seen in high fields [57,58] should also be
examined separately.

VI. SUMMARY

Over the years, the numerous studies of the effect of
pressure on Tc in YBCO have collectively revealed a com-
plex behavior that has remained a mystery. A crucial
piece of information that had been missing until recently
to make sense of the apparent complexity is the exis-
tence of a dome of CDW order in YBCO. Here we showed
that magnetic field and pressure shift Tc in the same way
as a function of doping, but in opposite directions, and

conclude that they are two independent parameters with
which to tune the competition between superconductivity
and CDW order in YBCO. This is likely the reason why
the record Tc in cuprate superconductors was reached by
applying pressure [59]. In YBCO at high pressures, when
CDW order is removed, the superconducting dome of Tc
vs p is seen to peak at p ' 0.13, revealing that another
competing mechanism is at play at low doping. We pro-
pose that this Tc dome is shaped by the competing effects
of the pseudogap phase below p?∼ 0.19 and spin order at
low doping.
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nanche, E. Hassinger, F. Laliberté, S. René de Cotret,
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VII. APPENDIX

Tables I and II below present the raw values of the
data points plotted in Figs. 4(b) and 7.
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TABLE I. Characteristics of the 13 YBCO samples whose
sensitivity of Tc to field is plotted in Fig. 7, labelled by their
oxygen content y, doping p, zero-resistance Tc at H = 0 and
H = 15 T, from resistivity (Fig. 5) or Nernst (Fig. 6) data.
∆Tc = Tc(H = 0)−Tc(H = 15 T); − dTc/dH = ∆Tc/15 T. The
numbers in the last column are plotted as red squares in Fig. 7.

p y Tc (0) Tc (15T) ∆Tc / 15T

(K) (K) (K / T)

0.062 6.35 19.5 2.0 1.17

0.074 6.45 39.5 10.5 1.93

0.079 6.45 45.0 11.5 2.23

0.100 6.49 57.8 12.5 3.02

0.109 6.54 61.3 7.8 3.57

0.110 6.54 61.5 8.5 3.53

0.119 6.67 65.0 10.5 3.63

0.121 6.67 66.0 9.0 3.80

0.135 6.80 78.5 28.7 3.32

0.138 6.80 82.0 32.5 3.30

0.139 6.80 82.5 36.0 3.10

0.150 6.86 90.8 52.6 2.55

0.150 6.86 91.0 53.0 2.53

0.158 6.92 93.5 68.0 1.70

0.158 6.92 93.5 67.8 1.71

0.172 6.95 93.1 68.0 1.67

0.173 6.99 93.0 69.1 1.59

0.174 6.95 92.7 70.8 1.46

0.177 6.97 92.0 72.8 1.28

0.178 6.97 91.5 71.5 1.33

0.181 6.998 90.5 72.3 1.21

0.181 6.998 90.5 69.3 1.41

0.181 6.998 90.5 67.0 1.57

0.190 Ca1.4% 87.0 65.2 1.45

0.190 Ca1.4% 87.0 68.5 1.23

TABLE II. Characteristics of all samples whose sensitivity of
Tc to pressure is plotted in Figs. 4(b) and 7. Zero-resistance Tc

at ambient pressure (P = 0), doping p, measured initial slope
dTc/dP . (∂Tc/∂P )p corresponds to the measured dTc/dP cor-

rected for the doping effect of pressure (see section III D). In
the 4th column, we list the term (∂Tc/∂p)P that goes into
this correction. The last column gives the reference for the
data. Our own three samples are identified as “Own”.

Tc(0) p dTc/dP (∂Tc/∂p)P (∂Tc/∂P )p Ref.

(K) (K / GPa) (K / hole) (K / GPa)

14.0 0.059 1.1 2064.32 -0.1± 0.1 [60]

13.5 0.059 2.0 2079.08 0.8± 0.1 [29]

17.1 0.061 2.1 1901.22 1.0± 0.2 [29]

25.0 0.065 1.7 1661.15 0.6± 0.3 [61]

26.4 0.066 2.2 1644.39 1.1± 0.3 [61]

27.1 0.066 2.4 1636.17 1.3± 0.3 [61]

34.4 0.071 2.3 1514.45 1.2± 0.1 [29]

54.2 0.090 3.0 453.84 2.6± 0.2 [45]

54.5 0.090 3.0 428.50 2.6± 0.2 Own

55.1 0.092 2.7 337.67 2.4± 0.3 [61]

55.1 0.092 3.0 337.67 2.7± 0.3 [61]

60.2 0.107 3.5 406.50 3.1± 0.4 Own

61.3 0.109 3.8 398.10 3.4± 0.2 [45]

61.4 0.110 3.8 396.10 3.4± 0.2 [45]

63.0 0.114 6.6 377.22 6.2± 0.3 [61]

64.0 0.116 6.6 403.97 6.1± 0.3 [61]

64.2 0.117 7.1 412.42 6.6± 0.2 [29]

65.3 0.119 7.2 467.50 6.9± 0.5 Own

67.2 0.123 7.0 616.06 6.2± 0.2 [45]

73.6 0.131 6.5 1012.29 5.2± 0.2 [45]

75.0 0.132 6.3 1086.33 4.9± 0.2 [45]

80.2 0.137 4.3 1187.43 2.7± 0.1 [39]

82.5 0.139 4.0 1115.16 2.5± 0.1 [39]

86.0 0.142 3.9 864.92 2.7± 0.2 [45]

87.7 0.144 4.0 718.94 3.0± 0.1 [39]

89.3 0.147 0.7 576.82 -0.2± 0.2 [62]

89.8 0.148 0.6 531.21 -0.1± 0.2 [63]

90.2 0.148 2.5 495.32 1.8± 0.2 [45]

91.1 0.150 0.8 423.91 0.2± 0.1 [64]

92.4 0.154 0.4 328.33 -0.10± 0.08 [45]

92.9 0.155 1.7 277.42 1.3± 0.1 [39]

93.1 0.156 0.8 257.46 0.4± 0.1 [65]

93.7 0.169 0.6 -157.27 0.83± 0.06 [39]

92.5 0.175 0.2 -259.58 0.69± 0.06 [29]

92.3 0.176 -0.1 -269.86 0.35± 0.08 [61]

91.0 0.180 0.05 -335.27 0.65± 0.09 [64]

90.8 0.181 -0.5 -346.04 0.1± 0.1 [64]

89.7 0.184 -0.8 -396.45 -0.1± 0.1 [64]

88.2 0.187 -0.3 -455.77 0.6± 0.1 [65]

88.0 0.187 -0.8 -462.91 0.1± 0.1 [64]

88.0 0.187 -1.2 -462.91 -0.33± 0.03 [66]

87.6 0.188 -0.6 -479.67 0.3± 0.1 [64]
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N. Barǐsić, M. K. Chan, C. J. Dorow, G. Yu, X. Zhao,
B. Keimer, and M. Greven, Nat. Commun. 5, 5875 (2014).

7 R. Comin, A. Frano, M. M. Yee, Y. Yoshida, H. Eisaki,
E. Schierle, E. Weschke, R. Sutarto, F. He, A. Soumya-
narayanan, Y. He, M. Le Tacon, I. S. Elfimov, J. E. Hoff-
man, G. A. Sawatzky, B. Keimer, and A. Damascelli, Sci-
ence 343, 390 (2014).

8 E. H. da Silva Neto, P. Aynajian, A. Frano, R. Comin,
E. Schierle, E. Weschke, A. Gyenis, J. Wen, J. Schneeloch,
Z. Xu, S. Ono, G. Gu, M. Le Tacon, and A. Yazdani,
Science 343, 393 (2014).

9 J. M. Tranquada, B. J. Sternlieb, J. D. Axe, Y. Nakamura,
and S. Uchida, Nature 375, 561 (1995).
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