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Nematicity has emerged as a key feature of cuprate superconductors, but its link to other funda-
mental properties such as superconductivity, charge order and the pseudogap remains unclear. Here
we use measurements of transport anisotropy in YBasCuzO, to distinguish two types of nematicity.
The first is associated with short-range charge-density-wave modulations in a doping region near
p = 0.12. It is detected in the Nernst coefficient, but not in the resistivity. The second type prevails
at lower doping, where there are spin modulations but no charge modulations. In this case, the
onset of in-plane anisotropy — detected in both the Nernst coefficient and the resistivity — follows
a line in the temperature-doping phase diagram that tracks the pseudogap energy. We discuss two

possible scenarios for the latter nematicity.

PACS numbers: 74.72.Gh, 74.25.Dw, 74.25.F-

I. INTRODUCTION

It has become clear that charge-density-wave (CDW)
order is a generic tendency of cuprate superconduc-
tors [1-7]. In YBayCu3O, (YBCO), short-range CDW
modulations detected by X-ray diffraction (XRD) appear
below a doping p ~ 0.16 [8,9]. Both the amplitude of the
CDW modulations and their onset temperature, Txrp,
peak at p = 0.12 (Fig. 1) [8,9]. NMR measurements
in high magnetic fields [1,10] detect the abrupt onset of
CDW order below a temperature Txyg that also peaks
at p = 0.12. This CDW order causes a reconstruction of
the Fermi surface [11] detected as a sign change in the
Hall [12,13] and Seebeck [14,15] coefficients, from positive
at high temperature to negative at low temperature, due
to the formation of a small electron-like pocket [16]. The
temperature Ti,ax below which Ry (T) drops as a result of
Fermi-surface reconstruction peaks at p = 0.12 [13]. The
CDW order and associated reconstruction, both peaked
at p = 0.12, cause a dip in T, (ref. 17) (Fig. 1) and a lo-
cal minimum in the superconducting upper critical field
Heo (vef. 18) at p = 0.12.

The short-range CDW modulations are known to be
anisotropic within the CuO, planes of YBCO, [8,9] and
they appear to break the rotational (C4) symmetry of
the planes, [20,21] i.e. they have a nematic character.
This should give rise to an in-plane anisotropy of trans-
port. A large in-plane anisotropy of the Nernst coefficient
v(T') has indeed been observed in YBCO (see Fig. 2) [22],
and it does grow in tandem with the CDW modulations
measured by XRD at p = 0.12 (see Fig. 3).

In the original report [22], for dopings p = 0.12 and
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higher (0.13,0.15 and 0.18) the Nernst anisotropy differ-
ence was shown to collapse onto a common curve when
plotted as (v, —v,) /T vs T /T* (Fig. 4 of ref. 22),
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FIG. 1: Temperature-doping phase diagram of YBCO, with
the superconducting phase below Tt (black dots [17]) and
the antiferromagnetic phase below Ty (green line). Short-
range charge-density-wave (CDW) modulations are detected
below Txrp (up triangles; [8] down triangles [9]). Them
(red symbols) marks the onset of the rise in the resistivity
anisotropy (circles; from ref. 19 and Fig. 5(b)) and in the
Nernst anisotropy (squares; from Figs. 5(c) and 5(d)), as tem-
perature is reduced. The blue and red lines are guides to the
eye. They delineate the two regions of the phase diagram
where two types of nematicity prevail — one associated with
CDW modulations (blue), the other not (red).
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FIG. 2: Anisotropy of the Nernst coefficient v(7T") compared
with the corresponding anisotropy of the conductivity o(T")
in YBCO, both plotted as ratios: vy /v, (dots) and oy / 0q
(curve) (adapted from ref. 22). The CuO chains that run
along the b axis of the orthorhombic structure make a con-
tribution to op such that o, /o, > 1 at T = 300 K and
oy / 0a decreases below T' = 150 K [19]. (a) At p = 0.078,
both vy /ve (dots) and oy / 04 rise with decreasing tempera-
ture, so that both reveal the emergence of nematicity in the
CuOz planes at low temperature. (b) At p = 0.12, nematic-
ity is observed in s / va, as a huge anisotropy that rises with
decreasing T. However, no corresponding anisotropy rise is
detected in o} / 04, which only shows a drop typical of that
due to the CuO chains [19]. Those two comparisons therefore
reveal an empirical difference in the nematicities at p = 0.078
and at p = 0.12.

where T™ is the pseudogap temperature defined as the
onset of the drop in v, /T vs T below its constant value
at high temperature (inset in Fig. 1 of ref. 22). (This def-
inition was shown to be equivalent, within error bars, to
the usual definition of T from the downward deviation
in the resistivity p,(7") vs T from its linear dependence
at high temperature (Fig. S4 of ref. 22).) What this col-
lapse revealed is a common, very slow increase of Nernst
anisotropy starting at T*, for p = 0.12 and higher (see
Fig. 4(a)). This led to the conclusion that the pseudogap
phase causes an extra anisotropy in transport.

However, as shown in Fig. 4(b), the different curves
scale just as well when plotted as T' / Txrp, perhaps even
better. Note, moreover, that the growth in (v, — v}, ) /T
that occurs between T* and Txgrp is only 1% of the
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FIG. 3: Temperature dependence of the X-ray intensity as-
sociated with the short-range CDW modulations in YBCO
at a doping p = 0.12 and a magnetic field H = 15T (blue
squares, left axis; from ref. 3). Note that above Tc = 66K
the data at H = 0 are identical to the data at H = 15T [3].
Txrp = 140 K marks the approximate onset of the gradual
rise in CDW intensity (blue arrow). The in-plane anisotropy
of the Nernst coefficient v, (7T) measured at the same doping
and the same field is plotted as (v, —vp ) /T (red dots, right
axis; from ref. 22). It is seen to track the CDW intensity very
well, compelling evidence that the anisotropic CDW modu-
lations cause the large Nernst anisotropy at that doping. At
dopings above p = 0.12, the rise in the Nernst anisotropy
continues to track the onset of CDW modulations, i.e. the
different curves of (v, — v, ) /T for different dopings scale
when plotted as T/ Txrp (see Fig. 4(b)).

growth that takes place below Txgrp , tracking the XRD
intensity (Fig. 3). Therefore, the large Nernst anisotropy
in YBCO at p = 0.12 (and higher doping) is more likely
to be caused by nematic CDW modulations. This is con-
firmed by looking at lower dopings (see below).

There is a second type of nematicity in YBCO, which is
not associated with CDW modulations. The signature of
this nematicity is an in-plane anisotropy in the resistivity
p(T) that is distinct from the anisotropy due to the CuO
chains. It shows up as an upturn in the anisotropy ratio
Pa / pp at low temperature, first detected at low doping
(p < 0.1) [19]. In particular, it is observed at dopings
where there are no CDW modulations (Fig. 1) and no
Fermi-surface reconstruction [13], below p = 0.08. In
that region, the Nernst anisotropy, v, / V4, was found to
track the conductivity anisotropy, oy / 04 (= pa /pp) [22]
(see Fig. 2(a)). This second kind of nematicity may be
associated with spin degrees of freedom, since an in-plane
anisotropy in the spin fluctuation spectrum measured by
inelastic neutron scattering emerges spontaneously upon
cooling [23], in tandem with the rise in p, / pp [19].

In this Article, we report measurements of p(T) and
v(T) in YBCO performed in the intermediate doping
range 0.08 < p < 0.12, and use the data to disentan-
gle the CDW-related anisotropy from the nematicity at
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FIG. 4: Anisotropy difference in the Nernst coefficient of YBCO, defined as D(T') = (vo — v ) /T, and plotted as D(T) —
D(200 K) vs T'/T* in panel (a), and as D(T) — D(200 K) vs T'/ Txrp in panel (b), where T™ is given by the dashed line
in Fig. 6 and Txrp by the blue line in Fig. 1. Data at p = 0.12,0.13 and 0.15 are from ref. 22. Panel (a) shows that the
anisotropy at low temperature is not controlled by the pseudogap temperature T* across all dopings. In panel (b), the collapse
of the three curves at p = 0.12,0.13 and 0.15 onto a common curve shows that at those dopings the upturn in D(T') at low T'
is correlated with the onset of CDW modulations (at Txrp), in agreement with Fig. 3. By contrast, at p = 0.085 and 0.11,
the anisotropy is not linked to the CDW order. Indeed, those two curves at lower doping are correlated instead with Them, the

onset of anisotropy in the resistivity (Fig. 1).

low doping. We define the onset temperature for the lat-
ter nematicity, Tyhem, and track it as a function of doping
(Fig. 1). We find that Tyem hits the CDW dome (Txgrp)
near its peak and that it scales with the pseudogap en-
ergy Epg.

II. METHODS

Single crystals of YBasCuzO, (YBCO) were prepared
by flux growth [24]. Their hole concentration (doping) p
is determined from the superconducting transition tem-
perature T, [17], defined as the temperature below which
the zero-field resistance is zero. A high degree of oxygen
order was achieved for a pair of samples with p = 0.11
(y = 6.54, ortho-II order) and with p = 0.12 (y = 6.67,
ortho-VIII order). Each measurement of anisotropy was
done on a pair of samples oriented with the long trans-
port direction along the a and b axis of the crystalline
detwinned structure, respectively. The in-plane electrical
resistivity of YBCO was measured at dopings p = 0.11
and 0.12, in each case on a pair of a axis and b axis
samples (Fig. 5(b)). The Nernst effect — the transverse
voltage (along y) generated by a longitudinal thermal
current (along x) in the presence of a perpendicular mag-
netic field (along z) — was measured as described else-
where [22]. The Nernst response of YBCO was mea-
sured at dopings p = 0.085 (H = 16T) and p = 0.11
(H = 18T), in each case on a pair of ¢ axis and b axis
samples (Figs. 4, 5(c) and 5(d)). The thermal current

was induced along the a (b) axis and the voltage was
measured along the transverse b (a) axis for a (b) axis
samples. In all measurements, the magnetic field was
applied along the ¢ axis, normal to the CuOs planes.
For the temperature range of data shown in Fig. 5, the
Nernst coefficient (and its anisotropy) is independent of
magnetic field strength.

III. RESULTS

In Fig. 5(a), we reproduce data from Ando et al. [19] on
YBCO at two dopings, and define the temperature Tyem
as the onset of this upturn. We find Tjen, = 250 £ 20K
and 210 + 20K at p = 0.062 and p = 0.08, respectively.
In Fig. 1, we plot Them values so obtained on the phase
diagram of YBCO.

In Fig. 5(b), we show the anisotropy ratio p, / pp vs
T measured in our own YBCO crystals. At p = 0.11,
we observe a clear upturn, below Tyhem = 150 £ 20K . In
Fig. 1, we see that this value is in smooth continuation of
the Them line at lower doping. Close inspection of earlier
data [19] at y = 6.70 (p = 0.104) reveals a faint anomaly
at T ~ 160K, which our oxygen-ordered samples bring
out more clearly. With Them ~ Txrp at p = 0.11, we
discover that the nematic line hits the CDW dome near
its peak (Fig. 1). Going up to p = 0.12, we see no sign
of any upturn in p, /pp (Fig. 5(b)), in agreement with
previous work [19,22] (Fig. 2(b)).

In order to detect Them in a second observable, we mea-
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FIG. 5: (a, b) Temperature dependence of the anisotropy in the in-plane resistivity of YBCO above T., measured as the ratio
of pa to ps, the electrical resistivities perpendicular (p.) and parallel (py) to the CuO chains of the orthorhombic structure.
We define the onset temperature for nematicity, Them (down-pointing arrows), as the start of the upturn as temperature is
reduced. Them is then plotted in the phase diagram of Fig. 1. (a) Zoom on the data of ref. 19, for two dopings as indicated.
(b) Anisotropy ratio p. / pp in our samples, at two dopings as indicated. At p = 0.11 (blue), an upturn is clearly seen, below
Them = 150 £ 20 K (down-pointing arrow). At p = 0.12 (red), no upturn is detected. In the p = 0.11 curve, the drop in pq / p»
below 80 K coincides with the drop in the Hall coefficient at p = 0.11 (ref. 13), due to Fermi-surface reconstruction. (c, d) In-
plane anisotropy difference in the Nernst coefficient v, (T'), plotted as (vo — 1 ) / T (blue dots), for p = 0.085 (H = 16 T; ¢) and
p=0.11 (H = 18T; d). The data shown here are independent of the magnetic field strength, H. The red dashed lines are a
fit to the linear dependence at high temperature. The red arrows mark the onset of a large upturn as temperature is reduced,

at temperatures that fall on the Them line of Fig. 1 (red squares).

sured the Nernst coefficient v,(T) in YBCO at p = 0.085
and p = 0.11. In Figs. 5(c) and 5(d) we plot the in-plane
anisotropy difference, as (v, — v ) /T vs T. (Note that
our data at p = 0.085 are in good agreement with data at
p = 0.078 from ref. 22.) With decreasing temperature, we
can readily identify the onset of an upturn at 200 + 20 K
and 140 + 20K for p = 0.085 and p = 0.11, respectively.
These onset temperatures are in excellent agreement with
the Them line (Fig. 1), thereby confirming the location of
this line with a thermo-electric measurement.

In Fig. 4, we compare the Nernst anisotropy at five
dopings, from p = 0.085 to p = 0.15. We see that the
curves split into two groups: those associated with CDW
modulations, at p = 0.12 and above, whose upturn is
correlated with Txgrp, and those associated with the sec-
ond kind of nematicity, at p = 0.11 and below, which

do not collapse onto the common curve (whether scaled
by Txgrp or T™), but start their upturn at Tyen. This
shows that the upturn in (v, — 1) /T is not correlated
with Txgrp, or with T*, across all dopings. We see that
there are in fact two types of nematicity in YBCO, with
distinct characteristic temperatures in the phase diagram
(Fig. 1): one associated with Them — seen in both v and
p — and another associated with Txgp — seen only in v.
In the remainder, we focus on the former nematicity, at
p <0.11.

It is instructive to overlay our Ty, data on the cur-
vature map produced by Ando et al. [25], where they
plot the second derivative of p,(T") throughout the T'—p
plane. This is done in Fig. 6. Upon cooling from room
temperature, p,(7) in YBCO deviates downward from
its linear-T dependence at high T below a temperature
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FIG. 6: Map of the curvature in the resistivity of YBCO,
showing the second temperature derivative of p.(T") in the
T — y plane, where y is the oxygen content (from ref. 25).
Red is for positive curvature, blue for negative curvature, and
white for no curvature. The superconducting transition tem-
perature T; is shown as solid green circles, with the corre-
sponding p values given on the top. The onset of nematicity
at Them is shown as red symbols (from Fig. 1). Them is seen
to lie right at the inflexion point in the resistivity, Tx, where
pa(T) goes from downward (blue) to upward (red) curvature.
The lower boundary of the white region of linear-T resistivity
at high temperature (upper right corner) is traditionally used
to define the pseudogap temperature T*. The white dashed
line is the T line obtained from Nernst data [22]. (The blue
band above T, of width 20-30 K, is due to paraconductivity,
i.e. superconducting fluctuations.)

labeled T* — the upper boundary of the blue region of
negative curvature. Traditionally called the “pseudogap
temperature”, T* is also detected as a drop in v, /T
(dashed line; from ref. 22). It is roughly the temperature
below which the NMR Knight shift K(7T') starts to drop
in YBCO [26], for example.

As po(T) decreases below T*, it goes through a well-
defined inflexion point, at Ty — the white line in Fig. 6
between the blue region of negative curvature at interme-
diate temperatures and the red region of positive curva-
ture at low temperature. We immediately notice that the
Them data points coincide perfectly with the inflexion line
in pa(T), i-e. Them = Tk, at all dopings. This comes from
the fact that the upturn in the anisotropy ratio p, / pp is
due to the upward curvature in p,(T") itself, which starts
at Ty. This reinforces the fact that there exists a real
line in the phase diagram that is distinct from the CDW
dome and separate from T*.

Note that nematicity was also observed in
Lag_,Sr,Cu0O4 (LSCO) at low doping, with com-
parable values of Them [19], and the region of upward
curvature in the curvature map of LSCO has a boundary

similar to that of YBCO [25]. Moreover, the in-plane
resistivity of the cuprate HgBasCuOy4is (Hg-1201) has
an inflexion point very similar to that found in YBCO
at Ty [27]. It has been emphasized that p,(7) has a
Fermi-liquid-like 72 dependence below a temperature
T** ~ T in both YBCO and Hg-1201 [28]. From these
similarities, we infer that the onset of nematicity at
Them = Ty is likely to be a generic property of hole-doped
cuprates.

IV. DISCUSSION

To summarize, two distinct features of p(T') — inflexion
point and nematicity — are intimately linked, and remain
linked at all dopings, along a line that decreases linearly
with p, the Them = Tx line (Figs. 1 and 6). This Tyem line
has two important properties. The first is that it scales
with the pseudogap energy. Indeed, as shown in Fig. 7,
Them ~ Epg, where Epg is the energy gap extracted from
an analysis of several normal-state properties of YBCO
(and other cuprates) above T, including Ks(T'), pa(T)
and the specific heat [29]. This is consistent with analyses
showing that K(T) and p,(T) can be scaled on top of
each other at all dopings, when plotted vs T/ T [30,31].
The simultaneous rise of Ty and Epg with decreasing p
in YBCO (Fig. 7) is reminiscent of the simultaneous onset
of nematicity and pseudogap in BiySroCaCusOgys (Bi-
2212) detected in low-temperature STM measurements
when doping is reduced below p ~ 0.19 [32].

The second important property of the Tyen, line is that
it hits the Txgp dome at its peak (Fig. 1). This suggests a
link between nematicity onset and CDW dome. It points
to a nematic phase that competes with CDW order, pro-
viding a potential explanation for why CDW order and
modulations peak at p = 0.12.

Let us consider two possible scenarios for the nematic-
ity that develops in YBCO below Tyhem. The first scenario
is a nematic phase that breaks the rotational symmetry
of the CuOy planes [33,34]. Calculations of transport
anisotropies applied to YBCO showed that the sign and
magnitude of the measured o}, / 0, and v, / v, are natural
consequences of such electron nematic order [35]. Here
Them would correspond to the onset of anisotropic spin
correlations, observed with neutrons [23,36]. At low tem-
perature, these correlations turn into short-range spin-
density-wave (SDW) order [36]. The SDW order is known
to compete with both superconductivity and CDW or-
der [37], hence it may well be responsible for the fall
of both T. and Txgrp below p ~ 0.12 (Fig. 1). This
is analogous to a CDW scenario in which Txgp marks
the onset of “charge nematicity” [20], and the onset of
long-range CDW order occurs only at the lower temper-
ature Tnmr [1,10]. Recent calculations of the in-plane
anisotropy of resistivity show how SDW fluctuations can
give rise to an upturn in p, / pp, while CDW modulations
would produce a downturn [38]. This could explain the
two distinct behaviors seen in the resistivity anisotropy
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FIG. 7: Doping dependence of the energy gap FEpg ex-
tracted from five normal-state properties above T¢, as indi-
cated (adapted from ref. 29). All data were obtained on
YBCO except for ARPES data, measured on Bi-2212 [29].
FEpg is the pseudogap energy, expressed in K. We compare
Epc with our temperature Them (= Tx) (red symbols, from
Fig. 1), multiplied by a constant factor 2.4. We observe that
Them ~ Epg, strong evidence that Them is a characteristic
temperature of the pseudogap phase.

of YBCO for p < 0.11 and p > 0.12.

In the second scenario, Them marks the onset of an en-
hanced nematic susceptibility, with no broken rotational
symmetry. In solutions of the Hubbard model, it has
been shown that in the presence of a small orthorhombic
distortion, of the kind present in YBCO, a large in-plane
anisotropy of the resistivity appears in the pseudogap
phase [39,40]. This could explain the upturns seen in
the transport anisotropy of YBCO at low p and low T,
and the correlation between Them and Epg. In these
calculations, the key organizing principle of the pseudo-
gap phase is the Widom line, a line in the 7' — p phase
diagram where electronic properties of the material are
predicted to have a distinctive anomaly [41]. For exam-
ple, the charge compressibility peaks at the Widom line
and both the density of states (e.g. the pseudogap mea-
sured in specific heat) and the spin susceptibility (i.e. the
Knight shift measured in NMR) go through an inflexion
point [41]. Given that the onset of nematicity in YBCO
at Them coincides with the inflexion point in p,(7") (at
Ty), it is tempting to identify the empirical Them = Tx
line of Fig. 1 with the theoretical Widom line of ref. 41.

V. SUMMARY

Nematicity in YBCO is detected as the spontaneous
appearance of an in-plane anisotropy in the transport

properties upon cooling, in addition to the background
anisotropy due to the CuO chains that run along the
b axis of the orthorhombic structure. Two types of ne-
maticity exist in two different regions of the temperature-
doping phase diagram (Fig. 1). At low doping (p < 0.11),
the first type is detected in both the resistivity and the
Nernst coefficient, as parallel upturns in the anisotropy
ratios, pa/py and vy/v, (Fig. 2). At high doping (p >
0.12), the second type is detected only in the Nernst co-
efficient, and not in the resistivity (Fig. 2). We attribute
this second nematicity to the short-range CDW modu-
lations detected in YBCO by X-ray diffraction, which
grow gradually upon cooling below Txrp (Fig. 1), since
the anisotropy ratio v, /v, at p > 0.12 grows in tandem
with the CDW intensity (Fig. 3).

We discuss two possible scenarios for the first type of
nematicity (Them line in Fig. 1). In the first scenario,
rotational symmetry is broken below Ty, as a precursor
to the onset of SDW modulations at lower temperature,
which then also break translational symmetry. In the
second scenario, there is no broken rotational symmetry
but only an enhanced nematic susceptibility appearing
gradually below Tem = Tx (Fig. 6), due to the emergence
of the pseudogap phase. This could explain why Tem
scales with the pseudogap energy Fpg (Fig. 7).

ACKNOWLEDGEMENTS

We would like to thank S. A. Kivelson, E. Fradkin,
A.-M. Tremblay, G. Sordi, D. Sénéchal, S. Sachdev, J.
Chang, C. Proust, A. Georges, D. LeBoeuf, C. Pépin,
R. Fernandes, A. Millis, M. Schiitt, K. Behnia, H. Al-
loul, P. Bourges, M.-H. Julien, R. Greene, J. Tallon, I.
Fisher, M. Le Tacon, A. Damascelli, O. Parcollet, M.
Ferrero, B. Keimer, Y. Ando, A. V. Chubukov, M. Vo-
jta, S. Dufour-Beauséjour and F. F. Tafti for fruitful
discussions and M. Caouette Mansour, J. Corbin and
S. Fortier for their assistance with the experiments at
Sherbrooke. L.T. thanks ESPCI-ParisTech, Université
Paris-Sud, CEA-Saclay and the College de France for
their hospitality and support, and the Ecole Polytech-
nique (ERC-319286 QMAC) and LABEX PALM (ANR-
10-LABX-0039-PALM) for their support, while this arti-
cle was written. R.L., D.A.B. and W.N.H. acknowledge
funding from the Natural Sciences and Engineering Re-
search Council of Canada (NSERC). L.T. acknowledges
support from the Canadian Institute for Advanced Re-
search (CIFAR) and funding from NSERC, the Fonds de
recherche du Québec - Nature et Technologies (FRQNT),
the Canada Foundation for Innovation, and a Canada
Research Chair.



10

11

Tao Wu, Hadrien Mayaffre, Steffen Kramer, Mladen Hor-
vati¢, Claude Berthier, W. N. Hardy, Ruixing Liang, D. A.
Bonn, and Marc-Henri Julien, “Magnetic-field-induced
charge-stripe order in the high-temperature superconduc-
tor YBayCusO,,” Nature (London) 477, 191 (2011).

G. Ghiringhelli, M. Le Tacon, M. Minola, S. Blanco-
Canosa, C. Mazzoli, N. B. Brookes, G. M. De Luca,
A. Frano, D. G. Hawthorn, F. He, T. Loew, M. Moretti
Sala, D. C. Peets, M. Salluzzo, E. Schierle, R. Su-
tarto, G. A. Sawatzky, E. Weschke, B. Keimer, and
L. Braicovich, “Long-range incommensurate charge fluc-
tuations in (Y,Nd)BazCu3Og+s,” Science 337, 821-825
(2012).

J. Chang, E. Blackburn, A. T. Holmes, N. B. Christensen,
J. Larsen, J. Mesot, Ruixing Liang, D. A. Bonn, W. N.
Hardy, A. Watenphul, M. v. Zimmermann, E. M. Forgan,
and S. M. Hayden, “Direct observation of competition be-
tween superconductivity and charge density wave order in
YBa2CusO¢.67,” Nature Phys. 8, 871 (2012).

T. P. Croft, C. Lester, M. S. Senn, A. Bombardi, and
S. M. Hayden, “Charge density wave fluctuations in
Lag_,Sr,CuQO4 and their competition with superconduc-
tivity,” Phys. Rev. B 89, 224513 (2014).

W. Tabis, Y. Li, M. Le Tacon, L. Braicovich, A. Kreyssig,
M. Minola, G. Dellea, E. Weschke, M. J. Veit, M. Ra-
mazanoglu, A. I. Goldman, T. Schmitt, G. Ghiringhelli,
N. Barisi¢, M. K. Chan, C. J. Dorow, G. Yu, X. Zhao,
B. Keimer, and M. Greven, “Charge order and its con-
nection with Fermi-liquid charge transport in a pristine
high-T¢ cuprate,” Nature Commun. 5, 5875 (2014).

R. Comin, A. Frano, M. M. Yee, Y. Yoshida, H. Eisaki,
E. Schierle, E. Weschke, R. Sutarto, F. He, A. Soumya-
narayanan, Yang He, M. Le Tacon, I. S. Elfimov, Jen-
nifer E. Hoffman, G. A. Sawatzky, B. Keimer, and
A. Damascelli, “Charge order driven by Fermi-arc instabil-
ity in BizSr2zLa;CuOg4s,” Science 343, 390-392 (2014).
Eduardo H. da Silva Neto, Pegor Aynajian, Alex Frano,
Riccardo Comin, Enrico Schierle, Eugen Weschke, Andras
Gyenis, Jinsheng Wen, John Schneeloch, Zhijun Xu, Shim-
pei Ono, Genda Gu, Mathieu Le Tacon, and Ali Yazdani,
“Ubiquitous interplay between charge ordering and high-
temperature superconductivity in cuprates,” Science 343,
393-396 (2014).

M. Hiicker, N. B. Christensen, A. T. Holmes, E. Black-
burn, E. M. Forgan, Ruixing Liang, D. A. Bonn, W. N.
Hardy, O. Gutowski, M. v. Zimmermann, S. M. Hayden,
and J. Chang, “Competing charge, spin, and supercon-
ducting orders in underdoped YBasCuzO,,” Phys. Rev. B
90, 054514 (2014).

S. Blanco-Canosa, A. Frano, E. Schierle, J. Porras,
T. Loew, M. Minola, M. Bluschke, E. Weschke, B. Keimer,
and M. Le Tacon, “Resonant x-ray scattering study of
charge-density wave correlations in YBasCu3zOsto,” Phys.
Rev. B 90, 054513 (2014).

T. Wu, H. Mayaffre, S. Kramer, M. Horvati¢, C. Berthier,
P. L. Kuhns, A. P. Reyes, R Liang, W. N. Hardy, D. A.
Bonn, and M.-H. Julien, “Emergence of charge order from
the vortex state of a high-temperature superconductor,”
Nature Commun. 4, 2113 (2013).

Louis Taillefer, “Fermi surface reconstruction in high-T¢
superconductors,” J. Phys.: Condens. Matter 21, 164212

 (2009).

13

14

16

17

18

19

20

21

22

David LeBoeuf, Nicolas Doiron-Leyraud, Julien Levallois,
R. Daou, J.-B. Bonnemaison, N. E. Hussey, L. Balicas,
B. J. Ramshaw, Ruixing Liang, D. A. Bonn, W. N. Hardy,
S. Adachi, Cyril Proust, and Louis Taillefer, “Electron
pockets in the Fermi surface of hole-doped high-Tc super-
conductors,” Nature (London) 450, 533 (2007).

David LeBoeuf, Nicolas Doiron-Leyraud, B. Vignolle, Mike
Sutherland, B. J. Ramshaw, J. Levallois, R. Daou, Francis
Laliberté, Olivier Cyr-Choiniére, Johan Chang, Y. J. Jo,
L. Balicas, Ruixing Liang, D. A. Bonn, W. N. Hardy, Cyril
Proust, and Louis Taillefer, “Lifshitz critical point in the
cuprate superconductor YBap;CuszO, from high-field hall
effect measurements,” Phys. Rev. B 83, 054506 (2011).

J. Chang, R. Daou, Cyril Proust, David LeBoeuf, Nico-
las Doiron-Leyraud, Francis Laliberté, B. Pingault, B. J.
Ramshaw, Ruixing Liang, D. A. Bonn, W. N. Hardy,
H. Takagi, A. B. Antunes, I. Sheikin, K. Behnia, and Louis
Taillefer, “Nernst and Seebeck coefficients of the cuprate
superconductor YBasCusOsg.67: A study of Fermi surface
reconstruction,” Phys. Rev. Lett. 104, 057005 (2010).

F. Laliberté, J. Chang, N. Doiron-Leyraud, E. Hassinger,
R. Daou, M. Rondeau, B.J. Ramshaw, R. Liang, D.A.
Bonn, W.N. Hardy, S. Pyon, T. Takayama, H. Takagi,
I. Sheikin, L. Malone, C. Proust, K. Behnia, and Louis
Taillefer, “Fermi-surface reconstruction by stripe order in
cuprate superconductors,” Nature Commun. 2, 432 (2011).
Nicolas Doiron-Leyraud, Cyril Proust, David LeBoeuf,
Julien Levallois, Jean-Baptiste Bonnemaison, Ruixing
Liang, D. A. Bonn, W. N. Hardy, and Louis Taillefer,
“Quantum oscillations and the Fermi surface in an un-
derdoped high-T. superconductor,” Nature 447, 565-568
(2007).

Ruixing Liang, D. A. Bonn, and W. N. Hardy, “Evalu-
ation of CuOz plane hole doping in YBaxCuzOe, single
crystals,” Phys. Rev. B 73, 180505 (2006).

G. Grissonnanche, O. Cyr-Choiniere, F. Laliberté,
S. René de Cotret, A. Juneau-Fecteau, S Dufour-
Beauséjour, M.-E. Delage, D. LeBoeuf, J. Chang, B. J.
Ramshaw, D. A. Bonn, W. N. Hardy, R. Liang, S. Adachi,
N. E. Hussey, B. Vignolle, C. Proust, M. Sutherland,
S Kramer, J.-H. Park, D. Graf, N. Doiron-Leyraud, and
Louis Taillefer, “Direct measurement of the upper critical
field in a cuprate superconductor,” Nature Commun. 5,
3280 (2014).

Yoichi Ando, Kouji Segawa, Seiki Komiya, and
A. N. Lavrov, “Electrical resistivity anisotropy from self-
organized one dimensionality in high-temperature super-
conductors,” Phys. Rev. Lett. 88, 137005 (2002).

Tao Wu, Hadrien Mayaffre, Steffen Kramer, Mladen Hor-
vati¢, Claude Berthier, W. N. Hardy, Ruixing Liang, D. A.
Bonn, and Marc-Henri Julien, “Incipient charge order ob-
served by NMR in the normal state of YBa;CuszO,,” Na-
ture Commun. 6, 6438 (2015).

R. Comin, R. Sutarto, E. H. da Silva Neto, L. Chau-
viere, R. Liang, W. N. Hardy, D. A. Bonn, F. He, G. A.
Sawatzky, and A. Damascelli, “Broken translational and
rotational symmetry via charge stripe order in underdoped
YBazCu3Oe¢4y,” Science 347, 1335-1339 (2015).

R. Daou, J. Chang, David LeBoeuf, Olivier Cyr-
Choiniére, Francis Laliberté, Nicolas Doiron-Leyraud, B. J.


http://dx.doi.org/10.1038/nature10345
http://dx.doi.org/10.1126/science.1223532
http://dx.doi.org/10.1126/science.1223532
http://dx.doi.org/10.1038/nphys2456
http://dx.doi.org/10.1103/PhysRevB.89.224513
http://dx.doi.org/10.1038/ncomms6875
http://dx.doi.org/10.1126/science.1242996
http://dx.doi.org/10.1126/science.1243479
http://dx.doi.org/10.1126/science.1243479
http://dx.doi.org/10.1103/PhysRevB.90.054514
http://dx.doi.org/10.1103/PhysRevB.90.054514
http://dx.doi.org/10.1103/PhysRevB.90.054513
http://dx.doi.org/10.1103/PhysRevB.90.054513
http://dx.doi.org/10.1038/ncomms3113
http://stacks.iop.org/0953-8984/21/i=16/a=164212
http://stacks.iop.org/0953-8984/21/i=16/a=164212
http://dx.doi.org/10.1038/nature06332
http://dx.doi.org/10.1103/PhysRevB.83.054506
http://dx.doi.org/10.1103/PhysRevLett.104.057005
http://dx.doi.org/10.1038/ncomms1440
http://dx.doi.org/10.1038/nature05872
http://dx.doi.org/10.1038/nature05872
http://dx.doi.org/10.1103/PhysRevB.73.180505
http://dx.doi.org/10.1038/ncomms4280
http://dx.doi.org/10.1038/ncomms4280
http://dx.doi.org/10.1103/PhysRevLett.88.137005
http://dx.doi.org/10.1038/ncomms7438
http://dx.doi.org/10.1038/ncomms7438
http://dx.doi.org/10.1126/science.1258399

23

24

25

26

27

28

29

30

31

32

Ramshaw, Ruixing Liang, D. A. Bonn, W. N. Hardy, and
Louis Taillefer, “Broken rotational symmetry in the pseu-
dogap phase of a high-T. superconductor,” Nature (Lon-
don) 463, 519 (2010).

V. Hinkov, D. Haug, B. Fauqué, P. Bourges, Y. Sidis,
A. Ivanov, C. Bernhard, C. T. Lin, and B. Keimer, “Elec-
tronic liquid crystal state in the high-temperature super-
conductor YBasCusOg.45,” Science 319, 597—600 (2008).
Ruixing Liang, Douglas A. Bonn, and Walter N. Hardy,
“Growth of YBCO single crystals by the self-flux tech-
nique,” Philosophical Magazine 92, 2563-2581 (2012).
Yoichi Ando, Seiki Komiya, Kouji Segawa, S. Ono, and
Y. Kurita, “Electronic phase diagram of high-T. cuprate
superconductors from a mapping of the in-plane resistivity
curvature,” Phys. Rev. Lett. 93, 267001 (2004).

H. Alloul, T. Ohno, and P. Mendels, “*”Y NMR evidence
for a Fermi-liquid behavior in YBasCusQOg+z,” Phys. Rev.
Lett. 63, 1700-1703 (1989).

Neven Barisi¢, Yuan Li, Xudong Zhao, Yong-Chan Cho,
Guillaume Chabot-Couture, Guichuan Yu, and Martin
Greven, “Demonstrating the model nature of the high-
temperature superconductor HgBasCuOu45,” Phys. Rev.
B 78, 054518 (2008).

Neven Barigi¢, Mun K. Chan, Yuan Li, Guichuan Yu,
Xudong Zhao, Martin Dressel, Ana Smontara, and Martin
Greven, “Universal sheet resistance and revised phase di-
agram of the cuprate high-temperature superconductors,”
Proc. Natl. Acad. Sci. U.S.A. 110, 12235-12240 (2013).
J.L. Tallon and J.W. Loram, “The doping dependence of
T* - What is the real high-T. phase diagram?” Physica C
349, 53 - 68 (2001).

B. Wuyts, V. V. Moshchalkov, and Y. Bruynseraede,
“Resistivity and Hall effect of metallic oxygen-deficient
YBazCusO, films in the normal state,” Phys. Rev. B 53,
9418-9432 (1996).

Henri Alloul, “What is the simplest model that cap-
tures the basic experimental facts of the physics of un-
derdoped cuprates?” Comptes Rendus Physique 15, 519 —
524 (2014).

K. Fujita, Chung Koo Kim, Inhee Lee, Jinho Lee, M. H.
Hamidian, I. A. Firmo, S. Mukhopadhyay, H. Eisaki,
S. Uchida, M. J. Lawler, E.-A. Kim, and J. C. Davis, “Si-

33

34

35

36

37

38

39

40

41

multaneous transitions in cuprate momentum-space topol-
ogy and electronic symmetry breaking,” Science 344, 612—
616 (2014).

S. A. Kivelson, E. Fradkin, and V. J. Emery, “Electronic
liquid-crystal phases of a doped Mott insulator,” Nature
(London) 393, 550-553 (1998).

Laimei Nie, Gilles Tarjus, and Steven Allan Kivelson,
“Quenched disorder and vestigial nematicity in the pseudo-
gap regime of the cuprates,” Proc. Natl. Acad. Sci. U.S.A.
111, 7980-7985 (2014).

Andreas Hackl and Matthias Vojta, “Nernst-effect
anisotropy as a sensitive probe of Fermi-surface distortions
from electron-nematic order,” Phys. Rev. B 80, 220514
(2009).

D Haug, V Hinkov, Y Sidis, P Bourges, N B Christensen,
A Ivanov, T Keller, C T Lin, and B Keimer, “Neutron
scattering study of the magnetic phase diagram of under-
doped YBa2CuszOeg44,” New Journal of Physics 12, 105006

(2010).
S. Blanco-Canosa, A. Frano, T. Loew, Y. Lu,
J. Porras, G. Ghiringhelli, M. Minola, C. Mazzoli,

L. Braicovich, E. Schierle, E. Weschke, M. Le Tacon, and
B. Keimer, “Momentum-dependent charge correlations in
YBaxCuzO¢45 superconductors probed by resonant x-ray
scattering: Evidence for three competing phases,” Phys.
Rev. Lett. 110, 187001 (2013).

Michael Schiitt and Rafael M. Fernandes, “Antagonistic in-
plane resistivity anisotropies from competing fluctuations
in underdoped cuprates,” Phys. Rev. Lett. 115, 027005
(2015).

S. Okamoto, D. Sénéchal, M. Civelli, and A.-M. S.
Tremblay, “Dynamical electronic nematicity from Mott
physics,” Phys. Rev. B 82, 180511 (2010).

Shi-Quan Su and Thomas A. Maier, “Coexistence of
strong nematic and superconducting correlations in a two-
dimensional Hubbard model,” Phys. Rev. B 84, 220506
(2011).

G. Sordi, P. Sémon, K. Haule, and A.-M.S. Tremblay,
“Pseudogap temperature as a Widom line in doped Mott
insulators,” Sci. Rep. 2, 547 (2012).


http://dx.doi.org/10.1038/nature08716
http://dx.doi.org/10.1038/nature08716
http://dx.doi.org/10.1126/science.1152309
http://dx.doi.org/10.1080/14786435.2012.669065
http://dx.doi.org/10.1103/PhysRevLett.93.267001
http://dx.doi.org/10.1103/PhysRevLett.63.1700
http://dx.doi.org/10.1103/PhysRevLett.63.1700
http://dx.doi.org/10.1103/PhysRevB.78.054518
http://dx.doi.org/10.1103/PhysRevB.78.054518
http://dx.doi.org/10.1073/pnas.1301989110
http://dx.doi.org/10.1016/S0921-4534(00)01524-0
http://dx.doi.org/10.1016/S0921-4534(00)01524-0
http://dx.doi.org/10.1103/PhysRevB.53.9418
http://dx.doi.org/10.1103/PhysRevB.53.9418
http://dx.doi.org/10.1016/j.crhy.2014.02.007
http://dx.doi.org/10.1016/j.crhy.2014.02.007
http://dx.doi.org/10.1126/science.1248783
http://dx.doi.org/10.1126/science.1248783
http://dx.doi.org/10.1038/31177
http://dx.doi.org/10.1038/31177
http://dx.doi.org/10.1073/pnas.1406019111
http://dx.doi.org/10.1073/pnas.1406019111
http://dx.doi.org/10.1103/PhysRevB.80.220514
http://dx.doi.org/10.1103/PhysRevB.80.220514
http://stacks.iop.org/1367-2630/12/i=10/a=105006
http://stacks.iop.org/1367-2630/12/i=10/a=105006
http://dx.doi.org/10.1103/PhysRevLett.110.187001
http://dx.doi.org/10.1103/PhysRevLett.110.187001
http://dx.doi.org/10.1103/PhysRevLett.115.027005
http://dx.doi.org/10.1103/PhysRevLett.115.027005
http://dx.doi.org/10.1103/PhysRevB.82.180511
http://dx.doi.org/10.1103/PhysRevB.84.220506
http://dx.doi.org/10.1103/PhysRevB.84.220506
http://dx.doi.org/DOI:10.1038/srep00547

	I INTRODUCTION
	II METHODS
	III RESULTS
	IV DISCUSSION
	V SUMMARY
	 ACKNOWLEDGEMENTS 
	 References

