Vol 463|28 January 2010|doi:10.1038/nature08716

nature

LETTERS

Broken rotational symmetry in the pseudogap phase
of a high-T, superconductor

R. Daou't, J. Chang', David LeBoeuf', Olivier Cyr-Choiniére’, Francis Laliberté’, Nicolas Doiron-Leyraud’,
B. J. Ramshaw?, Ruixing Liang®?, D. A. Bonn*’, W. N. Hardy*’ & Louis Taillefer'?

The nature of the pseudogap phase is a central problem in the
effort to understand the high-transition-temperature (high-T)
copper oxide superconductors'. A fundamental question is what
symmetries are broken when the pseudogap phase sets in, which
occurs when the temperature decreases below a value T*. There is
evidence from measurements of both polarized neutron diffrac-
tion>* and the polar Kerr effect* that time-reversal symmetry is
broken, but at temperatures that differ significantly from one
another. Broken rotational symmetry was detected from both
resistivity measurements® and inelastic neutron scattering®?® at
low doping, and from scanning tunnelling spectroscopy”'® at
low temperature, but showed no clear relation to T*. Here we
report the observation of a large in-plane anisotropy of the
Nernst effect in YBa,Cuz0,, that sets in precisely at T* throughout
the doping phase diagram. We show that the CuO chains of the
orthorhombic lattice are not responsible for this anisotropy,
which is therefore an intrinsic property of the CuO, planes. We
conclude that the pseudogap phase is an electronic state that
strongly breaks four-fold rotational symmetry. This narrows the
range of possible states considerably, pointing to stripe or nematic
order'"'%,

We have measured the Nernst coefficient, v(7T), of the high-T.
superconductor YBa,Cuz;O, (YBCO) as a function of temperature
up to ~300K for a hole concentration" (doping) ranging from
p=0.08 to p=10.18, in untwinned crystals where the temperature
gradient, AT, was applied along either the aaxis or the baxis of the
orthorhombic plane. Figure 1 shows a typical data set, which consists
of two contributions: a positive, strongly field-dependent contribution
due to superconducting fluctuations''® and a field-independent con-
tribution due to normal-state quasiparticles'’. The second contri-
bution changes from being small and positive to being large and
negative as the temperature decreases. We define as T, the temperature
at which v/ T begins to decrease. In Fig. 2, we plot T, as a function of
doping. We also plot T, the temperature below which the in-plane
resistivity, p(T), of YBCO deviates negatively from its linear temper-
ature dependence at high temperature, which is a standard definition
of the pseudogap temperature, T* (refs 18, 19). We see that T, = T,,
within the errors, as also found in a recent study of YBCO films®. We
also see that the value of T, obtained with AT parallel to the aaxis
(AT|| a) is the same as the value obtained with AT|| b, within the
errors. We therefore conclude that the decrease in the quasiparticle
Nernst signal to large negative values is a signature of the pseudogap
phase, detectable up to the highest doping that we measured, p = 0.18.

In Fig. 3, we see that the dip in v/ Tbetween T, and T gets shallower
as the difference between T, and T shrinks with doping (Fig. 2). This
characteristic dip is extremely anisotropic, being roughly ten times

deeper when AT|| b than when AT|| a. In Supplementary Fig. 6, we
plot the Nernst anisotropy as a ratio, which is seen to reach v,/v, =7
at 90K for p=0.12. To our knowledge, this is the largest in-plane
anisotropy reported in any macroscopic physical property of any
high- T, superconductor'. In Fig. 4a, we plot the anisotropy differ-
ence D(T) = (v, — v;,)/ T relative to its value at T,, which reveals that
the onset of the a—b anisotropy coincides with T,. This shows that the
anisotropy is a property of the pseudogap phase, as T, = T*. In
Fig. 4b, we plot the anisotropy difference divided by the sum
S(T)=—(v,+v,)/T, as [D(T) — D(T,)]/[S(T) — S(T,)] versus T.
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Figure 1| Nernst coefficient. Nernst coefficient,v, of YBCO, plotted as v/T
versus T, for different values of the magnetic field B (as colour-coded). The
sample is a single crystal with an oxygen content of y = 6.67 and a
superconducting transition temperature of T.(B = 0) = 66.0 K (vertical
line), corresponding to a hole concentration (doping) of p = 0.12 (ref. 13).
The thermal gradient is along the baxis of the orthorhombic structure, the
transverse Nernst voltage is measured along the a axis and the magnetic field
is applied along the caxis. We see that v(T) consists of two contributions: a
field-independent contribution, attributed to quasiparticles, which is small
and positive at high temperature and becomes large and negative on cooling;
and a positive, strongly field-dependent contribution, attributed to
superconducting fluctuations, which causes v to rise sharply as the
temperature approaches T, from above. Inset, magnified view at high
temperature, showing where v/T starts to decrease below its constant, small
and positive high-T value, at the onset temperature T, (arrow). The data for
all samples are shown in the Supplementary Information (Supplementary
Figs 1, 2 and 3) and the values of T, are listed in Supplementary Table 1. Our
data are consistent with published YBCO data'*"'® wherever they overlap (in
temperature and doping). In particular, a negative quasiparticle
contribution has been observed for p = 0.1-0.15, in measurements mostly
done on twinned crystals'*¢.
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Figure 2 | Phase diagram. Temperature—doping phase diagram of YBCO
showing the superconducting phase (SC) below the transition temperature,
T. (diamonds; from ref. 13). Two characteristic temperatures are plotted: T,
(blue circles, AT \ | a; red circles, AT | \ b), which marks the onset of the
decrease in the quasiparticle Nernst signal, as defined in Fig. 1 (see also
Supplementary Figs 1 and 2); and T, (green squares), which marks the onset
of the decrease in the resistivity, p(T), from its linear temperature
dependence at high temperature, as defined in Supplementary Fig. 4 (using
data from ref. 19). This definition of T, is a standard definition of the
pseudogap-phase (PG) onset temperature, T*, in YBCO (ref. 18). The error
bars on T, and T, indicate the uncertainty in locating the temperature below
which v/T and p(T) start to deviate from their respective behaviours at high
temperature (Supplementary Information). The dashed line is a guide to the
eye. Within the errors, we find that T, = T, showing that the decrease in v/T
signals the onset of the pseudogap phase. We note that in v,/T (where v, is
the Nernst coefficient measured with AT || b), this signature remains clearly
visible up to the highest doping that we measure (p = 0.18; Supplementary
Fig. 1f), whereas it is not detectable in v,/T (v, measured with AT || a) or p
for dopings greater than p =~ 0.15 (Supplementary Fig. 2).

The relative anisotropy, D(T)/S(T) = (vy — v,)/ (v, + v,), can be
viewed as a Nernst-derived nematic-order parameter, in analogy with
that defined from the resistivity*'.

In the orthorhombic crystal structure of YBCO, there are CuO
chains along the baxis, between the CuO, planes common to all
copper oxides. These chains can conduct charge, causing an aniso-
tropy in the conductivity, o, such that 6;/5, > 1 (where ¢, and o, are
the conductivities measured along the a and baxes, respectively). In
principle, these chains could also cause an anisotropy in v, but the
chains in fact make a negligible contribution to v. To see this, we first
consider the low doping regime at p = 0.08 (y = 6.45), for which the
anisotropy ratios of both ¢ and v are displayed in Supplementary
Fig.6a. As established previously’, the conductivity of chains
decreases as p decreases, becoming negligible for p =~ 0.08, as shown
by the fact that g,/0,~ 1 at high temperature. Under conditions of
negligible chain conduction, we observe a small increase in o,/0, as
the temperature decreases (Supplementary Fig. 6a), which is convin-
cing evidence of a state that breaks rotational symmetry, as previously
reported®. The similar (but larger) increase in v;/v, (Supplementary
Fig.6a) is equivalent evidence of the same symmetry breaking. By
contrast, at higher doping, such as p = 0.12 (Supplementary Fig. 6b),
a,/0, decreases on cooling, which is the signature of chain-domi-
nated conductivity’; the Nernst anisotropy, however, exhibits the
same characteristic increase on cooling that it does for p=0.08.
This shows that although chains dominate the anisotropy in ¢ at
higher doping, they appear to have little impact on the anisotropy
inv.

This is confirmed by a second test, where we greatly enhance the
conductivity of the chains while keeping the doping approximately
constant. This is done by comparing samples with y=6.97
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Figure 3 | Comparison of v, and vp. a, b, Dependence of v/T on the
normalized temperature T/T, for various dopings (as colour-coded), for
AT || a(a) and AT || b (b). The T, values are those listed in Supplementary
Table 1 and plotted in Fig. 2. Note that the vertical range is ten times larger
inb than in a, showing that the negative quasiparticle Nernst signal is an
order of magnitude larger for AT || b.

(p=10.177) with samples with y=6.998 (p=0.180). Because the
densities of oxygen vacancies in the chains are 3% and 0.2%, respec-
tively, the chain conductivity of the samples with y = 6.998 is much
larger, by a factor of four (Supplementary Fig. 8), than that of the
other samples. The effect of this enhanced chain conductivity on the
Nernst signal can be seen in the anisotropy difference, D(T), plotted
in Supplementary Fig.9b. For T> T,, it produces a temperature-
dependent background in D(T) that decreases as temperature
decreases, visible only in the y = 6.998 samples. For T< T,, D(T)
increases in similar fashion for all samples (Fig. 4a): the pseudogap
clearly has the effect of increasing D(T). If the chains were responsible
for this increase, we would expect it to be largest in the samples with
the most highly conducting chains, namely the y = 6.998 samples.
However, the opposite is true: below T,, D(T) is smallest for those
samples (Supplementary Fig. 9b). We conclude that chain conduc-
tion is not the cause of the pseudogap-related anisotropy in the
Nernst coefficient.

This implies that the pseudogap phase breaks the four-fold rota-
tional symmetry of the CuO, planes. The orthorhombic distortion of
the CuO, planes caused by the CuO chains already breaks four-fold
symmetry, and this ‘weak’ symmetry breaking is necessary for any
breaking of four-fold rotational symmetry to be observable macro-
scopically. In its absence, any spontaneous order would form
domains and the associated in-plane anisotropy would be averaged
out to zero over the volume of the sample'”. The orthorhombic
distortion has the same role as an in-plane magnetic field in a ferro-
magnet or a metal with nematic order®'.

Broken rotational symmetry places a major constraint on the
possible states that can be identified with the pseudogap phase. It

©2010 Macmillan Publishers Limited. All rights reserved
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Figure 4 | Anisotropy of the Nernst signal. Difference in the Nernst signal
of YBCO between having AT || a and having AT || b, defined as

D(T) = (v, — v)/T. a, Difference plotted as D(T) — D(T,) versus T/T, for
various dopings (as colour-coded; Supplementary Fig. 5 shows the full D(T)
data). T, is that obtained for the b-axis samples (Supplementary Fig. 1 and
Supplementary Table 1). The onset of the pseudogap phase, at T,, causes a
fairly uniform rise in the anisotropy. b, Difference plotted as

[D(T) — D(T,)]/[S(T) — S(T,)] versus T for p = 0.12 (open black circles),
where S(T) = — (v, + v3)/T. The plotted ratio equals (v, — v,)/(vy + v,)
(filled red circles) at low temperature, when D(T) > |D(T,)| and

S(T) > |S(T,)|. This ratio can be viewed as a nematic-order parameter
(ref. 21). (We note that because (v, — v,) changes sign near 150K, it is
meaningless to plot (v, — v,)/(v, + v,) beyond 120 K or so; see
Supplementary Fig.7.) The error bar on the absolute value of (v, — v,)/
(vp + v,) (shown at 90 K) comes from the separate uncertainties of =10% in
vp and v, (Supplementary Information). The dotted line shows a simple
parabolic temperature dependence.

favours ‘stripe-like’ order, that is, unidirectional modulations of the
spin and/or charge density, or nematic order'"'">. Recent calculations
performed for copper oxides confirm that stripe order can cause a
major enhancement of the quasiparticle Nernst signal, with a sign that
depends on the modulation vector”?, and that nematic order can pro-
duce a much larger anisotropy in v than in ¢ (ref. 23).

In La,—,Sr,CuO, (LSCO) doped with Nd or Eu, the quasiparticle
Nernst signal also undergoes an enhancement (and sign change)
below a temperature, T,, that is equal to T, (ref. 24). Both of these
temperatures decrease monotonically with doping in a way that is
very similar to the behaviour in YBCO (Fig. 2), with T, (and T,)
going to zero at a critical doping, p* = 0.24 (ref. 25). In these materials,
static long-range stripe order has been observed below a temperature,
Tco, that decreases with doping and vanishes at p = 0.25 (ref. 26), with
Tco = T,/2 (ref.27). The onset of stripe order causes a reconstruction
of the Fermi surface at Tco (ref.27) that, in Eu-doped LSCO at
p=10.125, is manifest as a decrease in the Hall coefficient, Ry(T),
and the Seebeck coefficient, S(T), to negative values””*, starting at
Tco=80K. In YBCO at p = 0.12, the same drop is observed in both
Ryy(T) and S(T), at the same temperature®”*®. The fact that Ryyand S/ T
have large negative values in the normal state at low temperature is
ascribed to the formation of an electron pocket in the Fermi surface of
YBCO (refs28,29). All this argues strongly for stripe-like order in
YBCO at low temperature (in the absence of superconductivity).

It therefore seems that the transformation of the electronic state
in underdoped copper oxides on cooling proceeds in two stages: a
first transformation at T, where rotational symmetry is broken, and
a second transformation at T= T%/2, where translational symmetry
is broken (at least in the absence of superconductivity). The first
regime may simply be a short-range or fluctuating precursor of the
state at low temperature. This two-stage evolution is consistent with
neutron scattering studies® of YBCO at low doping (T.= 35K,
p=0.07). On cooling from high temperature, an anisotropy in the
spin fluctuation spectrum appears below 150 K or so, in the form of
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an incommensurability with the lattice that grows as temperature
decreases and is observed along the aaxis but not the baxis®. At
low temperature, static spin-density-wave order is seen®. Although
these particular observations are at a doping level below the range of
our investigations, the two-stage ordering sequence they reveal at
p=0.07, namely anisotropic spin fluctuations followed by spin-
density-wave order, is consistent with the two-stage process of sym-
metry breaking revealed by transport measurements at p = 0.12. (We
note that the in-plane anisotropy of the spin fluctuation spectrum is
present up to a doping of at least p~0.11 (refs6,7).) This type of
ordering sequence, that is, fluctuating stripes followed by static stripe
order, has been proposed theoretically in the context of a doped Mott
insulator™®.
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