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ARTICLE INFO ABSTRACT

Available online 22 November 2014 The concept of intertwined orders has been introduced to describe the cooperative relationship between
antiferromagnetic spin correlations and electron (or hole) pair correlations that develop in copper-oxide
superconductors. This contrasts with systems in which, for example, charge-density-wave (CDW) order
competes for Fermi surface area with superconductivity. La,_,Ba,Cu0, with x=0.125 provides an example
in which the ordering of spin stripes coincides with the onset of two-dimensional superconducting
correlations. The apparent frustration of the interlayer Josephson coupling has motivated the concept of
the pair-density-wave superconductor, a state that theoretical calculations show to be energetically
competitive with the uniform d-wave superconductor. Even at x=0.095, where there is robust super-
conductivity below 32 K in zero field, the coexistence of strong, low-energy, incommensurate spin ex-
citations implies a spatially modulated and intertwined pair wave function. Recent observations of CDW
order in YBa,Cu;0¢,, and other cuprate families have raised interesting questions regarding the general
role of charge modulations and the relation to superconductivity. While there are differences in the
doping dependence of the modulation wave vectors in YBa,Cu;0g,, and La,_,Ba,Cu0,, the maximum
ordering strength is peaked at the hole concentration of 1/8 in both cases. There are also possible
connections with the quantum oscillations that have been detected about the same hole concentration
but at high magnetic fields. Resolving these relationships remains a research challenge.

© 2014 Elsevier B.V. All rights reserved.
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1. Competing vs. intertwined orders

Underdoped cuprate superconductors exhibit a “pseudogap” phase
that becomes apparent below a temperature T¥, where T* decreases
with increased doping, approaching the superconducting transition
temperature T, for hole concentrations beyond optimal (where opti-
mal doping corresponds to maximum T¢) [1]. It has become common
to discuss “competing” orders that may be responsible for the pseu-
dogap and which may compete with superconductivity. There are
certainly many good examples of systems where the transition tem-
perature for one type of order, such as charge density wave (CDW) or
spin density wave (SDW) order, drops to zero at the same point where
the superconducting T, reaches its maximum. For example, pressure
causes the CDW transitions in TaS, to decrease from 550 K towards
zero, while the superconducting T, rises to 5 K, and continues in the
absence of CDW order at higher pressures [2]. At this meeting, Nifiez-
Regueiro reviewed a variety of related systems in which an order such
as CDW or SDW competes for Fermi surface area with super-
conductivity [3].

A rather different sort of picture has emerged from studies of
La,_,Ba,Cu0, [4-6]. Here, SDW and CDW orders appear to be in-
tertwined with a spatially modulated superconductivity, referred
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to as a pair-density-wave (PDW) superconductor [7-9]. Anti-
ferromagnetic and pairing correlations seem to develop in a co-
operative fashion, forming a spatially self-organized pattern. Such
behavior has motivated the perspective that intertwined orders
are a common feature of the cuprate superconductors [10].

Recent observations of CDW order in YBa,Cu;0g,, [11-13] have
led to renewed discussions of competing order. While many
questions remain, it appears that the concept of intertwined order
is relevant to the interpretation of these results [10].

2. Pseudogap

The nominal Fermi surface of an underdoped CuO, plane forms
a hole pocket about k = (z/a, =/a). In the superconducting state,
the d-wave pairing gap has a node near (z/2a, z/2a), with the gap
maxima occurring in the vicinity of (z/a, 0) and (0, z/a) (known as
the antinodal regions). In the temperature range above T, but
below T*, the superconducting gap closes along a finite arc about
the nodal point, but a gap remains in the antinodal region [14-16].
The energy scale of the pseudogap is quite similar to that of the
superconducting gap, just as the magnitude of T* is similar to T.

Is the pseudogap associated with some type of competing or-
der? There have certainly been proposals of various specific orders
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intended to explain the pseudogap [17,18]. In a conventional pic-
ture, a well-defined Fermi liquid would be present at T > T*, and
the pseudogap would appear and grow as the competing order
develops. A problem with such a scenario is that there is no Fermi
liquid state at T > T+. Optical conductivity studies demonstrate the
absence of a Drude peak, and hence the absence of coherent
quasiparticles [19,20]. The appearance of coherent states, asso-
ciated with the nodal arc states, occurs only on cooling below T*,
This happens in parallel with the development of anti-
ferromagnetic spin correlations, as indicated by the bulk spin
susceptibility [21,22]. Thus, charge coherence and spin correla-
tions appear to develop at the same time, suggesting cooperation
rather than competition.

3. La,_,Ba,CuO4 and the PDW

The case of La,_,Ba,Cu0, provides an example of how spins and
charges can organize themselves in an intertwined fashion that
enables strong pairing of holes. After the initial discovery of high-
temperature superconductivity [23], exploration of the phase
diagram revealed a sharp minimum of T, at the hole concentration
x ~ 1/8 [24]. Such a strong dip in T, is not observed in chemically
similar La,_,Sr,Cu0Q, [25]. It was quickly demonstrated that the
unusual behavior in La,_,Ba,Cu0, is associated with a phase tran-
sition to the low-temperature tetragonal (LTT) phase at a tem-
perature of ~60 K [26]. When single crystals became available,
neutron diffraction measurements on the related system
La;4gNdg 4Srg12Cu0y4, which also exhibits the LTT phase, found the
presence of charge and spin stripe order [27,28]. The occurrence of
stripe order was eventually confirmed in La,_,Ba,CuQ, [29,6] and
also in La; g_,Euy,Sr,Cu0, [30]. Despite the absence of bulk LTT
order, very recent X-ray scattering measurements have demon-
strated the presence of charge stripe order in La; ggSrg12Cu04 [31-
34], where spin stripe order had previously been detected [35].

The occurrence of charge and spin stripe order was predicted
long before it was detected [36-39]. These analyses properly
captured the fact that the charge stripes act as antiphase domain
walls for the spin stripes, so that wave vectors q, for charge order
and q, for spin order (with the latter measured relative to
Q. = (7/a, z[a)) are related by q, = 2q,. Where they disagree with
experiment is in predicting that the charge stripes should be in-
sulating, with one hole per Cu site along a stripe, and with a period
d. = 2z/(q.a) = 1/x; experiment finds d. ~ 2/x [40,6], correspond-
ing to about half of a hole per Cu site along a stripe. After stripes
were detected, the role of stripe fluctuations was considered in
order to account for metallic behavior in cuprates [41]. [The ex-
istence of charge-stripe fluctuations in the analog system
La,_,Sr,NiO, (with insulating charge stripes) has now been con-
firmed by neutron scattering experiments [42,43] (and the system
becomes a bad metal when the stripes are fluctuating [44,45]).]

An alternative theoretical approach is the concept of Coulomb-
frustrated phase separation [46-48]. An early analysis of the t-]
model indicated that a low density of holes in an antiferromagnet
would tend to phase separate [49]; the phase separation is pos-
sible because the model does not take account of extended
Coulomb interactions. Accounting for such interactions with an
effective Hamiltonian led to predictions of a variety of charge-or-
dered states, including stripe and checkerboard orders [48]. After
stripes were experimentally observed, the possibility of super-
conductivity arising from pairing correlations within the hole-rich
stripes was explored [50]. At the time, only in-phase coupling of
pairing between stripes was considered, and it was concluded that
superconducting order would require fluctuating stripes in order
to avoid competition from CDW order [51].

The formation of stripes can be viewed as a competition be-
tween the kinetic energy of the holes and the exchange energy
between the spins. This effect has been efficiently captured by
density matrix renormalization group (DMRG) calculations of the
t-J model on finite systems [52-54]|. These calculations yield a
charge density of ~0.5 hole/site, consistent with experiment. Fur-
thermore, strong pairing correlations within the stripes are ob-
tained [55].

Experimentally, stripe order in La,_,Ba,Cu0O, with x=1/8 strongly
depresses bulk superconducting order; however, careful studies of the
anisotropic resistivity and magnetic susceptibility in single crystals
revealed evidence for the onset of two-dimensional (2D) super-
conducting correlations at ~40 K, simultaneously with spin stripe or-
der [4,5]. (Similar observations of 2D superconductivity have been
reported for stripe-ordered La, g_,Nd,,S5,CuO, [56].) While super-
conductivity in the cuprates is always driven by the electronic corre-
lations within the CuO, planes, there is inevitably a Josephson cou-
pling between the layers that induces 3D superconducting order when
the correlation length for 2D superconducting phase order becomes
sufficiently large. The suppression of 3D order in La,_,Ba,Cu0, x=1/8
suggests that the interlayer Josephson coupling must be frustrated.
This frustration effect was first observed in a c-axis optical con-
ductivity study of La; gs_,Nd,Sry;5Cu0,, where the increasing Nd
concentration leads to a transition to the LTT phase and stripe order,
together with a collapse of the Josephson plasma resonance, despite
the survival of bulk superconductivity [57]. These observations moti-
vated the concept of the PDW [7-9]. Because of the rotation of the
charge-stripe direction by 90° between layers in the LTT phase [58],
Josephson coupling between the PDW order in neighboring
layers is zero. It is interesting to note that the PDW state has also been
proposed from a different starting point, that of “Amperean pairing”
[59].

While the PDW state provides a good explanation of the 1/8
anomaly, is it an energetically competitive state? Recent varia-
tional tensor network studies of the t-] model suggest that it is
[60,61]. Using reasonable parameters, the stripe state with anti-
phase d-wave superconducting order is very close to that of stripes
with in-phase d-wave order; both are found to be slightly lower in
energy than the uniform d-wave state. There has also been an
interesting mean-field analysis of the PDW state [62].

Is the PDW state relevant at hole concentrations away from
x = 1/8? Optical conductivity studies of La,_,Sr,Cu0, with x=0.1
provided evidence that superconducting layers become decoupled
in a c-axis magnetic field [63,64]. This led us to investigate the
behavior of La,_,Ba,Cu0, with x=0.095, for which the zero-field T,
is 32 K. Measurements of resistivity parallel and perpendicular to
the planes showed that the in-plane resistivity remains effectively
zero while the c-axis resistivity can become finite in quite modest
c-axis fields (<1 T) [65]. Such measurements have been extended
to fields as high as 35T, at which point the in-plane resistivity is
negligible at 13 K while the c-axis resistivity is compatible with
strongly insulating behavior [66]. While the stability of this novel
high-field state is yet to understood, these results suggest that the
PDW state may be induced by a c-axis magnetic field, leading to
the frustration of the interlayer Josephson coupling.

Can the modulated superconducting state be relevant to good
superconductors at zero field? We have recently investigated the
spin fluctuations in the La,_,Ba,Cu0, x=0.095 sample by inelastic
neutron scattering [67]. This sample exhibits weak spin and charge
stripe order in the superconducting state. Measurements of the
incommensurate spin fluctuations at T < T, reveal gapless excita-
tions with a strength comparable to that of spin waves in anti-
ferromagnetic La,CuO4. Similarly, there is no sign of a “spin re-
sonance” peak. The absence of a spin gap and resonance peak
violates the current paradigm for antiferromagnetic super-
conductors [68,69].
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