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To provide a foundation for theoretical models of high-temperature superconductivity, experimental research has sought to
establish correspondences between macroscopic transport coefficients on the one hand, and atomic-scale correlation functions
measured by spectroscopic and scattering probes on the other hand. This research avenue has been confounded by the gradual
onset of electronic ordering phenomena and of the corresponding transport anomalies. We report measurements of the uniaxial-
stress dependence of the normal-state resistivity and Hall coefficient of the underdoped high-temperature superconductor
YBa,Cuz0g67. We observe a remarkable correspondence between the differential stress responses of the transport coefficients and
resonant X-ray diffraction features indicative of charge ordering, which parallels the phenomenology of classical charge-density-
wave compounds. However, our observations imply that static charge order is not responsible for a sign reversal of the Hall
coefficient, and suggest that the interplay with liquid-like, dynamical charge correlations is essential for the prominent transport

anomalies in the underdoped cuprates.
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INTRODUCTION

Nuclear magnetic resonance (NMR) and X-ray scattering experi-
ments have recently identified charge order as a universal feature
of the layered cuprates, and as the leading competitor of high-
temperature superconductivity at moderate doping levels'3.
However, the fact that there is no sharply defined transition or
onset temperature apparent in the thermal evolution of either
direct measures of the charge order, or of any transport
properties, makes it difficult to establish a correspondence
between the two sets of observables. Recently, external control
parameters have opened up fresh perspectives on this key issue.
Specifically, the application of external magnetic fields of order
100 T has revealed a wealth of new information about quantum
transport phenomena in the cuprates*=®, but the application of
complementary spectroscopic and scattering probes under these
extreme conditions remains a major challenge'®~'3. Hydrostatic
pressure is another continuously tunable parameter, but corre-
sponding studies have so far yielded seemingly contradictory
results. Whereas X-ray scattering experiments indicate a complete
suppression of charge order under modest pressure'®, purported
transport and NMR data signatures of charge order are only
weakly pressure dependent’>™'7. However, the measurements
were carried out on different samples and partly in high magnetic
fields, which are known to enhance the charge ordering. In
conjunction with the strong dependence of the doping level on
hydrostatic pressure, these difficulties have so far precluded firm
conclusions.

Recent experimental advances have enabled the application of
highly homogeneous uniaxial stress to complex quantum
materials, thereby opening up additional perspectives for in situ
experiments with a continuously tunable parameter'®28, The
application of stress in X-ray scattering experiments has already
uncovered substantial modifications of the charge-ordered state

of the cuprates?®3°, However, transport measurements under high
stress are difficult because even minor stress-induced cracks can
disrupt the current flow. Despite the recent methodological
progress, only few complementary studies on the stress response
of transport coefficients in cuprates have been reported®'. We
report measurements of the stress dependence of the normal-
state resistivity and Hall coefficient of twin-free single crystals of
the underdoped high-T, superconductor YBa,Cu3O¢., (YBCOg,.,),
which is particularly suitable for such experiments because of its
low degree of lattice disorder (Fig. 1a). We chose the doping level
of ~0.12 holes per copper ion (x = 0.67) where charge ordering is
most pronounced3?, A substantial stress-induced enhancement of
the charge order was recently observed on crystals identical to
those investigated here, using a nearly identical experimental
setup®®3°. We find remarkable parallels in the stress responses of
the transport coefficients and the diffraction signal from static
charge-ordering, especially with regard to their temperature
evolution and in-plane anisotropy. This correspondence allows
us to conclude that the condensation of collective charge
fluctuations reduces the resistivity, similar to classical charge-
density-wave (CDW) materials with quasi-two-dimensional (2D)
electron systems, where this effect has been attributed to a loss of
inelastic scattering channels in the CDW state®>—>°, However, we
also conclude that the impact of static charge order is too weak to
explain the most prominent transport anomalies, including the
well-known sign reversal of the Hall coefficient as a function of
temperature®. We argue that in YBCOgg,, liquid-like collective
fluctuations of the electron system take on the role of static order
in the classical CDW compounds, and we point out the need to
develop a theoretical framework to describe the underlying
mechanisms3®. Our results illustrate the potential of uniaxial-
pressure experiments with multiple complementary probes to
elucidate the correspondence between atomic-scale electronic
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Fig. 1 Measurement setup. a Unit cell of YBa,Cus0,°". Blue and red spheres represent Cu and O atoms, respectively. b Resistivity p, in the
absence of stress. ¢ Schematic of the sample mounted on the uniaxial stress cell seen from the side (left). Top view of the stress cell (right).
Sample platforms incorporated a mechanical contact are marked by red and green (Supplementary Note 2).

correlations and macroscopic transport phenomena in quantum
materials.

RESULTS AND DISCUSSION

Resistivity measurements

The single crystals of YBCOgs; were grown using the flux
method®’. The oxygen content was controlled by annealing the
samples at 555°C in a mixture of 5% O, and 95% Ar for one
week3®. The samples were then detwinned mechanically®. The
superconducting T.=65 K was determined by magnetometry
(Supplementary Note 1), and the hole doping p~0.12 was
estimated from the c-axis lattice constant measured by X-ray
diffraction at room temperature®. To maximize the homogeneity
of the uniaxial stress, the samples were cut into rectangular blocks
with typical dimensions ~2.5 mm x 0.2 mm x 0.1 mm*', and the
stress was applied along the long axis. We studied two samples
with long axes along the a-direction of the CuO; layers (samples 1
and 3), and one sample (sample 2) with long axis along b, the
direction of the CuO chains in the crystal structure (Fig. 1a). The
resistivity p and Hall coefficient Ry were measured in a standard
four-probe configuration (see “Methods”). The temperature-
dependent resistivity at ambient pressure measured in this way
is consistent with prior reports, including signatures of pseudogap
formation at temperatures around 200 K, well above the onset of
charge order (Fig. 1b)*2.

We pressurized the samples using a piezoelectric-based
apparatus, illustrated in Fig. 1c, that incorporated sensors of both
the force and displacement applied to the sample**=*°. From the
applied force, the stress in the sample can be accurately
determined, independently of the deformation of the epoxy that
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holds the sample. Therefore, in the present study, we discuss the
pressure effect in terms of stress (denoted as oy, and gy, for a and
b-axis pressure, with negative sign for compressive stress).
Additionally, in stress-sweep measurements, the samples were
mounted onto platforms incorporating a mechanical contact that
opens when the force falls to zero. This feature prevents the
application of tensile stress, but allows accurate in situ calibration
of the zero-force position (Supplementary Note 2). Note that the
strain levels covered in the present study are below the onset
strain of the three-dimensional (3D) charge order observed in
recent X-ray scattering experiments?3°, Our study is thus limited
to the possible influence of strain-enhanced 2D charge order on
the transport coefficients.

Figure 2 shows the normalized electrical resistance, AR/R, as a
function of stress along the principal in-plane directions a and b
for different temperatures. (Note that we plot the measured
resistance rather than the resistivity because of the stress-
dependent sample geometry, as discussed below.) Throughout
the entire temperature range, AR/R shows a linear dependence on
stress along both directions, but the amplitude and sign of the
stress response evolve strongly with temperature. Figure 3a
summarizes the temperature dependence of the stress response
deduced from linear fits of the AR/R-versus-o curves in Fig. 2. Since
o is negative throughout our study, we plot the stress derivative
—d(AR/R)/do, which is positive (negative) if the resistivity increases
(decreases) with increasing compression. Temperature sweep
experiments of AR/R for fixed a-axis compression yield consistent
results (sample 3 in Fig. 3a). The temperature dependence of
—d(AR/R)/do is qualitatively similar for a- and b-axis compression,
with a maximum at T~ 150 K followed by a zero-crossing around
100 K. We, therefore, attribute this behavior to electrons in the
CuO, layers, rather than the CuO chains. However, we note that
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Fig. 2 Stress sweep measurements of the normalized electrical resistance. a Change of resistance AR/Rvs. uniaxial stress o,, for different
temperatures above T= 150 K. The resistance R was measured and o,, was applied along the a-axis. Solid lines are the results of linear fits.
b Same as (a), with T< 150 K. ¢, d Same as (a, b) with R and oy, parallel to the b-axis.

both the onset of the downturn and the zero-crossing are
observed at higher temperature for stress along b, and that the
amplitude of —d(AR/R)/do,, at low T substantially exceeds the one
of —d(AR/R)/doy, (Fig. 3a).

In interpreting these results, we first consider the impact of
stress on the sample geometry, which affects the measured
resistance R= pl/A via the length | and cross-sectional area A of
the sample. Specifically,

d(AR/R) _ d(8p/p)

— 1
deyy dexy M

= +(1 +ny+sz),
where p is the resistivity, &, = 0, /Ey is the strain (with the Young's
modulus E, ~ 160 GPa), and (v, v,,) ~ (0.44, 0.16) are the Poisson’s
ratios*®. As 1+ Vi + Vi is positive, the geometric contribution to
—d(AR/R)/do = —(1 + Vi + Vi) /[Ex ~ —0.01 GPa™', is negative and
nearly temperature-independent at all temperatures, contrary to
the measured pressure response (Fig. 3a and Supplementary Note
3).

Likewise, contributions to the intrinsic Ap/p arising from the
stress dependence of the electronic hopping parameters are
expected to decrease monotonically with compression (see
Supplementary Note 4 for corresponding tight-binding calcula-
tions). The strong, non-monotonic temperature dependence of
the stress response at lower temperatures indicates many-body
correlations of the electron system.

In view of the recent observation of strongly T-dependent
incommensurate charge order by X-ray diffraction on samples of
identical composition*’, we compare our transport data to the
amplitude of the diffraction signal arising from 2D charge order,
which is displayed in Fig. 3b. We note that the onset of the
downturn in —d(AR/R)/do (Fig. 3a) occurs just below the onset
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temperature of the charge order signal around T¢o~ 150-160 K.
The in-plane anisotropies of the stress response of both quantities
also exhibit striking similarities. Specifically, stress along both
principal in-plane axes enhances the charge-ordering signal with
an amplitude that is larger along b than along a (Fig. 3b)%,
mirroring the amplitude and anisotropy of the stress response of
the resistivity (Fig. 3a). These parallels suggest that the electrical
resistivity is reduced by the onset of charge order. A similar effect
has been observed in classical CDW compounds with 2D electron
systems, where the CDW gap partially reconstructs the Fermi
surface such that the impact of the reduced carrier density on the
resistivity is over-compensated by the reduced scattering prob-
ability of the residual carriers3#3>,

Hall effect measurements

In light of these considerations, we now discuss measurements of
the Hall coefficient, which are displayed in Fig. 4. In agreement
with prior work in the absence of pressure, the Hall coefficient, Ry,
is positive at high temperatures and exhibits a maximum on
cooling below T~ 150 K, followed by a zero-crossing at Ty~ 70
K>*8, Based in part on quantum oscillation measurements in high
magnetic fields, these phenomena have been ascribed to the
formation of electron pockets via a Fermi surface reconstruction
possibly induced by charge ordering, among other factors such as
anisotropies of the Fermi surface and the scattering rate*®°, In
qualitative agreement with this scenario, the application of stress
amplifies the downturn of Ry upon cooling below ~130 K (Fig. 4c),
consistent with the stress-induced enhancement of the charge
ordering amplitude inferred from X-ray diffraction®. The effect is
again larger for stress along b than along a (Fig. 4c), mirroring the

npj Quantum Materials (2022) 118
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Fig. 3 Comparison of transport and diffraction signatures of
charge order. a Stress response of the electrical resistance —d(AR/
R)/do vs. temperature deduced from Fig. 2 (samples 1 and 2).
Temperature sweep measurements at fixed stress are shown for an
additional sample (sample 3). Here, the magnitude of AR/R was
scaled by —1 GPa to convert the result to —d(AR/R)/do. The
horizontal dashed line marks the geometric contribution to —d(AR/
R)/do for p=constant (Supplementary Note 3). b Temperature
dependence of the normalized intensity of the Bragg reflections
characteristic of static charge-ordering measured by resonant X-ray
scattering, reproduced from ref. . The vertical dashed line and
shaded area mark the superconducting transition temperature T,
and the onset of static charge order Tco, respectively. Inset: Uniaxial
stress dependence of the integrated peak intensity of both charge
order domains with modulation propagating along the a- and b-
directions, normalized to zero stress and summed together,
extracted from the corresponding Bragg reflections®® (Supplemen-
tary Note 5).

in-plane anisotropies of the longitudinal resistivity (Fig. 3a) and
charge-ordering amplitude (Fig. 3b). On a qualitative level, our
data thus provide additional implications of a Fermi-surface
reconstruction induced by the experimentally observed charge
correlations.

However, we note a large quantitative disparity in the stress
responses of the charge ordering amplitude and the transport
coefficients. In particular, the intensity of the X-ray reflections
increases by ~100% for a-axis compression by 1 GPa®’, whereas
only a small modification of Ry and a ~1 K shift of T, are observed
under the same conditions (Fig. 4d). A related discrepancy was
noted for hydrostatic pressure'>'®, which appears to affect the
manifestations of charge order in scattering experiments much
more strongly than the corresponding transport features'. In the
latter case, however, the association is complicated by the
influence of hydrostatic pressure on the doping level, which
varies strongly as a function of doping and may obscure the
comparison of data on different samples'”. Moreover, some of the
transport experiments were conducted in high magnetic fields,
which also affect the amplitude of the charge order. Uniaxial
stress, on the other hand, does not affect the doping level. This is
evidenced by the observation that a stress-induced suppression of
charge ordering has not been observed—neither in YBCOg 67,23,
which is at the top of the charge-ordering ‘dome’ in the phase
diagram of the cuprates,®3? nor in other YBCOg,, samples at
higher or lower doping levels (data not shown). Moreover, our

npj Quantum Materials (2022) 118

measurements were taken in modest magnetic fields and on
samples prepared in an identical fashion, which can be compared
without any ambiguity. The quantitative disparity between
diffraction and transport signatures of charge order is, therefore,
an intrinsic feature of YBCOg .

A possible solution to this conundrum is spatial inhomogeneity
of the static charge order, which is indicated by the nonzero width
of the diffraction features. X-ray scattering experiments with high
energy resolution*® indicate that the X-ray reflections originate
predominantly from charge ordered domains nucleated by
residual disorder—a finding that is also supported by NMR
results®®. If these domains are spatially disconnected, the current
flow detected in transport experiments may predominantly
originate from regions with weak or absent static charge order,
thus explaining the quantitative disparity between the stress
responses of static charge order and transport.

However, these considerations also show that static charge
order is not responsible for the most prominent anomalous
transport features of YBCOg g7, including particularly the maximum
and sign reversal of the Hall coefficient, which only depends
weakly on stress (Fig. 4). In exploring alternative explanations, we
can also rule out a Fermi-surface reconstruction by magnetic
order, because static magnetism is not present in the YBCO
system in the doping and magnetic-field range probed by our
experiments. In principle, the unusual behavior of the Hall
coefficient may arise from electronic correlations unrelated to
density-wave order, including flux-flow phenomena in a phase-
incoherent superconducting state that precedes superconducting
long-range order. This scenario was invoked early on”' to explain
the sign reversal of Ry, but subsequent experiments have called
this interpretation into question, based in part on the observed
magnetic field independence of T, and on the continuous
evolution of the low-field Hall coefficient into the quantum-
oscillation regime that indicates a reconstructed Fermi surface in
high magnetic fields*®. Moreover, recent theoretical work
indicates that phase-incoherent Cooper pairing does not reverse
the sign of R4°2. Finally, we note that the superconducting
transition temperature decreases (increases) under g-axis (b-axis)
compression®®, The stark contrast of this asymmetric strain
response to the symmetric response of the normal-state resistivity
and Hall effect is inconsistent with a major influence of
superconductivity on the phenomena we have observed.

Conventional CDW order can thus be ruled out as the main
origin of the transport anomalies, and one may ask whether slowly
fluctuating, dynamical charge correlations recently uncovered by
resonant inelastic X-ray scattering (RIXS)>*3-%¢ offer an alternative
explanation. These correlations grow strongly upon cooling,
suggesting a critical divergence that is only cut off by the onset
of superconductivity. Two factors argue in favor of such a scenario.
First, the temperature evolution of the dynamical correlations is
closely similar to that of the static order. Indeed, the diffraction
features in elastic X-ray scattering can be understood as a ‘central
peak’ resulting from pinning of low-energy collective charge
fluctuations by defects*®. The analogy between the T-evolution of
charge order and transport coefficients pointed out above,
therefore, also holds for dynamical correlations. Second, in
contrast to the (slightly broadened) Bragg reflections manifesting
static order, the dynamical charge correlations exhibit a ring-like
pattern in reciprocal space®’, akin to analogous patterns in
quantum spin liquids and superfluid helium. (Note that the ring
pattern has thus far only been observed in Bi-based cuprates, but
is also expected in YBCOgg; in view of the universality of the
charge correlations in the cuprates®.) Such liquid-like correlations
(as well as the associated transport anomalies) are less directional
in real space, and are hence expected to be less susceptible to
stress along particular lattice directions than the static order. In a
strongly fluctuating system, however, even a small stress-induced
spectral-weight shift of the fluctuation spectrum may induce a

Published in partnership with Nanjing University
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Fig. 4 Hall effect under uniaxial stress. Temperature dependence of the Hall coefficient in a magnetic field of 8 T under uniaxial stress along
the a-axis (panel a) and in 12 T and along the b-axis (panel b). The stress amplitudes are shown in the legend. Note that the upturn of R upon
cooling below ~40 K is due to the onset of superconductivity. ¢ Difference between the Hall coefficients measured for o ~ —1 GPa and 0 =0.
d Sign reversal temperature Ty as a function of stress. The error bars are the standard deviations of T,.

large fractional response of the elastic ‘tail’ due to pinned
fluctuations. This scenario can thus explain the quantitative
disparity between the transport and diffraction features.

In summary, our investigation of the stress dependence of
the resistivity and Hall coefficient of YBCOgg; has demon-
strated surprising qualitative analogies to classical CDW
materials with 2D electron systems, where the loss of
scattering channels in the CDW state lowers the resistivity.
Interestingly, the long-range-ordered ‘striped’ state in the
La,_,Ba,CuO, family leads to an increase of the resistivity at
the onset of charge order®®, possibly due to the influence of
concomitant magnetic and lattice instabilities. In this context,
we point out that the strain levels covered by our transport
measurements were insufficient to reach the recently discov-
ered state with 3D charge order in YBCO?°. However, the
momentum-integrated intensity of the X-ray diffraction fea-
tures of 2D charge order largely exceeds the one of the 3D
charge order (see Supplementary Note 5). Although these
considerations suggest a dominant role of 2D charge order
even at high strain levels, direct transport measurements in
this regime are an interesting subject of future research.

Our data suggest a key role of liquid-like, nearly critical charge
correlations for fermionic transport, in contrast to the
electron—phonon-interaction driven static charge order in the
classical systems. There have been a number of theoretical
proposals along these lines, but few explicit calculations of
transport coefficients. Calculations of the Hall coefficient in the
framework of models with slowly fluctuating charge®® or spin®®
order indicate a subtle downturn at low temperatures, but a sign
reversal has not been predicted to the best of our knowledge. The
concrete link between transport and scattering probes of charge
correlations uncovered in our parametric study should motivate
further progress in the development of this theoretical framework,
for instance, by including the interplay with pairing fluctuations.
On the experimental front, our study has demonstrated the power

Published in partnership with Nanjing University

of uniaxial-pressure experiments in the long-standing quest to
establish correspondences between atomic-scale correlations and
macroscopic transport in high-T, superconductors. Extending this
approach to other spectroscopic probes and other collective
phenomena will open up new perspectives for quantum materials
research.

METHODS

Transport measurements

Electrical contacts were prepared by sputtering Au on the
surface®. Electrical resistivity (p) measurements were carried out
along the stress direction by a standard ac lock-in method with a
driving current of frequency ~80 Hz. Samples 1 and 3 (sample 2)
thus yielded p, (o») (Supplementary Note 6). Hall coefficient (Ry)
measurements were carried out with magnetic field along the c-
axis for samples 2 and 3. The measurements were performed with
both positive and negative fields, to eliminate the contribution of
the longitudinal magnetoresistivity.

DATA AVAILABILITY

Data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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