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The ability to efficiently control charge and spin in the cuprate high-temperature
superconductors is crucial for fundamental research and underpins technological Significance
development. Here, we explore the tunability of magnetism, superconductivity, and

crystal structure in the stripe phase of the cuprate La; _,Ba,CuOy, with x = 0.115 and Understanding the degree to

0.135, by employing temperature-dependent (down to 400 mK) muon-spin rotation which charge-stripe, spin-stripe,
and AC susceptibility, as well as X-ray scattering experiments under compressive and superconducting orders
uniaxial stress in the CuO; plane. A sixfold increase of the three-dimensional (3D) compete/coexist is paramount for
superconducting critical temperature 7, and a full recovery of the 3D phase coherence elucidating the microscopic

is observed in both samples with the application of extremely low uniaxial stress of pairing mechanism in the

~0.1 GPa. This finding demonstrates the removal of the well-known 1/8-anomaly of cuprate high-temperature

cuprates by uniaxial stress. On the other hand, the spin-stripe order temperature as well
as the magnetic fraction at 400 mK show only a modest decrease under stress. Moreover,
the onset temperatures of 3D superconductivity and spin-stripe order are very similar
in the large stress regime. However, strain produces an inhomogeneous suppression
of the spin-stripe order at elevated temperatures. Namely, a substantial decrease of
the magnetic volume fraction and a full suppression of the low-temperature tetragonal

superconductors. We explore
the tunability of magnetism,
superconductivity, and crystal
structure in the stripe phase of
the cuprate Lay_xBaxCuOy, by

structure is found under stress, which is a necessary condition for the development of employing complementary

the 3D superconducting phase with optimal 7. Our results evidence a remarkable techniques under compressive
cooperation between the long-range static spin-stripe order and the underlying uniaxial stress in the CuO; plane.
crystalline order with the three-dimensional fully coherent superconductivity. Overall, Our results show a sixfold

these results suggest that the stripe- and the SC order may have a common physical increase of the three-dimensional
mechanism. (3D) superconducting critical

. o . - temperature T, with the
cuprate high-temperature superconductor | uniaxial stress | stripe order | superconductivity |

muon-spin rotation application of extremely low
uniaxial stress of ~0.1 GPa and

High-transition-temperature (high-7¢) superconductivity in copper oxides (cuprates) evidence a remarkable

(1-8) is one of the most intriguing emergent phenomena in strongly correlated electron cooperation between the static

systems. Besides superconductivity, the phase diagram of some cuprates includes spin- and
charge order in patterns of alternating stripes (9—-15). There is increasingly strong evidence
of static/fluctuating stripe correlations in superconducting cuprates (16-18). One of
the most astonishing manifestations of the competition between the various ground
states in cuprates occurs in the prototypical cuprate superconductor Lay_,Ba,CuQOy4
(9-11). It exhibits an anomalous suppression of the uniform three-dimensional (3D) bulk

spin-stripe order and the
underlying crystalline order with
the 3D superconductivity. Our
results suggest that the
underlying pairing mechanisms

superconductivity when the hole concentration x is near 1/8, where static charge- and are essentially the same in the
spin-stripe orders and a structural phase transition [from a low-temperature orthorhombic alternative superconducting
(LTO) to a low-temperature-tetragonal (LTT) phase] occur simultaneously (19-21). In states with and without

the LTT phase, the CuOg octahedra rotate about alternate orthogonal axes ([100] and spin-stripe order.

[010]) in successive layers. The atomic displacements in the LTO structure form a
diagonal pattern, whereas, in the LTT case, the pattern of displacements is horizontal
(or vertical). We note that vertical and diagonal are defined relative to the Cu—O-Cu
bond direction. Thus, it is believed that, in the LTT phase, the horizontal stripes are
pinned by the lattice potential, which is responsible for the orthogonal stripe order  This article is a PNAS Direct Submission.

(alternate switching of the stripe direction from plane to plane) along the ¢ axis. While Copyright © 2023 the Author(s). Published by PNAS.
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same onset temperature as spin-stripe order (22-24). To explain 2D superconductivity, License 4.0 (CC BY-NC-ND).

a pair-density-wave (PDW) order (25, 26) (i.e., spatially modulated SC order) between 12.G., D.D., and G.S. contributed equally to this work.

the charge stripes has been proposed. In this state, the superconducting wave function 2To whom correspondence may be addressed. Email:

oscillates from positive to negative from one charge stripe to the next. Because the zurab.guguchia@psi.ch or hubertus.luetkens@psi.ch.
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Thus, PDW order is considered to be compatible with both the
charge and spin-stripe orders. It is believed that uniform 4-wave
and striped PDW orders are competing SC orders (2, 3). One
of the long-standing mysteries in cuprates is whether the stripe-
and the superconducting states involve distinct electron-pairing
mechanisms and what mechanisms control the competition
between such states.

Hydrostatic pressure has long been considered as a way of
tuning the stripe phase in cuprates, but it was found that the
pressure effect on the 3D superconducting transition temperature
in LBCO near 1/8 is quite modest, even with the loss of the long-
range LTT structure (27, 28). In-plane uniaxial stress has recently
been shown to be a more efficient control parameter (29-37). It
was shown that the 2D superconductivity in LBCO (x = 0.115)
can be pushed toward 3D order by the application of strain (29).

A

3He cryostat wall

Force generator

Light guides

Detachable sample holder

Strain was also shown to affect spin-stripe order in LBCO (x =
0.115). However, the generic character of such observations in a
broader region around 1/8 doping is not without ambiguity.
Here, we use in-plane compressive uniaxial stress applied
to the CuO; layers to perturb the stripe phase of the LBCO
phase diagram. An in situ piezoelectrically driven stress device
was used to microscopically probe the spin-stripe order with
muon spin rotation (uSR) spectroscopy (Fig. 1 A and B), and
the superconducting transitions with ac susceptibility in single
crystalline samples of Lay_,Ba,CuOy4 with x = 0.115 (below
1/8 doping) and x = 0.135 (above 1/8 doping). The details of
the #SR technique, data analysis, and the uniaxial stress devices
are published elsewhere (29). The stress effect on the LTO-
to-LTT transition in the sample x = 0.115 is probed by X-
ray scattering using a recently designed in situ uniaxial pressure
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Fig. 1. A schematic overview of the experimental setup and phase diagram. (A) A schematic overview of the experimental setup and the uniaxial stress cell.

Spin-polarized muons with spin S, at 45° with respect to the c-axis of the crystal are implanted in the sample. The sample is surrounded by a backward veto
detector Byeto, @ cup-shaped forward veto detector Fyeto and four positron detectors: Forward (F), Backward (B), Left (L), and Right (R—not shown for clarity).
An electronic clock starts when a muon passes through the muon detector (M) and stops once a decay positron is detected in the positron detectors. Byeto
consists of a hollow scintillator pyramid with a 7 x 7-mm hole facing the M counter. The purpose of By, is to collimate the muon beam to a 7 x 7-mm spot and
to reject muons (and their decay positrons) missing the aperture. Fyeto rejects the muons (and their decay positrons) which have not stopped in the sample.
(B) The uniaxial stress sample holder, used for the 4SR experiments. (C) The schematic temperature-doping phase diagram of La,_, BaxCuOy, for zero-stress ¢ =
0 GPa. The arrows indicate the present doping values. The various phases in the phase diagram are denoted as follows: Low-temperature orthorhombic (LTO),
low-temperature tetragonal (LTT), low-temperature less orthorhombic (LTLO), spin-stripe order (SO), 2D superconductivity (2D SC), and 3D superconductivity
(3D SQ). (D) lllustration of a domain of spin- and charge-stripe order for a layer of LBCO for zero-stress condition (9-11), indicating the periods of the charge
(4a) and spin (8a) modulations. The compressive stress was applied at an angle of 45° to the Cu-O bond direction, as indicated by the gray arrows. (E) The
conjectured phase diagram of La,y_,BaxCuQy4 at fixed small but not vanishing magnitude strain of ¢ = 0.12 GPa in the region around x = 1/8 doping. This phase
diagram implies that the stress enhances the 3D SC critical temperature T¢ 3p and reduces slightly the spin-stripe order temperature Tso until they acquire
similar values T¢ 3p = Tso. Stress also causes the reduction of the spin-stripe-ordered volume fraction at elevated temperatures and the full suppression of the

LTT phase.
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device (32). The details of the sample mounting are given in the
Materials and Methods section. We show that an extremely low
in-plane uniaxial stress of ~0.1 GPa substantially modifies the
temperature-doping phase diagram of LBCO around 1/8-doping
(Fig. 1 C—E), leading to a phase diagram with no long-range LTT
phase (assumed necessary to pin the stripes) and no dip in the 3D
T¢, while still preserving the spin-stripe order with Tg, > 7¢ 3p.
Since the stress required to establish the phase diagram shown
in Fig. 1C is very small, we conclude that the spin-stripe order,
the spatially modulated 2D (PDW), and uniform 3D SC orders
are energetically very finely balanced and that the two SC orders
have a similar pairing mechanism.

1. Results

A. Probing Superconductivity under Stress. To monitor the
effect of stress on superconductivity in both LBCO-0.115 and
LBCO-0.135 (applied at an angle of 45° to the Cu—O bond
direction), in situ ac susceptibility measurements were performed.
An excitation magnetic field was applied approximately along
the ¢ axis, either just before or after the #SR measurements, at
each stress value. The results are shown in Fig. 2 4 and B. The
diamagnetic response of both crystals at 0 GPa corresponds to
the measurements before mounting them in the stress apparatus.
The samples at zero pressure were zero-field cooled and then
measured in a dc field of poH = 0.5 mT. The field was applied
parallel to the CuO; planes, so that the resulting shielding
currents had to flow between the layers, making the measurement
sensitive to the onset of 3D superconductivity below ~11 K for
LBCO-0.115 and below ~7 K for LBCO-0.135, consistent with
previous work (22, 38, 39). The onset of weak diamagnetism
near 22 K corresponds to the 2D superconducting order, as it was
previously discussed. The superconducting fraction (diamagnetic

screening) was estimated to be ~75 % at 7 = 2K and at
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ambient conditions. The susceptibility results obtained for the
sample outside the stress apparatus were used to calibrate the
susceptibility data taken on the sample mounted in the stress
apparatus at zero-force condition 6 = 0 GPa. To characterize the
changes in the superconducting critical temperature, we identify
the onset temperature 70ns (Which equals 7t sp at zero stress)
and the midpoint temperature 77 nig (which is a good measure
of 3D SC order temperature 7¢3p), as indicated in Fig. 2 4
and B, and with the strongest diamagnetic response with 100%-
volume-fraction superconductivity. Remarkably, the compressive
stress causes a rapid rise of 7}, nid from 5 to 32 Kin LBCO-0.115
and from 3 to 30 K in LBCO-0.135, where 7, ;4 saturates. The
change in 7 ops is much more modest. Namely, 77 ns increases
from 20 to 32 K. Consequently, the bulk transition 7¢3p of
LBCO around 1/8-doping rises from a very suppressed value to
the one that is quite similar to the optimal value of SC critical
temperature observed in LBCO or LSCO at the same doping
level (40). Remarkably, full diamagnetic screening is achieved at
low temperatures already at 0 = 0.015 GPa and it stays constant
up to the highest applied stress 6 = 0.09 GPa. This observation
is different from the case of superoxygenated Lay—,SryCuQO4,
(41, 42), in which a continuous change of the low- 7" diamagnetic
screening is observed as a function of Sr-content and interpreted
as a phase separation between superconducting and magnetic
phases.

B. Probing the Spin-Stripe Order under Stress. A combination
of weak transverse-field (TF) and zero-field (ZF) uSR mea-
surements were carried out to characterize the evolution of the
spin-stripe order with compressive stress using the same device.
Measuring the asymmetry between muons counted in detectors
on opposite sides of the sample, one obtains the muon spin
asymmetry function Argp(#) and Azp(#), several examples of
which are shown in Fig. 3 A-F, for TF-uSR and ZF-uSR
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Fig. 2. Superconducting screening and ordered magnetic fraction for LBCO under stress. (A and B) The temperature dependence of the (dia)magnetic
susceptibility for LBCO x = 0.115 (A) and LBCO x = 0.135 (B), recorded at ambient and under various degrees of compressive stress. Arrows mark the onset
temperature Tc,ons and the temperature T¢ g at which y’q. = —0.5. (C and D) The temperature dependence of the magnetically ordered volume fraction for
LBCO x = 0.115 (C) and LBCO x = 0.135 (D) recorded under various stress values.
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Fig. 3.
uSR spectra for LBCO-0.135, recorded at ¢ = 0.14 GPa for various temperatu

uSR time spectra for LBCO. Weak-TF uSR spectra for LBCO-0.115, recorded at ¢ = 0.03 GPa (A) and 0.09 GPa (B) for various temperatures. (C) Weak-TF

res. Zero-field uSR spectra for LBCO-0.115, recorded at the base temperature T =

0.4 K (D) and at T = 5 K (E) under various stress values. (F) Zero-field uSR spectra for LBCO-0.135 recorded at T = 0.4 K (i.e., ordered state) under various stress

values and at T = 45 K (i.e., paramagnetic state) under 0.035 GPa.

experiments, respectively. In a weak-TF measurement, muons
in regions without a local magnetic order precess in the small
applied field. Muons that stop in regions with magnetic order
and, therefore, experience the vector sum of external and internal
fields, dephase rapidly. This causes a rapid reduction in the
observable A1p(0) and allows us to determine the magnetically
ordered volume fraction V1. The maximum amplitude of
the weak-TF uSR signal is proportional to the non-magnetic
fraction, and the magnetic volume fraction V;, can therefore be
calculated by 1 — Prg(0), where Prg(#) = Arp(2)/Are(0) is the
muon polarization function. At 45 K, ATp(0) has the maximum
value and thus Prp(0) = 1, indicating that there is no magnetic
order. At 0.4 K, both at nearly zero-stress ¢ = 0.03 GPa and
at the highest applied stress of 6 = 0.09 GPa in LBCO-0.115
(Fig. 34), ATr(0) is greatly reduced, indicating the development
of magnetic order in most of the sample volume. The temperature
dependence of Vi for various stress values is presented in Fig. 2 C
and D, for LBCO-0.115 and LBCO-0.135 samples, respectively.
Upon increasing stress, there is a decrease in the spin-ordering
temperature 7y, from ~38 K at 0 GPa to ~30 K at 0.09 GPa
in both samples. The magnetic volume fraction Vi decreases
much more steeply, and the effect is stronger in LBCO-0.135 as
compared to LBCO-0.115. At 10 K, Vi decreases by a factor of
two in LBCO-0.115 and by a factor of three in LBCO-0.135,
while the diamagnetic screening stays unchanged in the stress
region of 0.015-0.09 GPa. Interestingly, the magnetic fraction
shows a clear upturn below 10 K, as one can see in Fig. 2 C and
D.InLBCO-0.115 at 0.4 K, Vi reaches 80% even at the highest
applied stress of 0.09 GPa, which is nearly the same as the one at
ambient conditions. These results show that while V) is strongly
suppressed at elevated temperatures, it tends to recover below
10 K upon approaching the zero temperature. Therefore, nearly
full-volume superconductivity coexists with nearly full volume
spin-stripe order in the zero temperature (i.e., quantum) limit in

40f 9 https://doi.org/10.1073/pnas.2303423120

LBCO-0.115. In LBCO-0.135, the magnetic fraction is nearly
50% at T = 0.4 K at the highest applied stress of 0.14 GPa, which
coexists with full volume fraction superconductivity.

In ZF-uSR measurements, the muon spins precess exclusively
in the internal local field associated with the static long-range
magnetic order. As shown in Fig. 3 D-F, several oscillations
remain clearly observable under increasing compressive stress
values. This implies that the spin-stripe order remains long-range
even at the highest applied stress. We note that the application of
stress causes a reduction of the amplitude of ZF-uSR oscillation
both for LBCO-0.115 and 0.135, which is partly due to the
reduction of the magnetic volume fraction, as seen in TF-uSR
experiments. The stress effect is weaker for LBCO-0.115 than for
LBCO-0.135. And in LBCO-0.115, the effect at 0.4 K is smaller
as compared to 5 K (Fig. 3 D and E), which is consistent with
the TF-uSR measurements. In a single crystal, the amplitude of
the oscillation is dependent not only on the magnetically ordered
volume fraction V;, but also on the angle between the muon
spin polarization and the internal field. Since stress may modify
the direction of the internal field at the muon stopping site,
the change in signal amplicude may partly result from a change
of the direction of the internal field. We cannot separate the
effect of volume fraction from the effect of field reorientation
on the ZF-uSR signal amplitude. Therefore, the weak TF-uSR
experiment is a more precise measure of the static magnetically
ordered volume fraction.

C. Probing the Crystal Structure under Stress. uSR and AC
susceptibility experiments presented above allow us to study the
stress effect on superconductivity and spin-stripe order. In order
to interpret the results, it is also necessary to characterize the
underlying crystalline order (43). To study the uniaxial stress
evolution of the structural phase transition from a LTO to a
low-temperature tetragonal (LTT) phase, we performed X-ray

pnas.org
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scattering experiments at the P21.1 beamline at PETRA-III
at DESY in Hamburg, Germany. The crystal was positioned
with tetragonal [0,0,1] and [1,1,0] directions spanning the
scattering plane and the stress was applied at an angle of
45° to the Cu—-O bond direction. Fig. 44 shows the high-
resolution elastic scattering scans through the (020),/(200),
(refers to orthogonal notation) Bragg peaks at ambient pressure
for various temperatures for LBCO-0.115. At 59 K, the LTO
peaks are sharp, well separated and have equal intensities,
implying equal volume fractions for the respective orthorhombic
twin domains. The LTT peak begins to appear below 57 K.
Then, there is a coexistence of the LTO and LTT peaks down
to approximately 47 K, and below this temperature, a single
strong LTT peak is observed. The scans for selected applied
stresses are shown in Fig. 4 B-D. As one can see in Fig. 4B,
when a stress of 0.017 GPa is applied the intensity of the left
LTO peak is suppressed, indicating the structural detwinning of
the orthorhombic domains. At this stress value, the appearance
of LTT peak is also seen below 54 K. We note that the
stress also modifies the scattering angle for the LTT peak, such

—ok A -LBCO-0.115 4 LTT
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that it shifts toward the LTO peak. In Fig. 4E, we plot the
temperature dependence of the integrated intensity of the LTT
peak, measured for various uniaxial stresses. To characterize the
changes in the structural transition temperatures, we identify the
onset temperature 71TT,ons (below which the LTT phase starts
to appear and coexists with the LTO phase) and the temperature
TirT (below which only LTT phase is observed), as indicated
in Fig. 4E. This plot indicates that at ambient pressure, the
onset of the LTO-to-LTT transition is 717T,ons =~ 57 K, where
the two phases coexist within a 10 K temperature range. For
0.017 GPa, T1TT,ons is slightly reduced and there is a broader
temperature region of coexistence. When stress is increased to
0.033 GPa, the onset of the LTT-LTO transition remains nearly
unchanged, the coexistence region is further broadened and the
LTT peak shifts further toward the LTO peak. As one can see
in Fig. 4C, upon increasing the stress to 0.06 GPa, a sharp LTO
peak is observed from 54 K down to 45 K. Then, upon further
lowering the temperature, there is no development of an LTT
peak. If the system would exhibita LTO phase down to the base-
T the peak position and the intensity should stay constant with
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Fig. 4. (A) Structural transition in LBCO under uniaxial stress. Scans of the (020),/(200), Bragg reflections at several temperatures through the transition from
the LTO phase to the LTT phase, measured under an uniaxial stress of 0 GPa (A), 0.017 GPa (B), 0.06 GPa (C), and 0.15 GPa (D). (E) The temperature dependences
of the LTT integrated peak intensities for LBCO-0.115, measured under various stress values up to 0.033 GPa. Black solid lines in panels (A-D) represent the fits
of the data using multi- or single-component Gaussian functions. (F) The temperature dependence of the intensity Al(T) = /(T > 50 K) — /(T), which is interpreted
as the intensity of the LTLO phase (phase with reduced orthorhombicity), for LBCO-0.115, measured under various stress values above 0.033 GPa. The inset
shows the difference between the scattering angle measured at T > 50 K and that at base-T of 9 K, i.e., A(20) = 20(T > 50 K) — 26(T = 9 K).
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temperature. Instead, the intensity of the LTO peak decreases
and it shifts slightly toward higher scattering angles. We interpret
this behavior as the occurrence of an intervening LTLO phase
and the intensity variation can be understood as a reduction in
orthorhombicity. Thus, the scattering intensity seems to provide
a precise measure of the LTO-LTLO structural change. The
temperature dependence of the intensicy AI(7) = /(T > 50
K) — I(T), which is interpreted as the intensity of the LTLO
phase (phase with reduced orthorhombicity), for LBCO-0.115,
measured under various stress values above 0.033 GPa are shown
in Fig. 4F. Here, the Inset shows the difference between the
scattering angle measured at 77 > 50 K and that at base-7°
of 9 K, ie, AQ0) = 26(T > 50 K) — 20(T = 9 K). When
applying stresses higher than 0.06 GPa the LTO peak intensity
and the scattering angle are less affected and show only a weak
temperature dependence, as shown in Fig. 4 D and F. These
results suggest that, at low temperatures, the stress tends to
stabilize the full volume LTLO phase.

Even at a low level of stress, as in Fig. 4B, one can sce that
one set of LTO twin domains is substantially suppressed. The
peak labeled LTT is also shifted with respect to the zero-stress
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measurement in Fig. 4. It is reasonable to expect that finite stress
changes the symmetry from LTT to LTLO; we see a shift rather
than a splitting of the LTT/LTLO peak because the orthogonal
twin domains are depressed and the signal is not resolved. From
this perspective, the low-temperature structure may be LTLO for
all measurements with finite stress, with the orthorhombic strain
increasing continuously with the applied stress.

D. Phase Diagram. Our overall results are summarized in Fig. 5.
The spin-stripe order temperature 7, the LTO-to-LTT/LTLO
structural phase transition temperature, and superconducting
transition temperatures are plotted against stress in Fig. 5 4 and
B for LBCO-0.115 and LBCO-0.135, respectively. The stress
dependence of the low-temperature value of magnetic volume
fraction and internal magnetic field at 0.4 K are shown in Fig. 5
C and D. Fig. 5 A and B show that the crossover from 2D
to 3D superconducting order occurs at a characteristic critical
uniaxial stress of ¢, = 0.06 GPa for LBCO-0.115 and 0.08 GPa
for LBCO-0.135. Remarkably, establishment of optimal 3D SC
order is followed by the full suppression of the LTT structure
at o, = 0.06 GPa, which is replaced by the LTLO structure,
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Fig. 5. (A)Phase diagrams of LBCO under uniaxial stress. Dependence of the SC transition temperatures (7. »p, T 3p) and of static spin-stripe order temperature
(Tso) on compressive stress in LBCO x = 0.115 (A) and in LBCO x = 0.135 (B). The stress dependence of the structural transition temperatures (T 1T, Ty 10) for
LBCO x = 0.115 is also shown in panel (A). The black arrow marks the critical stress value o¢r, above which a sharp 3D SC transition is established. (C and D)
The stress dependence of the internal magnetic field B; for the base-T of 0.4 K, of the diamagnetic susceptibility yaoc for T = 10 K and of magnetically ordered
fraction V), for various temperatures T = 0.4 K, 5K, and 10 K for LBCO x = 0.115 (C) and LBCO x = 0.135 (D). Vertical gray lines mark the critical stress value o¢r.
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as it was demonstrated for the x = 0.115 sample. Interestingly,
Tso decreases by small amount to essentially match 7 ,;q for
0 > o0, for both samples. We note that, only a modest stress-
induced decrease in By, (Fig. 5 C and D) is resolved, indicating
that the magnetic structure is well ordered also under stress. The
dominant change of the spin-stripe order induced by uniaxial
stress is a strong reduction in Vi at elevated temperatures. Vi
decreases upon approaching the critical stress value o, reaches
the minimum value just above o, and then stays constant. The
stress effect on Vi is stronger in LBCO-0.135 as compared to
LBCO-0.115. We note that the stress effect at 400 mK is largely
reduced as compared to 10 K, where V31 shows strong stress-
induced suppression. This shows that in the zero-temperature
limit, the large-volume-fraction spin-stripe order is compatible
with 3D superconducting order. But it seems that the reduction
of magnetic fraction and the suppression of the LTT structure is
a necessary condition to establish 3D superconducting coherence
with optimal 7.

2. Discussion

Our experiments show that when a LBCO sample exhibits
a nearly 100% spin-stripe order Vi and a long-range LTT
structure, it also exhibits 2D superconductivity and a strongly
depressed 3D SC transition. As V1 decreases and the LTT
structure is suppressed, the 3D SC transition temperature rises.
To interpret these results, we first recall that around x = 1/8,
there is a structural phase transition from LTO to an LTT
phase. The LTT structure favors the orthogonal stripe order
in alternating layers along the ¢ axis. A finite interlayer Josephson
coupling would normally be expected to lock the phases of the
superconducting wave function between the layers, resulting
in 3D SC order. To explain the apparent frustration of such
interlayer Josephson coupling, pair-density-wave order within
the layers has been proposed (4, 25, 26), which is compatible
with both the charge- and spin-stripe orders. Such an anti-
phase SC order combined with the LTT structure and the
orthogonal stripe ordering could explain the frustrated Josephson
coupling between the layers and the suppression of bulk 3D SC
order, while the 2D SC correlations within the CuO; layers
still coexist with the static spin-stripe order. The suppression of
the tetragonal structure under applied stress implies that stress
disfavors an orthogonal stripe arrangement and lifts the geometric
frustration. As a result, the ordered fraction Vi1 of spin-stripe
order is partly reduced, which seems sufficient to let the system
establish 3D superconductivity and to enormously enhance its
SC critical temperature. A reduction of the magnetic fraction Vi
under stress is expected to promote patches of uniform 4-wave
superconductivity. Patches in adjacent layers whose projections
overlap, mediate a non-zero interlayer coupling. However, as long
as such patches are sparse, the PDW of the stripes dominates
the intralayer physics, and the interlayer couplings are thus
frustrated. Beyond a critical patch fraction, the superconducting
phase is expected to develop uniform long-range order, with a
defined phase relationship between the majority of patches. At
this point, one expects 7;3p to coincide with 7,7p. The idea of
intermixed regions of PDW and uniform d-wave SC order is a
plausible concept that must be considered. A straightforward
theoretical prediction is that if PDW and spatially uniform
superconductivity coexist, then there should be an induced CDW
with a period that is equal to that of the PDW (44). In terms
of the modulation wave vector, if one writes the wave vector for

charge stripes as 2Q, then the induced CDW peak should be at

PNAS 2024 Vol. 121 No.1 2303423120

1Q. The only case where the 1Q peak has been detected is in
vortex halos measured in Bi2212 by STM (45) and the signal was
only present within a certain range of bias voltage. The absence of
such evidence in other cuprates has been a concern (46); however,
a new study reports evidence of a 1Q peak detected by resonant
soft x-ray scattering in Fe-doped Laj §7Srp.13CuQO4 and Sr-doped
LBCO x = 0.125 (47).

We note that superoxygenated Lay—Sr,CuO4 ., (41, 42, 48)
shows similar superconducting and magnetic transition tem-
peratures (15), which is also the case for LBCO samples
investigated here (x = 0.115 and x = 0.135) above the critical
stress. However, there is one important difference between
LBCO under stress and the superoxygenated Lay—St,CuOy4,.
In Lap—,Sr,CuO4,, superconducting fraction (diamagnetic
screening) changes with Sr concentration and the reduction
of superconducting fraction is correlated with the increase of
the magnetic fraction. So, there is a negative linear corre-
lation between the magnetic and superconducting fractions
in superoxygenated Lay—,SryCuQO4y,, which implies phase
separation (41). By contrast, in the LBCO-0.115 and LBCO-
0.135 samples under stress, we do not observe a negative linear
correlation between the magnetic and superconducting fractions.
The superconducting fraction (diamagnetic screening) becomes
large within the stress region of 6 >~ 0.01-0.02 GPa and stays
unchanged up to the maximum applied stress. The fraction of the
spin-stripe ordered state decreases under stress, but a substantial
fraction of the sample remains magnetic even in the presence of
large volume fraction 3D superconductivity.

In conclusion, we used muon spin rotation, magnetic sus-
ceptibility, and X-ray scattering experiments to follow the
evolution of the spin-stripe order, superconductivity, and LTO-
LTT structural phase transition in LBCO with x = 0.115
and x = 0.135 as a function of stress applied within the
CuO; planes (at an angle of 45° to the Cu-O bond direction).
Stress induces a full suppression of the LTT structural phase
and substantial decrease in the magnetic volume fraction at
elevated temperatures, as well as a dramatic rise in the onset
of 3D superconductivity on both sides of 1/8 anomaly in the
phase diagram. However, the spin-stripe order temperature, as
well as the magnetic fraction at 400 mK shows only a modest
decrease under stress. Moreover, the onset temperature for the
3D superconductivity and the spin-stripe order are quite similar
in the less frustrated large stress regime (beyond the critical stress
o, ~ 0.06 GPa), from which we infer that the same kind of
electronic interactions are responsible for both phenomena (18).
Our data demonstrate that in-plane strain can be used to affect
the phase competition in the striped cuprates. Namely, by strain
tuning the magnetic fraction and the crystal structure, one can
switch between anti-phase PDW and uniform 4-wave SC orders.
Our results raise fundamental theoretical questions concerning
the nature of the strain-stimulated cooperation between the 3D
SC and the magnetic order in the stripe phase of cuprates and

might shed light on the high-7¢ problem.

3. Materials and Methods

Sample Preparation. Polycrystalline samples of La;_,BayCuO4 with x =
0.115 and x = 0.135 were prepared by the conventional solid-state reaction
method using La; 03, BaCO3, and CuO as starting materials. The single-phase
character of the samples was checked by powder X-ray diffraction. The single
crystals of Lay_,BayCuO4 with x = 0.115 and x = 0.135 were grown by
the traveling solvent floating-zone method (39). All the measurements were
performed on samples from the same batch.
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Uniaxial strain devices. For the SR and AC susceptibility measurements, we
used the piezoelectric-driven uniaxial pressure apparatus (29, 49, 50) designed
for operation at cryogenic temperatures, where the sample geometry and
sample size are suitable for muon spin rotation and relaxation experiments.
The apparatus fits into the Oxford Heliox 3He cryostat of the general purpose
instrument Dolly on the zE1 beamline at the Paul Scherrer Institute. The use of
piezoelectric actuators allows for a continuous in situ tunability of the applied
pressure. The sample is mounted in a detachable holder, made of titanium that
allows rapid sample exchange, as described in detail in our previous work (29).
The holder incorporates two pairs of flexures that protect the sample against
inadvertent torques and transverse forces. The space around the sample is kept
as open as possible, so that muons that miss the sample pass through the
holder and are picked up by the veto counter (the purpose of veto counter is
to reject muons and their decay positrons that have missed the sample). The
sample plates were masked with hematite foils, which strongly depolarizes the
incoming muons resulting in loss of asymmetry (signal). We managed to have
around ~40% of the incoming muons stopped in the sample. The sample
holder was attached to the main part of the apparatus, which is called the strain
generator, and which contains the piezoelectric actuators.

We used a La1 gg5Bag 115Cu0y4 and Laq g45Bag 135Cu04 samples (referred
to as LBCO-0.115 and LBCO-0.135 in the following) (7 mm x 4 mm x 0.6 mm)
oriented along a crystallographic direction which is off by 45° from the a axis.
The sample was fixed on the sample holder by using epoxy (Stycast-2850 FT) and
mounted on a sample holder consisting of grade-2 Ti. A pair of coils (each having
100 turns) was placed very close to the sample for in situ ac-susceptibility (ACS)
measurements (29). These allowed us to determine the T¢ of LBC0-0.115 and
LBCO-0.135 under different stress conditions. The area facing the muon beam
was 4 x 4.2 mm?2.

The samples were cooled down while keeping the piezoelectric actuators
grounded. We applied the compressive stress at 45 K, followed by a system
cooling down to 0.4 K. ACS and uSR measurements were carried out upon
warming the sample. In order to apply a compressive stress to the sample, a
positive voltage was applied in the compression stack (V). To avoid possible
electrical discharges of He gas at 45 K, we had to limit V to +100 V. To achieve a
higher compressive force, we kept V¢ = +100V and applied a negative voltage
in the tension stack (V7).

For the X-ray experiments, the uniaxial pressure was generated using a
dedicated sample stick with a linear actuator generating the force. Integrated
feedback mechanisms ensured a constant applied pressure during the
temperature scans as described elsewhere (32). X-ray scattering experiments
were carried out at the P21.1 beamline at PETRA-II. The crystal was positioned
with the tetragonal [0,0,1] and [1,1,0] directions spanning the scattering
plane and the stress was applied at an angle of 45° to the Cu-O bond
direction. A single bent-Laue Si monochromator on the (311) reflection was
used, resulting in an energy of 101.6 keV. The monochromator crystal was
bent toward the sample, increasing the effective incident flux. Scattering from
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the sample was filtered with a perfect Si analyzer using the (311) reflection
in Laue geometry. The resulting scattered light was collected by a PILATUSX
CdTe 100k pixel detector, and the intensity was integrated over a region of
interest.

Principles of the uSR technique and the data analysis. Detailed information
on SR technique (51-53) and for the procedure of data analysis is described in
Sl Appendix.

Data, Materials, and Software Availability. All study data are included in
the article and/or S/ Appendix.
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