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We report a comprehensive study of the uniaxial stress response of charge density wave (CDW) corre-
lations in detwinned single crystals of the high-temperature superconductor YBa,Cu30¢,, (YBCOgy,) with
0.40 < x < 0.93 (hole-doping levels 0.072 < p < 0.168) by means of Cu L;-edge resonant energy-integrated
x-ray scattering (REXS). We show that the influence of uniaxial stress is strongly doping dependent: the quasi-
two-dimensional CDW is enhanced by in-plane uniaxial stress in a wide hole-doping range (0.45 < x < 0.80),
but only barely affected in the most underdoped and optimally doped samples (x = 0.40 and 0.93), where the
CDW correlation length is minimal. A stress-induced three-dimensionally long-range-ordered (3D) CDW was
observed only in YBCOgso and YBCOg¢;. The temperature dependence of the 3D CDW clearly indicates a
strong competition with superconductivity. Based on the systematic strain-, doping-, and temperature-dependent
REXS measurements reported here, we discuss the relationship between charge order and superconductivity in

YBCOg,., and other cuprates.

DOI: 10.1103/PhysRevB.111.115152

I. INTRODUCTION

The interplay among spin, charge, and lattice degrees of
freedom of electrons in quantum materials shapes complex
phase diagrams in which a number of competing order-
ing phenomena emerge [1,2]. Tuning the charge carrier
concentration and applying external fields have uncovered
a complex landscape of electronic phases in many quan-
tum materials [3], including, particularly, the copper oxide
high-temperature superconductors [4]. Removing electrons
from the undoped Mott insulating CuQO, planes supplants
long-range-ordered antiferromagnetism and gives rise to su-
perconductivity. Charge density wave (CDW) correlations are
observed in all cuprate families at moderate doping levels.
Their intensity generally increases upon cooling in the nor-
mal state and decreases below the superconducting transition
temperature 7., manifesting a competition between both or-
dering phenomena [5]. Many aspects of charge ordering are,
however, different among cuprate families and influenced by
doping-induced disorder. In particular, families with higher
chemical disorder such as Bi-based cuprates tend to have
an overall weaker charge order signal than that of cleaner
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systems including Y-based cuprates. This is reflected in less
intense, broader peaks, indicating shorter correlation length,
and typically as a more monotonic temperature dependence
of the charge order signal, whose competition with supercon-
ductivity below T; also becomes less evident.

External control parameters allow the modulation of the
interplay between CDW order and superconductivity without
introducing disorder. The application of external magnetic
fields weakens superconductivity and enhances quasi-two-
dimensional (quasi-2D) charge order below the zero-field
T. [6]. In underdoped YBa;Cu3O¢, (YBCOg,4,), magnetic
fields above ~15 T induce a long-range-ordered CDW with
three-dimensional (3D) correlations between CuQO, bilayers in
adjacent unit cells (with correlation lengths of the order of one
unit cell along the ¢ axis) [7,8]. In the presence of a magnetic
field, the normal state transport coefficients near T = 0 also
exhibit quantum oscillations characteristic of small electron
pockets [9], and a sign reversal of the Hall coefficient [10]
indicating a Fermi surface reconstruction triggered by charge
ordering [11]. While it is possible to apply fields of the order
of 100 T in transport experiments, an analogous setup for
spectroscopic studies is currently not available. Hydrostatic
pressure is another continuously tunable parameter that mod-
ulates the interaction between charge order and superconduc-
tivity. However, the comparison between transport and x-ray
scattering experiments under the same amount of pressure has
not yet yielded a clear picture, partly reflecting difficulties
of performing scattering experiments in the presence of the
diamond anvil cell surrounding the sample [12-15].

Published by the American Physical Society
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Recent technical developments allowing the application of
highly homogeneous uniaxial stress have yielded additional
insights into the competing phases of quantum materials [16].
X-ray scattering measurements on YBCOg 7 have shown that
uniaxial stress strongly amplifies 2D charge order and in-
duces 3D charge order (with correlation lengths of tens of
unit cells along the ¢ axis), analogous to the magnetic field
effects [17-19]. Complementary transport measurements are
also possible [20], and allow direct comparison of micro-
scopic correlation functions accessible via scattering probes
with macroscopic transport coefficients under identical exper-
imental conditions [21].

Despite the remarkable response of the CDW to uniaxial
stress in YBCOg,.,, this effect has so far been studied mostly
only at one particular doping level (x = 0.67 corresponding to
p ~ 0.12). Two other close doping levels were very recently
measured only via nonresonant x-ray diffraction [19], calling
for a thorough investigation of the doping dependence of this
response and, in particular, of the stability range of the stress-
induced 3D CDW in the phase diagram. To address these
issues, we performed Cu L3 resonant energy-integrated x-ray
scattering (REXS) measurements on detwinned single crys-
tals of YBCOg.,. To comprehensively investigate the stress
response of charge ordering, we studied three doping levels
(x = 0.40, 0.45, and 0.50) lower than p = 0.12 and two dop-
ing levels (x = 0.80 and 0.93) approaching optimal doping.
We find that the 2D charge modulation perpendicular to the
uniaxial stress axis is enhanced in a wide range of doping
levels (x = 0.45, 0.50, and 0.80). However, the same type of
amplification is not discernible in the very underdoped and
optimally doped samples (x = 0.40 and 0.93). Moreover, we
find that the 3D CDW along the b axis is induced by uniaxial
stress (~0.7%) in YBCOg 50 in a similar fashion to YBCOg 47,
but this transition was not observed at any other doping level
at the maximum stress currently achievable. Our findings
thus indicate that the stress-induced 3D CDW correlations
are strongly peaked in the vicinity of p = 0.12. Based on our
systematic doping-, strain-, and temperature-dependent mea-
surements of CDWs, we discuss how uniaxial stress enhances
two-dimensional CDW across various doping levels, induces
a three-dimensional CDW particularly in the vicinity of p =
0.12, and reveals a competitive relationship between charge
order and superconductivity that is symmetric around p =
0.12 and with temperature dependencies highlighting the dis-
tinct responses of 2D and 3D CDWs to external perturbations.

II. EXPERIMENTAL METHODS

YBCOg,., single crystals were synthesized using the self-
flux method [22]. We studied five oxygen stoichiometries (x =
0.40, 0.45, 0.50, 0.80, and 0.93), which were tuned by anneal-
ing crystals with well-controlled oxygen partial pressure and
temperature [23]. The corresponding hole-doping levels are
shown in Table I. Subsequently, all crystals were detwinned
by heating under uniaxial pressure [24]. The c-axis lattice
parameter at room temperature was determined with x-ray
diffraction measurements and 7; was defined as the midpoint
of the diamagnetic response in magnetic susceptibility mea-
surements (Table I and Fig. 1). To maximize the homogeneity
of uniaxial stress applied during the REXS measurements,

TABLE 1. List of the YBCOg,, crystals investigated in the
present study. The c-axis lattice parameter ¢ was determined by x-
ray diffraction measurements at room temperature. The hole-doping
level p was estimated based on ¢ using the empirical relationship
shown in Ref. [29]. T; was determined by magnetometry as the mid-
point of the diamagnetic response. The oxygen ordering pattern in
the CuO-chain layers is also listed (see, for example, Ref. [30]). Pre-
viously reported data on YBCOg; [17,18] are listed for comparison.

x in YBCOg c(A) 4 T. (K) Structure
0.40 11.772 0.072 36 O-1I
0.45 11.752 0.092 52 O-11
0.50 11.739 0.105 56 O-11
0.67 11.725 0.12 65 O-VIII
0.80 11.708 0.145 80 O-1I1
0.93 11.694 0.168 93 O-1

the single crystals were cut into a needle shape whose di-
mensions were typically a x b x ¢ = 1.5 x 0.2 x 0.1 mm? as
in the case of previous scattering experiments under stress
[17,18,25]. Compressive stress was applied along the long
axis of these needles. We pressurized the samples using the
same piezoelectric-based apparatus used for previous x-ray
scattering experiments on YBCOg g7 at other synchrotron fa-
cilities [17,18].

The REXS experiments were performed using linearly po-
larized photons produced by the elliptical undulator of the
UE46-PGM1 beam line at the BESSY II synchrotron of the
Helmholtz Zentrum Berlin. All spectra were collected at the
Cu L3 absorption edge (931.8 eV) with o polarization of the
incident x-ray beam to maximize the charge contribution to
the cross section in the net REXS signal [26]. In the present
setup, the wave-vector resolution was set to be of the order of
0.002 r.l.u. or better. In principle, the REXS signal comprises
contributions from inelastic scattering as well [27]. In the case
of YBCOg,,, the dominant contribution to the inelastic signal
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FIG. 1. Magnetometry of YBCOg,, samples investigated in the
present work. The diamagnetic response is normalized for clarity.
Inset: The temperature-doping (7-p) phase diagram of YBCOgy.,.
The onset of 2D CDW (gray curve) is based on the data reported in
Ref. [31]. Dots indicate T; and p of the samples shown in Table 1.
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FIG. 2. (a) Schematic geometry of the REXS measurements un-
der stress applied along the a axis. The scattering plane is parallel
to the bc plane, so that the H component of the scattering vector is
zero. (b) Strain dependence of the 2D CDW measured at 7 = T;.. A
quadratic background was subtracted from the raw data. The curves
for each doping level were vertically shifted for clarity. (¢c) Uniax-
ial stress dependence of the 2D CDW intensity. The intensity was
normalized to the value in the absence of stress.

is a dd excitation, which could be sensitive to the symmetry
of the lattice structure. However, the dd excitations are known
to show only a monotonic momentum dependence and no ap-
preciable stress dependence, as observed in previous resonant
inelastic x-ray scattering (RIXS) measurements on YBCOg g7
[18]. We thus attribute the momentum- and stress-dependent
REXS signal in the present study to static CDW modulations.
Throughout this study, the scattering plane of the photons was
parallel to the bc plane and the uniaxial stress was applied
along the a axis [Fig. 2(a)].

The cross section of the incident x-ray beam (100 x
50 um?) was smaller than the strained sample area (600 x
200 um?), thus ensuring a homogeneous strain within the
probed sample volume. The strain level was controlled by
monitoring the capacitance of a parallel-plate capacitor incor-
porated in the stress device [28] and calibrated against x-ray
diffraction data collected on nearly identical needles from the
same batch of crystals [19] (see the Appendix). Moreover, we
monitored the shift of the (002) Bragg peak upon application
of in-plane uniaxial stress in order to gauge the expansion of
the out-of-plane lattice parameter due to Poisson’s effect and
to have a second in sifu diagnostic of strain, in addition to
the capacitor. With this calibration, the experimental results
reported here are fully compatible with those of Ref. [19],
whereas the strain levels in Refs. [17,18] were overestimated.

III. RESULTS

Figure 2(b) displays background-subtracted REXS scans
around the propagation vector of the 2D CDW [(H, K) ~
(0, 0.32)] of different YBCOg,., single crystals under uniaxial
compression along the a axis. The scans were collected at the
unstrained 7;. of each sample, where the CDW correlation is
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FIG. 3. (a) Background-subtracted REXS intensity of YBCOg 5o
in the K direction at (H,L) = (0, 1.025) under uniaxial stress
measured at T, = 56 K. The dashed line indicates the K value of
(b) (K =0.327). (b) REXS intensity at (H, K) = (0, 0.327) along
the L axis under stress. The dashed line indicates the L value of
(a) (L = 1.025). (c)—(e) Background-subtracted REXS intensity map
in the K-L plane, (c) in the absence of strain and (d),(e) in the
presence of strain of (d) —0.33% and (e) —0.68%.

maximized in the absence of magnetic fields (the components
H, K, and L of the wave vector Q are given in reciprocal-
lattice units). The intensity of the 2D CDW along the b axis
is enhanced by a-axis strain in YBCOg,, (x = 0.45, 0.50,
and 0.80) [Figs. 2(b) and 2(c)], akin to previous observations
in YBCOg g7 [17-19]. However, we did not observe any dis-
cernible strain effect on the 2D CDW in the optimally doped
sample YBCOg 93 and very underdoped sample YBCOg 40,
where the charge order is very weak in the absence of strain.
We emphasize that uniaxial stress was correctly applied and
the expected strain level was reached in all investigated sam-
ples, including YBCOg 49 and YBCOg 93, as documented by
the shift of the (002) Bragg peak, indicating the lattice defor-
mation. Therefore, the lack of strain effects in REXS scans
at these specific doping levels is not due to technical issues
affecting the efficiency of the uniaxial stress application.

Our central observation is summarized in the reciprocal-
space maps of YBCOg 59 shown in Figs. 3(c)-3(e). In the
absence of strain, the quasi-2D nature of the CDW without
significant correlations along the crystallographic ¢ direction
is evident as a rod extending along the L direction in the
K-L map [Fig. 3(c)]. In the absence of strain, the intensity
along the rod increases as L approaches the half-integer value
1.5, indicating only very weak antiphase correlations between
neighboring bilayers, as already reported in a number of previ-
ous studies [8,17]. At the intermediate strain level of —0.33%,
the intensity distribution in the rod along the L direction is

115152-3



S. NAKATA et al.

PHYSICAL REVIEW B 111, 115152 (2025)

different from the unstrained K-L maps, as the intensity near
the integer point L = 1 becomes more prominent [Figs. 3(a)
and 3(d)]. Figure 3(e) shows the data at the highest strain level
(—0.68%), where a new peaklike feature emerges at (K, L) =
(0.327, 1.025), signaling the 3D correlation of the CDW. This
peak is not as intense as the one measured in the nonreso-
nant hard x-ray scattering (NRXS) measurements where the
diffraction signal of the 3D CDW was observed at (K, L) =~
(0.3, 7) [17]. The disparity between NRXS and REXS is due
to the different structure factors at the accessible momentum-
space positions, which is confined in REXS experiments by
the limited photon energy at the Cu L; edge. As shown in
Fig. 3(b), the intensity scan along the L direction is strongly
distorted, and the peak position (L ~ 1.025) is slightly greater
than the integer value L = 1 where one expects to observe the
3D CDW Bragg peak. This is due to self-absorption effects
caused by the grazing conditions for the outgoing photons,
as discussed in the Supplemental Material of Ref. [18]. The
REXS peak in Fig. 3(b) is nearly identical to the 3D CDW
signal from the elastic component of the RIXS data collected
in the same scattering geometry [18].

In YBCOgsp, the quasi-2D nature of the CDW is also
evident in the K-L map [Fig. 4(c)]. The rod extending along
the L direction becomes more intense under stress [Fig. 4(d)],
as already shown in Fig. 2(b). However, no clear indication
of the peak near L = 1 was observed even at the highest
strain level (~0.68%), at which the 3D CDW was observed
in YBCOg 50 and YBCOg 7. Analogous scans in YBCOg 49
and YBCOg4s also show no clear peaks in the vicinity of
the ordering vector of the 3D CDW [Figs. 4(a) and 4(b)].
Note that the REXS intensity at L = 1.025 is enhanced by
strain in YBCOg 45 and possibly in YBCOg gy in Fig. 4(a),
but this is caused by a “tail” of the 2D CDW peak centered
at the half-integer L as a consequence of the strain-enhanced
2D CDW (Fig. 2) extending along the L direction. In fact,
no indication of the 3D CDW is noticeable in the L scans
[Fig. 4(b)], unlike YBCOg 50 [Fig. 3(b)].

To investigate the relationship between the CDW and su-
perconductivity in YBCOg 59, we measured the temperature
dependence of the strain-induced 3D CDW with fixed strain
(—0.68%). Figures 5(a) and 5(b) [Figs. 5(c) and 5(d)] show the
temperature dependence of the REXS scans along the L [K]
direction around Q = (0, 0.327, 1.025). The intensity is maxi-
mized at the unstrained 7., which implies a strong competition
with superconductivity (note that the strain dependence of T
in YBCOg 50 has not been measured, but in YBCQOg¢; the
decrease in 7; by the onset strain of the 3D CDW is only ~5 K
[32].). At this doping and strain level, the onset temperature
of the 3D CDW is ~80 K [Fig. 5(e)], whereas the one of
the 2D CDW is ~125 K [31]. The sharpness of the REXS
peaks of the 3D CDW along K enables us to fit the data by a
single Lorentzian. The temperature dependence of the fitting
parameters is displayed in Figs. 5(e) and 5(f). The competition
between the 3D CDW and superconductivity is clear from the
fitting results. Nonetheless, a non-negligible 3D CDW with a
quarter of the intensity at T;, persists at the lowest temperature.
On the other hand, half of the maximum intensity of the
2D CDW at T in YBCOg s previously studied in the same
setup persists at the lowest temperature [31]. Therefore, the
strain-induced 3D CDW appears more strongly suppressed
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FIG. 4. (a) Background-subtracted REXS intensity of YBCOQg g9,
YBCOg 45, and YBCOg 4 in the K direction at (H, L) = (0, 1.025)
under strain measured at their 7. (80, 52, and 36 K, respectively).
The curves are vertically shifted for clarity. The range of the vertical
axis is identical to that of Fig. 3(a) for comparison. The dashed line
indicates the K value of (b) (K = 0.305 for YBCOgg, and 0.330
for YBCOg 45 and YBCOg 49). (b) REXS intensity at (H, K) = (0,
0.327) along the L axis under strain. The curves are vertically shifted
for clarity. The dashed line indicates the L value of (a) (L = 1.025).
Note that the strained and unstrained curves of each doping level are
almost identical. (c),(d) Background-subtracted REXS intensity map
of YBCOg gy in the K-L plane, (c) in the absence of strain and (d) in
the presence of strain of —0.68%.

with superconductivity than the 2D CDW, as in the case of
YBCOg 7 [17].

IV. DISCUSSION

We first discuss the strain-induced 3D CDW, which was
observed only in YBCOg 5o in the present study. All major
characteristics of this state are closely similar to the one in
YBCOg 7 reported in previous studies, despite the different
oxygen ordering patterns in the CuO-chain layers [Ortho-II
and Ortho-VIII in YBCOg 59 and YBCOg ¢7, respectively (Ta-
ble I)]. The 3D CDW was not observed in YBCOg 49 and
YBCOg 45, both of which exhibit the same Ortho-II order as
YBCOg s50. The oxygen-order-insensitive stress response con-
firms that details of the ordering pattern of the CuO chains are
not crucial for the formation of the 3D CDW. Consistent with
this observation, the 3D CDW intensity exhibits a resonant
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FIG. 5. Temperature dependence of the strain-induced 3D CDW
in YBCOg 5. (a),(b) Temperature dependence of the REXS intensity
of L scans collected around the same wave vectors as those in
Fig. 3(b), (a) above T; and (b) below T.. (c),(d) Temperature depen-
dence of the REXS intensity of K scans collected around the same
wave vectors as those in Fig. 3(a). The curves are vertically shifted
for clarity. Both experimental data (open symbols) and fitted curves
(solid curves) are shown. (e),(f) Results of fits of the K scans shown
in (c) and (d) to Lorentzian profiles. The (e) integrated intensity and
(f) half width at half maximum (HWHM) are shown. Error bars are
standard deviations of the fits; the error bars in (e) are smaller than
the symbol size. The vertical dashed line indicates the unstrained T;.

enhancement only at the absorption energy of planar Cu atoms
in the CuO,; planes in YBCOgg7 [18]. As the 2D CDW of
YBCOg 7 also barely depends on the chain order [33], we
conclude that the structure of the CuO chains plays, at most,
a minor role for the formation of both forms of charge order.
Note that this is at odds with the 3D charge order observed in
YBCOg., thin films, where the photon-energy dependence of
the diffraction signal shows a contribution from the Cu atoms
in the CuO chain layers and the weak temperature dependence
suggests structural contributions not primarily driven by insta-
bilities of the valence-electron system [34].

Whereas there are only minor differences between the tem-
perature dependencies of the strain-induced 3D CDWs at both
doping levels, the temperature range of the strain-induced
3D CDW is clearly distinct from the one of the magnetic-
field-induced 3D CDW, which was observed only below a

temperature of 50 K (which is comparable to the supercon-
ducting T¢) in the entire doping regime [7,8]. By contrast,
our data show an onset of the strain-induced 3D CDW well
above T..

The strain-induced 3D CDW was not observed in
YBCOg 45 and YBCOg g, despite the enhancement of the
2D CDW. So far, the magnetic-field-induced 3D CDW was
also reported only in a limited doping regime: between
YBCOg43 and YBCOgg47 in x-ray scattering [7,8,35] and
between YBCOg s and YBCOg g in nuclear magnetic res-
onance (NMR) experiments [36]. Ultrasound measurements
indicated a thermodynamic phase transition into the magnetic-
field-induced 3D CDW at higher doping levels, including
YBCOg7s and YBCOg79, which, however, require larger
magnetic fields of 25 and 35 T, respectively [37]. Therefore,
a plausible reason for the absence of the strain-induced 3D
CDW in YBCOg 45 and YBCOg g is that the maximum stress
we achieved was smaller than the onset stress of the 3D CDW
at these doping levels. Much higher uniaxial pressure levels
of —3.2 GPa (which corresponds to a compressive strain of
~—2% for YBCOg,.,) were recently achieved in experiments
on Sr,RuQy. This required a more elaborate sample shaping
method, which could possibly be extended to the cuprates in
future studies [38].

The three-dimensionally long-range-ordered, uniaxial
CDW should result in pronounced transport anisotropies,
which will be interesting to explore, in analogy to recent work
on strain-induced anisotropies of the resistivity and Hall effect
associated with the 2D CDW [21]. On general grounds, one
expects these anisotropies to persist in a fluctuation regime
at temperatures exceeding the transition temperature for 3D
CDW order. At zero strain, transport [39], magnetization [40],
and neutron scattering [41,42] experiments have been inter-
preted as evidence of a separate transition into a “nematic”
phase where the C; rotational symmetry is broken, but trans-
lational symmetry is preserved. Note that the orthorhombic
crystal structure of YBCOg,, implies that the electronic ne-
matic transition is necessarily transformed into a crossover,
but the notion of electronic nematicity may remain useful if
electronic mechanisms dominate the macroscopic response,
analogous to the iron-based superconductors [43]. The extent
to which conduction electrons can affect elastic properties was
also recently demonstrated in Young’s modulus experiments
on Sr,Ru0y4 [44].

In this context, we note that sharp Kohn anomalies of
high-energy Cu-O-Cu bond bending and stretching phonons
have been observed along the b axis (but not the a axis) in
underdoped and in optimally doped YBCOg.., [45,46]. Since
the in-plane anisotropy of these anomalies matches the one
of the 3D CDW, they might be regarded as precursors of this
phase. Interestingly, a Kohn anomaly with a closely similar
wave vector was also recently observed in lanthanum-based
superconductors, suggesting that the CDW instability may
be generic to the cuprates [47]. Note that less anisotropic
anomalies of low-energy phonons have been discussed in
conjunction with the quasi-2D CDW [48,49]. The behavior
of the Kohn anomalies and the “electronic nematic” response
at high strain levels is an interesting subject of future research.

We now turn to the stress response of the 2D CDW, which
(unlike the 3D CDW) is observed along both the @ and b axes.
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FIG. 6. Phase diagram of YBCOg., under uniaxial compression
along the a axis. The lines indicate the Néel temperature, super-
conducting T, and onset temperature of the 2D CDW at ambient
pressure. The dashed line marks 7. of YBCOg7 [32] and the red
points indicate the onset temperatures of the 3D CDW under 0.7%
compression. The color map shows the integrated intensity of the 3D
CDW of YBCOg 59 and YBCOg 47 investigated in the present work
and reported in Ref. [18], respectively. The intensity was normalized
to its maximum value.

A comprehensive REXS investigation of YBCOg¢; demon-
strated that this phenomenology is due to the coexistence
of two uniaxial CDW domains and revealed a symmetric
stress response: pressure along a enhances the CDW along
b, and vice versa [18]. We have therefore confined our
doping-dependent study to the former geometry. In YBCOg s,
i.e., the sample with the most intense, longest-range 2D-
CDW correlations, the diffraction peak is strongly enhanced
even at low stress levels [Fig. 2(b)], mirroring the obser-
vations in YBCOg 7 [18]. The pressure scale is lower than
the one required to induce the 3D CDW because the effect
is due to domain selection rather than a pressure-induced
phase transition. Similarly, uniaxial spin and charge order in
lanthanum-based cuprates was also found to be susceptible to
strain of the order of 0.01-0.1%, which is much smaller than
the strain inducing the 3D CDW in YBCOg., [50-53].

A stress-induced enhancement of the 2D-CDW diffraction
peak intensity is still clearly observable in the YBCOg 45 and
YBCOg.go samples, where the CDW correlations are weaker
than around p = 0.12, but no longer discernible in YBCOg 49
and YBCOg93, which are close to the borders of the 2D
CDW stability range [Fig. 2(b)]. The doping-dependent stress
response is thus symmetric around p = 0.12, as expected if
the 2D CDW is modified directly by strain rather than by
secondary effects such as a strain-induced modification of
the hole density. The large momentum widths of the CDW
peaks in YBCOg 49 and YBCOg o3 indicate a smaller correla-
tion length comparable to those observed in more disordered
cuprates such as Bi,Sr,CaCu;,0Og.s [5]. This finding suggests
that the CDW correlations in these samples may be pinned
to structural defects and hence less susceptible to external
control parameters. In agreement with this scenario, the CDW
diffraction features in YBCOg,, samples near the stability
range of the 2D CDW also exhibit less pronounced anomalies
at the superconducting 7;. [31].
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FIG. 7. Real strain measured by x-ray diffraction [19] vs nominal
strain inferred from a capacitive sensor reading in YBCOg,,. The
blue data points are reproduced from Ref. [19]. The blue line is a
linear fit to these data. The red stars indicate the data points in the
present study.

V. CONCLUSION AND OUTLOOK

In conclusion, we have investigated the nature of 2D and
3D CDW correlations in the CuO; planes under a-axis com-
pression up to ~0.7% by means of REXS measurements
over a large range of doping levels. The amplitude of the
stress response of both forms of CDW order is maximal
around p ~ 0.12 (Fig. 6), thereby apparently mirroring the
doping-dependent amplitude, correlation length, and onset
temperature of the CDW at zero stress [31].

The 2D CDW correlations are characterized by coexist-
ing finite-size domains propagating along the a and b axes.
External uniaxial pressure primarily modulates the volume
fractions of both domains. By contrast, the long-range-
ordered 3D CDW is generated via a stress-induced phase
transition and only observed along b, at least at the acces-
sible stress levels in our study. The in-plane anisotropy of
this phenomenon likely reflects the influence of the elec-
tronic anisotropy of YBCOg,, induced by hybridization of
the chain and plane bands [54], which is more profound than
the expected influence of the minor difference between the
lengths of the a and b axes. The temperature dependence
of the 3D CDW amplitude indicates a strong competition
with superconductivity. These results should be viewed in
the context of experiments on other superconducting quantum
materials under the application of uniaxial stress. In particular,
we refer to the stress-induced spin density wave transition in
superconducting Sr,RuQO,4, which has been attributed to stress
tuning of one of its Fermi surfaces across a van Hove singu-
larity [55,56]. Interestingly, the converse effect was recently
reported for La,_,Ba,CuQO,4 with x = 0.115, where uniaxial
pressure obliterates long-range spin and charge order and
restores the uniform superconducting state [57].

Our findings call for a variety of further experiments on
YBCOgy, (as well as La-, Hg- or Bi-based cuprates with
more closely tetragonal crystal structures) under high in-plane
uniaxial stress, including experiments under tensile and higher
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compressive stress for a more complete exploration of the
phase diagram, as well as complementary measurements of
the Fermi surface and band dispersions (for instance, via
quantum oscillations or angle-resolved photoemission) under
the same conditions. Following up on recent experiments at
lower strain levels [21], experiments combining REXS with
in situ transport and thermodynamic measurements have
the potential to yield new insight into the influence of
atomic-scale charge correlations on the macroscopic elec-
tronic properties of YBCOg., and other cuprates.
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APPENDIX A: STRAIN SCALE

Here we explain the calibration of the strain value in the
present REXS study. In prior work on YBCOg,,, the strain
level was read off from a capacitive sensor of the sample
length in the strain device. However, this reading (hereafter
referred to as “nominal strain”) has turned out to be inaccurate
because of incomplete strain transmission from the device
to the sample. Although an attempt was made to model the
magnitude of the strain, it was overestimated. In a recent
study, Vinograd et al. directly determined the actual strain
level in the sample (hereafter referred as “real strain”) from
measurements of the lattice parameters by high-resolution
hard x-ray diffraction in a device nearly identical to ours, and

on needle-shaped samples with the same aspect ratio as those
in the present work [19]. We used a linear fit to the data of
Ref. [19] (Fig. 7) to convert the capacitive sensor readings of
our device to the actual strain. Despite some systematic error
associated with strain transmission by the glue used to hold
the samples in place (which may differ from sample to sam-
ple), we note that by using the calibration described above, the
experimental results reported here are compatible with those
reported in Ref. [19], i.e., they show the same evolution of
2D and 3D CDW vs strain. Specifically, the 2D CDW signal
displays the same intensity enhancement upon uniaxial pres-
sure application and the 3D CDW, at the doping levels where
it appears, displays the same strain threshold in both resonant
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FIG. 9. Raw data of Fig. 2(b).
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rameter at every position of the sample was inferred from the Bragg
reflection (034) collected at various positions of the sample along
the uniaxial stress direction. The x-ray diffraction data were taken at
70 K.

and nonresonant scattering experiments, thus demonstrating
the internal consistency between datasets. Within each strain
run, we have always been able to distinguish and reproduce
strain steps as small as ~0.1% compression on the real strain
scale. Figure 2(c) therefore shows a conservative error bar of
£0.05%.

As a secondary diagnostic, we have monitored the lattice
Bragg reflection peak (002) during the REXS measurements

and confirmed that this peak shifts monotonically with
in-plane uniaxial stress (Fig. 8). However, it is difficult to
quantitatively estimate the in-plane strain from out-of-plane
Bragg reflection peaks, which are only affected by strain via
Poisson’s ratio. Moreover, (002) is a low-order reflection with
a width that is large (~5°) in soft x-ray diffraction compared
to the peak shift under strain levels of the order of <—1%
(~0.1°).

APPENDIX B: RAW DATA OF 2D CDW

Figure 9 displays the raw data of Fig. 2(b) before sub-
tracting the background. As can be seen in the raw data, the
background is not linear along K. We therefore used fits to
quadratic polynomials, following common practice (see, e.g.,
Ref. [31]). The same background subtraction was made for all
the REXS data along K presented here.

APPENDIX C: STRAIN HOMOGENEITY

Prior to this study, we did extensive tests to map the
strain over several points across YBCO needles at the
high-resolution diffraction beam line ID27 of the European
Synchrotron ESRF. The tests, as shown in Fig. 10, demon-
strate that strain is very homogenous, consistently with the
results of Ref. [28]. Combining the information from simula-
tions and tests, it is evident that focusing on the central region
of the needle allows one to be extremely safe in terms of strain
homogeneity.
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