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Materials and Methods

Single crystals of YBa,Cu3Og+x were grown using a flux method (48), and the oxygen content was
adjusted to x~0.67 (7. = 65 K) by annealing under well-defined oxygen partial pressure. The
sample was mechanically detwinned by heating under uniaxial stress (50-60MPa was applied at
400 °C). The untwinned nature of the sample was checked using a polarized microscope and
further confirmed by x-ray diffraction.

When preparing samples for IXS experiments under uniaxial strain, several requirements have to
be met:

1) The sample has to be prepared as a beam, where stress is applied along the beam’s
length.
i) To avoid large elastic scattering coming from the Ortho-VIII oxygen order

superstructures, the sample should be mounted for access to the (0 k 1) scattering plane.
iii) To maximize the scattering signal from the sample, it is preferable to have a sample
thickness of ~ 40 um along the beam direction (comparable to the absorption length of
the incident x-rays).
To this aim, the crystals were cut and manually polished to needles of dimension 2.6mm x 0.15mm
x 0.2mm (a x b x ¢). The center of the sample was further thinned down along the b-direction
(normal to the surface) using a xenon plasma focused ion beam (PFIB). A PFIB mills much faster
than a gallium-based focused ion beam, and any implanted xenon diffuses out of the sample
without reacting chemically. This sample form allows high strains to be achieved in the centre,
“necked” part of the sample, while allowing thicker end portions that act as handles for convenient
mounting in the uniaxial stress apparatus, and in which the stress is lower. The necked part is ~200
pm long and has a final thickness of ~40 pm.

Strain device

The strain device utilized in this experiment is a modified version of the device used in refs. (31-
33). It has been specially designed to allow working in transmission, with access to a large region
of reciprocal space. For this, the cell is provided with an aperture with a wide angular opening
(£45 degrees) for the transmitted photons (Fig. S1). To carry out temperature-dependent
measurements, the device has been adapted to fit into a He-flow cryostat used at the European
Synchrotron Radiation Facility that is built to accept pressure cells. Our strain device is symmetric,
so that the sample is centered on the axis of rotation of this cryostat. The cell is held by a special
holder designed to minimize the possible thermal stress on the device. The temperature was
measured by placing a silicon diode sensor on the device. The lowest temperature reached in this
experiment was T=15K.

Inelastic X-ray scattering under Uniaxial Strain

Inelastic X-ray scattering (IXS) experiments were performed at the beamline ID-28 of the
European Synchrotron Radiation Facility (ESRF). The incident energy was tuned to 17.794 keV
using the (9 9 9) Bragg peak of the silicon crystal monochromator. This gives an energy resolution
of ~3 meV (see below). The size of the incident beam on the sample is 50 x 40 pm, which is
smaller than the central necked region of the sample. The scattered photons were analyzed by 9
crystal analyzers placed at the end of a 7-m long arm. The entrance slits of the analyzers were set
to 20 mm in the scattering plane and 55 mm perpendicular to the plane. This gives a corresponding
momentum resolution (FWHM) of Ak = 0.004 (r.L.u.), A1 =0.05 (r.l.u.).




Supplementary Text

Strain Control and Estimation

Strain is applied to the sample by applying voltages to the piezoelectric stacks. Sensors based on
parallel-plate capacitors, indicated in Fig. S1 are used to measure the displacement that is applied
to the sample and the sample plates. As can be seen in the photograph in Fig. 1 of the main text,
and schematically in Fig. S1, the plates that hold the sample give some flexibility: the sample is
held by relatively thin bars, labelled “flexible bars” in the figure, that flex as stress is applied to
the sample. The plates were designed in this way to reduce the risk of inadvertent thermal
displacements breaking the sample during cooling. The thin bars protect the sample by reducing
the efficiency with which displacements generated by the piezoelectric actuators are transmitted
to the sample. It is an acceptable trade-off because the necked portion of the sample is short: The
actuators can apply a displacement of up to ~30 pm, which would, if transmitted with perfect
efficiency to the 0.3 mm-long necked portion of the sample, result in a strain of ~10%, which is
well above the maximum target strain for this experiment.

During measurement, the displacement applied to the plates and sample (d), and so also the sample
strain, was held constant using a feedback loop on the displacement sensors. To obtain the
conversion constant between the measured capacitance and sample strain, nuclear Bragg
reflections were monitored. Only a few Bragg reflections could be conveniently accessed; Fig. S2
shows our measurement of the (0 0 6) Bragg peak at a series of applied strains. As compressive
strain is applied, the (0 0 6) Bragg peak shows a systematic shift towards smaller 26, corresponding
to the extension of the c-axis lattice parameter associated with compression along the a-axis. The
Bragg peak does not broaden by more than 10% as strain is applied, which shows that the strain is
homogeneous in the probed volume of the sample. Prior to the IXS experiments, we measured the
ac and bc Poisson’s ratio of our single crystal at the high-pressure diffraction beamline ID-27 of
ESRF, obtaining the value v,.~vp,,. = 0.25+0.02 (Fig. S3).

In Fig. S3 we plot —&,, = €,,/V,. versus the applied displacement d, where &,, is the c-axis strain
derived from the location of the (0 0 6) nuclear Bragg peak. Identifying d=0 is always a slightly
subtle issue; here, we took a reading from the displacement sensor at room temperature with no
voltage on the actuators, and then adjusted the voltage on the actuators while cooling to keep the
sensor reading constant. The flexibility of the sample plates reduces the effect of differential
thermal contraction between the cell and sample, so this procedure should bring the sample to well
within 0.1% strain of its true neutral strain point.

At low strains, -&,, is proportional to d, as expected. At large applied displacements, -&,,/v,
appears to saturate. One possible interpretation is that the epoxy holding the sample started to
rupture, reducing the stress achieved in the sample for a given applied displacement. However,
none of the data from the sample presented in the main text, nor the 7. measurements to be
presented shortly, saturate at high strains. Nor was any hysteresis observed: normally, epoxy
rupture or damage to the sample results in strong hysteresis in measurements. Therefore, we
conclude that deformation of the sample and epoxy remained elastic over our entire strain range,
with &,, proportional to applied displacement. Whether the apparent saturation of the applied
strain arises from a nonlinear relationship between ¢,, and ¢, at large strains, or something more
mundane such as bending of the sample at high strains, remains to be determined.

At this stage, we obtain our conversion between d and &,,, from a linear fit to the low-strain data,
shown in Fig. S4, yielding a maximal applied strain of ~1 £0.2 %. The error bar reflects the
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uncertainty on the actual strain value and is estimated on the basis of the observed decrease of the
critical temperature (see below measurement of 7¢) and of the evolution of the c-axis lattice
parameter.

Analysis and elastic line subtraction

To allow accurate subtraction of the elastic lines, especially close to the strong long-range CDW
superstructure peaks, it is crucial to measure precisely the actual energy resolution function. This
was determined from inelastic scattering measurements on a piece of PMMA, in experimental
conditions similar to those of our experiment. The best fit to the measured resolution function was
obtained using a Pseudo-Voigt profile:
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Where w; and w; are respective Lorentzian and Gaussian linewidths of the resolution function
and m the Lorentz factor. Typical resolution close to Qcpw is shown in Fig. S5, for which the
fitting parameters are:

w; = 3,32 meV
w; = 2,71 meV
m = 0,62

The IXS spectra were fitted using a sum of a resolution limited elastic line and of Lorentzian lines
(convoluted with the resolution function) at finite frequency for the phonons. Examples of such
fitting are shown in Fig. S5.

The inelastic part of the spectra shown in the Fig. 4 of the manuscript were obtained by subtracting
the elastic line extracted from this fitting procedure (never before). Importantly, all features
presented in the Fig. 4 (in particular the soft phonon mode) can already be clearly distinguished in
the raw data, as illustrated in Fig. S6, where we show the raw IXS data at -1.0% compression at T
=41 Kand T = 70K.

Error bars on the parameters shown in the figures of the paper are defined as the standard error
from the Levenberg-Marquardt fitting procedure. In some cases where unphysically small errors
have been obtained, fitting accuracy was tested by forcing one parameter (e.g. mode energy) to a
different value and monitoring degradation of the fit quality (through the reduced-y?> and
convergence criteria).

T, measurements

In this Supplemental Information, we report two measurements of T, versus a-axis strain of
YBaxCu3Oe+x. The first is on a sample with a zero-stress 7. of T,y = 59 K, and in a configuration
optimized for measurement of T.. The second is on the sample described in the main text, which
was probed by inelastic x-ray scattering, and which had T, o = 65 K.

The 59 K sample was polished by hand to a uniform thickness. In order to probe only a small
sample volume, so as to reduce the effects of possible large-scale inhomogeneity, a
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microfabricated sensor was used. The sensor consisted of a GaAs/AlGaAs 2DEG hall cross, 4 um
across, and a 20 pm-diameter excitation coil deposited around it (Fig. S7). The hall cross measures
the field generated with the excitation coil. When the sensor is placed on the sample, the onset of
superconductivity is visible as a reduction in the measured field, due to the Meissner screening of
the sample. Measurements were performed at frequencies between 0.1 and 10 kHz, and with
excitation fields between 0.5 and 3 Oe, oriented predominantly along the sample's ¢ axis. As seen
in Fig. S7A, the width of the superconducting transition hardly changed with applied strain,
indicating a highly homogeneous strain field within the probed volume.

We take T, to be the temperature where|dy /dT| is maximum. As shown in Fig. S7B, T, decreases,
with increasing slope, with a-axis compression. No hysteresis was observed between increasing-
and decreasing-strain ramps, indicating that the sample and epoxy deformation was elastic over
this strain range. Previous thermal expansion measurements on a sample with similar doping found
the slope dT./dp,, evaluated at zero pressure, to be —1.5 K/GPa (29). Converting our strain
dependence to the same units, using the elastic tensor reported in Ref. (49), we find dT,./dp, =
—1.8 K/GPa at zero pressure. Within the error on our determination of the sample strain, this value
agrees with the result from the thermal expansion measurement.

The sample and mounting geometry of the IXS sample did not allow use of the same hall cross
susceptometer. Therefore, to determine its T,, two three-turn coils were wound from 15 um-
diameter copper wire around the central portion of the sample, which was thinned using a plasma
focused ion beam, and their mutual inductance was measured. This measurement was performed
after the IXS measurements, in a different cryostat. Excitation fields of between 0.01 and 1 Oe
were used, at frequencies between 0.1 and 100 kHz. The excitation field was oriented
predominantly along the sample's @ axis. During measurement, the sample was found to have been
cracked, such that it could be compressed but not tensioned. We identify the zero-strain point as
the point where 7. starts to change with applied displacement.

The raw data are shown in Fig. S8. The coils could not be wound tightly around the sample without
risk of damage to the sample, and therefore they probe a much larger volume of the sample than
the x-ray beam in the IXS measurements. They probe not only the central thinned portion of the
sample, but also the thicker “roots”, where the strain will be lower than in the thinned portion.
Therefore, in the raw data the transition becomes broad as strain is applied. However, the thinned
portion of the sample experiences the highest strain and should, therefore, show the strongest
response. It is clear that T, decreases, with increasing slope, with a-axis compression, and we
estimate T, =48 £ 5 K at &,,, ~ —1%.

First Principle calculations

The density-functional calculations shown in the main text were carried out for a fully oxygenated
YBa,Cu3O7 using the mixed-basis pseudopotential method (50,51). The electron-ion interaction
was represented by norm-conserving pseudopotentials, and we included the semi-core states Y -4s,
Y-4p, Ba-5s, Ba-5p, and O-2s in the valence space. In the mixed-basis approach valence states
are expanded in a basis set consisting of a combination of plane waves and local functions. The
latter allow an efficient description of the most localized components of the valence states. In
particular, we used plane waves up to a kinetic energy of 20 Ry, augmented by local functions of
s,p,1 type at the Y and Ba sites, of s and p type at the O sites, and of d type at the Cu sites. For the
exchange-correlation functional, we employed the local-density approximation (52), and Brillouin




zone integrations were performed with a 12x12x4 orthorhombic k-point grid in conjunction with
a Gaussian smearing of 0.2 eV. Further details can be found in Ref. (53). Lattice dynamics
properties were calculated using the linear response or density-functional perturbation theory
implemented in the mixed-basis scheme (54). Dynamical matrices were first calculated on a 4x4x2
orthorhombic grid and then obtained for arbitrary points in the Brillouin zone by standard Fourier-
interpolation technique, which entered the calculation of the phonon dispersion and structure
factors. To estimate the effect of strain on the phonon spectrum, we performed calculations for
two geometries. The unstrained case was represented by full optimization of the orthorhombic
structure. In the second geometry we simulated a compressive strain along the a-axis, &, =
da/a = —1%, and considered the other two axes elongated, assuming a Poisson ratio of 0.25
(6b/b = 6c/c = 0.25%). An optimization of the atomic positions was performed for this
distorted orthorhombic unit cell. The corresponding phonon dispersions along (010) for the two
relevant representations A’y and A’,, shown in Fig. S9 indicate a negligible effect of strain on the
modes below 15 meV.

Calculated IXS intensity
The general form of S(Q, w) for single-phonon scattering takes the following form (55):
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and the thermal factor can be written as

FQw,T,j) ==[((n(w,T) + 1D(w - w(, Q) + (n(w, TH(w + w(j, Q)]

1
w
with the thermal occupation (Bose) factor is given by (n(w, T)) = m, w(j, Q) is the energy

of mode j at momentum transfer Q, fs is the atomic scattering factor of atom d (here we neglected
the Q dependence of this quantity to evaluate the scattering intensity and simply used f;(Q) =

Zg4,Z 4 being the atomic number of atom d) with mass M4, W, (Q) the Debye-Waller factor at
the position T4, @7(q)is the d-site projected component of 3N-dimensional normalized

eigenvector of the phonon mode j defined in periodic notations 6{1 (g+1)= 6{1 (q), where T is an
arbitrary reciprocal lattice vector and q = Q — t is the reduced momentum transfer.
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Fig. S1. Strain device for the inelastic x-ray scattering experiment. A- Sample side. B- back side,
with large opening.
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Fig. S5. A. (top) Determination of the resolution function (the green line is a fit to a Pseudo-
voigt profile). Detail of the fit of an IXS spectra at Q = (0, 0.27, 7) at unstrained (middle) and
strained (bottom) cases. B. (top) Determination of the resolution function, now plotted in
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the large CDW elastic line is evident.
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