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Abstract. We investigate the structural response of SrTiO; when Cooper pairs
are broken in an epitaxially grown YBa,Cu;0O; top layer due to both heating and
optical excitation. The crystal structure is investigated by static, temperature-
dependent and time-resolved x-ray diffraction. In the static case, a large strain
field in SrTiO; is formed in the proximity of the onset of the superconducting
phase in the top layer, suggesting a relationship between both effects. For the
time-dependent studies, we likewise find a large fraction of the probed volume
of the SrTiO; substrate strained if the top layer is superconducting. Upon optical
breaking of Cooper pairs, the observed width of the rocking curve is reduced
and its position is slightly shifted towards smaller angles. The dynamical theory
of x-ray diffraction is used to model the measured rocking curves. We find that
the thickness of the strained layer is reduced by about 200 nm on a sub-ps to ps
timescale, but the strain value at the interface between SrTiO; and YBa,Cus O,
remains unaffected.
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1. Introduction

Plasmas created by intense femtosecond (fs) laser pulses are known to be a source of ultrashort
bursts of characteristic x-radiation. In the past, they have been used to study acoustic and
optical phonons [1]-[4], structural phase transitions [5]—[8], zone-folded acoustic phonons
in nanostuctures [9], polarization dynamics in ferroelectric nanolayers [10], dipole solvation
dynamics in molecular crystals [11] and magnetostriction in ferromagnets [12] by time-resolved
x-ray diffraction. Recently, a plasma-based x-ray source was employed to obtain time-resolved
powder diffraction patterns [13]. With time-resolved x-ray diffraction, in principle, the atomic
positions in a crystalline material can be tracked in time with a pm spatial and approximately
100 fs temporal resolution.

In this work, we apply this technique to investigate the effect of ultrafast Cooper-pair
breaking in a superconducting YBa,Cu30; top layer on the crystal structure of the SrTiO;
substrate. SrTiO5 is an incipient ferroelectric; nevertheless, ferroelectricity can be induced
by electric fields [14], by uniaxial strain [15] and by epitaxial strain [16, 17] due to a thin
top-layer like YBa,Cu3;0O,. The YBa,Cu3;0;/SrTiO; contact electronically forms a Schottky
contact, which gives rise to an electric field in the SrTiOs;. Due to the piezoelectric effect,
this leads to a strain gradient in the bulk material close to the YBa,Cu3;0;/SrTiOj; interface.
Breaking of Cooper pairs is an ultrafast process [18]-[20] with a typical time constant of a few
100 fs. Previous work with Cooper-pair breaking spectroscopy has shown that Cooper pairs in
YBa,Cu;0; are efficiently broken with 1.5 eV photons [21].

This experiment provides evidence for strain formation in SrTiO; due to the
superconductivity of the YBa,Cu3;O; layer. We show by time-resolved x-ray diffraction that
the thickness of the strained layer in the substrate decreases on a timescale of about 1 ps upon
Cooper-pair breaking by a pump laser.

2. The experimental setup

For these experiments, a 250 nm thin YBa,Cu3;0O; film was epitaxially grown on a single-
crystalline SrTiO; substrate. The crystalline quality of the sample was previously examined
by means of standard x-ray diffraction techniques. An w/26 scan revealed a single c-oriented
phase for both the thin film and the substrate. In order to monitor the superconducting state of
the probed volume, the sample was structured with a meander-like pattern to allow for a resistive
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Figure 1. The experimental setup.

measurement, which was run after each data point. The meander had a width of 100 xm. The
superconducting transition temperature after the experiment was unchanged and measured as
89 K. The sample was cooled by a commercially available Stirling-type cryostat down to about
70 K. The temperature stability was better than 1 K.

Information about the time-dependent crystal structure was inferred from the reflection
of an ultrashort x-ray pulse emitted from a plasma source. The photon energy was 4.5 keV
(Ti-Ka ); the pulse duration can be estimated to be of the order of 300fs [8]. The extinction
depth for the x-ray pulse is about 500 nm in each material, i.e. only an interface-near region
will be probed.

Experiments were performed with a 10 Hz Ti:sapphire laser system supplying pulses of
800 nm, 80fs and 500 mJ. The principal experimental setup is shown in figure 1. The main
fraction of the laser pulse (90%) is focused by an off-axis parabolic mirror onto a Ti-tape target,
where it generates a hot plasma, which emits characteristic Ko radiation. A fraction of the nearly
isotropically emitted radiation is collected, monochromatized and refocused onto the sample
by a toroidally bent GaAs (100) crystal. The incidence divergence on the sample is about 2°;
therefore, the full reflection curve can be obtained without rocking the sample. The SrTiO3; 002
and the YBa,Cu3;0O; 006 reflection were recorded on a back-illuminated deep-depletion CCD
camera [26]. The corresponding Bragg angles are Og,tio, =44.77° and Oypy,cy,0, = 44.94°.
Two translation stages allowed for precise positioning of the YBa,Cu;O; meander into the
x-ray focus. The sample was excited by an 80fs, 800nm pump pulse with a fluence of
80 uJ cm~2. Assuming that all the laser energy is transferred into broken pairs, this fluence is 20
times higher than needed to break all Cooper pairs [22]. Even if only 1% of the laser energy is
used for destruction of superconductivity, [23], we still break approximately 20% of the pairs.
The temperature increase due to the optical pump pulse is estimated to be 7 K at maximum.
The coupling between the excited electronic subsystem and the lattice becomes important only
after a few ps, and thus a temperature increase in the sample for the investigated delays can be
excluded. Further, cumulative effects at the 10 Hz repetition rate does not play a role. In [24],
it was estimated that heat diffusion through the YBa,Cu30; thin film takes about 9 ns and heat
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Figure 2. Rocking curves of a SrTiO; single crystal covered with a
thin YBa,Cu;0; film at different temperatures. Significant changes in the
strain-related peak structure appear at 92K (due to the cubic-to-tetragonal
phase transition in SrTiO;) and below 89 K. The latter coincides with the
superconducting phase transition of the YBa,Cu;O; film and a subsequent
increase in the corresponding order parameter.

escape across the interface to the substrate takes another 15 ns. After a few ms the heat has fully
dissipated.

We can exclude any optical excitation of the substrate since the YBa,Cu3;0; film thickness
is about twice the optical absorption length at 800 nm, and the absorption length of SrTiOj is
much larger than 1 m [25].

3. Temperature-dependent measurements

Prior to the time-dependent studies, we investigated the temperature dependence of the sample
structure. These diffraction studies were performed with a conventional x-ray tube containing
a titanium anode. The setup was similar to the one described above. However, while the size
of the x-ray source at the plasma source is about 100 um [27], the size of the source at the
x-ray tube is 400 um. Further, a Si(311) toroidally bent crystal was used as an x-ray optic.
As a consequence, and in contrast to the time-dependent measurements, for the temperature-
dependent studies the Ko doublet could not be separated. Both Koy and Ko, are reflected by the
bent crystal. An Agfa Strukturix x-ray film was used as a detector for the static measurements.
The experimental setup does not allow the determination of lattice constants, and relative
changes of the lattice constants, and only the shape of the curve can be discussed. The results
are shown in figure 2. The two peaks at 300 K are the Koy and Ko, SrTiO5 002 reflections. The
position of the Koy peak was set to Aw = 0. The YBa,Cu30; 006 reflection cannot be resolved
due to its much lower reflection power. At 92 K, the two peaks split into four peaks, reflecting the
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Figure 3. Measured rocking curve of the unpumped sample (accumulated over
2000 pulses) and the corresponding fit functions.

cubic-to-tetragonal phase transition of the SrTiO; substrate [28]. The observation that at 100 K
the tetragonal splitting has not yet occurred is consistent with [29], in which the structural phase
transition of SrTiO; in a near-surface region is investigated in more detail. This work found that,
even though the rotation of the oxygen octahedron starts at 105 K, formation of twin domains
starts only at lower temperatures, which also depends on external parameters, such as the
epitaxial strain. After passing the superconducting transition temperature (7, = 89 K), a number
of additional peaks appear, becoming better defined at lower temperatures. The occurrence
of these peaks is clear proof of major structural modifications and can only be explained by
the build-up of a strong strain field in the substrate. The proximity of the onset of the strain
field and the onset of superconductivity in the top layer suggests a relationship between both
effects. The shape of the rocking curve further changes as the temperature decreases. As the
superconducting order parameter and the energy gap are still increasing at these temperatures,
this further supports the suggestion of a common origin for superconductivity and the observed
large strain field below 89 K.

4. Time-dependent measurements

Time-dependent studies were performed on a second sample. Thin film thickness, crystalline
quality and superconducting transition temperature were similar for both samples. A typical
rocking curve at 70 K accumulated over 2000 pulses is shown in figure 3. Two well-separated
contributions to the reflection curve are apparent: the main peak arises from the Ko reflection of
the substrate, while the smaller one originates from the thin film. No further peaks are apparent.
We attribute their absence to the slightly different sample properties, e.g. different epitaxial
strain. However, as will be shown below, this does not lead to a complete disappearance of the
strain field related to the onset of superconductivity.

The substrate reflection is slightly asymmetric with a larger weight on the large angle
side (compare figure 4). The entire SrTiO; signal is built up by 190000 photons, while the
YBa,Cu;30; reflection is formed by only about 11 000 photons (each accumulated over 2000
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Figure 4. SrTiO; 002 rocking curves for various delays. For the sake of clarity,
fit functions instead of raw data are shown. Data were taken in the same order as
listed in the legend. Panel (a) compares an unpumped rocking curve with its fit
function and demonstrates very good agreement between both.

pulses). The count rate decreases with increasing operation time of the debris protection in front
of the focusing mirror. Therefore, no conclusions from the temporal evolution of the integrated
reflectivities can be drawn and all reflection curves are normalized such that the SrTiO; peak
value is set to 1. As the laser intensity also determines the x-ray source size [27], one has to
assume that this also changes and leads to a variation in the x-ray focal size. Although the
experimental setup allows for very sensitive measurements of changes in the lattice constant, it
does not provide an accurate measure for the absolute value of the lattice constant. For further
analysis, the measured reflection curve is fitted with four Gaussians (two for the SrTiO; 002
reflection, one for the YBa,Cu3;0O; 006 reflection and one for the background).

The time-dependent rocking curves are shown in figure 4. Fit functions rather than raw
data are shown as they provide a clearer view. In figure 4(a), the fit function for an unpumped
exposure is shown in comparison with the raw data, and very good agreement is obtained.
Very similar agreement is found for any other measured reflection curve. The two unpumped
reflection curves differ slightly from each other. Apparently, there is a small drift during
the measurement. However, the differences between pumped and unpumped exposures are
significantly larger than the drift. Upon excitation of the sample, the reflection curve becomes
narrower. The main changes to the rocking curve occur on the large angle side, and this leads
to an asymmetric narrowing. Further, the reflection curves are slightly shifted towards smaller
angles. Figure 5 shows the time dependences of the reflection curve width and peak position
(derived from the fit parameters). The data point at At = —oo0 is given by the mean of the four
unpumped values. The error bar of that data point corresponds to the standard deviation of these
four values. Error bars on the other data points are given by the errors of the fit values. Upon
breaking Cooper pairs, we observe a distinct decrease in the width of the rocking curve by about
10% and a shift towards smaller angles by about 7 x 1073 deg. The temporal overlap is known
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Figure 5. Temporal dependences of the SrTiO3; 002 rocking curve width (upper
panel) and peak position (lower panel).

only within a few 100 fs. Therefore, we cannot comment on the characteristic timescale of the
initial decrease in the rocking curve width and its shift. However, after 2 ps the initial values are
re-established. The time dependences of the width of the rocking curve and the peak shift show
similar trends.

5. Data modelling

The asymmetry of the line shape and the reduction in the line width following optical excitation
of the sample can be understood if the probed sample volume is initially strained and relaxes
after optical excitation.

The rocking curves were modelled in order to gain more information about changes in the
strain distribution. In fitting the data, a x> minimization routine was used. The intrinsic rocking
curve is calculated for a test strain profile, which is then convoluted with an apparatus function
to account for the limited experimental resolution. A Gaussian was used for the apparatus
function. The angular position, 6, and the width of the Gaussian, o, were fitting parameters,
accounting for possible shift and size reduction of the x-ray focus on the sample during the
experiment. Allowing the apparatus function to vary provides the most suitable way to decouple
sample response and apparatus effects. As the experimental rocking curves were normalized,
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Figure 6. Delay dependence of the fit parameters. (a) The interfacial maximum
strain Py, (b) thickness of the strained SrTiO; layer z, (c) amplitude A (see text
for further explanation), (d) shift of the x-ray focus 6, (e) width of the apparatus
function o and (f) x? of the fit function.

the convolution is multiplied by a factor A, another fitting parameter. The inverse of this factor
contains, thus, information about the modelled integrated reflectivity of the sample. The intrinsic
rocking curves are calculated in the framework of the dynamical theory of x-ray diffraction as
described by Wark et al [30].

A linear strain profile is used to model the measured rocking curves. Free parameters are the
maximum strain, Py, at the interface between the thin film and the substrate, and the thickness,
z, of the strained layer. In figure 6, the fit parameters are plotted as a function of the delay.
The maximum strain (figure 6(a)) randomly varies with delay. The standard deviation of the
individual values is 2 x 107>, while the average maximum strain is —9.8 x 10~*. The modelled
variation of the strain is at the limit of our high experimental accuracy. The thickness of the
strained layer displays a very similar temporal dependence to the measured width and position
of the rocking curve. For the unpumped case, the depth of the strained layer is about 650 nm and
it is reduced by optical excitation to about 450 nm. Figure 6(c) displays the delay dependence of
the convolution’s amplitude. Its inverse is a measure of the integrated reflectivity of the sample.
This parameter shows the same delay dependence as the strain profile. Figures 6(d) and (e)
show the delay dependence of the fitting parameters of the apparatus function. In figure 6(d), the
position of the Gaussian is shown. That the trend in 6 is nearly linear in the number of data points
recorded is apparent. The shift during the entire measurement equals 8 x 1073 deg. The fitting
results also suggest a reduction in the x-ray focal size during the measurement (figure 6(e)).
However, as the delay dependence is very similar to that of the strain profile, this might be
an artefact of the fitting routine and actually displays, at least partially, changes in the sample
rather than of the apparatus function. Finally, in figure 6(f), we show x? of the fit functions. This
shows a random variation with delay, indicating that the adopted model sufficiently describes
the experiment.
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layer thickness for the unexcited sample.

6. Discussion

We have shown that a strain field in a SrTiO;5 substrate can be made to disappear by heating
the sample above the superconducting transition temperature of the YBa,Cu3;0O; top layer or by
ultrafast optical excitation leading to a massive breaking of Cooper pairs. This suggests a close
relationship between the existence of this strain field and superconductivity. The thickness of
the strained layer in SrTiO; is of the order of several 100 nm, which is similar to the expected
depletion layer, thickness of the Schottky contact. In this depletion layer, a non-vanishing
electric field is present. If this layer is strained, piezoelectricity and thus ferroelectricity would
be an obvious origin of this strain field. In this case, the strain would be proportional to
the electric field strength. For a Schottky contact, the depletion layer thickness is given by
Zp = +/(2€€p/eN) Uk, where € is the dielectric constant, € is the permittivity of free space, N
is the carrier density and Uk is the contact potential. The electric field strength at the interface
is Ey = (e/€€p) Nzp. The contact potential is given by the difference in the work functions of
the two materials. For YBa,Cu3;0,, we take a value of 6.1 eV [31]. The band gap of SrTiOj; is
3.2eV and the electron affinity is 4.1 eV. The Fermi level is close to the center of the gap, which
results in a contact potential of about 0.5V [32]. Typical values for the dielectric constant of
SrTiO; single crystals at 70 K are of the order of 2000 [33]. For thin films, values between 150
and 700 are reported [34, 35]. Thus, we assume that the dielectric constant of the near-surface
region of our samples is approximately 1000-2000. Typical carrier densities for non-metallic
SrTiOj; thin films and single crystals are in the range of 10'7-10' cm™ [36]. In figure 7, we
show the expected parameter space. The measured strained layer thickness is well within the
range of the expected depletion layer thicknesses and would correspond to carrier densities
of about 10'7 cm™3. Optically breaking Cooper pairs leads to a reduction in the strained layer
thickness, but does not alter the strain at the interface between the two materials. If the strained
layer thickness is determined by the depletion layer thickness only, this structural response can
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only be explained if NU g /e remains constant. However, at present, we cannot suggest any
mechanism that would allow a sub-ps modification of the strained layer thickness under this
constraint. Further investigations are needed in order to clarify the origin of the observed strain
field.
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