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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.15151/ESRF-E (K,Na)NbO; is a lead-free and sustainable ferroelectric material with electromechanical parameters comparable
$-594730606 to Pb(Zr,Ti)O; (PZT) and other lead-based solid solutions. It is therefore a promising candidate for caloric
Keywords: cooling and energy harvesting applications. Specifically, the structural transition from the low-temperature
Electrocalorics Mc- to the high-temperature c-phase displays a rich hierarchical order of domains and superdomains, that
Phase transitions forms at specific strain conditions. The relevant length scales are few tens of nanometers for the domain and
Piezoelectrics few micrometers for the superdomain size, respectively. Phase-field calculations show that this hierarchical
Time-resolved XRD order adds to the total free energy of the solid. Thus, domains and their formation has a strong impact on the
Multiferroics functional properties relevant for electrocaloric cooling or energy harvesting applications. However, monitoring

the formation of domains and superdomains is difficult and requires both, high spatial and high temporal
resolution of the experiment. Synchrotron-based time-resolved X-ray diffraction methods in combination with
scanning imaging X-ray microscopy is applied to resolve the local dynamics of the domain morphology with
sub-micrometer spatial and nanosecond temporal resolution. In this regime, the material displays a novel
self-stabilization mechanism of the domain morphology, which may be a general property of first-order phase

transitions.
1. Introduction This holds especially in regard to the stability of a domain distribution
across a phase transition. On the one hand, an increase of domain wall
The formation of domains in ferroelectric (FE) materials has a fluctuations [7] as well as a reduced pinning of domain walls at crystal
strong impact on the materials functional properties and was studied in defects [24] near the phase transition temperature has been suggested.

different material systems such as Rochelle Salt [1], Pb(Zr,Ti)O; [2,3]
or BaTiO; [4-7]. In general, domains form in order to minimize the free
energy of the system [5,8-10], e.g., through stress relief at the domain
wall [11,12]. In thin FE films, the equilibrium domain distribution
can be manipulated via the lattice mismatch to the substrate [13],
which is often referred to as strain [14]- and domain engineering [15,

Both effects favor a randomization of the spatial domain distribution
across the phase transition. On the other hand, a number of groups
reported the stabilization of a spatial domain pattern across a phase
transition [25-28]. As a trend, domain distributions are more stable
upon cooling then heating [27]. Ab-initio calculations show that the

16]. The domain morphology, i.e. the spatial distribution of domains, stability of domain walls across a phase transition depends on their ori-
forms as the systems undergoes a phase transition [17,18]. Struc- entation [28], a result that has been predicted [29] and experimentally
tural phase transitions are also highly interesting, in particular due observed [26] earlier. Density-Functional theory suggests that a domain
to their strong impact on functional properties such as the piezoelec- morphology which is stable across the phase transition is energetically
tric coefficients [19,20]. Various models for domain growth across a  fayorable [30]. However, experimental studies are challenging because
phase transition have been proposed, such as defect domain nucle- high spatial and temporal resolution are necessary simultaneously to

ation [4], polarized cluster precursors [6], multi-step nucleation [21,
22] or avalanche-like propagation of phase fronts [23]. The multitude
of proposed models and mechanisms suggests, that a unified picture
of domain formation across the phase transition in FEs is still missing.

resolve the spatiotemporal evolution of a domain pattern. The neces-
sary techniques, such as time-resolved transmission electron [31] or
X-ray [32] microscopy are becoming available just now.
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In this work, we investigate the spatiotemporal formation of hier-
archical domains across a first order structural phase transition with
nanosecond temporal and sub-pm spatial resolution. We study thin films
of Potassium-Sodium-Niobate ((K,Na)NbO;), which is regarded as one
of the most promising lead-free piezoelectric materials in respect to its
electromechanical, electrooptical and thermoelectric properties [33].
We employ nanosecond laser pulses to heat epitaxial (K,Na)NbO; thin
films across the thermotropic phase boundary [34]. By combining time-
resolved reciprocal space mapping (RSM) with scanning diffraction
imaging we obtain a time-dependent real-space mapping of short and
long range domains and superdomains. The latter denote a hierar-
chical organization of polydomains [35] which occurs in a number
of multiferroic materials [36,37]. As a first result, we quantify the
temperature range of the monoclinic-to-orthorhombic phase transition
on a nanosecond timescale. As a second result, we demonstrate an
energy-dependent self-stabilization of the spatial domain distribution
across the thermotropic phase transition. Our results provide a char-
acterization of a structural phase transition on nanosecond timescales
relevant for applications such as electrocaloric cooling [38] and energy
harvesting [39]

2. Results and discussion

We investigate ferroelectric K, Na;_,NbO; strained thin films that
undergo a thermally driven first order phase transition from the low-
temperature M, monoclinic phase at room temperature to the or-
thorhombic c-phase at high temperatures. The M, and c phases are both
ferroelectric [40] and are stabilized by the anisotropic compressive
epitaxial strain induced by coherent growth of the thin films on suitable
substrates. The phase transition temperature of the corresponding ferro-
to-ferroelectric phase transition can be tuned over a large temperature
interval by changing the magnitude of the compressive strain [40].
Both phases are connected to a characteristic domain arrangement that
exhibits a wide variety of hierarchical ordering phenomena.

We study a particular, albeit representative instance of this mate-
rial system, namely a 50 nm thin K;;Nay3NbO; film grown on an
intermediate 20 nm thin Strontium Ruthenate SrTRuO5 (SRO) electrode,
with both layers coherently deposited on top of a TbScO5; (TSO) sub-
strate. In the following, we summarize the 3D domain morphology and
the respective crystallographic orientation of the structure. A detailed
discussion was published elsewhere [41].

The (110) surface orientation of the TbScO; substrate provides a
rectangular surface unit cell at room temperature with nearly identical
dimensions of 2 x 3.953 A and 2 x 3.957 A along the [001];50 and
[liO]T so in-plane directions, respectively [42]. This leads to €, Pseu-
docubic orientation of the K, ;Nag 3NbO; thin film with corresponding
in-plane strains of 0.1% and —1.4% along the a,. and b,. pseudocubic
directions, respectively.

The pseudocubic notation [43] is used throughout this work for the
Ky 7Naj 3NbO; film, while the TbScO; substrate is referenced in or-
thorhombic notation. Piezoresponse force microscopy (PFM) and X-ray
diffraction revealed a hierarchical arrangement of ferroelectric domains
and superdomains in the K, ;Na, 3NbO; film. At room temperature the
sample exhibits periodically arranged stripe domains consisting of the
monoclinic M, -phase, as depicted in Fig. 1(b). The monoclinic unit
cells of adjacent stripe domains differ by a 90° in-plane rotation. In
the ferroelectric M,-phase the polarization vector is oriented along the
face diagonal of the sheared unit cell [cf. Fig. 1(a)]. Four different
variants of stripe domain patterns can be observed, distinguished by
0°, 90°, 180° and 270° in-plane orientation of the monoclinic shearing
displayed in Fig. 1(a). These superdomains have irregular shape with
lateral dimensions on the micrometer length scale, while the stripe
domains within each superdomain are very regular and exhibit smooth
domain walls with a lateral period of about 45 nm.

The hierarchical domain arrangement observed in the PFM images
is also evident in the corresponding X-ray diffraction patterns. Fig. 1(c)
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exemplifies the 2D intensity distribution in the vicinity of the out-of-
plane (620) TbScO; substrate Bragg reflection. It shows a complex
satellite pattern caused by the well-ordered ferroelectric M, domain
morphology. From the in-plane spacing of the satellite peaks, 4¢,,, we
deduce the lateral period of the stripe domains to 45 nm, regardless
of the type of superdomain. In addition, we observe two branches
of satellite reflections with opposite tilt [indicated by white dashed
lines in Fig. 1(c)], which originate in the 0°/90° and the 180°/270°
superdomain variants. The horizontal position of the central peak of
the two branches (qy = 3.157 Ail) coincides with the horizontal
position of the (620) TbScO5 substrate Bragg reflection (which occurs
at q, = 6.504 A™" and is not shown here) confirming a fully strained
film. The two branches show a vertical splitting 4¢, [indicated by the
black arrows in Fig. 1(c)] from which the monoclinic angle between
the b,. and ¢, axes of the monoclinic unit cell can be determined to
a = 89.9°.

Upon increasing the film temperature, the intensity of the satellite
peaks caused by the periodic stripe domains decreases until they disap-
pear completely at temperatures higher than 100 °C [cf. Fig. 1(d)-(e)].
At the same time, the central K, ;Na,3NbO; film peak superimposed
on the crystal truncation rod at q; = 3.157 A™ increases in intensity.
This is a strong indication of a structural phase transition from the
stripe-ordered monoclinic M,-phase — which can be identified by the
satellite peaks — to the orthorhombic c-phase, which does not show
a periodic domain pattern and therefore manifests itself in a strong
central peak at q; = 3.157 A™". For the orthorhombic phase we do
not observe a vertical peak splitting since the angle between the b,
and ¢, axes equals alpha = 90°. During the phase transformation,
neither the in-plane spacing of the M, satellite peaks nor the vertical
splitting and orientation (given by the 3D domain wall orientation) of
the individual branches change with temperature. We have evaluated
the intensity of the M, satellite peaks and of the central peak across
the phase transition. The former is a measure of the volume fraction
of the M, phase while the latter depends on the volume fraction of
the ¢ phase. Upon increasing the temperature the diffracted intensity
from the M, phase is gradually reduced, while the diffraction from
c-phase simultaneously increases [cf. Fig. 1(f)]. The total diffracted
intensity from the K,,Nay 3NbO; thin film does not depend on the
sample temperature. Thus, we interpret the relative diffracted intensity
from M,- and c-domains as a direct measure of the volume fraction of
the respective structural phase. In contrast, to the diffracted intensity,
the lateral spacing Aq,, of M, -domain reflections changes abruptly at
a temperature of 100 °C (see supplemental material).

Since intensity mapping in reciprocal space provides important
insights into the nature of temperature-driven phase transitions, we
need to discuss it in more detail: Firstly, the redistribution of diffraction
efficiency [cf. Fig. 1f, blue diamonds and red bullets] indicates a
gradual transformation of the entire sample volume. Secondly, from
the temperature dependence of Aq,,, we observe an abrupt change
of the structural symmetry from monoclinic to orthorhombic. Thus,
Aq,, denotes the structural order parameter of the phase transition.
In combination, these are exemplary indicators of a first order phase
transition. Specifically, this means that in a temperature range between
~0 °C and 100 °C both the low temperature M, - and the high temper-
ature c-phase coexist. In consequence, the sample contains interfaces
between different spatially separated structural phases that contribute
to the total free energy of the system.

In the following paragraphs, we study the dynamics of the thermally
driven phase transition. We use optical pulses with a duration of 7 ns at
a wavelength of 1064 nm to excite the sample and monitor structural
changes by measuring RSMs at different pump-probe delays. Note that
the laser is not absorbed in the K, ,Naj, 3NbO;5 film directly but in the
SrRuO; bottom electrode. Due to the strong thermal coupling the tem-
perature of both films equilibrate within the duration of the excitation
pulse [44]. Details of the measurements that were performed at the syn-
chrotron beamline P23 at Petra III/DESY are given in the Experimental
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Fig. 1. Equilibrium characterization of K,,Na,3;NbO;: (a) Schematic of tilted M, -domains. (b) Vertical Piezoresponse Force Microscopy (PFM) depicting the hierarchical order of
nanometer-sized stripe- and micrometer-sized superdomains. (c) X-ray Reciprocal Space Map (RSM) in the q.q,-plane measured at a sample temperature of 0 °C depicting features
of tilted M,-domains (vertical stripes) and superdomains (diagonal branches). The domain size of 45 nm can be retrieved from the lateral spacing Aq,, of the domain peaks. The
white dashed lines depict two branches of superdomains and the black arrows highlight the splitting along ¢, that stems from the monoclinic tilt of the unit cell (see main text). (d)
and (e) RSMs similar to (c) but depicting weaker diffraction from M -domains and stronger diffraction from c-domains, respectively, at higher sample temperatures. (f) Normalized
temperature-dependent diffracted intensity from M,- and c-domains (blue diamonds and red bullets, left vertical axis). The black triangles depict the temperature dependence of
the average lateral spacing between domain peaks Aq,, (right vertical axis). The data is exemplary for a first-order phase transition (see text for details).

Methods Section 4. To analyze our data we simulated the transient
heating of the sample after absorption of the laser pulse by solving
the heat diffusion equation using the udkm1Dsim - package [45]. In
particular, the simulations allow to determine the temperature rise per
absorbed fluence to ~3.9 K/mJ/cm? in the K, ;Nagy 3NbO; film.

Similar to the static heating, a transient temperature increase re-
distributes the diffraction efficiency from M.- to c-domains. As an
example, we depict a projection of the reciprocal space volume on
the q,-q,-plane in the vicinity of the (620) reflection in Fig. 2(a)-
(c) at pump-probe delays of —20 ns, 10 ns and 150 ns, respectively.
The central peak denotes the orthorhombic c-phase and the off-center
satellites stem from the periodically ordered domain boundaries of
the M, -phase. The data was recorded with an excitation fluence of
150 mJ/cm?. The representative RSMs at different pump-probe delays
show that the diffracted intensity from M, domains is reduced upon
excitation with the laser pulse and partly restored after 150 ns. The
full evolution of the diffracted intensity in all Mc reflections is depicted
in the orange line in Fig. 2(d). We observe a decrease of the transient
diffracted intensity by 70%, as marked by the gray arrow in Fig. 2(d).
In addition, we depict an exemplary simulation of the temperature
evolution in the K, ;Na(,;NbO; film (black dashed line, right vertical
axis).

Based on our previous analysis [cf. Fig. 1] the diffracted intensity
is a measure for the corresponding volume fraction of the sample.
We performed time-resolved diffraction measurements with excitation
fluences from 13 mJ/cm? to 150 mJ/cm? and extract the maximum
intensity change due to the laser heating. Results are marked as orange
crosses in Fig. 2(e) together with the measured M,-domain volume
fraction from temperature-dependent RSM measurements (light blue
squares) already depicted in Fig. 1(f). We interpret the relative intensity
change A1(7)/I, [cf. Fig. 2(d)] as M, volume fraction in Fig. 2(e), where
the gray arrow points out that both quantities are in fact exchangeable.
The transformation of 41(r)/I, to M, volume fraction for all excitation
fluences is shown in the supplement material.

Note that the static (lower x-axis) and transient (upper x-axis)
temperature axis scale with a factor of ~4.8 over the whole temperature
range. Thus, in order to fully transform the sample into the high-
temperature c phase, it must be heated to 480 °C by the 7 ns laser pulse
instead of only 100 °C during static heating. For a detailed discussion
of the speed of martensitic transformation and its energy dependence,

we would like to refer the reader to our recent work that is published
elsewhere [46]. Here, we only like to point out that the dynamics
of the phase transition, i.e., the transient redistribution of M,- and
c-phase, depends on the temperature gradient in the sample that is
induced by the optical excitation [46-48]. An interesting result of our
measurement is that the temperature scaling factor is independent of
the excitation fluence and thus holds over a large range of different
thermal gradients.

So far, we have studied the dynamics of the M, - to c-phase transfor-
mation by monitoring the transient intensity of the short range stripe
domain order via time-resolved RSM. Unfortunately, the measurements
shown in Fig. 2 cannot resolve the formation of superdomains on pm
lengthscales due to insufficient spatial resolution. For that, we resort to
scanning imaging diffraction experiments at the synchrotron beamline
IDO1 at the European Synchrotron ESRF. The instrument offers an X-
ray beam that is focused to a diameter of 200 nm, i.e., larger than
the 45 nm period of a stripe domain but smaller than the pm-sized
superdomains. Note, that adjacent superdomains of type 0°/180° and
90°/270° can be distinguished by differently oriented monoclinic stripe
domains. We exploit this fact to image the superdomain distribution in
the K;,Naj 3NbO; film via scanning imaging XRD experiments. In a
first step, we monitor the distribution of superdomains in the sample
ex-situ after illumination with nanosecond laser pulses of different flu-
ences. In a second step, we perform an in-situ space and time resolved
pump-probe experiment to resolve the spatiotemporal dynamics of the
superdomain formation.

For the ex-situ mapping of superdomains we scan the focused X-ray
beam over a 100 x 100 um? area of the sample with 500 nm steps.
At every spatial position we measure an RSM to detect the presence of
M,- or c-domains. The orientation of M,-domains, which is specific to
a superdomain, is also resolved by the RSM.

Exemplary results of these measurements for a fluence of 55, 65
and 115 mJ/cm? are depicted in Fig. 3(a)—(c), respectively. To detect
laser-induced changes in the domain pattern, we first map the domain
distribution before laser exposure [left images in Fig. 3(a)-(c)], second
illuminate the sample with the pulsed laser for one minute and third
scan the same area of the sample again to detect changes in the domain
pattern [middle images in Fig. 3(a)-(c)]. All images are normalized to
the maximum intensity in the scanning area. We employ the structural
image similarity index (SISI) [49] to quantify laser-induced changes of
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Fig. 2. Dynamic characterization of K,;Na,;NbOj;: (a)-(c) RSM (q,-q, plane) recorded at a pump-probe delay of —20 ns, 10 ns and 150 ns. (d) Relative transient diffracted
intensity from M,-domains (orange line). The black dashed line depicts the simulated transient temperature change in the sample. (e) Fraction of M -domains of the sample volume
as a function of static (lower axis, blue squares) and transient (upper axis, orange crosses) temperature.
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Fig. 3. Image Similarity K,,Na,3;NbO;: (a)-(c) Ex-situ normalized intensity maps of c- and M -domains, respectively, before (left) and after (middle) laser illumination. The field
of view is (100 x 100) pm? measured on a 500 nm spatial grid with 200 nm resolution of the focused X-ray beam. The right panels show the comparison (SISI) of both maps. The
colorbar for all maps is shown in the first row. The pulsed laser impinges the sample for 1 min with a fluence of 55, 65 and 115 mJ/cm?. (d) Image similarity (blue diamonds,
see main text for details) and M, volume fraction (orange crosses) vs. laser fluence. The dashed and dotted lines are guides to the eye.

the domain pattern. The similarity map is shown in the right image
in Fig. 3(a)-(c) and is a measure of the similarity of the domain
morphology before and after laser illumination. The upper and lower
row in Fig. 3(a)—(c) depict the distribution of c- and M, (one orientation
only) domains, respectively. For a laser fluence of 55 mJ/cm? and
65 mJ/cm? the domain morphology is quite stable (see Fig. 3(a) and
(b), respectively), but changes drastically at higher fluences.

To compare laser-induced changes in the superdomain distribution
at different excitation strength, we depict the total integrated SISI
(Image Similarity) vs. the laser fluence in Fig. 3(d). This quantity is the
average of the area integrals of the SISI of all four M, stripe domain
orientations. For a fluence below 65 mJ/cm? the domain morphology
is at least 80% similar to the initial distribution. The similarity decays
for higher fluences. It is instructive to compare the Image Similarity
to the laser-induced change of the M.-domain volume fraction from
Fig. 2(e) (orange crosses). The former quantifies changes to the domain
morphology while the latter denotes the fraction of the probed sample
volume that undergoes a phase transition upon exposure to a laser
pulse.

Illumination of the sample with a fluence of 60 mJ/cm? leaves the
M, -domain morphology 80% unchanged. The time-resolved measure-
ment at the same fluence reveals that the sample volume in the M,
phase is transiently reduced to almost 60%. In fact, from the measured
fluence dependence of the Image Similarity and M, volume fraction we
deduce that the Mc volume must reduce at least to ~50% of the sample
volume to change the domain morphology by a comparable amount.
This behavior is reflected in the slope of the image similarity, which
is steeper for low fluences, as indicated by the dotted and dashed blue
lines in Fig. 3(d). The dashed orange line is a guide to the eye for the
fluence dependence of the transformed volume fraction. The slopes of
the dashed lines are comparable.

To better understand the interplay of phase transformation and
domain morphology, we performed scanning imaging XRD measure-
ments in time-resolved mode. The main implication of this mode for
the measurement is a significant reduction of the X-ray flux due to
the low repetition rate of the laser of 1 kHz [50]. To limit the data
acquisition time to a reasonable amount, we reduced the scanning area
to (10 x 10) pm? and kept the spatial resolution. Again, we measure
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Fig. 4. Hierarchical transient ordering in K,,Na,;NbO;: (a) Normalized intensity maps of one M, -domain orientation at different pump-probe delays for a laser fluence of
65 mJ/cm?. The field of view is (10 x 10) pm? with a spatial grid and resolution of 500 nm and 200 nm, respectively. (b) Sketch of the time- and space-resolved scanning imaging

XRD measurement performed at ID0O1, ESRF.

RSMs at every point of the spatial grid. With these settings, measuring
a full map at a single pump-probe delay took about 10 h, enough time
to measure a total of 6 delay points.

For the time-dependent measurements we choose an excitation
fluence of 65 mJ/cm?. From Fig. 3(d) we expect an 80% different
domain distribution even though the absorbed laser pulse reduces
the transient volume fraction of the M,-phase to 60%. Maps of an
M,-domain orientation at different pump-probe delays are shown in
Fig. 4(a) and the time- and space-resolved scanning XRD measurement
is sketched in Fig. 4(b). The images depict a pm-sized superdomain
which stretches diagonally from the upper left corner of the images.
The first delay point (r < 0) was measured in static mode at high X-ray
flux to save beamtime. Comparison to the other spatial maps reveals the
lower signal-to-noise-ratio (SNR) of the time-resolved mode, which has
to be accounted for in the interpretation of the data. The transient data
depict a melting of the initial superdomain upon laser excitation and
subsequent condensation into a similar spatial pattern within several
hundred nanoseconds. We like to emphasis the data acquisition time
of a single 2D map at each delay point of ~10 h, which underlines the
stability of the domain morphology under constant laser illumination.

We now interpret the spatiotemporal phase transition dynamics
observed in Figs. 2 to 4. The discrepancy of stability of the domain
distribution and M,- to c-phase transformation at a fluence of 60-
80 mJ/cm? points to a self-stabilizing mechanism of the ferroelectric
equilibrium state. Note that the conservation of 90° domain walls in
(K,Na)NbOj; has already been observed during cooling from the tetrag-
onal to the orthorhombic phase [51]. Our results in thin (K,Na)NbO;
films indicate an energy threshold for the alteration of the domain mor-
phology. In other words, M,-domains that undergo a phase transition
are likely to condense into a previous superdomain upon cooling. This
behavior is evident from the slope of the dotted line in Fig. 3(d), which
has a different fluence dependence than the M, volume fraction. Never-
theless, the long-range order within a superdomain melts even at these
comparably low fluences. The superdomain recovers its previous shape
upon cooling within few hundred nanoseconds. At stronger excitations
(>80 mJ/cm?), the domain distribution and M, volume fraction have a
similar fluence dependence [cf. dashed lines in Fig. 3(d)]. We have high
confidence in the validity of our data due to the continuous exposure
of the sample to the laser beam and the nevertheless observed stability
of the domain morphology at a fluence of 65 mJ/cm?.

From the various domain formation mechanisms discussed in lit-
erature [4,6,7,21-28] our repetitive fast thermal cycling experiment
favors processes which involve nucleation at structural defects. These
sites pin an existing domain morphology, thus favoring condensation
of the low temperature phase in the original pattern. In order to

generate a different morphology, the system requires a disproportion-
ately higher energy. An alternative explanation could involve charged
domain boundaries which have also been reported to stabilize the
domain morphology [52]. Ultimately, further studies will be necessary
to ascertain the mechanism of domain formation in (K,Na)NbO; and
comparable materials. This should include a mapping of the local FE
polarization, which was not performed in our study.

3. Conclusion

In summary, we have employed a combination of time-resolved X-
ray diffraction and scanning X-ray microscopy to investigate the local
domain formation dynamics at high spatial and temporal resolution.
We investigate 50 nm thin films of ferroelectric K, ;Nay 3NbO3, which
display a rich hierarchical order of domains and superdomains in the
low temperature M -phase. We discovered a self-stabilization mecha-
nism which conserves an existing domain morphology during thermal
cycling across the phase transition.

Ky ,Nay 3NbO; is a promising candidate to replace lead-based solid
solutions in ferro- and piezoelectric applications for energy conver-
sion such as electrocalorics and energy harvesting but also in mobile
communication or in sensor technology. However, the spatiotemporal
correlation of the domain morphology during a thermal cycle will affect
the change in entropy across the phase transition and thus the energy
conversion efficiency [38,39,53]. Such applications rely on the appli-
cation of external stimuli like current, voltage or light pulses, which
induce a non-equilibrium state in the system. The self-stabilization
corresponds to an additional fraction of the total free energy of the
solid.

4. Experimental section
4.1. Sample growth

The K, ;Naj 3NbO; film was epitaxially grown on 0.1° off-oriented
(110) TbScO3 substrates by liquid-delivery spin metal-organic vapor
phase epitaxy (MOVPE). MOVPE is a chemical deposition method
which works close to thermodynamic equilibrium and at elevated
oxygen partial pressure, thus providing films with high structural per-
fection and highly regular domain formation. Epitaxial growth was
performed at a substrate temperature of 700 °C and a gas pressure of
2.6 x 10 Pa with an argon to oxygen ratio of 1.6. Further details of the
deposition process are described elsewhere [15]. The SrRuO; bottom
electrode with a thickness of 20 nm was grown fully strained by pulsed
laser deposition at a substrate temperature of 750 °C in oxygen pressure
of 0.05 mbar. A KrF laser was used with a frequency of 5 Hz and a
fluence of 2 mJ/cm?.
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Fig. 5. Time-resolved X-ray diffraction setup: An Ekspla NL202 g-switch laser is synchronized to the storage ring via a bunch marker signal. Timing signals for the laser, the
detector and for the WaveGate Pulse Picker (only at the DESY/Petra III beamline P23) were generated at a repetition rate of 1 kHz. The sample was mounted on a goniometer
and diffracted photons are captured on a area detector which was used in external gating mode. Details specific to the setups at P23/DESY and IDO1/ESRF are given in the main

text.
4.2. Time-resolved X-ray diffraction measurements

The synchrotron experiments were performed at beamlines P23 at
the storage ring Petra III/DESY and IDO1 at the European Synchrotron
ESRF. The experimental setup is sketched in Fig. 5. In both experiments
we employ the same nanosecond laser (Ekspla NL202) with pulse
duration, wavelength, pulse repetition rate and average output power
of 7 ns, 1064 nm, 1 kHz and 2 W, respectively. In both experiments
we determined the laser footprint on the sample in a knife-edge mea-
surement to convert the laser power to an excitation fluence. The laser
is synchronized via a bunch marker signal provided by the storage
ring, that is fed into a frequency divider. A subsequent delay generator
(Standford Research DG645) generates all timing signals for the laser,
the detector gate and for the WaveGate X-ray pulse picker (TXproducts
UG).

The X-ray photon energy at beamline P23 was 9.1 keV. The beam
was moderately focused to a spot size of (30 x 160) um? by a set
of Be compound refracting lenses located ~#30 m upstream from the
sample position. We employed a Lambda 100k area detector (XSpec-
trum GmbH) in external enable mode. Reciprocal Space Maps (RSMs)
were recorded by scanning the incidence and diffraction angles of the
sample on a 5 + 2 circle diffractometer (Huber GmbH). The sample was
mounted on a furnace (Anton Paar ProveTec GmbH) to control the base
temperature.

The time-resolved scanning X-ray diffraction microscopy measure-
ments were performed at beamline IDO1/ESRF [54]. The X-ray photon
energy was set to 9 keV and the beam was focused to a round spot with
a diameter of 200 pm using compound refractive lenses. For the spatial
scans, the sample was moved with a stepsize of 500 nm in both lateral
directions using a PI-Mars three-axis piezo stage. We employed an Eiger
detector (75 pm X 75 pm pixels, 1030 x 2164) which was mounted on
the detector arm rotating in the vertical plane.
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