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The spontaneously formed striped polarization nanodomain configuration of a PbTiO3/SrTiOs
superlattice transforms to a uniform polarization state under above-bandgap illumination with
a time dependence varying with the intensity of optical illumination and a well-defined
threshold intensity. Recovery after the end of illumination occurs over a temperature-dependent
period of tens of seconds at room temperature and shorter times at elevated temperatures. A
model in which the screening of the depolarization field depends on the population of trapped

electrons correctly predicts the observed temperature and optical intensity dependence.



The development of ferroelectric nanostructures, epitaxial heterostructures, and
epitaxial superlattices has enabled the discovery of a new range of complex polarization
configurations, including nanodomain patterns, ferroelectric vortices, and skyrmions and the
possibility to manipulate these configurations through the creation of nanoscale patterns.!
These nanoscale polarization configurations depend sensitively on the electronic properties of
the components of these oxide heterostructures, including the screening of the polarization by
free charges and charge at surfaces and interfaces.® Such depolarization phenomena depend
sensitively on the carrier concentration and can be varied by creating a high population of
optically excited charge carriers or via subsequent optically induced changes in the population
of traps.”® These optically induced carrier dynamics and charge trapping effects expand the
range of phenomena available for the development of nanoscale polarization configurations.
Precise optical control of nanoscale polarization also has the potential to yield optically

switchable devices and electronic materials.

The  ferroelectric  remnant  polarization of  PbTiOs/SrTiOs  (PTO/STO)
ferroelectric/dielectric superlattice (SL) thin films spontaneously forms an intricate nanoscale
polarization domain pattern with nanometer-scale periodicity.®>'° The period of the striped
nanodomains is on the order of 10 nm in thin film SLs with few-nm repeating unit
thicknesses.!* Above-bandgap optical illumination induces a domain transformation in which
the striped nanodomain pattern is replaced by a uniform polarization configuration through a
mechanism linked to depolarization field screening.’? During illumination, photoinduced
charges screen the depolarization field and the uniform polarization state becomes energetically

favorable than the nanodomains.

Ultrafast optical excitation leads to a series of effects including a large optically induced

transient lattice expansion associated with optically excited carriers.*3'® The lattice expansion



arises rapidly in BiFeOs thin films, with a timescale associated with the propagation of an
acoustic pulse through the ferroelectric thin film, and subsequently decays as optically excited
carriers recombine.’> In comparison with BiFeOs, however, PTO/STO SLs exhibit a more
complex recovery over a period of seconds after the end of illumination, with an origin that has

not yet been clearly explained.*?

Time-resolved synchrotron x-ray diffraction measurements show that the domain
transformation and recovery rates vary by orders of magnitude depending on the temperature
and optical intensity. The time required for the transformation to the uniform polarization state
is reduced, for example, by approximately a factor of 5 when the optical intensity is increased
from 1.1 W cm to 2.8 W cm2. The recovery time after the end of the illumination depends on
the temperature, becoming dramatically faster at elevated temperatures. The rates of the
transformation and subsequent recovery across a range of temperatures are accurately
described by a charge trapping model in which the domain transformation depends on the

accumulation of trapped charges.

Time-resolved x-ray diffraction experiments were conducted at station 7-ID-C of the
Advanced Photon Source of Argonne National Laboratory. The experimental arrangement and
the optically induced domain transformation are illustrated in Fig. 1(a). An x-ray beam with a
photon energy of 11 keV was focused to a spot size of 500 nm full width at half maximum
(FWHM) using a 160 um-diameter Fresnel zone plate. The higher orders of the focused beams
and the unfocused beams were attenuated by a 40 um-diameter center stop and an order sorting
aperture. The diffracted x-ray intensity was recorded by a pixel array detector (Pilatus 100 K,
Dectris, Ltd.). The x-ray beam was spatially overlapped with a pulsed optical pump beam with
60-fs duration, wavelength of 400 nm (photon energy 3.1 eV), and repetition rate of 1 kHz.

The optical spot size was 140 um FWHM, incident at an angle of approximately 16° degrees



with respect to the surface normal when the sample was at the Bragg condition. The absorption
length of the PTO/STO SL is 1 um at 3.1 eV, calculated using effective medium approximation
using reported optical constants for PTO and STO.'?® The PTO/STO SL thin film
heterostructure was thus uniformly optically excited. The calculated optical reflectance of the

SL at under these experimental conditions is 0.24.

The SLs thin film consisted of 23 repeats of 8 unit cells of PTO and 3 unit cells of STO,
deposited on an SrRuO3 (SRO) thin film on a (001)-oriented STO substrate using off-axis
radio-frequency sputtering. Before the optical illumination, the 002 SL Bragg reflection is at
wavevector Q; = 3.13 A and the domain diffuse scattering is found at the same Q; in a ring
with radius 40 = 0.072 A, as illustrated in Fig. 1(b). The average SL lattice parameter as.
and domain period 4 were 4.016 A and 8.7 nm, respectively. Upon illumination, the domain
diffuse scattering disappears due to the transformation to the uniform polarization state, as
illustrated in the lower panel of Fig. 1(b). The disappearance of the nanodomain pattern leads
to an increase in the polarization and a shift of the structural Bragg reflection to lower

wavevector Q; by AQ..

The recovery of the nanodomain configuration after the end of illumination leads to a
reappearance of the domain diffuse scattering and a return of the lattice parameter to its initial
value. The rate of recovery varies as a function of temperature. A comparison of the time
dependence of the domain diffuse scattering for two temperatures following the end of
illumination with intensity of 1.1 W cm2 is shown in Figs. 1(c) and 1(d). The intensity is shown
in Figs. 1(c) and (d) for a time before illumination, after the domain transformation is
completed at 10 s after the start of illumination, and at 5 s after the end of the illumination. At
both room temperature, Fig. 1(c), and 335 K, Fig. 1(d), there are strong diffuse scattering

signals before illumination that disappear during illumination. At room temperature, the



domain diffuse scattering intensity remains low at 5 s after the end of illumination. At 335 K,

however, the domain diffuse scattering has nearly fully recovered by this time.

The time dependence of the wavevector of the SL Bragg reflection and the intensity of
the nanodomain diffuse scattering after optical illumination at 1.1 W cm2are shown for several
temperatures in Fig. 2. The wavevector of the SL Bragg reflection was measured by fitting the
diffraction pattern acquired at each time with a Gaussian peak. The domain intensities shown
in Fig. 2(b) are normalized with respect to the initial domain diffuse scattering intensity
measured before optical excitation. The time required to recover 90% of the initial domain
diffuse scattering intensity is plotted as a function of temperature in Fig. 2(c). This is 120 s at

room temperature and decreases to 5 s at 335 K.

The optically induced transformation from the nanodomain state to the uniform
polarization configuration can be described using a model in which the depolarization field
driving the formation of domains is screened by optically excited carriers.*? The screening is
parameterized in a Landau-Ginsburg-Devonshire model of the transformation using a
coefficient @that ranges from 0 (unscreened) to 1 (fully screened).'? The free energy densities
calculated for the uniform polarization and nanodomain configurations are plotted in Fig. 3(a)
as function of 6. As expected, the nanodomain state is energetically favored when the
depolarization field is unscreened at 8=0. As @increases, the total free energies for both cases
change due to the depolarization field screening effect. For values of & greater than 0.78, the
uniform polarization state has lower free energy than the nanodomain configuration. We define

the threshold charge concentration required to reach this critical value of &to be Nin.

Optical excitation leads to a change in carrier concentration and thus to a change in the
screening. The recombination time constant for optically excited carriers has been previously

observed to be on the order of nanoseconds to microseconds in ferroelectric thin films, a short
5



time in comparison with the recovery timescale evident in Fig. 1.2%%2 A significant population
of carriers, however, can be trapped at defects before the fast recombination.?® The trap
energies of ferroelectrics range from 0.5 eV to 0.8 eV, and trapped charges can be trapped for
durations on the order of seconds.??* With long-lived traps, the number of accumulated charge
carriers (Naccum) depends on the total illumination time. With a sufficiently high optical
intensity and long trap lifetimes the illumination can lead to a carrier concentration above N,
inducing the domain transformation. After the end of illumination, the accumulation of trapped
charges ceases and de-trapping leads to a decrease of the trapped charge concentration and the

recovery of the nanodomain pattern when the concentration falls below Ni.

The time dependence of the recovery of the domain diffuse scattering intensity after the
end of illumination suggests that the transformation proceeds heterogeneously, with varying
threshold carrier concentrations, trap time constants, or trap concentrations in different spatially
separated regions. The experimentally observed overall return of the domain diffuse scattering
intensity is non-exponential and we thus consider here a set of traps with different energies Eri
indexed by the integer i. Carriers leave the traps and recombine with a time constant zi(T) that

depends on the temperature T:?°

i(T) =—F%—= 1
7;(T) p(—ﬂ) 1)

C ex

Here kg is the Boltzmann constant. The concentration of trapped charges increases immediately
following each optical pulse and relaxes during the interval between optical pulses. The trapped
charge concentration resulting from a single optical pulse is Ni. A crucial quantity in

determining the accumulation of a large population of electrons in the traps is P

tr

7i(T)

=exp (— ), the probability that if trap state i is initially occupied at the time of optical

excitation it remains occupied after a time equal to the optical repetition rate. The experiments



here had an interval between pulses of tr = 1 ms. When the relaxation is incomplete, the
population Naccum,i(te,T) in the traps with index i at total elapsed time te is obtained from a sum

of a geometric series:

Naccum,i(te' T) = Nth,i (2)

le.
Pd,i(tr)—ll

Pgi—1

The domain transformation occurs when Naccum,i €xceeds N after a number of optical
pulses, as illustrated in Fig. 3(b). In order to predict the domain diffuse scattering intensity, we
assume that the relative contribution to domain diffuse scattering intensity from region number
I is given by the unit step function H(Ngccym i(te, T) — Ngp) SO that the total domain diffuse

scattering intensity at time te is:

n !
_ IO te1 — H(Naccum,i(t rT) - Nth) ’
I(t,) == z dt
o

Here lo is the initial domain intensity and n is the number of distinct trap energies considered
in the model. The simulation presented here includes a spectrum of n = 21 trap energies ranging

over a narrow range from 820 to 900 meV with equal populations.?>

The time dependence of the domain diffuse scattering intensity predicted for room
temperature and 335 K is shown in Fig. 3(c), which compares the model predictions with the
normalized domain recovery intensities for these temperatures extracted from Fig. 2(b). The
model reproduces the time dependence of the recovery at both temperatures, with 90%

recovery times of 80 s at room temperature and 1.5 s at 335 K.

The charge trapping model also predicts the dependence of the domain transformation
on the optical intensity. The predicted time dependence of Naccum/Ntn for optical intensities of

1.1 and 2.8 W cm™ and a single trap energy level at 860 meV are shown in Fig. 3(d). The
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domain transformation occurs faster at higher optical intensity, with Naccum exceeding N at 8
s and 2 s after the start of illumination for 1.1 and 2.8 W cm, respectively. Nacum decreases

immediately after the end of illumination and passes Ni at 13 sand 37 sat 1.1 and 2.8 W cm™.

Figure 4(a) shows the time dependence of 4Q, for optical intensities of 0.9, 1.1 and 2.8
W cm™. At room temperature, 40, increases under illumination and relaxes over a period of
seconds after the end of illumination. The values of 4Q; are comparatively small at 0.9 W cm
because the charge recombination is faster than the accumulation at this optical intensity and
the trapped charge concentration is not large enough to lead to depolarization field screening
effect. At 1.1 W cm, however, 4Q; clearly increases as a function of time and reaches 0.02 A-
! during the period when the light is on. At 2.8 W cm™, 4Q; rapidly increased to 0.03 A within
a few seconds and remains constant during remaining illumination time. At T = 400 K and 2.8
W cm2, there are no apparent changes in 40 because the recombination rate is significantly

higher at the elevated temperature.

Figure 4(b) shows the time dependence of the domain diffuse scattering intensity during
and after illumination at several intensities. The decrease in domain intensity after 25 s at 0.9
W cm? is 12.5% and the transformation to the uniform polarization state thus never occurs
completely at this intensity. At higher intensities the transformation is completed and occurs
with 90% completion times of 11.5 s at 1.1 W cm™ and 2 s at 2.8 W cm™. No change in the
domain diffuse scattering intensity is observed at 400 K and 2.8 W cm™. The observed 90%
completion times for the domain transformation at room temperature are plotted as a function

of optical intensity in Fig. 4(c).

The predicted and observed time dependence of the domain diffuse scattering intensity
are compared in Fig. 5 using model parameters identical to those discussed above. The
prediction reproduces the dependence of the rate of the domain transformation on the optical
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intensity and the recovery after the end of illumination. Note that the recovery dynamics are
similar at both optical intensities because the recovery occurs in the dark and thus can be
expected to depend only on the initial trap populations. These parameters predict that the
domain transformation occurs partially at 400 K, which is not observed in the experiment. This
difference may indicate that traps with larger trapping energies, and thus weaker temperature
dependence, may need to be included to capture the behavior completely at this relatively high

temperature.

In conclusion, the comparison of time-resolved x-ray diffraction studies with trapping
models indicates that trapped charge carriers can induce a domain transformation in PTO/STO
SL thin film. The transformation occurs in shorter times at higher optical intensity due to faster
charge accumulation and the recovery of the domain pattern after the end of illumination is
faster at higher temperature due to faster de-trapping. Based on these results, an optimization
of optical intensity and the temperature can facilitate the ultrafast reversible optical control of

the nanodomains in SLs.
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Figure 1. (a) Schematic of optically induced domain transformation in PTO/STO SLs. (b)
Reciprocal-space features associated with the SL Bragg reflection (red) and domain diffuse
scattering (green ring). After the transformation, the SL Bragg reflection shifts to lower Q; by
AQ,, and the domain intensity disappears. (c) and (d) Domain diffuse scattering at room
temperature and 335 K before illumination, during illumination after the optically induced

transformation to the uniform polarization state, and 5 s after the end of illumination.

Figure 2. (a) 40, and (b) domain diffuse scattering intensities as a function of time after the
end of illumination at room temperature, 310 K, and 335 K with optical intensity 1.1 W cm™.

(c) Temperature dependence of the time require for 90% recovery of the domain intensity.

Figure 3. (a) Free energy density of uniform-polarization and nanodomain states as a function
of screening coefficient, based on a Landau-Ginsburg-Devonshire calculation. The threshold
value of the screening, above which the uniform polarization is stable, has trap population Ni.
(b) Dynamics of trapped change population, indicating the accumulation of trapped charge over
several optical pulses. (c) Predicted and observed time dependence of domain diffuse scattering
recovery for room temperature and 335 K. (d) Predicted values of Naccum/Nth as a function of
time during and after the end of illumination at optical intensities of 1.1 and 2.8 W cm™. The

shaded region at negative times represents the 25 s duration of optical illumination.

Figure 4. (a) 40, and (b) domain diffuse scattering intensity as a function of time during and
after illumination for optical intensities of 0.9, 1.1, and 2.8 W cm™. Measurements were

conducted at room temperature (upper panels) and 400 K (bottom panels) in both (a) and (b).
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(c) Time required to complete a 90% reduction in domain diffuse scattering as a function of

optical intensity.

Figure 5. Time dependence of observed and predicted domain diffuse scattering intensity
during and after illumination for intensities of 0.9, 1.1, and 2.8 W cm. The data in first three
panels and last panel was obtained at room temperature and 400 K, respectively. The shaded

region represents the 25 s duration of optical illumination.
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Park et al., Figure 2
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Park et al., Figure 3
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