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from a combination of atomic-scale and 
mesoscopic effects.[1,2] Key effects include 
the electrostatic coupling between layers, 
the atomic-scale structure of interfaces, 
strain arising from the epitaxial mismatch, 
and the depolarization field arising from 
the polarization discontinuity at inter-
faces between FE and DE layers.[3–5] At the 
nanometer length scale, an internal elec-
tric field polarizing the DE layers arises 
in response to the depolarization field in 
the FE layer.[6] Structural features such as 
the octahedral rotation pattern of the com-
ponent layers can also vary at, and across, 
interfaces and can affect the equilibrium 
configuration of the electrical polariza-
tion.[2,7] Nonequilibrium conditions arising 
after the absorption of an above-bandgap 
optical pulse further expand the range of 
phenomena observed in FE/DE SLs. For 
example, the screening of the depolariza-
tion field in SL heterostructures by excited 
charge carriers leads to transformations 
between domain configurations and to 
novel polarization states.[8–13] Charge car-
riers excited due to the above-bandgap 

optical excitation of the SL can result in depolarization-field 
screening, which can reduce the magnitude of the internal 
electric field polarizing the DE layers. This depolarization-
field-screening driven by optical excitation presents a prom-
ising way to modulate the polarization states of the FE/DE SL 

Above-bandgap femtosecond optical excitation of a ferroelectric/dielectric 
BaTiO3/CaTiO3 superlattice leads to structural responses that are a 
consequence of the screening of the strong electrostatic coupling between the 
component layers. Time-resolved X-ray free-electron laser diffraction shows that 
the structural response to optical excitation includes a net lattice expansion 
of the superlattice consistent with depolarization-field screening driven by 
the photoexcited charge carriers. The depolarization-field-screening-driven 
expansion is separate from a photoacoustic pulse launched from the bottom 
electrode on which the superlattice is epitaxially grown. The distribution 
of diffracted intensity of superlattice X-ray reflections indicates that the 
depolarization-field-screening-induced strain includes a photoinduced 
expansion in the ferroelectric BaTiO3 and a contraction in CaTiO3. The 
magnitude of expansion in BaTiO3 layers is larger than the contraction in 
CaTiO3. The difference in the magnitude of depolarization-field-screening-driven 
strain in the BaTiO3 and CaTiO3 components can arise from the contribution of 
the oxygen octahedral rotation patterns at the BaTiO3/CaTiO3 interfaces to the 
polarization of CaTiO3. The depolarization-field-screening-driven polarization 
reduction in the CaTiO3 layers points to a new direction for the manipulation 
of polarization in the component layers of a strongly coupled ferroelectric/
dielectric superlattice.
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1. Introduction

Epitaxial superlattice (SL) heterostructures consisting of alter-
nating repeating layers of ferroelectric (FE) and dielectric (DE) 
complex oxides have polarization configurations that result 

Adv. Electron. Mater. 2022, 8, 2101051

http://crossmark.crossref.org/dialog/?doi=10.1002%2Faelm.202101051&domain=pdf&date_stamp=2021-12-28


www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2101051  (2 of 6)

www.advelectronicmat.de

at an  ultrafast timescale. Here, we present a structural study 
probing the response of an FE/DE SL to a femtosecond optical 
pulse and find that the optically induced screening results in a 
photoinduced lattice compression of the DE layer.

The equilibrium polarization configuration of FE/DE SLs is 
determined in large part by the electrostatic interaction between 
the component layers.[6] The defining issue is that uncompen-
sated charges due to the divergence of the polarization at the 
FE/DE interface can result in a significant increase in the free 
energy of the SL.[1] Several configurations must be considered 
as possible routes to reduce relevant free energies. The SL 
can, e.g., adopt a continuous polarization in which there is a 
decrease in the polarization of the FE layers in comparison with 
their bulk form and the development of the polarization in the 
DE layers comparable to that of the FE layers.[14,15] Theoretical 
studies based on the Landau–Ginzburg–Devonshire (LGD) 
theory or using density functional theory both predict the emer-
gence of a spontaneous polarization in the DE layers of FE/DE 
SLs.[6,16] The octahedral rotation configuration at the FE/DE 
interfaces can also contribute to the development of electrical 
polarization in the DE layers.[17]

FE/DE SLs can be broadly categorized as strongly or weakly 
coupled based on the electrostatic coupling between the FE 
layers. SLs with strong electrostatic coupling favor a highly 
polarized DE layer, rather than the formation of domains or 
other complex configurations.[6,15] In contrast, weakly coupled 
SLs have lower polarization in the DE layers and can exhibit 
nanodomain and vortex patterns reducing the electrostatic 
energy that would result from a discontinuity of ferroelectric 
polarization arising from the creation of an interface between a 
fully polarized FE layer and a weakly polarized DE layer.[1,18–20] 
A dielectric-slab model based on the LGD theory provides a 
general guideline for the conditions that determine whether a 
particular SL heterostructure exhibits strong or weak interlayer 
coupling, with parameters including the relative thickness of 
the FE and DE layers.[21]

The high concentration of charge carriers resulting from 
above-bandgap optical excitation changes the local electro-
static conditions by screening the depolarization field.[22,23] The 
depolarization-field screening by optically excited charge car-
riers can simultaneously increase the polarization of FE layers 
and reduce the polarization in the DE layers. More specifically, 
above-bandgap optical excitation can be hypothesized to lead to 
a high concentration of carriers leading to depolarization-field 
screening and a subsequent lattice distortion coupled to the 
polarization of the component layers. This hypothesis is illus-
trated for a strongly coupled BaTiO3/CaTiO3 (BTO/CTO) SL in 
Figure 1a. Changes in the lattice spacing of the BTO and CTO 
layers, respectively, are expected to result from optical excita-
tion. The magnitudes of the change in polarizations of the two 
layers, ΔPBTO and ΔPCTO, are not expected to be equal because 
the polarization of CTO layers does not depend solely on the 
depolarization field.

In this work, the photoinduced lattice distortion in a strongly 
coupled BTO/CTO SL was probed using ultrafast X-ray free-
electron-laser (XFEL) diffraction. The experimental arrange-
ment is shown in Figure 1b. The SL heterostructure produces 
several X-ray reflections that include the Bragg reflections 
arising from the average lattice parameter of the SL and 

satellite reflections with a wavevector spacing along the sur-
face-normal z-direction set by the SL repeating layer thickness. 
Optically induced structural distortion changes the intensities 
of the X-ray reflections of the SL, from which the structural 
changes within the component layers can be determined. The 
intensities of the SL reflections depend on the relative thick-
nesses of the BTO and CTO layers and the structure factors 
of the individual layers and hence can be used to measure the 
component-specific response.[24,25] The structural responses of 
the BTO and CTO layers can be determined precisely using a 
kinematic X-ray diffraction simulation to interpret the observed 
intensities of the SL X-ray reflections.

The BTO/CTO SL considered here consists of a repeating 
unit of 2-unit cells (u. c.) of BTO and 4 u. c. of CTO on a 
SrRuO3 (SRO) bottom electrode on a SrTiO3 (STO) substrate, 
as illustrated in Figure  1a,b. The SL thin film has an overall 
thickness of ≈200  nm. The analysis below considers a model 
structure consisting of exactly 80 periods corresponding to 

Figure 1.  a) Atomic arrangement of BTO/CTO SL and schematic of the 
photoinduced change in the structure arising from the change in the 
polarization of the component layers. Dashed lines indicate the equilib-
rium structure before the optical excitation. b) Layer structure and experi-
mental arrangement for ultrafast X-ray diffraction study of the optically 
excited BTO/CTO SL. c) Steady-state diffraction pattern acquired with 
a laboratory X-ray source including the SL l  = 0, +1, and −1 reflections 
near the 002 Bragg reflection and the STO substrate. The SRO bottom 
electrode contributes intensity near the STO 002 reflection. An additional 
reflection from a small fractional component of the thin film is indicated 
by * and is not considered in the analysis.
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a thickness d = 191 nm. SL satellite X-ray reflections are labeled 
with an integer index l, with the 002 SL Bragg reflection at l = 0, 
as shown in Figure 1c. Satellite reflections at higher and lower 
values of the out-of-plane scattering vector Qz with respect to 
the Bragg reflection at l = 0 have positive and negative values of 
l, respectively. The dielectric-slab model predicts that the BTO/
CTO SL will exhibit a strong coupling for CTO volume frac-
tions less than a critical value of 33%.[21] Despite having a CTO 
volume fraction of 67%, larger than the critical value, the 2:4 
BTO/CTO SL exhibits strong coupling with nearly equal polari-
zations of the BTO and CTO layers.[25,26] A precise prediction of 
the polarization of SLs can be obtained by including the effect 
of structural reconstruction at interfaces.[2,17,27–29] The combined 
effect of electrical, structural, and mechanical boundary condi-
tions imposed by the SL geometry results in a polarization in 
the CTO layers nearly equal to BTO layers in BTO/CTO SL.[17,30]

2. Results and Discussion

The distortion of the component layers of the SL was deter-
mined using the intensities and reciprocal-space locations of 
the 002 Bragg reflection of the SL, at l = 0, and the SL satellite 
reflections with l  =  +1 and l  =  −1. The diffracted X-ray inten-
sities depend on Qz and on the time interval t between the 
optical excitation pulse and the X-ray probe pulse. The experi-
mentally measured intensities are shown in Figure 2a–c. After 
optical excitation at t = 0, each reflection exhibits an initial shift 
of the diffracted intensity to higher Qz because of the initial 
compression of the SL by an acoustic pulse launched from 
the SRO bottom electrode. At times after 64 ps, there is a shift 

toward lower Qz, corresponding to a lattice expansion after the 
propagation of the acoustic pulse into the substrate. A detailed 
analysis below shows that the responses of the two component 
layers, however, are different.

The diffraction data in Figure 2 exhibit a series of temporal 
oscillations of the intensity. The temporal period of the inten-
sity oscillations depends on ΔQz, the difference between the 
value of Qz and the wavevector of Bragg or SL reflection at each 
time. The variation of the oscillation period as a function of 
ΔQz is a signature of the propagation of an acoustic pulse.[13,31] 
Analysis of the time dependence of the intensity at the l = +1 
SL reflection near the 002 reflection and a Fourier analysis of 
the intensity near this reflection both give a longitudinal sound 
velocity vSL = 5.9 (±0.2) km s−1, as described in the Supporting 
Information. The acoustic pulse evident in Figure  2 arises 
because optical absorption heats the conducting SRO layer and 
establishes a stress profile at t = 0. The stress in the SRO elec-
trode launches acoustic pulses into the SL and the substrate.[32] 
The profile and propagation of the strain pulse are discussed in 
detail in the Supporting Information. The predicted amplitude 
of the strain pulse due to optical absorption in the SRO layer 
under the experimental conditions is 0.7%.

Optical absorption directly in the SL also leads to an increase 
in its temperature. However, as described in the Supporting 
Information, the amplitude of the acoustic strain pulse arising 
from the heating of the SL is very small, on the order of 0.001%, 
in comparison with the 0.7% peak strain of the acoustic strain 
from the SRO layer. An acoustic pulse is also generated by the 
stress profile due to depolarization-field screening e.g., through 
the development of a depolarization-field-screening-driven 
acoustic pulse in BiFeO3.[33] The pulse due to the depolariza-
tion-field screening, with a magnitude on the order of 0.01%, is 
also far smaller than the amplitude of the acoustic strain pulse 
from the SRO layer. The distortion in the interval in which the 
acoustic pulse propagation occurs (0–64 ps) is thus dominated 
by the pulse generated by the heating of the SRO.

The acoustic pulse from the SRO bottom electrode propa-
gates through the total thickness of the SL in time τ = d/vSL = 
32 ps. The acoustic perturbation is observed up to time t = 2τ 
in Figure  2 because the acoustic pulse from the SRO bottom 
electrode is reflected at the SL/air interface at t  = τ and then 
propagates toward the SL/SRO interface. The high acoustic 
impedance mismatch at the SL/air interface causes the acoustic 
pulse to be reflected from the free surface with a 180° phase 
change.[34] After 2τ = 64 ps, the strain pulse reaches the SL/SRO 
interface and propagates through the SRO into the substrate. 
The low acoustic impedance mismatch at the SL/SRO and 
SRO/STO interfaces causes only 20% of the acoustic amplitude 
to be reflected toward the surface, as described in more detail 
in the Supporting Information.

The wavevectors of the maximum intensity for each reflec-
tion, Qz,max(l), vary as a function of t. The temporal variations of 
Qz,max(l) with t for l = 0, +1, and −1 reflections were extracted by 
fitting the peak profiles at each time step in the intensity maps 
in Figure  2 and are shown in Figure 3. The propagation of 
acoustic strain pulse to the surface and back to SL/SRO inter-
face between 0 and 64 ps is responsible for the large variations 
in Qz,max(l) in this time regime. After 64  ps, Qz,max(l) main-
tains a lower value for the full-time range of the experiment, 

Figure 2.  Scattered X-ray intensity as a function of Qz and time t fol-
lowing optical excitation at t = 0 for the a) BTO/CTO 002 Bragg reflection,  
l = 0, and the b) SL l = +1 and c) SL l = −1 reflections near the BTO/CTO 
002 reflection. The intensity of each reflection is normalized to its peak 
value at t < 0.

Adv. Electron. Mater. 2022, 8, 2101051

 2199160x, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202101051 by G
w

angju Institute of Science and T
echnology (G

IST
), W

iley O
nline L

ibrary on [08/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2101051  (4 of 6)

www.advelectronicmat.de

indicating that there is a photoinduced expansion that persists 
after the acoustic propagation is complete. The expansion in the 
64–100 ps time regime can be unambiguously separated from 
thermal expansion because the BTO/CTO SL shows thermal 
contraction in the 25–100 °C temperature regime, as described 
in the Supporting Information.

A comparison of the experimental results with an X-ray scat-
tering simulation provides further insight into the structural 
distortion within the component layers. The atomic arrange-
ment considered in the simulation consisted of an idealized 
BTO/CTO SL with time- and depth-dependent strain imposed 
by the acoustic pulse, depolarization-field-screening-driven 
expansion, and heating of SL. The diffracted intensity was cal-
culated at each experimental time step using X-ray kinematical 
diffraction calculations. The initial atomic positions were set to 
provide equal ionic polarization in the BTO and CTO layers.

The strain imposed in the simulation consisted of the sum of 
the strain from the acoustic pulse, heating, and εnet,depolarization, 
the depolarization-field-screening-driven average strain in the 
SL. The strain εnet,depolarization was further decomposed into 
the lattice distortion of the BTO and CTO components using 
εBTO,depolarization and εCTO,depolariation, the out-of-plane component 
ε33 of the strain tensor in the BTO and CTO layers of the SL, 
respectively. In terms of these components, the net strain is 

given by εnet,depolarization = 
1
6

(2 εBTO,depolarization + 4 εCTO,depolarization). 

The values of εBTO,depolarization and εCTO,depolarization were sepa-
rately determined by comparing the experimental data with the 
intensity predicted by the diffraction simulation. The ratio of 
the depolarization-field-screening-driven distortions of the two 

components is 
4
2

CTO, depolarization

BTO, depolarization
r

ε
ε= .

The values of Qz,max(l) were extracted from the simulated 
kinematical diffraction patterns for l  = 0, +1, and −1 at each 
time step and compared to the experimentally observed time 
dependence of Qz,max(l). Simulations with εnet,depolarization  =  0.
007  (±0.002)% agree with the experimental time dependence 
of Qz,max(l) for l  = 0, +1, and −1 and are plotted as solid lines 
in Figure  3a–c. The simulated variation of Qz,max(l) does not 
depend on the value of r. The simulations include the strain 
pulse launched due to optical absorption in the SRO layer with 
a magnitude of 0.7%. The depolarization-field-screening-driven 
strain εnet,depolarization is thus orders of magnitude less than the 
peak magnitude of the strain pulse from the SRO. The two 
contributions, the amplitude of the acoustic strain pulse and 
the depolarization-field-screening-driven strain, have their ori-
gins in different layers of the heterostructure (i.e., the SL and 
SRO) and there is thus no physical significance in their relative 
magnitudes.

The experimentally observed variation of the diffracted inten-
sity was used to determine the value of r and thus to find the 
component-specific contributions to the depolarization-field-
screening-driven strain, εBTO,depolarization and εCTO,depolariation. The 
time dependence of the integrated intensities of the l = 0, +1, 
and −1 reflections is shown in Figure 4. The intensity of each 
reflection is normalized to its value at t < 0. The intensities vary 
rapidly during the acoustic pulse propagation, between t  = 0 
and 64 ps. The intensity does not, however, return to its initial 
value after the acoustic pulses have propagated into the sub-
strate at t  >  64  ps. Simulated kinematical diffraction patterns 
with εnet,depolarization  = 0.007 (±0.002)%, taken from the varia-
tion in Qz,max(l) in Figure 3, and r = −0.5 (±0.2) agree with the 
experimental data and are shown as solid lines in Figure 4a–c. 

Figure 3.  Measured (points) and simulated (solid line) time dependence 
of Qz,max(l) for a) BTO/CTO 002 Bragg reflection, l = 0, and the b) SL l = +1 
and c) SL l = −1 reflections near the BTO/CTO 002 reflection. The dashed 
lines indicate the steady-state values of Qz,max(l).

Figure 4.  Time dependence of the measured (points) and simulated 
(solid lines) diffracted X-ray intensity for the a) BTO/CTO 002 Bragg 
reflection, l = 0, and the b) SL l = +1 and c) SL l = −1 reflections near the 
BTO/CTO 002 reflection. The intensity of each reflection is normalized 
to its value at t < 0.
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The variation of the goodness of fit for different values of 
εnet,depolarization and r and the determination of the uncertainty in 
these parameters are described in the Supporting Information.

The negative value of r obtained from the intensity data in 
Figure 4 indicates that depolarization-field screening produces 
opposite strains in BTO and CTO layers. In BTO thin films, 
screening of the depolarization field leads to an increase in 
the polarization of the BTO layers and hence the BTO layers 
have expansive strain.[9] A similar effect likely applies to super-
lattices, and we thus expect εBTO,depolarization to be positive. The 
negative value of r then indicates that there is a photoinduced 
compressive strain in the CTO layers. The fitted values of 
εnet,depolarization = 0.007% and r = −0.5 from Figures 3 and 4 give 
εBTO,depolarization = 0.04% and εCTO,depolarization = −0.01%.

In the LGD theory description, the relationship between the 

lattice parameter ci and polarization Pi of layer i is 12P
c

a
i

i∝ − .[13] 

With this approximation, the net change in polarization due 
to the optical excitation can be calculated from the values of 
εnet,depolarization and r. The in-plane lattice parameter a is fixed 
by the epitaxial synthesis of the SL on the STO substrate, 
a = 3.905 Å. The fractional change in the polarization of each 

component can be approximated as 
1
2

,0

,0
ε∆ =

−






P

P

c

c a
i

i
i

i

i
,  

where ci,0 is the steady-state out-of-plane lattice parameter of 
component i (see Supporting Information). The values of the 
steady-state out-of-plane lattice parameter of each component 
layer are assumed to be equal to the average lattice parameter 
of the SL measured from the 002 SL Bragg reflection at l = 0, 
cBTO,0 = cCTO,0 = 3.985 Å. This approach with the experimental 
results εnet,depolarization = 0.007 (±0.002)% and r = −0.5 (±0.2) gives 
ΔPBTO/PBTO = 2% and ΔPCTO/PCTO = −1%. The small fractional 
change in the polarization of BTO layers indicates that there 
is a partial screening of the depolarization field in BTO layers. 
Diffraction studies in an applied electric field indicated that the 
BTO and CTO components have equal piezoelectric strain.[26] 
The difference between the magnitudes of ΔPBTO and ΔPCTO is 
thus an intriguing result because screening of the depolariza-
tion field should normally be expected to create equal and oppo-
site changes in the polarization and the strain in the two layers. 
The origin of the difference may arise from other contributions 
to the polarization of the CTO layers in SLs, including a reduc-
tion in the antipolar rotation of CTO oxygen octahedra at the 
BTO/CTO interface in comparison with bulk CTO.[17,27,28]

The oxygen octahedral rotation is suppressed in the CTO 
layers near the BTO/CTO interfaces because BTO strongly 
resists oxygen octahedral rotation.[17,27] The photoexcited charge 
carriers are not expected to affect the polarization contribution 
arising from the octahedral rotation suppression. Hence, the 
lattice contraction and corresponding polarization reduction 
in the CTO layers are smaller in magnitude compared to that 
of the BTO layers. The suppression of oxygen octahedral rota-
tion, however, favors the polarization in [111] direction in the 
CTO layers, similar to BiFeO3.[17] The complete compensation 
of the depolarization field in the BTO layers would nullify the 
contribution of the BTO polarization to the polarization of CTO 
layers along [001] direction. Therefore, if optical excitation with 
sufficiently high fluence to screen the depolarization field fully 
in the BTO were possible, a distinct metastable polarization 

configuration in the CTO layers could be produced. In the case 
of complete screening, the CTO polarization would be deter-
mined only by strain and octahedral rotation effects.

3. Conclusion

The ultrafast response of BTO/CTO SLs to an above-bandgap 
optical pulse produces strain in each component layer. The 
screening of the depolarization field in the SL results in a 
reduction in the magnitude of the internal electric field in the 
CTO and leaves the CTO layers with reduced polarization. An 
analysis of photoinduced strain shows that the depolarization-
field screening in the SL leads to a 2% increase in the polariza-
tion of BTO layers and a reduction of 1% in the polarization 
of CTO layers. The case of optical excitation is completely dif-
ferent than an applied electric field, as when the SL is incorpo-
rated in a thin-film capacitor. An applied electric field leads to 
piezoelectric expansion in both the BTO and CTO components, 
as expected from the equal steady-state polarization of these 
layers.[26] Optical excitation leads instead to a reduction in the 
polarization and lattice parameter of CTO, providing a different 
and complementary approach for the systematic variation of 
the polarization of the DE layers. The reduction of the polariza-
tion in the CTO layers along the [001] direction through depo-
larization-field screening opens up the possibility of attaining a 
metastable polarization in the CTO layers.

4. Experimental Section
The BTO/CTO SL heterostructure consisted of 80 periods of the BTO/
CTO repeating unit, with a SL thickness of 200  nm, epitaxially grown 
on a (001)-oriented 5 nm thick SRO layer on a (001) STO substrate. The 
structural distortion resulting from above-bandgap optical excitation 
was probed at the XSS beamline of Pohang Accelerator Laboratory XFEL 
(PAL-XFEL), using the arrangement in Figure  1b.[35] A 100 fs duration 
π-polarized optical laser pump with 3.1  eV photon energy and optical 
fluence of 13.5 mJ cm–2 was used to excite the SL. The X-ray pulses had a 
photon energy of 9.7 keV, 25 fs duration, and a repetition rate of 30 Hz. 
The X-ray fluence was selected to maintain the diffracted signal at an 
intensity within the dynamic range of the multi-port charge-coupled 
device X-ray detector and to be lower than the damage threshold 
previously measured for BiFeO3 thin film layers under the same 
conditions.[36] The diffraction patterns corresponding to SL l = 0, l = +1 
and, l = −1 reflections near the 002 reflection were measured in the delay 
range −1 to 100 ps.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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