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Abstract
This study investigates ultrafast photoinduced changes in optical properties of ferroelectrics (PZT) on femtosecond to nanosecond timescales, using 
broadband transient reflectivity studies. Surprisingly, spectral features were observed below the bandgap, which could not be attributed to ground 
state bleaching, excited state absorption, and/or stimulated emission. A model based on probe energy independent changes in refractive index and 
extinction coefficient showed good agreement with experimental results. Three relaxation processes were phenomenologically considered for the 
temporal evolution. Laser‑induced heating was ruled out as the cause of short timescale behavior and photorefractive effect was suggested as a 
potential mechanism for changes in the optical properties.

Introduction
Ferroelectric materials are a class of dielectric materials that 
possess thermodynamically stable polarization. This electric 
polarization arises due to the non-centrosymmetric nature of 
the unit cell of the ferroelectric crystal structure and can be 
switched by an electric field.[1] Ferroelectric materials show 
a wide range of unique properties including ferroelectric hys-
teresis, high relative permittivity, piezoelectric effect (both 
direct and inverse), pyroelectric behavior, and strong electro-
optic effect. Especially, electro-optic effects whereby optical 
properties can be modified using electric field is of interest 
for applications in laser switches, optical shutters, integrated 
optical/photonic devices and modulators for optical com-
munication. With the development of ferroelectric thin films 
and heterostructures, novel methods have been established 
to control polarization and tailor their functional properties. 
For example, methods such as polarization-strain coupling via 
epitaxial strain imparted by substrate, or screening of depo-
larization field by top/bottom layer (usually electrodes) in het-
erostructures, have been used to control functionalities in thin 
films.[2,3] The potential for tunable functional properties also 
makes ferroelectric thin film and heterostructures of interest 
for a wide variety of applications including optical sensors, 
optical mixing, mechanical actuators or resonators for micro-
mechanical systems (MEMS).[4] Additionally, in analogy to 

ferromagnetic materials, ferroelectric polarization switching 
has also been considered for non-volatile memory and data 
storage applications.[5]

Recently, ultrafast laser excitation of ferroelectric materi-
als has emerged as an innovative approach to control unique 
functional properties at femtosecond (fs) to nanosecond (ns) 
timescales. Specifically, it has been shown that photoinduced 
excitation and subsequent splitting of electron–hole pairs in 
ferroelectric materials can result in open-circuit voltages, 
modification of internal depolarization field, linear photovol-
taic effects, optical rectification, and photoinduced structural 
changes.[5,6] However, the mechanisms underlying photoin-
duced behavior in ferroelectrics at ultrafast timescales are not 
well understood. While a few ultrafast X-ray studies have been 
performed to investigate structural behavior of ferroelectric thin 
films,[2,3,7] photoinduced ultrafast studies of ferroelectric mate-
rials to investigate charge carriers behavior or optical response 
are rare. Photoinduced evolution of charge carriers can dictate 
the changes in optical properties or even structural behavior 
via photogenerated shift and screening currents as shown for 
 PbTiO3 thin films.[6] As mentioned above, ferroelectric mate-
rials show strong (linear) electro-optic effect whereby optical 
properties including the refractive index can be modified as a 
function of electric field, i.e., Pockels effect.[8] Ferroelectric 
materials also show non-linear optical effect (or photorefractive 
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effect) which results in change in the refractive index follow-
ing photoinduced redistribution of electron and holes.[9] Thus, 
measuring ultrafast evolution of charge carriers and optical 
constants including refractive index and absorption coefficient 
are crucial in order to develop a fundamental understanding of 
photoinduced behavior in ferroelectric materials.

In this article, we utilized broadband transient reflectivity 
(ΔR/R0) measurements on one of the archetypical ferroelectric 
materials, Pb(Zr0.52Ti0.48)O3 (PZT), to investigate the photoin-
duced behavior of optical properties. We investigated PZT thin 
films and heterostructures which are similar to the samples used 
in previous time-resolved X-ray  studies[7] to directly compare 
photoinduced evolution of structural and optical response. Fur-
thermore, the PZT heterostructures investigated here are simi-
lar to the heterostructure stacks used for ferroelectric devices, 
and thus, can provide insights into key differences between 
behavior of thin films vs heterostructures. The experimentally 
measured broadband transient reflectivity response of PZT thin 
films and heterostructure was compared with the simulated 
transient reflectivity calculated using established multilayer 
thin film reflectivity simulation code.[10] Based on the transient 
reflectivity calculations, we show that below band gap ΔR/R0 
spectral features are dominated by photoinduced changes in 
refractive index (n) and absorption coefficient (k). Photoin-
duced temporal evolutions for Δn and Δk were then retrieved 
with the assumption of probe energy independent modification 
of optical constants. Thermal modeling showed that photoin-
duced heating was not the dominant effect at shorter picosecond 
(ps) timescales. We propose that the change of Δn and Δk is due 
to the photorefractive effect, which modulates the optical con-
stants in the presence of structured light, i.e., spatial modulation 
of light due to interference effects. As the interference of the 
pump beam reflected from different interfaces (film/air, film/
substrate, film/electrode) in the material can result in the struc-
tured light, and the fact that ferroelectrics including PZT show 
strong Pockels effect, ferroelectrics are prone to show strong 
photorefractive effect.[9,11,12] Photorefractive effect thus could 
drive the modification of refractive index and absorption coef-
ficient, however, additional theoretical studies are required to 
confirm this mechanism. Our studies highlight the novel routes 
for ultrafast control of optical properties in ferroelectrics.

Methods
Experimental details
Broadband ΔR/R0 experiments were performed on PZT thin 
films with 100 and 200 nm thickness (referred as 100 nm PZT 
and 200 nm PZT) and ITO(20 nm)/PZT(200 nm)/SrRuO3(30 
nm) heterostructure (referred as ITO/PZT/SRO). PZT films 
were grown using pulsed laser deposition on  SrTiO3 (STO) 
substrates. Additional information regarding the PZT thin 
film samples can be found in the Ref. 7 and in the supplemen-
tary information section S1. The optical pump-probe experi-
ments were conducted at the Center for Nanoscale Materials 
at Argonne National Laboratory using ultrashort laser pulses 

with a duration of 50 fs and a repetition rate of 1 kHz. For the 
optical pump-probe studies, a pump beam with an energy of 
3.5 eV (above PZT bandgap ~ 3.3  eV[13]) was used to excite 
carrier dynamics in PZT. A broadband white probe beam with 
an energy range of 1.5–3.5 eV and repetition rate of 2 kHz was 
used to measure the changes in the optical properties due to 
the pump pulse. Figure 1(a) shows a schematic of the normal-
incidence experimental setup used for optical pump-probe stud-
ies. The pump beam was focused to a spot size of 125 μm at the 
sample resulting in an energy density of 15 mJ/cm2. The probe 
beam had a smaller spot size of 50 μm. Differential reflectivity 
data were measured by varying the time delay between pump 
and probe from 0 to 6400 ps. It should be noted that the dif-
ferential reflectivity signal was normalized to the ground state 
reflectivity to obtain ΔR/R0,exp, presented throughout the article.

Reflectivity simulations & analysis
The experimentally measured ΔR/R0,exp response was compared 
with calculated ΔR/R0,calc obtained using reflectivity simula-
tions as described below for both the ground state and excited 
state. As a first step, ground state reflectivity was calculated 
by considering the reflection of the probe beam from the thin 
films/heterostructures interfaces. For example, for PZT thin 
films grown on STO substrate, there are two reflected beams, 
one from the surface and one from the PZT/STO interface, as 
shown in Fig. 1(a). The reflection from both interfaces results 
in an interference pattern which presents as a modulation of the 
reflected intensity as a function of probe photon energy. The 
ground state reflectivity depicting the interference pattern is 
presented in the supplementary information section S2. Note 
that the oscillatory behavior in the ground state reflectivity is 
a direct consequence of the interference of the reflected beam 
from multiple surfaces/interfaces due to acquired phase differ-
ence as the beam travels through the sample. Optical constants 
(refractive index, n and absorption coefficient, k) used in these 
calculations were either acquired from literature or measured, 
and are included in the supplementary section S2.[7,14,15] Note 
that for the PZT layer, optical constants for Pb(Zr0.20Ti0.80)O3 
composition were used due to lack of availability of optical 
constants in the literature for the Pb(Zr0.52Ti0.48)O3 composi-
tion. In the second step, the transient reflectivity signal (meas-
ured using the broadband probe beam) following laser excita-
tion was calculated by considering modification of the n and 
k values.

Ground and transient state (Probe) beam reflectivity of the 
thin films and heterostructures were calculated using “A Layered 
Thin Film Transmission and Reflection Coefficient Calculator” 
Matlab code.[10] This software calculates the complex reflection 
and transmission coefficients of a multilayer stack based on the 
Fresnel equations. This software is based on method described 
by  Pascoe[16] and we present a brief summary here. The method 
utilizes characteristic matrices to determine the reflectivity and 
transmissivity through an arbitrary number of film layers. This 
method considers that the propagation of plane waves (probe 
beam) incident on the infinite planar surface (i.e., film) through a 
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lossless medium (i.e., air) can be described using a set of charac-
teristic matrices which take into account the thickness and mate-
rial properties of each layer, as well as the incident angle.[17] As 
the electromagnetic wave travels from the origin (of the optical 
system) to a specific point in the sample (i.e., buried interface), 
characteristic matrix relates the electromagnetic field at this spe-
cific point to the one at the origin of the optical system accord-
ing to the wave propagation theory. The characteristic matrix has 
been derived by  Pascoe[16] and we only include the final result 
here,

where Mi is the characteristic matrix of a film 
layer i ,  and δandη are given by δ = iγ dcosθ  and 
η = Ycosθ for transverse electric polarization(η = Y/cosθ for 
transverse magnetic polarization). Here, d is the layer thick-
ness and θ is the incident angle. The admittance (inverse 

(1)Mi =
[

cosδ (i/η)sinδ

(iη)sinδ cosδ

]

,

of the impedance) of the film material layer is defined as 
Y =

√
(σ+ iωε)/iωµ , where ε is the electric permittivity, σ 

is the conductivity, µ is the magnetic permeability and ω is the 
frequency. Also, cosθ =

√

1− (n
air
/nsin(d))2  , is a function 

of complex refractive index (n), refractive index of air (nair) 
and layer thickness (d). The propagation constant ( γ ) which 
includes both the attenuation (real part), and phase changes 
(imaginary part) is defined as γ =

√
(σ+ iωε)(iωµ) = ik

w
 , 

where k
w

 is the wavenumber and all the other constants are as 
defined above. Such a characteristic matrix can be defined for 
each layer, and the total matrix for the whole system is then 
given by,

where M1,M2
, andM

3
 are characteristic matrices for each 

individual layer and mij represent the components of the total 
matrix. The total matrix can be used to obtain the reflection 

(2)Mtotal = M1M2M3 · · · =
[

m11 m12

m21 m22

]

,

Figure 1.  (a) Schematic of pump-probe geometry utilized to measure the photoinduced changes in n and k as a function of time, (b) 
Schematic illustration of the ground and excited state reflectivity as a function of (probe) photon energy depicting of the interference pat-
tern, and (c) ΔR/R0 as a function of (probe) photon energy which shows oscillatory behavior due to photoinduced modification of n and 
k values. Experimentally measured ΔR/R0, exp of PZT thin films of (d) 100 nm and (e) 200 nm. The PZT samples were excited using 3.5 eV 
pump and the reflectivity was measured in the energy range of 1.5–3.5 eV using a broadband probe.
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coefficient (r) and total reflectivity (R) of the total multilayer 
stack,

and reflectivity can be calculated as R = rr
∗ . Here, subscripts 

1 and L refer to the first and the last (substrate) layers, η and mij 
are same as defined above. As the aforementioned parameters 
(ε, σ, µ, …) are functions of the optical constants, this method 
was used to calculate reflectivity throughout the article as a 
function of n and k (see additional details in supplementary 
section S2).

In order to calculate the modification of n and k (Δn and 
Δk), we redefined the calculated transient reflectivity, intro-
duced in the previous section, as a multivariable symbolic 
function. This function is dependent on parameters such as 
the probe energy, n and k for each layer, ground state reflec-
tivity, and layers’ thicknesses. The fitting variables (Δn and 
Δk) were added to n and k of the PZT layer. This function 
was then used to fit the experimental transient reflectivity, at 
each time delay, using multivariable lsqcurvefit algorithm in 
Matlab. An assumption that photoinduced changes in n and 
k are independent of the (probe) photon energy was used for 
these simulations. Figure 1(b) schematically illustrates both 
ground state (blue) and excited state (green) reflectivity. Note 
that the interference patterns exhibiting oscillatory behavior 
in the excited state will be different compared to the ground 
state oscillations, due to slight changes in the optical constants. 
Calculated differential reflectivity, ΔR/R0,calc =  (Rexcited-state 
−  Rground-state)/ R ground-state, was then obtained using calculated 
excited state reflectivity (R excited-state) and calculated ground 
state reflectivity  (Rground-state) as shown in Fig. 1(c). The cal-
culated differential reflectivity, ΔR/R0,calc, was compared with 
the experimental result, ΔR/R0,exp for both PZT thin films and 
ITO/PZT/SRO heterostructures. The only difference for the 
heterostructures sample was that the interference effects due to 
reflection from four interfaces (surface, ITO/PZT, PZT/SRO, 
SRO/STO) were considered.

Results
Figure 1(d) and (e) shows experimentally measured broad-
band probe reflectivity (ΔR/R0, exp) for PZT thin films (100 
and 200 nm) for the energy range of 1.5–3.5 eV, following 
photoexcitation by the laser pump pulse (3.5 eV, 50 fs). Dras-
tically different spectral features and temporal evolutions are 
observed for ΔR/R0 for the two thin films. To understand the 
experimentally observed spectral features, we calculated 
ΔR/R0, calc by considering modification of optical constants n 
and k, as described in the previous section. For the clarity of 
presentation, we first focus on the results obtained for the 200 
nm PZT thin film calculations and later expand the calcula-
tions for other configurations.

(3)r =
η
1

(

m11 +m12ηL
)

− (m21 +m22ηL)

η
1

(

m11 +m12ηL
)

+ (m21 +m22ηL)

We determined the combination of Δn and Δk required 
to reproduce the experimentally observed spectral fea-
tures (ΔR/R0, exp) at a specific time delay, using the steps 
laid out in "Methods" section. Figure 2 shows the calcu-
lated ΔR/R0, calc (red curves) as well as the experimentally 
measured ΔR/R0, exp (black curves), for four different time 
delays, (a) 0.35 ps, (b) 9.95 ps, (c) 700 ps, and (d) 4000 ps 
for 200 nm PZT thin film. The red curves show calcu-
lated ΔR/R0,calc for a) �n = 7.8× 10

−4[±8× 10
−5]  and 

�k = 1.2× 10
−3[±2× 10

−4] , b) �n = 5.9× 10
−4[±5× 10

−5] and 
�k = 7.2× 10

−3[±2× 10
−4] , c)�n = −4.2× 10

−4[±3× 10
−5] 

and �k = 3.9× 10
−3[±4× 10

−4] , and (d) �n = −3.9× 10
−4

[±1× 10
−4] and �k = 8.6× 10

−4[±1.5× 10
−4] . Additional 

time slices are shown in supplementary section S3. The compar-
ison of calculated and experimentally measured ΔR/R0 shows 
that this approach based on an assumption of energy independ-
ent photoinduced changes in n and k can reproduce the key spec-
tral features for all time delays except at the short time delays 
(i.e., ~ 0.35 ps). Moreover, at longer time delays (> ~ 4 ns) the 
amplitude of the calculated spectral features shows good agree-
ment with the experimental results. The differences between 
the measured and the calculated dataset for the first ~ 0.35 ps 
following laser excitation, could be due to other factors which 
dominate at shorter timescales such as carrier excitation, shift 
currents and thermal stabilization of carriers.[2,18] We also note 
that the amplitude and spectral features of the calculated spectra 
matched well with the experimental dataset at lower energies, 
while at higher energies the spectral features are off by about 
0.3 eV. This will be further discussed in the "Discussion" sec-
tion. However, the simple calculations do reproduce key spectral 
features in ΔR/R0 as shown in Fig. 2, and thus can be used to 
compare overall trends of changes in Δn and Δk for PZT thin 
films and heterostructure.

We can now utilize this framework to obtain the photoinduced 
evolution of n and k for both PZT thin films and heterostructure. 
In Fig. 3, we compare the measured, ΔR/R0, exp, (left plots) and 
calculated, ΔR/R0, calc, (right plots) for (a) 100 nm PZT thin film, 
(b) 200 nm PZT thin film, and (c) ITO/PZT/SRO heterostructure 
as a function of time delay and probe beam energy. For each sam-
ple type ΔR/R0, calc was calculated using the reflectivity calcula-
tions and fitting the experimental data to obtain the best-fit values 
for the parameters of �n and �k for all time delays, as discussed 
in the “Methods” section. It can be clearly seen that the overall 
spectral features observed in the measured data are reproduced 
well by the calculated ΔR/R0, calc for all three samples. This indi-
cates that energy independent changes in n and k (photoinduced 
�n and �k  ) are sufficient to reproduce these spectral features in 
the simulated data, and modifications in optical constants due to 
ground state bleaching, excited state absorption, and stimulated 
emission, are not needed to explain the spectral features of the 
broadband ΔR/R0. Previously, for a system photoexcited with 
a photon energy above the bandgap, the variations in spectral 
features have been attributed to ground state bleaching for near 
bandgap energies, excited state absorption for below bandgap 
energies, and stimulated emission at the bandgap energy.[19] Since 
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the PZT bandgap is around 3.3 eV, the oscillatory spectral fea-
tures observed below 3.3 eV (i.e., below band gap) imply that we 
can further rule out the aforementioned reasons.

From the results shown in Fig. 3, we can retrieve the photoin-
duced changes in n and k, i.e., Δn and Δk, as a function of time for 
the entire delay range. Figure 4 presents the photoinduced changes 
in �n [Fig. 4(a), (b)] and �k [Fig. 4(d), (e)] as a function of delay 
for all three samples, 100 nm PZT (black), 200 nm PZT (red), and 
ITO/ PZT/SRO (blue) heterostructure. The supplementary sec-
tion S4 presents the same datasets in logarithmic scale for clarity. 
The evolution of �n and �k were then fitted using exponential 
temporal fits which included three exponentials (Eq. 4) to capture 
fast recovery, medium recovery, and slow recovery. Fits using dif-
ferent decay components, i.e., two or four exponentials were also 
performed, but ultimately three exponentials were used as they 
resulted in best fit to the data with the lowest number of degrees of 
freedom in the fit (see supplementary Section S5 for comparison 
between multiple decay components). The three exponential decay 
model used to fit the dynamics is given by the following equation,

(4)�n,�k =
3

∑

i=1

1

2

Ai

[

1+ erf

(

t

τr

)]

exp

(

−t

τdi

)

where, τr is rise time constant for the error function, Ai is the 
amplitude, and τd i is the decay time constant of each compo-
nent, respectively. The fitting parameters including  A1,  A2,  A3, 
τd1, τd2, and τd3 are presented in Table S1.

The obtained decay timescales for the temporal evolution 
for both Δn and Δk show a fast relaxation (τfast) process within 
10’s of ps followed by a slower recovery process (τmedium) on 
timescale of 100’s of ps and finally, a longer recovery process 
over (τslow) 5–20 ns. It should be noted that the ΔR/R0, calc cal-
culations shown in Figs. 2 and 3 do not simulate the excitation 
process, and only capture the recovery processes. Furthermore, 
the experiments only captured 6 ns delay range which results 
in significant error bars for the slow recovery (τslow). Compar-
ing different samples, Fig. 4(a), (b), (d), and (e) and Table S1 
shows that the relaxation dynamics of Δn is comparable for thin 
films and heterostructures, albeit slightly different amplitudes. 
On the other hand, the evolution of Δk is drastically different 
for thin films and heterostructure, especially the amplitudes 
(A1 and A2) are almost an order of magnitude smaller for the 
heterostructure. This could be due to lower absorption in PZT 
due to presence of top ITO layer in the heterostructures, as the 
presence of ITO attenuates the beam intensity in the PZT layer 

Figure 2.  Measured ΔR/R0  (black) is compared with calculated ΔR/R0 (red) for 200 nm PZT at time delay of (a) 0.35 ps, (b) 9.95 ps (c) 
700 ps and (d) 4000 ps after laser excitation. The respective Δn and Δk for each plot are (a) �n = 7.8× 10

−4 and �k = 1.2× 10
−3 , (b) 

�n = 5.9× 10
−4 and �k = 7.2× 10

−3 , (c) �n = −4.2× 10
−4 and �k = 3.9× 10

−4 , and (d) �n = −3.9× 10
−4 and �k = 8.6× 10

−4.
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(Figure S10 in supplementary section S6 shows that ITO lay-
ers attenuates the intensity by 30%). Moreover, the presence 
of a higher number of interfaces results in higher reflection and 
subsequently, stronger interference effects which can result in 
larger variation of Δn compared to Δk. Overall, for all three 
samples, we also find that the recovery time constants are faster 
for Δn compared to Δk. Additional time-resolved studies are 
required to confirm such a behavior for other ferroelectric sys-
tems. We also note that during recovery, Δn (for both PZT thin 
films) and Δk (for 100 nm PZT thin film) show a sign reversal 
and overshoot the ground state value. While the origin for the 
sign reversal is not clear, recent studies on multiferroic  BiFeO3 
have indicated that decrease in the band gap at higher tempera-
tures can result in excess energy of photoexcited carriers.[18,19] 

The photoexcited carriers with excessive energy will undergo 
electron–phonon scattering and transfer their energy to the 
phonon degree of freedom. It is then possible that excitation 
of phonon system results in establishment of a new quasi-equi-
librium which manifests itself as a sign reversal in Δn and Δk. 
Significant variation in optical constants which are forbidden in 
equilibrium crystal structure have also been recently proposed 
for  SrTiO3 driven by resonant excitation of Raman phonons.[20]

In order to clarify the role of laser-induced heating in the 
recovery processes for Δn and Δk, we simulated the changes in 
optical constants (n and k) due to heating of the lattice from the 
absorbed laser power. The increase in the temperature of the 
film immediately after the excitation was estimated using one-
dimensional thermal diffusion equation for heterostructures as 

Figure 3.  Measured, ΔR/R0, exp (left) and calculated (right), ΔR/R0, calc broadband differential reflectivity for (a) 100 nm PZT thin film, (b) 
200 nm PZT thin film, and (c) ITO/ PZT/SRO heterostructure.
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described in detail in the supplementary section S7. Figure 4(c) 
and (f) plot the temporal evolution of n and k due to laser-
induced lattice heating, respectively. Note that increase in n 
beyond the ground state value at the later timescales [around ~ 4 
ns in Fig. 4(c)] is due to non-monotonous temperature depend-
ence of n as shown in Figure S11. Comparing the laser-induced 
heating behavior [Fig. 4(c) and (f)] with the photoinduced 
modification for Δn and Δk [Fig. 4(a), (b), (d), and (e)], we 
see that the evolution at short time delays is quite different 
with much faster recovery (τfast and τmedium) than observed for 
laser-induced heating. Moreover, only the slow recovery time 
constant (τ3, slow) is consistent with the timescales obtained from 
the thermal model. For example, following laser excitation, Δk 
undergoes a slow relaxation over delay range of 6 ns with an 
amplitude of ~ 2× 10

−3 [Fig. 4(f)] based on the thermal trans-
port model, which is comparable to  A3 = 1.5× 10

−3 (for Δk for 
200 nm PZT) obtained from the temporal exponential fit to the 
results shown in Fig. 4(e). For Δn, we note that while the slow 
recovery amplitude,  A3, does not match the thermal model, 
the slow recovery time constant (τ3, slow) is consistent with the 
thermal model. The discrepancies in the amplitude could be 
potentially due to radiative recombination of charge carriers 
which is not considered in our model. Thus, we conclude that 
behavior at short time scales cannot be explained due to laser-
induced heating of the lattice and discuss potential mechanism 
in the following section.

Discussion
Immediately following laser excitation, the energy is depos-
ited within the electronic system exciting it far from the 
equilibrium. Even during relaxation and recovery process, as 
electron–phonon coupling results in transfer of energy to the 
phonon degrees of freedom, the excited phonon population 
could be far from thermal in 10–100’s ps regime, resulting in 
both electron and phonon systems in a highly non-equilibrium 
state.[21] Photoinduced lattice deformation due to photogen-
erated charge carriers could be a possible mechanism for 
photoinduced modification of n and k, but the experimentally 
measured timescales for structural recovery are within 2–22 ns 
(for both  BaTiO3,[3] and  PZT[7]), which are much slower than 
the timescales observed here. While ps structural recovery has 
been observed using fs X-rays for  PbTiO3,[2] structural data at 
such short timescales are currently not available for PZT thin 
films to conclusively confirm the role of photoinduced lattice 
deformation.

Another potential mechanism driving modification of optical 
constants could be due to photogenerated free-carrier and asso-
ciated charge carrier dynamics leading to photorefractive effect 
in the PZT thin film. Recently, in halide perovskites, as well as 
in  Ba0.875(Bi0.5Li0.5)0.125TiO3, laser modification of optical con-
stants have been reported,[22–25] and was attributed to change 
in internal field distribution driven by photoinduced excitation 

Figure 4.  The corresponding amount of change in (a, b) �n and (d, e) �k based on ΔR/R0 calculations of 100 nm PZT (black), 200 nm PZT 
(red), and ITO/PZT/SRO thin films at different time delays, fitted with three exponential decay models. While �n follows a similar behav-
ior specifically for 100 nm PZT and 200 nm PZT, �k is drastically different for the same two films. Calculated temporal evolution of (c) n, 
and (f) k, obtained by only considering laser-induced heating. Slow relaxation behavior over ns (> 1–2 ns) is observed for both �k and �n 
which does not match the fast recovery observed experimentally.
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of charge carriers and trapped charges.[25] For ferroelectrics, 
application of an electric field can modify the optical properties 
(i.e., Pockels  effect[9]) due to the non-centrosymmetric nature 
of their crystal structure, increased ionic distortions, and die-
lectric screening.[8,26] Ferroelectric materials also show strong 
photorefractive effect, which is a non-linear effect whereby 
the required electric field is generated by spatially structured 
light.[6,9,11] Typically, spatially structured light is generated 
by designing experimental optics in a specific manner which 
results in interference of the incident light on the sample. In 
our case, light interference can occur due to presence of multi-
ple interfaces in thin films and heterostructure (PZT/air, PZT/
ITO, PZT/SRO, PZT/substrate etc.) which will result in multi-
ple reflections of the incident pump and the probe beam. This 
interference between the beams will result in spatially struc-
tured light within the material, which can be calculated using 
methods described in Refs. 9, 24, 27 and is directly related to 
the geometry of the heterostructure. Presence of such a spatially 
structured light within the sample will result in regions which 
have stronger or weaker electromagnetic field (due to construc-
tive and destructive interference). This difference in the applied 
electromagnetic field can drive charge redistribution, which in 
turn will generate a space charge electric field within the mate-
rial. Consequently, such an electric field generated due to struc-
tured light can modify the optical properties of the material (via 
Pockels effect) immediately following laser excitation.[23,24,28] 
On the ps timescales, as the charge carrier populations decay 
due to carrier recombination,[3] electron–phonon scattering etc. 
it will lead to relaxation back to the ground state, resulting in 
the observed fast recovery of optical properties, Δn and Δk. 
Moreover, since the interference effects will depend on the 
geometry of the heterostructures, i.e., interfaces present, it is 
possible that the differences observed in ultrafast evolution of 
Δn and Δk for thin film vs heterostructure is then indeed due to 
photorefractive effect.

Our pump-broadband probe measurements and the reflec-
tivity simulations thus highlight photoinduced modification 
of Δn and Δk following laser excitation in ferroelectric PZT 
system. While detailed broadband studies on other ferroelec-
trics are not yet available, our studies show that careful anal-
ysis and interpretation of optical data is needed, especially 
for pump-(single frequency) probe studies of thin films and 
heterostructures. We also developed a simple model based 
on the probe energy independent modification of Δn and 
Δk which can be also extended to other ferroelectric thin 
films and heterostructures. This simple model captures the 
lower probe region of the measured broadband spectrum. 
The mismatch at higher energies could be due to variety of 
different factors which if accounted, could further improve 
these calculations. First, as mentioned before, PZT optical 
constants were measured for Pb(Zr0.20Ti0.80)O3, while the 
ΔR/R0 experiments were performed on Pb(Zr0.52Ti0.48)O3 
systems. Second, bulk optical  constants[14,15] were used for 
SRO and ITO for ITO/PZT/SRO heterostructure calculations 
due to lack of thin film optical constants in the literature. 

Third, the optical constants were extrapolated at the spectrum 
extremes (above 2 eV), due to lack of static optical constants 
for the spectrum extremes in the literature. Most importantly, 
these calculations were performed using the assumption that 
change in optical constants is independent of energy, i.e., 
same throughout the spectrum. For more accurate calculation, 
a probe energy dependent term affecting the photoinduced 
changes in n and k might need to be considered. Additional 
theoretical and broadband experimental studies are needed to 
clarify the energy dependence of the modification in optical 
constants. These additions can potentially improve the model 
developed here and bridge the calculated and measured ΔR/
R0, differences at higher energies (above 3 eV).

Conclusions
Photoinduced dynamics of modification of n and k in broad-
band ΔR/R0 were investigated for ferroelectric thin films and 
heterostructure of PZT and ITO/PZT/SRO grown on STO 
substrates. The experimentally observed changes in spectral 
features, below band gap, were simulated using a simple 
model based on energy independent changes in n and k fol-
lowing photoexcitation. Reflectivity calculations obtained 
using this model corroborated well with the experimentally 
measured results for all the ferroelectric samples below ~ 3 
eV. Phenomenological modeling of the photoinduced changes 
in n and k indicated that relaxation processes are dictated by 
fast, medium and slow recovery. Thermal transport model 
was developed which showed that while lattice induced heat-
ing cannot explain fast and medium recovery. Photorefrac-
tive effect due to photogenerated charge redistribution was 
discussed as a potential mechanism to explain the observed 
changes in optical properties. The differences between the 
observed optical evolution of thin films and heterostructure 
indicate that interfacial tailoring can be used to control ultra-
fast optical behavior. Our pump-broadband probe study thus 
provides potential routes for achieving desired ultrafast opti-
cal properties by carefully designing the ferroelectric het-
erostructures which could be important for applications in 
electro-optic modulators or sensors and ultrafast switches.
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