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Controlling the Polarization in Ferroelectric PZT Films via 
the Epitaxial Growth Conditions

Martin F. Sarott,* Ursina Bucheli, Adrian Lochmann, Manfred Fiebig, and Morgan Trassin*

The integration of thin-film ferroelectrics with reliable properties into oxide 
electronics requires accomplishing deterministic polarization states. Since 
ferroelectricity emerges during thin-film synthesis already, it is essential 
to elucidate how the interplay of different growth parameters affects the 
polarization. Here, the polarization of fully strained Pb(Zr0.2Ti0.8)O3 (PZT) 
films is accessed in situ, during epitaxial growth. Surprisingly, it is found 
that the orientation of the out-of-plane polarization during growth may differ 
from the one after growth completion and it strongly depends on the sub-
strate temperature and the oxygen partial pressure. Increasing the growth 
temperature and/or the oxygen partial pressure favors a uniform downward-
oriented polarization, independent of the direction of polarization during 
growth. Specifically, for films with an emerging upward-oriented polarization, 
a polarization reversal and a downward-oriented polarization after cool-down 
is observed. The in situ measurements obtained by optical second harmonic 
generation (SHG) in conjunction with ex situ piezoresponse force microscopy 
(PFM) and X-ray diffraction (XRD) measurements point to the temperature- 
and pressure-dependent formation of a charged Pb defect gradient toward the 
film surface as the responsible mechanism for the polarization reorientation.
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important for a number of applications. 
For example, the out-of-plane component 
of the polarization sets the accumulated 
bound charge at the surface of the ferro-
electric, which then regulates the catalytic 
activity for electrochemical reactions.[4,5] 
For such applications, post-growth elec-
trical poling on large areas is unfeasible 
because of the lack of a top electrode. Most 
importantly, beyond the above mentioned 
surface-charge control, predetermining 
the as-grown polarization of thin films 
removes the need for pre-poling steps in 
ferroelectric device applications.

Most prototypical ABO3 perovskite fer-
roelectrics like PbTiO3, PZT, BaTiO3, and 
BiFeO3 are already polar at the elevated 
temperatures during epitaxial thin-film 
growth[6–8]. Hence, the growth environ-
ment of physical vapor deposition pro-
cesses can strongly affect the polarization 
of the films. Therefore, when aiming 
to control the pristine polarization, it is 
essential to elucidate the individual and 

the cross-correlated impact of the growth parameters on the 
polarization. Among the control parameters for epitaxial thin-
film synthesis, the following have been identified to influence 
the polarization of ferroelectric thin films: (i) the surface termi-
nation of the substrate, (ii) the oxygen partial pressure, and (iii) 
the growth temperature.

(i) The choice of buffer layer and its atomic-plane surface 
termination define the electrostatic screening provided by the 
bottom interface, and thus set the preferred out-of-plane polari-
zation direction, as has been shown for BiFeO3, Pb(ZrxTi1-x)
O3, and PbTiO3.[8–10] (ii) The charge compensation at the film 
surface depends on the growth atmosphere and can be manip-
ulated by changing the oxygen partial pressure. In ultrathin 
PbTiO3 films, this has been shown to result in an oxygen-pres-
sure-dependent orientation of the out-of-plane polarization.[11–13] 
(iii) The temperature-dependent A-site volatility in ferroelec-
trics like PbTiO3 can be used to tune the formation of charged 
Pb-vacancy defect complexes.[14] These defect dipoles create 
an internal field, which can induce the formation of domains 
and hence allows to control the polarization between a single-
domain and a multi-domain configuration simply by adjusting 
the substrate temperature.

While previous studies have focused on the effects each 
growth parameter has on its own, their combined influence 
on the pristine polarization configuration has remained elu-
sive. Such studies are further hampered by difficulties to access 
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1. Introduction

Ferroelectric materials are distinguished by a spontaneous and 
switchable electric polarization. Achieving control over the 
polarization is essential for their integration into devices, yet 
it has remained a challenge. Especially in epitaxial thin films, 
the simultaneous effects of electrostatic, strain, and gradient 
energies can trigger the formation of complex domain con-
figurations,[1–3] and it becomes increasingly difficult to unravel 
and act on the microscopic mechanisms that establish the final 
polarization. Understanding these mechanisms and finally con-
trolling the pristine polarization configuration prior to the appli-
cation of an external electric field is, however, fundamentally 

© 2023 The Authors. Advanced Functional Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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the dynamics occurring during growth and to disentangle 
the large number of growth parameters that affect the polari-
zation by changing the electrostatic environment inside the 
growth chamber.

Here, we track the combined influence of the aforementioned 
growth parameters during pulsed laser deposition (PLD) on the 
out-of-plane polarization in epitaxial thin films of the proto-
typical tetragonal ferroelectric PZT using in situ optical second 
harmonic generation (ISHG). We complement the in situ 
experiments by ex situ PFM andXRD measurements, in order 
to identify the joint contributions of substrate temperature, 
oxygen partial pressure, and buffer termination to the pristine 
out-of-plane polarization. We find that the preferred formation 
of a gradient of positively charged Pb defects with increasing 
oxygen partial pressure and/or substrate temperature favors a 
downward-oriented polarization. Hence, the resulting polariza-
tion shows a pronounced temperature and pressure depend-
ence, to such an extent that the combined growth parameters 
can even overrule the bottom  interface contribution, which 
would otherwise enforce an upward-oriented polarization.[8–10] 
On the contrary, when the buffer termination favors a down-
ward-oriented polarization, we observe robustness of the out-of-
plane polarization against growth parameter variations.

Thus, with our work, we provide a recipe to deterministically 
set the pristine out-of-plane polarization during thin-film syn-
thesis in fully strained, A-site volatile ferroelectric thin films, 
which is an important milestone for the design of ferroelectric 
heterostructures and devices.

2. Results and Discussion

We start by tracking the emergence of the ferroelectric polariza-
tion during the PLD growth of epitaxial PZT films of 10–15 nm 
on (110)-oriented DyScO3 (DSO) substrates with a 5 nm con-
ducting SrRuO3 (SRO) buffer layer using ISHG. Optical SHG 
describes the frequency doubling of light, which is allowed in 
non-centrosymmetric systems, and thus can be used to probe 
the inversion-symmetry-breaking spontaneous polarization in 
ferroelectrics.[15–17] In thin films, the SHG intensity I2ω relates 
to the spontaneous polarization P and the film thickness t as, 
I2ω ∝ P2t2.[10] In our 45° reflection geometry, we maximize the 
sensitivity to the out-of-plane polarization by fixing the light 
polarization of incident and detected SHG light to lie parallel 
to the plane of reflection.[18] In all our PZT films, the imposed 
epitaxial strain of −1.41%, considering the high-temperature 
extrapolated lattice constants of DSO[19] and PZT,[20] increases 
the ferroelectric Curie temperature.[17,21] This results in growth 
of PZT in the ferroelectric phase at all growth temperatures 
investigated in this work (between 550°C and 650°C). To 
ensure layer-by-layer growth and to measure the film thick-
ness in situ with unit-cell accuracy, we perform reflection high 
energy electron diffraction (RHEED) simultaneously with the 
ISHG measurement.
Figure  1a shows the ISHG profiles for the PLD growth of 

three PZT films at an oxygen partial pressure of 0.05 mbar 
and at substrate temperatures of 550°C, 600°C, and 650°C. We 
note that the use of the conducting SRO electrode promotes a 
single-domain configuration with a preferred upward-oriented 

polarization due to the SrO self-termination.[8–10,22,23] For all 
three growth temperatures, a finite ISHG signal above the 
background level (dashed line) is evident after the deposition 
of roughly 5−7 nm of PZT (about 3 min deposition time). 
The steadily increasing ISHG signal with growth time and 
film thickness is consistent with the appearance of a net out-
of-plane ferroelectric polarization. This is supported by room-
temperature SHG polarimetry measurements, shown in the 
inset, where the polarization of the incident light is varied 
from 0° to 360° at a fixed light polarization of the SHG light 
of 0° (black, s-polarized) and 90° (red, p-polarized). Our data 
can be fitted to the 4mm  tetragonal point-group symmetry of 
PZT with a single-domain out-of-plane polarization. We verified 
the single-domain, c-oriented nature of the films by reciprocal 
space mapping (not shown). With increasing growth tempera-
ture, the ISHG signal during growth evolves qualitatively iden-
tically for all films. We only observe a reduction in the ISHG 
magnitude, resulting from the decrease in spontaneous polari-
zation when approaching the Curie temperature. In striking 
contrast, the ISHG signal after stopping the PZT deposition 
shows a strong growth-temperature dependence. At 550°C the 
ISHG signal remains constant after growth, whereas at 600°C 
it gets significantly suppressed, and it even drops entirely to the 
background level for films grown at 650°C. These differences 
point to a temperature-dependent change in the electrostatic 
screening of the surface-bound charge, such that increasing 
the growth temperature tends to destabilize the out-of-plane 
polarization that is prevalent during growth. Note that the in 
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Figure 1.  Emergence of the ferroelectric polarization at oxygen partial 
pressure of 0.05 mbar. a) ISHG signal during the growth of PZT on SRO-
buffered DSO at 550°C (bottom), 600°C (middle), and 650°C (top). The 
grey symbols denote halted growth and the dashed horizontal line rep-
resents the paraelectric background level.[18] A vertical offset was added 
to the ISHG plots for clarity. The inset shows the fitted SHG polarizer 
measurements after growth at 550°C at a fixed analyzer angle of α = 0° 
(black) and α = 90° (red). b–d) Out-of-plane PFM images for the films in 
(a) after reversibly applying a voltage between the scanning tip and the 
SRO electrode in a box-in-box pattern (∓3V for (b) and ±2V for (c,d)).
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situ-acquired RHEED patterns stay unchanged when stopping 
growth, excluding surface reconstruction or laser-beam damage 
as the cause for the ISHG drop. To visualize the consequences 
of the changing growth temperature on the ferroelectric 
domain configuration, we move to ex-situ PFM measurements 
at room temperature. Figure  1b–d shows the PFM images for 
the three films after applying box-in-box poling. We find that 
for the films grown at 550°C (Figure 1d) and 600°C (Figure 1c) 
the polarization is upward oriented at room temperature, as 
set by the bottom interface during growth.[9,10,23,24] In contrast, 
for the highest growth temperature of 650°C, the out-of-plane 
polarization has changed from the buffer-dictated upward to 
a downward orientation (Figure  1b). This observation that a 
change in growth temperature overrules the contribution of 
the buffer layer is consistent with the report of Weymann et al. 
on PbTiO3 films grown using radio-frequency magnetron sput-
tering.[14] Hence, we can deduce that the SHG drop after stop-
ping the PZT growth in Figure 1a corresponds to a destabiliza-
tion of the upward-oriented polarization in favor of a downward 
orientation. A polarization reversal with respect to the direction 
favored by the buffer layer is realized when the growth-stabi-
lized polarization is fully suppressed after growth, as is the case 
at 650°C. Note that the behavior in Figure  1 is unaffected by 
variations of the PLD laser fluence.

Next, we investigate the influence of another important PLD 
growth parameter—the oxygen partial pressure—on the evo-
lution of the polarization during growth. The oxidation condi-
tions of the growth atmosphere have long been recognized as a 
crucial parameter when growing oxide materials, including fer-
roelectrics.[12,13,25] In particular, the oxidation state of the depos-
ited species,[26] the stability of the perovskite phase,[27] as well as 
the concentration of oxygen vacancies have a pronounced effect 
on the polarization,[28–30] and they all very strongly depend on 
the oxygen growth pressure.

To elucidate the role of the oxygen partial pressure on the 
polarization in our PLD-grown films, we consider the ISHG 
profiles for three PZT films grown at the previous growth tem-
peratures of 550°C, 600°C, and 650°C, but with an increase of 
the oxygen partial pressure from 0.05 to 0.2 mbar (Figure 2a). 
For this oxygen partial pressure, at 650°C the ISHG signal 
remains at the background level throughout the entire growth. 
For the films grown at 550°C and 600°C, we observe a finite 
ISHG signal during growth consistent with the ferroelectric 
4mm point-group symmetry (fitted SHG polarizer scans in 
inset) and thus a net out-of-plane polarization. When consid-
ering the ISHG evolution after stopping the growth, we find 
that at 600°C the ISHG signal gets fully suppressed. Only at 
550°C the ISHG signal remains at a finite level, showing a 
striking similarity to the PZT film grown at lower pressure 
but the higher temperature of 600°C (Figure 1a). Generally, the 
comparison of the ISHG profiles in Figures 1a and 2a suggest 
that a pressure increase from 0.05 to 0.2 mbar has the same 
effect on the polarization as an increase of the growth temper-
ature by 50°C. Hence, for the film deposited at 650°C in the 
higher oxygen partial pressure, we find ourselves above the 
Curie temperature during growth with the polarization only 
emerging during cool-down. This observation strongly suggests 
a dependence of the Curie temperature in the PZT films on the 
environment of the growth chamber.

The comparable impact of an increase in growth temperature 
and an increase in oxygen partial pressure on the polarization 
is further supported by post-growth PFM measurements shown 
in Figure  2b–d. Only for films grown at 550°C (Figure  2d) 
the polarization remains upward oriented, as favored by the 
SRO buffer layer. At growth temperatures of 600°C or higher 
(Figure  2b/c), the polarization reverses and is thus entirely 
downward oriented. We can therefore deduce that an increase 
in the oxygen partial pressure during growth lowers the tran-
sition temperature at which the polarization is preferentially 
downward oriented.

The pronounced impact of changes in growth temperature 
and oxygen partial pressure on the emerging polarization that 
we observe in the ISHG profiles in Figures 1a and 2a indicate a 
highly susceptible electrostatic environment inside the growth 
chamber. In particular, we can distinguish two regimes for 
the evolution of the polarization, as illustrated in Figure 3a: (i) 
During growth, where deposition material is continuously sup-
plied and (ii) after growth, where the film surface settles.

While the growth is in progress, the film polarization is dom-
inated by the termination of the bottom interface favoring an 
upward orientation.[8,9] The lattice constants and composition 
of the PZT film are epitaxially stabilized,[31] and the electrostatic 
screening at the surface is provided by the mobile charged spe-
cies during the layer-by-layer growth.

After stopping the growth, the surface diffusion of the 
incoming species stops and the surface settles. This trig-
gers a new electrostatic contribution that can influence the 
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Figure 2.  Emergence of the ferroelectric polarization at oxygen partial 
pressure of 0.2 mbar. a) ISHG signal during the growth of PZT on SRO-
buffered DSO at 550°C (bottom), 600°C (middle), and 650°C (top). The 
grey symbols denote halted growth and the dashed horizontal line rep-
resents the paraelectric background level.[18] A vertical offset was added 
to the ISHG plots for clarity. The inset shows the fitted SHG polarizer 
measurements after growth at 550°C at a fixed analyzer angle of α = 0°C 
(black) and α = 90° (red). b–d) Out-of-plane PFM images for the films in 
(a) after reversibly applying a voltage between the scanning tip and the 
SRO electrode in a box-in-box pattern (+–2V for (b,c) and ±2V for (d)).
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polarization.[10] In this context, previous studies[10,14] have high-
lighted the role of the A-site volatility in perovskite ferroelectrics, 
like PZT and PbTiO3, as well as the influence Pb off-stoichio-
metries on the polarization. Here, our temperature- and oxygen-
pressure-dependent in situ data shed light on how these mecha-
nisms (de)stabilize the polarization inside the growth chamber.

When increasing the growth temperature, for instance, the 
enhanced volatility and mobility of Pb results in a Pb concentra-
tion gradient across the film thickness[14] with an excess of Pb 
near the newly formed film surface.[10] Note that in addition Pb 
excess at the surface can also be attributed to the PLD process 
itself, as light or volatile elements, such as Pb, get enriched in 
the plasma plume with longer growth duration.[32] As schemati-
cally shown in Figure 3a and previously evidenced,[10,14] the pos-
itively charged Pb-excess region near the surface, as a result of 
the Pb concentration gradient, promotes a downward-oriented 
polarization, opposite to the polarization direction imposed by 
the buffer layer. This competition reduces the net polarization 
and causes the ISHG signal to drop upon stopping the growth 
(Figures  1a and 2a). Here, we have now shown that at suffi-
ciently high temperatures this contribution can entirely sup-
press the upward-oriented polarization, such that the switched 
polarization can emerge during cool-down.

In addition, at a fixed growth temperature, the Pb distri-
bution in the films is influenced by the oxygen partial pres-
sure during deposition[12,13,33] (Figure  2). To maintain the neu-
trality of the system, changes in the concentration of positively 
charged oxygen vacancies are balanced by varying the amount 
of positively charged Pb defects present in the films. Hence, as 
illustrated in Figure 3a, with increasing the oxygen partial pres-

sure during the deposition, the elimination of oxygen vacancies 
promotes the formation of a stronger gradient consisting of posi-
tively charged Pb defects and reduces the transition temperature 
at which the pristine polarization is fully reversed (see Figure 2). 
The electrostatic balance between the concentration of oxygen 
vacancies and Pb defects further stabilizes the Pb gradient and 
prevents a re-evaporation of Pb in high oxygen partial pressure.

The ISHG profile at our lowest growth temperature of 550°C 
(Figure  1a), where Pb volatility is less likely to play a role, 
confirms the dominating influence of the positively charged 
defects in the post-growth reversal of the polarization. This is 
reflected in the constant ISHG yield after growth with a per-
sistent upward-oriented polarization, as favored by the bottom 
interface. Furthermore, on top of the preferred polarization ori-
entation of the Pb defects, we can also recognize a direct influ-
ence of the charged defect concentration on the Curie tempera-
ture. A similar effect has been previously reported in BaTiO3 
films exhibiting defect-dipole ordering.[34] A comparison of the 
ISHG profiles for the PZT films grown at 650°C in Figures 1a 
and 2a clearly reveals a suppression of the Curie temperature 
below 650°C for a higher Pb defect concentration in Figure 2a 
(zero ISHG signal), whereas it remains above the growth tem-
perature of 650°C in Figure 1a (non-zero ISHG signal).

To investigate how the varying growth conditions affect 
the average structure and the net polarization in our films, 
we measure the unit-cell tetragonality c/a using XRD. Based 
on the strong lattice-polarization coupling in ferroelectrics, 
the tetragonality has been established to a good approxima-
tion[35,36] as an indirect measure of the polarization.[37] Figure 3b 
shows the θ − 2θ diffractograms around the PZT 002 and DSO 
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Figure 3.  Influence of the varying growth conditions on the polarization of the PZT films. a) Interpretation of the evolution of the polarization in Figures 1 
and 2. During growth (left) the bottom interface dominates the polarization direction. After growth at low temperature (top) the growth-stabilized polari-
zation is preserved. High growth temperature (middle) and high oxygen partial pressure (bottom) enhance the accumulation of positively charged Pb 
defects at the surface, which favor a downward-oriented polarization. b) θ − 2θ diffractograms around the PZT 002 and DSO 220 peaks with the calcu-
lated tetragonality c/a. The vertical lines mark the 2θ position of the PZT 002 peak for all films. A vertical offset was added to the XRD data for clarity.
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220 reflections. When increasing the growth temperature and/or 
the oxygen partial pressure, we measure a shift of the PZT peak 
toward higher 2θ values, corresponding to a reduction of the 
tetragonality c/a in our films. Such a lowered tetragonality indi-
cates a reduced spontaneous polarization,[37] fully consistent with 
our ISHG data at growth temperature. Remarkably, the observed 
variation of tetragonality depending on the growth conditions 
matches with previously reported structural changes associated 
with Pb off-stoichiometries.[14] This corroborates tuning of the 
PLD growth parameters as our handle on the polarization.

Having identified the role of temperature and oxygen par-
tial pressure in setting the final polarization in our PZT films, 
we now turn to the question to what extent the buffer termi-
nation determines the post-growth polarization. To clarify this 
issue, we move to PZT films grown on a MnO2-terminated 
La0.7Sr0.3MnO3 (LSMO) buffer layer that now promotes a down-
ward-oriented polarization.[9,10] Figure  4a compares the ISHG 
profiles for the PZT growth on downward-polarization-favoring 
LSMO and upward-polarization-favoring SRO at 550°C and 
0.05 mbar, where, as we have found, the influence of surface 
Pb off-stoichiometry is small. Indeed, the ISHG signal that 
depends on the polarization magnitude (I2ω∝P2) does not differ 
much for the two buffer layers during growth despite the oppo-
site polarization direction, as evident from the room-tempera-
ture PFM image in Figure 4b.

When we consider the ISHG profiles for the growth on 
LSMO and SRO at higher temperature and oxygen partial 
pressure in Figure  4c, where polarization reversal was previ-
ously triggered (Figure  2b), we observe a drastically different 
ISHG behavior for the two buffer layers. On LSMO, which 
favors a downward-oriented polarization, the ISHG signal is 
significantly larger than on SRO already during growth, and 
it remains constant upon stopping the growth. This confirms 
the previously discussed influence of the Pb defect concentra-
tion on the Curie temperature. Here, however, for an emerging 
polarization with a downward orientation, an increased Pb 
defect concentration raises the Curie temperature. The ex situ 
PFM image in Figure 4d further underlines that the downward-
oriented polarization, as favored by the LSMO buffer, has not 
been reversed. Thus, we can infer that an increase of the tem-
perature and/or oxygen partial pressure during the PZT depo-
sition promotes a downward-oriented polarization independent 
of the polarization preferred by the buffer layer.

3. Conclusion

In summary, we have established a way to control the direction 
of the out-of-plane polarization in ferroelectric PZT thin films 
simply by adjusting two central epitaxial PLD growth parame-
ters—substrate temperature and oxygen partial pressure. Their 
joint effect on the recently identified Pb over-stoichiometry near 
the film surface[10,14] favors a downward-oriented polarization 
independently of the electrostatic boundary conditions set by 
the buffer surface termination. For films with upward-oriented 
polarization during the growth, this defect-mediated mecha-
nism triggers a full post-growth polarization reversal. The 
temperature at which the reversal takes place can be adjusted 
by varying the oxygen partial pressure. In contrast, for films 
growing downward-polarized, the polarization remains robust 
against the aforementioned growth parameter changes. Thus, 
our non-invasive control of the polarization, based on the com-
bined influence of growth temperature and oxygen partial pres-
sure, provides a simple domain-engineering strategy that is 
of particular use for ferroelectric systems, where conventional 
electric poling is either inconvenient or impossible.

4. Experimental Section
Thin-Film Growth and Structural Characterization: All thin films in 

this study were grown using PLD with a KrF excimer laser (248 nm) on 
(110)-oriented DSO substrates (CrysTec GmbH). The SRO buffer layers 
were grown at 700°C with an oxygen partial pressure of 0.015 mbar at a 
laser fluence of 0.95 Jcm−2 at 2Hz. For the LSMO buffer layers, prior to 
LSMO deposition, a single unit cell of TiO2 was grown (to ensure MnO2 
termination) at 700°C with an oxygen partial pressure of 0.015 mbar 
at a laser fluence of 0.95 Jcm−2 at 2 Hz. The LSMO was subsequently 
deposited at the same growth conditions, but at 1 Hz. PZT layers were 
grown at three different temperatures (550°C, 600°C, 650°C) and two 
different oxygen partial pressures (0.05 mbar, 0.2 mbar) with a laser 
fluence of 1.2 Jcm-2 at 4  Hz. For all films grown at an oxygen partial 
pressure of 0.05 mbar or lower, the thickness was monitored in situ using 
RHEED. Layer thicknesses were confirmed ex situ via X-ray reflectivity.

Surface-topography and PFM experiments were performed on a 
Bruker Multimode 8 atomic force microscope with Pt-coated Si tips from 
MikroMasch (k = 5.4 Nm-1). For PFM, we used Vac = 0.75 V at 10 kHz.

Adv. Funct. Mater. 2023, 33, 2214849

Figure 4.  Influence of the buffer termination on the evolution of the polar-
ization. a) ISHG signal for a PZT film grown at low temperature (550°C) 
and low pressure (0.05 mbar) on LSMO-buffered DSO (purple), in com-
parison to the PZT film grown under the same conditions on SRO-buff-
ered DSO (blue). The slight ISHG signal enhancement after growth for 
the downward-polarized film (purple), can be attributed to minor residual 
Pb accumulation near the surface.[10,23] b) Out-of-plane PFM image for 
the LSMO-buffered film in (a) at room temperature. c) ISHG signal for a 
PZT film grown at high temperature (600°C) and low pressure (0.2 mbar) 
on LSMO-buffered DSO (purple), in comparison to the PZT film grown 
under the same conditions on SRO-buffered DSO (red). d) Out-of-plane 
PFM image for the LSMO-buffered film in (c) at room temperature.
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In Situ Optical Second Harmonic Generation: Light pulses at a 
wavelength of 800  nm with a pulse duration of 45  fs and a repetition 
rate of 1  kHz were generated by an amplified Ti:Sapphire laser system 
and subsequently converted into the fundamental light with λ = 1200 nm 
by an optical parametric amplifier. The pulse energy was set to 20  µJ 
and the incident light was focused onto the thin films in the vacuum 
chamber under an incidence angle of 45° with a spot diameter of 
250  µm. The generated SHG signal at 600  nm was detected by a 
photomultiplier system after passing through a monochromator. For all 
ISHG measurements, the polarization of the incident fundamental light 
and of the frequency-doubled light was set to be parallel to the plane 
of reflection.

SHG Polarimetry Analysis: Optical SHG was described by the equation 
(2 ) ( ) ( )0

(2)P E Ei ijk j kω ε χ ω ω=  with Pi(2ω) and Ej,k(ω) being the electric-field 
components of the SHG and the fundamental light, respectively. The 
non-zero components of the rank-three tensor (2)

ijkχ  are determined by 
the crystallographic point group of the system under study. In case of 
4mm point-group symmetry of PZT with an out-of-plane polarization 
(z), the following (2)

ijkχ  tensor components are permitted to be non-
zero: (2)

zzzχ , (2) (2)
zyy zxxχ χ= , (2) (2) (2) (2)

yzy xzx yyz xxzχ χ χ χ= = = . Using these components 
and following the procedure described in [15], we can fit the SHG 
polarizer measurements.
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