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Domain distributions in tetragonal ferroelectric thin films probed
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Controlling the domain arrangement in a ferroelectric material is the key to accessing its functional prop-
erties. However, when a ferroelectric thin film is inserted into a multilayer device architecture, conventional
characterization techniques provide limited access to the buried distribution of polar states. Here we show that
a combination of nondestructive remote probing by nonlinear optics and symmetry analysis allows the unique
distinction of the polar orientations coexisting in tetragonal ferroelectric films. We quantify the volumetric ratio
between in-plane and out-of-plane polarized domains, and we further illustrate that our approach incorporates
the strain-induced changes to the nonlinear susceptibility tensor. We perform the experiment on Pb(Zr,Tip )O3
thin films, but the generality of the approach permits its extension to other ferroelectric materials.
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I. INTRODUCTION

An attractive property of ferroelectric materials is the co-
existence of regions with uniform yet different orientations of
the polarization, known as domains [1]. Electric-field poling
governs their distribution and thus their integrated functional
response. Depending on the application, a single-domain
state, a multidomain state, or a transformation between the
two may be preferred [2,3]. Motivated by the low energy
consumption associated with the generation of electric fields,
particularly when compared with the energy cost of an electric
current driving the generation of a magnetic field, there is
great interest in the integration of ferroelectric films into new
“ereen” devices of the oxide-electronics era [4,5]. To reach
this goal, the ferroelectric domain structures must be open to
proper design, manipulation, and detection. This last step, in
particular, unleashes two challenges. First, for engineering a
specific ferroelectric domain configuration one has to be able
to monitor this configuration, yet without altering it by the
probe process. This nonperturbation requirement immediately
excludes the use of Sawyer-Tower and positive-up-negative-
down circuits and/or inherently destructive techniques like
transmission electron microscopy. Second, for a convenient
implementation of ferroelectrics in realistic device architec-
tures, their domain configuration needs to be accessible even
when buried in a multilayer heterostructure.

Piezoresponse force microscopy (PFM) can access the dif-
ferent domain orientations nondestructively with a resolution
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of down to ~30 nm, but as a scanning technique it is in-
trinsically slow and necessitates the presence of a bottom
electrode to apply the electric probe field [6,7]. With scanning
electron microscopy (SEM), an extreme surface sensitivity
and/or surface charging inhibits the access to the interior of
the film [8,9]. For both PFM and SEM the ferroelectric layer
is often inaccessible when buried beneath a metallic layer.
Furthermore, the aforementioned characterization techniques
have been developed with the principal aim of imaging do-
main states with high spatial resolution. Quite often, however,
it is the morphology of the domain distribution rather than
the explicit shape of the individual domains that controls the
functional response of a ferroelectric film [10,11]. In terms of
applications, it would therefore be more beneficial to waive
some of this essentially unnecessary spatial resolution to get a
larger depth sensitivity combined with nondestructive sensing
in return.

Here, optical probes can provide a suitable platform, as the
penetration depth of the light is only limited by absorption and
coherence so that a proper choice of experimental parameters
can permit access to the whole volume of a ferroelectric film
even when it is buried within a multilayer geometry [12].
The optical resolution is set by the wavelength to the order
of 1 um. In addition to these advantages, the nondestructive
and noncontact nature of optical techniques allows us to probe
specimens both in situ, directly during the film synthesis
[13-15], and operando, i.e., while applying external stimuli
[16-18], two extremely useful features when engineering de-
vice functionalities.

Among optical techniques, polarization microscopy builds
on the distinction of different domain orientations by bire-
fringence [19,20] which is often unmeasurably small in thin
films. Raman spectroscopy is inadequate for working with
transparent (ferroelectric) materials if the probe-photon en-
ergy is smaller than the band-gap energy [21]. Furthermore,
the Raman signal associated with the film is easily obscured
by the signal originating in the substrate [22]. In contrast,
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optical second harmonic generation (SHG), that is, frequency
doubling of a light wave in a material, is an appropriate tech-
nique to characterize ferroelectric thin films [12,23]. Its innate
sensitivity to the breaking of inversion symmetry translates
directly into a background-free probe of the ferroic state if the
substrate itself is, as usual, centrosymmetric.

The development of a model for SHG that incorporates
the notion of ferroelectric domains in a crystal dates back
to 1964 [24], right after the first laser had been built [25].
Employing SHG to quantify the volumetric ratio of domains
in ferroelectric thin films was pioneered by Gopalan and
Raj in 1996 [26]. Henceforth, their method has been suc-
cessfully employed to characterize the domain configurations
of BiyTizOy, [27], BaTiO3z [28], strained SrTiOs; [29], and
multiferroic BiFeOs thin films [30]. This extensive and invalu-
able work was recently condensed into an open-source code
#SHAARP which derives analytical solutions and performs nu-
merical simulations of reflection SHG from a single interface
for homogeneous crystals [31]. Still, an open question is how
distinct ferroelectric domain configurations within the same
material system affect the nonlinear optical signal itself.

Here we show that the SHG response incorporates in-
formation on both the volumetric ratio and the arrangement
of the ferroelectric domains. To obtain this result, we first
derive the nonlinear polarization source term of a tetragonal
ferroelectric thin film for both a single-domain and a multido-
main configuration. Then, we show that by employing simple
symmetry arguments we are able to treat the multidomain con-
figuration as a straightforward extension of the single-domain
case. We use this approach to quantify the volumetric amount
of out-of-plane- and in-plane-polarized domains in different
Pb(Zry,Tigg)O3 (PZT) thin films. Finally, we illustrate how
the nonlinear optical response is directly linked to the probed
ferroelectric domain architecture. Notably, as our model relies
on very general aspects like point-group symmetries and opti-
cal interference effects, it can readily be generalized to other
classes of ferroelectrics.

The paper is structured in the following way: in Sec. II we
present an introduction to SHG in single-domain ferroelectric
thin films and its description in terms of the second-order
susceptibility Xi(jzk)‘ In Sec. III we move from single- to mul-
tidomain configurations, and we introduce selection rules to
model SHG in tetragonal multidomain thin films. In Sec. IV,
we use the notion introduced in the preceding sections to
develop an explicit but compact form of the nonlinear polar-
ization source term for a generic multidomain case. Finally, in
Sec. V we discuss the application of the model to PZT films
with qualitatively different domain configurations.

II. SHG IN SINGLE-DOMAIN TETRAGONAL
FERROELECTRIC THIN FILMS

In the electric dipole (ED) approximation of the light field
[32], SHG is described by the relation

Pi2w) =) eox 3 Ej(@)Ex() .1
Jjk

with indices ijk referring to the axes of a Cartesian coordi-
nate system. An electric radiation field E(w) oscillating at
a frequency o impinges onto a material with the nonzero

second order susceptibility Xl.@k) , where it generates a nonlinear
polarization P(2w). The nonllinear polarization P(2w) acts as
a source term

2

d
SQw) ~ o WP(ZQ)) 2.2)

in the optical wave equation, promoting the emission of a
frequency-doubled radiation field E (2w) of intensity I 2w) ~
|E (2a))|2 from the nonlinear optical medium [33].
This process is phase coherent and parametrized by the
coherence length /. defined as

P i 2.3)
T Ak Ay, £n,) '

Here 1% is the wavelength associated with E (2w), and n5,,
and n,, are the refractive indices of the nonlinear medium at
the doubled and fundamental frequencies, respectively. The
plus (minus) sign is used in reflection (transmission) ge-
ometry. In the following we will focus on the transmission
case. Because ferroelectrics are generally transparent in the
near-infrared to visible photon-energy range, absorption at
w is usually negligible and typical values of the coherence
length are on the order of 1 um or more. Hence, E (2w) is
usually generated within the whole volume of the nanoscale
ferroelectric film with its typical thickness of <100 nm.

According to the Neumann principle, the nonzero compo-
nents of the second-order susceptibility Xi(jzk) are determined
by the point-group symmetry of the investigated compound
[34]. Hence, the properties and selection rules of the non-
linear polarization P(2w) are intimately coupled with the
symmetry of the ferroelectric state of our films. Since the
ferroelectric order generally breaks the inversion symmetry,
all the possible ferroelectric point groups allow for at least one
nonzero ED-type x l.(jzk) component coupling to the spontaneous

polarization P.

In the following we will focus on the case of the
technologically most relevant tetragonal ferroelectrics
[for instance, perovskitelike (Ba;_xSry)TiO; [35],
Pb(Zr;_«Tix )O3 [36], (K;—xNayx)NbO3 [37], tungsten-bronze-
like (Sr;_xBay)NbyOg [38]] with the point-group symmetry
4mm in some temperature interval of their phase diagram.
We note that a methodological extension of the model to
other crystal structures, to domain configurations with a
net polarization, or to phase coexistence is straightforward
because, although these cases involve different sets of
X,-(,~2k) # 0, the procedures to handle them remain as described
in the following. For the 4mm point group, the allowed tensor
components of §® are tabulated [39] and given by

2 2 2
@) @ — @

2 2 2 2
XZZZ’ XZ,XX 25y and X)Ez)g = X( ) = X( ) = 2)

XXZ yzy nyz (24)
with the x, y, and z directions identified with the [100], [010],
and [001] directions of the tetragonal lattice. The [001] direc-
tion is conventionally chosen to be the fourfold tetragonal axis
and represents the direction of the spontaneous polarization.
The nonlinear polarization generating the E (2w) radiation is
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then given by
2x (2)Ex (0)E (w)

XXZ

PQw) x 2% QE,(0)E.()

XXZ

Xz%) [Exz(w) + Eg(w)] + X(Z)Ef(a))

2.5)

Here we have substituted in Eq. (2.1) the tensor com-
ponents X,.g?,g of Eq. (2.4), and E (), E,(w), and E.(w)
correspond to the components of the electric field of the
impinging light oscillating at frequency w. The measured
SHG intensity in the ED approximation is given by the time-
averaged field-energy density:

1Q2w) x [SQw)* x |PQw))> ZlP,-(Za))|2. (2.6)

III. x® SELECTION RULES FOR TETRAGONAL
MULTIDOMAIN THIN FILMS

The simplest multidomain configuration involves two do-
main states of opposite polarization. These form a pair known
as 180° domain states. We label these two domain states +
and —. As §@ ~ P°[33], we have

Xij‘—k = —Xijk» 3.1
where we have dropped the superscript of the ) tensor com-
ponents for clarity. Because of Eq. (3.1), the SHG light waves
associated with the 4+ and — domains exhibit a relative 180°
phase shift [40]. Moreover, for a spontaneous polarization P°
formed with respect to a paraelectric cubic structure, there
are three equivalent axes leading to six possible tetragonal
domain states [41]. Adjacent domains belonging to different
pairs of 180° domain states are called 90° domains. In thin
films, the out-of-plane-polarized domains are usually known
as ¢ domains (along [001]). The in-plane-polarized domains
are called ¢ domains with a distinction between a; and a»
domains for a spontaneous polarization pointing along [100]
and [010], respectively.

For describing SHG from a multidomain configuration,
we express the contributions to the §® tensor in the local
coordinate system of each single domain state, and we then
transform all of these domain states to the global coordinate
system of the crystal for summing up all the domain-specific
contributions to P(2w). After performing this operation, we
get the following allowed tensor components:

al al __ _al al _ _al __ _al __ _al
Kxxs Xxyy - szz and nyx - nyy - Xzzx - szz’
(3.2)
a2 a2 __ a2 a2 _ a2 _ a2 __ a2
KXyyyr Xyzz = Xyax and Xzzy = Xzyz = Xaxy = Xays
(3.3)
c c _ .cC c _ ., _ .,c _ .C
Xzzzo Ko = Xzyy and Xaxz = Xoyzx = nyz - Xyzy’
(3.4)

The ay, ay, and ¢ superscripts refer to the respective 180°
domain pair. By substituting Eqs. (3.2)-(3.4) into Eq. (2.1) we
can derive the total nonlinear polarization P(2w) associated to

laboratory global

FIG. 1. Schematic of the transmission geometry used to collect
the SHG data. The laboratory and global reference systems are de-
picted in the top-left part of the figure. The local reference system
of each domain pair is shown in the right part of the figure. The
sample-rotation axis along y = y’ is parallel to [010]p,r. By rotating
the sample by an angle 7, we project both the [001]pzr and [100]pz1
onto the x" axis. The possible tetragonal ferroelectric domains in the
sample are indicated in yellow in the figure, with the white arrows
indicating the polarization orientation. For simplicity, ¢~ domains
are not considered. The polarization angles of the incoming (0°, 45°,
90°, 135°; in red, at frequency w) and outgoing light (0°, 90°; in blue,
at frequency 2w) determine the a®/a2® configuration. These angles

mn out
are defined to be 0° when the polarization is parallel to the y’ axis.

a specific distribution of a;, a,, and ¢ domains in the global
coordinate system.

IV. FERROELECTRIC DOMAIN DISTRIBUTIONS
PROBED BY SHG

For comprehensive probing of the ferroelectric state we
need to address all three crystallographic directions with our
optical excitation. Because of the transversally polarized na-
ture of light, this is accomplished by tilting the sample to
obtain an angle t between its ¢ axis and the k vector of
the incoming light. The rotation of the crystal is such that
the global coordinate system and the laboratory coordinate
system (indicated with a prime) only coincide when 7 = 0°.
A schematic of this transmission geometry, with xz chosen
as the plane of incidence and reflection, is represented in
Fig. 1. Analyzing the SHG response in this geometry will be
particularly useful in all the cases when the sample can only
be accessed remotely [13] and/or when it cannot be rotated
around its azimuthal plane. For the electric field of the incident
light with k' || 7’ this yields

E = (E,cosT, Ey’ —E sinT). 4.1

Substituting Eq. (4.1) into Eq. (2.5) gives an expression
for the nonlinear polarization P(2w) in the global coordinate
system of the crystal for an arbitrary angle . However, it is
more convenient to express the nonlinear polarization in the
laboratory coordinate system [42]:

P.cost — P, sint
P'2w) x P,
P.sint 4+ P, cosT

“4.2)
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In general, the nonlinear polarization has nonzero com-
ponents along all three principal axes. However, as only
transversally polarized light can leave the crystal, the longi-
tudinal component P, sin t + P, cos T will not be considered
further. With the aid of Egs. (3.4), (4.1), and (4.2), we
derive E’'(2w) in the laboratory coordinate system for a
single-domain sample with out-of-plane-oriented spontaneous
polarization P°. This leads to

E;2w) o 2x5,, (E;cos T)(—E, sin ) cos T
— Xl (B cos 1) + ()]

+ xS (—E/sint)’}sint, 4.3)

E (2w) o 25 Ey(—E;sin 7). 4.4)

Note that for T = 0° the SHG intensity is zero as re-
quested by the z component in all nonlinear susceptibilities

J

Xii 7 0. Hence, ¢ domains will not produce any detectable
SHG light in normal incidence [12,43]. Here we are ignoring
birefringence-induced phase shifts [23], which are negligi-
ble for ultrathin PZT films [44], as discussed in the next
section.

For a multidomain sample consisting of a;, a;, and ¢
domains, we consider the case where the average domain
size is smaller than the lateral optical resolution. For thin
films this is a reasonable assumption because according to the
Mitsui-Furuichi-Kittel law a ferroelectric film around 100 nm
thick translates into an average domain size on the order of
10-50 nm [45], well below the lateral optical resolution. In
this case, the second harmonic radiation E’(2w) will result
from the interference between the nonlinear source terms that
are generated locally in the different domains [23]. For an
arbitrary distribution of a;, a;, and ¢ domains, Eqs. (4.3) and
(4.4) for the c-domain case thus expand into

E[(2w) o< cos T{8A™ [ i (E cosT)* + x i [(E))* + (—E|sin )°]] + A2 %2 (E. cos T)(E})

XXy

+8A2x . (ELcos T)(—E,sin )} — sin T{SA“' 2x 2\ (E, cos T)(—E, sin )

+ 3Aa22xa2

zy

E](2w) oc 8A"' 28] (E} cos T)(Ey) + A X;fv%v(E;)z +x

yyx

where we have introduced the quantities

SAY =A"T — A", v=a,a,c. 4.7)

A% is the area fraction of the domain variant v for the
respective pair of 180° domain states with :|:P8 such that
ZUA”i = 1 [23]. The values A" represent, instead, the do-
main imbalance within every domain pair a;, a,, and c. These
quantities are identically equal to A¥* when only one domain
state of the domain variant v is present. Note that for normal
incidence (t = 0°) only the a domains contribute to SHG,
which clearly distinguishes them from the ¢ domains [43].

Finally, it is convenient to define the angle « as the angle
between the light polarization and the y axis (see Fig. 1). In
this case, Eq. (4.1) can be rewritten as

E o (sinxcos T, cosa, —sina sin 7). 4.8)

Substituting Eq. (4.8) in place of Eq. (4.1) will result in
a modified expression for Eqgs. (4.3)-(4.6) that depends only
on angular coordinates and the §® tensor components of
Egs. (3.2)-(3.4).

V. EXPERIMENTAL RESULTS AND DISCUSSION

SHG measurements are performed with an amplified
Ti:sapphire-laser/optical-parametric-amplifier system emit-
ting 130-fs pulses with a repetition rate of 1 kHz at a
fundamental wavelength of 1300 nm (=~ 0.95 eV). The po-
larization of the incoming fundamental light beam is rotated
using a half-wave plate (polarizer). The polarization of the
detected SHG light is selected with a Glan-Taylor prism
(analyzer). The SHG light is separated from the fundamental
beam using bandpass filters and an optical monochromator.

(—E|sinT)(E)) + 8A°[x5.(—E,sinT)* + x5, (Efcos 1) + (E})*]},

(4.5)

2[(~E}sint)’ + (| cos 1)’ ] + 25, (E)(—E,sinT)}, (4.6)

yzz

(

The SHG intensity is collected using a photomultiplier tube
and normalized to the grating efficiency of the monochroma-
tor.

A key piece of information that can be extracted from
Egs. (4.5) and (4.6) is the domain-pair imbalance (8A%!, §A*2,
and §A°) in a multidomain sample. To access these quantities,
ideally, we need to correlate the macroscopic SHG response
of a single-domain configuration with the material-specific
values of the 3 tensor components. Here we show this
exemplarily for PZT, the technologically most important fer-
roelectric. To produce ferroelectric thin films with specific
domain distributions, we employ epitaxial strain in PZT films
grown on (110)-oriented DyScO3 (DSO) [43,46]. We refer to
two distinct samples: a fully strained 15-nm-thick film fea-
turing a single-c-domain configuration and a partially relaxed
75-nm-thick film characterized by stripe-shaped a domains
immersed in a c-domain matrix (see Fig. 2). Details on the
growth method and the structural and electrical characteriza-
tion of the films are discussed in Ref. [43].

To evaluate the magnitude of the §® tensor components
we concentrate first on the purely c-oriented PZT film. We
select the polarization of the incoming light such that E’ () is
directed along the four high-symmetry directions of the tetrag-
onal unit cell (¢ = 0°, 45°, 90°, and 135°). We thus obtain a
total of eight nontrivial incoming/outgoing light-polarization
configurations E'(w)/ E' 2w) with e /a2 as 0°/0°, 45°/0°,
90°/0°, 135°/0°, 0°/90°, 45°/90°, 90°/90°, 135°/90° that
we record as a function of the tilt angle 7, as in Fig. 1. For
the data of the single-c-domain PZT sample in Fig. 3 we
thus determine the value of the x, tensor-component ratios.
We do this by simultaneously fitting these eight data sets to
Egs. (4.3) and (4.4) under the assumption that the x;).k tensor
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DSO [110]

(a) PzT 1on

(b)

[100] [010] [001] [170]

—

c-domain (thin film)

— N
.g 1 :!
a-c-domains (thick film)

FIG. 2. Strain-engineered domain distribution. (a) A PZT film
of 15 nm grown on (110)-oriented DSO exhibits a single-domain
configuration with its ¢ axis oriented out of plane. The coordi-
nate systems indicate the epitaxial relation between PZT and DSO.
(b) A PZT film of 75 nm results in a a-c domain configuration. The
in-plane a domains are predominantly oriented along [001]pgo as
documented by the PFM analysis shown in Ref. [43]. We disregard
the most general case with the coexistence of substantial fractions of
a;-a,-c domains as this is not experimentally observed.

components are real quantities. This assumption is justified by
the off-resonance nature of the SHG process whose photon en-
ergy (1.9 eV) lies well below the band gap of PZT (= 3.5 eV)
[48]. From this fit procedure for the single-c-domain PZT film
(Fig. 3), we obtain the ratios between the three independent
components of x;, contributing to Eq. (3.4). We find x_,./x..
=0.1140.01 and xg, /x5, =0.20 £0.01 (Table I). Note

that the magnitude of the §® tensor components is affected
by multiple reflection via the Fresnel coefficients [47,49], so
in principle an angle-dependent correction for the measured
second-harmonic intensity needs to be introduced [50]. In our
case, however, this is not necessary. First, the enhancement
of the second-harmonic power due to multireflection would
increase with increasing angle t and thus lead to a deviation
from the parabolic T dependence in Figs. 3 and 4 [47]. We
do not see such a deviation, so we conclude that in our ex-
periment multireflection contributions are negligible. Second,
the SHG data are normalized for each sample, and we are
fitting the ratios of x ® components rather than their absolute
values. This normalization procedure cancels out part of the
multireflection effect as it affects all the r-dependent SHG
measurements in a similar way [31,51]. Further, by neglect-
ing the cos§ phase factor [§ = (%”)Ant] due to birefringence
[23], we are obtaining an upper error limit of 0.1% for the
case An = 0.1 [44] and ¢t = 15 nm. Comparing this with the
error we obtain on the tensor-component ratios (Table I), this
systematic error is unimportant. Finally, when using Egs. (4.5)
and (4.6) to estimate the contribution from the a domains
we find that it is negligibly small in line with the absence
of in-plane-polarized domains in the fully strained PZT film
[43].

Within this framework, we can now determine the fraction
of stripe-shaped a domains immersed in the c-domain matrix

0.05} o 0°0° 401 & 0°/90°
A 90°/0° > 90°/90°
0
5 02200000800 1580000009
2 20 -10 0 10 20
\C-U/ T T T T T T
o2t 0 45°/0° 4 06 45°/90° 8
}) v 135°/0° O 135°90°
o]
O\ o |
O\ o/
o) I 9‘(}0000_@0:_0_/? ---------- ]
-20 -10 0 10 20 20 -10 0 10 20
7 (deg) T (deg)

FIG. 3. SHG intensity for different polarization configurations for the single-c-domain PZT film, using the labeling introduced in Fig. 1, is
shown as a function of the sample-rotation angle 7. The data are grouped such that the o2 /0° and e /90° configurations are shown in the left
and right column, respectively. The top (bottom) row is characterized by a2 = 0°, 90° (crf2 = 45°, 135°). Data are normalized to the 90°/90°
configuration at T = 20°. The dashed lines indicate the instrumental background. Continuous lines correspond to the fit model of Egs. (4.5)
and (4.6) with all data fitted with one set of parameters (Table I). Note that all eight fit lines vanish for T = 0° and are symmetric for 7, as

required by the symmetry of the model.
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0.05| o 0°/0° {1 & 0°/90°
A 90°/0° > 90°/90°
o oO [m] o
o0 o
Ogooofl Y
A
= [BAs, AA A
2]
= ALt
{0 1 =S & O F-----—— =Y ORI ]
>
éé 20 10 0 10 20 20 10 0 10 20
O 0.2+ O 45°0° 1 06¢ 45°/90° 1
& v 135°/0° O 135°/90°

-10 0 10 20

T (deg)

FIG. 4. SHG intensity for different polarization configurations for the multidomain PZT film, using the labeling introduced in Fig. 1, is
shown as a function of the sample-rotation angle z. The data are grouped such that the & /0° and «{. / 90° configurations are shown in the left
and right column, respectively. The top (bottom) row is characterized by a2 = 0°, 90° (crfs = 45°, 135°). Data are normalized to the 90°/90°
configuration at T = 20°. The dashed lines indicate the instrumental background. Continuous lines correspond to the fit model of Egs. (4.5)
and (4.6) with all data fitted with one set of parameters (Table I). The multidomain sample is characterized by a small but nonzero signal for the
0°/0 ° configuration (top-left panel), which certifies the presence of a, domains as detailed in the main text. Data acquisition of the small SHG
signals obtained in the o, /0° configurations is dominated by systematic variations due to a background-signal drift occurring as a function
of measurement time. Note that the 45°/a2® and 135° /a2 configurations (bottom row) are no longer symmetric for &7, as expected by the

out out
breaking of the model symmetry induced by the presence of a, domains.

of the 75-nm PZT film [43]. The data collected for this sample
together with the result of the fit of Egs. (4.5) and (4.6) are
shown in Fig. 4 and Table I. We find a nonzero SHG signal
in the 0°/0° polarization configuration when 7 = 0°. Due to
the specific sample alignment ([010]p,7// ¥, as described in
Fig. 1), this signal can solely be associated with the tensor
component Xy“yzy, certifying the presence of @, domains in the
sample. From the fit, we determine that the these domains are
polarized along [010]p,p (A%>" = 4 & 1%) with a negligible
number of oppositely polarized domains (A*>~ & 0%) within
the error of the fit. We also find a negligible number of orthog-
onally polarized domains (A“!T ~ A%!~ ~ 0%). Hence, from
the fitted domain-area fractions (Table I), we conclude that the
multidomain PZT sample is characterized by an a-c-domain
configuration (Fig. 2). The imbalance in the distribution of the
Z+a, /a; is expected in PZT films grown on DSO. It is conven-
tionally attributed to the combined influence of the anisotropic
elastic modulus of the substrate and small tensile stress that
favors the appearance of one in-plane domain orientation over
the others [52,53].

Surprisingly, we find that the ratios between the indepen-
dent components of x,; are different between the 15-nm and
75-nm samples. In particular, the x{,, component is more than

double in the multidomain sample while the ;. components
are comparable. A similar trend is observed for the in-plane
domains with the Xy”zzz tensor component (), in the local
coordinate system), nearly doubling the multidomain x.
value, whereas the xz“y% (X, in the local coordinate system)
is comparable with x{ . By neglecting the 75-nm-thick-film
birefringence, we are introducing an error with an upper limit
of 0.5%, therefore this variation must have a different origin.
It has been suggested that the magnitude of the §® tensor
components is modulated by strain via coupling with the
nonlinear photoelastic tensor [54]. Indeed, the strain-induced
modification of the nonlinear susceptibility tensor due to a
photoelastic effect has been exploited to determine both the
strain and the photoelastic tensor elements in two-dimensional
MoS; via SHG anisotropy measurements [55]. Therefore, it
is plausible to assume that ferroelectric domains subjected to
different epitaxial strain conditions will be characterized by
different values of the Xi“jk component ratios. Even without
explicitly introducing the nonlinear photoelastic tensor to our
model, this appears to be the case of our films, as in the
a-c-domain configuration of the multidomain PZT film the
stripe-shaped a domains and also the c-domain matrix are
subjected to a different local strain state when compared to
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TABLE I. Determination of the x;; tensor-component ratios and
of the relative domain fraction as derived from the SHG fit model
described in Eqgs. (4.3)—(4.6). For the labeling of the y;; component
ratios, we use a reduced notation where we incorporate Eqs. (3.2)—
(3.4) expressed in tensor components using the global coordinate
system of the crystal. For the single-domain sample, the tensor
components of each single domain state have the same values in
the local coordinate system. In the multidomain sample, the tensor
components for in-plane (a;, a,) and out-of-plane (c) domains are
allowed to have different values in the local coordinate system.
Failure in doing so results in poor fit quality. Values A"* are the
area fractions of the specific domain variant v (v = ay, a, and c).
The values A" represent the domain imbalance between oppositely
polarized domains of a 180° pair as described in Eq. (4.7).

Single domain Multidomain
Koo/ Xoer 0.11 £0.01 0.28 £0.03
Ko/ Xoer 0.20 £0.01 0.22 £0.03
X)‘,‘ZZZ/X;‘}%V = Xiee) Xoor 0.49 +0.06
X"}Z/Xy“‘z} = Xio/ XS 0.27 £0.03
X! X = Xl X = X2/ X
XL/ X = X/ XS = X5/ X
AT 03+1% 03x+1%
A= 0.1+1% 03x1%
SAY 0% 0%
A 0.1+1% 44+1%
A 02+ 1% 0.1+1%
SA® 0% 44+ 1%
At 99.5+0.5% 95 + 4%
A 0.1+1% 0.1+1%
SAC 99.5+0.5% 95 +4%

the fully-c-oriented PZT film [43,46]. Hence, the different
strain state of the films is not only causing the emergence of
distinct domain configurations, but in addition it modulates
their local nonlinear response. Recent experiments performed
on a BaTiOs thin film epitaxially grown onto a piezoelec-
tric substrate indicate that the SHG signal produced in the
ferroelectric layer can be operando modulated via the strain

induced by the inverse piezoelectric effect of the substrate,
further corroborating our hypothesis [56].

VI. CONCLUSIONS

We have developed a model to quantify the distribution
of a,-, ay-, and c-oriented domains in tetragonal ferroelectric
thin films from SHG polarization anisotropy measurements
using PZT as our prototype material. We first tested the va-
lidity of our approach on a single-c-domain film, and we
find that our model provides a good fit to the experimental
data. We then expanded our model towards the analysis of
multidomain films and the extraction of their specific domain
configuration. Following this procedure, we determined that
our epitaxially engineered multidomain PZT model film is
characterized by an a-c-domain configuration with a, do-
mains distributed within a c-domain environment. We also
found that the strain resulting from both the epitaxy and the
multidomain configuration itself has significant influence on
the nonlinear susceptibilities.

We now have SHG as a tool for quantifying domain distri-
butions in tetragonal ferroelectrics with, in principle, arbitrary
domain architectures. The capability of SHG of discriminat-
ing the different nonlinear contributions associated to specific
domain configurations is crucial for the characterization of
complex ferroelectric domain arrangements. The noninvasive-
ness of the SHG experiment allows for in situ and operando
characterizations. The spatial resolution can be employed to
resolve domain architectures, while the temporal resolution
down to femtosecond scale enables studies of their dynamical
properties. We are confident that this paper will stimulate
further investigations on the topology of the domain distri-
butions in nanoscale ferroelectric thin films and their analysis
performed with nonlinear optical methods.
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