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bstract

erroelectric domain orientation in barium titanate (BaTiO3; BT) single-crystal has been investigated with respect to its geometrical distribution in
he solid angle by using polarised Raman spectroscopy. After retrieving the angular dependence of the intensity of selected Raman modes of BT and

heir defocusing properties at selected laser wavelength (in-depth probe response function), both in-plane and out-of-plane domain fractions could
e visualised and mapped with microscopic resolution by Raman spectroscopic assessments. It is demonstrated that polarised Raman spectroscopy
s a valuable and efficient tool for fully 3D, non-destructive assessments of domain orientation in ferroelectrics.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

In the continuous search for advanced performances and
iniaturization of ceramic capacitors, materials and structural

lements with high dielectric permittivity and high reliability
n the sub-micron scale are the object of intensive research.
ailoring smaller interlayer thicknesses with higher capacitance
otivates a common trend towards miniaturization. This is par-

icularly true for multilayer capacitors, but the same concept can
e extended to thin-film technology, which nowadays has gained
uch attention for application in solid-state memories and other
iniaturized devices.1 Single-crystalline single-domain BT has

een deeply studied because of its highly anisotropic permittiv-
ty, whose value greatly exceeds that recorded in polycrystalline
amples with the same nominal composition. The higher permit-
ivity values are ascribed to small oscillations of domain walls,
phenomenon which, on the other hand, is also mainly respon-

ible for the dissipation factor. Residual stresses, which are in
urn influenced by the developed domain texture, also influence
he electrical properties. The stress effect is particularly critical

n thin films and at the interfaces with the electrodes. Therefore,
he development of an analytical method capable to reliably and
asily reveal domain texture in ferroelectric ceramics is urgently

∗ Corresponding author. Tel.: +81 075 724 7568; fax: +81 075 724 7568.
E-mail address: pezzotti@chem.kit.ac.jp (G. Pezzotti).
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equired, as it should greatly assists a deterministic control of
ielectric properties.2 In addition, the establishment of a fully
on-destructive evaluation technique capable of investigating
he dielectric device locally and in elements buried below the sur-
ace could greatly contribute to the advancement of production
rocesses and to the enhancement of product reliability.

Domain sampling and orientation analyses in ferro-
lectrics have been so far performed by X-ray diffraction3

nd microdiffraction,4 neutron diffraction,5 scanning force
icroscopy,6 and Raman spectroscopy,7–11 which has been also

pplied to residual stress assessments in BT-based Ni-MLCC.12

n two previous works10,11 we have developed a Raman ten-
orial formalism based on two Euler angles in space, which
llows determining domain fractions of c-axis oriented domains
n a fully three-dimensional (3D) fashion. Raman spectroscopy
ppears particularly advantageous over other analytical tech-
iques for BT texture analysis, as it combines high spatial
esolution and flexibility in quickly scanning relatively large
reas of the sample with a compact equipment. The use of
his technique, coupled with the physical understanding of the
haracter of the probe, provides an invaluable tool for in-depth
nalyses, which perfectly matches the industrial needs in terms
f non-destructive, contactless and highly spatially resolved

easurements.
In this paper, polarised Raman spectroscopy has been applied

o analyse domain textures in a bulk BT single-crystal. The
ngular dependences of selected Raman modes intensity and

mailto:pezzotti@chem.kit.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2009.04.016
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avenumber have been first investigated, and defocusing exper-
ments have been carried out in order to precisely calibrate the
imensions of the Raman probe when focused inside the semi-
ransparent BT body. A deconvolution procedure has been then
stablished in order to perform in-depth mapping of BT domains,
nd it has been subsequently applied to a BT single-crystal after
eing subjected to compressive uniaxial loading. The domain
exture developed upon loading inside the crystal has finally
een displayed in 3D fashion, proving the advantages of the
aman approach to non-destructive evaluations of ferroelectric
eramics.

. Experimental

A BT single-crystal specimen (a-plane) with dimensions
0 mm × 10 mm × 10 mm, supplied by Murata Manufacturing
o., Ltd. (Nagaokakyo, Kyoto, Japan), was used in this study.
he identification of a-plane was preliminary made according

o X-ray diffraction and it refers to the crystallographic axis of
he tetragonal crystal group. The investigated surface of the BT
rystal was finely polished by diamond paste prior to Raman
haracterization.

Polarised Raman spectroscopic experiments were carried out
n a backscattering configuration with a triple monochromator
T-64000, Horiba/Jobin-Yvon, Kyoto, Japan) equipped with liq-
id nitrogen-cooled Charge Coupled Device (CCD). Excitation
as provided by the 488 nm line of a Ar-ion laser (Stabilite
017, Spectra-Physics, Mountain View, CA), with a maximum
ower of 40 mW. The reference system was chosen in order to
ssign the x, y, z Cartesian axes (i.e., the laboratory reference)
o a, b = a, c, axes of a tetragonal crystallographic structure,
espectively. Spectra were acquired in parallel x(yy)x̄ configu-
ation with a 100× (NA = 0.9) objective lens, which allowed us
o reduce the diameter of the laser beam waist to less than 1 �m
n the material surface. A half-wave plate was employed to com-
ensate for the polarisation dependence of the monochromator.
xperiments were conducted in a confocal probe configuration,
ith the pinhole aperture of the optical circuit set to 100 �m.13

Spectral positions and intensities of BT Raman spectra were
easured upon rotating the single-crystalline sample under

olarised light. A rotating jig has been used and care was made
n fixing the measurement location during rotation by carefully
ligning the jig centre with the objective focal axis. A full rota-
ion of the sample was performed and Raman spectra were

easured (with 10◦ steps) rotating the angle θ between the c-axis
f the BT single-crystal and the y-axis of the laboratory reference
ystem (laser polarisation direction). Prior to Raman characteri-
ation, the sample was subjected to uniaxial compression along
ts c-axis, in order to generate an internal domain pattern. The
pplied load was below the critical threshold for fracture, but it
ufficed to introduce domain patterns along internal shear bands.
omain orientation analysis has been then performed in-depth

long the a-axis; maps have been collected at in-depth intervals

etween 40 and 60 �m inside the sample.

Spectral lines were analysed with the aid of a commercial
oftware package (Labspec 4.02, Horiba/Jobin-Yvon, Tokyo,
apan). Fitting was performed with Gaussian–Lorentzian spec-

w
a
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ral modes after subtracting a baseline; first trial spectra were
rawn according to the vibrational modes described in the avail-
ble literature.14 Defocusing experiments were deconvoluted
long the in-depth direction in order to retrieve domain fraction
aps in different planes below the sample surface. The mathe-
atical procedure needed to obtain deconvoluted maps has been

arried out with the aid of computational software (Mathematica
.2; Wolfram Research Inc., Champaign, IL).

. Theoretical background

.1. Domain fractions from Raman scattering in
erroelectrics

The relative intensity of Raman bands strongly depends
n crystal orientation and on the polarisation geometry of
he adopted optical configuration. Such dependence can be
xpressed as15:

∝ |ei�es|2, (1)

here I is the reflected Raman intensity, ei and es are the unit
olarisation vectors of the electric field of the incident and scat-
ered laser beam, respectively, while � represents the Raman
cattering tensor of the particular vibrational mode under con-
ideration. The Raman tensor is a second rank tensor and, for the
g, B1 and Eg vibrational modes of a tetragonal crystal belonging

o the C4v space group, it takes the forms given in (2):

Ag =

⎡
⎢⎢⎣
a 0 0

0 a 0

0 0 b

⎤
⎥⎥⎦ , �B1 =

⎡
⎢⎢⎢⎣
c 0 0

0 −c 0

0 0 0

⎤
⎥⎥⎥⎦ , �Ey

=

⎡
⎢⎢⎢⎣

0 0 0

0 0 e

0 e 0

⎤
⎥⎥⎥⎦ . (2)

The components of the above Raman tensors represent the
cattering components along various directions of the tetrago-
al crystal. When a rotation, which involves components with
espect to both y-axis and z-axis, describes the inclination of
he c-axis with respect to sample surface propagation direction
f the laser, the in-plane polarisation direction of the laser can
e described according to an orthogonal transformation matrix,
xyz (and its inverse, Φ̃xyz), as follows:

j,xyz = Φxyz�jΦ̃xyz, (3)

ith the transformation matrix is given as:

xyz =

⎛
⎜⎜⎜

− cos θ sin ψ cos ψ sin θ sin ψ

− cos θ cos ψ − sin ψ sin θ cos ψ

⎞
⎟⎟⎟ , (4)
⎝

sin θ 0 cos θ

⎠

here θ is the in-plane angle (i.e., a solid rotation of the c-
xis with respect to the y-axis), and ψ is the out-of-plane angle
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ig. 1. Schematic showing the Cartesian axes, the crystal structure/orientation
ith respect to loading direction, Euler angles and polarisation directions

dopted in this study.

i.e., a solid rotation of the c-axis with respect to the z-axis). An
xplanatory draft showing the relationship between the tetrag-
nal BT crystal axes, the probe polarisation axis, the rotation
ngles, and the axis of uniaxial compressive loading is given in
ig. 1. Eqs. (1) and (2) can then be modified according to (3)
nd (4), to obtain:

||
Ag

∝ |a cos2 θ + sin2 θ(a cos2 ψ + b sin2 ψ)|2, (5)

||
B1

∝ |c(cos2 θ cos 2ψ + sin2 θ cos2 ψ)|2, (6)

||
Eg

∝ |e sin θ sin 2ψ|2, (7)

here the superscript || refers to the parallel x(yy)x̄ polarised
onfiguration, adopted throughout this work. Once the Raman
ensor of the investigated material has been determined by mon-
toring the intensity variation upon rotation of the crystal under
fixed configuration of polarised light,10 the relative intensities
f two selected modes (with respect to the same reference mode,
.e., Ag/B1 and Eg/B1) can be used to determine both in-plane and
ut-of-plane angles at each investigated location.11 From a close
ook to Eq. (7), it is clear that the intensity of the Eg mode in par-
llel configuration of the scattered light is suppressed at angular
elections corresponding toψ = π/2. In other words, the out-of-
lane orientation of domains can be directly estimated from the
elative intensity of the E(LO4) band in parallel configuration.
he equations that locate the out-of-plane orientation angle of

he crystal c-axis and the volume fraction, δOP, of c-axis oriented
omains in such a plane can be then given, as follows11:

I
||
Eg

I
||
B1

= Λ
|e sin θ sin 2ψ|2

|c cos2 θ cos 2ψ + sin2 θ cos2 ψ|2 + γ , (8)

I
||
Eg
/I

||
B1
OP =
(I ||Eg/I

||
B1

)
max

, (9)

here Λ and γ are instrumental constants, which should
e obtained experimentally according to the Raman device

t
a
b
t
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mployed. In addition, the in-plane orientation angle of the crys-
al c-axis and the fraction, δIP, of c-axis oriented domains in such
plane, is as follows10:

I
||
Ag

I
||
B1

= Λ
|a cos2 θ + b sin2 θ|2

|c cos2 θ|2 + γ, (9)

IP = b2

(I ||Ag/I
||
B1

)c2 − (a2 − b2)
, (10)

Eqs. (10) and (8) can therefore be suitably used to calcu-
ate the in-plane and out-of-plane fractions of c-axis oriented
omains, respectively.

.2. Determination of in-depth and lateral probe response
unction

In Raman spectroscopy, the laser beam is assumed to have
Gaussian distribution of intensity in the x, y plane around the
eometric–optical focus, and a Lorentzian distribution along the
-axis.13,16 When a laser beam is focused at a given point (x0,
0, z0), the observed spectrum generates from all the illuminated
oints within a region centred at (x0, y0, z0):

obs ∝
∫ +∞

−∞

∫ +∞

−∞

∫ +∞

0
e−2αz

× p2

p2 + (z− z0)2 e

[
−2

(x−x0)2+(y−y0)2

w2

]
dxdydz, (11)

here α is the absorption coefficient of the material under inves-
igation, p the probe response parameter in the z-direction,w the
robe response parameter in the x-, y-directions (half the beam
idth). Eq. (11) contains a three-dimensional integral, which

heoretically cannot be separated into independent parts, but
ould be simplified in some particular conditions. For exam-
le, when the intensity variation (or the property information
onveyed in the spectrum) within the probe is not pronounced
n the x-, y-directions, the influence of the probe in the x, y plane
an be withdrawn from the integral, which thus reduces to:

obs ∝
∫ +∞

0
e−2αz p2

p2 + (z− z0)2 dz. (12)

This is the case of a defocusing scan along the z-axis per-
ormed at a fixed position in (x, y), which is the experiment
ommonly pursued for the determination of the in-depth probe
esponse parameter, p.17 On the other hand, a scanning along the
-direction while maintaining the laser focused on the material
urface leads to the following modification of Eq. (11):

obs ∝
∫ +∞

−∞
e

[
−2

(x−x0)2

w2

]
dx, (13)

hich applies for the determination of w by displacing in plane

he laser probe along, for example, a given x-axis across a sharp
nd straight interface, perpendicular to the sample surface. The
ody of information described above can be used to determine
he effective in-depth probe size, Zp, which is defined as the



202 G. Pezzotti et al. / Journal of the European Ceramic Society 30 (2010) 199–204

F
c
w

p
i

0

fi
m

4

F
o
a
t
w
d
u
a
a
f
c
s
c

T
R

M

E
A
A
B
E
E
A
E
A

Fig. 3. Angular dependence of (a) A1(TO2)/B1 + E and (b) E(LO4)/B1 + E rela-
t
o

m
(
s
F

ig. 2. Parallel (x(yy)x̄) polarised Raman spectra of the investigated single-
rystalline BT sample for three different orientations of the crystal main axis
ith respect to the laser light polarisation vector: θ = 0, π/4, π/2.

enetration depth that contributes to the 90% of the scattered
ntensity information:

.9 =
∫ Zp

0 e−2αz(p2/(p2 + z2))dz∫ ∞
0 e−2αz(p2/(p2 + z2))dz

. (14)

This parameter, together with the focused beam waist, is suf-
cient to describe the defocusing properties of the investigated
aterial, and provides a useful tool for subsurface analyses.

. Results and discussion

Polarised Raman spectra of BT single-crystals are shown in
ig. 2 for θ = 0, π/4, π/2, and the modes assigned for the spectra
btained as given in Table 1. As could clearly be seen, Ag modes
re greatly enhanced when the c-axis of the tetragonal struc-
ure is perpendicular to the laser polarisation vector (θ =π/2),
hile on the other hand at θ = 0 they undergo an abrupt intensity
ecrease. Upon giving a first glance to the collected spectra, the
biquitous presence of the Eg modes (cfr. E(TO3) and E(LO4))
llows us to conclude that, although the investigated sample is an
-plane single-crystal, the compression exerted on it produced a

raction of out-of-plane c-oriented domains. In other words, the
-axis orientation is no longer perpendicular to the investigated
urface, and the material presents mixed a-plane and c-plane
haracteristics.

able 1
aman mode position for the investigated BT.

ode Band position (cm−1)

(TO1), E(LO1) 180

1(TO1) 200

1(TO2) 270

1(TO), E(TO2 + LO2) 305
(LO3) 463
(TO3) 490

1(TO3) 515
(LO4) 715

1(LO1) 720

fi
a
t
c
b
t
d
s
a
E
t
p

p
a
m
t

ive intensity upon rotation of the BT single-crystal under a fixed configuration
f the polarised light. Solid lines represent theoretical fitting equations.

In this work, the domain orientation has been analysed by
onitoring the relative intensity of A1(TO2) and B1 + E modes

cf. Table 1) for in-plane measurements, and the relative inten-
ity of E(LO4) and B1 + E modes for out-of-plane measurements.
ig. 3 reports in (a) and (b) the variation upon rotation under
xed polarised light of the relative intensity of A1(TO2)/B1 + E
nd E(LO4)/B1 + E modes, respectively. Solid lines represent fit-
ing by combinations of Eqs. (5)–(7), derived for the in-plane
ase. The different characters of the intensity variation is given
y a correspondence between Raman tensor parameters and lat-
ice constants of the tetragonal cell. In Fig. 3(a) the Ag character
ominates, and this is related to the a-plane of the tetragonal
tructure. In this case, a and c lattice constants are involved,
nd the periodicity is π. On the other hand, in Fig. 3(b), the
g character, belonging to the c-plane of the tetragonal struc-

ure, dominates. Being the sole a lattice parameter involved, the
eriodicity is shown as π/2.

To each value of relative intensity acquired in the focused
oint an angle can be assigned, whose value is averaged over

ll the orientations the probe encounters (i.e., the volume of
aterial that contributes to the integrated intensity signal), and

he result may therefore be different from the physical reality.
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n ferroelectric tetragonal single-crystals, domains may only
witch by 90◦ or 180◦ from their original position, thus only
= 0 or θ =π/2 orientations are expected. Any other interme-
iate orientation between these two values has to be ascribed
o probe averaging effects, and thus needs to be corrected
ccording to the deconvolution procedure proposed hereafter.

Defocusing experiments have been performed on BT single-
rystal in order to obtain preliminary information of probe
eometry and dimensions. Raman intensity assessments for both
-axis defocusing (Fig. 4(a)) and x-axis displacements (Fig. 4(b))
ave been carried out; in the latter case, the probe has been
ranslated from the outside towards the inside across a sharp
dge of the BT sample. In the case of defocus along the z-
xis (Fig. 4(a)), data have been corrected for the effect of the
efractive index inside the material. Data regression has been
erformed according to Eqs. (12) and (13) in the case of z-axis
nd x-axis calibrations, respectively; this led to the determina-
ion of the respective probe response parameters, p = 7.7 and

= 3.0 �m. As can be seen from Fig. 4(b), in the case of defo-
using in air in the x-direction, some fitting error is involved;
hese secondary effects can be ascribed to the sample edge being
ot sufficiently sharp to mark an abrupt transition while the probe
nters the material. From the experiments shown in Fig. 4, the
T probe size has been calculated as Zp = 37.7 �m, while the
eam waist (x, y plane) was 2w = 6 �m.

In this work, in-depth intensity maps have been performed
ith shifting the probe inside the material (along the z-direction)

nd with collecting data on a fixed area in the (x, y) planes. Dis-
lacement steps between adjacent points were 2 �m on the x-,
-directions and 5 �m in-depth. Since sharp edge appeared for
n-plane features in the collected maps, the influence of the probe
ould be neglected on the x, y plane, but the probe-convolution
ffect was taken into consideration along the z-axis. This is easy
o understand if one, for example, considers that a spectrum

aken 5 �m below the material surface will convey information
ot only from the focal plane, but also from points as deep as
0 �m below the focal plane. This consideration clarifies that the
etrieved Raman information should be mandatorily deconvo-

a
r
t

ig. 5. (a)–(e) In-plane fraction of c-axis domain with respect to the laser polarisation
raction of c-axis oriented domains with respect to the sample surface, on the same ar
ig. 4. Intensity variation of BT spectrum upon: (a) in-depth defocusing along
he z-axis and (b) horizontal scanning along x-axis across a sharp edge of the
ample. Solid lines represent fitting according to Eqs. (12) and (13), respectively.

uted along the z-axis in order to correctly assign to each location
he proper value of the investigated property.
In this study, we performed the in-depth deconvolution
ssuming a polynomial model distribution for representing the
elative intensity gradients along the z-direction. In-depth rela-
ive intensity maps have subsequently been corrected according

direction at depths of 40, 45, 50, 55, 60 �m, respectively. (f)–(j) Out-of-plane
eas of (a)–(e). All metric scales are in �m.
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o the following equation, which represents the convoluted rel-
tive intensity at the focal point:

Iobs(z) =
∫ t

0{a+ bz+ cz2 + dz3 + ez4} p2

p2+(z−zf )2 e
−2αzdz

∫ t
0

p2

p2+(z−zf )2 e
−2αzdz

,

(15)

here RIobs(z) is the experimentally retrieved relative intensity
alue, t is the maximum achievable probe penetration depth for
he focused point considered, and zf is the depth of the focal
oint. The deconvoluted relative intensity profile was found by
djusting the polynomial model parameters in order to match the
etrieved intensity with an iterative procedure. From the decon-
oluted Raman intensity values computed at each point of the
ap, the correspondent domain fractions could be calculated,

ccording to Eqs. (8)–(10).
Results of in-depth domain fraction analysis (after decon-

olution) are shown in Fig. 5. The upper part of the figure
Fig. 5(a)–(e)) reports in-plane domain fraction at the depth of
0, 45, 50, 55, 60 �m from the surface of the material, while
he lower part (Fig. 5(f)–(j)) reports out-of-plane domain frac-
ions from the same areas. In-plane maps have been calculated
ssumingψ = π/2 (a-plane) and considering the influence of Eg

odes inside the B1 mode negligible. Regarding the in-plane
aps, domains are oriented either at θ = 0 or θ =π/2, which

emonstrates that the compressive stress produced 90◦ switch-
ng in the single-crystalline body, with a significant twinning of
omains. No intermediate orientations were found, and this is
egarded as a proof of the effectiveness of the algorithm selected
or the deconvolution procedure. On the same areas, out-of-plane
omain fraction analysis reveals that a slight misalignment of
he crystal along the z-axis occurred (about 25%), which caused
he appearance of c-plane features in the Raman spectra of the
nvestigated a-plane sample. The overall orientation of the c-
xis with respect to the sample surface could be estimated as
= 42.5◦.

. Conclusion

A clear correlation between the relative intensity of Raman
ands in a selected polarisation geometry and domain orienta-
ion with respect to the polarisation direction of the incident laser
as observed in single-crystalline BT. Such a correlation could
e consistently rationalised according to a Raman tensorial for-
alism. As an application of the technique, in-depth domain

raction maps have been collected non-destructively by taking
nto account the influence of the probe dimensions and upon
radually defocusing the laser probe inside the crystal. A com-

utational procedure, based on the experimental probe response
unction, has also been proposed for minimizing probe convolu-
ive effects on the detected Raman relative intensity. This study
emonstrates that polarised microprobe Raman spectroscopy is

[1
Ceramic Society 30 (2010) 199–204

highly advantageous technique for in-depth non-destructive
omain orientation analyses in ferroelectric materials.
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