
1 © 2020 IOP Publishing Ltd  Printed in the UK

Journal of Physics: Condensed Matter

G F Nataf and M Guennou

Optical studies of ferroelectric and ferroelastic domain walls

Printed in the UK

183001

JCOMEL

© 2020 IOP Publishing Ltd

32

J. Phys.: Condens. Matter

CM

10.1088/1361-648X/ab68f3

18

Journal of Physics: Condensed Matter

1.  Introduction and scope

Ferroic materials are defined by their ability to exist in several 
possible states, or domains, that can be controlled and switched 
by an external field. As such, they are functional materials par 
excellence, and have been the object of an intense research 
activity for decades. Ferroic domains differ only by their ori-
entations and may coexist in the material, where they are then 
separated by domain walls.

Very often, ferroelectric and ferroelastic domain walls have 
been considered as mere interfaces, and studied as such. In a 
classical view, they occupy a negligible volume fraction in the 
material, and their relevance for physical properties is seen 

through their motion or their interaction with defects, rather 
than their specific properties. The idea that ferroelectric and 
ferroelastic domain walls have their own physical properties 
has been discussed as early as the 1970s based on theoretical 
models [1]. Their specific symmetry properties have also been 
pointed out (e.g. [2]). More recently, following a seminal work 
in the late 1990s [3], the experimental characterization of spe-
cific domain wall properties has enjoyed a renewed interest 
[4–7], with unusual conductivity in insulators [8–15], or polar 
properties in non-polar materials [16–25]. These observation, 
together with the intrinsically small size of the domain walls, 
often down to a few unit cells only, has led to a new para-
digm for devices, named domain wall engineering, where the 
domain wall rather than the bulk material is the active element 
[4–7].

Progress in this new field requires experimental techniques 
able to give insight into the internal structure and specific 
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properties of domain walls. The very small size of ferroelectric 
and ferroelastic walls is clearly a challenge. The recent surge in 
the field has a lot to do with the development of experimental 
techniques with very good spatial resolution. This includes 
state-of-the-art atomic force microscopy in its various modes 
of operation (conductive, piezoelectric force, etc) [8–14], or 
high-resolution transmission electron microscopy (HRTEM) 
for atomistic pictures [25–27]. In contrast, experimental 
techniques that make use of visible light as a probe are often 
quickly discarded: their spatial resolution is diffraction-limited 
and comparatively poor. Yet they have been instrumental in 
historical studies of ferroic transitions and ferroic domains, 
and there is considerable knowledge on the interaction of light 
with ferroic materials that can be built upon.

In this review, we provide an overview of the uses of optical 
techniques for the characterization of the physical and struc-
tural properties of ferroelectric and ferroelastic domain walls. 
We consider as optical techniques methods that use visible 
light in a broad sense as a probe, and as such are by default 
diffraction-limited. We emphasize their specificities and lim-
its, with the aim to encourage their use and developments. We 
show that they are very insightful, not only to image domain 
walls but also to investigate the structure and physical proper-
ties of interest. We then highlight some open questions of the 
physics of domain walls that could benefit from their use.

Since this is a review about domain walls, we do not seek 
to inventory all papers reporting optical observations of fer-
roic domains. Instead, the focus is on those papers where the 
structure and properties of the domain walls were explicitly 
addressed and the experimental data analyzed for that purpose. 
There is admittedly a grey zone in between, and some degree 
of arbitrariness in this selection, especially for earlier studies 
where domain wall engineering was not yet under focus and 
properties of domain walls treated as a side topic. However, 
we believe that this review captures the main contributions to 
the field and will correctly serve its purpose.

This review also does not cover techniques where vis-
ible light is used for excitation only, while the imaging itself 
relies on a different signal. This is the case, for example, 
for atomic force microscopy measurements under illumina-
tion, which have revealed the increase of the electrical con-
ductivity of domain walls under UV light in lithium niobate 
(LiNbO3) [28, 29], or the enhancement of local photovoltaic 
and photoconductive properties of domain walls in bismuth 
ferrite (BiFeO3) thin films [30]. Another example is pyroelec-
tric scanning microscopy [31–42] where pyroelectric currents 
are mapped in response to a chopped laser-beam focused on 
an electrode. This technique has been used to study domain 
structures in several ferroelectrics [32–37], including a report 
of scans across a domain wall in triglycine sulphate (TGS) 
[35]. Although these techniques are clearly very relevant to 
the studies of domain walls, we did not consider they fall into 
the families of optical techniques.

Finally, this review focuses on ferroelectric and ferroelastic 
domain walls, and leaves purposely aside magnetic domain 
walls. This is because the physics of ferromagnetism is very 
different from ferroelectricity and ferroelasticity, in particular 

due to the existence of magnetic exchange interactions which 
have no analog in dielectrics (for a review on magneto-optical 
microscopy, readers might refer to [43]).

2.  Polarized light microscopy

Optical microscopy is a simple non-contact method ideal to 
observe in situ the response of ferroelastic domain walls to 
temperature [44–48], electric field [48–61] or stress [62, 63]. 
In transmission, the use of crossed-polarizers, combined with 
a spatial resolution of the order of a half wavelength of light, 
produces high-contrast images of the domain structure. The 
contrast is a direct consequence of the spontaneous birefrin-
gence of ferroelastic domains [64, 65]. When visualized with 
white light illumination, intensity and color variations reveal 
differences in optical indicatrix with different birefringence 
magnitudes and extinction directions, which correspond to 
distinct orientations of domains within the sample. Images are 
also strongly affected by strain, which can for example arise 
from defects such as cracks. Optical microscopy thus gives 
quickly qualitative information about the domain structure. In 
this section, we give only a brief overview required to under-
stand key concepts of optical imaging (readers might refer to 
[66–69] for details on optical microscopy studies of ferroic 
domains).

At the state-of-the-art, the polarization dependence under 
monochromatic light is used to quantify birefringence differ-
ences, and measure separately (i) the transmitted intensity, (ii) 
the orientation of the indicatrix and (iii) a function of optical 
retardation for light travelling in that direction described as 
| sin δ| where δ = (2π/λ)∆nL with λ the wavelength, L the 
sample thickness and ∆n the birefringence [70].

As an early example of such work, figure 1 shows ferroe-
lastic domains in Ameralik anorthosite. The color map reveals 
yellow, red and purple zones corresponding to | sin δ| val-
ues between 0.4 and 0.6. Interestingly, domain walls appear 
as green lines with | sin δ| = 0.3. This contrast is tentatively 
attributed to strain although the authors could not conclusively 
rule out a spurious effect caused by tilting of domain walls 
[70].

Indeed, the diffraction-limited resolution and the small 
divergence of the transmitted light, combined with the spon-
taneous birefringence of ferroelastic domains and small 
inclinations of domain walls can easily cause misleading 
interpretations. In particular, size of domain walls optically 
observed are unrealistically large: 0.4 µm in barium titanate 
(BaTiO3) [60], 3–5 µm in lead germanate (Pb5Ge3O11) [46] 
and gadolinium molybdate (Gd2(MoO4)3) [71].

An original optical way to visualize the consequences of 
the inclination of the domain walls with respect to the direc-
tion of propagation of the incident light is to observe inter-
ferences created by the interaction of primary and secondary 
monochromatic beams, as documented in [45, 72–74].

Optical observations, and the precise understanding of 
the domain structure they permit, can also be used to iden-
tify physical properties of domain walls without probing them 
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directly. For example, in tetragonal BaTiO3, charged domain 
walls observed in transmission appear as bright or dark lines 
on the (1 1 1)pc surface, with respect to the pseudo-cubic axes, 
as a result of the different orientations of adjacent domains 
[75]. Combined with the knowledge of the direction of the 
electric field applied to create this domain structure, it allows 
the assignment of bright and dark lines to positively and nega-
tively charged domain walls, respectively.

In the case of non-ferroelastic domain walls, there is no 
difference in birefringence between 180° domains. As a result, 
unless the ferroelectric polarization is accompanied by optical 
activity (as in Pb5Ge3O11 [76]), domains will appear identical 
in transmission microscopy (as in the important uniaxial fer-
roelectrics LiNbO3 and LiTaO3). This situation is beneficial 
for the study of domain walls, which will stand out against 
a uniform background, but obviously a problem when seek-
ing to distinguish domains of different orientations. A large 
amount of work was therefore invested to create some con-
trast between the domains. This is possible with an external 
electric field. This technique, called electro-optic imaging 
microscopy, takes advantage of the linear electro-optic effect 
to induce refractive-index changes in the domains by apply-
ing an electric field and thus generates birefringence contrast 
at the domain wall [37, 48–50, 77–81]. For example, in uni-
axial ferroelectrics such as LiNbO3, an external electric field 
applied in the same direction as the ferroelectric polarization 
decreases the value of the ordinary refractive index while it 
increases its value if the electric field is applied in the opposite 
direction, and leads to different refractive indices in adjacent 
domains [50, 79]. In BaTiO3, a field orthogonal to the domain 
walls gives similar contrasts [49].

In the case of 180° domains in BaTiO3, the contrast between 
domains has been observed to persist for a short period of 
time after removal of the electric field (or the formation of 
the domains) [51–57], with the reversed domains generally 
appearing darker than the virgin domains.

In lithium tantalate (LiTaO3) and LiNbO3, even in the 
absence of applied electric field [78, 82, 83], the contrast at 
domain walls persists (without evidence of relaxation), but van-
ishes after thermal annealing [82]. Indeed, in an unannealed 
sample of LiNbO3 or LiTaO3, where domain reversal was per-
formed at room temperature, intrinsic polar defects induce an 
internal electric field [82] which leads to a change in ordinary 
index across domain walls, as schematized in figure 2(a). For an 
internal electric field Eint = 5.5 kV mm−1, and an electro-optic 
coefficient r13  =  8.4 pm V−1 the expected change in refractive 
index across the domain wall is ∆n  =  4.5 ×10−4.

Upon annealing, polar defects reorganize, the internal field 
in the domain-reversed regions (R) realigns with the main 
polarization direction induced during poling at room temper
ature, as shown in figure 2(b), and leads to the loss of optical 
contrast at domain walls.

The contrast is recovered if the sample is heated up or 
cooled down rapidly, since fast changes in temperature create 
pyroelectric charges. This effect, sometimes coined pyroelec-
trooptic effect, has been invoked in a number of studies on fer-
roelectric domain walls [78, 84–86]: charges of opposite signs 
accumulate in adjacent domains of opposite polarizations and 
compensate each other across the domain wall, which results 

Figure 1.  Optical microscopy on ferroelastic domain walls. |sinδ|,  
retardation image of a section of Ameralik anorthosite (thickness 
0.03 mm). The horizontal scale bar is 0.1 mm. Reproduced with 
permission from [70].

Figure 2.  Sketches illustrating the mechanisms leading to a contrast 
observable in optical microscopy at 180° ferroelectric domain walls. 
A schematic of electric fields along the polar axis of Z-cut LiTaO3 
crystals and the corresponding change in ordinary refractive index 
∆n in the c plane through the electro-optic effect across a domain 
wall. (a) Crystal at room temperature, (b) crystal after annealing at 
350 °C for 12 h, and (c) crystal after creating pyroelectric fields on 
the surface. The dashed vertical line indicates the domain wall. ‘R’ 
and ‘V’ stand for reversed and virgin, respectively. Reprinted from 
[82], with the permission of AIP Publishing.
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in a local field distribution equal to zero, as shown in fig-
ure 2(c). This provides a decrease of the refractive index close 
to the domain walls, and generate the observed contrast [82].

Polarized light microscopy is not the only optical way to 
visualize changes in refractive indices. They can be probed by 
electro-optic scanning microscopy, which relies on the detec-
tion of intensity variations of a monochromatic light reflected 
on the sample. Under an AC electric field, this gives rise to a 
black and white contrast between 180° domains [87, 88]. With 
lock-in amplification, this method appears more sensitive 
and operate at smaller fields than polarized light microscopy  
[87, 88]. Changes in refractive indices can also be calculated 
from diffraction patterns resulting from the scattering of mon-
ochromatic light by domain walls in optical Bragg geometry, 
as successfully performed in LiNbO3 (under DC electric field) 
[89–91].

A few studies of ferroelastic domain walls have been per-
formed in reflected light instead of transmitted light. In the 
case of YBa2Cu3O7−x with a high density of domain walls 
(domain size below 5 nm), complex contrasts observed as a 
function of the positions of the polarizers have been attrib-
uted to a possible slight difference in refractive index between 
domain walls and domains [47].

3.  Optical coherence tomography

Optical coherence tomography is based on a Michelson inter-
ferometer, where a laser is fed into a reference arm and the 
sample is illuminated through a microscope objective [92]. 
Back-reflections of the light by sub-surface features, where 
the optical indicatrix changes (e.g. domain walls), are col-
lected by the same objective and superposed with the refer-
ence signal on a detector. The obtained interference pattern 
is characterized by spectral oscillations from which it is pos-
sible to reconstruct the spatial (axial) position of the features 
through fast Fourier transformation. The main advantage of 
this technique is that it can operate in the MHz region and pro-
vide fast 3D-images of domain walls over several hundreds of 
micrometers [93].

Optical coherence tomography has been used to profile 
the refractive-index across 180° domain walls in LiNbO3 
[93–95]. For ordinary polarized incident light no signal is 
recorded, while for extraordinary polarized light, domain 
walls appear as planes (figure 3(b)) whose positions match 
with boundaries of the domains as seen by optical micros-
copy on the surface etched after the measurement (figure 
3(a)). The contrast obtained is equivalent to a difference in the 
extraordinary index of 4.2 × 10−4 [94]. If this contrast resulted 
from the internal electric field, it should have the value  
1.0 × 10−4 (with Eint = 3 kV mm−1 [96], r33  =  34 pm V−1 
[97] and ne = 2.2 [98]). Furthermore, the contrast remains 
constant under an applied electric field, ruling out the electro-
optic effect as the main mechanism [93]. These results suggest 
that the refractive index profile across domain walls exhibits 
a complicated shape, which could for example be realized by 
field independent kinks localized at domain walls. Similar 
measurements have been performed on near-stoichiometric 

LiTaO3 [94]. However, the spectral oscillations are found to 
be much smaller than in congruent and magnesium-doped 
LiNbO3, indicating that defects and internal fields play a role 
in the observed contrast.

It is important to keep in mind that optical coherence 
tomography relies on back-scattered light, with an accept-
ance angle of a couple of degrees only. Therefore, strongly 
inclined domain walls will not be visible [95]. Also, kinks 
in the domain walls (as small as 50 nm) can lead to destruc-
tive interference of the back-scattered light and decrease the 
amplitude of the signal [95]. Thus, a lack of signal does not 
prove the absence of domain wall.

4.  Second harmonic generation

Second harmonic generation (SHG) is a nonlinear optical 
process in which two photons with the same frequency inter-
act with the medium, and generate a new photon with twice 
the frequency of the initial photons [99]. SHG microscopy 
produces images where the contrast originates from varia-
tions of the non-linear optical susceptibility. Because this 
susceptibility is described by a 3rd-rank tensor, a centrosym-
metric material is inherently non SHG active by symmetry. 
This is the case for example of ferroelastics calcium titanate 
(CaTiO3), lead phosphate (Pb3(PO4)2) and lanthanum alumi-
num oxide (LaAlO3). However, three-dimensional observa-
tions of these materials with SHG reveal that while domains 
are indeed non SHG active, domain walls exhibit SHG activ-
ity. The interpretation of these findings is that centrosymme-
try is broken at the domain walls, i.e. that the domain walls 
are polar [20–23].

SHG can be used to determine the direction of the polariza-
tion vector of the domain walls, through polar diagrams. The 
principle is to record the SHG intensity for different directions 
of the polarization of the incident light; the polarization of the 

Figure 3.  Optical coherence tomography. (a) Optical image of 
an etched surface of a LiNbO3 single crystal revealing domain 
walls (black lines). The orange arrow indicates the direction of the 
incident light. (b) 3D color-coded representation of the axial scan 
signal on an un-etched sample. Reproduced from [94]. CC BY 4.0.

J. Phys.: Condens. Matter 32 (2020) 183001

https://creativecommons.org/licenses/by/4.0/


Topical Review

5

second harmonic signal being kept parallel to it. For a 360° 
rotation of the polarization, domain walls exhibit a double-
wing diagram with a twofold symmetry, which once fitted 
gives the symmetry of the domain walls and the direction of 
the polar axis with respect to the domain wall plane [20–23]. 
To date, SHG is the only experimental technique which has 
been able to determine the symmetry of domain walls, and 
therefore allows comparisons with theory. It has also been 
instrumental in the recent searches for ‘Bloch-like’ and ‘Néel-
like’ ferroelectric domain walls, i.e. symmetry breaking in the 
polarization profiles across the domain walls [100].

In CaTiO3, the symmetry is found to be m when investigat-
ing domain walls both in as-grown crystals [20] and induced 
by uniaxial stress [21]. It has also been reported that the 
polarization can lie out of the domain wall plane when there 
is another domain wall in the vicinity (about 20 µm away), 
suggesting an interaction between domain walls. The same m 
symmetry is obtained for Pb3(PO4)2 [23]. In LaAlO3, the best 
fit is obtained with a 3m domain wall symmetry [22].

The observation of ferroelectric domain walls is a priori 
more difficult because ferroelectric domains themselves 
exhibit a strong SHG signal. Still, domains and domain 
walls were observed in BaTiO3, potassium titanyl phosphate 
(KTiOPO4), LiNbO3 and LiTaO3 by SHG in a backscatter-
ing geometry [101–103]. In these works, domain walls appear 
as dark lines, i.e. show no SHG signal, which correspond to 
the expectation from a simple volume average when crossing 
a canonical ferroelectric Ising domain wall, where the ampl
itude of the polarization gradually decreases down to zero 
before reversal [102–105].

Other studies have reported a bright contrast, i.e. an 
enhancement of the SHG signal, with experiments in trans-
mission geometry [107–110], or in the so-called Čerenkov 
SHG, where the SHG is emitted at an angle with respect to 
the propagation direction of the incident light [111–114]. 
The origin of this enhancement has been discussed in several 
instances with a number of effects: local electric field, defects 
partially depolarizing and imposing interface selection rules, 
interference of the second harmonic waves generated by dif-
ferent parts of the incident light that covers simultaneously 
adjacent domains, presence of kinks and complex refractive-
index profiles at domain walls [27, 108–112].

In transmission geometry it is also possible to set the inci-
dent light at an angle with respect to the ferroelectric axis, 
such that domains are in phase-matching conditions (i.e. with 
constructive interference). Domain walls appear then as dark 
lines as a consequence of destructive interference from opti-
cal rays originating from adjacent domains. If the crystal is 
moved away from the phase-matching direction such that 
there is now destructive interference in the domains but not in 
the vicinity of the domain wall, domain walls appear bright on 
a dark background [115].

It is possible to obtain detailed images of domain walls with 
SHG, e.g. of the roughness of head-to-head domain walls in 
LiNbO3 [112, 113], but it takes careful polarization analysis to 
associate conclusively the observed signal to an internal struc-
ture of the domain wall [106]. In LiNbO3, the second-order 

susceptibility tensor of domain walls has been obtained by 
SHG and compared with the bulk tensor of the domains. The 
comparison reveals that the mirror inversion symmetry is vio-
lated and the threefold rotational symmetry is retained, indicat-
ing a symmetry reduction at the domain wall [116]. In LiTaO3 
it shows Bloch-like configurations at domain walls [106].

Through a similar approach the polarization profile across 
180° domain walls in lead zirconate titanate (Pb(Zr,Ti)O3) has 
been probed [106]. Figure 4(b) shows SHG images measured 
in parallel or crossed-polarization for domain walls schema-
tized in figure 4(a). The fitting of the polar diagram obtained 
in figure 4(c) reveals the existence of a planar polarization 
within the domain walls, with Néel-like configurations, 
instead of the ideal Ising configuration that is traditionally 
expected [106].

5.  Micro-Raman spectroscopy

Micro-Raman spectroscopy relies upon inelastic scattering of 
light, known as Raman scattering. A laser beam is focused on 
a sample where it interacts with matter and is scattered inelas-
tically with some energy shift that corresponds to interactions 

Figure 4.  Second harmonic generation in tetragonal Pb(Zr,Ti)O3. 
A systematic analysis of the local SHG is conducted for different 
polarizer and analyzer settings, at horizontal (HDW) and vertical 
(VDW) domain walls, as schematically illustrated in (a). (b) SHG 
measurements conducted in rectangular-shape c-domains exhibit 
maximum signal at HDWs and VDWs when the analyzer (blue 
arrow) is perpendicular to the domain walls. (c) Corresponding polar 
plots (scattered dots) of the normalized SHG intensity measured at 
a fundamental polarization angle ϕ = 0◦. The continuous lines are 
fits of the experimental data to the analytic expression of the SHG 
intensity expected for Néel-type walls with horizontal and vertical 
orientations. Reproduced from [106]. CC BY 4.0.

J. Phys.: Condens. Matter 32 (2020) 183001

https://creativecommons.org/licenses/by/4.0/


Topical Review

6

with excitations in the medium, most typically phonons or 
magnetic excitations [117].

Two measurement strategies can be adopted to study fer-
roelectric and ferroelastic domain walls with micro-Raman 
spectroscopy. It is possible to investigate a single domain wall 
by performing a line-scan and comparing spectra acquired far 
from the domain wall and on the domain wall [118–127]. Or, 
a spectrum acquired on an area with a high density of domain 
walls can be compared with a spectrum acquired on a wall free 
area [128, 129]. In both cases, the influence of domain walls 
appears as changes of intensity, frequency and width of the 
Raman peaks or as the emergence of new peaks. Interpreting 
these subtle variations is not an easy task and it is the purpose 
of this section to propose an overview of the changes reported 
in the literature and their interpretations.

Because of the large size of the laser spot compared to 
the domain wall thickness, the Raman signal at the interface 
between two domains contains a weighted average of the dif-
ferent Raman signals from both domains, and a possible extra 
signature from the domain wall. Just like in optical microscopy, 
180° non-ferroelastic domains have identical Raman signals 
and the contribution of the domain walls stands out easily. On 
the other hand, ferroelastic domains will in general exhibit a 
contrast due to their different orientations, which complicates 
the extraction of the specific domain wall signature.

In LiNbO3, line-scans reveal intensity maxima of trans-
verse E modes (E(TO1) and E(TO8)), and intensity minima 
of longitudinal mode A1(LO4) in the vicinity of 180° domain 
walls [121–124]. These intensity variations could be induced 
by a local strain field—or a local electric field since both are 
coupled through the piezoelectric effect.

While this local electric field could be an intrinsic charac-
teristic of the domain wall, it has been argued that it could also 
arise from an experimental artifact: the Raman laser could 
heat-up the domain wall, causing uneven charging through the 
pyroelectric effect, and creating in fine a local electric field 
[119].

The same explanation could hold for intensity increases 
on the shoulders of Raman peaks [125] since a local electric 
field could lead to depolarization of incident and backscat-
tered light, breaking symmetry rules and allowing forbidden 
Raman peaks.

To identify and isolate Raman changes induced by defects 
segregated at domain walls, it is common to investigate sam-
ples with different amounts of defects. For example, fre-
quency shifts reported at domain walls are larger in congruent 
LiNbO3 than in near-stoichiometric LiNbO3 [118–120]. Since 
the defect density (niobium antisites and lithium vacancies) is 
higher in congruent LiNbO3, it indicates that these shifts are 
influenced by defects localized at domain walls.

It is also possible to intentionally introduce defects 
(dopants) in a sample. This strategy has been successful to 
understand the origin of frequency shifts observed at domain 
walls in LiNbO3 [126]. As shown in figure 5, line-scans across 
domain walls reveal a frequency shift of the Raman modes 
between domains, which do not change monotonously with 
doping. In 1%, 2% and 3% magnesium-doped lithium nio-
bate the frequency of all modes is slightly higher in reversed 

domains. On the other hand, in 5% and 7% magnesium-doped 
lithium niobate, the frequency of E(TO1) is decreased while 
the frequency of A1(LO4) is increased in reversed domains. 
After annealing at 200 °C, the contrast between domain van-
ishes, pointing out polar defects and the resulting internal 
electric field as its origin [82]. The contrast at domain walls 
persists, and as such indicates a stabilization of defects at 
domain walls. However, the contrast differs from the signature 
of polar defects previously described. This observation indi-
cates that, in addition to the influence of defects previously 
reported, local electric field variations should also be taken 
into account in order to interpret frequency shifts at domain 
walls [126].

In ferroelastic materials, the analysis is more challenging 
since, as explained previously, ferroelastic domains exhibit 
different intensity ratios between Raman peaks. This is the 
main reason why only a few ferroelastic domain walls have 
been investigated with micro-Raman spectroscopy [71, 128–
130]. In lead phosphate-arsenate (Pb3(P1−xAsxO4)2), a Raman 
spectrum acquired on an area with a high density of domain 
walls (about 80 domain walls within the laser spot), compared 
with a spectrum acquired on an area free of domain walls, 
reveals a low-frequency shoulder on the peak at 541 cm−1 and 
an extra peak at about 65 cm−1. The emergence of new peaks 
is an indication of structural rearrangements at the domain 
wall [128, 129].

In Gd2(MoO4)3, a phase-sensitive lock-in amplifier has 
been used to synchronize the Raman measurement with the 
movement of a single ferroelastic domain wall induced by an  
AC electric field. The spectrum obtained exhibits enhanced 
intensity where Raman peaks from the high-temperature 
tetragonal phase are expected, which suggests that the domain 
wall has a structure close to the tetragonal high-temperature 
phase [71], in agreement with the theoretical expectations.

Micro-Raman spectroscopy has also been used to perform 
depth scan profiles across domain walls in BaTiO3. It has 
been argued that by changing the polarization direction of the 

Figure 5.  Micro-Raman spectroscopy on ferroelectric domain walls 
in magnesium-doped LiNbO3. Peak position of (a) E(TO1) and (b) 
A1(LO4) for line-scan from reversed (R) to virgin (V) domains for 
different amounts of magnesium before annealing. The data are 
vertically shifted for clarity and the scale bar gives the amplitude 
of the frequency shift. [126] John Wiley & Sons. © 2016 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.
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incident laser, it is possible to move ferroelectric domain walls 
[130]. This hypothesis will require further confirmation, nota-
bly in order to exclude birefringence effects that are known to 
affect Raman depth profiles and, consequently, distort images 
constructed from Raman 3D maps [131, 132].

Progress in the field of Raman spectroscopy on ferroelectric 
and ferroelastic domain walls might arise from the develop-
ment of multivariate statistical methods (e.g. principal comp
onent analysis—PCA) to analyze the data [127]. Applied to 
Raman maps, these methods can identify correlated changes in 
the Raman signal at the location of the domain wall.  As shown 
in figure  6, PCA on spectra acquired across a ferroelastic 
domain wall in neodymium gallium oxide (NdGaO3) reveals 
two components (figures 6(a) and (b)), such that subtracting 
the first component (PC1) from a spectrum of domain 1 gives 
a spectrum characteristic of domain 2. Thus, PC1 describes the 
domain structure and the weighted average of the Raman sig-
nal from both ferroelastic domains at the domain wall. PC2 
must then describe an extra contribution observed in the vicin-
ity of the domain wall. This conclusion is consistent with the 
fact that the score of PC1 reveals the two domains (figure 6(c)) 
while the score of PC2 is located at the known position of the 
domain wall (figure 6(d)). Therefore, PCA can be used to sepa-
rate the contribution of ferroelastic domains and domain walls, 
and in the case of NdGaO3 evidence intensity variations that 
still have to be interpreted [127].

In summary, micro-Raman spectroscopy has the advantage 
of probing strain fields, electric fields and defects at domain 
walls. While distinctive signature are very often seen at domain 
walls, their analysis and significance has yet to be understood, 
certainly with the support of theoretical modelling.

6.  Photoluminescence microscopy

Photoluminescence is light emission from a material result-
ing from a radiative de-excitation of electrons previously 

excited to higher energy levels by absorption of an incoming 
light [133]. Photoluminescence studies can be done either by 
using an excitation light above the band-gap of the material 
itself or—more commonly—by incorporating in the crystal of 
interest some photoluminescent dopant and use its signal as a 
probe for its structural environment.

Photoluminescence microscopy has been used on LiNbO3 
intentionally doped with a small amount (10−1 mol%) of Er3+ 
cations [134–137]. Er has been chosen because it has been the 
topic of extensive investigations over the years for application 
as active ions in solid-state lasers [138]. Er3+ occupies the Li+ 
site, but different charge compensation mechanisms lead to 11 
different configurations of the Er3+ defect sites. The integrated 
emission intensities indicate the relative abundance of the sites. 
A direct comparison of the spectra obtained after electric field 
poling (which leads to a rearrangement of Er3+ ions) or after 
annealing (at temperatures where defects are mobile) gives 
insights into the influence of defect rearrangements or local 
electric field variations on the photoluminescence signal [134].

This knowledge can then be used to understand changes 
observed in the vicinity of 180° domain walls (figure 7). For 
example, line-scans reveal that the peak position of the defect 
site labeled A1 varies, indicating a change in the electric field 
that is experienced by the Er ion probe [134]. The contrast 
between domains is affected by annealing, suggesting that it 
arises from polar defects and the resulting internal electric field 
[96]. On the contrary, the contrast in the vicinity of the domain 
wall persists after annealing. The shift in spectral position 
indicates a change in electric field of 60 kV cm−1. However, 
it might not be the indication of misaligned defect dipoles at 
the domain wall but rather simply a consequence of the differ-
ent positions of Nb and Li ions on either sides of the domain 
wall, due to the opposite electric polarizations of the domains. 
This may indeed lead to a difference in the position of the Er 
ion away from the value determined in the bulk material [134].

It is also possible to take advantage of dopants already used 
commercially for LiNbO3, e.g. magnesium which reduces 

Figure 6.  Principal component analysis (PCA) of Raman 
maps of ferroelastic domains and domain walls in NdGaO3. (a) 
Comparison of PC1 and two spectra from domain 1 and domain 2. 
(b) Comparison of PC2 with a spectrum from domain 1. (c) Scores 
of PC1 for every spectrum. (d) Scores of PC2 for every spectrum. 
Reproduced from [127]. © IOP Publishing Ltd. All rights reserved.

Figure 7.  Photoluminescence microscopy. Spectral position of 
the emission for a scan across a domain wall (see inset) in a nearly 
stoichiometric Er-doped LiNbO3 single crystal before and after 
annealing (5 h, 250 °C). Reprinted from [134], Copyright 2007, 
with permission from Elsevier.
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optical damage upon high power laser irradiation. Multi-
photon laser scanning luminescence microscopy measure-
ments in 5% magnesium-doped LiNbO3 reveal a clear contrast 
at domain walls [139], tentatively attributed to higher dopant 
concentrations [139], based on the fact that, in this regime, 
the luminescence intensity scales with magnesium concentra-
tion [140, 141]. However, internal field variations and local 
changes in strain could also play a role [140, 141].

Photoluminescence microscopy applied to domain walls 
has received relatively little attention, in spite of its sensitivity 
to the local environment of the dopants, and thereby its poten-
tial to unveil details of the electric or strain fields at domain 
walls. This might be because, just like for micro-Raman 
spectroscopy, the interpretation of the observed signals may 
not be straightforward, and may require a deep knowledge 
of the dopant behavior in the bulk, as well as comprehensive 
theoretical work.

7.  Super-resolved techniques

Microscopy techniques are called super-resolved when they 
are able to overcome the diffraction limit, which can be done 
notably by working in the near-field regime. They are of 
course very appealing for the studies of domain walls, but can 
be very challenging both in their implementation and interpre-
tation [142–158].

Near-field scanning optical microscopy (NSOM, or 
SNOM) has been used to image domain structures in several 
ferroelectrics [142–154], with contrast observed at domain 
walls in LiTaO3 [142, 150, 151], LiNbO3 [147, 148], TGS 
[143, 153], BaTiO3 [144] and Ba2NaNb5O15 [147]. These 
measurements have been performed in different modes of 
operation. In the illumination mode, the sample is illumi-
nated with a fiber maintained a few nanometers above the sur-
face and the light collected in transmission by an objective 
[142–147]. In the collection mode (CNSOM), polarized light 
is transmitted through the sample under study and collected 
with a fiber maintained a few nanometers above the surface 
[146, 148, 150, 151]. The same fiber can also be used both 
for illumination and collection [143]. Finally, in the reflec-
tion mode, the sample is still illuminated with a fiber but the 
light is collected in reflection by an objective [146, 147, 153]. 
The small aperture of the fiber (typically a hundred of nanom-
eters) and the use of a metal coating to force the light to enter 
the aperture, allows spatial resolutions better than a fifth of a 
wavelength of light [146, 148–150, 152].

Most studies remain qualitative in their description of the 
index variations in the vicinity of the domain walls, but there 
are examples where the authors quantify the effect. For exam-
ple, in LiNbO3, in the vicinity of the domain wall, complex 
changes of intensity are observed with CNSOM and compared 
with simulations of the intensity profiles obtained through the 
beam propagation method, in order to determine a refractive 
index profile, as shown in figure 8. A change in refractive index 
of ∆n  =  1 × 10−3 extending over 20 µm is found and attributed 
to the internal electric field [148]. An additional sharp index 
profile kink of the same order of magnitude but extending over 

only 2 µm remains unexplained [148]. In reflection mode,  
∆n  =  10−4 extending over 30 µm is found [147].

Also, in LiTaO3, a change in refractive index ∆n  =  5 × 
10−5, corresponding to an internal electric field of ±10 kV 
mm−1, extends on only 200 nm to 1 µm [142, 150, 151]. 
Under an in situ electric field, the observed optical signal 
reveals birefringence variations with a spatial resolution of 
about 100 nm. Application of an external electric field reveals 
the pinning of domain walls by subsurface defects, which are 
evidenced by an increase in birefringence and bowing of the 
domain wall [151].

One of the main challenges for the interpretation of NSOM 
images in collection and illumination modes is a direct 
consequence of the spatial extension of domain walls that are 
crossing the whole sample thickness. Close to the surface, 
domain walls are in near-field conditions but deeper in the 
sample they are in far-field conditions and lead to usual dif-
fraction-limited patterns, decreasing the overall spatial resolu-
tion of the image obtained [144]. Furthermore, the secondary 
light rays resulting from the interaction with domain walls  
in the far-field region have different phases and combine with 
the light emitted at the surface. This might be the reason for 
the large spatial extension of features observed at domain 
walls with these modes [142–144, 147, 148, 150, 151]. On top 
of that, small differences in refractive index between domains 
make them act as waveguides with light confined in the high 
refractive index regions and as a consequence concentrated at 
certain spots [147, 149, 159, 160].

In a similar spirit, over the past 20 years, there has been 
a sustained effort to push optical spectroscopy techniques 
(infrared, Raman, photoluminescence) beyond the diffrac-
tion limit. Tip-enhanced Raman spectroscopy (TERS) takes 
advantage of the enhancement of Raman scattering at the apex 
of a near atomically sharp tip [155–158] to reach spatial reso-
lutions of the order of 15 nm. However, since early achieve-
ments on LiNbO3 [156], and BaTiO3 nanocrystals [157], the 
technique has seen progress rather in the field of molecular 
spectroscopy or analytical chemistry, and applications to inor-
ganic materials are still scarce [158]. One reason might be 
that scanning tunneling microscopy-based TERS measure-
ments are challenging on insulating ferroics. The most rel-
evant measurement to date is the TERS enhancement of the 
Raman signal in double perovskites La2CoMnO6 thin films, 
even though the experiment does not take advantage of the 

Figure 8.  Collection mode near-field scanning optical microscopy 
(CNSOM). (a) Simulated refractive index profile and intensity of 
light emerging after propagation through a domain wall in a 500 µm  
thick crystal of LiNbO3. (b) Comparison of the experimental and 
modeling profiles of the intensity variations. Reprinted from [148], 
Copyright 2005, with permission from Elsevier.
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improved spatial resolution [161]. For short, while TERS is 
promising to selectively enhance the signal at the domain wall 
with respect to the (far-field) signal of the domains, it still 
requires more technical developments to allow for detailed 
characterizations. Along the same line, we note that pro-
gress are currently being made in near-field infrared and THz 
spectroscopy, with a recent application to the domain walls in 
the improper ferroelectric Ca3Ti2O7, where a spatial resolu-
tion of  ∼20 nm was demonstrated [162].

8.  Conclusions and perspectives

From this overview, it is quite clear that optical techniques 
in general can rather easily image domain walls in ferroic 
materials, in spite of their small size. The challenge is usually 
to understand the observed contrasts, and relate them to the 
specific properties of the domain walls—especially in earlier 
works where the exotic character of domain walls was not yet 
under scrutiny. We believe that there is room for improvement 
there, and therefore a significant potential to contribute fur-
ther to domain wall engineering studies. As an illustration, we 
describe below some current topics that could benefit from 
further studies by optical methods.

8.1.  Domain wall symmetry and polarization

Symmetry determines physical properties, and domain walls 
are no exception to the rule. There has been a considerable 
amount of work to derive the symmetries of domain walls 
and domain structures [69, 163]. A remarkable and now well 
established result is that all compatible ferroelastic domain 
walls are polar [163]. For example, recent calculations 
show that domain walls in halide perovskites [164] carry a 
substantial polarization, which could play a role in the photo-  
ferroelectric effect. There are nonetheless a number of open 
questions on domain wall polarization and symmetry.

On the theoretical side, the classical derivation of domain 
wall symmetry is done by selecting the possible layer groups 
considering (i) a symmetry descent at the phase transition and 
(ii) the spatial arrangement of domain pairs in real space [163]. 
An alternative approach, based on the calculation of symme-
tries in the order-parameter space, has also been proposed to 
directly couple the layer group symmetry of the domain wall 
to Landau theory [165, 166].

On the experimental side, measuring the full domain wall 
symmetry is not a trivial task. As typical examples, many 
experiments demonstrating the polar character of domain 
walls in non-polar materials (as in strontium titanate [17, 18], 
CaTiO3 [24, 25]) give evidence for a loss of inversion sym-
metry, but cannot be more specific. Optical techniques have 
an advantage in that it is possible to play on the light polariza-
tion and propagation directions. Besides, they can probe the 
domain wall as a 3D object, i.e. in the bulk, as opposed to 
local probe techniques that are surface sensitive only. In fact, 
SHG is so far the only experimental technique that has pro-
duced propositions for the domain walls symmetries [20–23]. 

It has also given evidence [106] for the often predicted non-
Ising character of ferroelectric domain walls [167–174]. Other 
experimental evidences, TEM-based, remain scarce [175, 
176].

Yet, SHG also leaves a number of questions, and has pro-
duced results that are not consistent with the theoretical pre-
dictions. In CaTiO3, no compatible domain wall is predicted 
to have out-of-plane polarization as observed in [20], and 
the mechanism behind the proposed interactions between 
domain walls is not yet clear. Similarly, the domain walls 
with 3m symmetry in LaAlO3 [22] are not predicted by clas-
sical approaches [69, 163, 165]. In ferroelectric domain walls, 
it is not obvious how to reconcile the macroscopic picture 
and symmetry given by SHG with the microscopic pictures 
revealed by TEM where the walls are found to consist of kinks 
and meanders, far from the ideal plane [27].

In principle, Raman spectroscopy is also an option to deter-
mine the domain wall symmetry, by conducting a series of 
polarized measurements. There is no such report yet, but also 
no fundamental obstacle to do so. The Raman effect, described 
by a 2nd-rank tensor, can be expected to be complementary to 
the SHG, described by a 3rd-rank tensor with different selec-
tion rules.

An important question related to symmetry is the ques-
tion of the polar properties of compatible ferroelastic domain 
walls. While the loss of inversion symmetry is now well estab-
lished, the observation of a polarization raises the question of a 
possible ferroelectric, and not only polar, character of domain 
walls. Indeed, the ability to switch polarization in the domain 
wall is critical for applications. Ultimately, the proof for this 
will have to be a measurement of the dielectric properties of 
the wall. Nonetheless, we note that SHG and micro-Raman 
spectroscopy are both compatible with in situ measurements 
under electric field or stress, and could be very useful in the 
characterization of domain walls under field.

8.2.  Domain walls as phonon filters

Controlling thermal fluxes as easily as electric and electro
magnetic fluxes requires manipulating the motion of phonons, 
which have no mass and no bare charge and are therefore dif-
ficult to control with an external field.

Several calculations indicate that ferroelectric and fer-
roelastic domain walls have a large effect on phonon trans-
port, and hence heat flux [177–181]. For example, a single 
domain wall in lead titanate increases by up to 20% the ther-
mal resistance of a bulk sample [180]. It is also reported that 
180° domain walls have different influence depending on the 
polarization of the phonons: domain walls suppress most of 
the transverse modes while they are typically transparent for 
the longitudinal ones [181]. Since ferroelectric and ferroelas-
tic domain walls can be written and erased at wish through the 
application of an electric or stress field, they could be used to 
control heat fluxes [178].

A couple of measurements of the thermal conductivity of 
single domain and multi-domain single crystals confirm the 
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influence of domain walls on thermal conductivity and the 
ability to control the thermal conductivity by applying an 
external field [182, 183]. However, they consist only of bulk 
measurements.

Micro-Raman spectroscopy could be used to probe pho-
nons near domain walls and give the first local insight into 
the phonon scattering predicted at domain walls. Investigating 
several materials at different temperatures, and different 
domain walls geometries (head-to-head, tail-to-tail) would 
provide experimental values to compare with calculations.

Infrared camera measurements, which now easily  
reach thermal resolutions of 20 mK and spatial resolution 
of 6.5 µm [184], would be good complementary measure-
ments which would provide insights into temperature changes 
around domain walls.

8.3.  Local photovoltaic effect and photoreactions

The anomalous photovoltaic effect in BiFeO3 thin films with 
a high density of domain walls, which results in open circuit 
voltages larger than the band gap of BiFeO3, attracted a lot of 
interest [185]. The effect has been first suggested to arise from 
the local electric field, which separates electron-hole pairs at 
domain walls and modifies locally the electrostatic potential 
[185]. But it has then been shown that the bulk photovoltaic 
effect in itself, when taking into account the enhanced con-
ductivity at domain walls, can also explain the anomalous 
photovoltaic effect [186].

Photoluminescence microscopy measurements could be 
used to probe the local band structure of such films in order 
to account for possible changes of the electrostatic potential 
in the vicinity of domain walls. Measurements could be per-
formed as a function of temperature or under a secondary illu-
mination to correlate results of the photovoltaic effect with 
changes of the band structure.

Another elegant way to investigate changes in the electronic 
band structure at the domain wall would be to take advantage 
of resonant Raman signatures and perform line-scans with dif-
ferent excitation wavelengths [187].

Photoreactions, such as photocatalysis or photochemi-
cal reductions/oxidations, are also a hot topic in the field of 
photoferroelectrics. The ability to control the location of the 
reactions by taking advantage of variations in the polarization 
direction between ferroelectric domains [188] has been used, 
for example, to deposit patterns of silver lines with submicron 
dimensions [189]. Taking advantage of polarization direction 
variations at domain walls could lead to nanometric pattern-
ing, but it first requires a deep understanding of the variations 
of the band structure close to domain walls. Such informa-
tion could be provided by photoluminescence microscopy 
measurements.

8.4.  Conclusions

We believe that optical methods still have a great potential to 
understand structure and properties of domain walls. In spite 
of their limited spatial resolution, their sensitivity in general 
does give access to the physical mechanisms. They appear 

in fact essential to study domain walls as 3D objects, and in 
that sense are very complementary to the surface sensitiv-
ity of atomic force microscopy techniques, and to the very 
local information provided by electron microscopy. Technical 
improvements can be anticipated at several levels, with the 
development of super-resolved techniques, or advances in sta-
tistical data treatment for the extraction of specific signals. We 
hope that this review will inspire further studies of the kind, 
and contribute to progress in the exciting field of domain wall 
engineering.
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