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ABSTRACT

Recent analyses by polarization resolved second-harmonic (SH) microscopy have demonstrated that ferroelectric (FE) domain walls (DWs)
can possess non-Ising wall characteristics and topological nature. These analyses rely on locally analyzing the properties, directionality, and
magnitude of the second-order nonlinear tensor. However, when inspecting FE DWs with SH microscopy, a manifold of different effects
may contribute to the observed signal difference between domains and DWs, i.e., far-field interference, Čerenkov-type phase-matching
(CSHG), and changes in the aforementioned local nonlinear optical properties. They all might be present at the same time and, therefore,
require careful interpretation and separation. In this work, we demonstrate how the particularly strong Čerenkov-type contrast can selec-
tively be blocked using dark- and bright-field SH microscopy. Based on this approach, we show that other contrast mechanisms emerge that
were previously overlayed by CSHG but can now be readily selected through the appropriate experimental geometry. Using the methods
presented, we show that the strength of the CSHG contrast compared to the other mechanisms is approximately 22 times higher. This work
lays the foundation for the in-depth analysis of FE DW topologies by SH microscopy.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0094988

I. INTRODUCTION

Second-harmonic (SH) microscopy and polarimetry are power-
ful tools for the investigation of symmetry, phase transitions, and
structure of crystalline materials, including novel topological materi-
als, van-der-Waals, and other novel two-dimensional materials
(2DMs), such as ferroelectric domain walls (DWs).1–6 Recently, fer-
roelectric DWs have attracted considerable attention as they represent
highly conductive quasi-2D sheets fully embedded within a non-
conductive matrix; moreover, DWs can be rewritten, moved, or mod-
ified at will, for example, by applying electric fields. Despite these
promising properties, the physical mechanisms of their electronic
conductivity are not understood to depth. In this regard, SH micros-
copy allows for 3D profiling, real time imaging, and determination of
the local symmetry properties within crystals.2,7,8 In particular, recent
SH polarimetry studies have revealed unusual symmetries and topo-
logical substructures of (conductive) DWs,9,10 which are thought to

be directly connected to the observed conductivity. Those polarime-
try studies rely on the fact that changes in the local crystal structure
and symmetry at the DW result in a modification of the local nonlin-
ear optical (NLO) properties, i.e., the second-order nonlinear sus-
ceptibility, which in turn is detected via changes in the SH intensity
or polarimetry signal. However, signal changes at DWs can also be
caused by a manifold of other mechanisms, which carefully need to
be taken into account for interpretation and separated if necessary.

SH contrast at ferroelectric DWs is generally explained in one
of three mechanisms:

† (1) far-field interference of the SH signal from domains of differ-
ent orientation rather than the DW itself;

† (2) Čerenkov-type phase-matching at the DW; and
† (3) the aforementioned changes in the local NLO properties at

the DW.
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In contrast, to the third mechanism, for the processes (1) and (2),
no DW substructure generally needs to be assumed. In these
models, the DW is considered to be a 2D boundary between ferro-
electric domains of different orientation without any extension or
substructure. This assumption is reasonable because based on
theory and experiment, e.g., atomic resolution TEM, it is estab-
lished that ferroelectric DWs are generally small on the order of
just a few unit cells (<10 nm),11–13 which is much smaller com-
pared to diffraction limited focus spots (<500 nm). In (1) far-field
interference, if the focus is placed at the position of a DW, SH light
is generated in each of the neighboring domains as the focus spot
covers both domains. If we assume, for example, two domains of
opposite polarization direction, then the generated SH light
between the two domains will be exactly out of phase due to the
inverted sign of nonlinear susceptibility in domains of opposite ori-
entation. In the far field, this SH light will interfere, which results
in decreased observation of SH intensity from DWs.6 As simula-
tions and experiments show, when focus-induced polarization or
other types of DWs, e.g., a-c domains, are considered, this model
predicts also bright domain contrasts or even more complex DW
signatures.3,4,6

The far-field interference contrast requires efficient SH genera-
tion from the surrounding domains. However, SH generation is
forbidden for focused beams within the bulk of normal-dispersive
materials.14–16 Therefore, it is thought to be the dominating mecha-
nism at the surface of bulk crystals, in thin films, or when the con-
ditions for anormal dispersion are met.

In contrast, in (2) Čerenkov-type phase-matching, the DW
functions as a source of defect wave vectors, assisting in the phase-
matching in the SH process and hence leading to an increased
signal generation from DWs. In contrast to far-field interference,
mechanism (2) does not rely on SH generation from the surround-
ing bulk, but rather just the presence of the DW. Therefore,
Čerenkov-type SH generation (CSHG) is thought to be the main
mechanism for DWs within the bulk, allowing for large-scale 3D
imaging of domain structures.8,17–20 As is discussed in more detail
below, this CSHG light is emitted at a discrete angle with respect to
the incident light,21,22 which is similar in geometry to the
Čerenkov-light emitted from faster-than-light particles in matter. It
was demonstrated that analyzing the angular distribution of the
CSHG allows to gain in-depth insight into the local roughness of
DWs well below the optical resolution limit; i.e., CSHG can also
provide insight into local DW properties.21,23

During the process of a literature census on the topic of
second-harmonic generation on ferroelectric domain walls, it was
found that a large portion of the work is devoted to the CSHG
mechanism7,8,19–21,23–53 with at least 36 readily available publica-
tions. On the other hand, both phase interference3,5,6,14–16,54–62 and
changes in the non-linearity2,9,10,63–70 have lower representation of
15 and 11 works, respectively, that we could find. As seen by the
Venn-diagram of the census in Fig. 1, many works usually just con-
sider a single mechanism within their interpretation, with only few
works reporting on a combination of mechanisms.4,71 This is
usually of no concern, as the large majority of these works use SH
microscopy as an imaging tool and analyze the large-scale distribu-
tion of domains and DWs rather than trying to infer a DW sub-
structure. However, when not just qualitative but quantitative

analysis of SH intensity is performed, for example, to unravel the
substructure of DWs as in SH polarimetry2,10 or to determine the
sub-diffraction limit DW roughness through CSHG,23 thorough
consideration for the influence of each of the mechanisms needs to
be given. Even when performing qualitative and especially for quan-
titative SH imaging, special care needs to be given when sudden con-
trast changes due to two competing mechanisms appear, which is
possible close to interfaces. However, while CSHG is considered to
be the main process behind imaging as shown in Fig. 1 and accord-
ing to theory should always be present in any such measurement,
there has been little effort to quantify or isolate CSHG in comparison
with the other mechanisms. In this regard, efforts were made to
quantitatively analyze both local changes to the non-linearity by
Cherifi-Hertel et al.,2,9,10 as well as phase-effects by Spychala et al.3,4

by experiment, simulation, and modeling.
Hence, for the present work, we discuss and analyze possibili-

ties to purposely either block or specifically select CSHG light.
Based on this, we are able to provide an estimate of the strength of
CSHG in comparison with the other mechanism(s), which can
serve as a foundation for further efforts to quantitatively simulate
CSHG, which so far has been illusive.

II. METHODOLOGY

A. Theory of Čerenkov SHG

During the SHG process, a measurable signal can only be
obtained while the fundamental and frequency-doubled wave
overlap in phase, allowing for a coherent buildup of SH radiation.72

However, due to the difference in the respective refractive index for
two given wavelengths, each wave will experience a different index
and, therefore, an optical phase velocity. This results in a phase dif-
ference and wave-vector mismatch Δk between the fundamental

FIG. 1. Venn-diagram of the literature census performed prior to this work.
References are grouped based on which mechanism they use to investigate in
explaining the observed phenomena. We can see that the vast majority of
works focus on a singular mechanism (with low amounts of overlap).
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and second-harmonic wave vectors,14,72 k1 and k2. For an ideal
SHG process, the mismatch Δk ¼ 2k1 � k2 is zero, which is only
possible in a limited number of systems, such as birefringent crys-
tals for specific fundamental wavelengths, e.g., congruent lithium
niobate at a fundamental wavelength of approximately 1078 nm
using the correct polarization.14 In most general cases, there will
always be a wave-vector mismatch as is depicted in Fig. 2(a) for a
collinear SHG process.7

While it is difficult to obtain a perfectly matched process in a
collinear geometry, the presence of DWs allows for highly efficient
SHG as used in DW imaging.7,8,17 As mentioned previously, DWs
may serve as a source of (transversal) defect wave-vectors ~G, which
assist in the SHG process according to 2k1 þ G ¼ k2 and, hence,
can compensate for Δk = 0. The necessary defect wave-vectors are
perpendicular to the DWs and the incident fundamental wave as
shown in Fig. 2(a). The result is a non-collinear emission of SHG
signal at a specific angle α with respect to the optical axis, thereby
leading to a solely longitudinal phase-match 2k1 � k2cos(α) ¼ 0.

Similar to its particle physics counterpart, the direction into
which CSHG light is emitted within a medium depends on the
ratio between the speed of light at both the fundamental and
second-harmonic wavelength and, therefore, the respective refrac-
tive indices according to Refs. 21 and 73,

cos(α) ¼ n1
n2

: (1)

Kämpfe et al. have previously shown the existence of collinear
CSHG at inclined DWs in lithium niobate7 as well, which poten-
tially provides additional insight into the DW substructure.
However, as mentioned in Sec. I, in this work, we will assume the
DW to be a 2D boundary between domains and as such will focus

only on non-collinear CSHG, and therefore, we will not consider
any additional substructure of the DW.

The angle α calculated via Eq. (1) is only valid while within
the sample itself. In order for the CSHG light to be detected, it
must leave the sample and is refracted at the sample interface.
In our experiment, we will consider a sample–air interface. As the
refractive index of the crystal is considerably larger than that of air,
the experimentally observed emission angles will, therefore, be larger
than the original emission angle within the crystal. This oblique
emission can enable separation of CSHG from signal contributions
resulting from the aforementioned other two mechanisms, (1) far-
field interference and (3) local changes to the nonlinearity, which are
predominantly emitted in a collinear manner (a comparison of emis-
sion characteristics is presented in Sec. S2 of the supplementary
material).

Based on the difference in the emission direction, we propose
two methods with which to block or isolate CSHG light:

† The first utilizes the collection properties of a microscope objec-
tive lens in a forward direction. The numerical aperture (NA) for
a lens defines the upper limit αu for angles that an objective lens
is capable of either emitting or, more importantly, collecting via
NA ¼ n � sin(αu) ) αu ¼ arcsin (NA=n) with the refractive
index n of the collection environment, usually air (n ¼ 1). Light
traveling at an angle below αu then is collected, while that
emitted at a larger angle than αu cannot. Inversely, for light
emitted from the crystal at a given emission angle αe, there is a
minimum collection NA required to collect the signal. Through
variation of the collection NA, it should, therefore, be possible to
block the collection of CSHG light with a sufficiently small NA.
A principal sketch is shown in Fig. 2(b).

† The second method involves the use of apertures upon the
crystal surface that are deposited in this work by evaporation

FIG. 2. (a) Vector diagrams depicting both collinear and non-collinear phase-matching during SHG. (b) Principal sketch of the collection of an SHG signal from within a
ferroelectric crystal and a visualization of the influence of the collection NA with the incoming laser direction indicated by the red arrow. (c) Sketches of the expected
CSHG signal pattern when using bright-field (c) or dark-field (d) apertures. Color indicates the collection of the CSHG signal, while opacity represents the respective signal
strength. Note that the sketches only consider CSHG light. As a result of the aperture blocking, we observe a number of different region types: (I) full CSHG collection,
(IC) full CSHG collection and collection of collinear signal; (II) limited CSHG collection; (III) no signal collection; and (IV) only collinear signal collection.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 131, 244102 (2022); doi: 10.1063/5.0094988 131, 244102-3

© Author(s) 2022

D
ow

nloaded from
 http://pubs.aip.org/aip/jap/article-pdf/doi/10.1063/5.0094988/16509946/244102_1_online.pdf

https://www.scitation.org/doi/suppl/10.1063/5.0094988
https://www.scitation.org/doi/suppl/10.1063/5.0094988
https://aip.scitation.org/journal/jap


with the help of shadow masks. The apertures consist of either
two regions separated by a well-defined gap, allowing for bright-
field SH microscopy, or a single broader region, granting access
to dark-field SH microscopy. The use of such apertures on the
crystal surface allow for targeted selection of signal contributions
by blocking light of a certain emission direction and point of
emission. The situation for the bright-field aperture is depicted
in Fig. 2(c). Here, collinear SHG light emitted directly beneath
the gap will be able to exit the said gap, while obliquely emitted
CSHG light will experience a lateral displacement while propa-
gating through the crystal and hence be blocked by the aperture
body. Inversely, for a dark-field aperture as shown in Fig. 2(d),
collinear light will be blocked by the aperture, while CSHG light
can pass by the aperture and be collected by the microscope
objective lens. Employing each type of aperture, therefore, leads
to the emergence of a number of regions within the crystal from
which CSHG is either collected or blocked. Example regions are
indicated in Figs. 2(c) and 2(d) in color scale for bright-field and
dark-field SH microscopy, respectively.

For bright-field SH microscopy [Fig. 2(c)], we obtain a total of
four discernible regions with respect to CSHG. The first of these
regions, region IV, is a central triangle with the front crystal surface
as its base from which no CSHG light is collected, as any CSHG
beams experience a sufficiently large lateral displacement to arrive
at the rear surface directly beneath the aperture body. A second tri-
angular region (I) emerges at the rear surface within the gap of the
aperture from which the full collinear and non-collinear signal is
collected. The third region (II) is a split pattern bordering on the
first triangular region. Here, only half of the CSHG light is col-
lected, namely, that which is emitted toward the aperture gap,
forming two stripes on either side of the central triangle. Finally,
we observe a second split region (region III) beneath the aperture
body consisting of two right-angled triangles bordering on the pre-
vious stripes. Within this region, both CSHG light and collinear
signal are blocked by the aperture. It is important to note that the
angle α between both the sides of region IV, as well as region II,
and the optical axis is equal to the CSHG emission angle at a given
wavelength.

In contrast, dark-field SH microscopy [Fig. 2(d)] will show a
complementary pattern to the bright-field variant. Once again, we
see two triangles beneath the aperture. CSHG light emitted from
the triangle based on the front surface (region of type I) is now
fully collected, while the “rear” triangle is entirely blocked by the
aperture body (type III region). In the dark-field image, we can
further differentiate between two sub-types of type I regions,
namely, the pure type I region, from which only CSHG is detected,
and a type-IC region, from which both CSHG and collinear signal
are collected. Furthermore, we obtain similar stripe-shaped regions
of type II from which only half of the CSHG light is collected,
which results in a lower collected signal compared to the surround-
ing type I region.

For each type of aperture, the central triangle (I and IV,
respectively) beginning at the front surface is the main region of
interest as it is here that either the CSHG (bright-field) or collinear
(dark-field) signal is fully blocked by the aperture within said
regions. In the case of bright-field SH microscopy, it is then

possible to analyze only the contributions based on mechanisms
(1) and (2), most importantly at the crystal surface. Similarly, dark-
field SH microscopy allows for analysis of only CSHG contribu-
tions to the signal generated within the crystal, allowing for a more
quantitative analysis.

B. Experiment

The investigated samples are z-cut periodically poled lithium
niobate (PPLN) with a 31 μm periodicity that were cut into 3�
1� 1mm3 (x, y, and z dimensions, respectively) pieces and then
illuminated upon their y-face. Recent works concerning the analysis
of lithium niobate using second-harmonic microscopy have pri-
marily utilized the z-cut geometry,8,21,23 whereas in this work, we
investigate the y-cut geometry to offer a comparison. In order to
observe the effect of an aperture upon the rear surface of the
sample, we evaporated two types of apertures onto the surface of
the samples using physical vapor deposition (PVD) via thermal
evaporation. The apertures consist of an initial chromium layer
with a thickness of 15 nm followed by a thicker gold layer of
135 nm to obtain a desirably low transmission through the aperture
body. The respective aperture type was created with the help of
shadow masks to obtain the desired 100 μm size of the aperture
bodies and gap in the case of the bright-field aperture.

The samples were then examined using a commercial laser
scanning microscope (Zeiss LSM980MP), which uses a tunable Ti:
Sa laser source (Spectra Physics InSight X3, 690–1300 nm, 3,5W,
<120 fs pulse width). Each measurement was recorded in a trans-
missive geometry using a focusing numerical aperture of NA = 0.8.
For the first method outlined above, the collection numerical aper-
ture was varied between NA = 0.10 and NA = 0.55 to study the
effect on the gathered signal. For the second isolation method
using apertures, the collection NA was kept constant at NA = 0.55.
The fundamental pump beam was linearly polarized parallel to the
crystallographic x axis, while the collected SH light was unpolar-
ized, i.e., contained light of all polarization directions.

III. RESULTS AND DISCUSSION

A. Variation of NA

The influence of the collection NA was investigated by record-
ing scans in an xy-plane through the crystal with the laser incident
from the y-direction, while varying the value of the collection NA.
From this depth-resolved scan, the lateral profile was extracted (1)
at the surface and (2) 50 μm below the surface, representative of the
bulk medium (see Sec. S1 in the supplementary material). The
signal originating within the domain region in the surface profiles
was averaged to obtain the surface SHG signal, while a number of
DWs within each profile in (2) were averaged to obtain the normal-
ized DW signal without the influence of surface SHG. Due to our
setup limiting the collection NA to 0.55 as an upper limit, the
signal values obtained were then normalized to the signal collected
with an NA of 0.55, resulting in values between 0 and 1. This is
presented as a scatterplot in Fig. 3(a) for a fundamental wavelength
of 900 nm.

SHG in a bulk medium is the result of dipole emissions
within the medium itself, with said dipoles exhibiting an emission
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pattern proportional to 1� cos2 (α), where α is the angle between
the direction of the dipole and the observed direction in space.
This implies that the maximum signal contribution is at a 90�

angle to the dipole orientation. The largest contributions to the
total signal would be expected closely around the axis perpendicu-
lar to the dipole orientation. In the present experiment, the
x-polarized fundamental beam was incident parallel to the lithium
niobate y axis. Based on the non-linear optical tensor of lithium
niobate, the largest contribution to the generated non-linear

polarization is aligned parallel to the z axis,5 and the maximum of
the dipole emission will, therefore, be parallel to the y axis and,
hence, along the forward direction (see Sec. S2 in the supplemen-
tary material). Our collecting objective lens is located along the y
axis facing the crystal, i.e., in the direction of maximum emission.
The generated SH light should, therefore, be detectable with any
NA larger than zero, with an initial steep increase in the signal,
which flattens out as the collecting NA is increased. We would
assume the SHG stemming from the domains at the crystal surface
to exhibit a similar behavior, as they are expected to follow “tradi-
tional” SHG, whereas we expect a different, if currently unknown,
behavior for the domain walls. The dashed line included in the
figure represents the theoretical behavior for an emitting dipole
within the crystal as one would expect from SHG (see Sec. S2 in
the supplementary material).

We see that for the available collection NA range, the surface
signal behaves roughly like one would expect from a dipole emis-
sion that occurs shortly below the sample surface. That is, an initial
linear increase in the signal with an increase in collection NA
slowly evens out toward our upper NA limit of 0.55. This agrees
well with the expectation that the observable SHG signal from the
domains at the surface is caused by the excitation of local dipoles
within the medium and is emitted in the characteristic 1� cos2 (α)
pattern.

On the other hand, the signal emitted from the DWs shows
drastically different behavior with respect to the NA variation. The
initial linear slope for lower NAs below approximately 0.3 NA is
noticeably flatter, which transitions into a sharp increase in the
signal after a certain threshold NA around 0.4. This increase above
a certain threshold is best explained by the sudden collection of the
CSHG emission by the collection NA when reaching the threshold
NA. This indicates that the variation of the collection NA repre-
sents a valid possibility to filter out the CSHG signal contributions
stemming from ferroelectric domain walls (see Sec. S3 in the
supplementary material).

In order to verify the assumption that the additional signal is
indeed CSHG, the theoretical minimum collection NA required to
collect the CSHG emission at a given wavelength was calculated
and plotted in Fig. 3(b) as the solid lines for three possible polariza-
tion combinations of incoming and detected waves. This is done by
calculating the CSHG emission angle αe based on the refractive
indices provided by Jundt and compiled in Properties of Lithium
Niobate by Wong73 and subsequently the propagation angle αp in
air after refraction out of the crystal, which translates to the
minimum collection NA as NAmin ¼ arcsin(αp).

Additionally, we calculated the discrete derivative of the signal
plotted in Fig. 3(a) and identified the collection NA at which the
change in the discrete derivative was the largest as the threshold
NA for each data set recorded with a number of measured wave-
lengths (900, 950, 1000 nm). These measured thresholds were
added as scatter points to Fig. 3(b). As seen from that figure, the
determined thresholds coincide within the confidence interval with
the theorized minimum required numerical aperture for collection
of a process involving a fundamental wave polarized parallel to the
crystallographic x- or y axis and a second-harmonic wave polarized
parallel to the z axis. Hence, it stands to reason that the signal con-
tribution that results in the sharp increase in Fig. 3(a) is, in fact,

FIG. 3. Subfigure (a) shows the collected SH signal from both the sample
surface and the domain walls within the bulk dependent on the utilized collection
NA for a focusing NA of 0.8 and a fundamental wavelength of 900 nm. We see
two distinctly different behaviors indicative of multiple mechanisms. Subfigure
(b) shows the comparison of the determined threshold NAs for the sharp
increase in DW signal compared to the theoretically expected thresholds.
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caused by CSHG of the proposed model. We can, therefore,
confirm that a variation of collection NA can be elegantly used as a
method to block said CSHG.

As theory and experiment agree for the process generating a z-
polarized SH from an x-polarized fundamental beam, we would
expect the theoretical calculations for other combinations of polari-
zations to coincide with reality equally well. This, however, means
that due to our upper limit of 0.55 NA for the available collection
NAs, our system will have difficulties in analyzing the other two
possible processes, i.e., either the generation of an x-polarized SH
beam from an x-polarized fundamental or the generation of a z-
polarized SH beam from a z-polarized fundamental. Due to our
comparatively low NA limit, we would be unable to detect the
change in the collected signal, as the threshold lies above our avail-
able NA. The analysis would have to be performed at a much
higher fundamental wavelength range above 1140 nm; however,
this wavelength range shows little change in the required collection
NA with an increase in fundamental wavelength, making differenti-
ation of the behavior at specific wavelengths more difficult. We
would, therefore, also expect the results of the experiments involv-
ing the use of apertures to coincide with the (x/y ! z) curve and
will only perform the measurements with an x-polarized funda-
mental beam with the available system, where our upper limit of
NA ¼ 0:55 still permits detection.

B. Inclusion of surface apertures

In addition to the previously fabricated samples with their
respective aperture type, a reference image was recorded with a
third crystal from the same wafer for each wavelength. The two-
dimensional depth scan images are shown in Fig. 4 as a 3� 3 grid
in which the wavelength increases from left to right from 850 to
950 nm in 50 nm steps. Each image shows the front-to-back scan
starting at the bottom of the respective image, with the respective
aperture located at the top of the image. It is important to note
that each aperture type is a different crystal and, therefore, will
show slightly different domain walls due to slight kinks in the DWs
as a result of the poling process.

The images recorded with a fundamental wavelength of
850 nm [Figs. 4(a), 4(d), and 4(g) for reference, bright-field, and
dark-field, respectively] readily show the changes in the signal that
each type of aperture causes. The reference image in Fig. 4(a) dis-
plays both the surface SHG (broader bright horizontal strip along
the bottom of the image) and the CSHG from the DWs (vertical
lines) across the entire image width and shows no discernible influ-
ence of the fundamental wavelength.

As predicted in Fig. 2(c), the presence of a bright-field aper-
ture on the rear surface of the crystal results in the CSHG emission
being blocked from a triangular central region as well as two
further areas directly beneath the aperture body in Figs. 4(d)–4(f ),
comparable to regions III and IV in Fig. 2(c). The CSHG signal
from DWs that was previously visible across the entire image can
now only be seen in two broader streaks of the type II region that
overlap directly beneath the aperture opening at the rear surface.
Additionally, we can observe that the DW signal within this over-
lapping region is stronger than within each separate streak, as the
two CSHG beams emitted either side of the DW are each collected.

Comparison of the signal collected from the type II and type I
regions shows that the signal of the latter is approximately twice as
strong as the former and, therefore, a simple linear superposition.
Finally, the surface SHG recorded directly below the aperture at the
bottom of the image contains only the non-CSHG contributions as
is visible by the dark vertical lines in place of the bright DWs one
can observe in the reference image.

Similar to the bright-field aperture image, the dark-field
images [Figs. 4(g)–4(i)] reproduce the expected pattern shown in
Fig. 2(d). The fully blocked region consists of a smaller triangular
region (type III) directly below the aperture body. Full CSHG, but
no collinear signal, is collected from a larger triangle below the
blocked area with its base on the front surface (type I region) as
well as from either side of the aperture. Similar to the bright-field
case, only half of the CSHG is collected in two diagonal streaks
that overlap directly beneath the aperture [type II regions in
Fig. 2(d)], as one of the CSHG beams is blocked by the dark-field
aperture. Contrary to the prior images, however, this now means
that these streaks appear darker than the surrounding regions
from which the full CSHG signal is collected. Finally, the surface
directly below the aperture body, thus the lower edge of the
central type I region, does not appear to emit any signal. Based
on a comparison of Figs. 4(d) and 4(g), we can already qualita-
tively show that the use of on-surface apertures presents a potent
method for separating SH signal contributions from DWs based
on the absence of the respective signal contribution at the
surface of the sample.

As is visible in Fig. 3(b), the minimum collection NA required
for detection (and, therefore, also the original emission angle
within the crystal with respect to the optical axis) decreases with
higher wavelengths. Based on this, we expect this behavior to be
reproduced in the images recorded with each kind of aperture.
Within each row of Fig. 4, the same aperture type is used and
instead the fundamental wavelength is varied. For the bright-field
images, the lower emission angle results in the central blocked type
IV region decreasing in size for a larger wavelength. At the same
time, it is possible to observe that the shape of the region becomes
more acute, i.e., the angle between the sides of the region and the
vertical axis is smaller due to the lower CSHG emission angle. Both
effects can be observed within Figs. 4(d) through 4(f). Similarly,
the type II region of single CSHG collection shows a slightly
smaller angle with regard to the vertical axis in Fig. 4(f ) compared
to Fig. 4(d), which is to be expected as the said angle should be
equal to the CSHG emission angle αe within the crystal. In the
dark-field images, the entirely blocked type III region increases in
size with an increasing fundamental wavelength, which is expected
due to the progressively lower emission angle at larger wavelengths.

The aforementioned change in angle can readily be explained
by the wavelength dependence of the CSHG emission angle. In
order to verify that the changes in Fig. 4 are in fact caused by
CSHG, the angle between the sides of the triangle and the vertical
axis was calculated, as this angle should be equal to the CSHG
emission angle. This was done by choosing a series of signal thresh-
olds, which were applied to the image as a filter, i.e., pixels with a
higher or lower signal appear white or black, respectively.
This generated a sharper contrast between the region generating
the signal and the region without the signal (see Sec. S5 in the
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supplementary material). This sharper contrast allowed for a more
precise determination of the border between the visible domain
walls and the dark region above them. The top end of each domain
wall within each binary image was located with the image manipula-
tion software ImageJ and translated into the actual position within
the sample crystal. These positions were then used to perform sepa-
rate linear fits of the left and right side of the enclosed triangle using
the standard form of y ¼ Ax þ B. The average slope was calculated
for each wavelength, averaging over the series of signal thresholds.
The average slope A correlates with the angle between the region
flank and the vertical axis α as α ¼ arctan (1=A).

The resulting slope angles for both the left and right flank of
the triangle are plotted for each wavelength alongside the

theoretical CSHG emission angle in Fig. 5. Based on the calculated
threshold collection NAs shown in Fig. 3, we would expect the cal-
culated angles to follow the expected behavior for the (x/y !
z)-process. As is visible in Fig. 5, this holds true for the investigated
wavelengths, as both the general wavelength dependence, i.e., a
decrease in the emission angle with increasing fundamental wave-
length, as well as the actual angles best agree with the curve repre-
senting the (x/y ! z)-process. It is interesting to note that the
angles of the right flank are slightly lower than those of the left
flank; however, this effect is not particularly pronounced and is
assumed to be caused by the non-ideality of the investigated DWs;
i.e., slight kinks or meanderings of the respective DWs result in a
less obvious border to the dark region.

FIG. 4. Two-dimensional SHG scans of lithium niobate crystals using no aperture [(a)–(c)], bright-field aperture [(d)–(f )], and dark-field aperture [(g)–(i)], recorded for a
850, 900, and 950 nm fundamental wavelength. The external scale bars represent the actual dimensions within the crystal. We see the emergence of the expected pat-
terns based on Fig. 2(c) for each aperture type. As mentioned in Sec. II, each type of aperture was created upon a different crystal.
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In addition, the periodicity of 31:7 μm, i.e., a DW every
15:85 μm, results in a lower number of visible DWs, which makes
the determination of the correct slope through all DWs in the
image more difficult. As a result, the margin of error is relatively
large compared to the determined angle at approximately 30% of
the calculated angles due to the fact that the angles to be calculated
are only around 10�–15�. While this may hinder the exact determi-
nation of the CSHG emission angle, the behavior is still best
explained by CSHG of a z-polarized SH beam from an x-polarized
fundamental wave.

C. Strength of CSHG

On-surface apertures not only allow us to qualitatively separate
the signal contributions stemming from different SHG mecha-
nisms, but also to make initial quantitative statements concerning
the comparative strength of CSHG. This can be done by analyzing
and comparing the SH signal generated at the front surface of the
crystal for the case of the bright-field aperture with that of the ref-
erence crystal. This was done by extracting the horizontal line-
profile across the image at the position of the crystal surface. Each
profile was then normalized to the respective signal level of the
domain region, i.e., the surface signal of the crystal itself. Figure 6
shows the extraction location from within the bright-field image
along with the respective line-profile at the surface. In the reference
scans, the DW signatures consist of positive peaks compared to the
surrounding domain, whereas the DW signatures are local minima
if CSHG emission is blocked [compare Figs. 4(a) and 4(d)]. This
results in two distinct profiles as shown in Fig. 6(b), where the

FIG. 5. Inclination angles of the region from which the CSHG signal is blocked,
calculated from the average slope A of the triangular region in Figs. 4(d)–4(f )
as α ¼ arctan (1=A). It is possible to compare Fig. 5 to Fig. 3(b) as the mea-
sured threshold NA is related to the emission angle α via NA ¼ nLN sinα; i.e.,
the axis of Fig. 3(b) is a rescaled counterpart of the axis shown in Fig. 5. In
comparison with Fig. 3(b), the emission angles calculated from the average
slope are slightly further from the theoretically expected curve.

FIG. 6. Subfigure (a) shows the region and lines from which the signal profiles
were extracted in order to calculate the comparative strength of CSHG for the
case of the bright-field image recorded at 900 nm. Subfigure (b) depicts the nor-
malized profiles for both the bright-field and reference image at 900 nm. The
red-dashed line represents the qualitative profile calculated for a dipole emitter
placed at the front surface and verifies that the parabolic shape of the actual
profile is not caused by the loss of CSHG signal contributions. Subfigure (c)
shows the normalized signal profile across the reference crystal at a fundamen-
tal wavelength of 900 nm.
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profiles for both a bright-field aperture and a reference scan are
depicted on the top and bottom, respectively. In order to verify that
the observed profile envelope was not a result of the blocked
CSHG, we qualitatively simulated the expected profile with an iden-
tically sized sample assuming a surface with no DWs but similarly
with a bright-field aperture on the rear surface. The curve repre-
senting this theoretical profile is underlaid in Fig. 6(b) for the
bright-field curve.

The theoretical calculations reproduce a similar parabolic enve-
lope as observed in the experimental data, in that we observe a
maximum at the center of the aperture gap and a decrease in the
gathered signal toward either side. The sharper decline of the experi-
mental signal is thought to be most likely caused by dissipative
effects within the sample itself, which were not considered in the
simplified calculation (see Sec. S6 in the supplementary material).
Additionally, the calculation simply assumes a point-shaped dipole
placed at the front surface from which the amount of the collected
signal is determined. However, due to the diffraction limited size of
the focus spot, a larger region of the crystal will generate an SH
signal, and consideration thereof would result in a narrower parab-
ola, closer to the measured profile.

Recent simulations by Rüsing et al.6 have shown that the sig-
nature of a DW illuminated by an x-polarized beam incident along
the crystal y axis, as investigated in this work, should indeed be a
local minima with a relative value of approximately 60% of the sur-
rounding domain signal. The bright-field measurement that
excludes any CSHG emission shows a ratio between the DW signa-
ture and the surrounding domain signal of 0:23, slightly below the
contrast between DW and the domain simulated from the signal
stemming from phase interference and local changes to the non-
linearity. The performed simulations were at the time focused on
the backward-emitted signal stemming from the DWs. In general,
however, forward-emitted SHG is noticeably stronger due to,
among other effects, a considerably higher coherent interaction
length of the SHG process (compare Amber et al.5). As such, it
seems reasonable that the contrast ratio between the surface signal
and the DW signature is lower in the forward-emitted case. In
comparison, the ratio between the DW signature and the domain
signal in the reference scan, i.e., with all mechanisms participating,
is considerably higher at approximately 4.5. The CSHG contribu-
tions must overcome the destructive interference of the collinear
signal, i.e., must compensate for the difference between the DW
signature and the domain signal of 0.77. We would, therefore,
assume that the pure CSHG signal would possess a normalized
value of 5:27, which is approximately 22 times stronger than the
DW signature in the collinear case.

Additionally, the normalized profiles are plotted in Fig. 7 for a
variation of the collection NA. As with the use of the aperture, we
observe a switch from a positive to negative DW signature at the
surface for sufficiently low collection NAs and, therefore, the same
behavior as when using on-surface apertures. The amplitude of the
DW signatures for both edge cases is also similar to those of the
aperture images, i.e., approximately 3.2 for the maximum NA of
0.55 and 0.2 for the lower limit of 0.10 NA. This serves as a further
indicator that both experimental methods applied in this work can
be used to isolate SHG signal contributions for future separate
analysis.

IV. CONCLUSION

In this work, we have investigated methods with which it is
possible to separate signal contributions in second-harmonic
microscopy. It was shown that obliquely emitted CSHG light can
be blocked from the detector path by decreasing the numerical
aperture of the collection objective lens. Furthermore, the use of
on-surface apertures can be used to either isolate CSHG or block it,
which allows studying the effects of phase interference and changes
in the local non-linearity of DWs under SH microscopy. Finally,
we have gained an initial estimate on the comparative strength of
CSHG compared to both other mechanisms as well as showing that
all three effects occur simultaneously and, therefore, require differ-
entiation during quantitative analysis.

While SH microscopy is without a doubt a potent and flexible
tool for the investigation into novel systems, more work is required
to separate and fully understand the underlying physical behavior
(s). Analogously to Cherifi-Hertel et al.10 and Spychala et al.,3 the
mechanism of CSHG requires future detailed analysis, investiga-
tion, and quantitative modeling. The inclusion of polarimetry
could allow for an additional parameter with which to select

FIG. 7. Line profiles extracted at the surface of the reference sample while
varying the collection NA. Similar to the use of apertures, we can observe the
change from the positive DW signature at higher NA to the negative signature of
the same magnitude of 0.2 for lower NA, i.e., the collection of the purely collin-
ear signal.
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certain signal contributions, thereby allowing for a more selective
investigation of material properties under SH microscopy.

Ideally, this first investigation into the isolation and properties
of CSHG can form the basis of a more detailed understanding of
SH microscopy on ferroelectric domain walls.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information on the
data extraction procedures, emission behavior analysis, calculation of
the emission angles, and expected surface profile as well as further
insight into the influence of the variation of the collection NA.
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