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Abstract. We present a full analysis of the contrast mechanisms for the
detection of ferroelectric domains on all (x, y and z) faces of bulk single
crystals using scanning force microscopy. The experiments were carried out with
hexagonally poled lithium niobate to ensure access to a well-defined domain
structure on every crystal face. The domain contrast can be attributed to three
different mechanisms: (i) the thickness change of the sample due to an out-of-
plane piezoelectric response (standard piezoresponse force microscopy), (ii) the
lateral displacement of the sample surface due to an in-plane piezoresponse and
(ii1) the electrostatic tip—sample interaction at the domain boundaries caused
by surface charges on the crystallographic y- and z-faces. A careful analysis
of the movement of the cantilever with respect to its orientation relative to
the crystallographic axes of the sample allows clear attribution of the observed
domain contrast to the driving forces.

! Author to whom any correspondence should be addressed.

New Journal of Physics 11 (2009) 033029
1367-2630/09/033029+14$30.00 © IOP Publishing Ltd and Deutsche Physikalische Gesellschaft


mailto:soergel@uni-bonn.de
http://www.njp.org/

2 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Contents

1. Introduction

2
2. Experimental methods 3
2.1. Movements of the cantilever . . . . . ... ... ... .. ... ........ 4
2.2. Samplerotationstage . . . . . . . .. ... e 4
2.3. Friction between the tip and the sample . . . . . . .. ... ... ... .... 5
2.4. Crosstalk compensation . . . . . . . . . . . . .. ... 5
2.5. Sample properties and sample preparation . . . . . ... ... 6

7

9

9

2

3. Movements of the sample surface underneath the tip

4. Experimental results and discussion
4.1. Imaging of all faces of LINDO; . . . . . . . . . . . ... . oL

4.2. Lateral imaging of the y-face of LINDO; . . . . . . . .. ... ... ... ... 1
5. Conclusions 12
Acknowledgments 13
References 13

1. Introduction

Ferroelectric materials are attracting increasing attention owing to numerous applications such
as frequency doubling via quasi-phase matching [1], high-speed laser beam deflection [2] or
ultrahigh density data storage [3]. These applications require the controlled structuring of the
materials with ferroelectric domains, in which the typical size varies from a few microns down
to a few nanometers. The performance of the above-mentioned devices strongly depends on the
accuracy of the domain patterns, and that is why a non-invasive imaging method with good
lateral resolution is highly desirable. In the last 15 years, piezoresponse force microscopy
(PFM) has become a standard technique for mapping ferroelectric domains [4, 5]. This is
mainly because of its ease of use and high lateral resolution of <20nm without any special
sample preparation [6]. The detection of ferroelectric domain patterns with PFM is based on
the fact that ferroelectric materials are necessarily piezoelectric [7]. For PFM, a scanning force
microscope (SFM) is operated in contact mode with a voltage applied to the conductive tip.
This voltage causes local thickness changes of the ferroelectric sample underneath the tip via
the converse piezoelectric effect. The tip follows these thickness changes leading to a deflection
of the cantilever that can be read out with a segmented photo-detector.

In contrast with other visualization techniques for ferroelectric domains [8], PFM is not
restricted to specific crystallographic orientations. Recording the torsion of the cantilever,
thereby revealing an in-plane movement of the sample surface, also enables mapping of domain
structures on crystal faces which do not exhibit an out-of-plane response due to thickness
changes of the sample [9]. To obtain full information on the domain structure of the sample,
it is essential to record deflection and torsion of the cantilever simultaneously. Furthermore,
recording the same area after rotation of the sample by 90° is indispensable, since torsion
depends on the orientation of the cantilever with respect to the in-plane driving forces. To draw
accurate conclusions from those measurements on the ferroelectric domain structures, however,
a detailed analysis of the possible movements of the cantilever is required. Consequently,
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measurements on single crystals with a well-defined domain configuration provide a better
understanding of the PFM contrast mechanisms.

First experiments simultaneously recording the deflection and the torsion of the cantilever
were carried out on bulk barium titanate crystals [10, 11]. Only a few studies on other
bulk crystals exhibiting a- and c-domains have been reported since [12]-[17]. Although the
possible deformations of a single crystal owing to the piezomechanical response are known,
and even more detailed analytical calculations have been carried out (especially for the situation
of PFM) [18], there has not been a quantitative experimental investigation of the surface
deformations underneath the tip so far. Also on thin films, several experiments simultaneously
recording the deflection and the torsion of the cantilever have been reported [19]-[27]. These
materials, however, are not suitable for a deeper understanding of the PFM detection mechanism
since the domain orientation of every single grain is not unambiguously known in advance.
Note that vector PFM [23] does not fulfil the requirements for obtaining full information on the
domain configuration of the sample as it does not imply a second image of the same area after
the rotation of the sample by 90°.

In this paper, we present a thorough investigation of PFM imaging on all crystal faces of
hexagonally poled lithium niobate (LiNbOs) crystals. All faces show a distinct domain contrast,
which on the x- and y-faces was found to depend strongly on the relative orientation of the
cantilever with respect to the crystallographic axes. We therefore upgraded our PFM set-up with
a high-precision PC-controlled rotation stage. Performing angular-dependent measurements of
the deflection, torsion and buckling of the cantilever, we determined the origins of the domain
contrast on each crystal face.

This paper is organized as follows. We start with a detailed description of the experimental
methods (section 2). Then we focus on our explanation of the domain contrast on the x- and
y-faces (section 3). Since this model has not been described so far, this section will be very
detailed. The last section (section 4) presents the experimental results obtained for all, i.e. the
x-, y- and z-faces of a hexagonally poled lithium niobate crystal. Here, we present angle-
dependent measurements (section 4.1) to support our explanation for the domain contrast.
Finally, images of the y-face are analyzed in more detail, confirming the proposed contrast
mechanisms (section 4.2).

2. Experimental methods

For the experiments, we use a commercial SFM modified to allow the application of voltages to
the tip, and thus to be utilized for PFM. Therefore, the instrument is operated in contact mode
with a voltage U applied to the tip, the rear side of the sample being grounded. Applying an
electric field £ to a piezoelectric sample of thickness ¢ leads to a piezomechanical deformation
At = Edt, with d being the appropriate piezoelectric tensor element. Depending on the
direction of E, the sample contracts (A¢ < 0) or expands (A¢ > 0). In the case of the voltage U
being applied to the sample with the help of the tip—although the electric field distribution is
strongly inhomogeneous—a comparable crystal deformation can be measured as fot Eds=U,
but is reduced due to clamping [28]. Since the piezoelectric response of the sample is very small,
typically of the order of 10 pm V™!, an alternating voltage is applied to the tip (U = 5 Vi, f =
30-60 kHz) and the response of the cantilever is read out with the help of a lock-in amplifier.
This contrast mechanism is generally used for PFM and will be called ‘standard PFM’ in the
following. A more detailed analysis of the technique of PFM can be found elsewhere [4, 5].

New Journal of Physics 11 (2009) 033029 (http://www.njp.org/)


http://www.njp.org/

4 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

(a) (b) Vertical
PSD @ T S|gnal
- FT Deflection E F Torsion c%
F > <
bUCk/'T‘\ tor % £ Q. Lateral
F ‘ — 5 — I R signal
defl F, Buckling Buckling

Figure 1. (a) Forces acting on the tip leading to deflection (Fgeq), torsion (Fiy)
and buckling (Fpuek). (b) The out-of-plane force Fyq leads to a deflection of
the cantilever which is independent of its orientation with respect to the surface
normal. For the in-plane forces Fi,, and Fyu, the response of the cantilever
depends on its orientation with respect to the driving forces. (c) Deflection and
buckling are detected as vertical signals, whereas torsion results in a lateral signal
on the position-sensitive detector (PSD).

2.1. Movements of the cantilever

Basically, the cantilever can perform three movements: (i) deflection as a result of an out-of-
plane force F| acting along the axis of the tip as well as (i1) torsion and (ii1) buckling if an
in-plane force F acts perpendicular to the tip (figures 1(a) and (b)). Note that deflection is
independent of the orientation of the cantilever with respect to the surface normal. An in-plane
force F| acting on the tip perpendicular to the cantilever axis results in torsion, whereas an
in-plane force acting along the cantilever axis leads to buckling. Thus, a rotation of the sample
by 90° transforms a torsional signal into a buckling signal and vice versa.

Unfortunately, a separate read out of all three signals is not possible since both deflection
and buckling are detected in the same read out channel as a ‘vertical signal’ (figure 1(c)). Torsion
can, however, be clearly distinguished as it is read out as a ‘lateral signal’. To determine whether
a vertical signal is caused by deflection or by buckling, the sample must be rotated. All angular-
dependent contributions to the vertical signal can then be attributed to buckling.

2.2. Sample rotation stage

To determine the direction of the in-plane driving force F) acting on the tip, angular-resolved
measurements were carried out. We therefore put the SFM on a home-made lifting platform and
mounted the sample on a high-precision, PC-controlled rotation stage (Newport URMS80). The
latter was mounted on top of two piezo-driven translation stages in order to position the rotation
axis precisely underneath the tip (figure 2). The obtained accuracy was such that on a full
revolution the tip describes a circle of <3 um radius on the surface. Another set of translation
stages, mounted on top of the rotation stage, was used to position the sample underneath the
tip. The whole set-up was stable enough to operate the SFM, while rotating the sample. To
adjust the pivot of the rotation stage, the displacement of a cross with 20 um wide stripes was
watched closely during rotation with the help of an optical microscope. The fine alignment was
conducted with a periodically poled LiNbO; (PPLN) sample with a domain width of 4 um.
Comparing two PFM images recorded before and after rotation of the sample by 180° allowed
us to determine the misalignment and thereafter to correct it with the piezo-driven translation
stages underneath the rotation stage (figure 2). This adjustment had to be repeated for every new
cantilever since its mounting is not precise to an accuracy of a few microns.
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Figure 2. Schematics (left) and photo (right) of the set-up for angular-dependent
measurements. The piezo-driven translation stages at the bottom allow a precise
positioning of the rotation axis with respect to the tip. The translation stages on
top of the rotation stage are used to position the sample.

This set-up allowed us to record SFM images at specific angles between the cantilever and
the crystallographic axes of the sample. The adjustment of the cantilever axis with respect to the
crystallographic axes was performed by recording large PFM images of PPLN and is precise to
about 1°. Furthermore, we performed angular-dependent measurements with the tip stationary,
referred to as ‘rotation scans’ in the following. These scans were carried out with the help of
a LabView program controlling the rotation stage as well as the lock-in amplifiers. For data
acquisition, we waited 100-1000 ms at every new angular position (10 times the time constant
of the lock-in amplifier) to let the microscope calm down after the braking of the rotation stage.

2.3. Friction between the tip and the sample

Whenever in-plane forces are present, the question of how these forces are transferred to the
tip arises. Thus special attention has to be paid to the friction between tip and sample surface.
Therefore, we realized a test set-up depicted in figure 3(a), where we mounted a single-domain
LiNbOj crystal on top of a shear piezo driven with an alternating voltage Upc. We grounded the
tip and the top side of the shear piezo to avoid additional electrostatic forces between the tip and
the sample. In this set-up, only in-plane forces act on the tip, resulting in torsion and/or buckling
of the cantilever, depending on the relative orientation between the sample movement and the
cantilever axis (figure 3(b)). The tip was found to follow the surface movement perfectly for a
frequency of f < 100kHz and an amplitude of 4 < 300 pm. Within this parameter regime, the
in-plane displacement of the surface is perfectly transferred to the cantilever without any onset
of sliding.

2.4. Crosstalk compensation

The aim of attributing the measured signals accurately to the respective driving forces requires
a crosstalk-free detection of the vertical and the lateral signals. Usually, the two signals are
not fully separated due to a misalignment between the plane of the read-out laser beam and
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Figure 3. (a) Test set-up for determining the friction between the tip and the
LiNbOj crystal surface. (b) The transition from buckling to torsion upon rotation
of the sample is shown for three selected directions of sample movement relative
to the cantilever axis.

the orientation of the position sensitive detector. The set-up with the shear piezo can be used
to adjust for the crosstalk, while the tip is in contact with the sample. Torsion and buckling
can be excited separately by adjusting the direction of the shear piezo movement relative to
the cantilever axis with the help of the rotation stage. False signals caused by crosstalk are then
corrected with an electronic circuit [29]. This method of crosstalk compensation is advantageous
insofar as it is performed under the same conditions as the measurements carried out later on
(contact mode, bent cantilever and outstretched SFM piezo tube).

2.5. Sample properties and sample preparation

The experiments were carried out on congruent lithium niobate (LiNbO;) crystals. Here,
we briefly summarize the crystal’s relevant properties. LiNbO; belongs to the point-group
3m [7]. The piezoelectric coefficients can be found in [30]: d», =21 pm V™!, d33 =7pm V™!,
dis=69pmV~! and d3; = —1 pm V~!. These values were determined for bulk crystals in a
homogeneous electrical field, i.e. samples covered with large electrodes. In the case of PFM,
however, one electrode is realized by the tip leading to a strongly inhomogeneous electric
field inside the crystal. As a consequence, clamping occurs [28]. To obtain useful values for
this geometry, we determined the ratio of the piezomechanical responses of the y- and z-faces
directly by PFM using single-domain samples cut out of y- and z-cut wafers. The ratio was
found to be d»; : d33 = 1 : 5. Interestingly, this ratio is d»; : d33 = 3 : 1 using the values from [30]
for the case of a homogeneous electric field.

The nominal value for the surface polarization charge on the z-face of LiNbO; is
0.7 C m~2 [30]. However, compensation of the charges takes place, which is assumed [31] and
experimentally verified [32] to be of the order of 1000 under ambient conditions. Indeed, we
have evidence for a domain-specific surface charging also on the y-face. Firstly, we measure a
strong force between the charged tip and the sample surface at distances >10 um. We attribute
this long-range force to electrostatic interaction. Note that neither on glass nor on the x-face
of LiNbOj; is similar behavior observed during tip sample approach. Secondly, the lateral
signal at the domain boundaries on the y-face (sections 4.1 and 4.2) implies a domain-specific
surface charging [32]. From comparative measurements, we believe the surface charging on the
y-face to be % to i as large as on the z-face. Although y-face charging has not been explicitly
reported so far, it has already been observed [33] and it is also possible from theoretical
considerations [34].
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Figure 4. Schematics of the hexagonally poled LiNbO;3; (HexLLN) sample used
for the investigations. The periodicity of the corresponding domain structures on
the side faces is indicated, together with the orientation of the polar c-axis.

For the experiments, we used a hexagonally poled LiNbO; (HexLN) crystal as depicted in
figure 4. All faces were optically polished. The different period lengths of the domain structures
on the x- and y-faces allow an unambiguous identification of the face under investigation.
The sample size was (5 x 7 x 0.5) mm?. To exclude effects from a possible misorientation of
the sample cuts relative to the crystallographic axes, we also prepared samples where half
of the x- and y-faces were polished at angles of 5° and 10°. The slants, however, did not affect
the results significantly.

During the experiments it turned out that special care has to be taken of the mounting of
the sample. Any local variation of the grounding electrode was observed to have an influence
on the measurements, presuming an angular dependence of the signals measured when rotating
the sample. For this reason, the side faces (x and y) were investigated with the sample mounted
upright between two plastic (not metal!) brackets. For the measurements on the z-face, the
crystal was placed on a large grounded metal plate with 2 cm diameter.

3. Movements of the sample surface underneath the tip

Applying a voltage U to the tip results to a first approximation in a radial field distribution if
the tip is described by a sphere. Usually in PFM, only the out-of-plane component £, of the
electric field, perpendicular to the sample surface and thus along the axis of the tip, is taken
into account, causing a thickness change of the sample. A few publications also discuss shear
deformations of the sample caused by £, [10, 16, 23, 24, 35]. With a few exceptions [18, 36,
37], the in-plane components £ of the electric field, parallel to the sample surface, are generally
neglected as they are presumed to cancel out because of the rotational symmetry of the electric
field. This argument, however, does not hold in general. The contributions of the piezoelectric
deformations caused by opposed electric field components ££ can add up to a net movement
of the surface. Thus, for a full analysis of the deformation of the sample surface, all components
of the electric field have to be taken into account. For our analysis, we consider the five principal
directions of the electric field, choosing the notation such that they follow the crystallographic
axes, 1.e. when the tip is on top of an x-face, the electric field component £, is called E,, and
the in-plane components £ are consistently called £, and £E..
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Figure 5. In-plane displacements along the z-axis of a single-domain, x-cut
LiNbO; crystal underneath the tip. (a) This figure shows the initial situation
without the SFM tip. A small volume experiencing later the electric field from
the tip is marked in dark grey. The black lines symbolize the crystal lattice planes.
In (b) the effect of the electric field components £, is depicted. The shift of the
lattice planes takes place within the limits of the small volume. In (¢) the effect of
shearing owing to the electric field component £, is shown. In this case, however,
the slanted lattice planes go beyond the limits of the small volume.

In the following, we present a step-by-step analysis of the deformation of the x-face of a
single-domain LiNbOj; crystal underneath the tip when a voltage U is applied to it (figure 5).

e The effect of E, on the piezoresponse of the sample owing to the longitudinal tensor
element d;; can be easily calculated since dj; = 0 for LiNbOj, and thus the thickness
change is Ax =d;; U =0.

e The electric field component +E, causes an expansion along the z-axis (Az =ds; U),
whereas the opposing component — E, leads to a contraction of the crystal (Az = —d33 U)
by the same amount (figure 5(b)). As a result, an in-plane displacement of the surface
underneath the tip along the z-axis occurs. In other words, within a small volume
experiencing both electric field components, +E, on the right and —FE, on the left, the
crystal deformation is of two different types (expansion and contraction), which balance
each other. Hence, the outer limits of the small volume remain unaffected (no stress!).
These considerations can be adopted for the whole volume of the crystal experiencing the
electric field of the tip, as for every volume contracting there exists a corresponding volume
expanding by the same amount.

e Analogously, the electric field components &£, together with the longitudinal tensor
element d,, lead to an in-plane displacement of the surface along the y-axis.

e The effect of £, on the piezoresponse of the sample owing to the shear tensor element d;s
is schematically depicted in figure 5(c). Within a small volume experiencing the electric
field E, the crystal deformation is of only one type, e.g. a shear strain to the right. As a
consequence, stress occurs at the outer limits of this volume. Because of the surrounding
material, however, this deformation will be suppressed. The fact that the electric field £,
decays within the crystal and therefore the limits of the small volume are not rigid does
not make any significant difference. This only implies that clamping is dispersed along the
decay length of the electric field E,, but the overall net effect persists.
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Figure 6. Top view of the in-plane displacements underneath the tip on all
faces of a bi-domain LiNbOj; crystal according to the contraction/expansion
model. On the x-face (a) the contributions of d», and ds; add up. On the y-face
(b) only ds3 contributes to the displacement (d;; = 0). On the z-face (c), the three
contributions owing to d;, cancel out due to the crystal’s symmetry.

Figure 6 shows the consequences of the considerations listed above. The x-face performs
an in-plane deformation underneath the tip at an angle of & = arctan(d,,/d3;) = 11° relative to
the crystallographic z-axis (figure 6(a)), as can be calculated from the ratio of the piezoelectric
tensor elements previously determined by PFM measurements. Note that shearing would lead to
a surface displacement at a different angle of ¢ = arctan(—2d,,/d,5) = —31°. Thus, the precise
measurement of the direction of the surface displacement is a key experiment to validate the
proposed model of contraction/expansion and suppressed shearing.

On the y-face, there is a net thickness change of the sample Ay =d,, U. For the
in-plane deformation (figure 6(b)), the same considerations as described above apply. The
+FE, components of the electric field lead to Ax =d;; U =0 since di; =0. The *+E,
components result in an in-plane deformation of the surface along the z-axis (6 =0°).
In this crystal orientation, shearing would lead to a surface displacement at an angle of
¢ = arctan(—2d,,/d;s) = —31°, and again the precise measurement of the direction of the
surface displacement is a key experiment to validate the proposed model.

On the z-face, there is a net thickness change Az = ds; U, yielding the standard PFM
signal. Because of symmetry considerations, the three contributions to an in-plane deformation
along the crystallographic y-axes should cancel out (figure 6(c)). Note that this argument
holds only for a perfect rotationally symmetric electric field, which is difficult to realize in
experiments.

4. Experimental results and discussion

4.1. Imaging of all faces of LiNbOj;

Figure 7 summarizes our experimental results. We always recorded the vertical and the lateral
signal simultaneously, so (a) and (b), (d) and (e) and (g) and (h) were recorded during the same
scan. All images show a clear domain contrast: in (a), (b) and (d) only the domain faces can be
seen, in (e) and (h) only the domain boundaries and in (g) a combination of both. On every face,
we also performed rotation scans, i.e. the sample was rotated by 360° during data acquisition.
For an unambiguous attribution of the recorded signals to the in-plane driving forces, we show
the data for the lateral signal in (¢), (f) and (i). For the x- and y-faces, the pivot of the rotation
axis was set such that the tip performs a circle of a few tens of micrometers radius on top of the
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Figure 7. Vertical (a, d, g) and lateral (b, e, h) images (60 um x 30 um) of all
three faces of the HexLLN sample. Bottom row: lateral signal during 360° rotation
scans given in arbitrary but identical units. On the x- and y-faces, those rotation
scans were performed on the HexLN sample. For the rotation scan on the z-face,
we used a single-domain crystal. For the x- and y-faces, 8 denotes the angle
between the axis of the cantilever C and the z-axis of the crystal (8 = 0°: C || z).
For the z-face, an angle of 8 = 0° corresponds to an orientation of the cantilever
perpendicular to one of the three y-axes (8 =0°: C L y).

surface, thus crossing several domains during full rotation. Thereby, we recorded the data for
both domain faces simultaneously, seen as the two sinusoidal curves connected by the jumps in
the graphs. The rotation scan on the z-face was performed on a single-domain LiNbO; crystal.

4.1.1. Measurements on the z-face. Investigations of the z-face of the crystal are shown in the
last column of figure 7. In the image recorded with the vertical signal (standard PFM), the —z
faces of the hexagonal domains appear dark on the bright +z face (figure 7(g)). Furthermore,
all domain boundaries are clearly visible, the upper ones in white and the lower ones in black.
The image recorded with the lateral signal (figure 7(h)) shows no contrast of the domain faces
and reveals only part of the domain boundaries; white on the right, black on the left, but no
signal at the top and bottom. We explain the signal at the domain boundaries by the electrostatic
interaction between the charged tip and the electric fields perpendicular to the domain walls. The
electric field is generated by the differently orientated domains carrying surface polarization
charges of opposite polarity. Note that a former assumption where the signal at the domain
boundaries was explained via the slope at the domain walls [36, 38] has not been confirmed so
far. A detailed analysis of the origin of the lateral signal at the domain boundaries can be found
elsewhere [32].

Surprisingly, the rotation scan on the z-face (figure 7(i)) shows a clearly resolvable lateral
signal although the contributions of the three identical y-axes were expected to cancel each
other out (figure 6(c)). This result can be explained as follows: the tip has an inclination with
respect to the surface normal of approximately 20°. The inclination leads to a slight asymmetry
of the electric field and thus the contributions from the three y-axes do not exactly cancel
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each other out. The three maxima reflect the trigonal symmetry of LiNbO; indicating the three
crystallographic y-axes. Note that this signal is smaller by a factor of 500 when compared with
those on the two other faces (figures 7(c) and (f)).

4.1.2. Measurements on the y-face. Investigations of the y-face of the crystal yield the
following results. Figure 7(d) shows the domain faces recorded with the vertical signal. This
contrast is produced by both a deflection of the cantilever (standard PFM) and its buckling
caused by the in-plane deformation along the z-axis of the crystal. The image recorded with
the lateral signal shows only the domain boundaries (figure 7(e)), which we explain, as on
the z-face, by electrostatic interaction. This lateral signal at the domain boundaries is a strong
indication for the domain-specific surface charging on the y-face.

The rotation scan shows a lateral signal on the domain faces, which is found to be maximal
at B =90° (figure 7(f)). Since for a maximum lateral signal, the cantilever must be oriented
perpendicular to the driving force (section 2.1), it follows that the in-plane displacement
of the surface occurs at & =0° and therefore along the z-axis as was expected from the
considerations above (figure 6(b)). This result agrees favorably with the proposed model of
contraction/expansion and suppressed shearing.

Note that figure 7(e) only shows the domain boundaries and figure 7(f) only the domain
faces, although both were recorded with the same (lateral) signal. This can be understood as
follows. Figure 7(e) was recorded at § = 0° where the rotation scan in figure 7(f) passes a
zero-crossing, i.e. the domain faces are not viewable in the lateral signal. The fact that the
rotation scan shows no peaks at the domain boundaries (i.e. at the jumps between the two
sinusoidal curves) is due to the limited number of data points recorded. The interplay of the
two contributions to the lateral signal on the y-face of the crystal will be presented in detail in
section 4.2.

4.1.3. Measurements on the x-face. The experimental results obtained on the x-face of the
crystal are shown in the first column of figure 7. In the image recorded with the vertical signal
(figure 7(a)), a clear contrast of the domain faces can be seen. Although unexpected on first sight
(because d; = 0), this can be explained as follows: the in-plane deformation of the surface is
expected to occur at an angle of & = 11°. Thus, recording images with the cantilever oriented
along the z-axis (8 = 0°) leads to both buckling (caused by the contribution of d53) and torsion
(due to dy;). That is why a contrast of the domain faces can be observed with the vertical as well
as the lateral signal (figures 7(a) and (b)).

To determine the direction of the in-plane surface displacement on the x-face, we
performed the rotation scan shown in figure 7(c). The zero-crossing in the lateral signal was
found at g = 11°. Since for a minimum lateral signal the cantilever must be oriented parallel to
the driving force (section 2.1), it follows that the in-plane displacement of the surface occurs at
6 = 11°. Again, this result agrees favorably with the proposed model of contraction/expansion
and the assumption of suppressed shearing.

As regards a comparison of the experimental data with the analytical calculations from
other groups [ 18], no definitive conclusions can be drawn at the moment. The actual discrepancy
between our experimental results and their analytical predictions might be because their model
in its present state does not account for any dielectric anisotropy [39].
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Figure 8. Lateral SFM signal on a y-face of LiNbOj; recorded for three different
angles B between the cantilever and the z-axis: (a) 8 = —10°, (b) B = 0° and (c)
B = +10°. The graphs below show line scans indicated by the dashed lines in
the images. The schemes on the left and on the right illustrate the origin of the
lateral signal on the domain faces in (a) and (c). Because of the angle between
the movement caused by ds; and the cantilever axis, torsion of the cantilever
occurs, leading either to a bright (=) or to a dark («) contrast of the domain face.
For clarity the cantilever, and thus its orientation, is sketched too. The peaks at
the domain boundaries are attributed to the electrostatic interaction between the
tip and electric fields originating from surface polarization charges.

4.2. Lateral imaging of the y-face of LiNbO;

The interplay of the two contributions to the lateral signal on the y-face of the crystal caused by
the two different contrast mechanisms (in-plane surface displacement along the z-axis (6 = 0°)
and electrostatic interaction) can be seen in figure 8. The three images were recorded at different
angles B between the cantilever and the z-axis of the crystal. With the cantilever oriented parallel
to the z-axis (8 = 0°) only the electrostatic signal at the domain boundaries can be observed
(figure 8(b)). Also the line scan shows no contrast of the domain faces. If the sample is rotated,
the direction of the in-plane deformation of the surface is no longer parallel to the axis of the
cantilever (8 = 0° but 8 # 0°) resulting in a lateral signal on the domain faces. Obviously, the
contrast on the domain faces is inverted when rotating the sample from g = —10° to 8 = +10°
(in figure 8(a) the narrow domain is dark, whereas in figure 8(c) the narrow domain is bright).
This can be explained as follows: if the response of the sample is in phase with the driving
voltage, the lock-in amplifier yields a positive signal, showing up as a bright domain face, and
vice versa. During rotation of the sample from g = —10° to +10°, the direction of the in-plane
surface displacement leading to torsion reverts and, consequently, the phase of the response is
shifted by 180°, resulting in the inversion of the contrast on the domain faces.

5. Conclusions

In this study, we have carried out a thorough investigation of the origin of the domain contrast
on all faces of LiNbOj; single crystals. A clear domain contrast was observed on all crystal faces.
Upon close inspection, we attributed the domain contrast to a superposition of three different
mechanisms: (i) standard piezoresponse force microscopy originating from a thickness change
of the sample, (i1) a piezomechanically caused in-plane displacement of the surface owing to an
expanding/contraction movement and (iii) the electrostatic interaction of the charged tip with
the electric fields at the domain boundaries on the crystal’s y- and z-faces.
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In order to perform these experiments, we upgraded our scanning force microscope,
mounting the samples on a high-precision rotation stage. It has thus become possible to
investigate a well-defined area at different orientations of the cantilever with respect to
the crystallographic axes of the sample. This technical issue in combination with the full
understanding of the detection mechanisms now allows us to determine the orientation of the
polar axis of any arbitrarily orientated ferroelectric sample.
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