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Abstract. The topography of the intersection of ferroelastic W domain walls with (100)
surfaces of lead phosphate, 3BOs)2, has been imaged with tapping mode atomic force
microscopy (TMAFM). Spontaneous deformation of the ferrophase leads to a cleavage plane
which forms a zig-zag profile along W domain walls. The predicted angle ob57®&etween

two adjacent domains on a (100) surface is confirmed by TMAFM observations. Surface
deformation has no influence on this angle due to the dominance of the long-range spontaneous
strain. Furthermore, W domains end as needle-like structures and TMAFM observations show
that there is no detectable change in the local surface deformation in the vicinity of these needle
tips.

1. Introduction

Ferroelasticity appears below a critical temperafir&nd leads to the formation of domains.
These domains are macroscopic deformation states described by the supergroup—subgroup
relation of the corresponding ferroic system transforming from a paraphase to a ferrophase.
Domains in the ferrophase represent energetically equivalent orientation states given by
spontaneous strain tensors [1,2]. In soft ferroelastics mechanically different domains can
be reoriented by the application of external stress.

The integration over all ferroelastic domains leads to a pseudosymmetric average
symmetry which corresponds to the paraphase symmetry. Ferroelastic domains are separated
by walls with finite width [3]. Sapriel [4] showed that all permissible walls are described
by symmetry operations of the prototype phase which do not belong to the ferrophase. The
walls were described as plane walls with an orientation predictable from the ferroelastic
strain. The reorientation of the critical quantities, i.e. the strain between neighbouring
domains, has been considered on an atomic level as dislocations such that the lattices on
either side of the wall correspond to each other by a simple rotation referred to a coordinate
system linked to the wall [5]. This approach allowed the description of the intersection
of perpendicular running walls of different type classified as W and \Bxperimental
observations of the domain structure morphology showed, however, that theoretically
predicted angle characteristics can in real crystals strongly deviate from the ideal angles
[6]. Modern HRTM studies on such domain formations lead to theoretical descriptions
which require gradient terms and complex elasticity theory to describe the picture on a
local scale [7].
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One of the best studied ferroelastic model systems with precisely determined strain
tensor components and domain structure is lead phosphaieé? @, [3,4,8-12]. The
global symmetry reduction of improper ferroelastic lead phosphate3is—C2/c. The
ferroelastic transition has been described using a three state Potts model [13]. The structure
of the high-temperature phase consists of interconnected chaipsPB@)—Pb(1)-Pb(2)-
PO, parallel to the threefold inversion axis. The monoclinic ferrophase is characterized
by displaced lead atoms perpendicular to the threefold axis, parallel to the binary axis
of the C2/c¢ phase and weakly deformed P@etrahedra [14]. The material belongs
to the ferroelastic species witBm F2/m domain pattern described by W and’ Walls
corresponding to pseudomirror planes and pseudobinary axis respectively. Because of the
ferroelastic deformation the (100) cleavage plane of lead phosphate crystals appears to be
bent at the trace of W walls. The aim of the present work is to visualize the resulting
three-dimensional pattern in ferroelastic lead phosphate for the first time using atomic
force microscopy. Geometrical features and theoretically predicted deformation states are
discussed.

The W walls represent pseudomirror planes, nani&h3) and (113) in the monoclinic
phase. The Wwalls contain the pseudobinary axis [011] or 9-and separate ferroelastic
orientation states by a 12Cotation around the1[11] axis or by 60 in corresponding
intersections (figure 1). W and Wvalls show perpendicular intersections [15]. The rotation
angles of neighbouring domain lattices differ by an angle

® =,/ 3(6%1 + eig)

from the ideal angles predicted by the symmetry reduction [5, 6, 9].

Because of small non-stoichiometries in lead phosphate crystals zig-zag shaped W wall
configurations were observed [15, 16]. The zig-zag shaped W domains show a typical wall—
wall distance 0f~0.020 mm in PR(PQy), and decreasing distance with increasing impurity
concentration. The rotation angieleads to a curvature of the needle tips which decreases
with increasing temperature and vanishes at the ferroelastic transition point together with
the domains. A system of zig-zag domains shows a typical strain profile described by a
tanh form similar to that of a single Wdomain running perpendicular to it [15].

The orientation of the walls in the bulk is described by simple geometrical relations of
the lattices and symmetry elements below and above the ferroelastic transition point. The
angle between the monoclinic binary axis [010] and the trace of the W walls along [031]
on the cleavage plane (100) is

tamp = Cmon/(3bmun)-

The angley is 30° in the paraphase of lead phosphate an®28at room temperature
[10]. Because of the spontaneous deformation of the ferrophase the angle between the
pseudomirror plane W and the cleavage plane (100) is less tifanT®@ exact value for
lead phosphate is 875. This leads to a cleavage plane which forms in fact a slight
zZig-zag profile along the W wall (figure 2). Instead of 1&h angle of 17%5° joins the
(100) plane on either side of the wall. The profile can vary in case of inhomogeneous
strain distribution and with the density of the walls. However, it is not clear whether the
17855 degree angle, which has been predicted from bulk properties, does actually appear
on Ply(PQy), surfaces or whether it is different due to the local surface deformation.

First AFM images of ferroelectric and ferroelastic domains have been published
previously [17-19]. In this paper we describe the inclination angle of the surface and
the changes of the angle on approaching a needle tip, studied with tapping mode atomic
force microscopy.
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Figure 1. (a) Ferroelastic W domains in RtO4)2 under an optical microscope with crossed
polarizers. (b) Closeup view of the marked area in (a). (c) Optical Mireau interference pattern
on a (100) surface of BOPOy),.

2. Experimental details

Atomic force microscopy (AFM) is a technique which provides quantitative topographic
data of solid surfaces. A sharp tip, which is attached to a cantilever-like spring, tracks the
sample surface with sub-nanometre resolution. Therefore, molecular topographic features on
a solid surface can be imaged on a routine basis. Tapping mode atomic force microscopy
(TMAFM) is a new AC mode of operation, where the tip oscillates vertically near its
resonance frequency, with the tip slightly tapping the sample surface. Consequently, the
amplitude of the oscillating tip is reduced compared to the amplitude of free oscillation
without tapping the sample surface [20]. In TMAFM this change of amplitude is used to
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Figure 2. Ferroelastic W domains in BPQy)2. The domains are oriented parallel to [031].

Due to the spontaneous deformation of the ferrophase the angle between W and the cleavage
plane (100) if less than 90 A (100) cleavage surface forms a zig-zag profile with a typical
angle of 17865°.

track the sample topography. The tip—sample interaction is significantly reduced compared
to conventional contact mode AFM and potential tip artefacts due to high loading forces
(e.g. friction, sample destruction) do not occur.

We have used a Digital Instruments Dimension 3000 AFM with Si single-crystal high-
aspect-ratio tips. Cleaved RPQ,), samples were mounted on a glass mount, thus enabling
us to select suitable sample areas optically (with crossed polarizers) before imaging that
same area with TMAFM. The amplitude of the oscillating cantilever was reduced only
slightly during imaging (soft tapping). Piezo creep of the AFM scanner potentially results
in incorrect topographic data of the sample surface. Since quantitative information about
the sample surface is crucial in order to confirm theoretical predictions about the surface
deformation, we have applied slow scan rates<6f2 s™* at a scan size of 2&m resulting
in a scan speed of about/m s2.

3. Results and discussion

Ferroelastic domains in RPOy), can be observed optically using crossed polarizers, due
to their reoriented optical indicatrices and slight distortion in the bulk (figure 1(a), (b)).
Additionally, due to the spontaneous deformation of the ferrophase the angle between
W and the cleavage plane (100) #90°. The (100) cleavage surface forms a zig-zag
profile with a typical angle of 1785 (figures 1(c), 2). The optical Mirau-interference
pattern using a commercial interferometer and an optical microscope confirms the narrow
zig-zag pattern of the (100) surface (figure 1(c)). The theoretically derived value is very
well confirmed in the limits of error£0.2°) by TMAFM observations of freshly cleaved
Phy(POy), surface (figures 3, 4). The ferroelastic domains were mechanically induced before
cleaving the sample. Molecular steps clearly run across the domain boundary. Detailed
topographic analysis in the vicinity of W walls show that they appear as rounded surface
features in TMAFM images with a radius of curvature of about 50 nm rather than as sharp
edges. However, in TMAFM a tip with a finite end radius of curvature scans the sample



AFM study on ferroelastic domains in §BO;), 8401

b)

nM & RN
8 . _ . ]
8y AN

200 400 800 800

o

178.7°
=
? ¥ ¥ T
0 5.0 10.0 15.0

M

Figure 3. (a) TMAFM image of two ferroelastic domains in RB0y), forming a wedgelike
feature on the (100) surface (scan size: X155 um?). Molecular cleavage steps are clearly
visible as well as macro-steps. (b) The angle between these domains is abatit Wrch
agrees quite well with the theoretically predicted value of 838 On a smaller scale the W
domain wall appears as a curved surface feature (see inset).

surface and it is a common phenomenon in scanning probe microscopy that sample surface
features which are sharper than the AFM tip are not imaged perfectly [21]. The AFM
tip is actually imaged by the sample surface! Therefore, we have used Si high-aspect-
ratio tips with a radius of curvature of approximately 10-20 nm which is smaller than
the observed radius of curvature of thes@0,), surface in the vicinity of W domain

walls and hence an imaging artefact can be excluded. However, tfi@®@M, surface

might have been altered chemically and the observed rounded surface features may not
represent the original unaltered surface. It is well known that crystal surfaces can be quite
reactive when exposed to ambient conditions [22]. However, recent theoretical concepts
[23] consider the possibilities of transient pattern dynamics and nonlinear, nonequilibrium
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Figure 4. (a) Ferroelastic W domains on a (100) surface of(Ply), (scan size: 22 22 um?).

(b) Cross-section along the indicated line in (a). The angle between these domains is in the
range of 17&° even though the domain size is smaller compared to the domains shown in
figure 3.

phenomena of domain formations leading to wall bending. Houchmandztdah[24]
correlated interfaces and ripple states of domain walls with metastable modulated textures
in ferroelastic crystals close to the crystal surface. Our observations may therefore show
the correct lattice relaxation with modulations close to the wall.

In addition to simple parallel W domain configurations we have imaged the surface of the
complex arrangements of W domains, which have been observed optically (figure 1(b)) and
with TMAFM (figure 5(a)). Again, molecular as well as macro steps are clearly visible. In
figure 5(b) the TMAFM amplitude data are given in addition to the height data (figure 5(a)).
TMAFM amplitude data basically represent the error signal of the feedback loop system
which keeps the amplitude of the oscillating tip constant while scanning over the sample
surface, thus tracking the surface topography. Therefore, geometrically uniform oriented
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Figure 5. (a) TMAFM height data of ferroelastic W domains on a (100) surface af R&y)»
(scan size: 86« 90 um?). (b) Amplitude data of the same surface area. Since amplitude data
represent the error signal of the feedback loop, grey scales indicate surface tilt.

surface areas, e.g. W domains with constant tilt angle, result in a constant error signal and
are displayed with the same colour in the amplitude data representation (figure 5(b)). Thus
bright areas represent thin domains with adjacent wider domains (dark) having constant
surface tilt.

The W domains end as needle-like structures which can be clearly seen optically and
in TMAFM images (figures 1, 6). Such wall profiles in materials with pinning centres have
been treated theoretically by Salje and Ishibashi [25]. Based on the Landau—Ginzburg and
elasticity theory the authors calculated wall trajectories and their tip curvature for needle
domains. Our experiments verify for the first time the profile of an anisotropy-dominated
needle with a parabolic trajectory (for details see [25]). TMAFM amplitude data show that
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Figure 6. TMAFM amplitude data of ferroelastic W domains on a (100) surface af®@y)2
(scan size: 6& 60 um?). The W domains end as needle-like structures—indicated by arrows.
There is no detectable change in the local surface deformation in the vicinity of a needle tip.

there is no detectable change in the local surface deformation in the vicinity of a needle end.
Furthermore, our observations confirm no change in the tilt angle of adjacent W domains
even for changing wall-wall distances. However, since the limits of error observations of
the tilt angle is about @°, a smaller change cannot be excluded (figure 6).

In conclusion, TMAFM is a powerful method for studying the surface deformation of
ferroelastic materials. The observed inclination angle on the (100) surfaces@ @y
confirms well the theoretically predicted value of 158. Obviously, the surface
deformation has no detectable influence on that angle because of the dominance of the
long-ranging spontaneous strain. Furthermore, on the scale of our observations, we have
even not detected local changes of that angle in the vicinity of W domain needle ends which
agrees well with the predictions by Salje and Ishibashi [25]. Combined TMAFM height
data and amplitude data are therefore ideal for representing the regular zig-zag profile of
materials with large ‘strain’ tensor components, likes@y,), with &17 ~ 2%.
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