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Abstract

The interplay between surface morphology and ferroelectric domain structure on triglycine sulfate (TGS) (010)
cleavage faces is investigated by voltage-modulated scanning force microscopy in the dynamic contact mode. A reso-
nance enhancement method is exploited to increase imaging contrast and sensitivity to slight variations of surface
polarity. Evidence of electric contrast of the structural nuclei forming due to surface reconstruction of the TGS cleavage
face, is provided, further supported by second harmonic measurements. Lateral growth at ambient conditions and high
mobility of the surface nuclei relative to the spontaneous ferroelectric domain motion after cooling from above T, is
detected. Surface charge screening by the conductive liquid film that condenses on the cleavage surface and its interface
dynamics are suggested to determine the kinetics of surface nuclei during ferroelectric domain coarsening and the
formation of a zig-zag domain boundary. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction mental methods. Scanning force microscopy (SFM)
offers the possibility to detect and even manipu-
late polarization domains on ferroelectric surfaces

down to the nanoscale range, useful for both

The potential utilization of ferroelectric materi-
als in a wide range of applications as well as the

revived interest in fundamental problems related to
ferroelectricity has stimulated intensive research
exploiting recent advances in microscopic experi-
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practical applications and the study of ferroelec-
tric and related structural phenomena at the sub-
microscopic scale [1-4].

Among the various SFM techniques, voltage-
modulated SFM (VM-SFM), which relies on the
electric/electromechanical response to an external
modulation voltage [1,5-7], is attracting increasing
attention as a very sensitive method to study po-
larization domains and their dynamics on ferro-
electric surfaces [§-21]. A thorough study of the
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frequency response in contact mode of VM-SFM
and its implications on domain contrast mecha-
nisms has revealed a pronounced resonance effect,
which can greatly enhance the force signal and the
sensitivity of the method to slight variations of
surface polarity [22].

Triglycine sulfate (TGS), whose domain struc-
ture has been extensively studied over the last de-
cades [23,24], is a suitable material to explore the
capability of SFM to probe its domain and sur-
face morphology [25-36] and to study domain
dynamics on the nanoscale [11,18-21,25,26]. TGS
undergoes a typical second order phase transi-
tion at the Curie temperature 7, = 49°C, with the
vector of spontaneous polarization () along the
b-axis. Various 180° domain configurations may
form in the ferroelectric phase, the most common
being those of rod shape along the b-axis with
lenticular cross section in the ac plane [27].

Selective etching between antiparallel domains
on the hygroscopic TGS cleavage surfaces in am-
bient conditions [28] has been used to differentiate
domain polarity. The corresponding surface mor-
phology comprising round holes and islands sepa-
rated by steps of height /2 ~ 0.6 nm, may arise
from dissolution/recrystallization processes taking
place in the adsorbed water layer on the crystal
surface [25,26]. Although the identification and
differentiation of these surface patterns from ferro-
electric domains by SFM is far from straight-
forward [29-31], their structural origin has been
verified by topographic and friction force micro-
scopy studies [32-34]. Friction force contrast within
and between domains has been analyzed with re-
spect to the different molecular composition of the
domain surfaces and asymmetric surface potentials
in TGS [35,36]. The time evolution of the round
islands has been found to comply with the growth
of two-dimensional nuclei in supersaturated so-
lution [37]. Recently, water-assisted surface re-
construction, probed topographically by SFM in
conditions of controlled humidity, has been related
to the molecular and crystal structure of TGS,
surface mass transport and minimization of the
total energy of the domain ends [38,39]. However,
the role of structural nuclei and surface charge
screening in the process of domain coarsening has
not been explored.

In this work, we have applied VM-SFM with
resonance enhanced contrast, to investigate the
relation of surface nuclei to the ferroelectric do-
main structure on freshly cleaved TGS faces, at
ambient conditions. A diverse electric response of
surface nuclei compared to that of ferroelectric
domains is observed and verified by second har-
monic measurements. The instability of the do-
main interface, giving rise to the formation of a
zig-zag boundary, along with the growth and mo-
bility of the surface nuclei with respect to ferro-
electric domain kinetics, is also observed and
associated with the interface dynamics of the
charged surface layer.

2. Experimental method

SFM measurements were performed in the dy-
namic contact mode using the voltage modulation
technique [1]. The method is based on the appli-
cation of an ac voltage between the conductive
tip and the rear sample electrode. Polarization-
dependent forces due to the electrostatic tip—
surface interaction and the local piezoelectric
deformation of the sample modulate the cantilever
bending at the excitation frequency, which is de-
tected by means of lock-in techniques [5-7]. The
main advantage of VM-SFM is that strong domain
contrast can be obtained with no essential corre-
lation with topographic features, which may
interfere in the domain images acquired by non-
contact or friction SFM measurements [22].
Quantitative analysis of the force signal is difficult
due to the competition of electrostatic and elec-
tromechanical effects [6,7,11,19], which can vary
according to the mechanical response of the can-
tilever [22] and the particular surface properties
including the presence of dielectric screening layers
[40]. Recently, we have shown that resonance en-
hancement in the dynamic contact mode operation
of VM-SFM can be achieved by the excitation of
resonant modes of the cantilever vibration result-
ing in a marked amplification of the force signal,
despite the constraint imposed on the tip motion in
contact conditions [22,41].

Measurements were performed using a home-
built SFM that implemented voltage-modulation
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[18,19]. Doped silicon cantilevers (p ~ 0.01 Qcm)
from Nanosensors™, with resonance frequencies
of about 15 kHz and nominal spring constants
of about 0.1 N/m, were used. Slices (thickness &~
0.5-1 mm) of TGS single crystals were cleaved
along the (010) plane, in air, with no further
treatment. An ac voltage was applied between the
conductive tip and the sample mounted with ther-
mally conducting paste on a flat metallic electrode.
The modulation frequency was varied between
10 and 100 kHz, with a peak-to-peak amplitude of
5 V. A dual lock-in amplifier was used to record
the amplitude (R) and phase (6) or the in-phase (X)
and out-of phase (Y) components of the normal
cantilever oscillations simultaneously with the
topographic image. A dithering piezoslab, utilized
in the non-contact mode, was used for viscoelas-
tic measurements [22], while thermal treatment
and temperature stabilization were carried out
using a temperature controller integrated in the
microscope head [18].

To optimize detection conditions, the cantilever
deflection signal was measured as a function of
modulation frequency on the studied TGS speci-
mens. Fig. 1a shows an example of the frequency
dependence of the domain contrast function in
its real (Cy) and imaginary (Cy) parts, calculated
from the corresponding X and Y components of
the ac signal, measured at two positions corre-
sponding to domains of opposite polarity. Con-
trast enhancement, inversion and nullity can be
clearly seen as a function of modulation frequency,
in good agreement with our previous results [22,
41]. Fig. 1b shows the frequency variation of con-
trast amplitude which exhibits a sharp resonance
peak centered at 64 kHz (FWHM = 1.5 kHz) that
differs significantly from the two resonance peaks,
namely at 12.0 and 80.0 kHz, of the freely vi-
brating cantilever (Fig. 1c). These spectra were
measured under the same excitation conditions as
in Fig. 1a, but with the tip retracted out of contact.
Such behavior can be explained by the excitation
of a modified resonance mode of the cantilever,
when the tip is in contact conditions [22]. The
latter mode is at much higher frequency than the
fundamental mode of the free cantilever. Tuning
the modulation frequency to the resonance peak in
contact conditions provided the enhanced sensi-

o
8
(@]

IS
8
(@)

o

Contrast [arb. units]
N
8

_zw 1 1
50 55 60 65 70 75 80

Frequency [kHz]

T T M T T

600 -

400

200

|IC(w)| [arb. units]

0 20 40 60 80 100
Frequency [kHz]

T T T T

1000 .

500 - .

Amplitude [arb. units]

1 " 1 " 1 " 1

0 . 20 40 60 80 100
Frequency [kHZz]

Fig. 1. Frequency spectrum of (a) the real Cy(w)=
X(rt,w)-X(r,w) and imaginary Cy(w) =Y(r",w)-Y(r , o)
part of the contrast function C(w) = Cy(w) + iCy(®), calcu-
lated from the corresponding in-phase (X) and out-of-phase
(Y) signal components for two tip positions, " and »~, within
oppositely polarized domains, (b) domain contrast amplitude
|C(w)] in contact conditions, and (c) amplitude of the ac signal
out of contact conditions.

tivity, necessary to reveal the finest details of the
measurements reported hereafter.

3. Results
3.1. Formation of a zig-zag domain boundary

Fig. 2 shows successive domain images record-
ing the amplitude signal (R) on a cleaved TGS
(010) surface under ambient conditions, 90 min
after cleaving the specimen. Scanning over a rela-
tively large sample area revealed an extended
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Fig. 2. Domain (R) images at increasing magnifications of a freshly cleaved TGS surface. The images correspond to scan size of (a)
60 x 60 um?, (b) 20 x 20 pm?, (c) topography corresponding to the previous image, with z extension range of 6 nm, (d) 9.3 x 9.3 um?,

(e) 4.2 x 4.2 um?, (f) 1.5 x 1.5 um?.

domain with distorted lenticular shape embedded
in a matrix of opposite polarity, as shown in Fig.
2a. The amplitude on the two oppositely polarized
domain areas reveals two different signal levels
(R, # R_), indicating the presence of an intrinsic
dc offset voltage, which alters the amplitude of
the force signal on the two domain states [41]. The
origin of this dc bias can be explained by the
contact potential difference at the interface be-
tween tip and sample and possibly the presence of
different screening conditions of the domain areas,
as suggested below. Moreover, the amplitude at
the domain boundary appears depleted, in accord
with the suppressed force signal at the domain wall
[8].

Images of the same area at higher magnification
revealed a zig-zag domain boundary at the right-
side of the domain wall, which deviates consider-
ably from the pointed ends expected for the usual
lenticular domain shape (Fig. 2d-f). The zig-zag
wall extends approximately over 6 pm, with a
period of about 1 um, and shows non-uniform
contrast (Fig. 2f). The simultaneously acquired
topographic images (Fig. 2¢) show the saw—tooth
steps characteristic of a TGS cleavage surface [30-

33]. The cleavage steps can be traced on the do-
main images by the faint lines most clearly seen in
Fig. 2d and e. Such a topographic effect may ap-
pear in domain images due to the local distortion
of the tip—sample capacitance at the cleavage steps
[11].

Zig-zag 180° domain walls have been occasion-
ally reported at much larger spatial scales in the
course of switching by sinusoidal fields or in the
static domain structure of aged TGS crystals [24].
Their formation might be related to the domain
boundary instability induced by the small tilting of
180° domain walls, which in this case become
charged, relative to the direction of P, [24]. At
tilting angles exceeding a critical value, the domain
boundary may loose its stability under the action
of the electric field component due to the bound
charge of the domain wall that becomes higher
than the coercive field, and transform into the zig-
zag form. Apart from differences in the screening
conditions of opposite faces of ferroelectric sam-
ples, inevitably realized in the tip—sample—elec-
trode configuration, tilting of 180° domain walls
may be further enhanced in real crystals by the
interaction with defects acting as pinning sites of
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the domain walls and causing their static defor-
mation [24].

In this respect, the observation of a stable and
distorted domain with substantial necking and the
zig-zag shaped wall seems to comply with the sta-
bilization effect of defects and impurities causing
the formation of residual domains on TGS crystals
and the deformation of the domain boundaries.
However, an alternative and meaningful explana-
tion for the peculiar zig-zag domain wall can be
suggested in terms of the surface charge screen-
ing process by the conductive water layer and its
interface dynamics, as will be discussed below
(Section 4).

3.2. Formation of surface nuclei

Inspection of the same image series (Fig. 2)
shows that numerous round islands exhibiting
considerably higher image contrast than that of
the cleavage steps, have been progressively re-
solved on the right-hand domain polarity, while no
trace of them could be discerned on the oppositely
polarized domain area (Fig. 2d-f). According to
etching [28] and SFM studies [29-39], these round
islands can be identified with the structural nuclei
due to the chemical interaction of the TGS surface
layers with the thin water film condensed on the
cleavage face, when kept at ambient conditions.
This etching process has been found to produce a
distinct surface decoration, most pronounced on
the positively charged domains (spontaneous po-
larization P, pointing out of the sample surface)
that etch more strongly due to the increased dif-
fusion rate of positive glycinium ions [28-39].

3.2.1. Linear electric response

The electric contrast of the round nuclei invari-
ably attains the highest value of the total domain
contrast in all domain images for this sample.
Histogram analysis of the corresponding images
(Fig. 2d-f), reveals three distinct R signal levels.
The highest one corresponds to the round nuclei
(Ry =~ 66) and the two lower ones (R, =~ 57, R_ ~
27) to the opposite domain polarities. Comparison
of the former Ry value with the average domain
signal, (R, +R_)/2, serving as reference back-

ground, yields an increase of approximately 20%
for the amplitude signal over the round nuclei with
respect to that of the domains. A rough approxi-
mation of the tip—surface interaction in contact
mode of VM-SFM with a simple plate capacitor
model, shows that the first harmonic signal stem-
ming from either the piezoelectric or electrostatic
effect is proportional to the product of P, and
permittivity of the material [42]. Even though this
analysis of the force signal neglects screening effects
and the asymmetric electric field distribution in the
vicinity of the probe tip, a definite difference be-
tween the linear electric response of the surface
nuclei and the surrounding domain area can be
inferred.

3.2.2. Temporal evolution

Time dependent measurements on freshly
cleaved TGS specimens at ambient conditions
confirmed the formation of round islands with
significant polarization contrast in several cases,
even though ferroelectric domain walls were not
always detected on the surfaces inspected. Fig. 3
shows examples of such domain images where the
R signal at a modulation frequency of 64 kHz,
corresponding to the resonance peak in the fre-
quency spectrum of Fig. 1, has been recorded. The
domain images 60 and 300 min after cleavage of
the specimen (Fig. 3a and b), show that the ob-
served round nuclei grow laterally in accord with a
previous topographic SFM study [37]. However,
we could not identify the critical radius below

Fig. 3. Domain (R) images of the TGS (01 0) surface recorded
(a) 60 min and (b) 300 min, after cleavage. The radius of the
nuclei enclosed in the dotted circle in (a) is  ~ 150 nm. Scan
size 4.2 x 4.2 ym?.
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which the round nuclei shrink and eventually
disappear, even for the smaller nucleus (r =~ 150
nm) depicted in the imaging frame (Fig. 3).
Measurements on TGS specimens, after pro-
longed exposure to the atmosphere for several days
after cleavage, showed significant etching on ferro-
electric domains of both polarities. Fig. 4 shows
such an ‘aged’ TGS surface, exposed to the envi-
ronment for more than five days after annealing at
temperatures above 7., and several weeks after
cleavage. Successive magnifications on the lamellar
domain pattern (Fig. 4a), which exhibits strong
domain contrast at the resonance frequency, re-
veals extensive coverage with irregularly shaped
etch patterns of both areas corresponding to op-
positely polarized domains (Fig. 4b and c).

3.2.3. Second harmonic electric response

To explore the origin of the observed nuclei,
viscoelasticity and second harmonic VM-SFM
measurements were performed on the same surface
area that is shown in Fig. 3. Viscoelasticity imag-
ing, using the same excitation frequency of 64 kHz,
gave no sign of contrast for the round nuclei, in-
dicating a uniform mechanical response. Accord-
ing to the same approximation of the tip-sample
interaction in VM-SFM [5-7], measurements at
the second harmonic of the excitation frequency
ought to be sensitive to electrostriction and/or
permittivity of the sample. If the gap between tip
and sample is sufficiently small, as in the present
contact mode measurements, the second harmonic
signal is proportional to the square of the sample
dielectric permittivity, independently of the electric
or electromechanical origin of the force signal [42].
To exploit the resonance effect for enhanced sec-
ond harmonic imaging, measurements were car-
ried out on the same surface area at modulation
frequency of 32 kHz, that is half the resonance
frequency, and lock-in detection of both first and
second harmonics of the ac signal [41]. The sec-
ond harmonic images exhibit faint contrast of the
round nuclei compared with spurious adsorbed
surface features characterized by a different di-
electric constant. Accordingly, histogram analysis
of the R signal in both first and second harmonic
images, reveals a rather small contribution of

Fig. 4. Domain images of an ‘aged” TGS (010) surface after
prolonged exposure to ambient conditions. Scan size (a) 20 X
20 um?, (b) 4.2 x 4.2 um?, and (c) 1.5 x 1.5 um?.

permittivity to the signal for the round nuclei,
further supporting an appreciable deviation of
their polarization response from the surrounding
domain polarity.
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3.3. Surface nuclei and domain relaxation

Given the significant domain relaxation in TGS
samples after cooling through the ferroelectric
phase transition [11,18,21,25], the relative time
evolution of surface and domain nuclei was stud-
ied on a cleaved TGS specimen. The sample was
annealed at 60°C for 60 min and then cooled at a
rate of 4°C/min to 24°C. Shortly after thermal
equilibration, a relatively coarse domain pattern
was detected, which evolved slowly for the first 90
min. Fig. 5 shows the subsequent evolution over
125 min, which was monitored recording the am-
plitude (R), in-phase (X) and phase (0) signals. The
images reveal relatively large domains, with irre-
gular shaped walls along with the formation of
round nuclei with varying lateral dimensions. Slow
coarsening of the domain pattern occurs within the

R X=Rcos0 0

Fig. 5. A sequence of domain images at the TGS (010)
cleavage surface after cooling from 60°C to 24°C. The images
are recorded in the amplitude (R), in-phase (X) and phase (0)
signal components, at time intervals of (a) 0 min, (b) 11 min, (c)
30 min, (d) 60 min, (e) 50 min, (f) 75 min, (g) 103 min, (h) 112
min, and (i) 125 min. The offset time after thermal equilibrium
at 24°C until the pattern of (a), taken as reference time, is 90
min. Scan size 35 x 35 um?.

first 30 min (Fig. 5a—c). The round nuclei show
now a slightly lower polarization signal compared
with the surrounding domain area, in the corre-
sponding R images (Fig. 5a, d and g), while their
diverse electric response can be clearly discrimi-
nated by the intermediate contrast level compared
to that of ferroelectric domains on the X and 0
images. In most cases, the round nuclei become
slightly stretched along the horizontal scan direc-
tion. Moreover, the central nucleus B (Fig. 5a),
which lies very close to the center of the imaging
frame, where the SFM tip rests after each scan, has
a much faster rate of lateral growth than the sur-
rounding nuclei.

Subsequently, domains expand laterally and
progressive rounding of their necks occurs through
the sideways wall motion at a faster coarsening
rate, eventually leading to their coalescence (Fig.
5d-i). In the same time interval, the large surface
nuclei 4 and B show significant mobility, while
smaller nuclei seem to be absorbed by the coalesced
domains. In particular, the two large nuclei 4 and
B gradually become confined by the growing do-
mains. After domain coalescence, they migrate in
order to adjust their position inside the domain
area of the same polarity or even to the curvature
of the ferroelectric domain boundaries.

4. Discussion

Based on extensive investigations of the struc-
tural morphology of these surface nuclei [29-39],
their polarity can be, in principle, presumed to be
that of the underlying domain area. However,
molecules of air, primarily water vapor that con-
denses on the crystal surface, can essentially modify
the surface properties on a freshly cleaved speci-
men. Relying on the higher solubility rate of a
positive domain end [28], dissolution of the cor-
responding TGS monolayer (comprising positive
glycinium and negative sulfate ions) is expected to
occur due to the adsorbed water film. The disso-
lution process would be further accompanied by
screening of the surface charge, as the surface water
film is a conductive electrolyte. Accordingly, a
diverse electric response of the surface nuclei from
that of the surrounding domain area may occur,
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depending essentially on the modification of the
screening conditions of the newly formed nuclei.
This explanation complies with the previous sug-
gestion that the observed nuclei may correspond to
regions with poor screening of the spontaneous
polarization, inferred from the observation of
‘erasure’ of the corresponding SFM contrast after
voltage pulses or local illumination [30].

Assuming that part of the positively charged
monolayer on the crystal surface is dissolved by
the water film immediately after the cleavage,
transportation to other regions including the nega-
tively charged surface may occur with the passage
of time. The latter is in accord with the non-
uniform domain contrast observed on both do-
main polarities after prolonged exposure to the
atmosphere (Fig. 4). The growth of surface nuclei,
the zig-zag shaped domain boundary and the high
mobility of surface nuclei relative to the temporal
transformation of the ferroelectric domain struc-
ture, may then be determined by the interface dy-
namics of the conductive water film. This process
bears close resemblance to the problem of elec-
trodeposition in electrolytic solution and solidifi-
cation, where interface instabilities may give rise
to zig-zag shaped boundaries [43,44]. In this case,
the zig-zag domain boundary may form due to
the instability of the plane front of the water film
growing in the process of electrolysis.

The different dissolution rates of positive and
negative domain surfaces and the consequent
modification of charge concentration in the cor-
responding screening layer, may lead to an ad-
ditional contribution to the dc potential offset
deduced from the inequality of the amplitude lev-
els of the VM-SFM signal on oppositely polarized
domains. Further, another possible contribution
to the surface dynamics due to the probe tip in-
fluence [32,45] might be inferred from the distor-
tion of the nuclei’s shape along the scan direction
and the relatively high rate of lateral growth of
nucleus B in Fig. 5. Even though we have not
observed polarization switching below the tip, it is
possible that the high electric field density on the
apex of the conductive tip [17] might cause redis-
tribution of the screening charges when acting for
sufficient time over the same local area, and thus
promote the mobility of surface nuclei.

5. Conclusions

Resonance enhancement of sensitivity in volt-
age-modulated SFM operated in the dynamic
contact mode, provides a very effective method to
investigate the surface morphology and its electric
response relative to the static and dynamic ferro-
electric domain structure of cleaved TGS surfaces.
Round structural nuclei, due to the water-assisted
reconstruction of the TGS cleavage surface at am-
bient conditions, exhibit different electric contrast
with respect to that of oppositely polarized do-
mains. This effect has been associated with the
different screening conditions induced by the con-
ductive water film. The formation of a zig-zag
domain boundary, the growth and mobility of the
surface nuclei occurring during the coarsening of
the ferroelectric domain structure, has been related
to the interface dynamics of the conductive water
layer.
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