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Surface charge density and evolution of domain structure in triglycine sulfate determined
by electrostatic-force microscopy
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A dynamic contact mode operation of electrostatic-force microscopy~EFM! with an ac modulation has been
developed and used to investigate the domain strucutre and dynamics of a triglycine sulfate single crystal.
Well-separated topographic and domain contrast images have been obtained by detecting the force instead of
the force gradient in the dynamic contact mode operation of EFM. Surface charge density and the anisotropic
domain wall thickness have been measured. The evolution of domains embedded in an oppositely polarized
larger domain indicates the existence of a significant interaction between domains of the same polarity.
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I. INTRODUCTION

Ferroelectric materials have drawn considerable inte
in recent years due to their wide application potential in,
example, laser optics and storage devices. The most pro
ing application of ferroelectric materials seems to be a n
nonvolatile semiconductor memory device. However, th
are several problems such as electrical degradation and
main dynamics, which need to be solved or understood
fore the realization of a practical application of ferroelect
materials.

In order to facilitate the application of ferroelectric mat
rials, it is, therefore, necessary to observe or control the
mation of domain structures in ferroelectric materials.

Domain structures of ferroelectric materials have be
studied by several methods such as surface etching, su
decoration, or electron microscopy, which are either dest
tive methods or require a special sample treatment. On
other hand, the recently developed scanning probe mic
copy~SPM! proved to be very successful in taking images
the domain structure in ferroelectric materials.1

Advantages of SPM for the domain study are as follow
~i! it is a nondestructive method with no need of any spe
treatment,~ii ! it allows a nanoscale visualization of the d
main structure, and~iii ! it allows control of the domain struc
ture while taking images, i.e., domain reversal or moveme

However, the domain image by SPM so far is usua
obtained by the noncontact mode operation,1,2 which can de-
tect basically the force gradient and, hence, the dom
boundary image. Furthermore, the domain image obtaine
this method is usually obscured by the superimposed to
graphic image of the surface. It was also reported that
main contrast obtained by a static contact mode of ato
force microscopy ~AFM! reveals a topographic heigh
difference3 between differently polarized domains due to t
interaction between tip and ferroelectric domain surface
PRB 580163-1829/98/58~8!/5078~7!/$15.00
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better detection method based on the piezoelectric vibra
was used to differentiate the domain image from the to
graphic image of the ferroelectric material.4,5 This method is
better in distinguishing the domain contrast image, but s
there remains some ambiguity regarding the piezoelectric
formation. These difficulties of SPM limit the reliable inte
pretation of the domain image.

In this work, we present domain contrast images of
glycine sulfate~TGS!, which are completely separated fro
the topographic image. Triglycine sulfate, which has a Cu
temperature of 49 °C, is one of the most widely studi
ferroelectric materials.6,7 TGS is known to show a spontane
ous polarization along theb axis, i.e., domains of rod shap
along theb axis with a lenticular cross section in thea-c
plane possibly due to an anisotropy in the domain wall
ergy. Domain images of TGS in this work are obtained
thedynamic contact mode operation of an electrostatic fo
microscope~DC-EFM!, which was originally designed to de
tect the distribution of the surface potential with the
modulation technique.8 In addition to the surface charge de
sity due to the polarization, the evolution of domains, such
domain nucleation and growth at various temperatures,
been studied by the sequential measurement of the dom

II. DETECTION METHOD

The sample studied in this work is a single crystal TG
grown by a slow evaporation from an aqueous solution. T
thickness of the TGS crystal, cleaved in air, is approximat
;400 mm.

An electrostatic force microscope~EFM! based on the
electrostatic force modulation by applying an ac modulat
voltage to the tip was built for the study of the potential
well as the charge-density distribution on the sample surfa

In the dynamicnoncontact mode of EFM, which is ope
ated in the presence of an attractive force between tip
5078 © 1998 The American Physical Society
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FIG. 1. Vibration amplitude (v component! and dc deflection signal for a cantilever with a force constant k51.9 N/m. The applied ac
voltage amplitude and frequency are 3 V and 40 kHz. The origin for the tip-sample distance is arbitrary. Below pointC, where the tip is
making contact with the sample surface, there still remains a finite vibration amplitude. The actual measurement for the domain co
topographic image is made near pointD. In the inset,R cosu is the in-phase component of the lock-in output at frequencyv.
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sample, the resonance frequency of a cantilever is affe
by the force gradient on the sample surface. The vibra
amplitude of the cantilever is hence affected by the variat
of the force due to changes in electrical properties such
the domain boundary in ferroelectric materials as well as
to the change in the topography. This is how one can de
a domain boundary in ferroelectric materials9 by means of
the noncontact EFM. Therefore, in the noncontact dyna
mode, the effect of a force gradient due to a topograp
change is mixed with that due to a domain boundary mak
it difficult to differentiate between them.1

In the static contact mode of the EFM, the force on the
consists of an atomic force and an electrostatic force,

F5Fa1Fe . ~1!

The static deflection of the tip is mainly influenced by t
repulsive atomic force in the contact mode. If the sta
atomic force is employed as the feedback signal, the top
raphy of a sample can be obtained with a high lateral re
lution while the tip-surface distance will be virtually fixed b
the strong atomic repulsive force.

If it is possible to operate an EFM in a dynamic conta
mode, the topography of the sample can be obtained jus
in the contact mode operation, while the electrical prope
of the surface can be studied by detecting the electros
force in a similar way to that of the noncontact operatio
Thus the electrostatic effect in the surface can be separ
from the topographic effect in the dynamic contact mode
addition, the spatial resolution in the contact mode opera
can be improved because of a short distance between tip
sample compared to that in a noncontact mode operatio

Figure 1 shows the vibration amplitude (v component!
and dc deflection curves of a cantilever with a force cons
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k 5 1.9 N/m. In the actual operation of the EFM with
modulation biasVaccosvt, the vibration amplitude of the tip
is initially growing in the noncontact region (A) and then is
reduced drastically in the tapping region (B) as the tip ap-
proaches the sample surface as shown in Fig. 1.10 At point C,
the dc deflection signal of the cantilever indicates that the
is making contact with the sample surface. Further decre
in the distance will bend the cantilever resulting in a dc d
flection signal that is proportional to the decrease in the d
tance as shown in the figure. Unexpectedly, however, th
remains a finite vibration amplitude even in the contact
gion (D). Of course for a soft material, a small vibratio
amplitude in the contact region was already reported an
possible through the mechanical indentation of the soft s
face, which allows measurments for the elasticity variat
of a sample.11 But, sustained vibration of the cantilever on
hard surface, like ferroelectrics, even in a contact state
surprising result that allows a new dynamic contact mo
operation of EFM. We observed thissustained vibrationin
the contact state for various hard surfaces, some of which
not ferroelectric materials. The inset of Fig. 1 shows a plot
the vibration amplitude versus dc bias voltage at frequencv
obtained for a nonferroelectric sample~Si wafer!. The linear
dependence of the vibration amplitude on the bias is
equivocal evidence indicating that the sustained vibration
the cantilever is not an artifact but a real effect related to
electrical property of the sample surface.

The sustained vibration of the tip in the contact sta
opens the possibility of operating an EFM in a dynamic co
tact mode. Actually, we have succeeded in taking the to
graphic image and surface potential of a semiconducting
sample simultaneously by the dynamic contact mode op
tion of the EFM ~contact mode operation of the EFM wit
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5080 PRB 58HONG, NOH, PARK, KWUN, AND KHIM
modulation!, which shows a better resolution than the no
contact mode EFM. It is required to use an insulated tip
prevent any unintentional charging during the contact m
operation. The probe tip used in this work is a heavily dop
Si ~doping level is 1019–1020/cm3) with a spring constant k
5 1.9 N/m and a typical tip radiusR540 nm. It seems tha
the surface of the tip is covered with a SiO2 oxide layer, thus
preventing current flow between the tip and sample.

Now, for the quantitative analysis and detection mec
nism of the domain in a ferroelectric material, conside
surface with a polarization charge density. In the presenc
a bound surface charge densitysb as in the case of the ferro
electric domain, the electrostatic forceFe on a tip is given as
a sum of a capacitive force and a Coulombic force betw
the tip and sample surface.12 Since the tip-sample distance
short in a contact mode operation, one can approximate
effect of bound surface charge density by a uniform elec
field. Figure 2 shows the calculated electric field above
positely polarized domains as function of the height from
domain surface. Here the shape of domain is assumed t
fingerlike with a domain width of 2mm, which is a typical
value for TGS. The electric field at a distanced less than a
few nm can be regarded as a constant fieldEs5sb/2eo , but
for d larger than 10 nm, a wide electric field variation a
pears near the domain boundary. Therefore, in a noncon
EFM operation, the variation in the electrostatic force gra
ent can shift a resonance frequency of the cantilever, pert
ing the topography measurement. However, in the opera
of the DC-EFM, the tip-sample distance is of the order o
nm controlled only by an atomic repulsive force instead o
force gradient. Thus topography is well separated from
electrical property of the surface.

Using the constant electric field approximation, Coulo
bic force can be expressed simply asEsqt , where Es
5sb/2eo is the electric field due to a constant bound surfa
charge densitysb5P•n andqt is the charge induced at th
tip by the applied voltageV, qt5CV. The electrostatic force
is, therefore, given as

Fe5
1

2

]C

]z
V21Esqt5

1

2

]C

]z
V21

sbCV

2eo
. ~2!

Here, the applied bias between the tip and sample

FIG. 2. Calculated electric field for strips with alternating su
face charge density6sb as a function of the height from the su
face. Here, the shape of the domain is assumed to be fingerlike
a widthw52 mm. Ford smaller than several nm, the electric fie
can be safely regarded as an uniform electric fieldEs5sb/2eo .
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have both dc and ac modulation componentsV5Vdc
1Vaccosvt. SubstitutingV in Eq. ~2!, one has

Fe5
1

2

]C

]z
~Vdc1Vaccosvt !21

sbC

2eo
~Vdc1Vaccosvt !

5
1

2

]C

]z S Vdc
2 1

Vac
2

2 D 1
sbCVdc

2eo
1S ]C

]z
Vdc1

sbC

2eo
D

3Vaccosvt1
1

4

]C

]z
Vac

2 cos 2vt. ~3!

Thus the mechanical deflection of the cantilever due
the electrostatic force will have dc,v, and 2v components.
The dc and 2v components contain the topographic info
mation of the sample via]C/]z, while the v component
contains the information on the surface charge densitysb of
the sample.

Therefore one can use the dc components ofF, which
includes the dominant strong repulsive atomic forceFa in
addition to the dc part of the electrostatic force as the con
feedback signal to maintain a constant height in the con
mode operation of EFM. Actually the topographic image
this work was obtained from this signal.

Since the amplitude of thev component from the lock-in
amplifier depends both onVdc and on the surface polarizatio
charge densitysb , measurement of thev component of the
cantilever oscillation leads to the detection of the bound s
face charge density or the domain image. Thus for a fe
electric material with an 180° domain such as TGS, one
expect two level surface charge densities correspondin
either a positively or negatively polarized surface.

The DC-EFM, explained here, is different from the p
ezoreponse method introduced by Frankeet al.,13 in that the
piezoresponse method is detecting the thickness variatio
a sample, covered with an adsorbate layer, due to the pi
electric effect, while the DC-EFM is detecting the electr
force variation caused by the surface charge density. In
piezoresponse model, the protrusion or contraction o
ferroelectric sample is attributed to the piezoelectric effec
the sample. However, there remain some questions as to
piezoresponse interpretation by the piezoelectric effect. F
we could not observe any protrusion or contraction on d
ferently polarized regions within the vertical resolution lim
of 0.1 nm in our measurement for a freshly cleaved TG
sample. More importantly, the expected domain thickn
variation in the piezoresponse model,dt5*R

dd22E(t)dt, is
less than;0.01 nm at most for a typical sample of thickne
1 mm, piezoresponse coefficientd22520310212 m/V,14 and
a polarization field at the tip surfaceE(R)5107 V/m. Thus,
it will be very difficult to detect this thickness variation
Furthermore, the piezoelectricityd22 of TGS shows a
strongly increasing trend as the temperature approachesTc .
Then the piezoresponse signal should show a more
nounced domain image as the temperature increase to
Tc . However, the actual measurement shows a rather dim
ishing domain contrast as the temperature increases.
evidence indicates that the detection mechanism of the
main contrast is not due to the piezoresponse effect but
to the electric-field effect of the ferroelectric surface.

ith



do
o
on
en

c
h
e

el
th

to
u
th

m
th

th
la
th
d
th

ha

s

a
ip

a
-

n
th

ch a
on.
t in

re-
teps

rast
n of
on-
to
ile

paci-

e

the
ges
ness

av-
pro-
the

a-
-
uld
de-

ls a
of

ed
an
case
th

pe

xis
0°
e-

FM
o

w

the
the
ap-

phic

PRB 58 5081SURFACE CHARGE DENSITY AND EVOLUTION OF . . .
Figure 3 shows the difference in the topographic and
main contrast images that are obtained by DC-EFM and n
contact EFM methods. Both topographic and domain c
trast image are obtained simultaneously at a differ
location for each method. Topography~a! and domain image
~b! are well separated in DC-EFM. No protrusion or contra
tion related to the domain is observable in the topograp
image. The charge-density image shows distinctly two lev
of dark and bright regions corresponding to the positiv
and negatively polarized domain, respectively. However,
topography@Fig. 3~c!# and surface charge image@Fig. 3~d!#
obtained by the noncontact EFM method overlap. In the
pographic image, there appears a pronounced domain bo
ary image due to a strong electrostatic force gradient at
boundary. In addition, the topographic image shows a so
what poorer lateral resolution than the one obtained by
DC-EFM. The domain image@Fig. 3~d!# shows a gray scale
that changes smoothly from the center of the domain to
boundary. This is not because of the variation in the po
ization but because of the variation in the electric field at
boundary in the noncontact mode of the EFM as explaine
Fig. 2. From this measurement, we are convinced that
DC-EFM is detecting the surface charge density rather t
the piezoresponse of the sample.

III. RESULTS AND DISCUSSIONS

Domain contrast and topographic images of TGS are
multaneously measured by the DC-EFM with the dc biasVdc
set equal to zero. The estimated distance between tip
sample is;1 nm obtained from the amplitude of the t
vibration.

Figure 4 shows well-separated topographic and dom
contrast images of the TGS~010! surface obtained simulta
neously withVdc50, Vac55 V, and f 5 40 kHz. The en-
larged topographic image~not shown here! of the TGS sur-
face shows cleavage steps of;12 Å which is very close to
the lattice unitb512.69 Å.15 The domain image or domai
boundary does not appear in the topographic image in

FIG. 3. Comparison between images obtained by the DC-E
and noncontact EFM. Images obtained by DC-EFM do not sh
any correlation between topography~a! and domain contrast~b!
image. However, images obtained by the noncontact EFM sho
significant coupling between topography~c! and charge~d! image.
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work as it does in previous reports,1,2,16where a piezoelectric
effect in the polarized sample is suspected to cause su
topographic height difference depending on the polarizati
Domain contrast shows in general only two level contras
good agreement with our expectation based on Eq.~3!.

Careful inspection of the domain contrast, however,
veals a faint shadowy topographic image along cleaved s
on the surface as indicated by arrows in Fig. 4~b!. This ap-
pearance of the topographic shadow in the domain cont
can be understood as a result of a severe local variatio
capacitanceC at the step edge on the cleaved surface. C
stant height operation of the DC-EFM, which is equivalent
a constant capacitance operation, fails momentarily wh
scanning over such a step edge. The change of the ca
tance at such a step fromC to C8 will produce a change in
the v component,sbC8/2eo , as if there is a change in th
surface charge density,sb85sbC8/C, on a smooth surface
where one can maintain a constant height operation of
DC-EFM. The appearance of shadow topographic ima
observed at step edges is evidence indicating the correct
of our analysis.

Domain structure, however, is not affected by the cle
age step or slope on the cleaved surface. There is no
truded or submerged step related to the domain wall in
topographic image as there is in previous reports.1,17,18 The
explanation by a protrusion due to the piezoelectric deform
tion was also questioned by Takata19 who proposed an alter
native cause, electrochemical activity. Of course we co
not detect any hysteretic behavior in the domain image
pending on the forward and backward scan direction.1,20

The general appearance of the domain structure revea
fingerlike or an elongated lenticular shape similar to that
earlier reports.2,16 The elongated lenticular shape is attribut
to the anisotropic domain wall energy in TGS. If there is
anisotropy in the domain energy as is suspected in the
of TGS, one can expect a variation of the domain wall wid
depending on the direction in thea-c plane. Figure 5 shows
a small positively polarized domain of roughly elliptic sha
with a semimajor axisa51.17 mm and semiminor axisb
50.53 mm. The domain shape at the end of the major a
shows a rather sharp corner with its angle ranging from 6
to 120°, thus lenticular is more adequate than elliptic in d
scribing the shape of the TGS domain.

w

a

FIG. 4. Topographic image~a! and domain contrast~b! of a
cleaved TGS obtained simultaneously. Careful inspection of
domain image shows a faint shadowy topographic image along
cleaved step on the surface, as indicated by arrows. But there
pears to be no structure related to the domain in the topogra
image.
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Typical domain wall thicknesses measured at 20 °C
this particular domain are;110 nm and;60 nm along the
semimajor and semiminor axes, respectively. To avoid
artifact caused by the scan direction, we measured the
thickness of several domains at different angles. Of cou
there is some variation in the thickness of the domain w
depending on the sample. In one instance, we observ
sizable variation of the domain wall thickness ranging fro
30 to 80 nm in the semiminor direction. However, the w
width ratio along the major axis and along the minor a
remains close to 1.8. Of course, the typical value of the
main wall reported in this work is an upper limit because
the finite tip radius of;40 nm. This value is much large
than reported values of 10 nm~Ref. 2! and 8 nm~Ref. 16!
but much smaller than 600–800 nm.17

An attempt is made to measure the bound surface ch
density sb5P•n induced by the polarization. Since thev
component inFe @Eq. ~3!# is proportional to (]C/]zVdc
1sbC/2eo), one can, in principle, estimatesb from the am-
plitude of the v component. WithVdcÞ0, a difficulty in
estimatingsb arises due to the asymmetric dependence
uFvu on the surface charge density as was pointed out
Ogahmiet al.17 Even with Vdc50, one needs to know th
capacitance between tip and sample to estimate the bo
charge density. Furthermore a spurious bias induced by
fects or by local charges on the sample can easily compli
the analysis for the charge density. Instead of measuring
amplitude ofuFvu, we can adjust the dc tip biasVdc until the
amplitude ofuFvu vanishes. In this nulling method, the su
face charge density is related to the null biasVdc,n as sb5
22eoVdc,n(]C/]z)/C. This nulling method has several ad
vantages over the amplitude measurement; for example

FIG. 5. Negatively polarized domain of a lenticular shape. D
main wall thickness estimated along the semimajor and semim
axis are;110 nm and;60 nm at 20 °C.
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nulling method can overcome the ambiguity related to
asymmetric behavior ofuFvu or the necessity for the absolut
value ofC and]C/]z. Since the EFM is operated in a con
tact mode with the tip to sample distance as small as 1 nm
this work, the capacitance between tip and sample can
treated as a parallel plate capacitor with the result
(]C/]z)/C>1/d , whered is the distance between tip an
sample. The measured difference between the nulling
dV5Vdc,n

1 2 Vdc,n
2 corresponding to the positively an

negatively polarized TGS domains at 20 °C was 3.1 V wit
measurement uncertainty less than 0.1 V. A rough estim
for the distanced between tip and sample was made from t
force distance curve, assuming the vibration amplitude to
equal to the average distanced in the contact mode opera
tion. By comparing the magnitude of the vibration amplitu
signal~90–110 mV! of the cantilever with that of the deflec
tion signal ~1.9 V! of a very large scale integrated heig
standard of 18 nm, we obtainedd5160.1 nm. The uncer-
tainty was mainly due to the fluctuation of the vibration am
plitude signal. The resulting surface charge density of T
at 20 °C obtained by this method issb52.760.3 mC/cm2.
This is in a good agreement with the reported value
2.8 mC/cm2,21 considering our crude estimate on the g
between tip and sample. To improve the accuracy in
estimate ofsb , it is required to reduce the uncertainty in th
gap distance between tip and sample. Also note that the
fective electrostatic distance between tip and sample co
be different from the measured value due to the presenc
an insulating layer on the tip surface.22 Therefore the good
agreement in thesb value can be regarded as an alternat
method for the estimate of the effective distance between
and sample.

Since a well-defined domain contrast can be obtain
from our DC-EFM, we studied the evolution of the ferroele
tric domain structure in TGS. An earlier attempt by Lut
et al.23 for the domain dynamics of TGS employed a no
contact mode operation, which can only take images of
main boundaries. Besides, they applied a nonzeroVdc to the
probing tip during scanning, which can alter the shape
domains under study. Frictional force microscope24 was also
used to study the domain change in TGS. To investigate
evolution of the domain in this work, we brought the TG
sample into a nonequilibrium state by heating up the sam
above Curie temperature and then subsequently coo
down to room temperature, 20 °C. Certainly aboveTc , the
domain contrast disappeared. In less than 30 sec after c
ing down, the sample temperature reached an equilibr
temperature in air. For this reason, we began to acquire
ages of the TGS domain 30 sec after cooling to room te
perature. With a scanning speed of 1 Hz, it is actually i
possible to take a domain image earlier than this due t
rapid domain evolution at the earlier cool-down period. W
took domain images every 4 min up to 1 h. Figure 4 sho
TGS domain images taken sequentially up to 1 h. Inside
the fingerlike domain with an average domain width
;2 mm, there are many oppositely polarized lenticula
shape domains accompanied by several smaller satellite
mains of the same polarization. These isolated domains
bedded in the oppositely polarized fingerlike doma
gradually diminish. However, the fingerlike domain does n
change its size or shape up to 1 h, the duration of our ob

-
or
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PRB 58 5083SURFACE CHARGE DENSITY AND EVOLUTION OF . . .
vation. The area of the positively polarized domain obser
with Vdc50 remained equal to that of negatively polariz
domain during the domain evolution, indicating no prefe
ence in domain orientation in the scale of 20320 mm.

The size of two particular isolated domains, one po
tively and the other negatively polarized, indicated by arro
in Fig. 6~a!, show an increasing trend until the surroundi
satellite domains disappear. Once satellite domains di
pear, then the size of the isolated domain begins to decre
Figure 7 shows the time dependent domain size of two
lated and oppositely polarized domains, indicated by arro
as shown in Fig. 6~a!. Except for the initial increasing trend
the isolated domain shows almost a linear decreasing be
ior while the width of a fingerlike domain remains virtual
constant at 2.460.04 mm. Our observation indicates that th

FIG. 6. A sequence of domain contrasts of TGS taken at~a! 30
sec,~b! 4 min, ~c! 20 min, and~d! 52 min after cooling to room
temperature from aboveTc . Small isolated domains gradually d
minish, while finger-shaped domains do not change their shape
size up to 1 h.

FIG. 7. The change in the diameter~along the minor axis! of
isolated domains in TGS that was brought into a nonequilibri
state: positively polarized domainA (n) and negatively polarized
domain B (s) indicated by arrows in Fig. 6. The diameter in
creases initially until the surrounding smaller satellite domain d
appears, then decreases almost linearly in time.
d
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i-
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p-
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shape of the larger-size domain, in this case the finger
domain, is fixed with a much shorter relaxation time wh
the evolution of a small domain embedded in a larger
main is determined by a much longer relaxation time of
order of 1 h in the case of TGS at 20 °C. If there is n
interaction between neighboring domains of the same po
ization, the size of small domains surrounded by opposit
polarized domains should show a monotonically decreas
trend only. Therefore, the complex variation of the size o
served in small domains embedded in oppositely polari
domains is interpreted as an implication of the interact
between adjacent domains of the same polarization.

Finally, a polarization reversal under a tip bias has be
observed. Domain reversal depends on the magnitude
duration of the applied tip biasVdc. Evolution of the newly
created domain, such as the change of domain size or sh
seems to depend on the surface condition. For example,
freshly cleaved surface of TGS, it was rather difficult to o
serve the domain reversal due to a rapid relaxation of
reversed polarization to its original polarization. Howev
on a much degraded surface, the evolution of the rever
domain was slow enough to take the domain image.
speculate that the degraded surface layer is producing a
ning effect by lowering domain energy. Dark spots indicat
by arrows in Fig. 8~a! are written on a degraded surfac
~surface exposed to air for more than a week! under a tip bias
Vdc5210 V. The shape change from an initially circular
lenticular shape is due to the evolution of domains. From t
we confirmed that the polarity of the dark contrast cor
sponds to the positively polarized domain. White dots in F
8~b! are written underVdc510 V. The threshold bias for a
domain reversal in this work is approximately 7 V. The ele
tric field near the tip under a bias of 7 V is about 1.73108

V/m, which is much stronger than the reported coerc
field,14 which is on the order of 104–105 V/m.

IV. CONCLUSION

With a modified analysis for the electrostatic force b
tween tip and charged surface, the surface charge density
dynamics of ferroelectric domains in a TGS single crys
were studied by the dynamic contact mode operation of an
modulated EFM. In this method, the cantilever vibration p
sisted even in the contact situation, thus allowing a simu

nd

-

FIG. 8. Growth of new positively polarized domains indicat
by arrows in~a! under a tip bias ofVdc5210 V. Circular initial
shape of the new domain relaxes to a lenticulat shape. White
~negatively polarized domain! are written under a tip biasVdc510
V.
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neous measurement of topographic and domain contras
ages. Unlike previous authors, we did not observe
morphology change due to the domain formation in TGS

TGS exhibits 180° domains of fingerlike shape with o
positely polarized domains of a lenticular shape embed
inside. The bound surface charge density obtained in
work is sb52.7 mC/cm2 at 20 °C, which is very close to
the reported value of 2.8mC/cm2. The upper limit of do-
main wall thickness is;110 nm and;60 nm along the
semimajor and semiminor axes with the anisotropy ratio 1

The size variation of domains embedded in an opposi
polarized domain indicates that there is significant inter
tion between domains of the same polarity. The relaxation
smaller domains shows an almost linear time depende
d
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Furthermore, the degraded surface layer seems to have a
ning effect on the evolution of the domain by lowering, f
example, the surface energy of the domain. The thresh
bias for a domain reversal on a TGS single crystal in t
work is about 7 V. Of course, more detailed investigatio
such as temperature dependence or dependence on th
tance between domains, is required to elucidate the dynam
of domains in ferroelectrics.
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