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Local potential and polarization screening on ferroelectric surfaces

Sergei V. Kalinin and Dawn A. Bonnell*
Department of Materials Science and Engineering, University of Pennsylvania, 3231 Walnut St. Philadelphia, Pennsylvania 1

~Received 29 August 2000; published 13 March 2001!

Electrostatic force microscopy and scanning surface potential microscopy are applied to study force gradient
and surface potential on BaTiO3(100) surface. Surface potential evolution during a ferroelectric/paraelectric
phase transition and the potential distribution near moving domain walls allow the relationship between
potential polarity and polarization orientation. Results indicate that polarization bound charge is completely
screened on this surface and domain potential is reverse to that expected from domain polarity. Surface
potential is attributed to the formation of double layer due to the complete screening of polarization charge.
The absolute value of the measured potential difference between domains of opposite polarity suggests that
surface adsorbates play a governing role in potential formation mechanism, though intrinsic screening by free
carriers is not completely excluded.
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I. INTRODUCTION

Possible applications of ferroelectric materials in nonvo
tile memories ~FRAM!,1 microelectromechanical system
~MEMS!,2 microwave ceramics, positive temperature coe
cient of resistance~PTCR! devices, sensors and actuato
draw significant interest to these materials.3–7 The operation
of most of these devices relies heavily on the surface~FRAM
and other thin-film devices! and interface~PTCR, varistors!
properties of ferroelectrics materials. Details of the polari
tion and charge distribution in the surface/interface layers
ferroelectrics and their relationship to the physical proper
of materials have been studied for more than four deca
and are largely unresolved. Possible causes of surface la
include nonuniform vacancy distributions in the nea
interface region, compensation of polarization-induc
charges by band bending~intrinsic field effect! or adsorption
~extrinsic field effect!, and the existence of surface/interfa
states and corresponding Schottky depletion regions.8–12 A
closely related issue is the domain structure at surfaces
interfaces. These considerations have motivated a numb
observations of ferroelectric materials with scanning pro
based microscopies~SPM!. Contact and intermittent mod
atomic force microscopy, along with lateral force micro
copy, have been widely used to characterize domain-rel
topographic features.13–21Direct information about local po
larization, charge distribution, and electromechanical prop
ties of surfaces can be obtained by such techniques as s
ning surface potential microscopy~SSPM!, electrostatic
force microscopy~EFM!,22–27 and piezoresponse force m
croscopy ~PFM!.28–32 However, the contrast formatio
mechanism in many variants of SPM is yet unclear due to
complexity of tip-surface interactions.

The present paper presents an approach for quantif
surface properties of ferroelectric materials from noncon
SPM measurements. Previous work treated the case of i
mogeneous surface potential in a linear dielectric materia33

Here, tip-surface interactions exerted by screened and
screened polarization bound charge are explicitly includ
A mathematical model based on a simplified image cha
distribution in the tip is used to relate SPM measurement
0163-1829/2001/63~12!/125411~13!/$15.00 63 1254
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surface properties. Observations of the ferroelectric ph
transition on BaTiO3(100) surface by variable temperatu
SSPM and piezoresponse force microscopy and the pote
distribution in the vicinity of a moving domain wall are use
to establish the relationship between local polarization va
tions and effective surface potential. The properties of
electric double layer and the presence of uncompens
Coulombic charge have been extracted from EFM and SS
data.

II. THEORETICAL DEVELOPMENT

Both EFM and SSPM are based on the dual pass sche
The grounded tip first acquires the surface topography us
standard intermittent contact atomic force microsco
~AFM!. Electrostatic data are collected above the surface
EFM, the cantilever is driven mechanically and the elect
static forceF between the dc biased conductive tip and t
surface results in a change of the cantilever resonant
quency that is proportional to the force gradient34

Dv5
v0

2k

dF~z!

dz
, ~1!

where k is the spring constant andv0 is the resonant fre-
quency of the cantilever. Resonance is maintained by adj
ing the driving frequencyvp and the frequency shiftDv
5vp2v0 is collected as the EFM image.

In SSPM the cantilever is not driven mechanically; rath
the tip is biased directly byVtip5Vdc1Vaccos(vt), where
Vac is referred to as the driving voltage. The capacitive for
Fcap(z) between the tip and a surface at potentialVs is

Fcap~z!5
1

2
~Vtip2Vs!

2
]C~z!

]z
, ~2!

whereC(z) is the tip-surface capacitance dependent on
geometry, surface topography and tip-surface separatioz.
The first harmonic of the force is

F1v
cap~z!5

]C~z!

]z
~Vdc2Vs!Vac ~3!
©2001 The American Physical Society11-1
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and feedback is used to nullify this term by adjusting t
constant component of the tip biasVdc. This condition is met
whenVdc is equal to surface potential and thus, mapping
nulling potential Vdc yields a surface potential map. A
closely related imaging technique is piezoresponse force
croscopy~PFM!. In PFM the tip is brought into contact with
the surface and the piezoelectric response of the surfac
detected as a first harmonic component of bias-induced
deflectiond5d01A cos(vt1w). The phasew yields infor-
mation on the polarization direction below the tip. For
polarization vector pointing downwards~i.e., c2 domains!,
the application of a positive tip bias results in the expans
of the sample and bias-induced surface oscillations ar
phase with tip voltagew50. For polarization pointing up-
wards~i.e., c1 domains! w5180°. The amplitudeA defines
the local piezoresponse and depends on the geometry o
system~thin film35 vs bulk crystal or ceramics!. The numeri-
cal value ofA under ideal imaging conditions~perfect con-
tact between the tip and the surface, no viscous dampin! is
determined by combination of a electroelastic constants
material36–40 and tip properties. A number of approxima
treatments of piezoresponse contrast in thin films have
been reported.41–44 It is generally assumed that SSPM pr
vides quantitative information on local potential related
polarization, the screening mechanism, and the presenc
intrinsic surface states and adsorbates. PFM provides in
mation on polarization through local piezoresponse; ho
ever, image contrast in PFM may include contributions d
to Maxwell stresses,45 polarization switching below the tip
etc. Despite the difficulties related to the quantification
PFM it is readily used qualitatively to determine the out-o
plane component of local polarization, i.e., domain orien
tion. Imaging the in-plane component of local polarizati
has also been reported.32,46

Quantification of surface properties of a ferroelectric m
terial from EFM and SSPM data requires the solution
several independent problems. First, these techniques ar
timately sensitive to the force gradient~EFM! or the force
~SSPM! between the tip and the surface. The origins of el
trostatic tip-surface interaction and corresponding models
discussed in Sec. II A. Second, the measurements are
formed above the surface rather than through the dept
surface layer so an extrapolation is necessary. A simpli
model of potential and charge distribution on a ferroelec
surface is considered in Sec. II B. EFM and SSPM of fer
electric surfaces are considered in Secs. II C and II D, res
tively.

A. Tip-surface interaction

Quantification of the electrostatic properties of surfac
by EFM and SSPM is impossible without the detailed ana
sis of capacitive tip-surface interactions as shown in Ref.
In the case of ferroelectric materials the inhomogeneous
tribution of ferroelectric domains requires that the cantile
contribution must also be included. Image charge mod
such as the line and point charge models47–49can be used to
construct approximate solutions for nonuniform systems
intermediate and small tip-surface separations. Using the
charge model the force and force gradient are
12541
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Fcap5
l2

4p«0
lnS L

4hD ~4a!

and

dFcap

dz
5

l2

4p«0

1

h
, ~4b!

whereh is the separation between the tip apex and surf
andL is the effective tip size. The line charge densityl is

l5
4p«0V

b
, ~5!

whereb depends on the equipotential surface geometry.
Capacitive tip-surface interactions for a tip shape inclu

ing tip bulk and rounded tip apex results in a total force a
force gradient acting on the tip

Fcap5V2Fgz 1h lnS D

z D G ~6a!

and

dFcap

dz
5V2S 2

g

z2 1
h

z D ~6b!

whereg, h andD are tip-shape dependent parameters wh
are found experimentally from force or force-gradien
distance dependencies.

The cantilever contribution to total force and force gra
ent can be approximated by a plane-plane capacitor in wh

Fcap5
«0V2

2

S

~z1L !2 ~7a!

and

dFcap

dz
52«0V2

S

~z1L !3 , ~7b!

where S is the effective cantilever area andL is the tip
length. For a typical metal coated tip used in the EFM/SSP
measurements withR'30 nm, u517°, L'10mm and S
'23103 mm2, the contributions of the tip apex, tip bulk an
cantilever to the overall force and force gradient are sho
in Fig. 1. As seen from Fig. 1~a!, for intermediate and large
tip-surface separation the cantilever provides the largest c
tribution to electrostatic force. The major contribution
force gradient is due to the tip bulk, the cantilever providi
a distance-independent offset. A realistic cantilever confi
ration ~i.e., tilted with respect to the surface! results in a
smaller force and force gradient; nevertheless, the estim
presented here are still valid.

B. Charge and potential of ferroelectric surfaces

In quantification of electrostatic SPM on ferroelectric m
terials the vast majority of authors assume that a ferroelec
surface is characterized by an unscreened polarization ch
densitys5P•n, whereP is the polarization vector andn is
the unit normal to the surface.50–52 It is well known, how-
1-2
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LOCAL POTENTIAL AND POLARIZATION SCREENING . . . PHYSICAL REVIEW B63 125411
ever, that polarization is always screened on ferroelec
surfaces.53 The screening can be due to adsorbates an
surface states or free charges with associated depletio
accumulation layers. In the latter case an additional c
straint is that the electric field in the surface layer can
exceed the coercive field.54

To quantitatively address electrostatic properties of fer
electric surfaces the surface layer is represented with po
ization chargespol5P•n and screening charge equivalent
surface charge densityss of the opposite polarity. The fol-
lowing cases can be distinguished:~1! completely un-
screenedss50, ~2! partially screenedspol.2ss , ~3! com-
pletely screenedspol52ss , and ~4! overscreenedspol,
2ss . A completely unscreened surface is extremely un
vorable from an energetic point of view. An overscreen
surface is likely to occur during bias-induced domain switc
ing and indeed has been observed.55,56 Partially or com-
pletely screened surfaces are likely to be the usual stat
ferroelectric surfaces in air. The charge distribution on
ferroelectric surface is described in terms of a double laye
width h, dipole moment densityh•minbspol ,ssc and an un-
compensated charge component,ds5spol2ss . Depending
on the relative spatial localization of the polarization a
screening charges, surface potential in the comple
screened case can have the same sign asspol , or be of the
opposite sign.

Usually noncontact measurements are performed at
surface separations of 10–100 nm, which is much sma
then typical domain sizes~;1–10 mm!. For completely
screened and unscreened surfaces the typical values o

FIG. 1. Relative contributions of tip apex, tip bulk and the ca
tilever to the total electrostatic force~a! and force gradient~b! for
tip parameters defined in text. Force gradient is proportional to
frequency shift measured in the EFM.
12541
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tential and field are shown in Fig. 2~the Appendix!. For the
partially screened surfaces the potential and the field a
linear superposition of profiles for completely screened a
unscreened surfaces. Simple arguments predict that su
potential above the unscreened surfaces and electric
above the completely screened surfaces scale linearly
reciprocally with domain size, while electric field over th
unscreened surfaces and potential over the screened sur
are virtually domain size independent.

The detailed analysis of tip-surface interactions in EF
and SSPM of ferroelectric surfaces is presented in the n
two sections. However, as shown in Fig. 2, the experim
tally observed uniform image contrast within the domain c
be attributed either to the potential variation above the s
face and corresponding change of the capacitive interac
@Eqs.~2! and~3!#, or the variation in the surface charge de
sity and normal electric field that results in additional Co
lombic interaction between the tip and the surface. He
image contrast alone is insufficient to distinguish these c
tributions and detailed analysis of force gradient-distan
~EFM! and force-distance~SSPM! data is required.

C. EFM imaging of ferroelectric surfaces

As discussed in Sec. II A, the force gradient acting on
probe at intermediate tip-surface separations is governe
tip bulk and cantilever contributions. Assuming that doma
size is comparable or larger than the tip size~which is usu-
ally true!, but much smaller then the cantilever size, the
interacts with a single domain, and the cantilever detects
average surface potential. In the following discussion the

-

e

FIG. 2. Potential~a!, ~c! and the field~b!, ~d! in the vicinity of
ferroelectric surface for unscreened~a!, ~b! and completely
screened~c!, ~d! cases. Distances indicate the separation from
surface. Note that uniform and domain size independent image
trast can be attributed either to the electric field for the unscree
surface or potential for the completely screened surface.
1-3
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SERGEI V. KALININ AND DAWN A. BONNELL PHYSICAL REVIEW B 63 125411
larization charges are assumed to be almost comple
screened by surface adsorbates and/or free carriers, eq
lent to the presence of a double layer, characterized by
tentialVs . The contribution of a Coulombic interactionFcoul
related to the uncompensated surface charge densityds is
omitted for simplicity but can be easily incorporated.

The capacitive electrostatic force between the tip and
surface is

F~z!5~Vtip2Vs!
2Ft~z!1~Vtip2Vav!

2Fc~z!, ~8!

whereFt(z) is tip contribution andFc(z) is cantilever con-
tribution.

Force gradient can be derived from Eq.~8! and after the
grouping

F8~z!5Vtip
2 ~Ft81Fc8!1Vtip~22VsFt822VavFc8!

1Vs
2Ft81Vav

2 Fc8 . ~9!

The average force gradient determined experimentally
the average of all image points is

Fav8 ~z!5Vtip
2 ~Ft81Fc8!22VtipVav~Ft81Fc8!1Vav

2 ~Ft81Fc8!

~10!

or

Fav8 ~z!5A2Vtip
2 1A1Vtip1A0 ~11!

provided that the image size is large compared to the dom
size. It should be noted here that the frequency shift prop
tional to the force gradient experimentally measured in E
often has an additive constant due to the slow drift of
oscillation characteristics of the cantilever, but quadratic a
linear coefficients in tip bias can be easily extracted.

The force gradient difference between domains of diff
ent polarities with surface potentialsV1 andV2 is

Fd8~z!522Vtip~V12V2!Ft81~V1
22V2

2!Ft8 ~12!

or

Fd8~z!5B1Vtip1B0 . ~13!

Provided that the experimentally determined avera
force gradient and the difference in force gradients ab
domains with different polarity are quadratic and linear
voltage, respectively, the constantsA2 , A1 and B1 , B0 can
be extracted. Our previous estimates~Fig. 1! suggest thatFc8
can be neglected compared toFt8 for intermediate tip-surface
separations. In this case, in the absence of a Coulombic
tribution from unscreened charges the coefficients in E
~11!, ~13! yield the following universal ratios:

B1

A2
522~V12V2!,

B0

B1
5

V11V2

22
,

A1

A2
522Vav.

~14!

Noteworthy is that these ratios are independent of
probe properties and are distance independent. Converse
these ratios are distance independent, then the observed
12541
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trast between domains of different polarity can be attribu
to the double layer contrast without a free charge contri
tion, since the distance dependencies of the two are differ
By fitting the distance dependence ofA2 andB1 to Eq. ~6a!
the relative contributions of the tip apex and the tip bulk
the overall force gradient can be estimated.

The Coulombic contribution to the tip-surface force a
force gradient related to the unscreened charge can be
mated using a line charge model similarly to Ref. 32. T
total force between the biased tip and the surface can
written as

F~z!5
dC~z!

dt
DV21E ]wsc

]n
~s tip1s ind!dStip , ~15!

where the first term is the capacitive forceFcap(z) discussed
in Sec. II A and the second term is a contribution due to
Coulombic interaction of uncompensated charges with
metallic tip Fcoul(z). s tip is surface charge density of the ti
without uncompensated charges,s ind is the image charge
density induced by uncompensated charge, andn is the nor-
mal vector to the tip surface. Assuming that the second te
in Eq. ~15! is much smaller than the first,s ind!s tip , the
second term in Eq.~15! becomes

E ]wsc

]n
s tipdStip5E

d

L1d

l tipwsc8 dz5l tipwsc~d! ~16!

sincewsc(z) rapidly decays with tip-surface separation.~The
decay length for electric field is in this case comparable w
characteristic domain size. For uniformly charged surfa
this assumption is no longer valid; however, the electric fi
can be assumed to be uniform in this case and the Coulom
force is thenFcoul5lLEn , hence the SPM contrast for Cou
lombic and capacitive interactions is similar.! Equation~16!
implies that for a dominant Coulombic interaction tip-surfa
force is proportional to potential, while force gradient is pr
portional to electrostatic field. Hence domain contrast
force sensitive~SSPM! and force gradient sensitive~EFM!
SPMs can be expected to differ, unlike the complet
screened scenario in which EFM and SSPM profiles
similar.

D. SSPM imaging of ferroelectric surface

In order to quantify the SSPM contrast of ferroelect
surfaces both the cantilever contribution and the nonidea
of feedback loop must be taken into account.33,57 The first
harmonic of the electrostatic force between the tip and
surface with complete screening is

F1v~z!5Vac~Vdc2Vs!Ft1Vac~Vdc2Vav!Fc . ~17!

The operation of SSPM implies that

Vdc5
VsFt1VavFc

Ft1Fc
1

d

Vac~Ft1Fc!
, ~18!

whered is constant dependent on feedback loop paramet
Similar to EFM image analysis, the average image poten
1-4
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Vdc
av and the potential difference between domains of differ

polarity DVdc can be defined as

Vdc
av5Vav1

d

Vac~Ft1Fc!
~19!

and

DVdc5~V12V2!
Ft

Ft1Fc
. ~20!

If Eqs. ~19! and~20! hold, the domain potential differenc
is independent of feedback operation. Taking expressions
the distance dependence of tip-surface forces@Eq. ~4!# and
cantilever-surface forces@Eq. ~7!# and also taking into ac
count that the cantilever contribution to the force domina
as shown on Fig. 1a, the measured domain potential con
DVdc is

DVdc'~V12V2!
Ft

Fc
'~V12V2!

4pS

L2b2 @ ln~L/4!2 ln~z!#.

~21!

Thus, experimentally measured potential differences
tween domains decay logarithmically with tip-surface se
ration. Figure 1~a! suggests that saturation occurs only f
very small tip-surface separations, when the contribution
the tip apex to the force is dominant. In this case, howev
the tip-induced field is very large and can induce polarizat
switching or screening charge redistribution below the
Hence EFM provides the true values of domain poten
through universal ratios defined in Eq.~14! obtained by mul-
tiple scans at different tip biases, while SSPM, though be
experimentally simpler, is unable to provide the correct va
of domain potential difference.

III. EXPERIMENTAL PROCEDURES

The AFM and SSPM measurements were performed o
commercial instrument~Digital Instruments Dimension 300
NS-III!. Both conventional silicon tips (l'125mm, resonant
frequency;270 kHz! and metal coated tips (l'225mm
resonant frequency;60 kHz,k'1 – 5 N/m! were used. The
lift height for the interleave scans in the SSPM was usua
100 nm. The scan rate varied from 0.2 Hz for large sc
~;60 mm! to 1 Hz for smaller scans~;10 mm!. Our studies
indicated that surface potential observed by SSPM satur
at driving voltage;1–2 V for lift heights used and thu
driving voltageVac in the interleave scan was taken to be
V. To perform piezoresponse measurements, the AFM
additionally equipped with a function generator and lock
amplifier ~DS340, SRS 830, Stanford Research System!.
W2C coated tips (l'125mm, resonant frequency;350
kHz! ~Silicon MDT NSCS 12 W2C! were used for these
measurements. These tips can also be used for SSPM
surements, however, due to the large spring constank
'40 N/m! the noise level in EFM is unacceptably high.

Topographical images were processed by line flattenin58

SSPM images were processed only by constant backgro
substraction. Force gradient and potential profiles were
12541
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tained by averaging the flattened EFM and unproces
SSPM images along the slow scan axis. A generic featur
SSPM is fewer imaging artifacts due to topography. Char
teristic oscillation amplitude during potential detection is;1
nm, therefore, for flat surfaces imaging is possible at v
small tip-surface separation. In order to obtain a quantita
description of the EFM and SSPM measurements with
sharp tip and a blunted tip were compared. Usually 5–7
ages were used to extract average and domain frequ
shifts and force gradients.

Variable temperature measurements were performed
home-built heating stage. During measurements, the t
perature was increased in steps of;10 °C and the system
was kept at the selected temperature for;0.5 h in order to
achieve thermal equilibrium. The cantilever was retuned
each step in order to stay in the vicinity of the resonan
frequency. Thermal drift was corrected by adjusting late
offsets to position domain-unrelated topographical featu
The lateral displacements of the tip with respect to the s
face were usually 2–3mm per 10 °C, except in the vicinity o
the Curie temperature, where the ferroelectric phase tra
tion was accompanied by significant~;10 mm! displace-
ments.

A barium titanate~100! single crystal (53531 mm, Tc
5130 °C, Superconductive Components, Inc.! was used in
which the roughness of the~100! face did not exceed 15 Å
Prior to analysis the crystal was repeatedly washed in
etone and deionized water. In order to obtain a reproduc
well-developed domain structure the crystal was hea
above theTc , kept at 140 °C for;0.5 h and cooled down on
a metallic surface.

IV. RESULTS AND DISCUSSION

Reconstruction of domain structure from the combinat
of AFM, SSPM and PFM is considered in Sec. IV A. Th
relationship between surface polarization and surface po
tial based on variable temperature measurement, dom
wall motion and piezoresponse imaging is discussed in S
IV B. Bias and distance dependencies of EFM and SS
images are quantified in Secs. IV C and IV D, respective
Finally, the structure of surface layer on BaTiO3(100) is
discussed in Sec. IV E.

A. Domain structure reconstruction

The surface domain structure of a ferroelectric surfa
can, in some cases, be unambiguously determined by S
Tetragonal symmetry of BaTiO3 unit cell results in charac-
teristic surface corrugations at 90°a-c domain walls. The
corrugation angle isu5p/222 arctan(a/c), wherea and c
are the parameters of the tetragonal unit cell. Complemen
information on surface potential or polarization direction o
tained by noncontact~SSPM, EFM! or contact~PFM! SPM
allows the reconstruction of the surface domain structure

The central part of the crystal is formed by large lamel
domains oriented at 45° to the edges of the crystal. The
sence of significant topographic and potential variations
lows this domain structure to be ascribed toa1-a2 domain
1-5
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arrangements. Close to the edge of the crystal regions
a-c orientation are present. If the size of thec domains is
relatively small, then 180° walls perpendicular to 90° dom
boundaries betweena and c domains@Figs. 3~a!,~c!,~e!# are
formed. Similar domain arrangements are repor
elsewhere.59 This domain pattern can be ascribed
c-domain wedges in the crystal with dominatinga-domain
structure. The formation of 180° walls within the wedg
minimizes the depolarization energy. Ifc-domain regions are
large @Figs. 3~b!,~d!,~f!#, irregular 180° walls separatin
c1-c2 domains exist. These walls are continuous throu
a-domain regions, indicating the presence ofa wedge do-
mains in preferentiallyc-domain material@Figs. 3~b!,~d!,~f!#.
More complex domain structures also occur. Figure 4 sho
the boundary between regions witha1-a2 ~left side! and
c1-c2 ~right side! domain arrangements. The optical micr
graph clearly indicates the presence ofa1-a2 boundaries
~left!. Minor lines ~right! can be observed only for sma
focus depths indicating a near-surface character. Large s
AFM imaging indicates that large surface corrugation@Fig.
4~c!# is associated with the presence of 90° domain wall. T
surface potential indicates that the left region of the imag
not associated with significant potential variations, wh
clear c1-c2 domain regions are present on the right sid
Noteworthy is that small horizontal potential features a
also observed on the SSPM image. At higher resolut

FIG. 3. Schematic diagrams of domain structure~a!, ~b!, surface
topography~c!, ~d! and surface potential~e!, ~f! in a-domain region
with c-domain wedges~a!, ~c!, ~e! and in c-domain region with
a-domain wedges~b!, ~d!, ~f!. Scale is 50 nm@~c!, ~d!#, 0.2 V @~e!,
~f!#.
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@Figs. 4~e!, ~f!# surface corrugations corresponding to the 9
domain walls are clearly seen@note the difference in vertica
scales between Figs. 4~c! and~e!#. The surface potential im-
age from the same region@Fig. 4~f!# shows both potentia
features corresponding to surfacea-c domain and bulk
c1-c2 domain arrangements. This domain structure pr
ably relieves the strain in the near-surface layer associ
with macroscopic 90° domain wall between witha1-a2 and
c1-c2 domain regions.

Surface topography, surface potential~SSPM! and force
gradient~EFM! images of a similar region are compared
Fig. 5. Note that for positive tip bias@Fig. 5~c!# the EFM
image is similar to the SSPM image. For negative tip bias
EFM image is inverted, as expected. For zero tip bias
EFM image has the same sign as for a negatively biased
indicative of positive average surface potential@Fig. 5~d!#.

B. Domain polarity

Polarization screening on ferroelectric surfaces can be
termined from variable temperature measurements of sur
properties. Above the Curie temperature of the ferroelec
phase transition spontaneous polarization disappears as
denced by the disappearance of surface corrugations a
Tc as shown in Fig. 6. This is also confirmed by variab
temperature piezoresponse force microscopy.60 Simultaneous

FIG. 4. Domain structure reconstruction~a!, polarized light op-
tical micrograph~b!, surface topography~c!, ~e! and surface poten-
tial ~d!, ~f! in the region with complex domain arrangement. Scale
100 nm~c!, 10 nm~e!, 0.2 V @~d!, ~f!#.
1-6



nt
n
d
e

ia
o
lly

r

tial

ur-
n of
f a
he
f a
n
ng
ple

d
ges.

on
ison
re-
o
een
ages
eed
tion

ain
of
tion
e no
ea-

ate,

ea-
or-
nce

LOCAL POTENTIAL AND POLARIZATION SCREENING . . . PHYSICAL REVIEW B63 125411
SSPM indicates a spurious increase in surface pote
amplitudes.61,62This effect is ascribed to the fact that scree
ing charges are uncompensated after lattice polarization
appears aboveTc . Consistent with this is that the sign of th
potential features remains the same after the transition~Fig.
6!. This implies that the sign of domain related potent
features is governed by the screening charges and is opp
to that expected from polarization orientation. Specifica
c1 domains are negative andc2 domains are positive on
SSPM image. Further evidence supporting this model is p

FIG. 5. Surface topography~a!, surface potential~b! and EFM
images of BaTiO3 ~100! surface at tip bias of 5 V~c! and 0 V ~d!.
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vided by the phenomenon of temperature-induced poten
inversion reported elsewhere.63

The relationship between polarization orientation and s
face potential can also be established from the observatio
domain wall motion. Shown in Fig. 7 are SSPM images o
c1-c2 domain structure obtained at 12 h intervals. T
shrinking of negative domains results in the formation o
dark rim in the direction of domain wall motion. Formatio
of the rim is ascribed to the slow relaxation of screeni
charges after the displacement of the domain wall. Sim
considerations@Figs. 7~c!,~f!# imply that a negative rim in the
direction of wall motion is possible only if domain relate
potential features are determined by the screening char
Formation of positive and negative rims during 90°a-c2 and
a-c1 domain wall motion was also observed.

The relationship between local polarization orientati
and surface potential can also be established by compar
of SSPM and PFM imaging from the same region. Piezo
sponse images of a BaTiO3(100) surface are compared t
SSPM images from the same region in Fig. 8. It can be s
that the signs of piezoresponse and surface potential im
are the same, i.e., the sign of surface potential is ind
determined by screening charges rather than by polariza
charges.

Thus, observation of thermal phase transition, dom
wall motion and PFM imaging indicate that the potential
the surface is inverse to that expected, i.e., polariza
charges are completely screened or overscreened. Sinc
charge deposition is expected during the noncontact m
surements and overscreening is unlikely in the pristine st
complete screening occurs on BaTiO3(100) surface in air.
The contribution of free charge to the observed potential f
tures must be very small, a conclusion that is further c
roborated by force gradient-distance and force-dista
analysis.
s-

he
e

b-
ing

f
of
FIG. 6. Surface topography and potential di
tribution at BaTiO3 ~100! surface before ferro-
electric phase transition at 125 °C~a!, ~b!, 4 min
after transition~c!, ~d! and after 2.5 h annealing
at 140 °C~e!, ~f!. Apparent intensity differs due
to the different scale@0.1 V for ~b!, 0.5 V for ~d!
and 0.05 V for~f!#. Note that the sign of surface
potential features does not change during t
transition. Diagram of charge behavior during th
phase transition~g!. Above Tc , the spontaneous
polarization disappears as indicated by the a
sence of topographical corrugations. Screen
charges are uncompensated resulting in thein-
crease of domain contrast. Slow relaxation o
screening charges results in disappearance
contrast after annealing.
1-7
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FIG. 7. Surface potential images ofc1-c2

domain region BaTiO3 ~100! acquired at 12 h in-
terval ~a!, ~d!, corresponding average profile
along the boxes~b!, ~e! and the scheme of surfac
charge distribution~c!, ~f!. Formation of the
negative rim in the direction of the domain wa
motion is due to the slow relaxation of th
screening charges.
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C. Bias and height dependence of force gradient

The bias dependence of the average force gradient an
domain force gradient are compared in Fig. 9. As expec
the average force gradient is a parabolic function of the b
voltage; the experimental data are described by Eq.~11!. The
zeroth-order termA0'60 Hz includes a frequency offset du
to drift in the oscillating characteristics of the cantilever af
calibration and depends on the tip. The domain force gra
ent dependence is linear and is approximated by Eq.~13!.
Large biases result in nonlinear behavior of the domain fo
gradient even though the average force gradient follows
~11! well. In order to minimize the influence of this effec
fitting was performed within the linear region. The distan
dependence for the average force gradient and domain f
gradient is shown in Fig. 10 for several tip biases along w
corresponding fits by Eq.~6b!. It is clearly seen that a non
linear response in domain force gradient exists for all t
surface separation studied.

In order to quantify the distance dependence of EFM d
coefficientsA2 and B1 for two tips were determined as
function of tip-surface separation~Fig. 11!. These dependen
cies can be linearized in log-log coordinates and correspo
ing effective slopes are summarized in Table I. The effect
slopes are larger than expected for the line charge m
~21! and smaller than expected for the sphere model~22!,
in agreement with previous studies on different system64

As expected, the effective slope is smaller for a sharp
since the relative contribution of the tip bulk~i.e., line charge
contribution! is larger in this case. In fact, the effective slo
of the average force gradient for a sharp tip is almost equa
unity, implying that the line charge model can be used
describe the capacitive interaction in this case. To quan
the relative apex and bulk contributions toA2 and B1 , ex-
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perimental dependencies were fitted by Eq.~6b! and fitting
parameters are listed in Table I.

The frequency shift due to force gradient can be fou
from Eqs.~1! and ~4! as

Dv im5
v0

2k

4p«0V2

b2

1

h
. ~22!

Substituting the resonant frequency of the ‘‘dull’’ cantilev
v0568.14 kHz, a typical spring constant for the cantilev
k51 – 5 N/m and a typical tip half-angleu'17°, the fre-
quency shift according to Eq.~22! yields coefficientc in
Dv im5cV2/h equal to 235–47 nm/s V2, which is in excel-
lent agreement with our experimental results. The spr
constant for the tip is therefore estimated ask'1.75 N/m.

As shown above, the distance dependence of ratios
fitting coefficients can be used to determine the relative c
tributions of different factors to imaging contrast. The d
tance dependence of ratiosB1 /A2 andB0 /B1 for sharp and
dull tips are compared in Fig. 12~a!. It is clearly seen that for
small tip-surface separations (z,100 nm) the ratios are al
most distance independent. For larger tip-surface separa
the measured values of domain force gradient and variat
of average force gradient are small compared to typical no
levels ~;0.1–1 Hz!, consequently errors in fitting coeffi
cients are large in this region. Average potential determin
from A1 /A2 @Eq. ~14!# is shown in Fig. 12~b! and summa-
rized in Table II. The absolute potential difference betwe
adjacent domains is calculated as 668 mV2533 mV
5135 mV ~dull! and 628 mV2473 mV5155 mV ~sharp!.
Therefore, the potential difference betweenc1 and c2 do-
mains isDVc2c'135– 155 mV. Noteworthy is that the av
erage image potentialVav is approximately equal to (V1
FIG. 8. Surface topography~a!, surface poten-
tial ~b! and piezoresponse images~c! from a-c
domain region on BaTiO3 ~100! surface.
1-8
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LOCAL POTENTIAL AND POLARIZATION SCREENING . . . PHYSICAL REVIEW B63 125411
1V2)/2, i.e., effective surface areas ofc1 and c2 domain
regions are equal, as expected from energy considerat
The potential difference betweena and c1 domains was
similarly found to be 85 mV, i.e., approximately equal to t
expected valueDVa2c'DVc2c/2. Domain potentialsV1 and
V2 , and average image potentialVav are combinations of
four independent parametersA1 , A2 , B0 andB1 and thus are
independent.

FIG. 9. Bias dependence of average frequency shift~a! and do-
main frequency shift~b! in force gradient~EFM! images.

FIG. 10. Distance dependence of average frequency shift~a! and
domain frequency shift~b! in force gradient~EFM! images for dif-
ferent tip biases.
12541
ns.
D. Bias and height dependence of surface potential

In contrast to EFM that directly measures force gradie
SSPM provides information about forces acting on the
Despite superior resolution and better stability of SSP
compared to EFM, the interpretation of contrast formation
complex. Specifically, the measured potential depends on
driving voltage and tip-surface distance so an understand
of image contrast is required to quantify SSPM data.

Quantification of the SSPM data was done similar to
EFM data, i.e., average image potential and potential dif
ence across the domain boundary were determined. B
driving voltage and tip-surface separation dependencies w
measured. According to Eq.~3!, surface potential measure
by SSPM is independent of bias voltage. In practice, ho
ever, the nonideality of the feedback loop results in 1/Vac
dependence on driving amplitude, as shown in Eq.~18!.
Thus, the average image potentialVav is fit by Vav5Vs
1B/Vac, whereVs is surface potential andB is fitting pa-
rameter~Fig. 13!. Average surface potential is virtually dis
tance independent,Vs5600620 mV and coincides with the
average surface potential determined by EFM. The coe
cient B increases for large tip-surface separations as p
dicted by Eq.~18!.

FIG. 11. CoefficientsA2 ~a! and B1 ~b! as a function of tip-
surface separation for blunt and sharp tip.

TABLE I. Distance dependence of average~A! and domain~D!
frequency shifts.

Tip Effective slope g, N nm2/V2 h, N nm/V2

Dull A 21.1760.04 40006300 13667
SharpA 21.0260.05 8606150 6064
Dull D 21.4160.02 1600670 2861.5
SharpD 21.1160.01 144623 20.560.6
1-9
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The domain potential differenceDVdc is virtually Vac in-
dependent above 2 V, in agreement with Eq.~20!. At low
driving voltages there is considerable noise and possib
small increase in measured potential. However, this ef
does not exceed;10–20 mV, while the dependence of th
average image potential@see Fig. 13~a!# indicates a strong
driving voltage dependence. This observation implies t
domain boundary potential differences obtained by SS
are relatively insensitive to feedback parameters and Eq.~16!
can be used to describe potential-distance relations. This
demonstrates that feedback parameters that strongly i
ence the absolute value of measured surface potential do
affect measured potential variations. The domain poten
distance dependence is shown in Fig. 13~b!. In agreement
with previous discussion, these values are almost indep
dent of driving voltage, and in fact are almost linear in sem
logarithmic coordinates in good agreement with Eq.~18!.
The distance dependence of domain potential differen
were fitted byy5a1b ln(x). From Eq. ~18! the ratio a/b
5 ln(L/4) and yield the effective tip length asL'14mm for
all tips used, i.e., very close to expected tip lengthL
510– 15mm). The distance dependence of domain poten
difference does not saturate in the tip-surface separa

FIG. 12. Distance dependence of universal fitting coeffici
ratios B0 /B1 andB1 /A2 ~a! and 22A1 /A2 ~b! for sharp and dull
tips. Note that the ratios are independent on distance, while
coefficientper sedecreases by more than an order of magnitud
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range studied, i.e., SSPM does not determine ‘‘true’’ pot
tial difference between the domains because of the sig
cant cantilever contribution to the measurements. Imagin
even smaller tip-surface separations suffers from imaging
stabilities and the possibility for tip-induced polarizatio
switching and charge transfer.

E. Screening mechanism

Both EFM and SSPM contrast is found to be unifor
within the domains with rapid variation at the domain boun
aries. Potential and force gradient features are virtua
domain-size independent. From these considerations, the
gin of the contrast can be attributed either to pure elec
static field contrast for an unscreened surface@Fig. 2~b!# or
surface potential contrast on a completely screened sur
@Fig. 2~c!#. Both EFM and SSPM yield potential differenc
betweenc1 and c2 domains asDVc2c'150 mV and be-
tweena and c domains asDVa2c'DVc2c/2. This value is
much smaller than that expected for an unscreened surf
Furthermore, observations of the ferroelectric phase tra
tion and domain wall motion suggest that the potential
surface domains is inverse to that expected from polariza
orientation, i.e., it is negative forc1 domains and positive
for c2 domains. This is further verified by the distance d
pendence of the universal coefficient ratios~Fig. 12!. There-

t

e

FIG. 13. Driving voltage dependence of average image poten
~a! and distance dependence of domain potential difference~b!.
TABLE II. Fitting coefficient ratios for EFM imaging of ferroelectric domains.

Tip 2(V12V2)52B1 /A2 (V11V2)/252B0 /B1 Vav52A1/2A2

Dull 0.2760.03 0.6060.08 0.5360.05
Sharpc-c 0.3160.04 0.5560.09 0.6060.07
Sharpa-c 0.1760.02 0.6360.09 0.6060.07
1-10
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LOCAL POTENTIAL AND POLARIZATION SCREENING . . . PHYSICAL REVIEW B63 125411
fore, the state of the ferroelectric BaTiO3 ~100! surface under
ambient conditions corresponds to almost complete scr
ing of polarization bound charges.

While complete screening and overscreening are expe
when domain switching is induced by a charged tip, the p
tine equilibrium domain structure is studied here. The sign
the potential features indicates that screening charges ar
cated closer to the tip than potential bound charges. T
consideration is not sufficient to attribute the screening
surface adsorbates, since analysis of the ferroelectric scr
ing problem indicates that the electrostatic field can be p
allel to polarization in the surface layer~while it is always
depolarizing in the bulk! giving rise to the same sign rule
Equation~A7! suggests that a potential difference of 0.175
is equivalent to a 0.25 nm double layer of a dielectric co
stant «1580 (H2O) on a ferroelectric substrate~external
screening! or a 9.5 nm depletion layer in a ferroelectric wi
a dielectric constant«253000 ~intrinsic screening!. While
the former estimate is reasonable for a molecular adsor
layer or occupation/depletion of surface states, the latte
unreasonably small for a depletion layer width in a semic
ductor with a low charge carrier concentration~;1 mm!.
Thus, surface adsorption or intrinsic surface states are
dominant mechanism for polarization screening on a fe
electric surface in ambient conditions, though a minor c
tribution from intrinsic screening cannot be excluded. No
worthy is that the average surface potential is approxima
equal to average domain potential betweenc1 and c2 do-
mains,Vav'(V11V2)/2. This observation implies that su
face areas occupied byc1 and c2 domains are equal, a
expected from considerations of electrostatic energy mini
zation.

V. CONCLUSIONS

The combination of AFM, EFM and SSPM provides
powerful tool to determine surface and subsurface dom
structures on well-defined BaTiO3 ~100! surfaces. EFM and
SSPM analyses of domain wall motion and thermal ph
transition indicate that polarization bound charge is co
pletely screened on this surface and surface potential is
verse to that expected from domain polarity. These con
sions are corroborated by piezoresponse force microsc
Analytical treatment of force gradient-distance~EFM! and
force-distance~SSPM! data requires both cantilever and t
contributions to be taken into account. Quantification
EFM data allows extraction of absolute domain potenti
with respect to the tip. Extracted potential differences
tween domains of opposite polarities suggest that polar
tion bound charge is completely screened by adsorba
charge carriers, or intrinsic surface states. Surface pote
from SSPM data does not saturate for small tip-surface s
rations and consequently special precautions should be t
in quantifying these data. Measured potential variations
also found to be independent of feedback parameters un
the absolute values of surface potential.
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APPENDIX: POTENTIAL AND FIELD ABOVE
FERROELECTRIC SURFACE

The surface layer in a ferroelectric material with an ar
trary degree of polarization screening with periodicc1-c2

domain structure inx direction can be approximated b
sheets of charges1(2L/2,x,L/2) and 2s1(L/2,x
,3L/2) at z50 and s2(2L/2,x,L/2) and 2s2(L/2
,x,3L/2) atz52h, whereL is characteristic domain siz
and h is characteristic width of double layer. The dielectr
constant is«0 for z.0 above ferroelectric surface,«1 for
2h,z,0 in the double layer, and«2 for z,2h. For a
completely screened surfaces152s25s, while for the
unscreened surfaces250. For internal screening by charg
carriers «1'«2'3000«0 , corresponding to pure BaTiO3,
while for external screening by adsorbates«2'80«0 ~as for
H2O!. For a tetragonal ferroelectric«2 is determined as a
geometric mean of principal values of dielectric constant t
sor «25A«x«z.

The potential above the surface, in the double layer an
the bulk can be written as a Fourier series:

F15 (
n50

An cosS pnx

L DexpS 2
pny

L D , z.0, ~A1!

F15 (
n50

FBn expS 2
pny

L D1Cn expS pny

L D GcosS pnx

L D ,

2h,z,0, ~A2!

F15 (
n50

Dn cosS pnx

L DexpS pny

L D , z,2h. ~A3!

The coefficientsAn ,Bn ,Cn ,Dn are determined from the
usual boundary conditions for potential:

F1~z50!5F2~z50!, ~A4a!

F2~z52h!5F3~z52h! ~A4b!

and electric field

«0

]F1~z50!

]z
2«1

]F2~z50!

]z
5s1, ~A5a!

«1

]F2~z52h!

]z
2«2

]F3~z52h!

]z
5s2. ~A5b!

The potential and field distribution above a ferroelect
surface is determined by the coefficientAn . Its functional
form is complicated, but since the width of double layer
much smaller than the characteristic domain size,h!L, An
can be calculated as
1-11
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An5
4hs«2

«1~11«2!

~21!n11

p~112n!
. ~A6!

From Eq.~A1!, ~A6! potential difference between thec1

andc2 domains in the completely screened case is

DVs5F1~L,0!2F1~0,0!5
hs«2

«0«1~11«2!
, ~A7!

while the field variation is

DEs5E1~L,0!2E1~0,0!5
2hs«2

«0«1~11«2!L
. ~A8!
12541
In the unscreened case the potential and electric field
ference betweenc1 andc2 domains is

DVu5F1~L,0!2F1~0,0!5
4CLs

«0~11«2!p2 , ~A9!

whereC'0.916 is the Catalan constant and

DEu5E1~L,0!2E1~0,0!5
s

«0~11«2!
. ~A10!
.
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