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J. Muñoz Saldaña
Centro de Investigacio´n y de Estudios Avanzados del IPN, Unidad Quere´taro, Libramiento Norponiente No.
2000, Fraccionamiento Real de Juriquilla, Quere´taro 76230, Mexico

S. V. Kalinin
Oak Ridge National Laboratory, Condensed Matter Sciences Division, Oak Ridge, Tennessee 37831

~Received 22 December 2003; accepted 10 April 2004!

Piezoresponse force microscopy~PFM! is applied to image ferroelastic formedc domains in a single
crystal ferroelectric barium titanate bulk material. A simple model and an analytical approach are
presented, which provides a basis to understand the complex tip-surface interactions responsible for
the image contrast in PFM. In particular, the measured amplitude of the piezoresponse out-of-plane
surface displacements of aC2 domain is compared with theoretical results based upon a
three-dimensional Green’s function solution. The electric field distribution in the tip-surface contact
is determined using image-charge calculations for a spherical tip separated by a thin water layer
from a mechanically isotropic and electrically anisotropic dielectric half plane. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1758316#

I. INTRODUCTION

The atomic force microscopy~AFM! piezoresponse
mode, also called piezoresponse force microscopy~PFM!,
has been demonstrated to be a powerful tool to image ferro-
electric domains in copolymer films, barium titanate, and
lead zirconate titanate ceramics and thin films.1–8 Applying
an alternating voltage to a conductive AFM tip in contact
with a piezoelectric specimen induces mechanical vibrations
in the specimen, which can be demodulated with conven-
tional lock-in techniques. These vibrations arise due to the
converse piezoelectric effect and hence depend on the orien-
tation of the polarization vector. The tip therefore represents
a nanometer-sized movable top electrode probing the polar-
ization distribution.

A qualitative explanation for the main contrast mecha-
nism is shown in Fig. 1. It is based on the piezoelectricity of
BaTiO3 at room temperature having tetragonal distorted unit
cells, i.e., the symmetry class 4mm. Considering ac domain
under unconstraint conditions having a polarization vector
perpendicular to the surface, a homogenous electric field par-
allel to the polarization vector,E3.0, causes an expansion
of the crystal inx3 direction («35d33E3) and a contraction
in a direction («15«25d31E3), Fig. 1~b! ~bottom!. The
same electric field leads to shear strains when applied to an
unconstrainta domain, i.e.,«552«315d15E1 , Fig. 1~a! ~bot-
tom!. Transferred to the inhomogeneous electric field distri-
bution of the small tip-sample contact area, the main compo-
nent of the field leads to surface displacements indicated in
Fig. 1 ~top!. Using an alternating voltage the electric field
changes its direction periodically and the corresponding sur-
face vibration is transferred to the tip. Thus, the out-of-plane
and in-plane component can be quantified by analyzing the
deflection and torsion signal, respectively.

Analytical approaches to describe special aspects of im-
age contrast in PFM with the interaction between a small tip
and a ferroelectric surface have been already presented.9,10

For instance, Kalinin and Bonnell9 used an analytical method
to quantify the relative magnitudes of the electrostatic and
electromechanical contributions to PFM interaction forC1

and C2 domains in tetragonal ferroelectrics. As for the
present paper, the analytical description of the electrostatic
field distribution interior to the material underneath the tip-
sample contact area is carried out using the image charge
method for a dielectric material in consideration of the tip
radius and the tip-surface separation.

However, to describe the contrast formation in PFM the
piezoelectric surface displacement generated by the electro-
mechanical interaction is needed. For instance, Karapetian
et al.11 present a piezoelectric Green’s function solution for a
point electric charge on top of a transversely isotropic half
plane to calculate the corresponding surface displacements.
In the present paper, instead of using a point charge a sphere
with given electrical potential is used to model the AFM tip.
The material is assumed as a transverse isotropic infinitec
domain and the corresponding electrostatic field distribution
interior to the material generated by the sphere is computed
using a given analytical solution. Afterwards, the generated
displacement field due to the converse piezoelectric effect is
computed for different tip radii and tip-sample separations
using a three-dimensional Green’s function solution for an
isotropic linear elastic dielectric containing piezoelectric
eigenstrains. Due to the small piezoelectric coefficients of
BaTiO3 , this approximation is assumed to be close to the
coupled piezoelectric result. Finally, the surface displace-
ments responsible for PFM contrast are calculated and com-
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pared with measured piezoresponse data ofC2 domains
from a BaTiO3 bulk single crystal.

II. EXPERIMENTAL PROCEDURE

For the PFM measurement a commercial AFM~Digital
Instruments, Dimension 3000, Nanoscope III! is used. We
investigate an array ofa and c domains of a BaTiO3 bulk
single crystal of approximately 53535 mm3 in size. The
crystal has been produced using the modified exaggerated
grain growth method.12 The characterized single crystal is
oriented in the@001# direction plane, which has been deter-
mined in the scanning electron microscopy by electron back-
scattering diffraction and was subjected to compressive
stresses parallel to the investigated surface. This procedure,
which has been reported elsewhere,13 gives rise to the forma-
tion and growth of needle shapedc domains and 90°-ac-
domain walls. During the PFM measurements no mechanical
stresses are applied. To generate the piezoelectric response
signal, an alternating voltage of 20 kHz with an amplitude of
up to V0510 V is applied to a conductive tip~Nanosensors,
Pointprobe EFM!. Using a lock-in amplifier, which is syn-
chronized with the excitation signal, the amplitude of the
first harmonic oscillation of the cantilever is separated from
the deflection signal to obtain the out-of-plane piezoresponse
dc signalPx3 . The corresponding surface displacementû3

can be calculated by

û35
Samp

SAFM

Px3

2
5SPFMPx3

, ~1!

whereSamp51 mV/V, SAFM511.7 pm/V, andSPFM are the
sensitivities of the lock-in amplifier, the AFM detector, and
the PFM sensitivity, respectively. The AFM detector is cali-
brated by means of the force-distance curve of the used
probe. The displacementû3 is proportional to the half piezo-
response signal by convention since the lock-in amplifier
probes the peak-to-peak value of the input signal.

III. METHODS FOR MODELING

The Green’s function is used to compute the surface dis-
placement of ac domain, which is oriented perpendicular to
the surface. The domain is treated as a linear elastic isotropic
and electrically anisotropic infinite half space, Fig. 2. The
probe tip is approximated as a conductive sphere of an elec-
trical potentialV0 and a diameter of 2r 0 at a distanced from
the surface. This distance takes the water layer into account,
which is often present on a surface in an ambient
environment.14 Therefore the permittivity of the environment
is set to 80«0 .

The electric field produced by the tip is computed using
the image charge method.15 The computation of the electric
field distribution takes into account the high anisotropy of
the BaTiO3 c domain. The calculations illustrated in Fig. 3
are performed withMATHEMATICA 16 for a layer thickness of
d51 nm and the permittivity matrix («11,«33)
5(4600,200)«0 given by Merz.17

Green’s function

Quasistatic conditions are assumed for the Green’s func-
tion because the resonance frequency of the cantilever~'75
kHz! is much higher than the applied ac voltage of 20 kHz.
In this approach the piezoelectric displacement is imple-
mented into the nonpiezoelectric Green’s function calcula-
tion using eigenstrainsdmnkEk ,18 wheredmnk are the piezo-
electric coefficients andEk5Ek(x8) is the electric field
strength distribution computed with the image charge
method, as mentioned above. The out-of-plane displacement
u3 is then given by

u3~x!5E
x350

` E
x252`

` E
x152`

`

cjlmndmnkEk~x8!

3
]

]xl8
G3 j~x,x8!dx8, ~2!

FIG. 1. Qualitative explanation of the contrast formation in PFM. The elec-
tric field induced from a conductive probe tip causes surface displacements
due to the converse piezoelectric effect. Thus, an applied alternating voltage
leads to surface vibrations which can be detected using conventional lock-in
techniques.

FIG. 2. Scheme of the probe tip situation. Here,r 0 is the radius of curvature
of the tip, d the tip-surface separation distance, i.e., the thickness of the
water layer, andxi the introduced coordinate system used for the Green’s
function calculations.
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wherecjlmn are the components of the elastic stiffness tensor
for an isotropic material given as

cjlmn5
Y

2~12n! F 2n

122n
d j l dmn1d jmd jn1d jnd lmG , ~3!

wheren andY are the Poisson ratio and the Young’s modu-
lus, respectively. Note that the Einstein summation conven-
tion is used. Equation~2! gives the displacementsu in x3

direction at the positionx inside the infinite half spacex3

.0 due to the stress state based on the eigenstrains described
in the coordinate systemx8. The link between the stress and
displacement field is realized by the Green’s function

G3 j (x,x8). Since we are only interested in the displacements
at the surface,x350, a corresponding Green’s function for a
semi-infinite isotropic dielectric medium is utilized as given
by Mura,18 Eq. ~4!,

FIG. 3. Top: Potential distribution calculated for a tip-sample separation of
d51 nm. The distance of the equipotential lines is 1 V, starting withV0

510 V at the central sphere. The tip radius isr 0525 nm. Bottom: Electric
field strength inside thec domain computed for different coordinatesux1u.

FIG. 4. AFM and PFM measurements of a BaTiO3 single crystal. The
topography is shown in a 3D plot~a! with the correspondent deflection
image~b!. The piezoresponse out-of-plane image~c! illustrates the observed
array of ac domains. The crystal orientation is given by the stereographic
representation shown in the insertion in~a!.
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Gi j ~x,x8!5
11n

2pY Fd i j

R
1

~xi2xi8!~xj2xj8!

R3

1
122n

R1x38
S d i j 2

~xi2xi8!~xj2xj8!

R~R1x38!
D G ,

R5A~x2x8!2. ~4!

A Poisson ration50.35 is used, which is measured for a
BaTiO3 polycrystal. The integral in Eq.~2! is independent
of Young’s modulus. The piezoelectric coefficients
for a BaTiO3 single crystal are (d33,d31,d15)
5(0.0856,0.0345,0.3920) nm/V.19 Unless otherwise stated,
the tip radius isr 0525 nm and the amplitude of the tip volt-
age isV0510 V.

IV. RESULTS AND DISCUSSION

A. Measurement of the piezoelectric displacement

The surface of the investigated bulk BaTiO3 single crys-
tal is almost exactly a$001% crystallographic. This is shown
in the stereographic representation in the upper right corner
of Fig. 4~a!. Figure 4 also shows the imaged area over
535 mm2 in AFM, where the topography is represented by
the three-dimensional and the deflection image, Figs. 4~a!
and 4~b!. The corresponding piezoresponse image with the
out-of-plane signalPx3 is shown in Fig. 4~c!.

Due to the compressive stress applied to the BaTiO3

single crystal during sample preparation, needle shapedc
domains are created. These correspond to$110% domain walls
of the pseudocubic BaTiO3 lattice according to the known
crystal orientation from the stereographic analysis. A section
scan of the investigated surface area shows a sawtooth curve
of the height profile, Fig. 5. The tilt angleu is determined to
be 0.59°60.01°, which corresponds very well with the the-
oretical value of 0.60° for a 90°-ac-domain wall calculated
from the tetragonal distortion of BaTiO3 at room tempera-
ture, i.e.,c/a51.01.20

The section scan of the piezoresponse signalPx3 shows
a well profile characteristic of aC2 domain, Fig. 5. The
maximum and minimum value of the height signal correlate
with the borders of the well in the piezoresponse image.
Therefore, we have the situation of aC2 domain surrounded
by a domains. The PFM signal is close to zero within thea
domain. The orientation of thea andc domains can be evalu-
ated from the phase shift of the lock-in amplifier.8 Figure
6~a! gives the results of the out-of-plane displacementsû3

calculated from the piezoresponse signal using Eq.~1!. The
depth of the well inside thec domain increases with increas-
ing applied voltageV0 . Averaging the well depth fromx2

51.5 to 2.5mm leads to the curve shown in Fig. 6~b!, which
shows the out-of-plane piezoresponse displacementû3 as a
function of the applied voltage amplitude. The error bars
represent the standard deviation of the same interval. The
response revealed a linear behavior up to a voltage of ap-
prox. V058 V with a sensitivity of SPFM5]û3 /]V0

53 pm/V. For higher voltages the signal shows a progres-
sive trend.

B. Modeling piezoresponse of c domains

For the described situation of a charged sphere in contact
with an infinitec domain~Fig. 2!, the surface displacement

FIG. 5. Section scans of the height and PFM image~see Fig. 4!. The surface
displacementsû3 are calculated from the PFM signalsPx3 . The PFM scan
corresponds well with the topography which allows identifying the sketched
ac-domain array.

FIG. 6. Section scans of the out-of-plane surface displacements of theac-
domain array as a function of the applied tip voltageV0 . The depth of the
well increases with increasing tip voltage~a!. Averaging the values inside
the well from x251.5 to 2.5 mm gives the PFM sensitivity of theC2

domain~b!. The response is linear up toV058 V.
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in x3 direction,u3 , is calculated using the Green’s function,
Eq. ~2!. For the sake of convenience, the solution is con-
verted to cylindrical coordinates and the integration radius is
limited to r 5500 nm. By means of numerical convergence
analysis, the final accuracy of this approximation is deter-
mined to beDu3,2 pm.

Figure 7 illustrates the result of the surface displacement
profiles for different tip-sample separation distancesd. The
calculations are performed withr 0525 nm andV0510 V.
For negative excitation voltages or opposite polarization of
the c domain (C1) the shape of the profile remains un-
changed but the displacements are negative. The radius of
curvature directly underneath the peak is calculated using a
sphere function fitted through three adjacent points around
the center. Note that due to the aspect ratio used in Fig. 7 the
curvature appears to be highly exaggerated. The resulting
surface curvature is always larger than that of the tipr 0 even
when the tip sample separation is close to zero~also see Fig.
9!. Hence, the PFM signal is composed of both the negative
and positive half waves of the excitation voltage, as asserted
in Eq. ~1!.

To compare the computation with the PFM measure-
ments, the maximum surface displacement at the contact po-
sition, i.e., (x1 ,x2)50, û3 , must be evaluated. Figure 8 il-
lustrates the results for a variety of ratiosr 0 /d as a function
of the tip voltageV0 . The ratior 0 /d controls the sensitivity.
As expected from the used linear constitutive law, the dis-
placements are directly proportional to the electric potential.
The dependence of the sensitivity with respect to the tip-
sample separation is illustrated in Fig. 9 for a tip radius of
r 0525 nm. The maximum value is obtained for direct con-
tact, namely,]û3 /]V0556.6 pm/V. This value remains un-
changed even under dry conditions represented by a permit-
tivity of the environment of«0 .

The measured sensitivity of]û3 /]V0'3 pm/V would be
obtained for a ratio ofr 0 /d,1, which corresponds to a water
layer of '20–50 nm for reasonable tip radii. This is in
agreement with experimental results by Freundet al.14 who
investigated layer thicknesses on gold, titanium, and graph-
ite. For instance, scanning tunneling microscopy measure-
ments on Ti show that within the interval 20%–50% humid-
ity the related layer thickness increases linearly from 50 to
100 nm. The authors argue that this strong water adsorption
is based on an oxide layer on the Ti surface. Thus, it seems
quite probable that on the BaTiO3 surface such water layer
thicknesses are possible as well. The very high electric field
inside the material in the vicinity of the tip as shown in Fig.
3 gives rise to another explanation. Since the coercive field
of BaTiO3 is small, the high fields might lead to reorientation
of domains in the contact region. If fully 180° domain

FIG. 7. Surface displacementsu3 vs the radial distance from the contact
positionr 56Ax1

21x2
2 computed with the Green’s function solution for the

situation described in Fig. 2. The tip voltage isV0510 V. The maximum
displacementû3 decreases with increasing tip-sample separationd.

FIG. 8. Maximum surface displacementsû3 as a function of the applied tip
voltageV0 . The PFM sensitivity strongly depends on the ratior 0 /d.

FIG. 9. PFM sensitivities and the radius of curvature of the surface at
(x1 ,x2)50 calculated for a tip radiusr 0525 nm. The PFM sensitivity in-
creases with decreasing tip-sample separation until a maximum value
]u3 /]V0556.6 pm/V is reached for direct contact. The radius of curvature
of the surface at the maximum is always larger than the tip radius. Thus, the
inverted peak fully contributes to the PFM signal during ac excitation.
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switching is assumed, the sensitivity would decrease by a
factor of 2 only, because the polarization vector is fully
coupled with the electric field and thus the piezoelectric re-
sponse is always positive. Obviously, full reorientation does
not take place because contrast formation in 180° out-of-
plane domain arrays is observed in PFM, but domain switch-
ing might reduce the sensitivity slightly. Among the simpli-
fications of the utilized model, i.e., the spherical
approximation of the probe tip and, in particular, the infinite
domain size, wear of the used Pt/Ir-coated tip could strongly
decrease the sensitivity as well. Linet al.21 showed that the
difference between a high-quality Au-coated tip and a non-
coated doped silicon tip can influence the PFM sensitivity by
a factor of 10.

However, even under dry conditions, the maximum sen-
sitivity, computed to be 57 pm/V, is significantly smaller than
one would expect for an unconstrainedc domain under uni-
form electric field, i.e.,d33586 pm/V. This indicates that the
complex electrostatic tip-sample interaction is predominant
for bulk characterization and prohibits a simple evaluation of
the piezoelectric properties of the material.

V. CONCLUSIONS

~i! We present three-dimensional elastic Green’s function
calculations with a piezoelectric eigenstrain applied to com-
pute the out-of-plane surface displacements of a bulk BaTiO3

single crystal in piezoresponse mode.
~ii ! The PFM displacements measured within the BaTiO3

c domain increase linearly with the applied voltage, which is
reproduced by the Green’s function calculations. The mea-
sured displacement matches the computation when a water
layer thickness of'20–50 nm is assumed.

~iii ! The computed PFM sensitivities are distinctively
smaller than thed33 value of the BaTiO3 single crystal. This
signifies that opposite to thin films the complex electrostatic
tip-sample interaction is predominant for piezoelectric bulk
materials and prohibits a simple evaluation of the piezoelec-
tric properties of the material.
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