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A theory of interactions between an atomic force microscopesAFMd tip and a ferroelectric domain that
forms under its electric field is proposed. We show that even for low potentials these interactions are dominant
compared to the van der Waals forces and the electrostatic forces, within a certain distance interval. This
interval expands, almost linearly, with the applied voltage. Dependence of the critical voltage required for
domain formation as a function of the tip-ferroelectric surface distance is defined. This interaction force drops
abruptly with removal of the tip from the ferroelectric surface, increases with the applied voltage and the tip
apex radius, and depends logarithmically weak on the tip cone length.
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Since the pioneering work of Saurebach and Terris,1

the atomic force microscopesAFMd was widely used
for fabrication and studying domain structures in ferroelec-
trics sFEd ssee, e.g., Refs. 2–12, and references thereind.
FE domain structures, tailored by AFM in both low1–9 and
high voltage10,11 regimes, have paved the way for advanced
photonic and microelectronic devices. At small distances
sø0.5 nmd, the major contribution to interaction forces be-
tween the tip and the surface is made by covalent forces,
attributed to valence orbital overlapping of the tip and the
surface constituent atoms in the region of contact.13 When
the tip-sample distance extends beyond 0.5 nm, the inter-
atomic connections are detached and the van der Waals
forces take the major role, as long as the applied potential is
sufficiently low. Van der Waals forces weaken much faster
than the electrostatic forces when the tip is detracted from
the sample surface. Thus at distances larger than half of the
apex radius, the electrostatic force, which is due to the con-
tact potential between the tip and the surface and exist even
without external applied potential, exceeds the van der Waals
forces.14,15The electrostatic forces strongly increase with the
applied potential. When a tip is placed in the vicinity of a FE,
the electric fields emerging from the surface of the FE do-
mains can considerably contribute to the force, as long as
screening charges do not compensate the field.3,16These con-
siderations do not take into account the possibility of the FE
domain structure to deform in the electric field of the AFM
tip. However, experiments show that strong fields of the
AFM tip are capable of forming new domains under the
tip.4–11 Hereafter, such domains are referred to as “self-
domains.” The interaction of a tip with a self-domain re-
sembles to interaction of an electron with a polarizable lat-
tice, which results in formation of polarons. An electron
polarizes the surrounding crystal lattice and is attracted by
the field of polarization, creating a polaron—a bound state of
an electron and a polarized lattice.17 Similarly, a tip is at-
tracted to the domain which created.

For simplicity we assume that the tip is located in
vacuum. The tip is not in contact with the sample, so it does
not assert any mechanical pressure on it. We also neglect the
week piezoelectric deformation of the ferroelectric surface.
This satisfies the weak indentation situation, according to the

terminology proposed by Kalinin and Bonnell.18 To develop
the theory of tip and self-domain interaction, we first find the
free energy of the self-domain as a function of the tip-surface
distance. The total domain energyW consists of the depolar-
ization field energyWD, the energy of the domain wallWS,
and the interaction energyWT between the electric field of
the tip with local changes of spontaneous polarization in the
domain volume. Following Landauer19 we assume that the
domain has a half-ellipsoid shape elongated in the polar di-
rection, where the initial orientation of the spontaneous po-
larization vectorPS is perpendicular to the sample surface.
The main axis of the half-ellipsoid domain is along the polar
axis and the base area is in the surface plane, see Fig. 1.

Landauer19 has obtained the expression for the depolariza-
tion field energy of an elongated half-ellipsoidal domain:
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16p2Ps
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whereh=1/Î1−s«c/«adsr2/ l2d. r and l are the base radius
and the length of the half-ellipsoid, respectively and«c and
«a are the dielectric constants in directions parallel and per-
pendicular to the polar axis, respectively.

The half-ellipsoidal shape of the domain surface can be
considered as a continuous set of planes with different ori-
entations. Since the domain wall surface energy densitysW
depends on the wall orientation, its value will vary with the
local coordinates on the domain wall. Such dependence is
unknown for the considered lithium niobate domains. Hence
we conduct our calculations in the framework of
Landauer’s19 model, which employs a single intermediate
value for the domain wall surface energy densitysW. Ac-
cordingly, the energy of the domain wall is

WSsr,ld = swSsr,ld s2d

andSsr , ld is the surface area of the elongated half-ellipsoid
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The tip will be considered as a truncated vertical cone
with a spherical apex.14,15 Let us determine the contribution
of charges located on the tip apex, to the domain energy. For
this matter, we shall use the spherical model in which a field
of a tip apex is supposed to coincide with a field of a metallic
sphere of radiusR, which is the curvature radius of the tip
apex. We will use a somewhat general model,18 proposed by
Kalinin and Bonnell. This model takes into account charge
distribution in the apex of the tip, which is located near an
anisotropic dielectric. The chargeq0=RU is generated in the
center of curvature of the tip apex under applied voltageU.
In addition, infinite series of image chargesqn is located at a
distancern from the center of the sphere:

qn+1 = RUSÎ«c«a − 1
Î«c«a + 1

Dn sinha

sinhsn + 1da
,

rn+1 = R2/f2sR+ dd − rng, r0 = 0, s3d

whered is the distance between the tip apex and the sample
surface,a is defined by cosha=s/R, ands=R+d is the dis-
tance between the center of curvature of the tip apex and the
sample surface.

The interaction energyWTn of the chargesqn with the
local change of the spontaneous polarization inside the do-
main is20
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wheresn=R+d−rn is the distance between the chargeqn and the sample surface andg=Î«c/«a. The total interaction energy
of charges on the tip apex with the domain is

WT
apexsr,ld = o

n=0

`

WTn
apexsr,ld. s4d

Sum s4d is made over all chargess3d, concentrated in the tip apex.
As shown by Hudletet al.14,15 and Belaidiet al.,21 the electric field in the vicinity of the tip apex is well described by the

spherical model. However, at distancesd larger thanR/2, the cone makes a noticeable contribution to domain energy. For this
matter, we shall use the linear model proposed by Haoet al.22 According to Ref. 22, the electric field of the cone is
approximated by an electric field of a line segment, having a linear charge densityl=U /b, where b=lnfs1+cosud / s1
−cosudg andu is the half-angle of the cone.

The interaction energy of the cone with the domain was calculated in Ref. 23:
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where r and z are cylindrical coordinates andzmsrd
= lÎ1−r2/ r2 is the distance between the FE surface and the
ellipsoidal face of the domain at pointr. The complete en-
ergy of the domain is determined by sum of energiess1d, s2d,
s4d, ands5d
Wdomsr,ld = WSsr,ld + WDsr,ld + WT

apexsr,ld + WT
conesr,ld. s6d

Domain energys6d includes positivesWD ,WSd and nega-
tive sWT

apex,WT
coned terms. The formed domain is stable if its

total energy is negative. This suggests the existence of a
minimal threshold potentialUth, necessary for domain for-
mation. Experiments confirm this conclusion. Threshold for
domain formation in barium titanate and triglicine sulfate
single crystals was measured by Abplanalp9 and Honget
al.24 Calculations of this threshold were conducted in Refs. 9
and 23. However, it was assumed that the tip is in direct
contact with the surface.

The field of the tip strongly decreases with removal of the
tip from the surface. Therefore, it is expected thatUth will
increase when increasing the distance. All further calcula-
tions will be performed for lithium niobate, for whichPS
=75 mC/cm2, «c=34, «a=80. Since the domain wall surface
energy density is unknown for lithium niobate we will use
sW=15 mJ/m2 which is in the range of measuredsW
=10–35 mJ/m2 for lithium tantalite, which has similar ferro-
electric properties.25 Calculation results of the threshold dis-
tance for domain formationdth as a function of the applied
voltage are brought in Fig. 2. It can be seen that the threshold
distancedth, at which the domain formation is possible, in-
creases withU andR. Obviously, the interaction forceFdom
has a meaning only if the tip-surface distance isdødth

EnergiesWT
apex andWT

cone depend directly on the distance
d. The domain equilibrium sizesrm andlm, which correspond
to a minimum of functionals6d, depend ond as a parameter.
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ThereforeWS andWD also depend ond through the equilib-
rium domain sizes. Hence, all the terms in the domain energy
depend, directly or indirectly, ond, so when deriving the
interaction force

Fdomsdd = − ]Wdom/]d s7d

it is necessary to take into account the entire domain energy
s6d.

We have calculated forces of a tip interaction with a self-
domain for different values ofR, L, u, andU. The full energy
functional of the domains6d was minimized for fixed values
of d, R, L, u, and U. This allowed obtainingWdomsdd as a
function of the distanced. Equations7d defines the tip-self
domain interaction force.

The forceFdom depends on cone lengthL very weakly.
Curves of the forcesFdomsdd for different cone lengthsL
=5 mm and 10mm, whereU=50 V andR=50 nm, practi-
cally coincide. For reasonable values ofu=10°-15°, the
force magnitudeFdom weakly depends on the cone half-
angle. Therefore all further calculations were conducted un-
der fixed values ofL=10 mm and u=12°. Figure 3 shows
Fdomsdd. It is seen that the forceFdom sharply drops with
increase of the distance and increases with the applied volt-
ageU and the apex radiusR. The characteristic decay dis-
tance of the force is about the apex radiusR. As the force
Fdom strengthens with the applied potential, it would be par-
ticularly strong under conditions of the so-called “domain
breakdown” phenomenon, recently observed by Rosenmanet
al.10,11—formation of elongated stringlike domains, under
large applied potentials, superficially similar to electrical
breakdown channels.

Let us compare the interaction force between the tip and
the self-domain with other forces between the tip and the FE
surface. Usually experiments are conducted in air. In this
case ionic charge is adsorbed on the surface, which almost
totally compensates the field of the spontaneous polarization

outside the crystal.18 Hence, the remaining Coulomb interac-
tion of the tip with the domains3,16 can be neglected. In ad-
dition, from the same considerations, the field arising form
bound charges on the domain base is discarded when calcu-
lating the depolarization energys1d and only the bound
charges near the apex of the domain are considered.

We shall compare various forces at distancesd.0.5 nm,
for which the interatomic forces are negligible.13 Previously,
it was considered that at such distances the tip-sample inter-
action is exclusively governed by van der Waals and capaci-
tive forces. For distances exceeding a few nanometers, the
retarded effect must be taken to account in van der Waals
forces.26 As already shown by Saint Jeanet al.,15 the van der
Waals force, including the retarded effect, is given by

FvdW = −
Hret

30
H 1 + tg2u

fd + Rs1 − sinudg2 +
2R− d

d3 J , s8d

whereHret is the retarded Hamaker constant. The magnitude
of Hret increases with the polarizability of interacting

FIG. 1. Schematics of the used model.

FIG. 2. Threshold distancedth at which the tip is capable of
forming a domain in lithium niobate as a function of the applied
voltage for different tip apex radii:R=30 nm ssolid curved, R
=40 nmsdashed curved, andR=50 nmsdotted curved.

FIG. 3. ForceFdom as a function of the tip-surface distance for
different tip apex radii and applied voltagessad U=20 V, sbd U
=50 V, and scd U=100 V, where R=30 nm ssolid curved, R
=40 nmsdashed curved, andR=50 nmsdotted curved.
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bodies.26 Typical values ofHret is on the order of 10−28 J m
for dielectrics26 and up to 10−27 J m for metals.15 The tip is
usually metallic or heavily doped semiconductor and the FE
is considered to be a dielectric. Therefore, it is expected that
the Hamaker constant of the tip-FE system is between the
two values. In calculations of forces8d we used the Hamaker
constant valueHret=10−27 J m for metals. This allows evalu-
ating an upper bound to van der Waals forces.

An expression for the capacitive force was found by
Hudletet al.14,15for the case of a metallic tip interacting with
a metallic surface. Analogously we evaluate the interaction
of a tip with an anisotropic dielectric

FCsdd = −
sÎ«c«a − 1d
4sÎ«c«a + 1d

H R2s1 − sinud
dfd + Rs1 − sinudg

+
1

fln tgsu/2dg2Fln
L

d + Rs1 − sinud
− 1

+
Rcos2 u/sinu

d + Rs1 − sinudGJU2. s9d

Contrary to forcess7d and s9d, which strongly increase
with the applied potential, the van der Waals forces8d does

not depend on the potentialU. Therefore, it influences the
interaction only at low potentials and small tip-surface dis-
tances. AtU.10 V its relative contribution is so small that
it can be neglected. Thus we will compare only forcesFdom
and FC. Calculations show that even for small potentials,
there is an interval of distances between the tip and the sur-
face ddom, for which the forceFdom exceedsFC, see Fig. 4.
Hence, it is necessary to take into account the interaction
force of a tip with a self-domain when considering experi-
ments, in which potentials higher than the thresholdUth are
applied. As seen in Fig. 5, the intervalddom expands almost
linearly with the applied potential.

Our calculations show that the interaction force between a
tip and a self-domain increases with the applied potential.
Even at low values of the applied potential,Fdom is the most
significant interaction force between a tip and a ferroelectric
surface at distances, between the tip and the surface, smaller
thanddom. Hence, this force must be considered when study-
ing interactions between the atomic force microscope tip and
ferroelectrics.
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FIG. 4. Comparison of various tip-surface interaction forces: tip
with self-domain interaction forceFdom ssolid curved, capacitive
force FC sdashed curved and van der Waals forceFvdW sdotted
curved. Applied potential isU=4 V and the tip apex radius isR
=50 nm.

FIG. 5. Intervalddom for which the forceFdom exceedsFC, as a
function of the applied voltage.R=30 nm ssolid curved, R=40 nm
sdashed curved, andR=50 nmsdotted curved.
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