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Interactions of an atomic force microscope tip with a reversed ferroelectric domain
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A theory of interactions between an atomic force microsc@feM) 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 Térris, terminology proposed by Kalinin and Bonné&iTo develop
the atomic force microscopgéAFM) was widely used the theory of tip and self-domain interaction, we first find the
for fabrication and studying domain structures in ferroelecfree energy of the self-domain as a function of the tip-surface
trics (FE) (see, e.g., Refs. 2-12, and references thgrein distance. The total domain energy consists of the depolar-
FE domain structures, tailored by AFM in both Ib®%and  jzation field energyWp, the energy of the domain walls,
high voltagé®** regimes, have paved the way for advancedand the interaction energy; between the electric field of
photonic and microelectronic devices. At small distancesne tip with local changes of spontaneous polarization in the
(<0.5 nm, the major contribution to interaction forces be- yomain volume. Following Landaudérwe assume that the

tween the tip and the surface is made by covalent forcegyomain has a half-ellipsoid shape elongated in the polar di-
attributed to valence orbital overlapping of the tip and theyection, where the initial orientation of the spontaneous po-

tsr:”f"f{‘_ce consltitude_n: atoms itn tge rbegion dofocson%édl\:ﬁen_ (ojarization vectorPs is perpendicular to the sample surface.
atgmlig_sc%rm:ctic;isan;ree E:jxe?anchse q egr?g the Vr;r:’ def \'Nna:'he main axis of the half-ellipsoid domain is along the polar
.(lf)ds and the base area is in the surface plane, see Fig. 1.

forces take the major role, as long as the applied potential iS ; ; .
sufficiently low. Van der Waals forces weaken much faster. Lapdaue%g has obtained the expression for_ the depollar.lza-
ion field energy of an elongated half-ellipsoidal domain:

than the electrostatic forces when the tip is detracted from
the sample surface. Thus at distances larger than half of the 167202 1 +1
apex radius, the electrostatic force, which is due to the con- \y (r, 1) = =52 (52 - 1){_77”,(’7_) - 1], (1)
tact potential between the tip and the surface and exist even 3e¢ 2 -1
without external applied potential, exceeds the van der Waals
forces!*15The electrostatic forces strongly increase with thewhere 7=1/\1-(ec/s,)(r?/1%). r and| are the base radius
applied potential. When a tip is placed in the vicinity of a FE,and the length of the half-ellipsoid, respectively andand
the electric fields emerging from the surface of the FE do<, are the dielectric constants in directions parallel and per-
mains can considerably contribute to the force, as long agendicular to the polar axis, respectively.
screening charges do not compensate the fifidhese con- The half-ellipsoidal shape of the domain surface can be
siderations do not take into account the possibility of the FECOnsidered as a continuous set of planes with different ori-
domain structure to deform in the electric field of the AFM entations. Since the domain wall surface energy densijty
tip. However, experiments show that strong fields of thedepends on the wall orientation, its value will vary with the
AFM tip are capable of forming new domains under thelocal coordinates on the domain wall. Such dependence is
tip_4—11 Hereafter, such domains are referred to as “selfunknown for the considered lithium niobate domains. Hence
domains.” The interaction of a tip with a self-domain re-we conduct our calculations in the framework of
sembles to interaction of an electron with a polarizable latLandauer’s® model, which employs a single intermediate
tice, which results in formation of polarons. An electron value for the domain wall surface energy density. Ac-
polarizes the surrounding crystal lattice and is attracted bgordingly, the energy of the domain wall is
the field of polarization, creating a polaron—a bound state of
an electron and a polarized lattiteSimilarly, a tip is at- W(r,1) = oy S(r, 1) (2
tracted to the domain which created. i .

For simplicity we assume that the tip is located in andg(r,l) is the surface area of the elongated half-ellipsoid
vacuum. The tip is not in contact with the sample, so it does 3
not assert any mechamcal pressure on it. We also_ neglect the Sr)=mr|r+ I arcsin /1 I .
week piezoelectric deformation of the ferroelectric surface. /1 r2 2

|2

This satisfies the weak indentation situation, according to the
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The tip will be considered as a truncated vertical cone
with a spherical ape¥*1° Let us determine the contribution On+1= RU(
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 re1=RI[2(R+6)-r,], ro=0, (3)
sphere of radiu®k, which is the curvature radius of the tip
apex. We will use a somewhat general moderoposed by  whered is the distance between the tip apex and the sample
Kalinin and Bonnell. This model takes into account chargesurface,« is defined by coslr=s/R, ands=R+ § is the dis-
distribution in the apex of the tip, which is located near antance between the center of curvature of the tip apex and the
anisotropic dielectric. The chargg=RU is generated in the sample surface.

Veeea— 1) " sinha

Veeea+1 sinh(n+ 1)0(,

center of curvature of the tip apex under applied voltbige The interaction energyr, of the chargesy, with the
In addition, infinite series of image charggsis located at a local change of the spontaneous polarization inside the do-
distancer,, from the center of the sphere: main i

[ s, r? 1 r2< I) (1 r2> S
S+~ — VS +r2 o \S-sls+— |+ S-5)+2
870,Ps y 5 12 Yy P\ oy \y 1By

(\s’a+l)'yl_ (1 I’z) +(1 r2>3/2|n \/(i_f) 2+|2+i )
¥ o2 U Y

N el 7 e

wheres, =R+ §-r,, is the distance between the chamgeand the sample surface ang \e./&,. The total interaction energy
of charges on the tip apex with the domain is

WEPAr, 1) = 2 WERAr ). (4)

n=0

W) = -

Sum (4) is made over all chargg8), concentrated in the tip apex.

As shown by Hudleet al}*1%and Belaidiet al,?! the electric field in the vicinity of the tip apex is well described by the
spherical model. However, at distancgkrger thanR/2, the cone makes a noticeable contribution to domain energy. For this
matter, we shall use the linear model proposed by lda@l?? According to Ref. 22, the electric field of the cone is
approximated by an electric field of a line segment, having a linear charge dansity 3, where S=In[(1+cos6)/(1
—-cosh)] and 6 is the half-angle of the cone.

The interaction energy of the cone with the domain was calculated in Ref. 23:

S vy +(S+L)2]{S+ Znl) | p2+(s+ zm<p>) ]
Y

8mP '
WS 1) = - —,LS"l In pdp, ®)
(\‘cha"' ) 0 [S+\'p +Sz]\‘s+l_+zm(p) \/p2+< +L+Zm(P)> J
Y
[
where p and z are cylindrical coordinates and,,(p) The field of the tip strongly decreases with removal of the

=1\1-p?/r? is the distance between the FE surface and th&ip from the surface. Therefore, it is expected thit will
ellipsoidal face of the domain at poipt The complete en- increase when increasing the distance. All further calcula-
ergy of the domain is determined by sum of energbs(Z), tions will be performed for ||th|um niobate,. for WhiCF’?S
(4), and(5) =75 uClent, e.=34,£,=80. Since the domain wall surface
WeordT,1) = We(r, 1) + W (r, 1) + WEP{r 1) + WSr ). (6)  €nergy density is unknown for lithium niobate we will use
ow=15 mJ/nt which is in the range of measuredy,
Domain energy(6) includes positiveWp,Ws) and nega- =10-35 mJ/rAfor lithium tantalite, which has similar ferro-
tive (WFP* W™ terms. The formed domain is stable if its electric propertied> Calculation results of the threshold dis-
total energy is negative. This suggests the existence of nce for domain formatio,;, as a function of the applied
minimal threshold potentialy,, necessary for domain for- voltage are brought in Fig. 2. It can be seen that the threshold
mation. Experiments confirm this conclusion. Threshold fordistanceéy,, at which the domain formation is possible, in-
domain formation in barium titanate and triglicine sulfate creases witJ andR. Obviously, the interaction forcEgon,
single crystals was measured by Abpladamd Honget has a meaning only if the tip-surface distancesis 6,
al.?* Calculations of this threshold were conducted in Refs. 9  EnergiesWs***and W°™® depend directly on the distance
and 23. However, it was assumed that the tip is in directs. The domain equilibrium sizes, andl,,,, which correspond
contact with the surface. to a minimum of functional6), depend ons as a parameter.
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------ FIG. 2. Threshold distancéy, at which the tip is capable of
forming a domain in lithium niobate as a function of the applied
voltage for different tip apex radiiR=30 nm (solid curve, R
=40 nm(dashed curve andR=50 nm (dotted curve

outside the crystdf Hence, the remaining Coulomb interac-
tion of the tip with the domair’s'® 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 energgl) and only the bound
charges near the apex of the domain are considered.

We shall compare various forces at distanées0.5 nm,
for which the interatomic forces are negligidfePreviously,
- it was considered that at such distances the tip-sample inter-
FIG. 1. Schematics of the used model. action is exclusively governed by van der Waals and capaci-
tive forces. For distances exceeding a few nanometers, the

ThereforeWs andWj, also depend o through the equilib- retarded effect must be taken to account in van der Waals
: sa _ _ 26 : 15
rium domain sizes. Hence, all the terms in the domain energ{P"ces:’As already shown by Saint Jeanal, ™ the van der

depend, directly or indirectly, o, so when deriving the /aals force, including the retarded effect, is given by

interaction force Hret 1+tg®0 2R-4
Fdom(ﬁ) == aWdon/aa (7) Fuaw =~ E [5+ R(l _ Sin@)]z + P ) (8)

it is necessary to take into account the entire domain energy,nereH t is the retarded Hamaker constant. The magnitude

). o ) , of H'™ increases with the polarizability of interacting
We have calculated forces of a tip interaction with a self-

domain for different values d®, L, 6, andU. The full energy @ Tip-Surface Distance [nm]
functional of the domairi6) was minimized for fixed values i Y
of 6, R, L, 6, andU. This allowed obtainingV,,(5) as a -
function of the distances. Equation(7) defines the tip-self
domain interaction force.

The forceF4,, depends on cone length very weakly.
Curves of the force$4,,(0) for different cone lengthd
=5 um and 10um, whereU=50 V andR=50 nm, practi-
cally coincide. For reasonable values 6£10°-15°, the
force magnitudeF,,, weakly depends on the cone half-
angle. Therefore all further calculations were conducted un-
der fixed values ol.=10 um and 6=12°. Figure 3 shows
Faom(d). It is seen that the forc&g,, sharply drops with
increase of the distance and increases with the applied volt-
ageU and the apex radiuR. The characteristic decay dis-
tance of the force is about the apex radRisAs the force
F4om Strengthens with the applied potential, it would be par-
ticularly strong under conditions of the so-called “domain
breakdown” phenomenon, recently observed by Roserehan
al.1%L_formation of elongated stringlike domains, under
large applied potentials, superficially similar to electrical £ 1001
breakdown channels. i U=100V

Let us compare the interaction force between the tip and = 150 =
the self-domain with other forces between the tlp and the FE FIG. 3. ForceFy,m as a function of the tip-surface distance for
surface. Usually experiments are conducted in air. In thisifferent tip apex radii and applied voltagés) U=20V, (b) U
case ionic charge is adsorbed on the surface, which almost50 v, and (c) U=100V, where R=30 nm (solid curvé, R
totally compensates the field of the spontaneous polarization40 nm(dashed curvye andR=50 nm (dotted curve
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FIG. 4. Comparison of various tip-surface interaction forces: tip

with self-domain interaction forcé 4, (solid curve, capacitive
force F¢ (dashed curveand van der Waals forc€,q, (dotted
curve). Applied potential isU=4 V and the tip apex radius iR
=50 nm.

bodies?® Typical values ofH™is on the order of 1F%J m
for dielectricg® and up to 10°” J m for metals® The tip is

usually metallic or heavily doped semiconductor and the F
is considered to be a dielectric. Therefore, it is expected th

the Hamaker constant of the tip-FE system is between t
two values. In calculations of ford®) we used the Hamaker
constant valugd"®'=10"2" 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 al1*15for the case of a metallic tip interacting with

a metallic surface. Analogously we evaluate the interactio

—_—

(\‘"8083 - 1)
4(\eeen+ 1)

of a tip with an anisotropic dielectric
R%(1 - siné)
d6+R(A-sind)]

1 L
*Iin tg(0/2)]2[ln 5+R(1-sing —
Rcog f/sin 6 ]} )
U2,

4+
5+ R(1-sin6)
Contrary to forceg7) and (9), which strongly increase
with the applied potential, the van der Waals fo(8g does

Fe(d) =-

9)
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FIG. 5. Interval8qon, for which the forceF 4, exceeds=¢, as a
function of the applied voltagdR=30 nm(solid curve, R=40 nm
(dashed curvye andR=50 nm(dotted curve

not depend on the potenti&l. 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
Eit can be neglected. Thus we will compare only forégsy,
nd Fc. Calculations show that even for small potentials,
ere is an interval of distances between the tip and the sur-

hE}Face S4om fOr which the forceF g, exceeds, 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 threshdjg are
applied. As seen in Fig. 5, the intervg),, expands almost
Ainearly 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 potentiBl,,,, is the most
significant interaction force between a tip and a ferroelectric
surface at distances, between the tip and the surface, smaller
than 54, Hence, this force must be considered when study-
ing interactions between the atomic force microscope tip and
ferroelectrics.
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