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Nanoscale polarization switching in ferroelectric materials by piezoresponse force microscopy in
weak and strong indentation limits is analyzed using exact solutions for coupled electroelastic fields
under the tip. Tip-induced domain switching is mapped on the Landau theory of phase transitions,
with domain size as an order parameter. For a point charge interacting with a ferroelectric surface,
switching by both first and the second order processes is possible, depending on the charge—surface
separation. For a realistic tip, the domain nucleation process is first order in charge magnitude and
polarization switching occurs only above a certain critical tip bias. In pure ferroelectric or
ferroelastic switching, the late stages of the switching process can be described using a point charge
model and arbitrarily large domains can be created. However, description of domain nucleation and
the early stages of growth process when the domain size is comparable with the tip curvature radius
(weak indentationor the contact radiuéstrong indentationrequires the exact field structure. For
higher order ferroic switchin¢e.g., ferroelectroelasticthe domain size is limited by the tip—sample
contact area, thus allowing precise control of domain siz085 American Institute of Physics

[DOI: 10.1063/1.1866483

I. INTRODUCTION growth, which are most relevant to applications in high-
) ] density ferroelectric data storage devices, cannot be de-
The drive towards nanotechnology necessitates the d&sgrined using a point charge approximation. Moreover, even
velopment of ways to control properties of matter at thethough it has been shown that strains produced by the tip
nanoscale. In the last several years, significant attention h"i‘ﬁay suppress local polarizatiBror induce local ferroelec-
been devoted to the applications of piezoresponse force Mizge|astic polarization switching, electrostatic models do not
croscopy(PFM) to the characterization of ferroelectric ma- i5xe into account strain effecté Here. we analyze the
terials, which are used in high-density nonvolatile memoriesyicroscopic mechanisms for electric field- and mechanical
and other eIectromc_dewqés?PFM provides an approach to gyress-induced polarization switching phenomena using re-
nanoscale engineering via local modification and control ofently obtained expressions for the electroelastic fields under

ferroelectric _ domain  structures, ~ with ~10-30 nm  he pFM tip!® for strong and weak indentation regintés.
resolution.™" The practical viability of these PFM applica-

tions depends on the minimal stable domain size that can bﬁ: THEORY
formed during local polarization switching induced by a tip-
generated field. Analysis of domain switching processes us- Polarization switching in ferroelectric materials is a mul-
ing a point charge approximation and the Landauer modesiiple step process that includes initial domain nucleation and
for domain geometry was given by Molotskit al®*°and,  subsequent forward and lateral domain expanidfiMost
independently, by Abplanalfd. Here we illustrate that the ferroelectric materials are characterized by extremely thin
point charge model is valid only if the domain size is largerdomain walls and high wall energies, resulting in high acti-
than the tip size, limiting its applicability to the late stages ofvation barriers for a homogeneous domain nucleation in a
the switching process. The stages of the polarization switchuniform field® Once the critical nucleus size is achieved,
ing process, such as domain nucleation and early stages tife domains grow indefinitely, resulting in macroscopic
switching in the crystal. The free energy evolution in this

Author to whom correspondence should be addressed; electronic maiPfocess is illustrated _in _Fig-(a)- Th_is s_imple pi_cture no
sergei2@ornl.gov longer holds for PFM tip-induced switching. In this case, the
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FIG. 1. (a) The domain free energy as a function of lateral domain size for @
a uniform field.(b) Possible scenarios for the domain free energy evolution . . o o
for tip-induced switching. Case I: switching doesn't oc¢external field is ~ FIG. 2. (8 The domain geometry during tip-induced switching ahd
below the threshold valyeCase II: nonactivation type of switchirigxter- ~ 9eometric parameters of the tip—surface junction.

nal field is arbitrarily large domain nucleates directly below the tip. Case
I1I: activation type of switchingexternal field is above the threshold value

domain nucleation requires overcoming the activation bakjer elastic switching are reverse, thus providing an approach to

distinguish these switching mechanisms.

The free energy of the nucleating domain is
electroelastic fields established by the tip are confined to the B
finite volume of the material, implying that tip-induced ferro- AG = AGpuik + AGwai + AGgep (2)

electric switching will be spatially limited and imposing the where the first term is the change in bulk free energy,
upper thermodynamic limit on the switched domain size.AG,,, = [Agy,dV, the second term is the domain wall en-
However, the early stages of the switching process, i.e., daargy, and the third term is the depolarization field energy. In
main nucleation and lateral domain growth, can be expecteghe Landauer model of switching, the domain shape is ap-
to be similar to the uniform field case. proximated as a half ellipsoid with the small and large axis
Slmple estimates suggest that the electrical field Undeéqua| tory and|d, Correspondingb{Fig_ 2(a)] The domain
the tip (>10" V/m) can be significantly larger than those wall contribution to the free energy in this geometry is ap-
achieved in macroscopic experiments. Hence, the activatioproximated asf\G,,=brglg, Whereb= o 7m2/2 andoy is

energy and the critical size for domain nucleation may behe direction-independent domain wall energy. The depolar-
sufficiently small to allow homogeneous nucleation underization energy contribution iAGdepFCfﬁ/'d, where

the tip. The three qualitatively different polarization switch- )
ing scenarios in a PFM experiment are sketched in Rig). 1 c= ﬂ{ln(% A /8_11> _ 1} (3)
Scenario | corresponds to the situation when a tip-induced 3e11 rq Vv é&s3

o012 Soucent 1o duce polanaton g DS s oy a weak dependence on he doman geofty,
P P The mechanism of polarization switching can be ana-

tion energy for o_lomaln nucle_atlon is zero and a dornalr\yzed using free energy surfaces representing the domain en-
forms instantly. Finally, Scenario Ill corresponds to the case :
ergy as a function ofy, ry. A free energy surface calculated

when domain nucleation requires a nonzero activation barri . _ — _
to be overcome. In cases Il and Ill, the final size of thgfjor BaTiO; (0=7 mJ/nf,Ps=0.26 C/nf,e1,=2000 3

LT . ~=1202* for the uniform fieldE=1C° V/m is shown in Fig.
domain is limited by the spatial extent of the electroelastic :
. . 3(a). The free energy surface has a saddle point and the do-
fields produced by the tip.

. . main grows indefinitely once the critical size correspondin
Here we analyze the thermodynamics of the scannin 9 y P g

. ; oo . ; % activation barrier for nucleatiok, is reached compare
probe microscopy induced switching process including do- . . L ;
main nucleation and final domain shape, using exact ex re%"-’Ith Fig. 1&]. Minimization of Eq.(2) with respect tory
sions for the electroelastic fields undrt)ar,the PgFM tip in F;heand l allows one to estimate the critical domain size and

P activation energy for nucleation, r.=5b/6a, I

v_vef_;\k and strong_md_entatlo_n re_glrn]édt is shown _that t_he —52%0d2/6a%2, and E,=5%%%Y2/10852 where a
tip-induced polarization switching can be described in the

" . =47P,E/3. For the parameters in the text, the activation
framework of the Landau theory of phase transitions, with . . R
o energy for domain nucleation i&,=2.4x10° eV for I,
the domain size as an order parameter.

The driving force for the 180° polarization switching =16.4um, rc=0.264um. Thus, for relatively weak fields

: o . corresponding to experimental coercive fields, homogeneous
process in ferroelectrics is the change in the bulk free energy . leation is | bl . ical f lectri
density!- 13 omain nucleation is impossible and in typical ferroelectric

materials domain nucleation occurs on the surface or at in-
terface defects. However, the activation energy for nucle-
Agpu =~ APE; — Ad EiX,,, (1) ation is a strong function of the field, and for the fields on the
order of 10 V/m generated by the tip of radius100 nm at
whereP;, E;, X,, andd, ,, are components of the polarization, potential of 1V, the corresponding parameters afg:
electric field, stress, and piezoelectric constants terisor, =2.17 eV forl.=11.4 nm,r.=2.6 nm. The strong scaling of
=1,2,3, andu=1,...,6. The first and second terms in Eq. E, with bias suggests that even for relatively low tip biases
(1) describe ferroelectric and ferroelectroelastic switchingon the order of 1-10V, the activation energy is small
respectively. Notably, for ferroelectric materials such asenough to allow thermal fluctuations to overcome the activa-
LiINbO; and lead—zirconate—titanatBZT), the signs of the tion barrier, resulting in ferroelectric domain formation under
corresponding free energy terms are opposite and the polatike tip. Thus, domain nucleation in PFM does not require an
ties of the domains formed by ferroelectric and ferroelectroimpurity or other nucleation center as in the uniform field
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FIG. 3. The free energy surface for domain switching
in: (a) a uniform field and the field produced by a point
-10 o 9 -8 charge(b) on the surface andc), (d), (e) above the
surface.(f) The free energy surface for a realistic tip
shape. Plotted is the logarithm of the absolute value of
the energy in eV. Solid lines separate regions of oppo-
site signs, indicated by the plus and minus signs. Saddle
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case. Instead, the tiper seacts as a nucleation center. corresponding to a stable domain and a saddle point corre-

To examine this behavior quantitatively, the change insponding to the activation energy for nucleation are clearly
free energy due to the presence of the tip is calculated. Theeen, corresponding to scenario Il in Figb)l The charac-
electroelastic field distribution generated by the PFM tip isteristic domain size is on the order of several unit cell pa-
highly nonuniform and the corresponding domain free entameters, suggesting that the applicability of continuum

ergy is theory for the description of the nucleation step can be lim-
lg 12 ited. The behavior in Fig. 3 closely resembles the free energy
AGbqu:f Agpui(r)dV= 27-;f dzf Agpuk(r,2)r dr, surface evolution in a first-order phase transition. For large

v 0 0 charge magnitudes or small charge—surface separations, the

(4)  activation energy becomes small, and the free energy surface
R resembles that for a point charge on the surface, correspond-
— / 2712 F F ; . . . .
where r(2)=rqv1-2%/l3. An initial insight into the PFM ing to scenario Ill in Fig. (b).
switching phenomena can be obtained using point charge
models that are applicable if domain sizgs >R, a, where
R is the tip radius ana is the contact radiufFig. 2(b)], and
provided that the singularity at the origin is weak enough to

ensure convergence of the integral in &4). For ferroelec- This analysis can be extended to spherical tip geometry
tric switching induced by a point chargg located on the 1,y odeling the tip by a distribution of image charges. For
surface, the integral in Eq4) can be taken analytically and e weak indentation regimeontact radiusa=0), the field
AGbka:_C”d'd/(ldJ'?’rd)v where dzzpsqs/(80+\’81_lf933) and  gistribution can be derived using the image charge
¥=egg/€1,. The free energy surface fog=100€" is shown  method!®?222 The charge distribution in the tip is repre-

in Fig. 3(b). _ o sented by the set of image charg@slocated at distances
The tip-induced domain switching can be compared tOyom the center of the sphere such that

the Landau theory of phase transitions, with domain size as
an order parameter. In the case of a point charge on the k-1 R

[ll. SWITCHING IN THE WEAK INDENTATION REGIME

surface, domain formation is a second order phase transition, <17 , 4+ 12(R+d) - r; Qn (5a)
since in the vicinity of the point charge, the electrostatic field

is infinitely large and nucleation always occiyszenario | R2

in Fig. 1(b)]. Similar behavior is expected for a point charge (5b)

M=o 5
inside a ferroelectric material. 2(R+d) i

This situation changes drastically for a point chargeyhereR is the tip radiusd is the tip-surface separation,
above, rather than on, the ferroelectric surface. In this casgy =4me,RV, r,=0, andV is the tip bias. The tip—surface
Eq. (4) can also be evaluated analytically; however, the Corcapacitance i€y(d, k)V=S7,Q; and for small tip—surface
responding closed-form solution is rather cumbersome. For 8eparation Cd(K):4’7T80R[(K+1)/K—1]|n[(K+l)/2].24 The

point chargeq, located at height above the surface, the potential distribution inside the dielectric material induced
field in the ferroelectric is finite and nucleation is a first ordery,y chargeQ,, at distanceR+d-r; above the surface 3

phase transition. Free energy surfaces for several point

charge magnitudes and¢h=10 nm are shown in Figs. _ Q 1

3(c)-3(e). Forg,=100¢€", the free energy is positive for all Vilp,2) = 2meg(k+ 1) p2+ (r; +Zy-d-R?’
l4, rq and a domain does not form, corresponding to scenario '

I in Fig. 1(b). Forg,=200€" the free energy surface devel- wherey=\k33/ k1, andp is the radial coordinate on the sur-
ops a kink. Finally, forg,=400¢€™ the free energy minimum face. The total potential inside the ferroelectric is

(6)
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Tip Bias, V Tig Bias, V
107 1° 10 10 s 100 100 100 10l
10% T r — v 10 T v - v
1 I 5 FIG. 4. The domain energjg) and domain sizéb) for
10*4 3 10%1 a point charge on the surfa¢solid), a point charge at
> : , B 3 nm (dash, 10 nm(dash dox and 30 nm(dot) above
& 104 ( g 10'1 the surface and for a spherical tip shd@e as a func-
. ' @ tion of the effective tip charge and tip bias. The posi-
= o ' 10° tions 1, 2, and 3 foh=10 nm correspond to free energy
A, ' surfaces in Figs. &)-3(e).
TR li ‘ v : + 10"
10 10° 100 10t 10°
(a) Charge, ¢ ®)
* the effective tip radiugnot shown, suggesting that the tip
Vic(p,2) => V. (7) charge is the parameter that controls the mechanism of the
i=0 switching process.

For large domain sizesg,l4>a, the point charge ap-
At points that are far from the contact area,z>R, the  proach can also be applied in the strong indentation case,
potential distribution is similar to that generated by a pointwhen the capacitance of the tip—surface contact &ga
chargeQ=C4V on the anisotropic dielectric surface =4kepa is larger than that of the spherical part of the tip
Cea> Cd.ls In this case, the contact area capacitance must be
cV 1 used in Eq(8). In the general case of piezoelectric indenta-
d . (8) tion, when both tip bias and indentation force contribute to
2meg(k + 1) \p? + (2 y)? the tip charge through dielectric and inverse piezoelectric
coupling, the point charge model can be applied using an

An approximation of a point chargg,=C,V located at
distancelgerom the surfacepwas usedg(i% Rgf. 9 to describeeffective tip charge determined through the stiffness relation

the domain switching processes for a domain size larger thaj?" the appropriate indenter geometey.g., Eq.(24) in Ref.
the tip radius. While valid fory,l;>R, the point-charge 1o for @ spherical tip

approximation is no longer valid for small separations from
the contact area and a full description using Egsand(7) V. SWITCHING IN A STRONG INDENTATION REGIME

IS requw_ed. _Theh crosEO\éer _ from spher;z_-plane o the To extend this analysis of the ferroelectric polarization
asymptotic p_omt charge behavior occurs a.t .'St"’?”ces COrm_)gixvitching processes to a realistic tip geometry, including the
rable to the tip radius. Given the characteristic size of the ti ffect of contact areéa>0) and elastic stres® > 0) and to
(on the order O_f 10-200 nima rigorous descppnon of t.he describe nucleation and the early stages of domain growth,
doma|'n nucle:?mon. a_nd early §tages of domain grow.th.m th?/ve develop a model based on the exact solutions for the
weak indentation limit qecgssﬂates the use of (EM'T.h'S IS" " electroelastic field structure for the strong indentation ¢ase.
also th_e case for_appll_catlons such as ferroelect_nc domain The total potential induced by the tip can be represented
patterning in thin f"m?* n Wh'Ch the m'Q”_ma' experimentally as a sum of the electrostatic contribution due to the tip bias,
S]Ch'fvabﬁ don;a:;]n 5|zéra<:|us~20 nm” is comparable to and the electromechanical contribution due to the load force,
e_l'_f] re; us ot the C“f])’a ure.l lated usi 407 and the electromechanical coupling in the material yas
€ free energy surface calculated using Eqsand(7) =i+ Yoy For tip biases on the order of several Volts and

for a tip radiusR=50 nm and biay/=5 V is shown in Fig. larger typically used in the PFM experimentty> i and

3(f). Similar to the case with a point charge above the SUNe electrostatic potential under the tip is

face, domain nucleation is possible only above a certain

Vic(p,Z) =

threshold value of tip bias, corresponding to a first-order : 2ypH" > EL o w o w [ a
phase transition. The bias dependence of the domain energy ¥el=~ - ]21 );(NJ Cs+L;Cyarcsi E , (9)
=17

[corresponding to the minimum in Figs(d, 3(e), and 3f)]
and the equilibrium lateral domain sizg for BaTiO; in @  where the relevant constants are defined in Ref. 15. Equation
point charge model for different charge—surface separation®) takes into account electromechanical coupling and is a
(assuming the spherical tip geometaye shown in Figs. @) generalization of the electrostatic model for a conducting
and 4b). Notably, behavior for a spherical tip resembles thatdisk on an anisotropic dielectric half-plane for the case of a
for a point charge at-1 nm separation. This indicates that transversely isotropic piezoelectric material.

tip-induced switching cannot be adequately described by a The analysis of the switching process is performed for
point charge located at the center of the curvature of the tipBaTiO;, with R=50 nm anda=3 nm, and an indentation
due to the concentration of image charges at the tip—surfaderce of P=92 nN. To quantify the domain switching behav-
junction as expected for a high-material. The effective ior, the free energy density Eql) is calculated using an
charge—surface separation and hence the critical nucleatiaxact formula for the electrostatic field, while the bulk con-
bias will be larger for materials with lower dielectric con- tribution to the free energy Eq4) and the minimum of the
stant such as LiNb® The domain size and energy plotted asdomain free energy as a function &f ry are calculated
functions of tip charg&;;,=CyV;j, are almost independent of numerically?6 The bias dependence of the domain energy
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Tip Bias, V Tio Bias, V
ip Bias,
10" 10° 10" 10° 10" 10° 10' 10°
10° ~ +~ v 10? T v - r
" 1 FIG. 5. The domain energip) and lateral domain size
o 101 f (b) as a function of effective tip charge and tip bias for
> ] ] a point charggsolid), ferroelectric switchingl) and
g 10° 1 ferroelectroelastic switchingA) for BaTiO;, with R
[55] H =50 nm anda=3 nm, and an indentation force &f
101 - =92 nN.
E A
1074 v T v r . - v .
10 100 10° 0 10 10" 10 10° 10*
@ Charge, ¢ ® Charge, ¢

and lateral domain size is illustrated in Figgadand 4b),  roelastoelectric switching and the integf&lg. (4)] does not
respectively. Note that for large biases, the switching behaveonverge, necessitating the exact structure of the field to be
ior is well approximated by the point charge model where theaken into account.

charge magnitude is now related to the indentation param- To extend this analysis to ferroelectroelastic switching

eters by the stiffness relation described by the second term in Ed), the stress distribu-
423G 2auC tion inside the material is found as a solution of the mechani-
Q= 4a°Cy | 2a4oCy (10  cal indentation problem:
37R T
L

where C;=15.40 N/V m andC,=48.54x10°° C/mV for =S SN LG
BaTiO,. This is an extension of the point charge model that =~ 7R )+ 72
takes into account the electromechanical coupling in the ma-
terial. %
Tip induced switching behavior in the strong indentation
regime is qualitatively similar to that corresponding to a
point charge above a ferroelectric surface. Domains camwhere the constants are defined in Ref. 15. The free energy
nucleate only above a critical voltage. For BaZithis mini-  density for the ferroelectroelastic switching process,
mum is calculated to b&>0.1 V, with the minimum do- =-2d;5E,0,, is calculated numerically from Eqg9) and
main size being~3 nm, i.e., comparable to the contact ra- (11). Similarly to ferroelectric switching, the domain energy
dius, in agreement with an early suggestion by Gruverfan. is calculated by Eq(4) and numerical minimization yields
Tip flattening during imaging will result in an increase of the domain size and energy.
contact radius and hence will increase the minimum achiev- The calculated bias dependence of the domain energy
able domain size. In contrast, for a small contact areaand the equilibrium lateral domain size for ferroelectroelastic
switching is dominated by the field produced by the sphericaswitching are shown in Figs.(& and 3b), respectively.
and conical parts of the tip, resulting in optimal conditions Similarly to ferroelectric switching, domain nucleation oc-
for domain nucleation. curs only above a critical bias. At the same time, the domain
The applicability of the point charge model is limited to size is a much weaker function of the bias, reflecting a faster
the first-order ferroelectric and ferroelastic switching pro-decay of the electroelastic fields, as the distance from the
cesses. In particular, the integral in Ed) converges only tip—surface junction increases.
for <2, where « describes the asymptotic behavior for Examples of the ferroelectroelastic switching in PFM are
potential and strain in the forrh=x"¢, wherex is the dis- illustrated in experiments using a single crystal of lithium
tance from the tip—surface contact. For high order ferroelecniobate(LN) and also a thin film of PZT in Fig. 6. In these
tric switching, both electrostatic and strain fields decay a®xperiments, a single voltage pulse was applied via the tip to
1/x%, hencea=2 for ferrobielectric, ferrobielastic, and fer- a ferroelectric sampléwith the tip held under a controlled

z arcsir<|—11> -(a?- Iij)l’zJ, (11)
p

FIG. 6. Examples of ferroelectroelastic domain switch-
ing in: (a) a lithium niobate single crystal anid) a PZT
thin film. Tip bias is =200 V in(a) and -6 V in (b).
Domains generated as a result of ferroelectric and fer-
roelectroelastic switchingdark and bright regions, re-
spectively exhibit dramatically different sizes.
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