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Abstract 

Polarization reversal in ferroelectrics by the tip of scanning probe microscope was intensively 

studied for last two decades. In addition to classical domain formation and growth, a number 

of abnormal switching phenomena have been reported. In particularly, it was experimentally 

and theoretically shown that slow dynamics of the surface screening can control the kinetics 

of the ferroelectric switching, and result in backswitching and relaxation phenomena. Here, 

we experimentally demonstrated the practical possibility of the history dependent polarization 

reversal by the grounded SPM tip. This phenomenon was attributed to the induction of the 

slowly dissipating charges into the surface, which in the presence of the grounded tip induce 

polarization reversal. Analytical and numerical electrostatic calculations allow additional 

insight into the mechanisms of the observed phenomena.  
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Piezoresponse force microscopy (PFM) is one of the most popular techniques used for 

the complex investigations of the ferroelectric materials, allowing visualization of the static 

ferroelectric domain structures.1-3 At the same time application of the electric field through 

conductive tip opens a pathway for manipulation with the domain structures on the 

nanoscale.4, 5 

The process of the polarization reversal under the action of the electric field produced 

by the SPM tip was carefully studied by multiple scientific groups worldwide.6-20 Abnormal 

switching behaviors, including backswitching,12, 15, 21-23 polarization reversal by the “wrong” 

polarity of the switching voltage7, 11, 17, 19 and switching along the path of the unbiased SPM 

tip18, 24 were reported. These phenomena were attributed to the charge injection12, 15, screening 

of the applied electric fields25 and ferroelastoelectric switching.7 Despite clear relevance to the 

qualitative and quantitative interpretation of PFM-derived data on polarization switching, 

exact origins of the observed phenomena remain poorly understood. 

Here we experimentally studied the process of the tip-induced polarization reversal in 

the vicinity of the flat domain wall in the thin periodically poled LiNbO3 single crystal. 

Investigations demonstrated unexpected pronounced switching along the path of the grounded 

SPM tip at distances above 1 μm from the point of the field application. This switching led to 

the formation of sharp spikes on the initial flat domain wall and nanodomain chains. The 

obtained results were explained in terms of the spatial distribution of the electric field 

produced by freshly switched domains and grounded SPM tip. Analytical and numerical 

calculations of the electric field distribution showed presence of the pronounced induced 

electric field into the tip surface. Observed phenomenon allows explanation of number of the 

abnormal switching dynamics reported earlier.12, 15, 18 However it gives rise to much wider set 
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of behaviors. For instance, it enables switching (not backswitching) by the grounded tip in the 

completely screened areas. 

In addition interaction with flat domain wall and formation of the nanodomain chains 

are experimentally and theoretically considered. Obtained experimental and theoretical results 

are important for quantitative analysis of the results acquired by all electrical SPM techniques 

realized on the samples with the presence of the surface and bulk charges. 

In the experiments we used periodically poled plate of the congruent lithium niobate 

LiNbO3 single-crystal. The sample was thinned down to 20 μm by mechanical polishing. 

Experiments were performed with a commercial scanning probe microscopes Cypher and 

MFP3D (Asylum Research, USA) using Multi-75G-E SPM tips (Budget Sensors, USA) with 

a conductive platinum coating and a nominal radius of curvature of the tips Rtip < 25 nm. 

Local polarization reversal was induced by the electric field produced by the tip using 

triangular bipolar pulses with amplitude Usw = 20 – 100 V and duration tsw = 250 ms. Band 

excitation PFM mode was used for visualization of the resulted domain structures. 

Experiments were carried out at room conditions: temperature about 23oC and 30 – 40% of 

relative humidity. 

The switching process was realized over 2D arrays of the switching points (Fig 1a) with 

SPM tip motion in two modes: “contact” and “non-contact.” In the contact mode, the tip 

stayed in contact with sample surface all the time, while in non-contact mode it was 

withdrawn from the surface each time after application of the switching pulse.  

The formed domain structures were found significantly dependent on the used tip 

motion mode (Fig. 1b-e, Fig. 2). The formation of the domain in the points of the voltage 

application were only observed in the non-contact mode (Fig. 1b-c), while the switching in 
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the contact mode also revealed formation of the nanometer-sized domains along the path of 

the grounded SPM tip (Fig. 1d-e).  

 

 

Figure 1. Tip-induced switching in the thin LiNbO3 single crystal. (a) Switching scheme.  

Domain structures formed after switching in (b-c) non-contact and (d-e) contact tip motion 

modes. (b), (d) Amplitude and (c), (e) phase of the piezoresponse signal. 

 

In both modes, polarization switching with formation of the domains has been observed 

only in the areas of the sample with the spontaneous polarization directed downward (Z– polar 

surface) (Fig. 1b-e). The formation of the domains on Z+ polar surface hasn’t been observed 

in the used range of the switching voltages. This fact can be explained by the complete 

backswitching phenomenon which leads to the disappearance of the just formed domains. 

Anisotropy of the backswitching during tip induced polarization reversal was recently 

reported on the non-polar cut of the lithium niobate single-crystal26 and attributed to the 

different values of the mobility of the screening charges on the sample surface. In the current 

situation this anisotropy results in a significant difference of the screening efficiency on Z+ 

and Z- surfaces.  
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The shape and size of the isolated domains formed on the Z- polar surface in the points 

of the field application was found independent on the mode of the tip motion (Fig. 1b-e). 

However, a significant difference was revealed along the path of the grounded tip. In the 

contact mode, it led to the formation of sharp domain spikes on the flat domain wall 

(Fig. 1c, 3a) and the nanodomain chains along the tip path (Fig. 1c, 3b). This effect was found 

to be more pronounced at higher amplitudes of the switching pulses (Fig. 2). 

The experimental results explicitly demonstrate the possibility of the ferroelectric 

switching by the nominally grounded SPM tip. However as we believe this nontrivial 

phenomenon has very simple physical explanation. It can be ascribed to the interaction 

between slow screening charge dynamics (surface and bulk) which can be affected both by 

the ferroelectric domain state and electrostatics of the tip-surface system. 

 

 
Figure 2. Tip-induced switching in contact mode in LiNbO3 single crystal near flat domain 

wall with different amplitudes of the switching pulses: (a) 20 V; (b) 40 V; (c) 60V; (d) 80V 

and (e) 100 V. PFM amplitude signal. 
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First, we consider formation of the sharp spike on the initially flat domain wall 

(Fig. 3a). This phenomenon was observed after switching on the Z+ polar surface. Although it 

does not lead to the formation of the stable isolated domain, it changes spatial distribution of 

the screening charges27-29 (Fig. 3c). Further, the complete screening of the depolarization 

electric field in the absence of the top electrode can take seconds,30 which leads to existence 

of the uncompensated charge on the surface of the sample. This induces opposite charges in 

the surface of the grounded SPM tip and lead to the appearance of a highly localized electric 

field of the same direction as a spontaneous polarization of the unscreened area (Fig. 3c). The 

motion of the tip into the area of the antiparallel domain (Z-) creates the conditions for the 

polarization reversal (Fig. 3d) and formation of the new domains. 
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Figure 3. (a-b) Detailed PFM amplitude images of the domain structures formed along path of 

the grounded tip: (a) spike on the domain wall; (b) nanodomain chain. (c-d) Scheme of the 

switching mechanism: (c) initial switching and complete backswitching far from the domain 

wall; (d) switching under the action of the electric field produced by the induced charges.  

(e-f) Model electrostatic problem: grounded conductive sphere and point charge: (e) scheme; 

(f) distribution of the z-component of the electric field along the line z = –R; y = 0. 

 

At the same time formation of the nanodomain chains can’t be observed between 

freshly switched isolated domains. In this case spatial distribution of the charges is completely 

different. Unscreened charges on the sample surface are partially compensated by bulk 

charges on tail-to-tail domain walls. This is in agreement with recent experimental studies of 

the backswitching behavior18, in which case grounded tip induces back poling inside freshly 

switched domains, but not formation of new domains outside. This fact has also been 

experimentally confirmed by multiple switching with different amplitudes of the switching 

pulses (Fig. 2). 

Qualitative picture of the electric field produced by the grounded SPM tip can be 

derived using simplified model of the grounded sphere with radius R, with center in the point 

(0; 0; 0) near the point charge Q located at distance L in the point (L; 0; 0) (Fig. 3e). 

Analytically electric field produced by this system can be calculated using method of the 

images. Neglecting the influence of the air-ferroelectric boundary on the field distribution, the 

total electric field can be found as a superposition of the electric field produced by the charge 

Q and imaginary charge q' located in the point (0; 0; l'), where LRQq ⋅=′  and LRl 2=′ . 

Thereby z-component of the resulted electric field along the line z = -R (analogue of the 
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sample surface) have two pronounced maxima (Fig. 3f). The left one represents an electric 

field produced by charges induced into the sphere, which in the case of grounded tip is 

responsible for the observed polarization reversal. 

To derive quantitative description accounting for the finite size of partially unscreened 

bound charge located at the domain face near the sample surface, the presence of the 

boundary of the two dielectrics (one is anisotropic) and presence of the grounded bottom 

electrode, not considered above in the toy model, we used COMSOL Multiphysics package 

for the solution of the electrostatic equations by finite elements method. In the simulations 

SPM tip was modelled by part of the sphere with radius Rtip = 20 nm and conical part with 

angle 10°, oriented normally to the sample surface (Fig. 4a). The sample was modeled as an 

anisotropic dielectric with a diagonal tensor of the relative permittivity with εxx = εyy = 84 and 

εzz = 35. The partially screened charge was modeled as a disk with radius Rch = 100 nm and 

the center located at a distance ΔX from the tip on the surface of the sample with the surface 

charge density 275.305.0 mCPS μσ =⋅= , which corresponds to 95% screened surface of the 

cylindrical domain with radius Rch. The surface of the SPM tip and the bottom electrode were 

assumed grounded for the simulations. 
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Figure 4. COMSOL simulations of the electric filed induced by the grounded SPM tip in 

vicinity of the charged disk located on the surface of the anisotropic dielectric sample. Spatial 

distribution of the (a) electric potential and (b) z-component of the electric field.  

(c) z-component of the electric field along the line z = -5 nm; y = 0 nm calculated for different 

positions ΔX of the charged disk on the sample surface. Simulated sample thickness is 1 μm. 

 

As expected, the simulations showed that the grounded tip induces a strong electric field 

spatially localized in the nanometer sized area (Fig 4b). The maximal value of the electric 

field decreases when the distance between the tip and the charged disk is increased (Fig. 4c). 

It should be noted that even at sufficiently long distance from the charged disk (ΔX = 500 nm) 

value of the tip induced electric field is high enough for polarization reversal. 

A detailed simulations showed that the peak value of the z-component of the induced 

electric field Epeak
Z exceeds the threshold field of the congruent lithium niobate 

Eth = 21 kV/mm for thick (>2.5 μm) plates even at distances above 1 μm (Fig. 5a). Epeak
Z was 

found to be strongly dependent on the sample thickness (Fig. 5b). For example, in the 100 nm 

thick sample the induced electric field exceeds Eth only at ΔX = 250 nm, moreover maximal 
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value of the induced field is much smaller in comparison with a bulk crystal. This 

phenomenon is caused by the vicinity of the bottom grounded electrode screening induced 

electric fields. From an experimental point this means that discussed phenomena are less 

pronounced in the thin films (< 500 nm), than in the bulk plates. 

The obtained experimental and theoretical results explain the abnormal switching 

dynamics mentioned above. In the case of switching against applied electric field,12, 15, 19 

electric field induces in the tip are due to the injection of the screening charges near the tip. In 

the case of backswitching with formation of the ring-shaped domains,18, 21-23 this is due to 

charges on the charged domain walls of the non-through domain. 
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Figure 5. Peak value of the electric field produced by the grounded SPM tip as a function of 

the (a) distance to center of the charged disk ΔX and (b) thickness of the sample. 

 

The results of the analytical and numerical calculations demonstrate existence of the 

switching conditions under grounded SPM tip. We continue to discuss the detailed 

mechanism of the chain formation along the tip trajectory, as opposed to continuous switching 

of the lines. 
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First we consider the process of polarization reversal in details. In ferroelectrics it can 

be considered as the first order phase transition, thus the domain kinetics is achieved through 

formation of nuclei and their growth.31 The electric field averaged over the volume of the 

order of nucleus size (so-called “local electric field” Eloc) determines the nucleation 

probability. The local electric field being the driving force of all nucleation processes is 

spatially inhomogeneous and time-dependent. In general the expression for the polar Eloc can 

be written in the following form: 

 Eloc(r,t) = Eex(r,t) + Edep(r,t) + Escr(r,t) (1) 

where, Etip – external electric field, produced by the tip; Edep – depolarization electric 

field produced by the bound charges on the polar surfaces and Escr – screening electric field 

produced by the charge carriers on the sample surface (external screening) and in the sample 

bulk (bulk screening). 

It was experimentally shown that the external screening never compensates Edep 

completely31, while screening by the bulk processes can take seconds.27, 30 Existence of the 

residual depolarization field Erd = Edep – Escr can be attributed to gradient of the spontaneous 

polarization near the surface which can be taken into consideration by including an effective 

uniform surface dielectric layer (“dielectric gap” or “dead-layer”).32-35 Effective dielectric 

layer of thickness H appears on the ferroelectric surface in the uniform approximation; and its 

“effective” dielectric properties, determined as the average values, could be different from the 

ferroelectric bulk (Fig. 6a). 

The next step to understanding the abnormal switching phenomena is to consider not a 

single charged disk, but a cylindrical or conic domain, with the top face covered by a sluggish 

screening charge. Corresponding analytical calculations of the depolarization field caused by 
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the flat domain wall – surface junction, cylindrical domain – surface junction and conic (or 

wedge) domain – surface junction allowing for the effective dielectric layer are listed in the 

Appendix. Approximate analytical expression for electric field near the domain wall is  

 ( ) ( )( ) ( )( )( )HHzxfHzxf
P

zxE
zz

S
z 2,,,
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επε
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ferroelectric polarization ( )zPS  in a single-crystal region and inside a domain are shown by 
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solid blue and red curves correspondingly. Step-like approximation used for depolarization 

field calculation is shown by dotted blue and red curves correspondingly. Effective dielectric 

layer of thickness H appears in the approximation. (b), (c) X-profile of the z-component of the 

depolarization field produced by conical domain with radius Hr =  and length Hl 100=  at 

different depth, z/H=1, 1.2, 1.5, 2 (curves 1-4). Film thickness L=100 H. 

( )330εε= S
b
d PE ~2×104 kV/cm.  

 

Figures 6b and 6c demonstrate the spatial inhomogeneous distribution of Erd in the 

vicinity of the prolate conic (in fact almost cylindrical near the top surface) domain wall. One 

can see that the field is depolarizing inside the domain and polarizing outside it. Erd hampers 

switching right near the wall, and support it at distance about thickness of the dielectric gap 

H. Since the bare field b
dE ~2×104 kV/cm, one can conclude from the figures 6c that the field 

calculated at depth Hz ≥  and lateral distances from the domain wall HxR 2<<  can be 

much higher than the coercive field Eth ~ 21 kV/mm measured experimentally in examined 

samples of LiNbO3. This explains experimentally observed growth of the domain chains with 

the period comparable with the layer thickness H (correlated nucleation).31 

In conclusion, we experimentally studied the process of the tip-induced polarization 

reversal in the vicinity of the flat domain wall in the thin periodically polled LiNbO3 single 

crystal. The investigations showed nontrivial polarization switching along the path of the 

grounded SPM tip in the vicinity of the freshly flipped domains. The switching led to 

formation of sharp spikes on the initial flat domain wall and nanodomain chains. This 

behavior was ascribed to the interaction between the slow screening charges dynamics 

affected both by the ferroelectric domain state and electrostatics of the tip-surface system. 

Analytical and numerical calculations demonstrated presence of the electric field produced by 

the charges induced into the tip surface. Formation of the nanodomain chains was explained 
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by correlated nucleation caused by the local spatial inhomogeneity of the residual 

depolarization electric field. 

The observed switching by the grounded SPM tip explains a number of the abnormal 

switching dynamics reported recently by scientific groups worldwide, including switching 

against applied electric field and backswitching under the tip. Moreover, it’s important for 

understanding of the experimental results acquired by all electrical SPM techniques realized 

in the samples with the presence of the surface and bulk charges. 
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Appendix. Calculations of electric fields created by ferroelectric domain 

walls - surface junction allowing for effective dielectric layer 

1. Electric fields created by ferroelectric domain walls-surface junction allowing for 

effective dielectric layer 

Let us consider a thick ferroelectric single-crystal plate of thickness L is placed on the 

earthed ideal electrode. Due to the gradient effects33, 34, 36 polarization properties continuously 
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changes under the surface (see Fig. 6a, solid curves). Consequently strong depolarization field 

appears.  

Step-like approximation for polarization distribution can be used only for 

depolarization field calculations.32 The approximation is shown by dotted curves in figure 6a. 

Effective dielectric layer of thickness H appears on the ferroelectric surface in the 

approximation; its dielectric properties (determined as the average value) could be different 

from the ones of ferroelectric bulk. So that the background dielectric permittivity tensor of the 

layer is regarded isotropic and its diagonal components are equal to εe. Background 

permittivity of ferroelectric is isotropic and equal to εb.  

Going ahead, we notice that the effective layer appearance can explain the scale of 

correlated nucleation of domains, that is about 100 – 500 nm, but its gradient structure 

(deteriorated, but still present piezoelectric properties) does not effect qualitatively of the 

PFM response lateral resolution that is determined by the tip apex curvature ~15 – 30 nm. 

Note, that due to the effects of “reflections” in bottom electrode this asymmetric 

system is equivalent to symmetric capacitor with two dead and screening charge layers and 

thickness of ferroelectric doubled.37 In this description, it is implicitly assumed that the 

conductivities of the electron and hole layers are comparable. 

Equations of state relate electrical displacement D and electric field E in the effective 

layer (subscript g) and in ferroelectric layer (subscript f) are  

 ggg ED εε= 0 , (A1) 
 ),,,(ˆ00 tzyxSf

f
ijff PEPED +εε≈+ε= . (A2) 

Here P(x,y,z) is polarization vector, P(x,y,z) = (0,0,PS(x,y,z)) is spontaneous 

polarization vector, pointed either along or opposite the polar axis z and depending on 
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coordinates x,y,z and time t allowing for the domain wall motion. For a flat 180-degree 

domain wall and cylindrical domain (shown in Fig. A1a,b) divPs(x,y) = 0 inside a 

ferroelectric, but not for the case shown in Fig.A1c,d.  
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Figure A1. Capacitor geometry. ),,(0 zyxP  is spontaneous polarization, Ef is electric field 

inside the ferroelectric. Dotted line indicates the moving boundary of 180o-domain wall. The 

normal vector n is pointed from media 1 to media 2. 

 

Electrostatic quasi-stationary Maxwell equation rot E=0 should be valid. Below we 

introduce the potential ϕ  of quasi-stationary electric field, ),,(),,( ,, tzxtzx fgfg ϕ−∇=E . 

Inside the dielectric gap potential ϕ  satisfies Laplace’s equation. Thus, Maxwell equation 

0div =D  along with and Eqs.(A1)-(A2) leads to 
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Eqs.(A3-A4) are supplemented with the boundary conditions of fixed top and bottom 

electrode potentials, continuous potential and normal component of displacement on the 

boundaries between dielectric and ferroelectric layers, namely  

 ( ) 00 ==ϕ zg ,     ( ) ( )HzHz fg =ϕ==ϕ ,     ( ) 0=+=ϕ HLzf , (A5) 
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Here we consider the case of the 180-degree domain wall, in which case the wall 

shape is invariant in space. This approximation is justified given that shape fluctuations in the 

z-directions are associated with significant depolarization fields.38 The fluctuations in the 

longitudinal direction and front stability will be addressed elsewhere. 

For a flat 180-degree domain wall and cylindrical domain the normal component of 

the “depolarization” electric field has the form: 
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Here ff
1133 εε=γ  is the dielectric anisotropy factor, 22

yx kkk += ; ),,(~ tkkP yxS  is the 

Fourier image of ),( yxPS  over coordinates x, y. Complete screening of the field inside 
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ferroelectric is achieved for zero thickness of effective dielectric layer (H=0) by the free 

charges on the top electrode.  

For particular case of the flat 180-degree domain wall Eq.(A7b) we are interested in 

can be simplified as: 

 ( ) ( ) ( ) ( )( )
( ) ( ) ( )γγε+γε

γ−+−×
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tanh~  in the second order ferroelectrics, where ⊥L  is the domain wall 

width. For CLN ⊥L ~1 nm at room temperature. Neglecting the width of the domain wall 

0→⊥L  and supposing that g
f γε≈ε33  we derived the exact expression:  

 ( )

( )
( ) ( )
( )( )

( ) ( ) ⎟⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜
⎜

⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+γ

π
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+γ

+γ−π

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+γ

π
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+γ

γ−π

πεε
−≈>

HL
x

HL
HHz

HL
x

HL
Hz

PHzxE f
S

2
tanh

2
2cotarctan

2
tanh

2
cotarctan

1,
330

3  (A8b) 

Accuracy of Eq.(A8b) against Eq.(A8a) is rather high at HL <<⊥  (e.g. at ⊥L ~1 nm). 

Equation (A8b) (as well as (A8a) in the sense of v.p.) contains the limit at Hx >> : 

 ( ) ( )LH
HPHzxE

g
f

S

ε+εε
≈>±∞→

330
3 , m  (A8c) 

Note, that for a thickness H~100 nm depolarization field is still essential at distances 

~10H~1000 nm (Fig. A2a,b). Thus the domain-wall interaction (and consequently correlated 

nucleation) mediated by the ~100 nm effective dielectric layer naturally becomes extremely 

long-range.  
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Figure A2. Lateral distribution (x-dependence) of the depolarization field at different depth, 

z/H=1.01, 1.3, 1.6, 2, 2.5 (numbers near the solid curves) calculated from Eq.(A8b). Other 

parameters are g
f γε≈ε33  and L/H=100. Electric field is normalized on the value 

( )f
S

bare
d PE 330εε= . 

 

For particular case of the cylindrical domain Eq.(A7b) can be simplified as: 
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The particular case of cylindrical domain is shown in figures A3a,b for z/H=1-2. 

Here we used the following Fourier image of polarization distribution: 

 ( ) ( ) ( ) kkRJRPkkPkkP SxxSyxS /22),(~
1+πδδ−=  (A9b) 

Here R is the domain radius. Note that for more complex shape of the domain radius R 

should be z-dependent (and so more complex expression for depolarization field should be 

used, see below) 
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For particular case of the prolate domain with 0≠
∂
∂

z
PS  and thus Eq.(A7b) should be 

modified as: 
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Where we used Fourier image: 
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With polarization image 

 ( ) ( ) ( )
k

zRkJzRPkkPzkkP SxxSyxS
)()(22),,(~ 1+πδδ−=  (A10c) 

In particular case of conic domain 

 hHzandHzat
h

HzRzR +<>⎟
⎠
⎞

⎜
⎝
⎛ −−= 1)( 0  (A10d) 

Lateral distribution (x-dependence) of the depolarization field z-component for the 

cylinder and cone shaped -domains with radius HR =1 and length Hh =100 at different 

depth z/H=1 - 2 are shown in Fig. A3. 
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Figure A3. Lateral distribution (x-dependence) of the depolarization field z-component for the 

cylinder (a, b) and cone (c, d) shaped -domains with radius HR =1 and length Hh =100 at 

different depth, z/H=1, 1.1, 1.2, 1.5, 2 (curves 1-5). Other parameters are g
f γε≈ε33  and 

L/H=100. Panels (b, d) represent asymptotic behaviour far from domain in log-log scale.  

 

Since the bare field bare
dE ~2×104 kV/cm, one can conclude from the figures A2-A3 

that the electric field calculated at depth z=H and at distance from the domain wall 

HxH 2<<  can be much higher than the threshold field Ec ~ 210 kV/cm measured 

experimentally in examined samples of LiNbO3. 
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