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The effective coercive field Ec for ferroelectric domain reversal is usually determined in a

capacitor-like geometry by increasing an applied electric field until poling occurs. Here we present

a different method based on local poling with the tip of a scanning force microscope and analyzing

the dependence of the domain size on the poling parameters. This method for determining Ec is of

importance because for many samples the standard technique fails, either because they are too

small in size, or because they are slightly conductive. Results obtained on lithium niobate crystals

of different composition conform to literature values. VC 2011 American Institute of Physics.

[doi:10.1063/1.3624802]

Ferroelectric materials posses a spontaneous electric

polarization the direction of which can be reversed by apply-

ing an external electric field exceeding the coercive field Ec.

The possibility of poling, i.e., controlled domain reversal,

makes of ferroelectrics, and in particular of lithium niobate

(LiNbO3), a very versatile starting material, e.g., for data

storage devices and nonlinear optical applications.1 The cre-

ation of specific domain patterns is thus essential and conse-

quently also the knowledge of Ec. In all ferroelectrics Ec is

an empirical parameter significantly different from that pre-

dicted by the Ginzburg-Landau-Devonshire concept. The ex-

perimental determination of Ec is LiNbO3 usually performed

using a large sample sandwiched between planar electrodes,

ramping up the voltage until poling starts. The starting

moment can be determined by monitoring the poling current

originating from the reversion of the surface polarization

charging. The values obtained for Ec are known to depend

on the specific experimental conditions, such as ramping

speed, pre-conditioning, and electrode material. But also for

nominally identical crystals from different companies Ec

was found to differ substantially. Consequently the values

published for Ec vary strongly (see also Table I) and rather

describe an “effective coercive field,” which is of more prac-

tical use than a theoretically predicted value for Ec.

Local poling with the help of the tip of a scanning force

microscope (SFM) has been proven to be a powerful tech-

nique for the creation of sub-lm-sized domains.2–4 Using do-

main patterns generated by this technique the highest data

storage density so far could be realized.5 But also large-area

regular patterns suitable for photonic crystal applications

were demonstrated.6 Besides the aim of fabricating domain

patterns for applications as described above, SFM-tip based

domain formation has also been used to gain information on

the sample properties, such as defect structure, wall pinning,

or local switching characteristics.7–9 In addition to the

experiments, a large number of publications theoretically

investigating the subject of SFM-tip based domain formation

can be found.10–12 Here in particular the modeling of the elec-

tric field distribution inside the sample, thereby taking into

account the exact geometry of the probe, was investigated13

as well as a detailed analysis of the domain nucleation pro-

cess.14 In this contribution, we demonstrate how SFM-tip

based domain formation can be used to obtain a value

for the effective coercive field Ec of a ferroelectric, exem-

plified for a series of LiNbO3 crystals of different

compositions.

Figure 1 shows a sketch of the three basic steps of do-

main formation driven by the well-localized electric field of

a SFM tip. The process starts with the quasi instantaneous

creation of a small domain at the sample surface (“starter

domain”) in a volume where the electric field E exceeds the

effective coercive field Ec (Fig. 1(a)). Next the domain

grows fast into the depth of the crystal in the z-direction

(Fig. 1(b)). Finally the domain expands slowly by the side-

ways movement of the domain walls (Fig. 1(c)).

The electric field underneath the tip can be approxi-

mated by that of a point charge at distance rtip from the sam-

ple surface. The normal component of the field for thin

FIG. 1. Domain growth in a thin ferroelectric sample (thickness d) when a

voltage pulse (amplitude U, duration s) is applied to the tip of a SFM. (a) In-

stantaneous creation of a starter domain in a volume where E � Ec. (b) Fast

domain propagation into the depth of the material with velocity vdepth, and

(c) slow sideways movement of the domain walls with velocity vdw resulting

in a domain of width D.
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samples (thickness d) at the position r can then be expressed

as follows:7

E ¼ rtipU

dr
(1)

with U denoting the voltage applied to the tip. Using the

assumption that within the area where E � Ec a starter do-

main with diameter Ds is formed instantaneously, the deter-

mination of the effective coercive field Ec is straightforward,

expressing r by Ds=2 in Eq. 1:

Ec ¼
2rtipU

dDs

: (2)

The effective coercive field Ec can thus be obtained by

measuring the size of the starter domain Ds with the

knowledge of the tip radius rtip, the amplitude of the voltage

pulse U, and the sample thickness d.

The velocity of the sideways movement of a domain

wall vdw was experimentally investigated half a century ago

by R. C. Miller et al. in BaTiO3 single crystals applying an

electric field E < Ec to a sample slab using large electro-

des.15,16 The sideways domain wall movement was

explained with a statistical nucleation process, a model that

is still in use today,17 according the relation

vdw ¼ v1e�ðd=EÞ; (3)

also known as Merz’s law, where v1 and the activation

field d are electric field independent parameters.18

As in the situation described above, sideways domain

wall motion in an area where E < Ec occurs also in SFM-tip

based domain formation. The fact that E is inhomogeneous

results only in a complex behavior of the domain growth

due to the strong non-linear field dependence of Merz’s law

(Eq. 3). The size D of a domain created by applying a volt-

age pulse (U, s) to the SFM tip can be therefore derived as

follows: From the domain wall velocity vdw ¼ dr=ds to-

gether with Eqs. 1 and 3 we get

ds
dr
¼ 1

vdw

¼ 1

v1
eðd=EÞ ¼ 1

v1
eaD; a ¼ dd

2rtipU
: (4)

Integration of Eq. 4 yields

sþ c ¼ 1

2v1a
eaD: (5)

The integration constant c, obtained by setting s ¼ 0 and

thus D ¼ Ds, reads c ¼ 1=ð2v1aÞeaDs . The domain size D
can now be expressed by

D ¼ 1

a
ln½2v1asþ eaDs �: (6)

D depends logarithmically on the pulse duration s and in first

order linearly on the applied voltage U (via 1=a), as has been

observed many times (see, e.g., Refs. 2, 3, 9).

Our experiments were performed with a commercial

scanning probe microscope (Solaris from NT-MDT) using

conductive diamond-coated tips (DCP11 from NT-MDT).

Using a custom-designed script we automatically wrote a

grid of domains varying pulse amplitude U and duration s
(termed “poling map” below), for a range of U from 610 to

6100 V and s from 1 ms to 1000 s. The generated domain

patterns were imaged by piezoresponse force microscopy

(PFM).19 The tip radius rtip was determined before and

reconfirmed after the generation of a poling map by meas-

uring the lateral resolution when scanning across a domain

boundary.20 We carried out experiments with lithium niobate

(LiNbO3) crystals of various compositions, exhibiting differ-

ent values of Ec. The samples were thinned down to d ¼ 10

to 30 lm and glued onto an ITO-coated glass slab that was

electrically grounded for the experiments.

A poling map obtained on a Mg-doped nearly stoichio-

metric LiNbO3 (Mg:SLN) sample with d ¼ 13 lm is dis-

played in Fig. 2. Increasing the pulse amplitude U results in

larger domains the hexagonal shape of which, typical for

FIG. 2. Poling map on the þz face of a 13 lm thin Mg-doped nearly stoichi-

ometric LiNbO3 sample. In addition to the obvious dependence of the do-

main size on both the pulse duration s and the pulse amplitude U, the

hexagonal shape of the domains, typical for LiNbO3, is clearly visible, in

particular for the larger domains.

FIG. 3. (Color online) Size of the generated domains (diameter D) as a

function of the pulse height U for different pulse durations s obtained from

the poling map shown in Fig. 1. The lines are linear fits to the experimental

data. In order to improve clarity we only show the data for pulses s � 1 s.
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LiNbO3, is clearly seen for the larger domains. Figure 3

shows the analysis of the poling map (for clarity we only

show the result for domains written with pulses s � 1 s). The

size of every domain generated was determined and for ev-

ery data set, comprising domains written by a fixed pulse du-

ration s and varying pulse amplitude U, a linear fit was

performed. As expected from Eq. 6, for a given s the domain

size depends linearly on U. From this graph, a possible effect

of crystal inhomogeneities on D can also be estimated to be

only of minor importance, the scattering of the individual

data points being negligible.

In Fig. 4 we plot the values of the domain diameter D
versus the pulse duration s for a fixed pulse amplitude of

U ¼ 100 V. We take the values obtained by the fits in Fig. 3,

thereby taking the information of the whole poling map into

account and thus avoiding any inaccuracies due to local crys-

tal inhomogeneities. Obviously for pulse durations s < 1 s

the size of the domains generated is constant, reflecting

the characteristic of the presumed starter domain Ds. For

s > 10 s the domain size D grows logarithmically with

increasing pulse duration. The domains were written at dif-

ferent positions of the crystal, thus their sizes, and in particu-

lar the size of Ds, is manifestly not governed by some local

feature of the material; a fact that is furthermore supported

by the mere size of Ds. Using now Eq. 6 to fit the experimen-

tal data displayed in Fig. 4, we can directly determine the

size of the starter domain to be Ds ¼ 477 6 14 nm. Inserting

this value in Eq. 2 together with the tip radius (rtip ¼ 72 nm)

yields Ec ¼ 2:32 6 0:07 kV/mm for a Mg:SLN sample.

Our experimental results obtained for the different

LiNbO3 crystals are summarized in Table 1. The values we

obtained for Ec are in general on the lower side when com-

pared to those from the literature. We attribute this system-

atic behavior (i) to the simple model used and (ii) to the

ambient conditions the measurements were performed in.

The size of the domains generated by local poling with the

SFM tip become smaller in a dry environment,21 conse-

quently yielding higher values for Ec (Eq. 2). The differences

of Ec for the þz and the �z faces, respectively, reflect the

error in the determination of the sample thickness. Only for

magnesium-doped congruent LiNbO3 (Mg:CLN) we had a

two-domain sample and the poling maps for þz and �z were

written right beside the domain boundary. In this case the

values obtained for Ec match perfectly.

The measurement with CLN is strongly impeded by the

high value of Ec. As a consequence, only very small domains

are created, and the determination of Ec is thus deficient; on

the �z face we could only get a lower limit for Ec. This prob-

lem could, however, be overcome using thinner samples, and

thus obtaining larger domains within the accessible ampli-

tude of the voltage pulses. The measurement performed on

the highly iron-doped crystal (Fe:CLN) illustrates the poten-

tial of our method for determining Ec. The dark conductivity

of this material is too high to allow for the standard tech-

nique using large electrodes.

Finally we want to discuss the nature of the starter do-

main Ds. One might argue that we detect the oddments of

initially larger domains that switched back partially. To rebut

this assumption it is worth noting that the size of Ds is very

steady; partially back switched domains, however, would not

reproducibly yield domains of the same size. And also the

linear dependence of the size of Ds on U, confirmed experi-

mentally, cannot be explained by the presumption of Ds orig-

inating from oddments.

In conclusion we have succeeded in deriving values for

the effective coercive field Ec in different LiNbO3 single

crystals from the growth behavior of SFM-tip generated

domains. Our values obtained for Ec were found to be con-

sistent with those known from the literature obtained with

large samples sandwiched between planar electrodes. The

determination of a value for Ec in highly iron-doped, and

therefore slightly conductive, lithium niobate underlines the

potential of our method. We expect this method to be appli-

cable for any ferroelectric material and consequently to be

also of interest for extremely small sized samples as they are

common for explorative materials.

Many thanks to Tatyana Volk for intense and very

helpful discussions. We thank W. Krieger, independent

gentleman, for careful reading of the manuscript. Financial

support from the Deutsche Telekom AG is gratefully

acknowledged.

FIG. 4. Size of the generated domains (diameter D) as a function of the

pulse duration s for a fixed pulse height U ¼ 100 V. The line is a fit to the

experimental data using Eq. 6. The size of the starter domain Ds can be

directly read from the graph.

TABLE I. Comparison of experimentally obtained and literature values for

the effective coercive field Ec for different samples (SLN: stoichiometric

LiNbO3 and CLN: congruent LiNbO3). Provenance and composition of the

crystals: (1) Oxide Corp.; (2) Crystal Technology Inc.; (3) 1.3 mol. % Mg,

Oxide Corp.; (4) 5 mol. % Mg, Yamaju Ceramics Co. Ltd.; (5) 3 wt. %

Fe2O3 in the melt, Crystal Technology Inc.

Material

Ec (exp.)

[kV/mm]

Ec (lit.)

[kV/mm] References

SLN (1) þz 3.0 2.5–8 22, 23

�z 2.9

CLN (2) þz 18.4 19–22 22, 24

�z >15

Mg:SLN (3) þz 1.7 1.8–3.9 25, 26

�z 2.3

Mg:CLN (4) þz 1.4 1.3–5.0 27, 28

�z 1.4

Fe:CLN (5) þz — — —

�z 3.3
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