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Abstract
Charged domain walls (CDWs) in ferroelectric materials are of interest from both fundamental and applied perspectives 
due to their unique electrophysical properties, which differ significantly from those of the bulk material. Until recently, 
research efforts primarily focused on studying these properties, while less attention was given to the finite-thickness 
regions of CDWs with heterogeneous electrical conductivity. This study proposes a model describing the charge carrier 
distribution within the conductive region of CDWs. The dependencies of charge carrier concentration and mobility on 
the distance from the CDW were determined. An analytical expression for current-voltage characteristics, measurable 
by conductive atomic force microscopy (c-AFM), was also proposed. The model has been experimentally validated 
using AFM methods.

In particular, the Debye screening length of the electric field of head-to-head (H–H) CDWs by free charge carriers in 
strongly reduced LiNbO3 crystals was found to be 90±10 nm. Additionally, the values of mobility and concentration 
of polarons forming the conductive H–H CDW were determined. The bound polaron concentration in this region is 
estimated to be approximately 30 times greater than in the monodomain region, reaching ≈3.8·1017 cm-3.
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1. Introduction

One of the distinctive features of ferroelectric domain 
walls is the presence of a strong localized electric field 
induced by bound uncompensated ionic charges. Disrup-
tions in structural periodicity, along with a high density 
of bound ionic charges, lead to localized changes in the 
electrophysical properties of the material near the domain 

walls. These changes manifest as impurity accumulation 
at interdomain boundaries [1], increased electrical con-
ductivity [2–4], additional resonances in dielectric and 
mechanical impedance spectra [5], the emergence of 
memristive properties [6], changes in the refractive in-
dex, and enhanced birefringence [7, 8], as well as anom-
alies in Raman spectra [9–12]. Domain walls of any type 
can induce mechanical stresses in the crystal structure, 
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as evidenced, for instance, by X-ray topography data ob-
tained from periodically polarized and polydomain crys-
tals [8, 13].

The degree of charge, and consequently the properties 
of a ferroelectric domain wall, are characterized by the 
angle α between the direction of the spontaneous polar-
ization vector Ps and the plane of the wall. The charge 
density at the boundary is proportional to sin (α) [3, 14–
16]. The morphology of charged domain walls (CDWs) 
is determined by a combination of material properties, 
particularly its crystalline structure and electrophysical 
characteristics. The presence of ionic charge significant-
ly affects the kinetics of ferroelectric domain structure 
switching [17, 18].

One of the most intriguing materials for studying the 
formation of CDWs is the ferroelectric lithium niobate 
(LiNbO3, LN). It features a uniaxial domain structure in 
which the spontaneous polarization vectors of adjacent 
domains are always antiparallel. Its thermal and chem-
ical stability, high Curie temperature (approximately 
1140 °С), lead-free composition, and commercial avail-
ability of wafers in various diameters and crystallograph-
ic cuts with reproducible properties make LN an ideal 
model system for investigating CDW properties [19]. 
Depending on the relative orientation of the spontaneous 
polarization vectors Ps in adjacent domains, three types of 
domain walls are distinguished in LN: head-to-tail, head-
to-head (H–H), and tail-to-tail.

With the appropriate selection of technological pa-
rameters, it is possible to form a single extended, isolated 
CDW located at the mid-plane of the crystal (commonly 
referred to as a bidomain crystal) [20]. Bidomain crystals 
hold promise for applications in precision actuators [21–
24], low-frequency vibration sensors [25, 26], magnetic 
field sensors (as part of composite magnetoelectrics) [27–
29], and energy harvesting devices [30–32].

In contrast to ferromagnets, domain walls in ferroelec-
trics are ultrathin boundaries, (typically on the sub-nano-
meter scale when viewed at the level of atomic planes 
[33, 34]), and are often considered two-dimensional 
defects. CDWs are generally thicker than neutral ones 
[33]. However, results from high-resolution transmission 
electron microscopy reveal that, at the nanoscale, even 
neutral domain walls in LN exhibit meanders and kinks, 
leading to the presence of localized charged regions of 
the head-to-head or tail-to-tail type, where bound charges 
accumulate. Nevertheless, in terms of structure, the aver-
aged thickness of a neutral CDW in LN is approximately 
174 pm, equivalent to several lattice parameters [34].

At the same time, the thickness of the conductive chan-
nel formed by the compensation of the CDW electric field 
by free charge carriers significantly exceeds the structural 
thickness of the CDW itself [35]. Atomic force micros-
copy (AFM) techniques enable the localized investiga-
tion of electrophysical properties and visualization of the 
conductive channels thicknesses in CDWs [18, 36–38]. 
The thickness of the conductive channel is a critically im-
portant parameter, as it defines the volume near the CDW, 

which has a local electrical conductivity distinct from that 
of the surrounding bulk [39].

Until recently, despite extensive theoretical and exper-
imental studies of ferroelectric domain walls, research-
ers primarily focused on their electrophysical properties. 
Less attention has been paid to the conductive region of 
CDW, which has finite thickness and heterogeneous elec-
trical conductivity. This work presents a model describ-
ing the distribution of charge carriers near CDWs. The 
dependencies of charge carrier concentration and mobil-
ity on the distance from the CDW plane are derived, and 
an analytical expression for I–V characteristics measured 
using conductive atomic force microscopy is proposed.

2. Modeling

To describe the charge carrier concentrations in the CDW 
region, we use Poisson's equation, which in three-dimen-
sional form is expressed as:

( )
0

, ,
,

x y zρ
∆ϕ = −

εε
	 (1)

where φ is electric potential, ρ(x,y,z) is charge carrier den-
sity, εε0 is absolute dielectric permittivity.

In the case of considering the concentration perpen-
dicular to the CDW in a one-dimensional scenario, the 
equation takes the form:

( )2

2
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where z is the distance from the CDW along the crystal-
lographic Z-axis. 

Free charge carriers can accumulate near the CDW, 
compensating its ionic charge. Thus, the conditions of 
charge neutrality in the sample are satisfied: the total 
concentration of accumulated charge carriers equals the 
charges of the domain wall. An H–H type CDW accumu-
lates negative charge carriers. The charge carrier density 
ρ(z) can then be expressed as:

( )
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where n0eeφ(z)/k is the spatial distribution of concentration 
of charge carriers screening the CDW field.

The differential equation is solved:
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Using the boundary conditions at z → ∞,φ → 0, con-
stant of integration C = –kT/e after the first integration, 
we obtain:
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Since the H–H CDW has a large ionic charge, the con-
dition eφ/kT » 1 holds, then:
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After integrating, we obtain:
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Given that at x = 0, the potential equals the potential at 
the CDW φ = φs, the integration constant is:
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the equation then takes the form:
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Since e–eφ(z)/2kT is always greater than e–eφs/2kT, and the 
value of z/(√2LD) is always positive, the right-hand side 
must have a negative sign. Finally, we have:
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The potential dependence on the distance from the 
CDW φ(z) is determined as follows:
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At z = 0, the charge carrier concentration at the CDW 
equals ns = n0eeφs/kT then 
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After simplification, the equation takes the form:
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The charge carrier concentration screening the CDW 
can then be calculated using the formula:
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Thus, the relationship between the charge concentra-
tion and the distance from the CDW reduces to determin-
ing LD, which defines the width of the high-conductivity 
region near the CDW. The maximum carrier concentra-
tion at the CDW, ns is determined by the potential at the 
CDW. The width of the conductive region can be experi-
mentally determined using c-AFM images. 

From Ohm's law in its differential form, the current 
density  consists of two components: drift and diffusion. 
Assuming the current is positive when directed from the 
AFM probe into the sample under a positive probe poten-
tial, the total current density can be expressed as:

j = jdrift – jdiff.	 (15)

We estimate the ratio between the drift and diffusion 
components. The drift current density is jdrift = enμE ≈ 
enμU/L, where U is the voltage applied to the probe, and 
L is the characteristic distance from the probe where the 
potential approaches zero. Since

0
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as U0 = kT/e = 0.026 V at room temperature and the AFM 
probe is subjected to a voltage of several volts. Thus, in 
this case, it is possible to neglect the diffusion component 
of the current and the total current will be determined by 
the drift component:

j = jdrift = eμn(r)E(r),	 (16)

where r is the distance from the probe. To obtain an an-
alytical expression for the I–V characteristics of reduced 
LN samples, including near the CDW, we use Poisson's 
equation in spherical coordinates to describe the potential 
generated by the probe:
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	 (17)

where α and θ are spherical coordinates. Since solving 
this equation analytically is not feasible, we simplify by 
averaging over the coordinates α and θ to express ε as an 
effective permittivity εef:
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where εij
T is the static dielectric permittivity of LN; ε11

T = 
ε22

T = 84, ε33
T = 30. Equation (17) then becomes:
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The differential Ohm's law (16) can be rewritten in 
terms of the current I and the distance from the probe r:

( ) ( )2 ,
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from this we obtain:
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and Eq. (19) takes the form:
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after simplifying for r2 and differentiating, we obtain:
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Assuming E(r) = –∂φ/∂r, the expression becomes:
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Solving this equation, we find the electric field intensi-
ty at a distance r from the probe
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The potential φ is then:
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Assuming that at a certain distance rmax the potential 
due to the probe approaches zero: r → rmax, φ → 0,
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from this, the integration constant C'' is determined as:
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Therefore, the potential difference between the AFM 
probe with a tip radius of r0 and rmax (or the applied volt-
age V) can be expressed as follows:
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Consequently, the current-voltage dependence takes 
the form:
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ε ≈ 66 (based on the expression (18)), r0 ≈ 8 nm (accord-
ing to the Hertzian model [40] for elastic interaction be-
tween the probe and the LN surface), and rmax ≈ 1 µm (de-
rived from the model of the electric field distribution of 
the probe near the CDW [41]). It has been experimentally 
demonstrated that under high electric field intensity be-
neath the AFM probe, the conduction mechanism is gov-
erned by space-charge-limited current (SCLC) [42–44] 
within the pre-electrode region, i.e., the local area where 
charge neutrality is disrupted.

3. Experimental

Commercially available congruent composition LN crys-
tals with a crystallographic z-cut, manufactured by The 
Roditi International Corporation Ltd, were used as sam-
ples for the study. Rectangular specimens with dimen-
sions of 10×10×0.5 mm3, were cut from the plates, and 
a bidomain ferroelectric structure of the H–H type was 
subsequently formed in these specimens using the diffu-
sion annealing method in air [22, 45, 46].

For AFM studies thin cross-sections of the crystals 
were prepared, oriented such that the polar Z-axis lay 
within the plane of the sample, and the nonpolar X-axis 
was perpendicular to the surface, as described in [18, 
47–49]. One of the X-oriented surfaces of each of the 
resulting samples was polished to optical quality. To 
enhance conductivity and recrystallize the surface after 
mechanical treatment, the samples underwent a reducing 
annealing process at 1030 °C for 60 minutes in a ULVAC 
VHC-P610 infrared furnace under a dry nitrogen atmo-
sphere (purity grade 6.0, 99.9999%). During annealing 
at this temperature in a reducing atmosphere, significant 
chemical reduction of the crystals occurs: molecular ox-
ygen and lithium oxide evaporate from the crystal. This 
process is accompanied by the formation of antisite de-
fects of niobium atoms at lithium positions NbLi and the 
release of four electrons resulting from the breaking of 
the covalent bond between Nb and O ions. The free elec-
trons localize on structural Nb and antisite NbLi, forming 
small-radius free polarons and small-radius bound polar-
ons, respectively. 

After the reducing annealing, a chromium electrode 
was deposited on the side opposite the polished surface 
using magnetron sputtering. The samples were mount-
ed onto a metallic substrate on the side of the chromi-
um electrode using conductive silver paste (Leitsilber 
200). c-AFM measurements were performed using an 
Asylum Research MFP-3D Stand Alone microscope. 
High-resolution silicon cantilevers with platinum coating 
(NSG10/Pt) were utilized. During scanning, 512 points 
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per line over a 20 μm area were recorded at a scanning 
frequency of 1 Hz.

4. Results and discussion

The value of LD can be experimentally determined using 
c-AFM methods. It was observed that the width of the 
line having enhanced conductivity and associated with 
the CDW on current maps significantly increases with the 
intensity of the electric field applied by the probe. To de-
termine the conductive width independently of the scan-
ning voltage, current images of the CDW on the surface 
of reduced LN crystals were obtained at probe voltag-

es ranging from 8 to 20 V, with a step of 2 V (Fig. 1). 
As  expected, the H–H domain wall demonstrates sig-
nificantly higher conductivity compared to the adjacent 
monodomain regions. 

During scanning, images were recorded in both for-
ward and reverse probe motion across the surface (trace 
and retrace mode). A current “drag” effect was observed 
in the direction of the probe's movement. On the current 
profiles across the CDW, this effect appears as a gradual 
decrease in current (Fig. 2). When the probe moves in the 
opposite direction, the drag occurs on the opposite side 
of the peak. This effect is presumably associated with the 
extraction of polarons from the CDW region due to the 
high electric field intensity of the probe. 

Figure 1. c-AFM images (trace mode) of the X-cut surface of a bidomain reduced LN crystal near H–H CDW (Ps denotes the direc-
tion of the spontaneous polarization vector), obtained at scanning voltages ranging from +10 V to +20 V

Figure 2. Current profiles of c-AFM images at a constant voltage of +20 V. The red line corresponds to the probe movement from 
left to right and the blue line corresponds to the movement from right to left
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The presence of current drag by the probe during scan-
ning complicates the determination of the CDW field 
screening length. Since the current drag results from 
the probe's high-intensity field crossing the boundary, it 
becomes challenging to determine the Debye length of 
polarons in this region. However, current profiles record-
ed when approaching the CDW from different sides are 
nearly identical in amplitude and peak position. To ad-
dress this, the sections of the profiles affected by current 
drag were removed, and the unaffected segments were 
combined into a unified cross-section. This approach en-
abled the construction of CDW current profiles for dif-
ferent scanning voltages with minimal influence of the 

current drag effect (Fig. 3). For each profile in Fig. 3, 10 
lines from the same crystal area were averaged. The areas 
used for averaging these profiles are marked as section 
lines in Fig. 1.

The width of the current profiles increases with the 
scanning voltage. To determine the thickness of the con-
ductive CDW channel (i.e., the width of the current pro-
file independent of the scanning voltage), the obtained 
profiles were fitted with a Gaussian function. As the most 
accurate estimation of the Debye screening length, half 
the width of the Gaussian function at 1/e of the peak 
height was chosen. The resulting dependence was linear-
ly extrapolated to 0 V, intersecting the ordinate axis at 
approximately 90±10 nm (Fig. 4).

Thus, the Debye screening length LD of polarons is es-
timated. Given that

0
2

0
,D

kT
L

e n
εε

=

the concentration of free carriers in the monodomain re-
gion is n0 ≈ 1.1·1016 cm-3. The validity of the obtained 
value can be verified by determining the charge carrier 
concentration in reduced LN crystals using indepen-
dent methods. The concentration of conducting polar-
ons can be roughly estimated from the concentration of 
dissociated bipolarons at room temperature. This value 
is highly dependent on the reduction annealing condi-
tions, thus representing an order-of-magnitude estimate. 
With a dissociation energy of 0.27 eV and under strong 
chemical reduction n0

BP = NNbLi ≈ 9.2·1020 cm-3 the dis-
sociated bipolaron concentration is approximately 
≈2.6·1016 cm-3. Concurrently, estimating the concen-
tration from the conductivity ~10-9 Ω-1·cm-1 [50–52] and 

Figure 3. Current profiles, processed to minimize drag effects, obtained from the same region of the CDW at different scanning 
voltages (dots represent experimental data, while lines represent a Gaussian function fit)

Figure 4. Dependence of half the width of the Gaussian func-
tion, measured at 1/e of its peak height and describing the cur-
rent near the CDW, on the scanning voltage in the CDW screen-
ing region
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mobility ~5·10-7 cm2/(V·s) [18, 53] of the reduced crys-
tals yields ~1.25·1016 cm-3. These values are consistent 
with results calculated using the proposed model.

To determine the dependence of carrier concentration 
on distance from the CDW, the carrier concentration di-
rectly at the CDW (ns) must be found. From thermody-
namic equilibrium conditions for charge carriers screen-
ing the electric field, and using the Einstein relation, it 
is plausible to assume that the ratio of the charge carrier 
concentration far from the CDW (n0) to the concentra-
tion at the CDW center n0/ns can be expressed as the ratio 
of their mobilities μ0/μs. Using the proposed model, the 
mobility of charge carriers can be determined by lineariz-
ing the I ~ V2 dependence. From the previously obtained 

current profiles, the linearized I–V2 dependencies were 
extracted for each coordinate given in Fig. 3 in the CDW 
region. According to Eq. (30), knowing the slope and the 
coefficient β the mobility of carriers at a distance from 
the CDW can be expressed. This dependence is shown 
in Fig. 5. However, closer to the CDW, the linearization 
becomes less accurate, increasing the error in mobility 
determination. The obtained mobility values are consis-
tent with the drift mobility of polarons reported in [53].

Using the ratio of mobilities far from the CDW to 
those at the CDW line, μ0/μs, and Eqs (14) and (30), and 
the known value of n0 the charge carrier concentration 
that screens the bound charges of the CDW is determined 
to be ns ≈ 3.8·1017 cm-3. Using Eq. (14), the charge carri-
er concentration profile near the CDW can be estimated. 
The resulting concentration profile is shown in Fig. 6 and 
combines the charge carriers accumulated by the CDW 
and those present far from the CDW.

 5. Conclusion

This work proposes a model describing the distribu-
tion of charge carriers in the conductive region near the 
CDW in reduced LN. According to the developed mod-
el, the CDW conductivity is inhomogeneous across the 
width of the conductive region. The distribution of free 
charge carriers is governed by the conditions of the sam-
ple's charge neutrality, which dictate that the total accu-
mulated carrier concentration equals the charge of the 
domain wall. The Debye screening length of the electric 
field of the H–H type CDW by free carriers in reduced 
LN crystals is determined to be 90±10 nm. Accordingly, 
the total thickness of the CDW's conductive region is 
approximately 250 nm (2√2LD), ignificantly exceeding 
its structural thickness. 

Using the proposed model, the charge carrier concen-
trations screening the CDW field were calculated. For 
samples of reduced bidomain LN, the polaron concen-
tration at the H–H type CDW exceeds that in the mono-
domain region by a factor of 30, reaching ≈3.8·1017 cm-3. 
In reduced LN single crystals, the increased charge carri-
er concentration under the influence of the AFM probe's 
high electric field strength leads to the realization of 
space-charge-limited current (SCLC) conduction mech-
anisms.
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