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Ferroelectric nanoscale logic gates by mixed dislocations in SrTiO3
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Conventional nanoscale logic gates involve several critical challenges, such as the appearance of leakage
currents, and so new approaches to logic calculation devices have been exploited. However, although polarization
switching in ferroelectrics has certain advantages in this regard, including nonvolatility, these materials are
not leading candidates for logic gates because they disappear at the nanoscale and do not typically allow the
two-inputs–one-output operation which is necessary for logic gates. Here, we demonstrate the possibility that
ultrasmall ferroelectric nanoscale logic gates can be generated from mixed dislocations in SrTiO3. Phase-field
simulations show that the unique strain field associated with a mixed dislocation induces a few nanometer
polarization spiral, the chirality of which can be switched by electric fields that are both horizontal and vertical
to the spiral. Due to this polarization structure, OR, AND, and NOT operations can be performed depending on
the strength of the electric fields. These results suggest a different means of fabricating ultrathin logic gates, and
could potentially lead to energy-efficient ultrahigh logic density devices.
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I. INTRODUCTION

Logic gates, which perform logical operations such as AND

and OR based on a binary system, are the central elements in
computational devices. A conventional logic gate comprises
several complementary metal-oxide-semiconductor (CMOS)
transistors in which the electric currents between the source
and drain are controlled by the gate voltage. There has been
significant work to date focused on increasing the number
of calculations per unit area in these devices by reducing
the size of the logic gates, such that these units presently
have nanometer-scale dimensions. However, as the size of the
gate decreases, leakage currents [1] and heat generation [2]
become more problematic. Moreover, so long as logic gates
function based on electric currents, they are limited by the
Boltzmann tyranny that imposes a fundamental lower limit
on the operating voltage [3,4]. These challenges prevent the
use of input voltages below approximately 0.5 V and limit the
size of standard transistors to greater than 10 nm [5,6]. Conse-
quently, a new approach to logic calculations in nanodevices
is required, and spin-current- and magnon-based logic gates
and so on have been proposed [7–10]. However, nanoscale
logic gates utilizing ferroelectric and similar systems are still
in an infancy stage [11–13] even though they have several
advantages, including nonvolatile 1 and 0 values represented
by polarization [14], relatively low polarization switching
energies [15], and no input voltage limitations. This lack of
research can be attributed to the fact that, although logic
calculations generally use two inputs to obtain a single output,
in a typical dipole system one output is determined by one
input. As an example, the c-axis polarization in ferroelectrics
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can be switched only by the electric field along the same c-axis
and not the fields in other directions [16].

Furthermore, the issue of scalability should be mentioned,
that is, the ultimate size of logic circuits is one of the cen-
tral issues in the search for alternative logic gates because
it determines computation ability per area. The most excel-
lent scalability was recently demonstrated by a logic gate
with a layered structure of multiferroics and topological ma-
terials that convert spin to charge [11]. They successfully
demonstrated that the components of logic circuits can be
miniaturized to the 10-nm scale. However, this study indicates
at the same time that, regardless of the mechanisms, the scal-
ability brought by the miniaturization of external shapes or
circuits will meet the critical size of a few ten nanometers the
same as CMOS because material properties begin to be dis-
turbed or disappear at this scale. This includes ferroelectrics
because they disappear below a critical thickness of 5–10 nm
[17–19].

It has been reported that nanoscale ferroelectrics can
be realized by taking advantage of dislocations, which are
atomic-level imperfections and often degrade material proper-
ties [20–22]. Strontium titanate (SrTiO3) exhibits ferroelectric
properties when subjected to mechanical strain above a
specific level, but remains in the paraelectric state under
unstressed conditions [23–25]. As a result of this intrigu-
ing multiphysics property, ferroelectricity can be induced on
a scale of only several nanometers via strain concentration
around a dislocation [26,27]. First-principles calculations for
SrTiO3 have shown that rectilinear polarization vertical to the
dislocation line is induced around an edge dislocation, while
spiral polarization horizontal to the line is induced around a
screw dislocation [28]. Therefore, a dislocation having both
edge and screw components would be expected to induce a
polarization structure with both vertical and horizontal com-
ponents. This scenario suggests the possibility of realizing
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FIG. 1. Schematic illustrations of an ideal straight mixed disloca-
tion (the red line) under (a) a uniaxial electric field E1, (b) a uniaxial
electric field E3, and (c) a biaxial electric field E1 = E3. Here, b, be,
and bs are the Burgers vectors of the mixed dislocation, edge, and
screw components, respectively, and β is the angle between b and
the line vector ξ. In this study, each dislocation was located on the
[010] slip plane and ξ was set to (001).

ferroelectricity that can be switched in multiple directions,
which may allow logic calculations to be performed at the
ultrasmall scale that the size reduction of external shapes
cannot achieve.

Here, we assess the appearance of ferroelectricity around
mixed dislocations in SrTiO3 and demonstrate the possibility
that these dislocations can function as ferroelectric nanoscale
logic gates embedded in a paraelectric matrix. Phase-field
simulations show that rectilinear polarization by the edge
component and spiral polarization by the screw component
of a mixed dislocation can be coupled due to the superposition
of strain fields, resulting in a distorted spiral. Furthermore, the
chirality of this spiral can be switched by applying an electric
field that is both vertical and horizontal to the dislocation line.
Based on this multidirectional switching, we demonstrate that
OR, AND, and NOT operations can be performed by taking
advantage of mixed dislocations in SrTiO3. Our results pro-
vide a different strategy for the fabrication of ultrathin logic
gates that may eventually lead to ultrahigh logic densities in
conjunction with low-energy consumption.

II. METHODS

Figure 1 shows schematic images of the dislocations em-
ployed in our simulation. In this study, the occurrence of
ferroelectricity around mixed dislocations was examined by
employing an ideal straight mixed dislocation. That is, the
line vector ξ was set to (001) and the Burgers vector, b =
(001), was rotated on the slip plane [010], with β being the
angle between b and ξ. In the continuum mechanics, the
Burgers vector of a mixed dislocation can be divided into
an edge component, be = |b| sin(β), and a screw component,
bs = |b| cos(β) [29]. This mixed dislocation induces a strain
concentration corresponding to the superposition of the strain
fields associated with the edge (Fig. S1(b) in Supplemental
Material Ref. [30]) and screw components (Fig. S1(b) in Sup-
plemental Material Ref. [30]). This indicates that variations
in β affect the strain distribution which, in turn, modifies the
ferroelectricity. Therefore, we employed mixed dislocations

with β = 90◦ (that is, pure edge dislocations) to 0◦ (pure
screw dislocations). To these ideal mixed dislocations, (i) a
unidirectional electric field E1 or (ii) E3, or (iii) a biaxial
electric field, E1 = E3, was applied [Figs. 1(a)–1(c)].

The reason why we employed ideal mixed dislocations is
to make this study simple: Ordinarily, a mixed dislocation
has a curved structure (Fig. S1(a) in Supplemental Material
Ref. [30]) whose b is fixed due to the conservation law of the
Burgers vector while the dislocation axis, that is, ξ, continu-
ously rotates. Moreover, dislocations are not parallel to crystal
orientations x1[100], x2[010], and x3[001] due to the curved
structure. Since polarization in SrTiO3 favors pointing crystal
orientations, this dislocation orientation variation affects fer-
roelectricity besides the elastic field transition between pure
edge and screw dislocations. On the other hand, since SrTiO3

is almost elastically isotropic, elastic fields around disloca-
tions in the above ideal b rotated condition are the same
as those in the actual ξ rotated conditions. Moreover, in an
ideal mixed dislocation, its axis is fixed and always parallel
to the crystal orientation. Therefore, by employing an ideal
mixed dislocation, we can eliminate dislocation orientation
effects on ferroelectricity. Note that this ideal case may not
be unrealistic because Furushima et al. recently demonstrated
that straight mixed dislocations can be artificially generated
in SrTiO3 using a low-angle tilt grain boundary with a slight
twist [31]. Furthermore, even if the effects of dislocation ori-
entations are included, the following conclusion of this paper
is not likely to change. This is because the Burgers vector of
our main concern, i.e., pure edge and screw dislocations, and a
mixed dislocation β = 15◦ are parallel/almost parallel to the
crystal orientations.

The formation of spontaneous polarization, p =
(p1, p2, p3), around the dislocation and the response of
the polarization to the electric fields at room temperature
were carefully simulated by phase-field modeling of
SrTiO3 based on the Ginzburg-Landau theory [32–37].
By this methodology, the b rotated condition can be easily
realized. We employed a simulation model consisting of
128�x × 128�x × 4�x grids (�x = 0.25 nm) in which the
elastic fields resulting from the mixed dislocations were in-
troduced at the center (Fig. S2 in Supplemental Material Ref.
[30]). Although a periodic boundary condition was applied
to the model, the dislocations were considered to be isolated
since the distance between neighboring dislocations was
32 nm. The phase-field simulations were performed using the
Fourier spectral iterative perturbation method [38–41] and the
semi-implicit Fourier spectral method [42,43] due to the com-
putational efficiency of these techniques. Full details of the
computations are provided in Supplemental Material 1 [30].

III. RESULTS AND DISCUSSIONS

A. Polarization distributions around dislocations

Figure 2 shows the polarization distributions around the
mixed dislocations. Here, the contour regions indicate the
locations at which ferroelectricity appeared. At β = 90◦,
that is, at the edge dislocation [Fig. 2(a)], a ferroelectric
nanoscale region is evident immediately below the disloca-
tion, having a size of approximately 6 nm. In this region, the
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FIG. 2. Polarization distributions around mixed dislocations. In each figure, the contour region corresponds to |p| > 0.03 C/m2, and each
scale bar indicates 3 nm. The colors indicate either the angle of polarization p or the magnitude of p3, while the arrows denote the polarization
directions. The edge region is that within which the polarization is primarily in the x1 direction while the screw region is that within which the
spiral polarization is dominant.

rectilinear polarization points in the x1 direction [Fig. 2(a2)]
and this polarization is induced by tensile strain around the
edge dislocation [28]. In contrast, spiral polarization, that is,
the coexistence of rectilinear polarization p3 and polariza-
tion vortices, is induced around the screw dislocation β =
0◦ as shown in Fig. 2(e), which can be attributed to the
shear strain of this dislocation [28]. How shear strain in-
duces ferroelectricity is further discussed in Supplemental
Material 2 [30]. These configurations correspond to the po-
larization distributions obtained from ab initio calculations,
that is, more exact calculations [28]. Therefore, regarding
the strain-induced portion, the phase-field simulation success-
fully reproduces the appearance of ferroelectricity around the
dislocations in SrTiO3. Here, experiments have shown that
polarization points radial directions around the edge dislo-
cations at a low-angle grain boundary in SrTiO3 [26]. This

discrepancy can be attributed to the superposition of strain.
That is, since dislocations are very close to each other in
a grain boundary, tensile and compressive regions around
dislocations cancel each other. As a result, strain-induced
ferroelectricity is reduced and other origins of ferroelectricity
such as a Ti antisite become comparable. Note that, in the fol-
lowing text, the region incorporating x1-directional rectilinear
polarization is referred to as the edge region while that with
spiral polarization is designated as the screw region.

The edge region formed at β = 90◦ is seen to be reduced
in size as β is decreased, such that the size of the ferroelec-
tric nanoscale region is decreased to approximately 4 nm at
β = 45◦ [Fig. 2(b2)]. In contrast, at β = 30◦, a screw region
is formed around the dislocation while the edge region further
shrinks [Fig. 2(c2)]. As a result, a ferroelectric nanoscale
region with both edge and screw parts is formed. At β =
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FIG. 3. (a) Hysteresis loops obtained from the mixed dislocation (β = 15◦) under the uniaxial electric fields Ex, Ez and biaxial electric
field Ex = Ez. The diagram indicates a schematic illustration of the toroidal moment. (b) Polarization distributions at the corresponding points
with scale bars being 3 nm.

15◦, the edge region is further reduced in size, although the
edge and screw regions still coexist [Fig. 2(d2)]. Finally, the
ferroelectric nanoscale region comprises solely the screw re-
gion at β = 0◦. This transition is attributed to the decrease
in the tensile strain associated with the edge component with
decreases in β, along with the concurrent increase in the shear
strain associated with the screw component.

B. Switching properties around mixed dislocations

Figure 3 shows the hysteresis loops obtained from a mixed
dislocation with β = 15◦. It should be noted that, due to a
lack of experimental results, the core structures of mixed
dislocations have not been fully clarified. However, a prior
high-resolution transmission electron microscopy study of a
twist boundary in SrTiO3 established that a pure screw dis-
location at a twist boundary does not show any remarkable
variation from the ideal core structure [44]. Therefore, a
mixed dislocation near a screw dislocation is likely not to
deviate from the continuum mechanics and so we employed
a mixed dislocation with β = 15◦. Here, we assessed the
response of the x3 component of the toroidal moment G de-
scribed as [45,46]

G = 1

2V

∫
V

r × pdv, (1)

TABLE I. The coercive field values (106 V/m) for the average
polarizations Pave

1 and Pave
3 (Supplemental Material 3 [30]) or toroidal

moment G3 around the edge, screw, and mixed dislocations. The ×
symbol indicates that the polarization or toroidal moment does not
switch.

Dislocation type E1 E3 E1 = E3

Edge (β = 90◦) 6.5 × 6.5
Screw (β = 0◦) × 0.5 0.4
Mixed (β = 15◦) 1.9 1.5 0.8

where r is the distance from the dislocation core and V is
the volume of the ferroelectric region. The same as a screw
dislocation (Fig. S5 in Supplemental Material Ref. [30]), the
chirality of the spiral can be switched by applying E3 [the
blue line in Figs. 3(a), 3(b1), and 3(b2)] and a hysteresis
loop of the toroidal moment is obtained with a coercive field
[47] of 1.5 × 106 V/m. Chirality switching in response to this
homogeneous electric field is attributed to coupling of the in-
plane and out-of-plane polarizations by the shear strain of the
screw component (Supplemental Material 4 [30]). However,
in contrast to a screw dislocation, the chirality can also be
switched by applying E1 with a coercive field of 1.9 × 106

V/m, as shown by the black line in Fig. 3(a). This is possible
because switching in the edge region (Fig. S4 in Supplemen-
tal Material Ref. [30]) results in switching of the chirality.
Therefore, the toroidal moment around the mixed dislocation
can be switched by applying both E1 and E3. Furthermore,
under a biaxial electric field, E1 = E3, the chirality is also
switched even though a coercive field was 0.8 × 106 V/m,
equal to approximately half the uniaxial electric field [the red

TABLE II. Truth tables obtained for a mixed dislocation (β =
15◦). Values of 1 and 0 in the input column denote applying/not
applying electric fields E1 and E3, while 1 and 0 in the output column
denote whether the toroidal moment G3 switches or does not switch.

High electric field Low electric field
(E1, E3 > 1.9 × 106 V/m) (E1, E3 ≈ 0.8 × 106 V/m)

Input Output Input Output

E1 E3 G3 E1 E3 G3

1 1 1 1 1 1
1 0 1 1 0 0
0 1 1 0 1 0
0 0 0 0 0 0
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FIG. 4. Schematic illustrations of the rotation of light from (a) the front and (b) the side by polarization vortices around a mixed dislocation.
(b1) Light or (b2) a dislocation is tilted. (c) A schematic illustration of a circuit utilizing the toroidal moments of a mixed dislocation.

line in Fig. 3(a)]. Therefore, the coercive field is significantly
reduced when both E1 and E3 are applied at the same time.
This phenomenon is not observed with the pure edge and
screw dislocations. The coercive fields are summarized in
Table I.

Note that, since the discovery of polarization vortices due
to intensive surface effects in ferroelectric nanostructures
[45], how to manipulate their vorticity has been a central
issue [48–50]. Here, our study demonstrates that polarization
vortices can be switched by two-directional homogeneous
electric fields, which has never been reported to the best of
our knowledge. On the other hand, this unusual switching
property is apparently derived from strain fields specific to
dislocations. This implies that as bulk and nanoscale ferro-
electrics are different due to surface effects, nanoscale and
ultrasmall ferroics are different due to unique properties of
the defects. This will surely provide a different perspective on
ferroics.

C. Logic calculations by mixed dislocations

We subsequently investigated the feasibility of performing
logic calculations based on a mixed dislocation with β = 15◦.
In this process, applying/not applying electric fields E1 and

E3 are considered as an input of 1 and 0 while switching/not
switching of the toroidal moment G3 correspond to outputs
of 1 and 0. As an example, in the case that G3 is switched
only under E1, we will obtain (E1, E3, G3) = (1, 0, 1). Here,
when the magnitude of the electric fields exceeds 1.9 ×
106 V/m, G3 is switched by both uniaxial and biaxial electric
fields. However, when the magnitude of the electric fields
is approximately 0.8 × 106 V/m, switching is induced only
by the application of the biaxial electric fields, E1 = E3.
These results are summarized in the truth tables provided in
Table II. Under a high electric field (>1.9 × 106 V/m), the
output of an OR operation is obtained, while a low electric
field (approximately 0.8 × 106 V/m) is equivalent to an AND

operation. Therefore, the most basic logic calculations can be
performed based on the appearance of ferroelectricity around
a mixed dislocation. Additional observations of the ferroelec-
tricity associated with a biaxial electric field, −E1 = E3, show
no switching of the toroidal moment, indicating the possibility
of a NOT operation (Supplemental Material 5 [30]). Therefore,
this technique employing a mixed dislocation can provide a
complete set of logic processes.

Since the ferroelectric nanoscale region is surrounded by
paraelectric SrTiO3, each mixed dislocation can be considered
as a ferroelectric nanostructure embedded in a paraelectric
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matrix, that is, as an isolated ferroelectric nanoscale logic gate
within the host material. This represents a different route to
fabricate ultrathin logic elements in nanodevices. As noted
by Manipatruni et al., utilizing ferroelectricity for logic gates
may lead to energy-efficient devices due to the low-energy
inputs required for polarization switching as well as the inher-
ent nonvolatility [15]. In addition, a sufficiently high density
of dislocations (up to 1012 cm−2) has been introduced experi-
mentally [51], indicating that a logic device with an ultrahigh
density but low-power consumption can be realized. Note
that the core idea of this study, that is, switching of polar-
ization vortices at the screw region by homogeneous electric
fields can be investigated by piezoresponse force microscopy.
Moreover, the result of this study will surely stimulate further
investigations of mixed dislocations in perovskite structures,
which are much fewer than pure edge and screw dislocations.

D. Proposal of a mixed dislocation circuit

Figure 4 shows schematic images of our proposal for a cir-
cuit that connects these dislocations. According to Prosandeev
et al. [52], light through polarization vortices rotates. There-
fore, light through a mixed dislocation with polarization
vortices should rotate [Fig. 4(a)]. Note that this light rota-
tion can be explained as the time variation of toroidal orders
dG/dt by light induces magnetism and this magnetism, in
turn, rotates light by Faraday effects. Therefore, this rotation
should occur unless light and toroidal moments are perpen-
dicular. In other words, light from the side also should rotate
[Figs. 4(b1) and 4(b2)]. Based on this, we propose a non-
volatile logic circuitry as follows [Fig. 4(c)]: (1) We consider
a dislocation with tilts while two sides are covered by photodi-
odes (conversion of light to electric voltage). (2) When light is
supplied to this dislocation externally, this light should rotate
due to the coupling with toroidal moments. (3) This light is
judged by a polarizing plate. For example, light rotated clock-
wise can pass through the plate but light rotated anticlockwise
cannot pass. (4) When this light passes, it reaches the next
dislocation. This light can be converted to an electric voltage
by photodiodes. Then this voltage switches polarization/does

not switch. (5) Whether polarization switches or not can be
judged by supplying external light the same as in step (2)
above. When polarization is switched, light passes through
the polarizing plate and goes to the next dislocation. Note that
this concept for constructing ultrasmall circuits is currently
impractical or unlikely due to at least three reasons: First,
to be comparable to the size of dislocations, i.e., <1 nm,
a light source of x rays is needed. Second, whether x rays
actually rotate by polarization vortices around a dislocation is
still unclear. Third, preparing an x-ray-range photodiode and
polarizer, and coating a dislocation with them are formidable
tasks. Thus, at first, it is better to use low-angle grain bound-
aries in which dislocations array periodically (>100 nm) to
avoid the problems related to x rays. Then, the next step is to
gradually reduce the size to the single dislocation scale.

IV. CONCLUSION

In summary, we have demonstrated the possibility that
ferroelectric nanoscale logic gates can be achieved based on
mixed dislocations in paraelectric SrTiO3. Phase-field simu-
lations showed that the strain concentration around a mixed
dislocation induces a distorted spiral polarization whose
chirality can be switched by applying both vertical and hor-
izontal electric fields. Moreover, the coercive field required
for switching is reduced by applying horizontal and vertical
electric fields simultaneously. Using these switching proper-
ties, OR, AND, and NOT operations can be performed. Since
the ferroelectric nanoscale region is a ferroelectric nanostruc-
ture embedded in a paraelectric matrix, a mixed dislocation
represents a ferroelectric nanoscale logic gate within paraelec-
tric SrTiO3. This indicates a different approach to producing
nanoscale logic elements with the potential to provide un-
precedented densities and efficiency.
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