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Hysteresis and relaxation of inhomogeneous strain under converse
flexoelectric effect in SrTiO; single crystal thin plates
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The quasi-stationary converse flexoelectric effect in SrTiO; single crystal thin plates has been studied and

flexoelectric coefficients have been estimated.
relaxation processes have been investigated.
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1. Introduction

During last two decades the flexoelectric effect attracted
the attention of specialists in the field of integrated electro-
nics and the design of new generation microelectromecha-
nical systems [1-5]. The interest is due to the fact that this
electromechanical effect becomes significant in semicon-
ductor and dielectric objects of submicron and nanoscopic
size. The phenomenon is based on mutual relationship
between dielectric polarization and strain gradient which is
characterized by the flexoelectric tensor of fourth rank [1,2]:

Jau
Pi = i Wkl (1)
i

Like piezoelectricity, the flexoelectricity is divided into
direct and converse effects. In case of direct effect
the inhomogeneous strain of crystals of finite dimensions
induces the dielectric polarization, and the converse effect is
associated with occurrence of inhomogeneous deformation
during polarization in the external electric field [1,2]. In the
phenomenological theory of flexoelectricity these pheno-
mena are described by a system of two electromechanical
equations [1]:

au
_1 ki
Ei = Pj—fklija—xj, (2a)
0Pk
i = Cjjuu fijk —, 2b
0ij ijkiU + Tijk a1 (2b)
where, Ei — electric field, yx; — dielectric suscepti-
bility, Pj — polarization, fy;ij = uwij/xj — tensor of
flexoelectrical interaction, Ug — strain, Cjji — elasticity

factor. Further indices will be used in Vogt designation:
Ci111 = C11, H1133 = M3 etc.

The flexoelectric coefficients are directly proportional to
polarizability of dielectric, so the flexoelectric effect is most
pronounced in materials with high dielectric susceptibility,

for example, in ferroelectrics and related materials [1,2].
To study flexoelectricity the crystals SrTiO3 (hereinafter —
ST) are the most convenient, as they have the maximum
dielectric permittivity (¢ ~ 300 at T =300K), and cubic
symmetry of the crystal structure (O}) excludes piezoelec-
tricity, which can mask the flexoelectric response. For
ST crystals the flexoelectric coefficients were measured:
u11 =0.2, p1p =7 when studying the direct effect [6]
and pp =4.2nC/m during converse effect [7]. These
experimental measured values are in good agreement with
theoretical calculations from first principles: u;; = —0.26
and p;p = —3.75nC/m [8]. But there are publications
stating significant difference of measured and calculated
coefficients, up to several orders of magnitude. For example,
in paper [9] studying quasi-stationary converse flexoelec-
tric effect the value of effective transverse coefficient
12 ~ 4.5uC/m was obtained. In another experiment [10]
application of high voltage to planar electrodes caused non-
uniform deformation due to converse flexoelectric effect,
when, according to made estimations, the coefficient i,
achieved value 6.334 mC/m. We can suppose that reason
of such significant differences is due to the experiment
conditions, such as: frequency dependence of flexoelectric
response on external mechanical or electrical field, hystere-
sis and relaxation processes, and geometry and mechanical
properties of samples.

Our preliminary interferometry measurements of static
converse effect determined the hysteresis of ,,nonferroelec-
tric nature in single-crystals ST [9,11]. The hysteresis
is characterized by threshold electric field and residual
deformation after voltage switch off. This phenomenon also
made in difficult to determine the type of inhomogeneous
deformation (cylindrical and spherical bends) due to signi-
ficant scattering of experimental points on profiles of cross-
sections of thin plates. So, the present paper target is more
detail study of flexoelectric hysteresis in ST-single crystals.
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2. Experiment

Samples were high quality ST-single crystal plates 140 um
thick and with area of work surface (001) 12 x 12mm?.
Gold electrodes with diameter 10 mm and thickness 25 nm
were deposited on optically polished surfaces by method of
thermal sputtering. The electrodes also served as mirrors
for measuring local strains using an optical interferometer-
microscope with an accuracy of up to 10nm [12]. Plates
were secured at edges along fixed contour with diame-
ter 11mm (Spherical Banding Method, SpB method)
(Figure 1). The experimental set-up ensured measurement
of plate surface deflection §Z, as response to external
electric field and external heterogeneous mechanical stress
(Figure 1,a and b, respectively). To measure hystere-
sis of induced strain the triangular pulses of different
polarity with amplitude up to £750V (E = £55kV/cm)
and duration 15s were applied to electrodes. In second
part of experiment we studied the slow strain response
when external electric field with duration up to 2min
is switched on, and strain relaxation after field switching
off. Additionally strain of spherical bend was studied,
it was created by needle sapphire probe with radius of
curvature 0.1 mm with static load F = 0.5N, directed to
center of plate surface (Figure 1,5).

Figure 2 shows field dependence of surface deflection
of plate §Z(E), induced by triangular pulses of voltage
with duration 15s and different polarity (Figure 2, insert).
The concave surface is observed from the side of the
positively charged electrode. Dark and white dots on Figure
correspond to surface bends in two perpendicular directions.
Coincidence or divergence of dark and white dots means
spherical or cylindrical bend, respectively [12]. The field
dependence of strain §Z(E) has hysteresis nature: strain
starts when threshold field achieves value Ey = 35kV/em,
further bend linearly increases with field increasing. Field
decreasing is accompanied by decrease in strain with
some time delay, and after field switching off the residual
strain 8Z,.m, 1s observed.

The nature of hysteresis appears to be relaxational.
To measure parameters of process of strain setting and
relaxation the voltage pulses were used in form of trapezoid,
they comprise linear increasing with rate 50 V/s, voltage
stabilization at level 750V (E = £55kV/cm) for 1-2min
and instantaneous disconnection (Figure 3). The Figure
shows that at initial state the strain increases linearly with
increase in field, and this increasing does not depend on
the polarity. In stationary field the strain gradually increases
with plateau achievement, at that strain value of negatively
charged plate surface is noticeably higher then in case of
surface with positive polarity. The obtained experimental
points can be approximated by the exponential expression
for the process of induced strain establishment:

8Z(t) = 6Zmax[1 — exp(—t/7eet)], (3)
where 6Z,,x — maximum values of strain, 7,y — character-

istic time of strain setting. In Figure 3, b individually plotted
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Figure 1. Diagram of set-up to study inhomogeneous strain
induced: a) by external electric field, b) by local mechanical stress.
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Figure 2. Deflection of ST — plates vs. external electric field.
In insert — time dependence of strain as response to triangular
pulses of high voltage.

in semi-logarithmic scale value 1g(6Zmax—8Z) vs. t ensures
determination of linear sections, where the process of strain
setting are well described by expression (3), and evaluation
of the characteristic times 7,y = 95 and 70 s for positive and
negative polarity of the external field, respectively.

After field switching off the strain exponentially decreases
to its residual value 6Z.,. The characteristic time of relax-
ation Trax can be evaluated using the following expression:

8Z(t) = 8Zmax exp(—1/Trclax) — 6Zrem- 4)

By linear sections of dependence 1g(6Z—6Z;em) vs. t the
following characteristic relaxation times were obtained:
Trelx = 5 £ 2 and 9 +4s (Figure 3,¢). It can be seen that
the relaxation times are the same for positive and negative
polarities. More prolonged relaxation was not identified.
The obtained relaxation times of flexoelectric response
can be compared with the relaxation of inhomogeneous
deformation strain after switching off the inhomogeneous
mechanical field. In stationary mode the sapphire needle
probe under load 0.5N ensured spherical bending of plate
with deflection §Zy,x = 1.2um. After load removal the
deflection decrease, and by linear sections in dependence
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Figure 3. Deflection of plate ST, induced by long pulses of different polarity in form of trapezoid vs. time: a) general view, b) in
semi-logarithmic scale for the quantity §Zmax—8Z for case of stationary field, ¢) semi-logarithmic scale for the quantity (6Zmax—6Z) after

field switching off.
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Figure 4. Relaxation of plates ST deflection after switching off
inhomogeneous mechanical stress.

18(6Z—6Zsem) vs. t (Figure 4) we can evaluate the cha-
racteristic relaxation times: Tax = 2.0 +0.5, 5.04+0.2
and 12.24+0.5s. It is evident that values are rather
close to the relaxation times of the flexoelectric response
Trelax = J and 9s.

3. Discussion of results

The field dependence §Z(E) (Figure 2) ensures quali-
tative estimates of the effect value, in particular, effective
transverse component of flexoelectric tensor fijp, using
Trunov’s equation [7,13]:

~ o Eyh2
= = —F, 5
H2=E D0 - )
where ¢ — curve of surface bending, Ey — Young’s
modulus, v — Poison’s ratio, and h — crystal thickness.

Here curvature of bend can be evaluated by deflection 6Z
in center of plate, and by sample width d, using formula
o = 85Z/d? [12]. If we take as ratio o/E slope coefficient
of the linear section on the dependence §Z(E) (Figure 2)
and value Ey = 2.718 - 10! Pa and v = 0.238 from data
base of mechanical properties of known crystals [14], then
calculation by formula (5) provides effective value of trans-
verse flexoelectric coefficient t1; ~ 3.3 uC/m. This value is
combination of longitudinal and transverse coefficients

b2 = —vui + (1 —v)u. (6)

Previously, in paper [6] measurement of direct flexo-
electric effect in ST plates of approximately same size
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provided the following values: u;; =0.2, p;p = 7nC/m
and their ratio yjp/u1; = 35. If we consider that for the
converse effect the same ratio is preserved, then calculation
by formula (6) provides the following values: uy; ~ 0.12
and ppp =~ 4.3 uC/m.

Actuality of obtained values can be checked by simple
empiric calculations. First papers relating flexoelectricity
presented formula u o< e/a (€ — elementary charge, a —
interatomic spacing) to evaluate flexoelectric coefficient for
distorted lattice cell (see [1,2]). Papers of L. Cross’s
group [15,16] suggested the empiric formula of flexoelectric
tensor calculation considering the dielectric susceptibility y; j
and so called Scale Factor 1 in as follows:

e
UKij = AXij 3 (7)

The Scale Factor 1 depends on geometry, position state,
symmetry of phases, chemical composition and technology
of samples manufacturing. Scale Factor determination is
subject of theoretical and experimental studies of flexo-
electricity. Papers [15,16] show that for the longitudinal
coefficient u;; of ideal flexoelectric the Scale Factor 4 shall
tend to one. If empiric formula (7) is used, we obtain
that for experimentally determined longitudinal flexoelectric
coefficient 13 =0.12uC/m and dielectric susceptibility
x = 300 the Scale Factor 1 is 1.0 £ 0.6, this confirms the
correctness of made evaluations.

Reason of coefficient values difference as compared with
other papers can be due to experiment conditions. To mea-
sure the converse effect in this work, stationary and quasi-
stationary electric fields were used, whereas for the direct
effect, alternating mechanical or electric fields of sufficiently
high frequency served as external influences [6,7]. As under
quasi-stationary conditions the polarizability of dielectrics
is maximum due maximum number of different polarization
mechanisms, then we can expect that flexoelectric effect will
also be maximum. Besides, flexoelectric response will be
accompanied by hysteresis and relaxation processes due to
mechanical properties of actual crystals: finite size, elasticity
and plasticity. Modeling of converse flexoelectric effect in
crystals of finite size was published in [1], where expression
for the induced mechanical moment bending the thin crystal
plate is presented

h/2

M=cy / U11X3dX3 — f13 h<P> (8)
—h/2

Here M — bending moment per unit of length, (P) —
average over volume polarization, induced by external
field, h — plate thickness, c;; — elasticity factor, u;; —
strain tensor, f;3 — tensor of flexoelectric interaction.
Direction of coordinate X3 corresponds to direction along
plate thickness, and X; — direction along plate length. The
first term of the equation for mechanically free plate shows
that the strain response Uj;(X3) to bending moment M
depends on elasticity C;; and geometry of sample. Note
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that in case of actual crystals, during plate bending by
high frequency field, the strain shall depend not only on
elasticity, but on components of inertia moments determined
by the sample geometry. These mechanical parameters
determine the dynamics and frequency dependence of
the induced strain. Example of such dynamics can be
flexoelectric resonance in cantilever system based on ST —
thin film [7]. Under quasi-stationary conditions the strain
response Uj1(X3) shall depend not only on elasticity, but also
on plastic properties of actual crystal. In this case, when the
bending moment is switched on and off, the following shall
be observed: the process of bend setting, relaxation and
residual deformation.

The plastic nature of relaxation of flexoelectric response
in ST is confirmed by proximity of the set of charac-
teristic relaxation times of strain Ty = 5+2, 9+4s
and Tyelax = 2.0+ 0.5, 5.0 £ 0.2, 12.2 £ 0.5s during elec-
tric field switching off, and after mechanical stress removal,
respectively.  The value of same order of magnitude
Trelax = 1—4s was obtained for polarization induced by
strain gradient on same samples during study of the direct
effect [17]. In the same paper the independence of this
relaxation time on temperature is shown, therefore this value
shall be determined purely by the mechanical properties
of the crystal. It is known that ST — single crystals
have unprecedented value of homogeneous plasticity among
crystals of oxide compounds, reaching over 10% along
axis [001], even at increasing rate of mechanical stress 10%
per second [18]. Papers [19,20] showed that high plasticity
of ST is due to dislocations, their sliding was initiated by
oxygen vacancies.

In addition to the purely plastic nature, we can expect
that the setting and relaxation of strain are associated
with the spatial redistribution of charge carriers (electrons,
charged vacancies and ions) in the bulk of the crystal
Mechanism of occurrence of self-consistent gradients of
strain and polarization due to transport and spatial redis-
tribution of charge carriers (electrons, charged vacancies
and ions) in bulk of crystal was theoretically calculated
in papers [21-23]. Self-consistent modeling of the effect
showed that movement and concentration of charged defects
on one side of sample can cause inhomogeneous strain due
to chemical pressure or so called Vegard effect [21-23].
Besides, the hysteresis loop was forecasted in dependence
of strain gradient on field strength. Feature of ST —
single crystals is significant concentration of one time and
two times ionized oxygen vacancies 107 —10%° cm~3, their
lower formation enthalpy (about 1eV) as compared to ions
of oxygen, strontium and titanium,and high coefficients of
diffusion and mobility (about 1.5 - 10713 cm?/V - s, in field
500kV/em) [24,25]. It is also known that the hysteresis
on the current-voltage curve in ST during switching is
associated with the transport of mobile charges consisting of
dislocations, mobile oxygen ions and oxygen vacancies [26].
So, movement of oxygen vacancies from positive to negative
electrode, and gradual accumulation in form of bulk charge
determine the setting process. As a result the high
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concentration of positively charged vacancies on one side
of sample near negative electrode can cause convex bend of
the surface. From Figure 3 it follows that concentration
of positively charged vacancies near negative electrode
provides by about 1.5—2 times higher surface strain at lower
time of setting as compared to concave surface near the
positive electrode. Drift, concentration and, as a result,
strain response are rather slow processes. According to
Figure 3, state of equilibrium of this electromechanical
process can be achieved by about 70s. We can add
that such properties of hysteresis as residual deformation
and threshold field are associated with the process of
redistribution of positively charged vacancies when the field
direction changes.

Thus, in the quasi-stationary converse flexoelectric effect,
the processes of setting and relaxation of inhomogeneous
strain with times greater than 2s are caused by the crystal
plasticity. The characteristic times about 1—1.5 minutes are
determined by drift and redistribution of oxygen vacancies
in the external field.
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