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ABSTRACT

The polarization response such as ferroelectric and ferroelastic switching in ferroelectrics is
the important feature for ferroelectric and electromechanical applications. In polycrystalline form
ferroelectrics, effects of the microstructural parameters such as texture, grain size, and residual
stress are there and have not fully been understood. Among these effects, (1) the origin of grain
size effects on ferroelastic switching, (2) mechanical stress effects on polarization switching, and
(3) ferroelectric switching Kkinetics and the relationship to grain boundaries are investigated.

Firstly, the microscopic origin of ferroelastic switching suppression in smaller grains is
discovered using a microscopic probing technique (piezoresponse force microscopy). It is
demonstrated that there is no independent grain size effect on ferroelastic switching; the grain size
affects the domain structure in a grain, and the domain structure plays an important role in the
ferroelastic switching suppression. This result suggests that the grain size is not an independent
critical parameter for the electromechanical property degradation in a grain < 1 um as the
ferroelastic switching is a dominant component for the electromechanical property.

The study about the mechanical stress effects on the electric field induced polarization
switching rationalizes the emergence of the electric field induced low-symmetry phases observed
in tetragonal Pb(Zr, Ti)Os and BaTiOs ceramics after poling. It is demonstrated that a shear stress
plays an important role in stabilizing the monoclinic phase in Pb(Zr,Ti)O3 whereas a normal stress
along the polarization axis is a key for the monoclinic phase in BaTiOz with a thermodynamic
approach. It is suggested that the fraction of the low-symmetry phase, which is important for the
large electromechanical property, can be engineered by applying an appropriate stress.

For the work about ferroelectric switching kinetics, the first direct Barkhausen noise
associated with ferroelectric switching is measured. The domain switching time is quantified by
the frequency of the Barkhausen noise. It is discovered that the dominant domain wall pinning site
is grain boundaries based on the domain wall jump distance between pinning sites calculated from
the switching time. This result suggests that the technique is a good tool for understanding the
relationship between microstructure — domain wall Kinetics.

In sum, the mechanisms of the polarization switching suppression due to domain structure

and grain boundaries, and the emergence of the low symmetry phases due to stresses are revealed.
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These discoveries facilitate further improvements of the device performances with engineering the

domain structure, grain boundaries and residual stress.
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1. INTRODUCTION

1.1 Ferroelectricity

Ferroelectric materials have the switchable spontaneous polarization and non-linearity
(hysteresis) in a polarization vs electric field curve [1]. Due to the attractive characteristic, the
ferroelectric materials are used in a wide range of applications such as FeRAM, actuator and sensor
devices [2—4]. Landau theory describes a phenomenological model for the ferroelectric physics
[1,5]. Starting from fundamental thermodynamics, according to the first and second law of
thermodynamics, the deferential of the internal energy can be expressed as,

dU = dQ + dW = TdS + o;;de;; + E;dP; (1.1)
where Q is the heat and W is the work done by the small amount of strain change and the
polarization change here (other terms can be added depending on a system). Then, the elastic Gibbs
free energy density, g is defined as [5],

g=H-TS (1.2)
where T is the temperature, S is the entropy and H is the elastic enthalpy which is defined as [5],
H=U-— o-ijgij (13)

From equations (1.1) to (1.3), the differential of the elastic Gibbs free energy density can be
expressed as,
dg = —5dT — g;;do;j + E;dP; (1.4)
With this equation and the second law of thermodynamics dQ < TdS at constant temperature, stress
and polarization, the elastic Gibbs free energy density satisfies the well-known relationship dg <
0. This gives us an important insight that a negative value in dg is necessary for a spontaneous
process, and a system reaches the equilibrium when dg = 0 at constant temperature, stress and
polarization condition.
To identify the equilibrium state with the elastic Gibbs free energy density function, finding
free energy density minima with the control variables which are temperature, stress and
polarization is a convenient way. To express the non-linearity of a polarization - electric field curve

in ferroelectrics, one needs to consider the higher order terms with Taylor expansion, namely,
n k
(P, 0:,T) Zl{P<a) + (a) +T(a> } (1.5)
g\P;,0,;,T)= — - o\l5— = g .
ey e k! aPl oT aO'l'j PT oT P,o
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Assuming the isothermal condition for convenience, equation (1.5) can be written out in full as

follows,
(P 'T)_ +1 o°9 PP+1 0*g P.P.P.P, +
o,T o,T
1 azg 1 a3g
+2!<30ij90kz)”a”a"’+ +2!<aaijapkapl Ut Lt (1.6)

The first two terms represent the second and forth order of the electric free energy density, the
third term is the elastic energy density, and the fourth term is the polarization — stress coupling
energy density. These terms continue going higher orders, so that an approximation at a certain
order is usually done. Note that the summation symbols for each term are omitted. The partial
derivatives in the equation corresponds to Landau coefficients and are determined by experimental
observation in a constant temperature and stress condition for the coefficients of the electric free
energy density, in a constant temperature and polarization for the elastic free energy density, and
in a constant temperature for the polarization — stress coupling free energy density terms. These
conditions and the control variables are exchangeable via Legendre transformation at the starting
point when the free energy density is defined, i. e. one can select preferable control variables and
coefficients in accordance with an assumed condition. For instance, if polarization and strain are
the control variables, the Helmholtz free energy density f defined as,
f=U-TS (1.7)
df = —SdT + g;;de;; + E;dP; (1.8)
is useful. The Taylor expansion expression of the Helmholtz free energy density at the isothermal
condition can be expressed as,

(P, &j;T) = ‘o o PP+~ s P,P;P P, +
fPuejiT) = fo+ 3, oPoE;) " T W\opapoPap,)

L[ s L0
21\ 00/, M 21\0e,,0P 0P,

The coefficients may be different from the ones in the elastic Gibbs free energy density function

) ‘SiijPl+“' (19)
T

(equation (1.6)) even though they are related and mathematically transformed [6-8]. This
Helmholtz free energy density function is useful for investigating the equilibrium state in a
epitaxially strained film as the strain can be fixed in a fully confined crystal lattice by a substrate
[9-11].
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To explain the ferroelectric behavior from the free energy density, a simple one-
dimensional version of equation (1.6) in the stress-free state is considered [1], namely,
g(P) = aP? + bP* + cP® + -- (1.10)
where a, b and c are the Landau coefficients. The polarization derivative of the free energy density,
0g/oP corresponds to the electric field, thereby,

9
% — E = 2aP + 4bP* + 6¢P5 + --- (1.11)

Figure 1.1 shows a free energy density vs polarization curve and a polarization vs electric field
curve based on equation (1.10) and (1.11). The free energy density curve exhibits a double well
potential whose minima represent the spontaneous polarization in ferroelectrics. The broken line
is in the negative curvature region, which can be defined as 6°g/0P? < 0. A polarization in this
region is unstable and spontaneously moves towards one of the energy minima, analogous to
spinodal decomposition. In the polarization — electric field curve, the polarization range shown
with the broken line is forbidden due to the instability in the free energy density. The electric field
reaching the instability region, which is called the coercive electric field, induces the abrupt
polarization jump, so that the curve shows the hysteresis.

2 0.5
1 -
0.25 |

S 0 r ,/""-\ :'
s v s 07
w1l [ ’r \ o

S5 L 025 |

-3 - ! L 05 L ! !

-0.5 -0.25 0 0.25 05 -0.05 -0025 O 0.025 0.05
P(a.u.) E(a.u.)

Figure 1.1. Gibbs free energy density vs polarization curve and polarization vs electric field
curve.

One of the most investigated ferroelectric crystal systems is a perovskite oxide. The

perovskite structure ferroelectrics are widely used for ferroelectric device application due to its
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ferroelectric properties as well as its stability and usability in a ceramic form [1]. In a perovskite
structure material, the spontaneous polarization switchability, which is the definition of
ferroelectricity, is achieved by ion motions in a crystal under an electric field. Figure 1.2 shows
the schematic diagram of the unit cell of a perovskite oxide BaTiO3 [12]. The off body centered
Ti*" ion and off face centered O ions produce the gap of the positive and negative charge gravity
center, so that the permanent spontaneous polarization is generated. An external electric field
higher than the coercive field makes the ions towards the opposite off-centered positions, then the

spontaneous polarization direction also switches.

Figure 1.2. Schematic drawing of perovskite oxide, BaTiOs. (Image sourced from [12])

1.2 Electric Field Induced Response in Ferroelectrics

Beyond ferroelectric polarization switching discussed in chapter 1.1, other electric field
induced responses exist in ferroelectrics: piezoelectricity, ferroelastic switching and polarization
rotation accompanying phase transformation, which are discussed here. These responses are
important especially for electromechanical device applications such as an actuator, sensor and
energy harvester devices since they usually accompany the electric field induced strains.

1.2.1 Piezoelectricity

Piezoelectricity is the electrical — mechanical coupling to the non-centrosymmetric nature of
the ferroelectric crystal. All ferroelectric materials possess the piezoelectricity since the non-
centrosymmetric is a necessary condition for a polar crystal. When an electric field is applied to
ferroelectric materials, a dipole associated with the gap between the positive and negative charge

gravity centers responds to the electric field, so that a lattice strain is induced, called the inverse
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piezoelectricity. With stress, electric field and temperature as independent variables, the

differential of a strain may be written as an exact differential form such as [6],

de;; = (ag—’> doy, + (ag” ) dE, + (ag” ) dT (1.12)
doy ET J0E, T aT o5
Similarly, the differential of polarization can be expressed as[6],
dP; = (api ) doy, + <@> dE; + (%) dT (1.13)
00ji ET ! OF; o,T 1N o

Note that the Einstein summation notation is employed for these equations [6]. With introducing

Gibbs free energy density, g’ defined as [5,6],

g =H —TS (1.14)
H' =U — o;¢;; — EiP; (1.15)
the differential of the Gibbs free energy density can be expressed as,
dg' = —¢;;do;; — P,dE; — SdT (1.16)
The differential of the Gibbs free energy density can also be written in the exact differential form,
namely [6],
dg' = (gfi j)E'T doy, + <Z—‘]‘;>G'T dE; + @%)w dT (1.17)
Therefore, with comparing equation (1.16) to equation (1.17), one can get
ag’ ag’
<%>E,T — <a—‘bg,i>ﬂ - P, (1.18)

From Maxwell relations,

d (3g'\\ _( 0 (dg
<0_Ek <60i,->>T B <aaij <6Ek>>T (1.19)

Thus, by plugging equation (1.18) into equation (1.19), the electrical — mechanical coupling
coefficients in equations (1.13) and (1.14) has the following relationship [6],

<a€”) = <ap"> —d (1.20)
0Ey T aai,- ET f '

This third rank tensor is one form of direct and inverse piezoelectric coefficients. Other forms can

be obtained by changing independent variables.
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The tensor components of the piezoelectric coefficient depend on symmetry of a crystal [6].
One of the most common symmetries in ferroelectrics is 4mm (e. g. BaTiOs and PbTiOz). Figure
1.3 shows the schematic diagram of a 4mm crystal on the Cartesian coordinate. The red solid line
along xs axis is the four-fold rotation axis. The xi-xs plane shown as the broken red line is a mirror
plane, and the plane with the broken-dot red line is another mirror plane. Considering the four-fold
rotation operation (clockwise), the coordinate axes converts from x; to -Xo, X2 to X1, and x3 to Xa.
This operation should give the identical property due to the crystal symmetry, so that the
piezoelectric coefficient tensor needs to satisfy the following relations: di13 = d223, d123 = -0213, d133
= -0133... Among them, only d113 = d223, d123 = -0213, d311 = d322 and dz33 are the non-zero
components in the four-fold rotation operation due to the tensor symmetry dijk = dixj, which comes
from the strain or stress tensor relationship gk = aq or ok = oy. Similarly, given the other mirror
operations, the final non-zero components are di13 = d223, da11 = d322 and dasa. Therefore, the final
piezoelectric coefficient tensor components in a 4mm crystal is as follows,
0 0 0 0 di3 O
dij = < 0 0 0 dy3 O 0) (1.21)
d311 d311 d333 0 0 0
Note that the components are written in a matrix, not a tensor for visualization. In a 4mm crystal,
an electric field applied along the 3 axis causes normal strains in all three directions, and an electric
field applied along the 1 or 2 axis induces a shear strain which is &13 or &3. Other symmetry crystals

can be investigated in the same manner, and the results are tabulated in literature [6].

Figure 1.3. Symmetry operations of 4mm crystal.
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1.2.2 Ferroelastic Switching

Ferroelasticity is known as a non-linear (hysteresis) relationship between stress and strain,
analogous to other ferroics: ferromagnetic and ferroelectric. It is originated from the switchable
energetically equivalent orientation states in a crystallographically anisotropic crystal switched by
an applied mechanical stress [13,14]. In ferroelectric materials, it is known that a mechanical stress
as well as an electric field induce ferroelastic switching as the crystallographic anisotropy is related
to the spontaneous polarization direction [15]. Figure 1.4 shows a schematic image of electric field
induced ferroelastic switching in a BaTiOz type tetragonal ferroelectric material. The lattice
parameter c is greater than the lattice parameter a due to the spontaneous polarization distortion.
The six directions to the vertices of TiOg octahedral in a perovskite structure are equivalent in the
parent cubic phase. By applying an external electric field in the tetragonal phase, a crystal whose
polarization axis is perpendicular to the electric field direction can turn to a crystal whose
polarization axis is parallel to the electric field direction [16]. The strain induced by an electric

field E; can be expressed as [15],

c
£ == 1 (1.22)

where ¢ and a are the lattice parameters in a tetragonal crystal. Note that the electric field and strain
direction z is described in the lab frame as the crystal frame is inconvenient in this case because of
the crystal reorientation. As equation (1.22) shows, the strain associated with ferroelastic switching
depends on the material tetragonality. For instance, in tetragonal BaTiOs, the ferroelastic strain
canbe 1.1 % asa=3.992 and ¢ = 4.036 [17], which is much higher than a piezoelectric strain (&33
= da33E3 = 0.009 % at d3zz = 90 pm/V [18] and Ez = 1 MV/m). Figure 1.5 shows the reported
electric field - strain curve in a BaTiOz single crystal [19]. Nearly 1 % of non-linear strain was
observed, in agreement with the calculation above. In BaTiO3 base bulk ceramics, the dominance
of the ferroelastic strain were also reported as shown in Figure 1.6 [20]. The vigorous X-ray
diffraction results separating the total strain into the lattice strain (piezoelectric strain, green line)
and the crystal reorientation (ferroelastic strain, red line). The ferroelastic strain larger than the
piezoelectric strain can be seen in the bulk ceramics. Therefore, the ferroelastic strain induced by
an electric field plays a dominant role in the electric field induced strain. As the tetragonality is
the controlling parameter for the ferroelastic strain, large tetragonality materials have been
suggested to achieve a higher electric field induced ferroelastic strain [21,22].
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Figure 1.4. Schematic image of electric field induced ferroelastic switching in tetragonal
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Figure 1.5. Electric field induced strain in BaTiOz single crystal. (Figure sourced from [19])
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induced strain in (Ba,Ca)(Zr,Ti)Os ceramics. (Figure sourced from [20])

1.2.3 Polarization Rotation and Phase Transformation

An electric field can also induce polarization rotation accompanying phase transformation.
Figure 1.7 shows an experimental electric field induced strain curve in a Pb(Zn13Nb2/3)O3-PbTiO3
single crystal and a model to explain the behavior [23]. The experimentally observed strain (Figure
1.7a) can be divided into the three stages A, B and C depending of the curve slope [23]. The
theoretical calculation suggests that these stages are originated from polarization rotation from
pseudo cubic [111] to [001] as shown in Figure 1.7b and c [23]. In accordance with polarization
direction rotation, the crystal symmetry also transforms from rhombohedral to monoclinic to
tetragonal as the spontaneous polarization direction directly relates to the crystallographic lattice
distortion [23]. With the crystal symmetry transformation, the large electric field induced strain in

this material can be explained.
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Figure 1.7. Strain — electric field relationship via polarization rotation. (a) Experimental result in
Pb(Zn13Nb23)O3-PbTiOs single crystal. (b) Theoretical calculation for strain — electric field. (c)
Schematic drawing of polarization direction. (Figure sourced from [23])

The polarization rotation is also seen in other ferroelectrics. In NagsBiosTiO3-BaTiO3
single crystal [24] and ceramics [25], an electric field applied along the sample normal direction
induces phase transformation from rhombohedral to tetragonal whose spontaneous polarization
direction aligns to the sample normal direction, as shown in Figure 1.8 [24]. In these X-ray
diffraction patterns, the intensities of the tetragonal peaks indicating the volume fraction of the
tetragonal phase increase, and the intensities of the rhombohedral peaks decrease with increasing
the applied DC electric field. Similar polarization rotation is seen in more typical and classic
perovskite ferroelectrics such as BaTiOz [26] and Pb(Zr,Ti)Os (PZT) ceramics [27]. Figure 1.9
shows the X-ray diffraction patterns before and after poling in PZT [27]. After poling, ferroelastic
switching ((100) domain to (001) domain) as well as a new peak attributed to a monoclinic phase
are observed. This result suggests that an electric field induces the tetragonal - monoclinic phase
transformation associated with polarization rotation. This monoclinic phase is thought of as a key
for the large electromechanical property in PZT at the morphotropic phase boundary (MPB) as it
appears only at the MPB in PZT [27,28].
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Figure 1.8. Electric field dependence of X-ray diffraction patterns near pseudo cubic (200) peak
and (220) peak in NaosBiosTiO3-BaTiOs single crystal. (Figure sourced from [24])
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Figure 1.9. X-ray diffraction patterns near pseudo cubic (111), (200) and (220) peaks before and
after poling in PZT ceramics. (Figure sourced from [27])

1.3 Microstructure Effects in Polycrystalline Ferroelectrics

Polycrystalline ferroelectrics are more practical than single crystal form materials because
of the fabrication cost and process simplicity. In polycrystalline ferroelectrics, microstructure
effects on the properties discussed above need to be considered. For example, a texture affects the
macroscopic electric field induced strain due to the anisotropic piezoelectric coefficients, and
highly textured ceramics exhibit a large electromechanical property [29,30]. Other than that, it is
known that grain size influences the spontaneous polarization and electromechanical property.
Moreover, residual stress/strain caused by an intergranular couple may contribute to both the
electromechanical property and ferroelectric/ferroelastic switching behavior. Here, effects of the

grain size and residual stress/strain due to an intergranular couple are discussed.

1.3.1 Grain Size Effect

It is known that the electromechanical properties abruptly decreases in a grain smaller than
1 um in BaTiO3 and PZT ceramics [31-33]. Figure 1.10 shows the macroscopically observed

effective piezoelectric coefficients ds3 and ds1 (note that they are not the intrinsic material
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properties discussed in chapter 1.2.1) as a function of grain size in PZT [31]. The origin was
interpreted as several candidates such as ferroelastic domain wall motion suppression [31,34],
tetragonality degradation [35] and effective volume decrease due to dead layers (grain boundary
and domain boundary) [32,35]. An experimental evidence via in-situ X-ray diffraction technique
suggests that ferroelastic domain wall motion is suppressed in a smaller grain [34], although the
microscopic origin of this is still unclear due to the large probe size of the X-ray diffraction
compared to the microstructure scale. A further detailed examination to understand the

microscopic origin of the size effect is discussed in chapter 2.
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Figure 1.10. Effective piezoelectric coefficients as a function of grain size in PZT ceramics.
(Figure sourced from [31])

1.3.2 Residual Stress/Strain Effect

The elastic stress/strain affects the piezoelectric property [36,37] and spontaneous
polarization [37] due to the electromechanical coupling nature in ferroelectrics. In polycrystalline
ferroelectrics, residual stress/strain may naturally occur in grains due to inhomogeneities of stress-
free strains across grain boundaries [38]. These stress-free strains in ferroelectrics can be
anisotropic strains such as thermal expansion, phase transformation and piezoelectric strain,
thereby causing the strain inhomogeneities across grain boundaries due to misorientation. Indeed,
experimental result of a distributed polar axis strains &3 in a grain was reported [39]. Detailed

analysis of the possible residual strain/stress is addressed in chapter 1.4.
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This elastic stress/strain distribution influences the properties of polycrystalline
ferroelectrics. Figure 1.11 shows the effective out-of-plane piezoelectric coefficient as a function
of the amplitude of an applied drive electric field, and each component constituting the effective
piezoelectric coefficient was identified via in-situ X-ray diffraction [40]. The lattice strain usually
thought of as a piezoelectric strain can be divided into the constant component (green) and field
dependent component (red). As discussed in chapter 1.2, a piezoelectric strain has a linear
relationship to an electric field, so that the piezoelectric coefficient is constant about the electric
field. Therefore, this field dependent component in the lattice strain is considered originating from
elastic strains caused by intergranular coupling [40], namely piezoelectric strains depending on

grain orientation cause the elastic strains in grains for maintaining the grain boundary compatibility.
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Figure 1.11. Effective piezoelectric coefficient and constituting components as a function of
applied electric field amplitude in PZT ceramics. (Figure sourced from [40])

The strain distribution in a grain also effects the ferroelectric switching behavior. Figure 1.12
shows the simulated and experimental piezoelectric hysteresis loops in various positions in a grain
in a PZT thin film [41]. The coercive field for ferroelectric switching varies depending on the
positions in the simulation and experiment results, which are attributed to the residual strain

distribution in a grain in the thin film [41].
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Figure 1.12. Simulation and experiment results of polarization switching hysteresis loops at a
various position in a grain in polycrystalline PZT film (Figure sourced from [41]).

1.4 Residual Stress/Strain in Polycrystalline Piezoelectric Material

For analytical investigation of the residual stress/strain in a polycrystalline material,
Eshelby’s inclusion model can be employed [42,43]. A grain of interest is regarded as the inclusion
and neighboring grains are the matrix surrounding the inclusion. Figure 1.13 shows a schematic
drawing of the model. As these grains are comprised of a same material, a same elastic constant
for all the grains is assumed for simplification here. Then, the grain of interest is subjected to
uniform stress-free strains such as thermal expansion, phase transformation and piezoelectric strain.
If there is no constraint to the grain, no elastic strain or stress arises. However, due to the
neighboring matrix, the elastic strain and stress occur as the grain should fit the space initially
occupied by itself to keep the grain boundary compatibility. The constrained strain and stress can
be thought of as the residual strain and stress caused by the inhomogeneous stress-free strains
across the grain boundary. Eshelby found the linear relationship between the constrained strain,
& and stress-free strain to the inclusion, &*mn, namely [42],

&kt = SkimnEmn (1.23)
where Skimn is the Eshelby’s tensor. Note that the equation is written in Einstein summation notation
[6]. The stress associated with the constrained strain can be expressed as [42],

0ij = Cijia€ki = Cijit (Sxtmn&mn — €k1) = Cijkt Skimn = SknSim) Emn (1.24)
where &% is the elastic strain tensor, ciju is the stiffness tensor and & is the Kronecker delta. The
elastic strain tensor is the subtraction of the stress-free strain, £* from the constrained strain, &.
Eshelby also discovered that the Eshelby’s tensor was independent on the position when the

inclusion is an ellipsoid, i. e. the constrained strain &% is uniform throughout the grain [42]. The

30



explicit expressions of the Eshelby’s tensor in the ellipsoidal inclusion can be found elsewhere
[44]. From the explicit Eshelby’s tensor and the assumed stress-free strain, one can get the
constrained strain and stress state in the ellipsoidal inclusion. In other words, in a non-ellipsoidal
real grain, determining Eshelby’s tensor, which is a function of position, is much more complicated.
In fact, a strain distribution observed experimentally in a BaTiOz grain exhibited non-uniform
strains throughout the grain [39]. Nevertheless, it is an important insight that the constrained strain
and stress linearly relate to the stress-free strain which the inclusion undergoes.

Deeg extended the Eshelby’s work to piezoelectric materials using the electromechanical
coupling equations (equation (1.12) and (1.13)) [45]. To consider the electromechanical coupling
simultaneously, special matrixes using a notation introduced by Barnett [46] are convenient. First,

the stress — electric displacement matrix, 2;; is defined as[45],

3 :{% J=123
YD, J=4

where D; is the electric displacement. Normally, a suffix varies from 1 to 3 corresponding to the

(1.25)

axis directions, while the capital suffix J can range from 1 to 4 in this notation [46]. Note that this

matrix is not a tensor. Similarly, the strain — electric field matrix, Zx; is defined as [45],

7o = {Ekl' K = 1, 2,3
KU=\E, K=4

(1.26)
As an analogy to the Eshelby’s result, it was found that the constrained strain — electric field, Z°
and the uniform stress and electric displacement free strain, Z*wun in the inclusion have a linear
relationship, namely [45],

Ziqy = SkimnZun (1.27)
where S 'kivn is the Eshelby’s tensor like matrix extended for a piezoelectric material. The stress —
electric displacement state associated with the constrained strain — electric field matrix can be
written as [45],

Ei] = Fi]Kl(SI,(anZIT/In - Zz?z) = Fi]Kl(SI,{an - 5KM5m)ZJT4n (1.28)
where /jk; is the electro — elastic constant matrix, which is defined as [45],

Cijkli ],K =1,2,3
I _ elij, ]=1,2,3,K=4
LKl ey J=4 K=1,273

_kil' ],K = 4'

(1.29)
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In this definition, e;; and e are the piezoelectric coefficient tensors in a different form from one
in equation (1.20), and k; is the permittivity tensor. The stress — electric displacement state in the
inclusion linearly relates to the stress and electric displacement free strain and electric field which
the inclusion undergoes, analogous to the Eshelby’s result. The Eshelby’s tensor like matrix
extended for a piezoelectric material, S kimn is uniform and independent on position in the inclusion
if the inclusion is ellipsoidal. The explicit expressions of S kivn in special cases can be found in

previous reports [47-49].
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Figure 1.13. Schematic image of Eshelby’s inclusion model.
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2. ORIGIN OF GRAIN SIZE EFFECTS ON VOLTAGE DRIVEN
FERROELASTIC DOMAIN EVOLUTION IN POLYCRYSTALLINE
TETRAGONAL LEAD ZIRCONATE TITANATE THIN FILM

A portion of this chapter is a reprint, with journal permission, of a previous publication in
Advanced Functional Materials [50], DOI: 10.1002/adfm.201909100.

2.1 Introduction

Microstructure effects on piezoelectric response are one of the most important but
complicated topics in polycrystalline ferroelectrics. The texture of polycrystalline ceramics
directly affects the piezoelectric response [29,51] and contributes to residual strains due to the
thermal expansion anisotropy of the materials [37,40] as well as the ferroelectric switching
behavior [41,52]. Among these microstructure parameters, grain size is an important parameter in
determining the piezoelectric response.

Many experimental studies on the effect of grain size on properties have been reported in
ferroelectric polycrystalline ceramics [31,32,35,51]. These papers consistently report that the
piezoelectric response drastically decreased for an average grain size < 1 um for typical
ferroelectric materials (Pb(Zr,Ti)Oz (PZT) or BaTiOz). The suggested origin was the degradation
of ferroelectricity [35], dead layers at the vicinity of grain boundaries [35] and domain walls [32]
and the suppression of ferroelastic domain wall motion due to the domain pinning at grain
boundaries [31]. Recently, in-situ XRD results showed that less ferroelastic domain wall motion
occurred at a grain size of 0.3 um compared to a grain size of 2 um in BaTiOs [34]. However, it
was not possible to determine the origin of the reduced ferroelastic domain wall motion in sub-
micrometer grains due to the spatial resolution of the XRD technique. Marincel et al reported that
a single grain boundary pinned domain walls in a bicrystal of PZT [53]. It is likely that grain
boundaries act as pinning sites for ferroelastic domain wall motion in polycrystalline ferroelectrics,
but the correlation between the local domain wall motion and grain size has not been directly
observed. Identifying the exact nature of the grain size effect on ferroelastic domain wall motion
will provide insight for microstructure design to enhance the effective piezoelectric response in

polycrystalline ferroelectrics.
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In this study, the nature of the grain size effect on ferroelastic domain wall motion with
direct evidence of the correlation between ferroelastic domain wall motion and domain structure
in a polycrystalline ferroelectric material is presented. The polycrystalline sample is a 300 nm
thick Pb(Zro.4Tio.s)O3 film (4mm, tetragonal). The grain size, domain structures and in-situ domain
evolution with applied DC voltage are locally investigated by piezoresponse force microscopy

(PFM) [54] to relate domain wall motion to the grain size and domain structure.

2.2 Experimental

2.2.1 Sample Preparation and Crystal Phase

The 300 nm thick polycrystalline Pb(Zro.4Tios)Os thin film was deposited on a
(111)Pt/TiO2/SiO2/(100)Si substrate by a chemical solution deposition method. The starting
materials were (CH3COO);Pb-3H20, Ti(O n-CsHg)s and Zr(O i-CsHz)a. A solution in
2-methocyethanol was deposited on the substrate by spin coating. After the coating, heat
treatments at 150 °C and 400 °C for 1 min each in air were performed for drying and pyrolysis.
For crystallization, the film was annealed at 650 °C for 5 min in air by rapid thermal annealing. X-
ray diffraction pattern shows that the film has a single perovskite phase without secondary
crystalline phases as seen in Figure 2.1a. The perovskite (100)/(001) peak split represents the
crystal tetragonal symmetry as expected. From the intensities of each peak, the film has (100)/(001)
preferred out-of-plane orientation since the XRD peak intensities in random oriented PZT are {110}
> (111) > {100} diffractions from a powder XRD pattern data [55]. The out-of-plane orientation
map derived from electric backscattering diffraction (EBSD) supports the (100)/(001) preferred
orientation in the film as shown in Figure 2.1b. The dominate green region shows the orientation
that the 100 pole direction aligns to the out-of-plane direction, and the red region within the green
grain exhibits the orientation that the 001 pole direction aligns to the out-of-plane direction. Some
purple without any out-of-plane variants in a grain represents the orientation that the 111 pole

direction aligns to the out-of-plane direction, which is seen as a small peak in the XRD pattern.
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Figure 2.1. (a)XRD pattern and (b)out-of-plane orientation map for polycrystalline PZT film.

2.2.2 Piezoelectric Response Force Microscopy (PFM)

The principle of PFM is schematically shown in Figure 2.2 [56]. An AC voltage from a
function generator is applied to a piezoelectric sample through a conductive atomic force
microscopy (AFM) tip. The cantilever with the tip deflects in accordance with displacements by
the piezoelectric response induced by the AC voltage as well as a topographic feature during
surface scanning (normal AFM use). This cantilever deflections are detected using laser reflection
from the cantilever and a photodiode laser position sensor. Now, the laser position information on
the photodiode involves the piezoelectric response and the surface topography. To extract the
piezoelectric response, a lock-in amplifier is utilized as the frequency of the piezoelectric vibration
is known (same as the applied AC voltage). For the topographic data, a feedback loop intending
to move back to the set point position on the photodiode controls the tip-sample distance, so that
the height movement in this process provides the actual topographic height, which is nothing but
the ordinary AFM procedure. In the end, PFM and topographic images can be obtained

simultaneously.
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Figure 2.2. Schematic diagram of principle of PFM. (Image sourced from [56])

The PFM data includes two components: amplitude and phase, as the deflection is the AC
signal. Figure 2.3 shows the PFM signal in a time domain. The amplitude of the piezoelectric
response depends on the orientation of the grain or domain. As discussed in chapter 1.2, the
piezoelectric response is an anisotropic property determined by the crystal symmetry. For
instance, in a 4mm crystal, an out-of-plane (001) oriented domain has a clear piezoelectric strain
associated with a dss3 coefficient whereas a (100) oriented domain theoretically shows no out-of-
plane response as di11 = 0 [6]. Note that the suffix is written in the crystal frame, namely the out-
of-plane direction for the (100) oriented domain is x1. Thus, the electric field direction from the
tip to the bottom electrode is E1, and the normal strain along the out-of-plane direction is &11 for
the (100) oriented domain. The phase signal represents whether the polarization direction directs
upward or downward as shown in Figure 2.3. A positive applied voltage from the bottom to top
electrodes induced an out of plain tensile strain (blue line, in phase), no matter where the
polarization directs in the upper hemisphere. On the other hand, a negative voltage from the
bottom to top induces an out of plain tensile strain (orange line, out of phase) in a domain with
downward polarization. Thus, 180° phase difference appears between the two states.
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Figure 2.3. PFM signal and applied AC voltage in time domain.

Beyond the out-of-plane displacement measurement, one can measure in-plane
displacement with a torsion deflection of the cantilever (called lateral PFM), so that 2D and 3D
vectoral polarization direction can be analyzed [57-59]. In a 4mm crystal, an out-of-plane (100)
oriented domain has a shear displacement due to the non-zero di13 piezoelectric coefficient. That
shear displacement causes a torsion deflection of the cantilever, whose direction depends on in-
plane orientation of the domain.

For our PFM measurement, an AC voltage (4 V peak to peak at 4.5 kHz) superimposed
with a DC voltage (0 to 9 V) was applied through a conductive AFM tip to excite piezoelectric
vibration and drive ferroelastic domain wall motion. Only out-of-plane PFM was employed since
the purpose of the study is distinguishing the (100) and (001) domains to observe ferroelastic
domain walls. A region of the film was initially poled via AFM scanning with +9 Vpc (30 MV m"

1 to eliminate ferroelectric domain walls.

2.3 Results and Discussion

Figure 2.4 shows the topography and out-of-plane PFM images taken simultaneously after

the 9 Vpc poling. No DC voltage was applied during the measurement. Smooth and well-defined
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grains (~0.5 to 2 um in diameter) were observed from the topography shown in Figure 2.4a. The
out-of-plane PFM amplitude image exhibited clear ferroelastic (90°) domain structures in the
grains as shown in Figure 2.4b. No ferroelectric (180°) domain structure was observed since the
out-of-plane PFM phase image had no contrast (Figure 2.4c) after the poling process. The noisy
regions in the PFM phase image are an amorphous phase (based on lack of piezoelectric response
and no secondary phase from XRD). The dark and bright regions in the PFM amplitude correspond
to (100) and (001) domains oriented towards the surface normal based on their anisotropic
piezoelectric response as a (100) oriented domain does not show out-of-plane normal strain for an
electric field in the normal direction for a 4mm crystal. As the film has a (100)/(001) preferred

orientation this contrast is from (100)/(001) ferroelastic domains.

(@) (b)

100 nm

1um

-100 nm

Figure 2.4. PFM results for polycrystalline PZT film after poling. (a) Topography, (b) out-of-
plane PFM amplitude image and (c) out-of-plane PFM phase image. The images were taken
simultaneously.

To investigate ferroelastic domain evolution induced by an applied voltage, a DC voltage
up to 9 Vpc was superimposed through the AFM tip while acquiring out-of-plane PFM amplitude
images. Figure 2.5 shows the analysis procedure. Figure 2.5a is the PFM amplitude images of an
arbitrary grain at 0 Vpc and 7 Vpc. The (001) out-of-plane oriented domains expansion attributed
to the DC voltage is seen (red and blue arrows). The domain width is plotted as a function of the
applied DC voltage in Figure 2.5b. The red diamond is the width of the (001) domain pointed out
by the red arrow whereas the blue square is the width of the (001) domain pointed out by the blue
arrow in Figure 2.5a, and they increase with the applied DC voltage increase. To compare the
domain width increase rate, the normalized domain widths with respect to the domain width at 0
Ve, W/woy, are plotted in Figure 2.5¢. Both the domains expand up to 1.4 at 9 Vpc compared to
the width at 0 Vpc.
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Figure 2.5. Domain width analysis with respect to applied DC voltage. (a) PFM amplitude
images with 0 and 7 Vpc at a grain (b) Domain width of two selected (001) oriented domains
(red and blue arrows) as a function of applied DC voltages for the grain. (c) Normalized domain
widths as a function of applied DC voltages for the grain.

To obtain the domain evolution data from a wide range of grain size, a DC voltage up to 9
Vbc was superimposed through the AFM tip while acquiring out-of-plane 7 um square PFM
amplitude images as shown in Figure 2.6. From the contrast evolution in these images the fraction
of the out-of-plane (100) oriented domains and (001) oriented domains changes depending on the
DC voltage, and at higher DC voltage there are more out-of-plane (001) oriented domains. From
these images, the normalized domain widths, w/wov of the (001) oriented domains were extracted
and plotted as a function of the DC voltage as shown in Figure 2.6b. The data (blue squares, red
diamonds and black triangles) in each figure are the widths of three arbitrarily selected domains in
the four grains i, ii, iii and iv marked in Figure 2.6a. Insets in each figure show the PFM amplitude
images at 0 Vpc and 9 Vpc of the focused grains. The grains i, ii and iii exhibited (001) domain
width increasing up to 1.4 of the domain width at 0 Vpc with increasing the applied DC voltage.
The (001) domain expansion are also seen in the inset images. On the contrary, grain iv did not

show significant domain width increase with respect to the applied DC voltage.
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Figure 2.6. Domain evolution with respect to applied step-up DC voltage. (a) PFM amplitude
images with 0, 1, 3,5, 7 and 9 Vpc. (b) Normalized (001) oriented domain width as a function of
applied DC voltages for arbitrarily selected four grains i, ii, iii and iv. Domain widths were
extracted from three domains in each grain. Insets show PFM amplitude image of focused grains
at 0 Vpc and 9 Vpc.
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The domain evolution for voltage cycling (0 — 9 — 0 V) was investigated to determine the
reversibility of domain wall motion. Figure 2.7 shows the average normalized (001) oriented
domain width for sixteen arbitrary grains, chosen as they showed relatively clear domain structures.
The dark squares (black) show the domain evolution for increasing voltage while the light (red)
triangles are for decreasing voltages. The (001) oriented domain width increment was the same
showing that ferroelastic domain wall motion in this voltage range is reversible. This reversibility
implies that the observed ferroelastic domain wall motion directly contributes to non-linearity in
the piezoelectric response. There is no hysteresis in domain width for changing voltage. This is
expected from a unipolar strain curve since the hysteresis was believed to be from ferroelastic
domain wall motion [60,61]. Tsurumi et al showed no hysteresis in (200)/(002) XRD peak
intensity evolution with applied electric fields even in a tetragonal PZT whose strain curve
exhibited hysteresis [60]. The results reported here are related to the ferroelastic domain volume
fraction and thus comparing to XRD intensity evolution rather than the strain curve is appropriate.
The origin of the lack of hysteresis in the ferroelastic domain switching volume fraction is unclear,
but it is likely due to domain evolution kinetics [60]. The acquisition time for the different
measurements is quite different. The strain curve was acquired in 110 seconds whereas in-situ
XRD took 110 minutes [60] and PFM in this study took 170 minutes for a cycle.
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Figure 2.7. Average normalized (001) oriented domain width as a function of step-up and step-
down applied DC voltage. Black squares represent domain width evolution with step-up voltages
whereas red triangles show that with step-down voltages. Error bars represent standard
deviations of domain widths of all studied grains.

The ferroelastic domain wall motion is also able to be seen by the polarization increase due

to an applied voltage as the fraction of the out-of-plane (001) oriented domains increases. Figure
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2.8 shows the polarization — voltage (P - V) relationship. The polarization was measured using a
AU/PZT/Pt capacitor structure with a $100 um Au top electrode. The P - V loop taken after poling
shows clear hysteresis whose coercive voltage is 3 V as shown in Figure 2.8a. From this hysteresis
loop, the remanent polarization with applied voltages was extracted (Figure 2.8b). The remanent
polarization gradually increases as the voltage increases even beyond the ferroelectric coercive
voltage: 0.17 C m2at 5V to 0.21 C m? at 10 V. This polarization increment is comparable to the
1.2 times (001) domain width expansion shown in Figure 2.7. Moreover, the threshold voltage for
the ferroelastic domain wall motion is also compatible in these PFM and P - V loop results. The
significant ferroelastic domain wall motion started at 3 VV in PFM measurements (Figure 2.7), and
the gradual polarization increase also started from right after reaching the coercive voltage. Thus,
it is most likely that the gradual polarization increase indicates the ferroelastic domain wall motion
observed in PFM. It is known that the remanent polarization increase with applied voltages can
also be due to the leakage current contribution [62,63]. However, the clear hysteresis loop without
rounded shape and the small leakage current (< 1 A m at 10 V, shown in Figure 2.9) imply that

the leakage current contribution to saturation is limited in this film.
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Figure 2.8. Polarization — voltage relationship using a Au/PZT/Pt capacitor structure with a $100
um Au top electrode. (a) Polarization — voltage hysteresis loop after 9 Vpc poling. (b) Remanent
polarization as a function of applied sweep voltages.
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Figure 2.9. Current density — voltage curve measured with an Au/PZT/Pt capacitor structure with
a $100 um Au top electrode.

The domain structure within the grains was observed to vary. It was reported that the
domain structure in a large grain tends to split into several variants [64,65], here called colonies.
These colonies in a grain were also observed in these results. Figure 2.10a shows regions of the
PFM amplitude of grains from Figure 2.4 and schematics of the domain structures. The dark
(brown) region in the schematics represents (100) oriented domains and the light (yellow) region
shows (001) oriented domains. Some grains have a single colony and in other grains the domain
structure has two and more colonies. Figure 2.10b shows the correlation between grain size and
the number of colonies in the grains. The grain size is the equivalent area diameter. The grains for
these plots were the arbitrarily chosen sixteen grains (2-5 grains for each colony group). The error
bars are the standard deviation of the grain diameter for each colony group. There is a significant
tendency that smaller grains have fewer colonies, which is in agreement with a previously reported
study [65]. However, this correlation is not perfect as the range of the error bars implies. Indeed,
the single colony grain in Figure 2.10a is larger than the two and three colony grains. Hence, grain
size is not the only parameter to determine the colony structure. It is likely that the residual strain
in a grain should also be an important parameter for controlling the colony structure since the
origin of the colony structure is the relaxation of the residual strains due to anisotropic properties
of the elasticity, phase transformation strains across the Curie temperature, and thermal strains.
Figure 2.10c shows the normalized (001) domain width at 9 Vpc (wav/wov) for each grain with
respect to the number of colonies. The grains for these plots were the arbitrarily chosen sixteen.

The error bars are the standard deviation of the normalized domain width. A clear reduction in

43



domain wall motion is seen in the single colony grains. All the single colony grains exhibited
limited (001) domain expansion at 9 Vpc (less than 1.1) whereas the multi-colony grains showed
the significant domain expansion (1.2-1.3). The number of colonies, especially single or multi,
plays a dominant role in determining the degree of domain wall motion. This result is the first
direct evidence that a single colony domain structure suppressed the ferroelastic domain wall
motion in a grain, which supports domain pinning by grain boundaries as predicted [31]. Both
edges of ferroelastic domains in a single colony grain must intersect grain boundaries whereas in
a multi-colony grain at least an edge of the ferroelastic domains will intersect a domain boundary.
The domain pinning force at a domain boundary has not been investigated. However, based on
these results, it is likely that the pinning force at a domain boundary is significantly smaller than
that at a grain boundary. Moreover, the fact that domain motion was suppressed at a bicrystal grain
boundary [53] also supports the domain pinning at grain boundaries in a single colony grain.

The normalized (001) oriented domain widths at 9 Vpc (Wav/Wov) for each grain were plotted
as a function of the grain diameter (Figure 2.10d). The grains for these plots were the arbitrarily
chosen sixteen grains. The error bars are the standard deviation of the normalized width of three
domains in each grain. There is a decrease in ferroelastic domain wall motion at grains smaller
than 1 um, corresponding to the reported grain size at which effective piezoelectric response
drastically decreases [31,32]. However, the correlation between grain size and domain width is not
that clear. Half of grains less than 1 um in diameter did not show considerable (001) domain
expansion (width <1.1 at 9 Vpc) while the other half exhibited significant (001) domain expansion
(1.2 -1.3 at 9 Vpc). In Figure 2.10d, the plot colors and shapes represent the number of colonies
within the grains; open red squares represent the single colony grains, blue diamonds are for the
two colony grains, green triangles are for the three colony grains and black circles are for the four
colony grains. As expected from Figure 2.10c, single colony grains exhibit less ferroelastic domain
wall motion than multi-colony grains. In addition to that, there was no significant size dependence
for the grains having the same number of colonies. Hence, the observed grain size dependence on
ferroelastic domain wall motion does not originate from an independent size effect, but from the
number of colonies within a grain. This result implies that the number of colonies is a more
significant controlling factor to determine ferroelastic domain wall motion in this size range (0.6
— 1.6 um) than substrate clamping effect as a smaller grain has smaller film/substrate interface

area, although significant hinderance of ferroelastic domain wall motion due to the substrate
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clamping was reported [66]. The reason for the observed grain size effect in polycrystalline
materials is due to the correlation of the grain size and number of colonies [65]. This correlation
will dominate the effective piezoelectric response and there will be an apparent dependence of the

piezoelectric response on grain size.
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Figure 2.10. Colonies in grains and effect of number of colonies and grain size on ferroelastic
domain evolution. (a) PFM images and schematics which show colony structure in a grain. (b)
Equivelent grain diameter of arbitrary selected sixteen grains with respect to number of colonies
in each grain. Error bars represent standard deviations of grain diameter for chosen grains. (c)
(001) domain width at 9 Vpc normalized to that at 0 Vpc (wev/Wov) for same grains with respect
to number of colonies in each grain. Error bars represent standard deviations of normalized
domain width for chosen grains. (d) (001) domain width at 9 Vpc normalized to that at 0 Vpc
(wov/Wov) for same grains as a function of equivalent grain diameter. Error bars represent
standard deviations of normalized domain width in several domains in each grain.

2.4 Conclusion

The in-situ local ferroelastic domain evolution was measured as a function of the grain
sizes via a PFM technique in a polycrystalline Pb(Zro4Tioe)Os film. A reversible ferroelastic
domain motion was observed with an applied DC voltage. This result means that the ferroelastic
domain wall motion contributed to the macroscopic electric field induced strain. A polarization

increase due to applied voltages larger than the coercive voltage was also observed, which supports
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the ferroelastic domain wall motion with an applied DC voltage. Single colony grains did not show
significant domain wall motion. Multi-colony grains exhibit domain wall motion but no
dependence on grain size even in the grains less than 1 um in diameter. This result is the first direct
evidence of the correlation between the domain structure and ferroelastic domain wall motion.
This evidence reinforces the hypothesis that ferroelastic domain pinning occurs at grain boundaries.
Thus, the number of colonies in a grain plays a dominant role in determining ferroelastic domain

wall motion.
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3. STRESS-INDUCED METASTABLE PHASES AND FERROELASTIC
SWITCHING MECHANISMS

3.1 Introduction

Electric field induced polarization responses in ferroelectrics are unique and wide ranging,
such as ferroelectric switching, ferroelastic switching and polarization rotation (phase
transformation). These responses play an important role not only in establishing the performance
and degradation in electromechanical actuators and devices [67—69], but also in defining the
physical couplings in multiferroic materials [70-72], and the performance in perovskite solar cells
[73,74]. In the first two cases, the community has spent a great deal of effort to quantify the effect
of the underlying multiphysical coupling on the desired engineered system [75].

Among them, the elastic energy contribution to the free energy landscape has a strong
impact on these polarization responses, due to the electromechanical coupling and the natural
tendency of the material system to minimize the total free energy [9,76]. Experiments and
simulation results showed that strains tune ferroelectric switching behavior in tetragonal
Pb(Zro.Tiog)Os [41,52]. Due to the nature of ferroelasticity, mechanical loading directly
contributes to ferroelastic switching volume, and hysteretic behavior in electric field induced
ferroelastic switching [50,67,77,78]. Recently, in a PbTiOzs thin film, a detailed analysis of biaxial
epitaxial strain effects on the thermodynamically stable domain configuration and reversible
ferroelastic switching was presented [69]. For the polarization rotation, it was reported that an
electric or stress field induced phase transformation from tetragonal-like phase to rhombohedral-
like phase in a specific biaxial strain condition for BiFeOs epitaxial thin films [79-81]. These
polarization responses in ferroelastic switching and polarization rotation by external stimuli likely
originated from the free energy degeneration between different ferroelastic domain configurations
or different phases due to the biaxial epitaxial strains [69,82].

In polycrystalline materials, both ferroelastic switching and polarization rotation
accompanying a low-symmetry phase induced by an applying electric field were observed in
Pb(Zros2Tio.48)O3, BaTiO3z and BiosNaosTiOs base ceramics [24—27,34]. It is believed that the
polarization rotation is induced by an electric field along the polarization direction of the induced
phase as observed in relaxor ferroelectrics [23,24]. In addition, ab initio calculation suggested that

an electric field in the pseudo-cubic [111] direction induces a tetragonal — monoclinic —
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rhombohedral phase transition cascade in a classic ferroelectric Pb(ZrosTios)O3 [83]. However, it
is unclear what causes the difference in several low-symmetry phases especially in BaTiOz (Mc)
and Pb(Zro52Tio.48)O3 (Ma) phases. Moreover, in the well-studied BaTiOz system, the polarization
rotation and low symmetry phase has not been observed when characterized in a single crystal at
room temperature [26,84], although it is likely easy to achieve polarization rotation with an electric
field along [111] or [101].

The missing factor to explain the unknown polarization rotation behavior in Pb(Zr Ti)O3
and BaTiOs ceramics can be the mechanical loading. Indeed, residual stress or strain caused by
elastic contributions including anisotropic thermal and chemical expansion, phase transformation,
and elastic properties was predicted and observed in polycrystalline materials [38,39]. In a mean
field approximation, the residual stress state can be addressed using Eshelby’s analytical
investigation on an inclusion and its extension to piezoelectric materials by Deeg [42,45]. Deeg
reported that elastic stress/strain states and electric displacement in an inclusion is a linear function
of stress-free strains that the inclusion underwent, by introducing the extended Eshelby tensor [45].
The extended Eshelby tensor depends on the inclusion shape and is a function of position in the
inclusion unless the inclusion is ellipsoidal. The possible stress-free strains in piezoelectric
materials are phase transformation, thermal expansion and piezoelectric strain, thereby being &11,
&2, &3, &3, £13 In admm crystal. Thus, the residual stress or strain distribution can be complicated
in a real (non-ellipsoidal) grain as experimentally observed [39], and it is likely necessary to
consider not only normal stress but also shear stress components to determine what exactly occurs
for the polarization response in polycrystalline materials.

Here, we analytically demonstrate the impact of the six independent mechanical stress
components on the electric field induced ferroelastic switching and on the stabilization of
metastable low symmetry polarization states by combining the volumetric free energy landscape
of the stress-free variants, and an analytical implementation of the gradient descent method [85].
For a representative volume element of material subjected to an homogeneous stress, o, the
Landau-Devonshire free energy density for tetragonal Pb(Zro52Ti0.48) O3 and BaTiOz single domain
crystals [86] enables rationalization of the switching process, i.e., the details of the polarization
path transition from an initial state along the x-axis to a final state along the z-axis with a constant

electric field applied along the z-axis in this paper.
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3.2 Model and Method

As discussed in chapter 1.1, the elastic Gibbs free energy density at the isothermal condition,

g, is described as [86]
9({P3}{oi;}; T) = ai;PiP; + aijxiPiPiPi Py + QijicimnPiPi PP PPy — PiE;
~ 3 Sijki0ij Okt ~ Qijk10ij Pr Py (3.1)
where ajj, aiju and aijumn are the Landau expansion coefficients at constant stress, Sijw iS the elastic
compliance tensor at constant polarization and Qi is the electrostrictive tensor. Material
properties for PZT and BaTiOz are tabulated in Table 3.1 [10,87,88] [89,90]. Assumed is that the

crystal is only subjected to the external homogeneous stress, aij.

Table 3.1. Material properties used in the free energy density calculation.

Symbol | Pb(Zr1xTix)Os [10,87,88] BaTiOs Units
[89,90]
ain (298-To)/(2x8.85%10712xCy) -2.772x10" | Jm C?
ain (10.612-22.655x+10.955x%)x10%/Co -6.476x10% | Jm’ C*
anz [{2.6213+0.42743x- 3.23x108 Jm® C*
(9.6+0.012501x)e 12}x10%/Cq]/3
-aiil
aiiii (12.026-17.296x+9.179x%)x10%/Co 8.004x10° Jm’®C*
ar (4.2904-3.3754x+58.804e223™)x10%%/Cy 4.47x10° Jm®C*
ai12233 {0.887-0.76973x+(16.225- 4.91x10° Jm’C*
0.088651x)e21-2553x10%/C
-3aii1-6aiii
Onn 0.029578/(1+200(x-0.5)?)+0.042796x+0.045624 0.110 m* C2
Onn -0.026568/(1+200(x-0.5)?)-0.012093x-0.013368 -0.045 m* C2
02323 0.025325/(1+200(x-0.5)?)+0.020857x+0.046147 0.029 m* C2
S1111 -1.6667x%+6.5833x*-10.317x3+8.0192x?- 0.00747 10° m*N!
3.0942x+0.48306
S1122 0.5833x°-2.375x*+3.8292x°-3.0562x%+1.2086x-0.1924 | -0.00295 10° m*N!
52323 -3.9167x%+15.083x*-23.104x3+17.624x2- 0.0184 10° m*N!
6.7361x+1.05846

To = 462.63+843.4x-2105.5x2+4041.8x°-3828.3x"+1337.8x5
Co = {2.8339/(1+126.56(x-0.5)2)+1.4132}x10°
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The ferroelastic switching path corresponds to the sequence of states in the direction of

steepest descent [85], mathematically expressed as
—Vg=—-—=—i-—j-—Kk (3.2)

so that, the streamline of the steepest descent path can be expressed as [91]
dpP, dp, dP,
dg 99 99

0P, 0P, 0P,

(3.3)

for a representative ferroelectric volume with a uniform polarization state, in the absence of
polarization, stress, or electric field heterogeneities, including domain walls. This can be
numerically solved using the stream3 function in MATLAB. An example of the MATLAB scrips
can be found in Appendix A. The calculated ranges for Py, Py and P, were -0.1to 0.7 C m?, -0.4
to 0.4 C m? and -0.1 to 0.7 C m™. The polarization grid size for the calculation was 0.004 C m?
for Px, Py and P,. The initial polarization condition for the streamline calculation is that the
spontaneous polarization directed near the x-axis with an external stress, oij, and without external
electric field. Thus, the initial polarization vector is given as a solution to

(% _ % _ aa_gz _ (3.4)
To find the solution, this ordinary differential equation was solved using the MATLAB numeric
solver, vpasolve function. An example of the MATLAB scripts can be found in Appendix A. The
polarization vector near (Ps, 0, 0) was selected as the initial polarization vector from all solutions
describing the local maxima/minima in the free energy density function. Ps is the spontaneous
polarization with neither external stress nor electric field and is simply given as a solution of 6g/0Px

:Oath:Pz:O.

3.3 Results and Discussion

Figure 3.1 shows the free energy density landscape without any stress and electric field in
Pb(Zro.4Tio6)O3 based on equation 3.1. The left figure is a contour map in the Py - P; plane while
the right one is that in the Py - P; plane. On these planes, there are six free energy minima on the
axes, which represent the six directions of the off centered Ti** or Zr*" ions in a 4mm

Pb(Zro.4Tio6)O3. The ferroelastic polarization switching is the transition from one energy minimum
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to another whose angle between them is 90°. The free energy density landscape implies that there
is an energy barrier between the states which needs to be overcome to achieve ferroelastic
switching.
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Figure 3.1. Free energy density landscape without stress nor electric field in Pb(Zro.4Tio.s)Oz3.

Figure 3.2 shows the ferroelastic polarization switching paths and free energy densities
along the paths for selected E-fields in Pb(Zros2Tio4s)O3 with three externally applied stress
conditions: aij = 0 (stress-free, Figure 3.2a), oxx = 50 MPa (tension, Figure 3.2b), and oxy = 50 MPa
(shear, Figure 3.2c). The standard stereographic projection in a pseudo-cubic reference frame is
used on these three-dimensional plots and stereographic projections for visualization, namely the
pseudo-cubic [100] pole is along the x-axis. The material does not switch for E; = 4 MvVm?,
whereas for E; = 9 MVm it undergoes a full switching event (Figure 3.2a). The polarization path
deviates from the sphere of radius, Py, from the initial to the final state on the x — z plane. The free
energy density curves along the expected polarization paths indicate that there is an energy barrier
between the initial state and the final state, which corresponds to the ferroelastic switching coercive
field. If a tensile stress is applied along the initial polarization direction, ox = 50 MPa, (Figure
3.2b), the ferroelastic switching coercive field increases, as compared to without external stress,
in agreement with experimentally observed ferroelastic switching behavior [13][36].
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In contrast, the application of a shear stress, oxy = 50 MPa, induces the appearance of
polarization states that are not coplanar with the x — z polarization plane, as shown in Figure 3.2c.
Further, for E; = 9 MV m%, the polarization vector converges to the vicinity of the [111] pseudo-
cubic direction. This indicates not only the formation of an intermediate polarization state, but the
energy minimizing requirement for the polarization vector to perform an elongation and rotation
step, as a necessary requirement to complete a 90° switching event, from [111] to [001]. This is
demonstrated for E; > 14 MV m™, where the ferroelastic switching path is through the [111], and
then rotates to the [001] pseudo-cubic direction. The free energy density curves exhibit two barriers
for switching. For E; = 9 MV m the barrier is low enough to reach [111], but too high to reach
[001]. This intermediate state corresponds to the corner of the path and is a monoclinic Ma phase,
as observed at the MPB in Pb(Zr,Ti)Os [92]. The resultant ferroelastic switching mechanisms for

non-zero oyy, 0z, oy; and ox; are equivalent to the ones already described as shown in Figure 3.3.
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Figure 3.2. Polarization switching mechanisms in Pb(Zros2Tio.48)O3 from pseudo-cubic [100] to
pseudo-cubic [001]. (a) corresponds to stress-free system, (b) for external tension stress along x-
axis (ox = 50 MPa), and (c) for an external shear stress (oxy = 50 MPa).
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Figure 3.3. Polarization switching mechanisms in Pb(Zros2Tio.48)O3 from pseudo-cubic [100] to
pseudo-cubic [001]. (a) for external tension stress along y-axis (oyy = 50 MPa), (b) for external
tension stress along z-axis (ozz = 50 MPa), (c) for an external shear stress (oy, = 50 MPa), and (d)
for an external shear stress (ox, = 50 MPa).
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Figure 3.4 shows the ferroelastic switching polarization mechanism and free energy
densities for BaTiOz with selected mechanical stresses (Figure 3.4a: ajj = 0, Figure 3.4b: ox = 50
MPa and Figure 3.4c: oxy = 50 MPa). The stress-free switching process is qualitatively equivalent
to the one predicted for Pb(Zros2Tio.48)O3. For BaTiOz, however, the free energy density displays
two energy barriers for switching, even in the absence of applied stresses. If oxx = 50 MPa (Figure
3.4b), the polarization state stabilizes at 4 MV m™, between the [101] and [001], resulting in a
monoclinic metastable phase, as has been experimentally observed in BaTiOs ceramics after poling
[26,34]. For a shear stress, oxy = 50 MPa, the metastable phase never appears in BaTiOs. The
difference in the type of stress-stabilized crystal structure between Pb(Zros2Tio.48)O3 and BaTiOs3
is a result of the strength of the coupling terms, a;n, which energetically penalizes the appearance
of polarization states away from the expected, coplanar path. The ferroelastic switching paths with
other external stress components in BaTiOs are crystallographically equivalent to the path without
stress, and paths for an external oyy, 0wz, oy; and ox, (50 MPa) switch directly towards the final

states as shown in Figure 3.5.
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Figure 3.4. Polarization switching mechanisms in BaTiOs from pseudo-cubic [100] to pseudo-
cubic [001]. (a) corresponds to stress-free system, (b) for external tension stress along x-axis (oxx
=50 MPa), and (c) for an external shear stress (oxy = 50 MPa).
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Figure 3.5. Polarization switching mechanisms in BaTiOz from pseudo-cubic [100] to pseudo-
cubic [001]. (a) for external tension stress along y-axis (oyy = 50 MPa), (b) for external tension
stress along z-axis (oz = 50 MPa), (c) for an external shear stress (oy, = 50 MPa), and (d) for an

external shear stress (ox, = 50 MPa).
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The difference in the type of the stress-stabilized crystal structures between
Pb(Zro52Tio.48)O3 and BaTiOz comes from the second most energetically stable phases in those
materials. In Pb(Zros2Tio.48)O3, the free energy densities along near the <100> and <111>
directions show the local minima and comparable values each other whereas those along the <110>
direction exhibit a saddle point and higher than those of <100> and <111> directions, which can
be seen in free energy landscapes on the spontaneous polarization sphere surface and axis planes
(see supplementary Figure 3.6a). In BaTiOgz, on the contrary, the free energy densities along near
the <100> and <110> directions show local minima whereas that along the <111> direction
exhibits a saddle point and higher than those of <100> and <110> directions (see supplementary
Figure 3.6b). Thus, the polarization path tends to deviate from the coplanar path to near <111> in
Pb(Zros2Tio.48)O3, but not in BaTiOs. These facts are likely reflected by the stable phases adjacent
to the tetragonal phase, which are the rhombohedral in Zr rich Pb(Zr Ti)Os phase and the low
temperature orthorhombic phase in BaTiOs. From the phenomenological model perspective, the
sign of the axis coupling ai112233 coefficient plays a key role in determining whether the free energy
density along <111> is a local minimum or saddle point. The axis coupling term with a positive
coefficient increases the free energy in a polarization state along <111> while one with a negative

coefficient reduces the free energy density along <111>.
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Figure 3.6. Free energy density landscape on spontaneous polarization sphere surface (left) and
X-y, y-z and x-z planes (right). (a) for Pb(Zro.52Ti0.48)O3 (Ps = 0.486), (b) for BaTiO3 (Ps = 0.265).
Gray area in planes has larger than the scale maximum.

In addition to that, the sensitivity of the free energy change due to an applied stress likely
contributes to the deviation from the coplanar path in Pb(Zros2Tio4s)O3. The change of the free
energy density landscape due to the applied stress in the polarization space is attributed to the
stress-polarization coupling term, -Qijki 6ijP«P1, SO that the electrostrictive coefficient Q2323 = Q1313

= Q1212 determines the sensitivity of the free energy change associated with the applied shear stress,

and the free energy change maximizes at |Px| = |Pi| (k # 1) which includes the <111> polarization

state. As the coefficients in Pb(Zros2Tio.4s)Os (0.080 m* C?) [88] is about three times larger than
the one in BaTiOsz (0.029 m* C?) [90], the free energy density in Pb(Zros2Tio4s)Os is more
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susceptible to the applied shear stress than that in BaTiOs. Thus, the free energy density near the
<111> polarization state decreases more in Pb(Zros2Tio.48)Os3, S0 that the polarization path switches
towards the vicinity of <111> state. The origin of the large electrostrictive coefficient comes from
the sensitivity of the polarization induced strain, given the nature of the electrostrictive coefficient.
Pb(Zro.52Tio.48)O3 exhibits more shear strain per an electric field induced polarization perpendicular
to the spontaneous polarization compared to BaTiOs. Note that BaTiOz piezoelectric coefficient
d113 expressed as 2Q1313x11Ps IS larger than PZT di113 due to the much larger electric permittivity
k11 in BaTiOz [93]. This material property in Pb(Zros2Tio4g)O3 induces the larger free energy
reduction at the <111> polarization state and the polarization path deviation towards near the
<111>. In the specific transition from Py to P, with shear stress ox,, however, the polarization path
stays in the x-z plane as shown above in Figure 3.3d. This is likely due to the large reduction of
the energy barrier in the coplanar path from Px to P,. The largest free energy density decrease
occurs at the [101] polarization state because the coupling term, -Q23230%PxP; minimizes at the
state (see supplementary Figure 3.7), so that the polarization gradient descent direction stays on

the x-z plane in contrast to the cases with oy; and oxy.

6,, =50 MPa G,, = 50 MPa 6, =50 MPa

Figure 3.7. Free energy density landscape on spontaneous polarization sphere surface in
Pb(Zros2Tio.48)O3 With oy, (left), ox. (middle) and oy (right).

Figure 3.8 shows the regions of phase stability for Pb(Zros2Tio.48)O3 as a function of applied
E-field and state of stress, oy, (Figure 3.8a) and oxy (Figure 3.8b). The solid line, dashed line, and

dash-dotted line represent the coercive electromechanical field to induce a ferroelastic or structural
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transition. The calculated coercive electric field value in this study is in agreement with Nakajima
et al [94]. There, experimentally reported out-of-plane polarizations abruptly increase at 10 MVm-
L for Pb(ZrosTios)Os thin films [94], which is associated with ferroelastic domain wall motion.
The gap between our calculation and the experimental result is a result of the composition
difference and the compatibility stresses induced by the substrate, which are not considered in our
calculation. For both shear stress components, the structural transition to the monoclinic phase

occurs. The electric field range of the stability of the stress-induced monoclinic phase is wider for

a larger stress and significant (3 — 16 MV m™ at oy, = 100 MPa).
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Figure 3.8. Ferroelastic switching coercive electric fields for each stress component in
Pb(Zro.s2Tio.48)O3. (@) for oy, shear stress and (b) for oy shear stress. Solid lines, dashed lines and
dash-dotted lines represent coercive electric fields of switching from the initial to final states, the

initial to intermediate states and the intermediate to final states.

For other external stress states, where oxx, oyy, 02z and ox., are non-zero, the thermodynamic
analysis predicts direct switching from [001] to [100] variants as shown in Figure 3.9. As expected
from the ferroelastic switching coercive field change in Figure 3.2b, a tensile stress raises the
coercive field while a compressive stress (negative value) reduces it for oxx. Similarly, for o> 0
(tensile) reduces the ferroelastic switching coercive field, while o;; < 0 (compressive) increases it.
ow and ox; also have slight effects on the ferroelastic switching coercive field, although the
directions of these stresses do not directly relate to the initial and final polarization axes because

of the free energy density change due to the axis coupling.
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Figure 3.9. Ferroelastic switching coercive electric fields for each stress component in
Pb(Zro52Tio.48)O3. (a) for normal stress along x-axis, (b) for normal stress along z-axis, (c) for
normal stress along y-axis, and (d) for ox, shear stress.

Figure 3.10 shows the stable electromechanical states as a function of applied E-field and
stresses for BaTiOs. The ferroelastic switching coercive field at zero stress is 1.8 MV m™ in this
calculation, which is comparable to the reported experimental data in a single crystal (~1 MV m™)
[67]. The stress-induced monoclinic (Mc) phase is predicted only for the tensile stresses, ox> 0,
and oz > 0, as shown in Figure 3.10a and b. The intermediate state is achieved above 20 MPa of
ox > 0 (tensile) or below -20 MPa of oz (compressive). This is because the free energy of the
initial and final states due to tensile stresses are comparable, and at a local minimum. A
compressive oz-value, induces a free energy potential whose final state is shallow. The ferroelastic

switching coercive field increases with increasing oxx and decreases with increasing oz; as shown

above in Pb(Zros52Tio.48)03.
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Figure 3.10. Ferroelastic switching coercive electric fields for each stress component in BaTiO:s.

(@) for oxx normal stress along x-axis and (b) for oz normal stress along z-axis. Solid lines,
dashed lines and dash-dotted lines represent coercive electric fields of switching from the initial
to final states, the initial to intermediate states and the intermediate to final states.

For other external stress components, oyy, oy, ox. and oxy, thermodynamics predict the
direct transition from [100] to [001] polarization states as shown in Figure 3.11. Unlike

Pb(Zro52Tio.48)O3, the shear stresses, oy, and oy, neither affect the ferroelastic switching coercive

field nor induce the intermediate state as expected from the paths.
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Figure 3.11. Ferroelastic switching coercive electric fields for each stress component in BaTiO:s.
(a) for oy, shear stress, (b) for oxy shear stress, (c) for normal stress along y-axis, and (d) for ox.
shear stress.

Figure 3.12 summarizes the composition dependence of the monoclinic phase in
Pb(Zr,Ti)Os3, and shows the switching coercive fields as a function of the PbTiOs3 fraction with oy
= 50 MPa. The monoclinic phase is only predicted near the MPB, PbTiO3 mole fraction = 0.48 ~
0.52. For mole fractions greater than 0.52, no intermediate state is stabilized although the switching
path is not contained in the x - z plane, as one would traditionally expect shown in Figure 3.13 -
Figure 3.15. This result is in agreement with reported experimental [27,95] measurements. This
suggests that stresses and E-fields can be tailored to improve the extrinsic electromechanical
properties in Pb(Zr,Ti)Oz. The low symmetry phase near the MPB is known as an important
component for electromechanical properties as it has higher dielectric and piezoelectric coefficient

[27,96]. The volume fraction of low symmetry phase can be tuned by applying stresses and E-field,

64



so that electromechanical properties likely increase. Lattice and substrate thermal expansion

mismatch, crystallographic texture, grain shape, and heat treatment procedure are among the

possible controlling variables [39].
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Figure 3.12. Composition dependence of switching coercive electric fields with shear stress (oxy
=50 MPa) in Pb(Zr,Ti)Os. Solid lines, dashed lines and dash-dotted lines represent coercive
electric fields of switching from the initial to final states, the initial to intermediate states and the
intermediate to final states.
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Figure 3.13. Polarization switching mechanisms in Pb(Zro.44Tio.56)O3 from pseudo-cubic [100] to
pseudo-cubic [001]. (a) corresponds to stress-free system, (b) For external tension stress along x-
axis (ox = 50 MPa), and (c) for an external shear stress (oxy = 50 MPa).
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Figure 3.15. Ferroelastic switching coercive electric fields for each stress component in
Pb(Zro.44Tios6)03. (a) for oy, shear stress, (b) for oy shear stress, (c) for normal stress along x-
axis, (d) for normal stress along z-axis, (e) for normal stress along y-axis, and (f) for ox, shear

stress.
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3.4 Conclusion

In summary, the polarization switching path that results from the multiphysical, externally
applied electrical fields and six independent mechanical field tensor components was analytically
predicted for Pb(Zro52Tio.48)O3 and BaTiOs. These electromechanical effects not only quantify the
ferroelastic switching coercive field, but also rationalize the experimentally observed low-
symmetry phases after poling in Pb(Zro.52Ti0.48)O3 (Ma phase) and BaTiOz (Mc phase) ceramics.
In contrast to what have been previously reported, neither electric field along pseudo cubic [111]
nor [101] is energetically favorable for polarization rotation and to stabilize the low symmetry
phases observed in Pb(Zros2Tio4s)O3 and BaTiOs ceramics. The difference in the metastable
phases between the two materials is likely originated from the second most stable phases and the
sensitivity of the free energy change due to an applied shear stress in each material. Residual
stresses due to the processing and microstructural interactions are responsible for enabling these
effects. Due to the significant range of the stabilization of these intermediate states, the fraction of
the low-symmetry phase can be controlled by selecting appropriate stress and electric field
conditions for poling. Stress manipulation not only enables tuning of the ferroelastic switching
coercive field, but also provides a new paradigm to engineer the phase fraction of the low-
symmetry phases to improve the resultant extrinsic piezoelectric properties, as the low-symmetry

phase plays an important role in the macroscopic electromechanical response at the MPB.

69



4. BARKHAUSEN NOISE ANALYSIS OF THIN FILM
FERROELECTRICS

A portion of this chapter is a reprint, with journal permission, of a previous publication in
Applied Physics Letters [97], DOI: 10.1063/5.0012635.

4.1 Introduction

Magnetic Barkhausen noise comes from the irregular/intermittent/discontinuous local
magnetization or demagnetization processes of a ferromagnetic material from external excitations
(magnetic, thermic or even mechanical [98]). As the magnetic domain distribution is unstable,
even a weak external stimulus can easily modify this distribution [99]. Over the
magnetization/demagnetization processes, some domains are growing while others are shrinking
and this is a dynamic state determined by energy minimization [100]. Variations in domain size
and shape will generate domain wall movements and local magnetic flux variations that can be
detected externally. The Barkhausen noise signal is linearly connected to the domain wall speed.
The speed, the density and the timing of the Barkhausen noise events are directly correlated with
the specimen microstructure, including precipitates, local residual stresses, cracks and any defects
that influence domain wall displacements. In bulk materials, magneto-striction and local thermal
coupling prevent stable states from one magnetization cycle to another and MBN becomes a
stochastic phenomenon with the signals observed always fundamentally different. The domain
distribution is so unstable and unpredictable that identical Barkhausen response never occurs.
However, under extremely controlled conditions, a certain degree of reproducibility has been
observed but only in thin layers where identical stable states are easier to be reached [101-103].
Historically for the study of the magnetic Barkhausen noise (MBN), researchers have tried to
replace this erratic raw signal with reproducible parameters. For their simplicity, the raw signal
RMS value or the MBN envelope are the most common parameters used [104—-106]. More recently,
Magnetic Barkhausen Noise energy (MBNenergy) has been proposed [107—-109] and is defined as:

dH

sgn (E) (VBarkhausen)zdt (4-1)

to

MBNenergy = J
0

where to is the excitation field period and Vgarknausen IS the Barkhausen raw signal in volts. By
plotting the MBNenergy @s a function of a magnetic field H, a hysteresis cycle MBNenergy VS H is
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obtained. In practice, where a multitude of domain walls are displaced quasi-simultaneously and
spatially distributed within the specimen, the resulting signal is composed of microsecond pulses,
which are the superposition (whether constructive or destructive) of these induced pulses. By
integrating the square of the signal (equation 4.1), the resulting area of the MBNenergy VS H cycle is
an image of the kinetic energy dissipated during the magnetization/demagnetization processes.
Normalization of the MBNenergy loop allows comparison to the magnetic hysteresis loop and
interesting hysteresis cycles comparisons can be made. In the case of ferromagnetic materials
characterized by a high magneto-crystalline anisotropy energy, both hysteresis shapes are similar.
This observation leads to the conclusion that the domain wall motion is dominant compared to the
domain magnetic moment rotations during the magnetization process. Oppositely, strong
differences are observed for materials of low magneto-crystalline anisotropy energy where the
coexistence of both contributions is more evident.

The parallel between the ferromagnetic magnetization and the ferroelectric polarization is
evident and has been widely discussed [110]. Ferroelectric domain wall motion has already been
observed by piezoelectric response force microscopy (PFM) [111,112] and optical microscopy
[113]. Related to domain wall kinetics, crackling noises associated with the motion of ferroelectric-
paraelectric phase transformation front [114] and ferroelastic domain wall [115] motion have been
observed. Very recently, Tan et al reported a switching current noise and its self-organized
criticality in ferroelectric bulk ceramics with post-processing [116]. These authors detected a
polarization switching current and then extracted the “noise” from it as the time derivative of the
current as the switching current directly reflect the polarization switching kinetics. However, a
Barkhausen noise spectra as observed for ferromagnetic materials (erratic, oscillating signal with
a spectral content varying from approximately 1 kHz to almost 100 kHz) has never been observed
in ferroelectrics. The advantage of the classic Barkhausen noise analysis is potential usability for
measurement of the dynamics of domain wall motion as the classic Barkhausen noise includes
noise frequency information. In addition, it allows us to investigate the domain wall dynamics at
an actual driving condition, unlike a stroboscopic domain wall observation done by PFM. These
advantages are critical for accurate modeling of the dynamics of switching in ferroelectrics and
microstructure design to improve performance. From an application perspective, thin ferroelectric
films are interesting for ferroelectric applications such as FeERAM and MEMS [2,3]. Given that

polarization switching plays a critical role in these devices, a Barkhausen noise analysis for thin
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film ferroelectrics is important as it can directly assess the dynamics of ferroelectric switching.
Moreover, considering these applications, local analysis is important due to the small device size.
One difficulty is that the capacitive current and leakage current can affect the measurement due to
the relatively higher capacitance and lower resistance of thin films as compared to bulk ceramics.

In this study, the first direct Barkhausen noise measurement in local regions (~50 um?) in
ferroelectric thin films is reported. A hysteresis cycle of EBNenergy, IS reconstructed from the
Barkhausen noise. The thin film used here is a 300 nm thick polycrystalline Pb(Zro.4Tio.s)O3 on
(111)Pt/Ti02/(100)Si substrate, which is the same sample investigated in chapter 2. The crystalline
phase and microstructure of the film are found in chapter 2. For the local measurement, a Pt probe
directly contacted the sample surface. The Barkhausen noise was extracted from the switching

current through the Pt bottom electrode.

4.2  Switching Current Detection

In a ferroelectric material, ferroelectric polarization switching induces a current flow through
electrodes due to the surface charge transfer [117]. As the current flow is the time derivative of the
change in charge, the switching current flows during only the switching event. In other words, the
time integral of the switching current corresponds to the surface charge change due to the
polarization reversal. The surface charge change is a constant determined by the material
spontaneous polarization and a polarization switched area. To obtain a clear switching current peak,
therefore, ferroelectric switching excitation frequency needs to be optimized, i. e. a higher
frequency results in a shorter switching duration, thereby generating a larger switching current
peak. Figure 4.1 shows the switching current (red line) in the film excited with 100 and 10 Hz
triangular electric fields (black line). The larger current peak is observed in the 100 Hz excitation

result as expected. In this study, the 100 Hz excitation is employed for the sharp current peak.
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Figure 4.1. Switching current with 100 Hz (left) and 10 Hz (right) excitation electric fields.

4.3 Results and Discussion

Figure 4.2a shows the schematic diagram of the experimental setup. An AC voltage (5 Vep-p,
100 Hz) was applied to the sample through the Pt probe (Figure 4.2b). The electrical current was
amplified and converted to a voltage signal by the trans-impedance amplifier (OPA657 with
10 MQ of feedback resistance). The cut off frequency of the amplifier was set near 100 kHz as
shown in Figure 4.2c, so that the critical noise data was not cut-off at this stage. A bandpass filter
was used to extract the Barkhausen noise and amplify it from the amplifier output signal. To
measure the switching current and get the P-E hysteresis loop, the bandpass filter is removed. The
switched surface area was estimated from a PFM vertical phase image after poling using the Pt
probe as shown in Figure 4.2d. The image was a standard PFM image [54] at the Pt probe contact
location. Prior to the PFM image, -5 V was applied through the Pt probe, so that the darker region
(negative polarization) in the image shows the active area in this measurement setup, and it is

determined to be 55 pm?.
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Figure 4.2. Barkhausen noise measurement setup. (a) Schematic diagram of equipment
configuration. (b) SEM image of Pt probe contacted to PZT sample. (c) Bode plot of
transimpedance amplifier. (d) Vertical phase PFM image of PZT sample after -5 V poled with Pt
probe. Darker region represents active surface area in this Pt probe.

The switching current (red line) and the applied sinusoidal electric field (black line) are
shown in Figure 4.3a. The measurement was conducted first without the bandpass filter to measure
the current response. The data exhibits current spikes superimposed on a sine wave with a phase
shift from the applied electric field. The sine wave is the capacitive current and the leakage current.
These currents can be estimated using the film capacitance and resistance. Figure 4.3b shows the
capacitance — frequency (C-F) and the current — voltage (I-V) curves used to determine the
constants, and the currents. The I-V curve shows a clear ohmic relationship. The capacitance and
resistance are respectively 1.5 pF at 100 Hz and 4 GQ. The current from the capacitance and

resistance is calculated by modeling a parallel equivalent circuit as shown in this figure. In Figure
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4.3c the calculated current is subtracted from the raw signal current (Figure 4.3a), removing this
component of the signal and the switching current spikes are clearly seen at specific applied
electric fields, representing the coercive electric field (=10 MV m™). The switching current
includes the Barkhausen noise, but it is hard to directly extract the Barkhausen noise from the
signal as other signal components (100 Hz excitation component and amplifier noise for example)

are superimposed.
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Figure 4.3. Switching current excited by 5 Vp-p (16.7 MV m™) 100 Hz sine wave. (a) Measured
current through amplifier (red line) and applied electric field (black line). (b) Calculated
capacitive and leakage current based on I-V curve (bottom left) and C-F curve (bottom right). (c)
Switching current extracted from measured current using the calculated capacitive and leakage
current.
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Ferroelectric P vs E hysteresis loops are generated as an integral of the switching current
as shown in Figure 4.4. The polarization is approximated by a Riemann sum, )’ IAt, and plotted
as a function of the applied electric field. The solid line is calculated from the switching current
extracted from the raw measured current with the estimated leakage and capacitive current whereas
the broken line is from the raw current in Figure 4.3. The P vs E hysteresis loop from the extracted
switching current does not exhibit neither the linear polarization increase due to the applied electric
field nor the rounded shape in the loop as they are associated with the dielectric permittivity
(proportional to the capacitance) and leakage current component [62]. The remanent polarization
value is ~0.1 C m™ in this measurement, which is smaller than the result shown in Figure 2.8. This
difference is likely originated from the amplitude of the applied electric field. In this chapter,
applied electric field is 16.7 MV m™, corresponding to 5 V which is near the coercive voltage of
the film. Thus, the loop is not a fully opened hysteresis loop due to the relatively low applied
electric field. However, as the switching current was clearly observed in Figure 4.3, the small loop

is not critical to extract the Barkhausen noise out of the current.
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Figure 4.4. Ferroelectric P vs E hysteresis loop as time integral of switching current. Solid line is
calculated from extracted switching current, and broken line is from measured raw current.
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To extract the Barkhausen noise, a bandpass filter is used to separate the high amplitude
100 Hz excitation component from the target signal. Figure 4.5 shows the filtered current data with
various frequency bands, 1 — 2 kHz, 2 — 4 kHz, 5 — 10 kHz, 10 — 20 kHz and 20 — 40 kHz. The
blue lines are the filtered current, and the black lines are the applied electric field. The red broken
lines represent the time when the electric field reach the coercive electric field from the hysteresis
loop shown in Figure 4.4. For the 1 — 2 kHz band, no significant Barkhausen noise is observed at
the coercive field when the maximum domain wall motion occurs. Instead of that, a large noise
not related to the domain wall motion is seen. The frequency band from 2 to 20 kHz exhibits clear
activities at the coercive electric field, and these activities stand out of noises at the non-switching
time. Thus, it is concluded that these activities are the Barkhausen noise associated with the domain
wall pinning. For the frequency range from 20 to 40 kHz, these activities are buried with the
surrounding noises and get weaker, although some slight activities are observed. Based on the
results, the frequency bandwidth from 2 to 20 kHz is the best condition for the Barkhausen noise
extraction in this film. This bandwidth corresponds to 500 us - 50 us in the time domain. A single
domain wall jump distance in this time scale is easily estimated for a given domain wall velocity.
Tybel et al reported that the domain wall velocity without pinning can be expressed as exp(-Eo/E)
with Eo = 50 MV m™ for a tetragonal PZT [118]. The velocity is estimated as 6700 um s at E =
10 MV m, the coercive field of this film, and the domain wall jump distance is 0.35 to 3.5 pm.
Considering the grain size in this film is 0.5~2 um (in-plane direction) times 0.3 um (thickness),
it is most likely the grain boundary acts as a dominant domain wall pinning site, in good agreement
with previously reported studies [50,53,119]. This result comes from the ferroelectric Barkhausen
noise associated with the all grains in the probe contact area. An analysis of the individual events
potentially yields statistical insight such as the grain size distribution and avalanche nature of

ferroelectric domain wall motion, which require further investigation.

78



£ £
> >
s 2
—_ - _ e
E z E 2
£ = = o
=z L = )
@ | = =) =
“ . g 8
[ I ° K
| 1 o R
! 1 Q Q
-0.8 1 1 1 > = =
-1 \I T T T T \I T T T '30 g- <Q-
5 4 3 2 -1 0 1 2 3 4 5
30 —_
.E 'E
- 20 o -
= =
10 = - =
—_ > 5
< 3T Z 5]
-— ) iy — 4@
= ] ko) = ©
@ 1 B i £
! 1 - -10 8 - <
1 ] o (]
| | L 20 @ O
0.8 | 1 > 2 L
’ 1 1 [<X 2
1 T T T T T T T T T '30 2— {
5 4 3 2 1 0 1 2 3 4 5
Time (ms)
S
>
2
= o]
g @
— [y
= L
g
Q
Q
e
9
a
aQ
<

Time (ms)

Figure 4.5. Filtered switching current with various bandwidths. Black lines are applied electric
field. Broken red lines are the time when electric field reach coercive field.

The current filtered with the best bandwidth (2 — 20 kHz) is shown in Figure 4.6a. The blue
line represents the filtered current data and the black line is the applied electric field sine wave.
Similar to ferromagnetic materials, the ferroelectric Barkhausen noise shows stochastic behavior.
The maximum activity is always observed at an electric field close to the coercive electric field

(10 MV m™). To go forward with the understanding of the ferroelectric Barkhausen noise,
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following usage in ferromagnetism, the ferroelectric Barkhausen noise energy hysteresis cycle,
EBNenergy VS E can be plotted to yield a reproducible Barkhausen noise indicator with physical
interpretations.

Figure 4.6b gives the process of the EBNenergy VS E hysteresis cycle reconstruction process.
The process is analogous to that for ferromagnetic materials [108] with the field is the electric field

and the signal is the electric current. The EBNenergy Can be expressed as

to

dE
EBNeneTgy = f sgn (E) (IBarkhausen)zdt (4‘-2)

0

where to is the excitation field period and lIsarknausen 1S the ferroelectric Barkhausen raw current
signal. The process in Figure 4.6b shows how the EBNenergy VS E loop is generated. The EBNenergy
vs E loop has a clear hysteresis as observed in ferromagnetic materials [108]. To confirm and
validate our ferroelectric Barkhausen noise measurement, a comparison between the reconstructed
EBNenergy VS E cycles and the classic P vs E poling loop is shown in Figure 4.4c. The blue cycle is
the reconstructed EBNenergy VS E cycle and the red cycle is the classic hysteresis loop P vs E
obtained from the integration of the current measurement (Figure 4.6¢). Both P vs E and EBNenergy
vs E hysteresis cycles show closed absolute coercive field values, confirming the maximum
Barkhausen noise activity over this field. Both hysteresis shapes are relatively closed as well,
validating the Barkhausen noise measurement. Small divergence can be observed at the saturation
elbow possibly due to accumulative issues during the reconstruction processes. This zone is
particularly sensitive as the relative permittivity is changing rapidly. Another potential origin is
the effect of polarization rotation due to electric field [23]. As the EBNenergy hysteresis loop should
only contain a signal from the domain wall motion due to the nature of the Barkhausen activity,
polarization changes such as dielectric response and polarization rotation do not contribute to the
EBNenergy. Here, the dielectric response was already considered in the capacitive current subtraction
process (Figure 4.4b), so that the polarization rotation can be the candidate causing the difference
between the loops. This is supported by the thermodynamic study shown in chapter 3, investigating
possible polarization rotations at a shear residual stress and relatively low electric field condition
in PZT.
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Figure 4.6. EBN and reconstructed EBNenergy l00p. (a) Measured EBN current through bandpass
filter (blue line) and applied electric field (black line). (b) Process to convert EBN to EBNenergy
loop. (c) Comparison between EBNenergy and polarization loop as a result of integration of
switching current shown in Figure 4.4.
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4.4 Conclusion

In conclusion, the ferroelectric Barkhausen noise and the Barkhausen noise energy
hysteresis cycles reconstruction using a bandpass filter for noise extraction, which is well-studied
technique in ferromagnetic materials, was firstly observed. The ferroelectric Barkhausen noise has
a similar behavior to what has been observed in ferromagnetic materials; the classic ferroelectric
P vs E hysteresis loop and EBNenergy VS E cycle was closely related. The optimal bandwidth for the
Barkhausen noise extraction was the time duration of the domain wall motion across grains,
thereby supporting the idea that grain boundaries play a key role in domain wall pinning and cause
Barkhausen noise. This direct Barkhausen noise measurement is suggested as a good tool for the

analysis of the microstructure — domain wall Kinetics relationship.
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5. SUMMARY AND FUTURE WORK

This research was conducted to understand the microstructure effects including grain size,
residual stress on the polarization response in ferroelectrics. The polarization response in
ferroelectrics is the important feature for ferroelectric applications. Ferroelectric switching is the
fundamental principle for FeERAM, and electric field induced ferroelastic polarization switching
and polarization rotation are the dominant contribution to electromechanical devices. In
polycrystalline ferroelectrics, effects of the microstructural parameters such as texture, grain size,
and residual stress exist and have not fully been understood due to its complexity. Among these
effects, this dissertation addresses (1) the origin of the grain size effects on ferroelastic domain
wall motion in a polycrystalline ferroelectric thin film, (2) mechanical stress effects on polarization
switching using a thermodynamic approach, and (3) ferroelectric switching Kinetics via
Barkhausen noise analysis and the relationship to grain size in the polycrystalline ferroelectric thin
film. The summary and future work for each topic are discussed as follows.

For the investigation of grain size effects on the electromechanical property, the microscopic
origin of ferroelastic domain wall motion suppression in smaller grains which causes degradation
of the property is revealed. The microscopic origin was unclear due to the large X-ray diffraction
probe size in a previous study reporting the suppression of ferroelastic domain wall motion. Using
PFM technique to observe microscopic domain evolutions with applied DC voltage, it is
discovered that there is actually no independent grain size effect on ferroelastic domain wall
motion; the grain size affects the number of domain stripe colonies in a grain, and the domain
structure plays an important role in ferroelastic domain wall motion. This result suggests that the
grain size is not a critical parameter for the electromechanical property degradation in a grain < 1
um as the ferroelastic domain wall motion is a dominant component for the electromechanical
property.

Possible future work is engineering the domain structure to improve the electromechanical
property. As the domains can be formed due to stress relaxation during cooling across the Curie
temperature in a synthesis process, the stress state before the domain formation (above the Curie
temperature) should affect the domain structure. The possible stress-free strain inhomogeneity
across grain boundaries is thermal expansion, so that grain misorientation is likely a key for

determining the stress state above the Curie temperature, according to Eshelby’s inclusion model.

83



Thus, an examination of the relationship between the misorientation and domain structure provides
an insight of the origin of the domain structure and a way to engineer it.

Further future work can be improving the electromechanical property in polycrystalline
ferroelectrics by mitigating the property degradation based on the insight about the domain
engineering. Texture control is likely a good method to adjust a misorientation for accomplishing
the preferable domain structure. In polycrystalline ferroelectrics, changing the orientation of a
substrate or seed layer helps controlling the texture. For bulk ceramics, using a template is a known
way to control texture. Improving the electromechanical property can be achieved by determining
the optimal texture based on investigation of the correlation of texture — domain structure —
ferroelastic domain wall motion.

The study about the mechanical stress effects on the electric field induced polarization
switching rationalizes the emergence of the electric field induced low-symmetry phases in
tetragonal PZT and BaTiOs ceramics. The mechanism causing the emergence of the low-symmetry
phases was thought to be polarization rotation due to the applied electric field. However, what
causes the difference in the low-symmetry phases of PZT (monoclinic Ma phase) and BaTiOs
(monoclinic Mc phase) was unsure. Also, the lack of the evidence of the electric field induced
polarization rotation in a single crystal was questioned. In this work, with a thermodynamic
approach, it is demonstrated that a shear stress plays an important role in stabilizing the monoclinic
Ma phase in PZT whereas a normal stress along the polarization axis is a key for the monoclinic
Mc phase in BaTiOs. It is suggested that the stress sources are residual stress in a polycrystalline
form, so that the lack of the electric field induced polarization rotation in PZT and BaTiO3 single
crystals can be explained. This study provides a new paradigm for the low-symmetry phase
engineering in ferroelectrics by applying an appropriate stress and electric field, so that
improvement of the electromechanical response is expected as the low-symmetry phase is known
to be a key role in the large electromechanical response at the MPB.

Future work is obtaining the experimental evidence for the low-symmetry phase engineering
and the electromechanical property improvement. Based on the calculated stress and electric field
condition in this study, a systematic investigation for the relationship between the low-symmetry
phase fraction vs the stress and electric field conditions will provide a further insight of the low-

symmetry phase engineering and the optimal condition to maximize it. An examination of the
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macroscopic and microscopic electromechanical properties of the engineered sample will give us
the solid evidence and mechanism of the electromechanical property improvement.

One other possible future investigation related to the stress effects on polarization switching
is analysis in various symmetries and materials in ferroelectrics using the thermodynamic approach.
The work done here is in tetragonal ferroelectrics. Rhombohedral ferroelectrics such as a Zr rich
PZT also show electric field induced ferroelastic switching. The thermodynamic approach may
provide a stress — electric field condition and possible low-symmetry phases in the rhombohedral
ferroelectrics. Moreover, the electric field induced polarization rotation is also seen in
NaosBiosTiOz-BaTiOs, BiFeOs and relaxer ferroelectrics. The comprehensive examination for
these materials rationalizes the mechanism of polarization rotation and possible other phases
depending on thermodynamic variables.

Extendedly, the gradient descent method utilized in this work can be employed for other multi-
variable systems to identify the transition path and possible metastable phases. In a
multidimensional free energy density landscape with multiple order parameters, the path can
deviate away from a plane including the variable axes, especially in a coupled system, as this study
pointed out. This can be a new methodology for designing metastable phases during the transition
between the states.

For the work about ferroelectric switching kinetics, the first direct Barkhausen noise
associated with ferroelectric domain wall motion is observed. A previous study reported
Barkhausen activity in ferroelectrics, but there is a gap for practical use of the technique because
of the lack of Barkhausen noise frequency information and post data processing in the report. In
this study, a direct Barkhausen noise measurement including noise frequency information is
achieved. It is discovered that the dominant domain wall pinning site is grain boundaries based on
the noise frequency corresponding to the domain wall jump distance between pinning sites. This
result suggests that the technique is a good tool for understanding the relationship between
microstructure — domain wall kinetics.

Future research can be a study on the relationship between the Barkhausen noise and artificial
pinning sites such as vacancies. It is known that an annealing condition manipulates the oxygen
vacancy density, and the ferroelectric P- E hysteresis loop shows pinned behavior. The vacancy

density — Barkhausen noise relationship can lift the technique up to more practical method to
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investigate the vacancy density and domain switching Kkinetics via the direct Barkhausen noise
measurement technique developed in this dissertation.

In conclusion, the effects of a grain boundary and stress, which can be manipulated as
microstructural parameters, on polarization switching are investigated in ferroelectrics. This
dissertation provides the experimental evidences that grain boundaries play a significant role in
both ferroelectric and ferroelastic domain wall motion, which are important for ferroelectric and
electromechanical applications. In addition, the theoretical framework proves the non-trivial
polarization switching behavior induced by an electric field and mechanical stress which
naturally occurs in a polycrystalline as a residual stress. The model explains polarization rotation
and the low-symmetry phases appearing in BaTiOz and PZT ceramics. These low symmetry
phases are regarded as the origin of the large electromechanical property at the MPB in PZT.
Future works based on these discoveries should be carried out to improve the properties of

ferroelectric and electromechanical devices.
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APPENDIX A. MATLAB SCRIPT FOR POLARIZATION SWITCHING
PATH

A MATLAB script for the streamline calculation in a stress and electric field condition in
Pb(Zros2Tio.48)O3 is as follows. To calculate the entire stress and electric field variable window,
the script was looped. The numerical coefficients vary depending on composition as shown in
Table 3.1.

[Px,Py,Pz] = meshgrid(-0.1:0.004:0.7,-0.4:0.004:0.4,-0.1:0.004:0.7);

u = -
(0.85226003438856*Px."5+2.59843785278887*Py."2.*Px."3+2.59843785278887*Pz."2.*Px."
3+0.220080752066131*Px."3+1.29921892639443*Py."4.*Px+1.29921892639443*Pz."4. . *Px+-
6.12659833446545*Py."2.*Pz./2. *Px+0.344687393813874*Py."2.*Px+0.344687393813874*P
2.2, *Px+-9.94742781887373E-02*Px+0*Py+0*Pz+0);

Vv = -
(0.85226003438856*Py."5+2.59843785278887*Pz."2.*Py."3+2.59843785278887*PXx."2.*Py."
3+0.220080752066131*Py."3+1.29921892639443*Pz."4.*Py+1.29921892639443*Px." 4. *Py+-
6.12659833446545*Pz./2.*Px."2.*Py+0.344687393813874*Pz.72.*Py+0.344687393813874*P
X.N2.*Py+-9.94742781887373E-02*Py+0*Pz+0*Px+0);

W = -
(0.85226003438856*Pz."5+2.59843785278887*Px."2.*Pz./3+2.59843785278887*Py."2.*Pz."3
+0.220080752066131*Pz."3+1.29921892639443*Px."4.*Pz+1.29921892639443*Py .. *Pz+-
6.12659833446545*Px."2.*Py."2.*Pz+0.344687393813874*Px."2.*Pz+0.344687393813874*P
y.N2.*%Pz+-9.94742781887373E-02*Pz+0*Px+0*Py+-0.02);

XYZ = stream3(Px,Py,Pz,u,v,w,0.48591,0,0)

streamline(stream3(Px,Py,Pz,u,v,w,0.48591,0,0))

file = fopen('SL001-001.txt",'w");

fprintf(file,'%f\r\n',0);

fprintf(file,'%f\r\n',0);

fprintf(file,'%f\r\n",0);

fprintf(file,'%f\r\n",0);
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fprintf(file,'%f\r\n",0);
fprintf(file,'%f\r\n",0);
fprintf(file,'%f\r\n',0);
fprintf(file,'%f\r\n',0);
fprintf(file,'%f\r\n",0.02);
fprintf(file,'%f\r\n",");
fprintf(file,'%A\nn', XYZ{1,1});
fclose(file);

The MATLAB script for calculating the initial polarization vector with a stress condition
in Pb(Zros2Tio48)Os3 is as follows. To calculate the entire stress variable range, the script was
looped. The numerical coefficients vary depending on composition as shown in Table 3.1.

syms Px Py Pz

eqnl =
0.85226003438856*Px."5+2.59843785278887*Py."2.*Px."3+2.59843785278887*Pz."2.*Px."3
+0.220080752066131*Px."3+1.29921892639443*Py. N . *Px+1.29921892639443*Pz."4 *Px+-
6.12659833446545*Py.N2.*Pz."2.*Px+0.344687393813874*Py."2.*Px+0.344687393813874*P
2.2.*%Px+-9.94742781887373E-02*Px+0*Py+0*Pz+0 == O;

eqn2 =
0.85226003438856*Py."5+2.59843785278887*Pz."2.*Py.~3+2.59843785278887*Px."2.*Py."3
+0.220080752066131*Py."3+1.29921892639443*Pz."4.*Py+1.29921892639443*Px."4 . *Py+-
6.12659833446545*Pz./2.*Px."2.*Py+0.344687393813874*Pz.”2.*Py+0.344687393813874*P
X.2.*Py+-9.94742781887373E-02*Py+0*Pz+0*Px+0 == 0;

egn3 =
0.85226003438856*Pz."5+2.59843785278887*Px."2.*Pz."3+2.59843785278887*Py."2.*Pz."3
+0.220080752066131*Pz./3+1.29921892639443*Px."4.*Pz+1.29921892639443*Py. . *Pz+-
6.12659833446545*Px."2.*Py."2.*Pz+0.344687393813874*Px."2.*Pz+0.344687393813874*P
y.~2.*Pz+-9.94742781887373E-02*Pz+0*Px+0*Py+0 == 0;

[solPx,solPy,solPz] = vpasolve(egnl,eqn2,eqn3d);

file = fopen('001.txt','w'");
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fprintf(file,'%f\r\n",0);
fprintf(file,'%f\r\n",0);
fprintf(file,'%f\r\n',0);
fprintf(file,'%f\r\n',0);
fprintf(file,'%f\r\n",0);
fprintf(file,'%f\r\n",0);
fprintf(file,'%f\r\n',0);
fprintf(file,'%f\r\n',0);
fprintf(file,'%f\r\n",0);
fprintf(file,'%f\n\n",");
fprintf(file,'%f\r\n',solPx);
fprintf(file,'%f\r\n',solPy);
fprintf(file,'%f\r\n',s0lPz);

fclose(file);
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