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S1 Phase field microelasticity method

We describe the heterogeneous solid, i.e., polycrystalline thin film on a substrate, together with the surrounding vacuum by

introducing an order parameter ζ (ζ = 0 in the vacuum and ζ = 1 in the thin film) following a similar approach reported in the

literature [1–3]. The position dependent elastic modulus Cijkl(r) also changes the value from 0 in vacuum to C0
ijkl in the thin film.

This sharp transition of Cijkl(r) is smoothened using a function g(ζ) = 0.5(1+
tanh 2ζ(r)−1

2γ
) to avoid mechanical instability, where

γ is the deciding parameter for the interfacial thickness between the thin film and the vacuum [4–6]. Thus, Cijkl(r) is expressed as

a function of ζ(r) and it takes the form as Cijkl(r) = C0
ijklg(ζ). The elastic energy for the inhomogeneous system can be written

as

fela =
1

2

∫
Cijkl(r)(ϵij − ϵ0Gij )(ϵkl − ϵ0Gkl )dV (S1)

We employ an iterative phase-field microelasticity solver to determine the stress field for this inhomogeneous system by con-

sidering an equivalent system with a homogeneous modulus C0
ijkl and an effective stress-free strain ϵeffij defined by [4,5]

C0
ijkl

(
ϵkl(r)− ϵeffkl (r)

)
= Cijkl(r)

(
ϵkl(r)− ϵ0Gkl (r)

)
(S2)

The equivalent elastic energy considering the effective strain is written as follows: [5,7]

Eeq
el =

1

2

∫
C0

ijklϵ
eff
ij ϵeffkl d3r +

1

2

∫
C0

ijklEijEkld
3r

− Eij
1

2

∫
C0

ijklϵ
eff
kl d3r −

1

2

∫
k=0

d3r

(2π)3
× kiσ̃

eff
ij(k)

G̃jk(k)σ̃
eff
kl (k)kl

+
1

2

∫
V
(C0

ijmn∆SmnpqC
0
pqkl − C0

ijkl)× (ϵeffij − ϵ0Gij )(ϵeffkl − ϵ0Gkl )d3r,

(S3)

where V is the system volume, Gjk(k) is Green’s function tensor, and ki are the components of the directional vector in the

Fourier space. ∆Smnpq = [C0
mnpq−Cmnpq(r)]−1 and σeff

ij (k) is the effective stress expressed as σeff
ij (k) = C0

ijkl

∫
V ϵeffkl (r)e−ik·rd3r.

The effective strain can be obtained by setting the functional variation of the equivalent elastic energy with respect to the effective

strain (
δE

eq
el

δϵ
eff
ij

= 0) and solving the TDGL type equation: [4–7]

∂ϵeffij

∂t
= −Kijkl ·

δEeq
el

δϵeffkl

(S4)

Here, the kinetic coefficient Kijkl is a tensor proportional to the modulus variation and assumed to be Kijkl = KS0
ijkl for

simplicity, where S0
ijkl is the homogeneous elastic compliance tensor and K is a constant. The elastic strains and stresses are

obtained from the effective strain as follows:

ϵij(r) = Eij +
1

2

∫
k=0

d3k

(2π)3
(kiG̃jk + kjG̃ik)

˜
σeff
kl (k)∗kle

−ik·r

σij(r) = C0
ijkl

(
ϵkl(r)− ϵeffkl (r)

) (S5)

S2 Derivation of stresses under plane stress state

The sum of contributions of the elastic energy and electrostrictive energy in a single grain can be expressed as



G = −
1

2
S11σ

2
1 −

1

2
S22σ

2
2 −

1

2
S33σ

2
3 − S12σ1σ2 − S23σ2σ3 − S13σ3σ1 −

1

2
S44σ

2
4 −

1

2
S55σ

2
5 −

1

2
S66σ

2
6

− (Q13σ1 +Q23σ2 +Q33σ3)P
2
Zi

(S6)

Elastic equations of state could be obtained by the minimization δG/δσij = −µjk. The equations of state have the form:

µ̃1 − µ1 = S11σ1 + S12σ2 + S13σ3

µ̃2 − µ2 = S12σ1 + S22σ2 + S23σ3

µ̃3 − µ3 = S13σ1 + S23σ2 + S33σ3

µ̃4 − µ4 = S44σ4

µ̃5 − µ5 = S44σ5

µ̃6 − µ6 = S44σ6,

(S7)

Here, µi are the designations of the strains in the absence of stresses obtained from the electrostrictive contributions of the

energy:

µ1 = Q13P
2
Zi

µ2 = Q23P
2
Zi

µ3 = Q33P
2
Zi

µ4 = µ5 = µ6 = 0

(S8)

Compatibility relation eiklejmn(δ
2µ̃ln/δxkxn) = 0 leads to the conditions of constant strains µ̃1=const, µ̃2=const, and

µ̃6=cont. Setting constant strains to values of spontaneous polarization in stress free, homogeneous system, we obtain

µ̃1 = µS
1 = Q13P

2
0

µ̃2 = µS
2 = Q23P

2
0

µ̃3 = µS
3 = Q33P

2
0

(S9)

Considering plane stress state σ3 = 0, we modify Eqns. S7 to

S11σ1 + S12σ2 = µS
1 − µ1

S12σ1 + S22σ2 = µS
2 − µ2

S13σ1 + S23σ2 = µS
3 − µ3

(S10)

Substituting Eqns. S8 and S9 in Eqn. S10, we obtain the unknown stress components:

σ1 =
(S22Q13 − S12Q23)(P 2

0 − P 2
Zi)

S11S22 − S2
12

σ2 =
(S11Q23 − S12Q13)(P 2

0 − P 2
Zi)

S11S22 − S2
12

(S11)



S3 Calibration of Landau coefficients

The Landau coefficients for HZO are obtained by fitting polarization hysteresis function P (E) with measured PE curve for 10 nm-

thick Hf0.5Zr0.5O2 film. P (E) is the inverse of the following function:

E = 2a1P + 4a11P
3 + 6a111P

5 (S12)

We obtain two sets of Landau coefficients considering first order and second order phase transitions, which are distinguished

by the sign of coefficient a11: a11 < 0 for 1st order and a11 > 0 for 2nd order transitions. The extracted Landau coefficients are

given in Table S1 .

Landau coefficients Set I (a11 < 0) Set II (a11 > 0)

a1 −2.976× 108 Jm
C2 −4.835× 108 Jm

C2

a11 −2.160× 108 Jm5

C4 4.367× 109 Jm5

C4

a111 1.653× 1010 Jm9

C6 6.687× 109 Jm9

C6

Table S1: Landau coefficients extracted from the measured PE curve for 10 nm-thick Hf0.5Zr0.5O2 film.

The comparison of polarization hysteresis functions for two sets (Set 1: a11 < 0 and Set 2: a11 > 0) of Landau coefficients with

the measured PE curve is shown in Figure S1. Since ferroelectric HZO is well described by first order phase transition formalism,

we consider the first set (a11 < 0) of Landau coefficients for the phase field simulations.
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Figure S1: Comparison of calibrated polarization hysteresis functions for a11 < 0 (Set 1) and a11 > 0 (Set
2) with the measured PE curve. Measured PE curve reprinted (adapted) with permission from (Kim, Si Joon,
et al. ACS applied materials & interfaces 11.5 (2019): 5208-5214) [8]. Copyright (2019) American Chemical
Society.

S4 Optimization of Landau coefficients by genetic algorithm

Two sets of optimized Landau coefficients are obtained using the genetic algorithm by considering first order and second order

transitions. The optimized Landau coefficients are listed in Table S2.

The comparison of polarization hysteresis functions and simulated PE curves for two sets (Set 1: a11 < 0 and Set2: a11 > 0)

of GA optimized Landau coefficients are presented in Figure S2a and Figure S2b, respectively. The calculated values of the



Landau coefficients Set I (a11 < 0) Set II (a11 > 0)

a1 −4.289× 108 Jm
C2 −4.754× 108 Jm

C2

a11 −2.242× 108 Jm5

C4 2.848× 107 Jm5

C4

a111 2.170× 109 Jm9

C6 1.776× 109 Jm9

C6

Table S2: Landau coefficients optimized by genetic algorithm.

objective functions are 0.00109 for Set 1 and 0.00103 for Set 2. The values of objective function of the highest ranked chromosome

in each generation for both sets of GA simulations are shown in Figure S3. Here, we consider the first set (a11 < 0) of Landau

coefficients describing first order phase transition for the phase field simulations.
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Figure S2: (a) Comparison of GA optimized polarization hysteresis functions for a11 < 0 (Set 1) and a11 > 0
(Set 2). (b) Comparison of simulated PE curves using the same two sets of GA optimized Landau coefficients.
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Figure S3: The values of objective function for the highest ranked chromosome in each generation plotted
across all the generations for (a) a11 < 0 (Set 1) and (b) a11 > 0 (Set 2)



S5 Estimation of spontaneous polarization and dielectric permittivity of HZO

from GA optimized effective Landau coefficients

The single-domain ground state property of the HZO including the spontaneous polarization and dielectric permittivity are calcu-

lated from the GA optimized Landau coefficients. The spontaneous polarization P0 is obtained from Landau coefficients using the

following expression: [9]

P0 = ±

√√√√√
−
a11

(
1 +

√
1− 3a1a111

a2
11

)
3a111

(S13)

The dielectric permittivity ϵr is calculated from the expression [10]

ϵr =
1

3
√
3

P0

ϵ0Ec
, (S14)

where Ec is the coercive field estimated from the given expression: [9]

Ec =
8

25

√
|a11|5

5a3111

√√√√1 +

√
1−

5a1a111

a211

(
1−

5a1a111

a211
+

√
1−

5a1a111

a211

)
(S15)

S6 Normalization of applied electric fields

For better comparison of the domain dynamics during switching in phase field simulations and experimental observations, the

applied electric fields are normalized with respect to corresponding switching voltages. The switching regions are estimated from

the fraction of up and down polar domains in the domain structures at different applied fields. The reversal of polarization from up

to down domains occurs from −1.2 MV
cm

to −1.8 MV
cm

in experiments and from −0.75 MV
cm

to −2.25 MV
cm

in simulations. Similarly,

polarization reversal from down to up domains occurs from 1.2 MV
cm

to 1.8 MV
cm

in experiments and from 0.75 MV
cm

to 2.25 MV
cm

in

simulations. The normalized applied field E∗ is calculated using the following expressions:

E∗ =
5

3

(
1−

3

5|Eexp|

)
Eexp, (S16)

E∗ =
4

7

(
1 +

1

|Epfm|

)
Epfm, (S17)

where, Eexp and Epfm are the applied electric fields in experiments and simulations, respectively. The electric fields applied

on the thin film in simulations and experiments corresponding to the values of normalized applied fields for domain structures

illustrated in Figure 4 are listed in Table S3.

E∗ Eexp(MV/cm) Epfm(MV/cm)
−1.2 −1.3 −1.0
−1.3 −1.4 −1.3
−1.5 −1.5 −1.6
−1.8 −1.7 −2.2
1.2 1.3 1.0
1.3 1.4 1.3
1.5 1.5 1.6
1.8 1.7 2.2

Table S3: Applied electric fields in simulations and experiments corresponding to values of normalized applied
fields for domain structures in Figure 4



S7 Simulation of polarization profiles across a 180◦ domain wall and switching

curves in a bulk single crystal using calibrated effective Landau coefficients

and corresponding Landau coefficients

The calibrated effective Landau coefficients (a1 = −2.976 × 108 Jm
C2 , a11 = −2.160 × 108 Jm5

C4 , and a111 = 1.653 × 1010 Jm9

C6 )

are used to simulate polarization profiles across a 180◦ domain wall and polarization switching in a bulk single crystal (two-

dimensional). Further, we perform the simulations using Landau coefficients considering elastic energy and compare both results.

The Landau coefficients estimated from the calibrated effective coefficients are: α1 = −2.749× 108 Jm
C2 , α11 = −4.933× 108 Jm5

C4 ,

and α111 = 1.653 × 1010 Jm9

C6 . The polarization profiles for the two domain system for both sets of coefficients are compared

in Figure S4. The values of steady-state polarizations in 180◦ domains are matching for the effective Landau coefficients and

corresponding Landau coefficients. The comparison of switching curves in bulk single crystal for both sets of coefficients are given

in Figure S5. The PE curves are also similar for the effective Landau coefficients and corresponding Landau coefficients except

for some discrepancies in the coercive field. This shows good agreement of the strain-polarization coupling with the free energy

coefficients.

(a)

P

xl

(b)

P

xl

(c)

Figure S4: Polarization profiles across a 180◦ domain wall simulated using (a) calibrated effective Landau
coefficients (Case 1) and (b) corresponding Landau coefficients (Case 2). (c) Comparison of the polarization
profiles (1D) for Case 1 and Case 2 along a line xl drawn across the domain walls.

S8 Estimation of susceptibility of the non-ferroelectric phase (χd)

To study the impact of the ferroelectric phase fraction of HZO thin films on switching characteristics, the susceptibility of the

non-ferroelectric phase is obtained from the measured PE curve of 10 nm-thick HfO2 film. PE curves are generated using a phase

field model for non-ferroelectric columnar thin films with bulk free energy expressed as follows:

fbulk =

N∑
i=1

h(ϕi)fDi, (S18)

where N is the total number of grains. We estimate the value of dielectric susceptibility at which the simulated PE curve matches

the experimentally calculated PE curve for non-ferroelectric hafnia thin film. The fit between simulated and measured PE curves

are demonstrated in Figure S6 and the estimated value of χd is 2.108× 10−10 C2

Jm
.

S9 Comparison of PE curves of [001] textured film and single crystalline HZO.

We compare the PE curve for [001] textured film with the PE curve for single crystalline HZO. From Figure S7, it is evident that

there are discrepancies between the switching characteristics of [001] textured thin film and single crystalline HZO. Even though the
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Figure S5: Comparison of PE curves for single crystal simulated using calibrated effective Landau coefficients in
the absence of elastic interactions (Case 1) and corresponding Landau coefficients considering elastic interactions
(Case 2).
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Figure S6: Comparison of simulated PE curve for non-ferroelectric columnar thin film and experimentally
measured curve for 10 nm-thick HfO2 film. Measured PE curve reprinted (adapted) with permission from (Kim,
Si Joon, et al. ACS applied materials & interfaces 11.5 (2019): 5208-5214) [8]. Copyright (2019) American
Chemical Society.



remnant polarizations for both curves are similar, the coercive field and polarization switching slopes are different. This mismatch

in coercive field and polarization switching slope can be due to the reduced degree of preferred orientation in the textured thin

film. When the orientations of grains in the textured film deviates from the preferred orientation, the non-polar contributions of

the free energy
(
1/2χf (P

2
Xi +P 2

Y i)
)
affects the polarization switching modifying coercive field and switching slope. Because of its

quadratic form, the non-ferroelectric contribution cannot significantly influence the switching curve in the absence of any external

field. Therefore, the remnant polarizations for both [001] textured thin film and single crystalline HZO remain similar.
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Figure S7: Comparison of simulated PE curve for [001] textured thin films with the PE curve of single
crystalline HZO.

S10 Effect of grain size on switching characteristics

Simulations are performed on 10 nm-thick columnar films of different grain sizes (D = 60, 90 and 120 nm) to investigate the impact

of grain size on switching dynamics. Table S4 provides the simulation parameters used for the study. The grain size dependent

behaviour of PE curves are illustrated in Figure S8. It shows that the switching characteristics do not significantly change with

the variation in grain sizes. With an increase in grain size, remnant polarization increases, but the coercive field remains almost

the same (∼ 1.1 MV
cm

). Thin films with grain sizes of 60, 90 and 120 nm exhibit Pr values of ∼ 25.86 µC
cm2 , ∼ 28.21 µC

cm2 , and

∼ 29.66 µC
cm2 , respectively.

The reduced remnant polarization in thin films with finer grains can be attributed to the increase in the proportion of grain

boundaries with the decrease in grain size. The grain boundaries may distort ferroelectric switching because of their paraelectric

nature. But, the prediction of enhancement in ferroelectricity in thin films with coarser grains from our simulations seemed to

contradict other theoretical and experimental observations [11,12]. The thin films with coarser grains show reduced ferroelectricity

because of crossover of HZO from ferroelectric orthorhombic phase to non-ferroelectric monoclinic phase for an average grain size

above 16 nm [11]. But, we have not considered the change of ferroelectric orthorhombic phase to non-ferroelectric monoclinic phase

with an increase in grain size in our model as reported in experiments [13,14]. The grains in the simulated polycrystalline structure

are assumed to be 100% ferroelectric. Therefore, it is difficult to draw clear conclusions on the effect of grain size on switching

characteristics from our model.

To investigate the effect of grain size on switching dynamics, we use 20 nm-thick films with an equiaxed grain morphology and

different grain sizes (D = 20, 30 and 40 nm). GA optimized Landau coefficients are used in the simulations and the parameters are

listed in Table S5. The comparison of simulated PE curves for thin films with different grain sizes is illustrated in Figure S9.

Following the trend seen in columnar thin films, remnant polarization increases from ∼ 22.80 µC
cm2 to ∼ 25.65 µC

cm2 and the

coercive field remains essentially the same at ∼ 1.3 MV
cm

, when the grain size is varied from 20 to 30 nm. A further increase in



Parameters
Thin film surface area (∆X ×∆Y ) 1280× 1280, 2240× 2240, 2688× 2688 nm2

Thin film thickness (tZ) 10 nm

Effective Landau coefficient (a1) −4.289 × 108 Jm
C2

Effective Landau coefficient (a11) −2.242× 108 Jm5

C4

Effective Landau coefficient (a111) 2.170× 109 Jm9

C6

Background dielectric susceptibility (χf ) 4.019× 10−10 C2

Jm

Gradient energy coefficient (G11) 5.066× 10−10 Jm3

C2

Average grain size (D) 60, 90, 120 nm
Number of grains (N) 480, 492, 496

Table S4: Simulation parameters used to investigate the effect of grain size in thin films with columnar grain
morphology.
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Figure S8: Effect of grain size on switching characteristics. Comparison of simulated PE curves for columnar
thin films (tF = 10 nm) with different grain sizes (D = 60, 90, 120 nm).

Parameters
Thin film surface area (∆X ×∆Y ) 480× 480, 800× 800, 1200× 1200 nm2

Thin film thickness (tZ) 20 nm

Effective Landau coefficient (a1) −4.289× 108 Jm
C2

Effective Landau coefficient (a11) −2.242× 108 Jm5

C4

Effective Landau coefficient (a111) 2.170× 109 Jm9

C6

Background dielectric susceptibility (χf ) 4.019× 10−10 C2

Jm

Gradient energy coefficient (G11) 5.066× 10−10 Jm3

C2

Average grain size (D) 20, 30, 40 nm
Number of grains (N) 427, 620, 756

Table S5: Simulation parameters to study the effect of grain size in thin films with equiaxed grain morphology.
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Figure S9: Effect of grain size on switching characteristics. Comparison of simulated PE curves for 20 nm-
thick equiaxed films with different grain sizes (D = 20, 30, 40 nm).

grain size to 40 nm also increases the remnant polarization to ∼ 28.16 µC
cm2 , but the coercive field decreases to ∼ 1.2 MV

cm
. This

variation in switching characteristics can be explained by the change in grain morphology from an equiaxed to a columnar structure

with an increase in grain size. When the average grain size increases beyond thin film thickness, the equiaxed grain structure tends

to become columnar. This is evident from the side views (ZX plane) of the simulated microstructure of the thin films shown in

Figure S10.

(a)

(b)

(c)

Y

X

Z
001

111

101

Figure S10: Side views (ZX plane) of the simulated microstructure of 20 nm-thick equiaxed films with
different grain sizes: (a) 20, (b) 30, and (c) 40 nm.

The increase in remnant polarization with the increase in grain size from 20 to 30 nm is due to the decreasing proportion of

grain boundaries when the grain size increases. Whereas, the increase in remnant polarization and decrease in the coercive field

with a further increase in grain size to 40 nm can be attributed to the change in grain morphology of the thin film.
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