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Ginzburg-Landau-Devonshire models are used to explore ferroelectric phases and pyroelectric

coefficients of symmetric free-standing, thin-film trilayer heterostructures composed of a ferroelectric

and two identical non-ferroelectric layers. Using BaTiO3 as a model ferroelectric, we explore the

influence of temperature, in-plane misfit strain, and the non-ferroelectric layer (including effects of

elastic compliance and volume fraction) on the phase evolution in the ferroelectric. The resulting

phase diagram reveals six stable phases, two of which are not observed for thin films on semi-infinite

cubic substrates. From there, we focus on heterostructures with non-ferroelectric layers of commonly

available scandate materials which are widely used as substrates for epitaxial growth. Again, six

phases with volatile phase boundaries are found in the phase diagram for the NdScO3/BaTiO3/

NdScO3 trilayerheterostructures. The evolution of polarization and pyroelectric coefficients in the

free-standing NdScO3 trilayer heterostructures is discussed with particular attention to the role that

heterostructure design plays in influencing the phase evolution and temperature-dependence with a

goal of creating enhanced pyroelectric response and advantages over traditional thin-film

heterostructures. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4938116]

I. INTRODUCTION

Ferroelectrics1 exhibit a range of unique properties and

have attracted considerable interest for their potential in

applications such as thermal sensing/imaging.2–4 Driven by

the desire to fabricate devices on a chip, there has been

ongoing interest in the properties of thin-film versions of fer-

roelectrics and, in turn, a detailed understanding of the fun-

damental physics of ferroelectric thin films is paramount.5–7

In this spirit, extensive work on thin-film epitaxy and strain

engineering,8 focusing on ferroelectric films on thick, rigid

substrates, has demonstrated that ferroelectric films are

strongly influenced by internal strains9 and can possess phase

transformation characteristics in both single-layer10,11 and

multilayer12 heterostructures that differ significantly from

the bulk.

In this study, we focus on a prototypical perovskite fer-

roelectric BaTiO3 which has Curie temperature TC� 120 �C.

BaTiO3 undergoes a sequence of phase transitions from

cubic to tetragonal to orthorhombic to rhombohedral as the

temperature is decreased from its TC. Previous theoretical

studies have investigated the phase transformation character-

istics, structures, and ferroelectric nature of the various

phases of BaTiO3 single crystals and epitaxial thin films

using non-linear thermodynamic models,13–16 first-principles

calculations,17 and phase-field modeling.18 Here we focus on

phenomenological routes based on Ginzburg-Landau-

Devonshire theory to probe this material as an epitaxial,

monodomain thin film.

Compared with ferroelectric films on rigid, semi-infinite

substrates, thin-film ferroelectrics on a substrate of compara-

ble thickness (i.e., free-standing heterostructures) represent a

more nuanced mechanical system whereby the effect of the

substrate can be reduced or even removed, and the evolution

of strain in the system can be made to depend on the elastic

properties of the various layers more equally.19,20 At the

same time, recent success in microfabrication of free-

standing complex oxide thin films21–25 opens the door to

potential production, study, and, ultimately, utilization of

such free-standing heterostructures. This, in turn, could open

new pathways for controlling and optimizing ferroelectric

phases, creating phase competition which ultimately can

increase susceptibilities (including dielectric, piezoelectric,

and pyroelectric responses).

With this in mind, we study the evolution of ferroelec-

tric phases and pyroelectric coefficients of free-standing,

non-ferroelectric/BaTiO3/non-ferroelectric trilayer hetero-

structures, with particular attention to the role of tempera-

ture, in-plane misfit strain, and the elastic compliances and

volume fractions of the layers in determining the phase evo-

lution and properties. The free-standing trilayer heterostruc-

tures were compared to two reference structures: (1) bulk

BaTiO3 (volume fraction of ferroelectric ¼ 1) and (2) thin-

film BaTiO3 on a rigid, semi-infinite thick substrate (volume

fraction of ferroelectric approaching 0). After down-

selection of a number of candidate materials, we demon-

strate how free-standing NdScO3/BaTiO3/NdScO3 hetero-

structures can provide a pathway to access a diverse range
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of near-room-temperature stable phases and provide guid-

ance for the experimental design of multilayers with

enhanced pyroelectric coefficients.

II. MODEL AND FORMALISM

We use a thermodynamic formalism based on Ginzburg-

Landau-Devonshire theory for a symmetric trilayer system

composed of a ferroelectric and two identical non-

ferroelectric layers in intimate contact akin to that developed

in Ref. 19. The models in this work assume short-circuit

boundary conditions in which the polarization mismatch

between layers is electrostatically decoupled26 and the depo-

larization field can be neglected. It is assumed, for these

models, that the presence of the electrodes does not change

the mechanical boundary conditions. In this approach, we

minimize the free energy with respect to polarization under

various stain states and temperatures [Eq. (1)] and using the

equilibrium polarization P0
i calculate the pyroelectric coeffi-

cients pi [Eq. (2)]

@GR=@Pi ¼ 0; (1)

pi ¼
dP0

i

dT
: (2)

In particular, we consider a homogeneous, monodomain,

epitaxial ferroelectric BaTiO3 layer in contact with (001)-

oriented cubic, non-ferroelectric layers and express the total

free energy density of the heterostructure as

GRðPi; um; TÞ ¼ /F � GF þ /NF � GNF

¼ /F � ½G0ðTÞ þ GLðT;PiÞ
þ GELðPi; umÞ� þ /NF � GNFðumÞ; (3)

where GF and GNF are the total energy density of the ferro-

electric and non-ferroelectric layers, respectively, G0 and GL

are the free energy density of the paraelectric and ferroelec-

tric state of the ferroelectric layer, respectively, GEL is

the elastic energy density in the ferroelectric layer due to

internal strains,27 um is the in-plane misfit strain calculated

as um ¼ aNF�aF

aNF
, aNF and aF are the equivalent cubic lattice

parameters of the non-ferroelectric and ferroelectric layers,

respectively, Pi are the components of the polarization vec-

tor, T is the temperature, and /F and /NF are the volume

fraction of the ferroelectric and non-ferroelectric layers,

respectively (where /F� 0 and ¼ 1 correspond to a ferro-

electric thin film on a semi-infinite substrate and a bulk-like

ferroelectric, respectively). The general expression of each

term of the total free energy density is shown as28

GL ¼ G0 þ a1ðP2
1 þ P2

2Þ þ a3P2
3 þ a11ðP4

1 þ P4
2Þ þ a33P4

3 þ a12P2
1P2

2 þ a13ðP2
1 þ P2

2ÞP2
3

þ a111ðP6
1 þ P6

2 þ P6
3Þ þ a112½P2

1ðP4
2 þ P4

3Þ þ P2
2ðP4

1 þ P4
3Þ þ P2

3ðP4
1 þ P4

2Þ� þ a123P2
1P2

2P2
3

þ a1111ðP8
1 þ P8

2 þ P8
3Þ þ a1112½P6

1ðP2
2 þ P2

3Þ þ P6
2ðP2

1 þ P2
3Þ þ P6

3ðP2
1 þ P2

2Þ�

þ a1122ðP4
1P4

2 þ P4
2P4

3 þ P4
1P4

3Þ þ a1123ðP4
1P2

2P2
3 þ P2

1P4
2P2

3 þ P2
1P2

2P4
3Þ; (4)

GEL ¼
1

2
Cijkl eij � QijmnPmPnð Þ ekl � Qklm0n0Pm0Pn0ð Þ; (5)

GNF ¼
1

2
Cijkleijekl; (6)

where ai, aij, aijk, and aijkl are dielectric stiffness coefficients,

Qijmn are the cubic electrostriction coefficients, and Cijkl are

the cubic elastic stiffness values at constant dielectric dis-

placement. The mechanical boundary conditions are

/F

@GF

@eF
ij

þ /NF

@GNF

@eNF
ij

¼ 0 i; j ¼ 1; 2ð Þ;

@GF

@eF
i3

¼ 0 i ¼ 1� 3ð Þ; @GF

@eNF
i3

¼ 0 i ¼ 1� 3ð Þ; (7)

where eF
ii ¼ eNF

ii þ umði ¼ 1; 2Þ; eF
12 ¼ eNF

12 .

The free energy density, achieved by substituting Eqs.

(4)–(7) into Eq. (3), is

GR ¼/F � fG0 þ ~a1ðP2
1 þ P2

2Þ þ ~a3P2
3 þ ~a11ðP4

1 þ P4
2Þ þ ~a33P4

3 þ ~a12P2
1P2

2 þ ~a13ðP2
1 þ P2

2ÞP2
3

þ a111ðP6
1 þ P6

2 þ P6
3Þ þ a112½P2

1ðP4
2 þ P4

3Þ þ P2
2ðP4

1 þ P4
3Þ þ P2

3ðP4
1 þ P4

2Þ� þ a123P2
1P2

2P2
3

þ a1111ðP8
1 þ P8

2 þ P8
3Þ þ a1112½P6

1ðP2
2 þ P2

3Þ þ P6
2ðP2

1 þ P2
3Þ þ P6

3ðP2
1 þ P2

2Þ�

þ a1122ðP4
1P4

2 þ P4
2P4

3 þ P4
1P4

3Þ þ a1123ðP4
1P2

2P2
3 þ P2

1P4
2P2

3 þ P2
1P2

2P4
3Þ

þ 2/NFu2
m=½ðSNF

11 þ SNF
12 Þ � /F þ ðSF

11 þ SF
12Þ � /NF�g; (8)

where ~ai and ~aij are the renormalized dielectric stiffness coefficients expressed as19
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~a1 ¼ a1 �
Q11 þ Q12ð Þ/NFum

SNF
11 þ SNF

12

� �
� /F þ SF

11 þ SF
12

� �
� /NF

; ~a3 ¼ a1 �
2Q12/NFum

SNF
11 þ SNF

12

� �
� /F þ SF

11 þ SF
12

� �
� /NF

~a11 ¼ a11 þ
Q2

11 þ Q2
12

� �
SF

11 � 2Q11Q12SF
12

2 SF
11

� �2 � SF
12

� �2
h i � Q11 þ Q12ð Þ2/F SNF

11 þ SNF
12

� �

4 SF
11 þ SF

12

� �
SNF

11 þ SNF
12

� �
� /F þ SF

11 þ SF
12

� �
� /NF

h i

� Q11 � Q12ð Þ2/F SNF
11 � SNF

12

� �

4 SF
11 � SF

12

� �
SNF

11 � SNF
12

� �
� /F þ SF

11 � SF
12

� �
� /NF

h i

~a12 ¼ a12 þ
2Q11Q12SF

11 � Q2
11 þ Q2

12

� �
SF

12

SF
11

� �2 � SF
12

� �2
þ Q11 � Q12ð Þ2/F SNF

11 � SNF
12

� �

2 SF
11 � SF

12

� �
SNF

11 � SNF
12

� �
� /F þ SF

11 � SF
12

� �
� /NF

h i

� Q11 þ Q12ð Þ2/F SNF
11 þ SNF

12

� �

2 SF
11 þ SF

12

� �
SNF

11 þ SNF
12

� �
� /F þ SF

11 þ SF
12

� �
� /NF

h iþ Q2
44/NF

2 SNF
44 � /F þ SF

44 � /NF

� �

~a13 ¼ a12 þ
Q11 þ Q12ð ÞQ12/NF

SNF
11 þ SNF

12

� �
� /F þ SF

11 þ SF
12

� �
� /NF

h i ; ~a33 ¼ a11 þ
Q2

12/NF

SNF
11 þ SNF

12

� �
� /F þ SF

11 þ SF
12

� �
� /NF

h i : (9)

In Voigt notation, Qij are the electrostrictive coefficients

and Sij are the elastic compliances which can be transformed

from Cij. In the context of this work, the value Sij is determined

by S11¼ (C11þC12)/(C11�C12)(C11þ 2C12), S12¼�C12/

(C11�C12)(C11þ 2C12), and S44¼ 1/C44. The values of Cij

and Sij for various materials are listed in Tables I and II.

The Landau coefficients and thermodynamic properties used in

Eq. (9) are listed in Table III.28

The differences in the dielectric stiffness coefficients

[Eq. (9)] in the trilayer heterostructure compared with its

bulk ferroelectric counterpart are due to the elastic energy

contribution from the non-ferroelectric layers, which

depends on /F and Sij
NF (i.e., S11

NFþ S12
NF, S11

NF � S12
NF,

and S44
NF in this study). Our preliminary calculations show

that the variation of S44 has much less impact on the equilib-

rium polarization and phases than do S11
NFþ S12

NF and

S11
NF � S12

NF and therefore we will begin our discussion fo-

cusing on their influence on the phase evolution and pyro-

electric response.

III. RESULTS AND DISCUSSION

A schematic of the non-ferroelectric/ferroelectric/non-

ferroelectric trilayer heterostructure and the associated pa-

rameters is provided [Figure 1(a)]. The model used

incorporates a number of parameters including the Landau

coefficients and thermodynamic properties of the ferroelec-

tric layer, elastic compliance of the non-ferroelectric layers

(S11
NFþ S12

NF and S11
NF � S12

NF), the volume fractions of

the ferroelectric [/F] and non-ferroelectric [/NF¼ 1 � /F]

layers, as well as the temperature and misfit strain. Here we

fix the parameters for the ferroelectric layer to be those of

BaTiO3 (Table III).

We obtain the temperature–misfit strain phase diagram

for epitaxial, monodomain BaTiO3 films on semi-infinite,

non-ferroelectric substrates [Figure 1(b)] with the range of

misfit strain from �0.003 � um � 0.003 and temperatures

from 0 �C � T � 150 �C. Four stable phases are observed:

(1) paraelectric (p; P1¼P2¼P3¼ 0), (2) tetragonal with

polarization along [001] (c; P1¼P2¼ 0, P3 6¼ 0), (3) ortho-

rhombic with polarization along [110] (aa; jP1j ¼ jP2j 6¼ 0,

P3¼ 0), and (4) rhombohedral with the polarization along

[111] (r; jP1j ¼ jP2j 6¼ 0, P3 6¼ 0), all of which are consistent

with those reported previously.15 Although not overly impor-

tant, it should be noted that the symmetry of the r phase in

epitaxial films could be slightly distorted from its bulk equiv-

alent. For the same range of temperatures and misfit strain,

we also calculated the temperature–misfit strain phase

TABLE I. Elastic stiffness (unit: 1011 N/m2) of various oxides.

C11 C12 C44

BaTiO3
28 1.78 0.964 1.22

CoFe2O4
33 2.57 1.50 0.85

MgO34 2.959 0.954 1.539

CoAl2O4
33 2.905 1.703 1.38

SrTiO3
28 3.181 1.025 1.215

LaAlO3
35 3.37 1.51 1.21

NdScO3
36 3.079 1.467 1.078

GdScO3
37 2.94 1.63 1.03

DyScO3
38 3.024 1.244 1.039

TABLE II. Elastic compliances (unit: 10�12 m2/N) of various oxides

with relations between Sij and Cij in this work, S11 ¼ ðC11þC12Þ
ðC11�C12ÞðC11þ2C12Þ ;

S12 ¼ �C12

ðC11�C12ÞðC11þ2C12Þ ; and S44 ¼ 1
C44

.

S11 S12 S11þ S12 S11-S12 S44

BaTiO3
28 9.069 �3.186 5.882 12.255 8.197

CoFe2O4
33 6.829 �2.517 4.312 9.346 11.765

MgO34 4.010 �0.978 3.032 4.988 6.498

CoAl2O4
33 6.074 �2.245 3.829 8.319 7.246

SrTiO3
28 3.729 �0.909 2.820 4.638 8.230

LaAlO3
35 4.106 �1.270 2.836 5.376 8.264

NdScO3
36 4.690 �1.513 3.177 6.203 9.276

GdScO3
37 5.627 �2.007 3.620 7.634 9.709

DyScO3
38 4.350 �1.268 3.082 5.618 9.625

244101-3 Zhang, Agar, and Martin J. Appl. Phys. 118, 244101 (2015)
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diagram for free-standing epitaxial, monodomain non-ferro-

electric/BaTiO3/non-ferroelectric trilayer heterostructures

assuming equal elastic compliances and volume fractions of

the layers (i.e., Sij
F¼ Sij

NF, and /F¼ 0.5) [Figure 1(c)].

Consistent with previous studies,19 two new phases are

found: (1) tetragonal with polarization along [100] or [010]

(a; P1 6¼ 0, P2¼P3¼ 0 or P1¼P3¼ 0, P2 6¼ 0, respectively)

and (2) orthorhombic with polarization along [101] or [011]

(ac; jP1j 6¼ 0, jP2j ¼ 0, and P3 6¼ 0 or jP1j ¼ 0, jP2j 6¼ 0, and

P3 6¼ 0). This demonstrates that the free-standing multilayer

heterostructures provide the possibility for phases with ani-

sotropic, in-plane polarization to be produced, which are

known to be difficult to stabilize for thin films on thick, cubic

substrates. Additionally, the stability range for the c phase in

the free-standing trilayer heterostructure extends from com-

pressive strains into small tensile strains and potentially can

be further tuned by selection of the non-ferroelectric layers.

The volume fraction–misfit strain phase diagram, at

T¼ 25 �C within the misfit strain range from �0.003 � um �
0.003 and volume fractions from 0 � /F � 1, has also been

calculated for the epitaxial, monodomain non-ferroelectric/

BaTiO3/non-ferroelectric trilayer heterostructures assuming

equal elastic compliances between the layers (i.e., Sij
F

¼ Sij
NF) [Figure 2(a)]. In this case, five stable phases are

found. Under relatively large compressive strains, the stable

phase is always the c phase, independent of /F and um; that

stability range also extends to small tensile strains as /F

increases. As one moves into the small compressive and ten-

sile strain regime, the phase diagram becomes more compli-

cated and competition between five ferroelectric phases a,

aa, ac, c, and r is observed. In this regime, in general, as /F

increases, the effect of the non-ferroelectric layers on the

ferroelectric layer decreases, resulting in the stabilization of

a and ac phases. At /F� 1, the stable phases in the diagram

correspond to those of bulk-like BaTiO3. Thus, by varying

both the volume fraction and the misfit strain within the

free-standing non-ferroelectric/ferroelectric/non-ferroelectric

trilayer heterostructures, one can provide an interesting path-

way to manipulate the phase of the BaTiO3.

In the phase diagrams we have studied thus far, we have

assumed equal elastic compliances of the layers (i.e., Sij
F

¼ Sij
NF). From here, we can also proceed to explore the

evolution of phase diagrams under an assumption of equal

volume fractions (i.e., /F¼ 0.5) with changing elastic com-

pliances of the non-ferroelectric layers (S11
NFþ S12

NF) and

misfit strain (um). The larger the magnitude of Sij, the more

compliant (i.e., less stiff) the material is.29 In this study, it is

convenient to analyze the effect of compliances of the non-

ferroelectric materials using the two parameters S11
NF

þ S12
NF and S11

NF � S12
NF [Eq. (7)]. In this spirit, we pro-

vide phase diagrams at two values of S11
NF � S12

NF (12.25

� 10�12 m2/N [Figure 2(b)] and 5.38 � 10�12 m2/N [Figure

2(c)]) across a range of S11
NFþ S12

NF from 0–8 � 10�12 m2/

N, based on the magnitudes of Sij we obtained from a survey

of oxide materials [Tables I and II]. It is found in both cases

[Figures 2(b) and 2(c)], unsurprisingly, that c and aa are the

equilibrium phases at large compressive or tensile strain,

respectively, regardless of the compliances of the non-

ferroelectric layers. As in the previous case studied above,

the ac and r phases are only stable at small or intermediate

TABLE III. Thermodynamic and elastic coefficients of BaTiO3 (tempera-

ture T in �C).28

a1 (105 m2 N/C2) 4.124 (T�115) a1122 (1010 m14 N/C8) 1.637

a11 (108 m6 N/C4) �2.097 a1123 (1010 m14 N/C8) 1.367

a12 (108 m6 N/C4) 7.794 Q11 (m4/C2) 0.1

a111 (109 m10 N/C6) 1.294 Q12 (m4/C2) �0.034

a112 (109 m10 N/C6) �1.950 C11 (1011 N/m2) 1.78

a123 (109 m10 N/C6) �2.5 C12 (1011 N/m2) 0.964

a1111 (1010 m14 N/C8) 3.863 C44 (1011 N/m2) 1.22

a1112(1010 m14 N/C8) 2.529

FIG. 1. (a) Schematic of the non-ferro-

electric/ferroelectric/non-ferroelectric

trilayer heterostructure. Temperature–

misfit strain phase diagram of BaTiO3

films on (b) semi-infinite substrates

(/F� 0) and (c) substrates with the

same thickness with the film (/F¼ 0.5)

assuming equal elastic compliances

between layers (Sij
F¼ Sij

NF).
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strains. For the same magnitude of S11
NF � S12

NF, the ranges

of strains where ac and r phases are stable shrink as the non-

ferroelectric layers are made more compliant (i.e., larger

magnitude of S11
NFþ S12

NF). Comparing the two diagrams

associated with the two values of S11
NF � S12

NF, it is

observed that the phase boundary between the ac and r
phases shifts as a function of S11

NF � S12
NF, while the phase

boundaries between the c/ac and r/aa phases are essentially

independent of S11
NF � S12

NF. This can be explained by the

fact that the magnitude of S11
NF � S12

NF represents the dif-

ference in compliances between two orthogonal in-plane

axes of the non-ferroelectric layers [Figure 1(a)] and pro-

vides information on how misfit strain can be different along

the two in-plane directions. The bigger that difference, the

more likely the ferroelectric phase is to possess unequal

polarization components along the two in-plane directions.

Therefore, as the magnitude of S11
NF � S12

NF increases, for

the same magnitude of S11
NFþ S12

NF, the stability regime of

the r phase, with isotropic in-plane polarization, is reduced

and the stability of the ac phase, with anisotropic in-plane

polarization, is enhanced.

From these results, it is clear that the majority of the

complexity and potential for interesting, near-phase-bound-

ary effects, which generally have enhanced susceptibilities,

will be found in the small strain regime in BaTiO3-based

free-standing trilayer heterostructures. From here, we have

examined the lattice parameters of a variety of commercially

available substrates (these materials were considered because

they are commonly used in the community and the elastic

constants are typically measured for these systems, thereby

enabling reliable usage in these models) and find that those

of NdScO3 (a¼ 5.770 Å, b¼ 5.579 Å, and c¼ 7.999 Å; cor-

responding to a pseudocubic lattice parameter of 4.008 Å)8,30

allow for maintenance of very small lattice misfit strain

(0.075%) with BaTiO3 (with lattice parameter of 4.005 Å)

and thus ready access to the regime of near-room-tempera-

ture enhanced properties. We note that the appropriate elastic

constants are not necessarily available for a large number of

candidate perovskite materials, thus limiting our survey in

some regard. Additionally, we focus on perovskite systems

because practical construction of these heterostructures

would require the ability to create high-quality heterostruc-

tures which requires materials with chemical and structural

compatibility to the ferroelectric layer. In this regard,

NdScO3 is a good material because it possesses a perovskite

structure and is known to enable the growth of high-quality,

multilayer structures.

Based on this observation, we have gone on to down-

select to study the phase diagram for (001)-oriented

NdScO3/BaTiO3/NdScO3 free-standing trilayer heterostruc-

tures as a function of temperature and volume fraction of the

BaTiO3. Calculation of the volume fraction–temperature

phase diagram [Figure 3(a)] reveals that all six phases noted

above are found to be stable in the NdScO3/BaTiO3/NdScO3

free-standing trilayer heterostructures. For relatively small

/F, the r phase is stable in the temperature range from 0 to

50 �C, and the phase evolves with increasing temperature

from r! aa! p and from r! aa! a! p with the former

occurring at a small /F and the latter at larger /F. As /F

increases further, the effect of the NdScO3 layers on the

BaTiO3 layer decreases, resulting in a multiplicity of equilib-

rium phases including r, aa, ac, a, and c phases as tempera-

ture is varied. For all magnitudes of /F at T	 136 �C, the

polarization is found to be entirely suppressed, corresponding

to the p phase in the diagram. The choice of non-ferroelectric

layers is critical for obtaining such phase competition. For

comparison, if one calculates the phase diagram using other

non-ferroelectric layers, for instance we calculated for both

DyScO3 and GdScO3 non-ferroelectric layers, the volume

fraction–temperature phase diagram of those free-standing

heterostructures reveals that only the c phase is stable with

the range of misfit strain from �0.003 � um � 0.003 and tem-

peratures from 0 �C � T � 150 �C. In general, it should be

possible to choose from a range of possible non-ferroelectric

layers and, if one controls things like the lattice parameter,

the elastic constants, the thermal expansion mismatch, etc.,

one can potentially exert considerable control on the system.

The current study is in no way meant to be an exhaustive

study, but only demonstrates the concept with known

materials.

FIG. 2. (a) Volume fraction–misfit strain phase diagram of non-ferroelectric/BaTiO3/non-ferroelectric free-standing trilayer heterostructure at T¼ 25 �C
assuming equivalent elastic compliances between the layers (Sij

F¼ Sij
NF). Elastic compliance–misfit strain phase diagram of non-ferroelectric/BaTiO3/non-fer-

roelectric free-standing trilayer heterostructure for (b) S11
NF � S12

NF¼ 12.25� 10�12 m2/N and (c) S11
NF � S12

NF¼ 5.38� 10�12 m2/N with equal layer thick-

ness (/F¼ 0.5) at T¼ 25 �C.
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In order to better understand the characteristics of these

various phase transitions, the magnitude of the total equilib-

rium polarization as a function of temperature and volume

fraction of BaTiO3 was calculated [Figure 3(b)] and, to illus-

trate the nature of the phase transitions, temperature-

dependent slices at /F� 0, 1 [Figure 3(c)] and /F¼ 0.4, 0.5,

and 0.7 [Figure 3(d)] are provided. For /F� 0 (i.e., thin-film

BaTiO3 on a semi-infinite NdScO3 substrate), the phase

sequence with increasing temperature is the same as those

shown before [Figure 1(a)], r! aa! p in which the r! aa
and aa ! p phase transitions are weakly 1st and 2nd order,

respectively. For /F¼ 1 (i.e., akin to bulk-like BaTiO3), the

phase sequence with increasing temperature is ac (aa)! c (a)

! p in which ac (aa) ! c (a) and c (a) ! p phase transi-

tions are weakly and strongly 1st order, respectively. From

here, we can explore what happens at three intermediate

volume fraction values (/F¼ 0.4, 0.5, and 0.7) to illustrate

some of the phase transitions present in this system.

/F¼ 0.7, in particular, is the volume fraction at which the

most phase transitions occur in the diagram [Figure 3(d)].

The three curves in Figure 3(d) are shown in such a way that

the coordinate where total polarization is zero for the orange

(/F¼ 0.4), red (/F¼ 0.5), and green (/F¼ 0.7) curves cor-

responds to 0, 0.1, and 0.2 C/m2 on the vertical axis, respec-

tively. At /F¼ 0.5, the phase sequence with increasing

temperature is r ! aa ! a ! p [red curve, Figure 3(d)].

Note that this phase sequence is different from that reported

in Figure 1(c), because of the fact that NdScO3 (S11¼ 4.69

m2/N, S12¼�1.513 m2/N) is less compliant than BaTiO3

(Table II), while the compliance of the layers in Figure 1(c)

was assumed to be equivalent. Likewise, if one reduces the

fraction of BaTiO3 (/F¼ 0.4), allowing the NdScO3 to have

a greater impact on the structure, the stability ranges of the r
and aa phases are extended [orange curve, Figure 3(d)]. On

the other hand, increasing the volume fraction of the

BaTiO3 (/F¼ 0.7) reduces the influence of the NdScO3,

resulting in a more complex phase evolution containing

additional ac and c phases [green curve, Figure 3(d)].

Such a complex phase diagram could, in turn, be advan-

tageous for the design of high-performance pyroelectric

responses in the system since near phase boundaries these

susceptibilities are generally enhanced. We have separately

calculated the pyroelectric coefficients under zero electrical

field along all three cardinal directions of the lattice ([100],

[010], and [001], respectively) [Figures 4(a)–4(c)]. For the

pyroelectric coefficient (pi) along [100] [Figure 4(a)], the

largest pyroelectric coefficient occurs in the temperature

range from 115 to 135 �C and across all /F. The magnitude

of the largest pyroelectric coefficient is found to be at /F

close to 1. For the pyroelectric coefficient along [010]

[Figure 4(b)], in contrast, has the largest pyroelectric coeffi-

cients in the regime from 100 to 135 �C within a much nar-

rower range of /F from 0–0.5. This result is primarily due

to the absence of polarization and therefore pyroelectric

coefficient along [010] in the a phase. The magnitude of the

pyroelectric coefficients along both [100] and [010] remains

	0.002 C/m2 �C even as the temperature is decreased by

40–50 �C from the Curie temperatures a relatively wide tem-

perature range to observe such a large pyroelectric response.

For the pyroelectric coefficient along [001] [Figure 4(c)], the

largest pyroelectric coefficient is found in the regime from

40 to 50 �C, within the range of /F from 0 to 0.4. The tem-

perature range where the pyroelectric coefficient along [001]

is 	0.002 C/m2 �C K is narrower and only extends to about

5 �C below the Curie temperature. At constant /F, the magni-

tude of the pyroelectric coefficients along each of the three

directions reaches a maximum within a very narrow tempera-

ture resulting in a phase boundary where the value of dPi/dT

FIG. 3. Temperature–volume fraction

(a) ferroelectric phase diagram and (b)

total equilibrium polarization of a

NdScO3/BaTiO3/NdScO3 trilayer het-

erostructure. Equilibrium polarization

as a function of temperature for

NdScO3/BaTiO3/NdScO3 trilayer het-

erostructures of (c) /F� 0 and 1 and

(d) /F¼ 0.4, 0.5, and 0.7 with the ori-

gin of the vertical axis coordinate at 0,

0.1, and 0.2 C/m2, respectively.
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is quite large.31 At T¼ 25 �C, the magnitude of the pyroelec-

tric coefficients along the three directions, in general, is found

to be in the range from 0.2� 10�3 to 1.0� 10�3 C/m2 �C K.

In contrast to bulk BaTiO3,32 the pyroelectric responses of

free-standing NdScO3/BaTiO3/NdScO3 trilayer heterostruc-

tures [Figure 4] exhibit a relatively wide temperature range

for large pyroelectric response and the flexibility to adjust the

volume fraction of the layers enables one to be able to tune

the temperature of the maximum pyroelectric response from

>100 �C down to as low as room temperature.

IV. CONCLUSIONS

We have investigated free-standing non-ferroelectric/

ferroelectric/non-ferroelectric trilayer heterostructures using

a nonlinear thermodynamic model. Using BaTiO3 as the fer-

roelectric layer, we explored the phase diagram as a function

of temperature, in-plane misfit strain, and the elastic compli-

ances and volume fraction of the non-ferroelectric layers. In

the phase diagram of the BaTiO3-based, free-standing tri-

layer heterostructures, six phases are found to be stable, two

of which are not observed for thin films on semi-infinite

cubic substrates. The new a and ac phases appear at rela-

tively large volume fractions of the non-ferroelectric layers

and at small or intermediate strains. The range of strains

where ac and r phases are stable is made smaller as the non-

ferroelectric layers are made more compliant, while only the

phase boundary between ac and r phases shifts as a function

of the differences in compliances between two orthogonal

in-plane axes of each layer. All six phases with volatile

phase boundaries are found in the phase diagram for

NdScO3/BaTiO3/NdScO3 trilayer heterostructure. The evolu-

tion of polarization and phase sequences as a function of

temperature and volume fraction of the layers are demon-

strated and compared with bulk BaTiO3 and BaTiO3 films on

semi-infinite NdScO3 substrates. Relatively large pyroelec-

tric susceptibilities are found in NdScO3/BaTiO3/NdScO3

trilayer heterostructure within specific temperature and vol-

ume fraction ranges. These results provide a pathway to

access stable ferroelectric phases and to guide experimental

design of multilayers with potentially new phases which can

produce pyroelectric responses not possible in heterostruc-

tures with semi-infinite non-ferroelectric layers.
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