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Electrodes controlling the “misfit strain-temperature” phase diagrams of symmetric ferroelectric
tunneling junctions or capacitors have been investigated. Taking into account effect of the imperfect
charge screening in electrodes, it is found that the phase diagrams can be significantly shifted with
changing coefficients of electrodes. Results about the dielectric constants also indicate promising
controllability of other properties for ferroelectric tunnel junction or capacitor by adjusting
electrodes. © 2011 American Institute of Physics. �doi:10.1063/1.3591163�

Nanoscale electrode-ferroelectric-electrode heterostruc-
tures, such as ferroelectric tunnel junction �FTJ� and ferro-
electric capacitor �FC�, have shown important electronic
properties.1–5 It is well known that properties of FTJ or FC
can be significantly affected by many factors, such as thick-
ness, surface and interface, etc.6–10 According to recent
works, critical properties of FTJ and FC are also obviously
affected by properties of electrodes. For example, a critical
thickness has been found in SrRuO3 /BaTiO3 /SrRuO3 ca-
pacitor. The depolarization field due to the imperfect charge
screening in electrodes was summarized as a main reason to
suppress ferroelectricity.11 Similarly, Umeno et al.12 investi-
gated the spontaneous polarization in the Pt /PbTiO3 /Pt ca-
pacitor, and demonstrated that the critical thickness exists
due to effect of the charge screening in electrodes. More
importantly, Kim et al.13 demonstrated stability of the spon-
taneous polarization can be determined by properties of elec-
trodes. Zheng et al.14 derived analytic expressions about the
critical properties as functions of coefficients of electrodes.

For BaTiO3 and PbTiO3 single-domain thin films epi-
taxially grown on substrates, the “misfit strain-temperature”
�MST� phase diagrams have been constructed.15 Subse-
quently, Morozovska et al.16 gave analytical expressions of
the phase diagram for a ferroelectric thin film �FTF�. Using
the phase field simulations, the phase diagrams as function of
the FTF thickness have also been investigated.17,18 Up to
now, a systematic investigation of electrodes effect on the
MST phase diagrams of FTJ or FC has not yet been given. In
this paper, we report electrodes controlling the MST phase
diagrams of FTJ or FC. With changing electrodes, it is found
that the MST phase diagrams as well as the dielectric prop-
erty of FTJ or FC can be significantly affected as function of
coefficients of electrodes.

We consider a configuration of a symmetric FTJ or FC
with a single-domain ABO3-type FTF of thicknesses h sand-
wiched by electrodes each of thickness L /2 �see Fig. 1�.
Under the short-circuit boundary condition, compensation
charges with screening length le are induced in the elec-
trodes. The spontaneous polarization P= �P1 , P2 , P3� is de-
fined as polarization from the permanent electric moment.
Therefore, the electric displacement field D at constant ap-

plied stress and temperature can be expressed in terms of the
linear-part induced polarization PE and nonlinear-part spon-
taneous polarization P as D=�0E+PE+P=�0E+�bE+P
=�bE+P, where �b and �b are the background susceptibility
and dielectric constant tensor of the background
materials.19,20 Since the background material is the paraelec-
tric phase, which is a cubic crystal structure, and the back-
ground dielectric constants in three axis directions are the
same, i.e., �b=�11b=�22b=�33b.

Taking into account effects of mechanical stresses, sur-
faces, and electric fields, the total free energy of the ferro-
electric materials in nanoscale can be given as sum of bulk
free energy, elastic energy, electric energy, and surface en-
ergy. For a FTF epitaxially grown on substrate, the sum of
its bulk free energy density fbulk and elastic energy density
felastic can be given by,15,18,21–24
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FIG. 1. �Color online� �a� Schematic configuration of a typical FTJ with the
short-circuit boundary condition. Atomic structures of FTJ with �b� Pt and
�c� SrRuO3 symmetric electrodes, respectively.
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+ �s11 + s12�−1um
2 , �1�

where the dielectric stiffness �1��T−Tc0� / �2�0C0� and the
second order stiffness coefficients �ij at constant stress
have been renormalized into �i

� and �ij
� by the misfit strain

um,15,18,25 and �ijk are higher order stiffness coefficients; sij
and Qij are the elastic compliance coefficients and electros-
trictive coefficients, respectively. Note that um should be con-
sidered as the thickness-dependent effective misfit strain
with appearance of the interfacial dislocations for a thick
film epitaxially grown on substrate10 because the misfit strain
relaxation would happen for the film thickness above a criti-
cal thickness of the interfacial dislocation generation.

For a FTJ or FC, we assume that the x and y dimensions
are infinite, so we only consider the depolarization field
along the z direction. In the absence of external electric
field, the internal electric field is equal to the depolarization
field and can be expressed as Ed=−�b

−1�1−��P3 with �
�h�b

−1�2le�e
−1+h�b

−1�−1, where �e is the dielectric constant of
electrode.13,14 It can be seen that the depolarization field is
determined by ratio of the screening length and the dielectric
constant, i.e., �e= le�e

−1, for the FTF with a fixed thickness.
Using Landau and Lifshitz functional,21 the electric energy
density felec should be expressed as felec=−P3Ed− �1 /2��bEd

2.
The surface contribution to the energy should be consid-

ered, which contains the effect of any near-interface variation
in polarization and describes the direct coupling between the
polarization and interface. In this letter, we define this energy
as the surface energy, which can be written as a Taylor
expansion.22 Retaining the two lowest terms of the Taylor
expansion, the surface energy density fsurf for a FTJ or FC is
approximately given by fsurf= ��1i−�2i�Pi+ ��1i+�2i�Pi

2 /2,
where coefficients of the surface energy expansion for the
two FTF surfaces are denoted as �1i, �1i, and �2i, �2i with
respect to Pi, respectively. In case of symmetric electrodes
and interfaces, we set �1i=�2i=� and �1i=�2i=� in present
letter.

From what has been discussed above, the total free en-
ergy of a symmetric FTJ or FC is contributed from fbulk,
felastic, felec, and fsurf and can be given by,
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where S represents the area of the upper or lower surface
plane of FTF. �d reflects the effect of depolarization field and
can be written as �d=�b

−1�1−�2�. Minimization of the total
free energy with respect to the polarization components, the
equilibrium spontaneous polarizations can be solved by the
following equations, i.e., �F /�Pi=0.

As can be seen from Eq. �2�, the second-order coeffi-
cients of the free energy expression are renormalized by the
surface effect and depolarization field. According to Pertsev

and co-workers,23 we introduce the effective temperature T̃
and effective misfit strain ũm so that the second-order coef-

ficients can be written as �1
��T ,um�+� /h=�1

��T̃ , ũm� and

�3
��T ,um�+�d /2+� /h=�3

��T̃ , ũm�. If other coefficients of
the free energy expression are independent of temperature
and the misfit strain, such as the six-order approximated
free energy expression for PbTiO3 �Ref. 15� and the eight-
order approximated one for BaTiO3,24 we can derive tem-
perature and the misfit strain shift of the MST phase diagram
due to the depolarization field and surface effects, i.e.,
�T=2�0C0��d�Q11+Q12��Q12−Q11�−1 /2−�h−1� and �um

=�d�s11+s12��Q12−Q11�−1 /2, where �T�T− T̃ and �um

�um− ũm.25 However, this construction of the MST phase
diagram does not work for the six-order approximated free
energy expression of BaTiO3 �Ref. 15� since �11 and �113 are
also temperature-dependent.

In following calculations, we consider PbTiO3 and
BaTiO3 FTFs sandwiched between symmetric electrodes,
i.e., SrRuO3 and Pt, etc. Values of expansion coefficients of
the six-order approximated potential for PbTiO3 and BaTiO3,
including electrostrictive coefficients and elastic compliance
coefficients are from Ref. 15. Those of the eight-order
approximated potential for BaTiO3 can be found in Ref. 24.
For SrRuO3 and Pt electrodes, ratio of the dielectric constant
and screening length �e are taken as 0.93 F−1 m2 and
1.33 F−1 m2, respectively.3 The background dielectric con-
stant and coefficient about surface effect are listed as �b
	50�0 �Ref. 14� and �0�	0.01	10−10 m.22

FIG. 2. �Color online� Phase diagrams of PbTiO3 FTJ or FC of thicknesses
10nm and 20nm �inserted figure� with various electrodes.

FIG. 3. �Color online� Phase diagrams of 20–nm-thick BaTiO3 FTJ or FC
with various electrodes. The inserted figure depicts those obtained using the
eight-order approximated potential.
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Effects of electrodes on MST phase diagrams of 10-nm-
thick and 20-nm-thick PbTiO3 thin film are shown in Fig. 2
and inserted figure therein, respectively, where �e=0 means
the perfect charge screening and the depolarization field can
be neglected. In order to have a comparison, MST phase
diagram of a relative thick film �i.e., h=100 nm� on which
the size effects are negligible, is also plotted. It can be seen
that the surface effect shifts the whole MST phase diagram to
lower temperature. Taking into account effect of the depolar-
ization field, Fig. 2 also shows that the whole phase diagram
in is shifted along the transition line between the paraelectric
phase and aa-phase to lower temperature and more negative
misfit strain, and indicates that larger �e makes the in-plane
polarization state, i.e., aa-phase, more energetic favor. Com-
paring Fig. 2 with the inserted figure, we can also find that
electrode changing induces more significant shifts of the
MST phase diagram in thinner FTF. We would like to com-
pare the effects of the depolarization field due to imperfect
charge screening and that induced by a finite gap between the
FTF and ideal electrode.10 For a 10-nm-thick PbTiO3 FTF,
the Curie temperature of the out-of-plane polarization due to
the imperfect charge screening is estimated to be lowered by
�d�0C0 �see Eq. �2��, e.g., 
435 K for SrRuO3 electrodes
and 
593 K for Pt electrodes, which is comparable with
shift of the Curie temperature caused by a 0.5 Å vacuum gap
in Morozovska et al.’s work.10

Using a six-order approximated potential, similar shifts
of the MST phase diagrams of 20–nm-thick BaTiO3 FTFs
are also observed as shown in Fig. 3. However, different
from the whole shifts of phase diagrams of PbTiO3 FTFs
without changing the relative positions of the transition lines,
Fig. 3 shows that r-phase of BaTiO3 FTFs obviously shrinks
with �e increasing, and disappears in the whole range of
temperature and misfit strain as �e
0.2. This shrinking of
r-phase is due to the temperature-dependent and �11 and �113
in six-order approximated potential. More significant shifts
of the MST phase diagram in thinner �113 are also observed.
Using the eight-order approximated potential, the inserted
figure in Fig. 3 depicts the phase diagrams of 20–nm-thick
BaTiO3 FTF.

Influences of electrodes changing on the dielectric con-
stant �33 T=300 K are shown in Fig 4 and the inserted figure

for 20-nm-thick BaTiO3 and PbTiO3 FTFs, respectively. It
can be seen that the phase transition temperature obviously
shifts to the lower temperature with �e increasing and the
dielectric constants are very sensitive to coefficient �e of
electrodes. Similar behaviors of electrode controlling other
dielectric constants of FTJ or FC are also observed.

In summary, we have investigated electrodes controlling
the MST phase diagrams of symmetric FTJ or FC. It is found
that significant shifts of the MST phase diagrams can be
obtained with coefficients of electrodes changing, i.e., ratio
of the screening length and dielectric constant. Results about
the dielectric constants also indicate promising controllabil-
ity of other properties by adjusting electrodes.
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