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A “misfit strain-temperature” phase diagram for BiFeOj; thin film was constructed based on the
Landau-Devonshire theory with the mechanical substrate effect. It is found that the polarization
instabilities result in the formation of the monoclinic phases in BiFeO; thin films. The effective
substrate lattice parameter has been introduced to calculate the film thickness dependence of the
polarization and the dielectric constants. The theoretical results are in agreement with the
experimental data for the thickness dependence of ferroelectric properties of the BiFeO; epitaxial
thin films on SrTiO5; and Si substrates. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2920192]

Multiferroic materials have recently attracted great atten-
tion in the development of multifunctional materials. One of
the key materials is the BiFeO; (BFO), which possesses the
coexistence of ferroelectric and antiferromagnetic order and
is characterized by the ferroelectric Curie temperature T-
~830 °C and antiferromagnetic Néel temperature Ty
~370 °C."* The bulk BFO single crystal has been shown to
possess a rhombohedra perovskite structure (a=b=c
=5.63 A, a=B=y=59.4°) at room temperature, which be-
longs to the space group R3c¢.>* The spontaneous polariza-
tion P, of the single crystal is oriented along the [111],
direction at 77 K with a value of 6.1 uC/cm?. > Much larger
ferroelectric polarizations have been reported in epitaxial
thin films of BFO.*’ The remnant polarization of
50—60 uC/cm? was measured in the 200-nm-thick BFO thin
film grown by pulsed laser deposition onto the (100), single
crystal SrTiO; (STO) substrate.’® A 200-nm-thick BFO thin
film on Si substrate with STO as a template layer was char-
acterized by the remnant polarization of about 45 uC/cm?. !
Moreover, the phase-pure 200-nm-thick BFO films oriented
along the (001),, (110),, and (111), directions have the rem-
nant polarizations of 55, 80, and 100 uC/ cm?, respectively,
with the conducting perovskite oxide bottom electrodes
SrRuO; (SRO) on STO substrate.® Recently, a monoclinic
structure in the epitaxial BFO thin film deposited on DyScO3
substrate was reported as well.”

For epitaxial systems, the substrate-induced strains have
been proven to have great influence on the ferroelectric prop-
erties of ferroelectric materials.'>"* The dependence of
physical properties on misfit strain was carried out by using
Landau-Devenshire (LD) phenomenological theory.13’14 It
was shown that the appearance of unusual phases and phase
transformations result from the epitaxial-induced internal
stresses.'* Based on an assumption of a tetragonal BFO thin
film structure, the film thickness effect was described for
BFO thin film grown on the (001),-oriented STO substrate."’
Another recent report described the effects of various
substrate-induced strains on the spontaneous polarizations of
BFO, mainly on strain and orientation effects.'®
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In this letter, misfit strain-temperature phase diagrams
were developed to describe the film thickness dependence of
ferroelectric properties for the epitaxial (001), BFO films,
using the frame of LD model with consideration of the effect
of film thickness.'*'” In the calculations, we did not include
the magnetic effect and the coupling between magnetic order
and ferroelectric orders at the first step, owing to a relative
weak magnetic order compared to a stronger ferroelectric
one. In constructing the misfit strain-temperature phase dia-
gram for BFO thin film, we consider that a single domain
(001), BFO film epitaxially grows in the cubic paraelectric
phase on the thick cubic substrate under short-circuit electri-
cal boundary conditions. The thermodynamic potential of
pseudocubic BFO film is expressed as the function of polar-
ization P(i=1,2,3), temperature 7T, misfit strain u,,=(a;
—ay)/a,, where ay is the in-plane lattice parameter for sub-
strate and ay is the equivalent cubic lattice constant of the
free standln% film. The expression of thermodynamic poten-
tial follows,

G=d[(P{+P3) +d,P;+a; (P} +P3) +a,,P}
2
% u
+a),(PIP3+ P3P3) +a},P1Py+ —"—, (1)
; Sii+Sxn
with the following renormalized coefficients of the free en-
ergy expansion:

Seg g 200
1~ %1 Ym s 3 Y1
Sii+Si

201,

m b
S+

1
aTl=a11 2S Sz <101, + 01)811 - 20110155111,

2
« 01
a33=a11+ N
Si+Sp

* —
Cl12—6112

$ S2 <101, + 01)S11 - 20110155 1,]
1

N O ,
2844

© 2008 American Institute of Physics


http://dx.doi.org/10.1063/1.2920192
http://dx.doi.org/10.1063/1.2920192
http://dx.doi.org/10.1063/1.2920192

182902-2

Ma et al.

1000

[0
o
o

Temperature [°C]
(o))
o
o

N
()
o
T
1

200 ; L . L : L ;
-2 -1 0 1 2

Misfit Strain, u_ [%]

FIG. 1. Misfit-temperature phase diagram of a (001). single-domain BFO
thin film grown on a cubic substrate.
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where a, is the dielectric stiffness, a;; and a;;; are the higher
order stiffness coefficients at constant stress, Q;; are the elec-
trostrictive coefficients, and S;; are the elastic compliances of
the film. a;=(T-T,)/2&,C, where T, and C are Curie—Weiss
temperature and constant of a bulk ferroelectric, and g is the
permittivity of the free space. Only a, is temperature depen-
dent and the other parameters are temperature independent.
Due to the lack of sufficient experimental data to obtain the
reliable values of all higher order coefficients especially that
for the sixth-order terms, the LG potential of Eq. (1) used
expansions only to the fourth order. The parameters and co-
efficients used for computation are mainly obtained by refer-
ring to the previous data published.l(”18 The theoretical re-
sults predicted by calculation are still in agreement with the
experimental ones as shown below.

Six phases in the numerical calculation were considered:
(i) paraelectric phase, where P,=P,=P;=0; (ii) the ¢ phase,
where P;=P,=0 and P;#0; (iii) the @ phase, where P,
#0, and P,=P5=0; (iv) the ac phase, where P, #0,P,=0,
and P;#0; (v) the aa phase, where P,=P,# 0 and P;=0;
and (vi) the r phase, where P;=P,# 0 and P;# 0. All of the

minima of é(um,,Pi,T) with respect to the components of
the polarization were calculated, and the phase with the
minimum free energy was selected as the stable phase shown
in Fig. 1.

There are some distinct features of the phase diagrams as
follows. (1) According to Fig. 1, the paraelectric phase, the ¢
phase, the r phase, and the aa phase appear in the examined
temperature and misfit strain range. The appearance of aa
phase (with in-plane polarization) results from the positive
misfit (i.e., tensile stress), while the ¢ phase with the polar-
ization vector perpendicular to the film/substrate interface
results from the negative misfit strain (i.e., compressive
stress). (2) Since the r phase is characterized by monoclinic
structure in the wide rage, the appearance of the r phase
is consistent with the experimental observations that the
compressive strain from the STO substrate reduces the
rhombohedral symmetry R3¢ of bulk BFO to monoclinic
structure for BFO films grown on STO, Si, and DyScO;
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FIG. 2. Angle ¥ between the spontaneous polarization P, (Ps= \52Pf+P§)
and the polarization along [001], will change as the function of the misfit
strain at the room temperature (RT=25 °C).

substrates.”'*?°(3) It is shown from Fig. 1 that the misfit

strain will result in the change in Curie temperature, where
the paraelectric state turns into a ferroelectric state. The Cu-
rie temperature will increase whether the misfit strain is posi-
tive or negative. Moreover, the positive sign of the coeffi-
cients a;kj indicates the second order phase transition in the
constrained BFO films. (4) The r phase is characterized by
the components along all the three crystal axes (P;=P,#0
and P;#0), the angle W between the spontaneous polariza-
tion P, (P,=\2P}+P3), and the polarization along the [001],
will change as the function of the misfit strain at the room
temperature (RT=25 °C). The angle changes from 35° to
45° in the misfit strain range [-1.0%, 1.0%] as shown in Fig.
2, which indicates that the existence of monoclinic phases is
due to the distortion of a rhombohedral parent phase.

The effective substrate lattice parameter has been intro-
duced to describe the film thickness dependence of epitaxial
misfit strain due to relaxation by misfit dislocations during
film deposition.ls’17 The effective substrate lattice a; is de-
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FIG. 3. Theoretical results of film thickness dependence of (a) spontaneous
polarization and (b) relative dielectric constants of an epitaxial BFO thin
film on a STO substrate.
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FIG. 4. Theoretical results of film thickness dependence of (a) spontaneous
polarization and (b) relative dielectric constants of an epitaxial BFO thin
film on a Si substrate.

fined as a,=ay(T)/pa,(T)+1, where p is the equilibrium lin-
ear misfit dislocation density at the deposition temperature
Tg. p=u,(Tg)/a(T)(1-h,/h), where h, is the critical film
thickness corresponding to the generation of the misfit dislo-
cation, and u,,(T;) and a,(T;) are the misfit strain and lattice
constant of substrate at the deposition temperature 7;. More-
over, the lattice parameters at 7; can be obtained by the
lattice parameters at RT and the thermal expansion coeffi-
cients (TEC). We consider the ferroelectric properties of
BiFeO; epitaxial thin films grown on both Si substrate and
SrTiO5 substrate at room temperature. For both cases, the
lattice constant for BFO thin film is 3.96 A at RT and the
TEC=10.0X 10 K~' for BFO thin film.”*"** We take
a,=3.82 A, h,=25 nm, and TEC=3.0X 107 K~! for Si
substrate and a,=3.91 A, h, —10 nm with TEC=11.7
X 107¢ K~! for SrTiO; substrate

The dependence of the spontaneous polarization P, with
respect to the film thickness is illustrated in Figs. 2(a) and
3(a). It has shown that the spontaneous polarization increases
as the film thickness decreases and this result is consistent
with the experlmental results. Since experimental P-E curve
is close to square > the value of spontaneous polarization Py
has been used to compare to the experimental data of rem-
nant polarization. The P, of 200-nm-thick on Si substrate is
~47 uC/cm?, which agrees with the experimental value of
45 uC/cm?; P, of 200-nm-thick on STO substrate is
~52 uC/cm?, which is also consistent with the experimental
value of 55 uC/cm?. The expression for relative dielectric
constant of r phase is given as &33/g9= 1/280(a +2al§<
+6a Pﬂ) in Flgs 2(b) and 3(b), where P2_P2_Pr1_ @30,

—Zaa 14a” . +2a" Zakz, PZ—P 2a13a1 2“11“3

190 R R D £ P

a12a3/4a11a33+2a12a32 2a 13, and the subscrrpt r refers to

phase " The dielectric constants by the simulation will
increase with the film thickness in Figs. 2(b) and 3(b) and
the trend is consistent with the experimental data.”® The di-
electric constant (at the 200 nm thickness) for the STO sub-
strate is about 80, while the experiment data is 100.2 The
dielectric constant (at the 400 nm thickness) for the Si sub-
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strate is close to 95 (see Fig. 4), while the experimental one
is 120.%* The theoretical results of dielectric constant cannot
recover all the experimental ones and one reason for this is
due to other extrinsic effects such as domain structures in
BFO thin films.

In summary, we have studied the substrate-induced
strain on phase transition of the single-domain epitaxial BFO
film with the consideration of thin film thickness effect. The
misfit strain-temperature phase diagram for BFO thin film
has been built on the basis of a LD phenomenological frame
and the appearance of r phase in the phase diagram agrees
well with experimental data, especially for the polarizations
of BFO films on STO and Si substrates.
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