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Size-temperature phase diagrams of ferroelectric nanocylinder have been investigated. Taking into
account existence of the depolarization field, surface and size effects, an eighth-order polynomial
of the modified thermodynamic model has been established. Our results show that the phase
diagrams obviously vary with ratio of the length and radius, and can be adjusted by the mechanical
loads especially. © 2011 American Institute of Physics. [doi:10.1063/1.3624829]

Properties of ferroelectric nanocylinder (FNC), taking
various forms such as ferroelectric nanodisk (FND), nanorod
(FNR) and nanowire (FNW), have been extensively studied
due to a rapid surge of interest from nano-technology.
Results show that ferroelectricity of FNC can be determined
by its dimensions and other factors.'™'” For example, simula-
tions based on a first-principle have found that ferroelectric-
ity of FNW disappears completely when the radius is below
a critical value.” Morozovska et al.® indicated the surface
tension effect significantly change properties of FNC. Based
on stability analysis, analytic expressions of FNW with the
surface tension effect have been derived by Zheng et al.®’
Meanwhile, their first principle calculations'® have also con-
firmed that the enhanced polarization in FNW. Moreover, it
is well-known that Pertsev e al.'' studied the “misfit strain-
temperature” (MST) phase diagrams of the ferroelectric thin
film. Morozovska et al.'* gave analytical expressions for the
MST phase diagrams. Chen ef al."* and Ma ez al.'* devel-
oped the phase field model to predict the MST phase dia-
grams. More importantly, Lin et al.'® recently calculated the
“size-temperature” (S-T) phase diagram of FNW.

In this paper, an eighth-order polynomial of FNC has
been established. Considering the combined effects of the
surface, surface tension, stress loads and depolarization field
due to the imperfect screening in the electrodes, the S-T
phase diagrams of FNCs, including FND, FNR and FNW,
were investigated as functions of length, radius and external
stress loads, respectively.

We consider the thermodynamic reference as a crystal of
infinite extent (surfaceless) absent an applied field. Let P be
the spontaneous polarization field, which is the polarization
from the permanent electric moment formed from spontane-
ous atomic displacements generated in a dielectric when going
through a ferroelectric phase transformation. P¥ is the result
of mechanisms such as the electronic polarization, and other
non-permanent displacement of the ionic charge distribution.
Therefore, the electric displacement field D can be expressed
in terms of the linear-part P* and non-linear-part P as'>~°

D=gE+P+P=gE+3,E+P=gE+P, (1)

where y,, and &, are the background susceptibilities and
dielectric constants, respectively. Since the background
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material is the paraelectric phase of cubic crystal symmetry,

g, in three axis directions are the same, i.e., &1p = &2
= £33p = &p-
The spontaneous polarization vector, P = (P, P,, P3),

is usually used as the order parameter of the Landau-type
free energy. Recently, an eighth-order P¥ polynomial of Lan-
dau-type potential has been employed for BaTiO; (BTO)
material. In this regard, the free energy with considering
effect of the mechanical stresses can be given by,'!>!
AG=a, (P{+P5+P3) +ay (P{+P5+P3)
+o12 (PTP3+P3P5+P3PY) + o111 (PS +PS+PS)
[P (PP + P3(P+PY) + P3P+ PY)]
+06123P%P§P§+061111 (P§+P§+P§)
+anna [PY(P3+P3) +P3 (PP +P3) +PS(Pi+P3)]
+oy122(P1P3 + P3P+ P3PY)
3(P{P3P5+P3PiP;+P3PiP3)
—5511 (O’l +02—|—a3) s12(0102+ 0203+ 0103)
—Isu (0 +02+02) — Q11 (01P} +02P3+ 03 P3)
—0u[01(P3+P3)+02 (P +P3) 03 (Pi+P3)
—Qu4(P2P304+PP305+PyP05), 2

+ 0112

where ;, o, o, and oy are the dielectric stiffness coeffi-
cients. g; are the stress components. s;; are the elastic compli-
ance coefficients. Q;; are the electrostrictive coefficients.

As shown in Fig. 1, we consider FNC with length % and
radius R sandwiched between electrodes with the short-
circuitboundary conditions. Generally speaking, ratio of
length and radius for a FNW is very large. In order to facili-
tate discussion and compare with results of previous
work,"!> we classify the FNC, according to s < 0.5R
(FND), 0.5R < h < 4R (FNR), and & > 4R (FNW), respec-
tively. Under the absence of external electric field, the ther-
modynamic energy of a FNC should contain the
contributions of the gradient, interface, surface, and depolari-
zation field energies.*'> The gradient energy density is
given by AGgaq = 1/2DjjP;;jP;;, where D;; are the gradient
coefficients and OP;/0x; are expressed by P; J.l3’15 The
top and bottom interface energy and sidewall surface

energy approximately acquire the forms as Gy = ff 2nrdr

{D”<P2|Z pt P%|Z;21> + D6—?<P§|Z;21 + P§|Z;21> + 5
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(P2lg 22 g) |t G = 2m 7 [ PR

+ Dzz P2’ + 4 Dzz
the so-called extrapolatlon length for top and bottom interfaces
and sidewall surface.

The depolarization energy of FNC is determined by the
depolarization fields Eq = (E41, Es2, Eg3). Due to the imper-
fect screening in electrodes, the depolarization field E;3 in
FNC can be given by E;3 = —n(P3 + q.) /&, Where 1 is esti-
mated using the relation n &~ 1/[1 + (%)2} (Refs. 4 and 8)
and ¢, is the compensation charge density in the electrodes,
approximately given by ¢, = —hey(2l5/e, + h/sh)71P3.20
According to recent works about FNW, "> it was known
that appearance of P; and P, polarization components also
induce the x-y depolarization fields E;; and E;,. In fact, the
stable x-y plane polarization components exhibit a quasi-axi-
symmetric radial distribution in the x-y plane in FNW from
the molecular dynamic and first principle simulation, and the
total polarizations in the x-y plane are zero.'” In this regard,
the effective influence of the x-y plane depolarization fields
can be approximately neglected.

Following Landau et al.,21 for a non-zero electric field
in the ferroelectrics, the thermodynamic potential should be
obtained by starting from the relation as d®/dE = —D. In
this case, the fact that the spontaneous polarization P has no
explicit functional dependence on E, the thermodynamic
potential of ferroelectrics based on Landau and Lifshitz (LL)
theory can be given by ® = ®|,_, —P-E — fo ey - EdE.'°
In addition, based on the discussions about the renormalized
coefficients of the Landau-type Gibbs free energy and LL
free-energy functional with an eighth-order polyno-
mial,'*'?*? we employed a modified thermodynamic poten-
tial of FNC taking into account effects of the depolarization
field, interface, surface, and surface tension and on which
polynomial can be written as

] Z] dz, respectively, o and ds_y are

AG* = o (P} + P3) + o3P + oyy (P} + P5 + P3)
+ a2 (P1P3 + P3P5 + P3PT) + aypy (PS + P§ + PS)
+ o2 [P3(Py + PY) + P3(P} 4+ P3) + P2(P} + P3)]
+ 0103P{P3P3 + o1y (P} + P5 + PY)
o2 [PH(E3 + PE) + PSP+ ) + (P} + P3)]
+ a1102 (P{P3 + P3PS + P3PY)
+ 01123 (P{P3P3 + P3PIP; + P3P1P3)

2 2
— (5114 512)07 — L5107 — 25120,0. — P3Eq — L6y E],
3)
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FIG. 1. (Color online) Schematic illus-
tration of (a) the ABOj; unit cell with
compressive stresses along x and y
directions and tensile stresses along z
direction and (b) FNC with the top and
bottom electrodes and external applied
stresses.

where the normalized coefficients o} and o are the functions
of size and stress and can be approximately given by

OtTZOCO(T—Tco)-FM 0120, +R2+hzs wy=0o(T—T0)

On0.+ Rz—i—[;z 15,22 o, is the uniform compressive
radial stress induce by the surface tension, given by
o;=—1/R, where u is the effective surface tension coeffi-
cient. ¢, is the external applying stress along z direction.
Based on the discussions about the renormalized coefficients
of the Landau-type free energy on ferroelectrics in nano-
scale,®!>?* coefficients of K¥, KX, and K", K% can approxi-
mately be expressed as functions of the dielectric stiffness
coefficient oy, so-called extrapolation length ,6; and
gradient-coefficients-dependent ~ parameter  {,{;, i.e.,
KR~KR=(5/0 and K} =K"= {101/ 0t.

In following calculations, the S-T phase diagrams of
FNC sandwiched between Pt electrodes are investigated.
Electrostrictive and elastic coefﬁcients,13 19 background
dielectric constant,16 coefficients of electrode,4 surface ten-
sion and surface effect®!3?? are well-known. According to
possible phases,'""'> the following notation for the different
equilibrium phases may occur in FNC: (i) the p phase, where

+2Q12#

Py =P, =P3 =0; (ii) the ¢ phase, where P3 # 0 and
Py =P, =0; (iii) the aa phase, where P; = P, # 0 and
P3; =0; and (iv) the r phase, where P; =P, #0 and

P3 # 0. We only investigate the phase transitions with tem-
perature cooling-down due to the first order phase transition
of BTO FNC from the paraelectric state to ferroelectric state.
The phase transition temperature of FNC is defined as
T, = max [T, 2, T3], here T, and T3 are the phase transi-
tion temperatures of the paraelectric phase losing its stability
with respect to the appearance of P;, P, and P3, respectively,
and can be obtained by setting o' = 0 and o = 0,""'

+ KR Kh
Teip =Tco—7Q” leﬁ"‘@@ i
oo R oo O((]R OC()h (4)
200 Qu  Kf K}

T =T — —2% . —2_
3T oo R+ oz OC()R2 060/’12

In addition, minimizing the free energy function with respect
to the polarization component P;, e.g., OAG*/OP; = 0, the
equilibrium values of P; can be solved as function of temper-
ature, length, radius and applied stresses.'* '

In our results, the normalized temperature 7/72"% will
be given as function of radius and length, 72" is the phase
transition temperature of the bulk material.!! Fig. 2(a)-2(c)
show the S-T diagrams of the free standing BTO FNCs with
lengths of 10 nm, 15 nm and 80 nm, respectively. It can be
seen that 7,3 is always higher than T, , because the surface
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BTO FNC (o, 0.8 GPa) FIG. 2. (Color online) The S-T phase
diagrams of BTO FNCs without exter-
nal stress load at the lengths of (a) 10
nm, (b) 15 nm, and (c) 80 nm; with ten-
sile stress load, o, = 0.8 GPa, at the
lengths of (d) 10 nm, (e) 15 nm, and (f)
80 nm; and compressive stress load,

. = —0.3 GPa, at the lengths of (g) 10
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tension always enhances the polarization P3 and on the con-
trary decreases the polarization P, and P,. With the short cir-
cuit boundary conditions, size effect of FNC determined by
the depolarization field and extrapolation length should be
considered. Fig. 2(a)-2(c) also show that co-effects of the
surface tension and size effects result in the peak of T 3. Size
effect induces appearance of the critical radius R. ~ 2.4nm,
below which ferroelectricity of FNC disappear. Moreover,
results in Fig. 2(a)-2(c) indicate that the r-phase magnifies
and c-phase shrinks with the length increasing. When the ra-
dius is large enough, the phase transition temperature is close
to T2¥ because both of the surface tension and size effects
are very weak.

The S-T phase diagrams of the FNCs controlled by the
external stress load o, were also developed. Fig. 2(d)-2(f)
show the S-T phase diagrams of FNC with a applied tensile
stress of g, = 0.8 GPa. It can be seen that the tensile stress
results in the c-phase to dominate and the r-phase to shrink
or even to be vanished. It is known the compressive stress
can reduce the polarization P; and enhance P; and P, of
FENC,'>'> and also adjust the S-T phase diagram. Results of
Fig. 2(g)-2(i) show that the compressive stress, i.e.,
g, = —0.3 GPa, induces the appearance of the aa-phase and
shifts the c-phase and the r-phase as whole to shrink.

In summary, a modified thermodynamic model to inves-
tigate effects of the surface tension, depolarization field and
external mechanical load on the S-T phase diagrams of FNC
with the short circuit boundary conditions is established. Our
results show that the phase transition temperature of FNC is

nm, (h) 15 nm, and (i) 80 nm.

1000 1

1000

determined by its radius and lengths due to the surface ten-
sion, surface and depolarization field effects. More impor-
tantly, the S-T phase diagrams of FNCs can be controlled by
radius and lengths of FNCs, and controlled by the applied
stresses.
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