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Pressure and electric field effects on piezoelectric responses of KNbO;
Linyun Liang,"® Y. L. Li,? Fei Xue,' and Long-Qing Chen'

'Department of Materials Science & Engineering, The Pennsylvania State University,
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2Paczfﬁc Northwest National Laboratory, Richland, Washington 99352, USA
(Received 15 May 2012; accepted 15 August 2012; published online 18 September 2012)

The dielectric and piezoelectric properties of a KNbOj single crystal under applied hydrostatic
pressure and positive bias electric field are investigated using phenomenological Landau-Ginzburg-
Devonshire thermodynamic theory. It is shown that the hydrostatic pressure effect on the dielectric
and piezoelectric properties is similar to temperature, suggesting a common underlying mechanism
for the piezoelectric anisotropy and its enhancement. The stable phase diagram of KNbOj as a
function of temperature and positive bias electric field is constructed. The maximum piezoelectric
coefficient dS; varying with temperature and electric field is calculated. © 2012 American Institute

of Physics. [http://dx.doi.org/10.1063/1.4752418]

Much attention has been paid to environmental preser-
vation worldwide in recent years. In the research field of
piezoelectric ceramics, there is an increasing strong
demand to develop alternative lead-free piezoelectric mate-
rials against PZT based compounds, which are being
widely used in various fields as the most important piezo-
electric materials. Potassium niobate, KNbQOj5 is one of the
important candidates of lead-free piezoelectric materials
since the single crystals show a large electromechanical
coupling factor and the high Curie point."™ Although the
KNbOj; has good piezoelectricity, piezoelectric coefficients
of KNbO;3; are much lower than those of PZT based materi-
als. Various experimental approaches have been explored
to improve the piezoelectric responses including applied
external ﬁeldsf"5 chemical etching,3 domain engineering,
etc. However, so far, no significant improvement has been
achieved.

In understanding of mechanisms of the piezoelectric
coupling in ferroelectric piezoelectrics, most of the pro-
gresses have been centered on the discovery of the
enhanced piezoelectric responses along nonpolar directions.
Large piezoelectric responses along nonpolar crystallo-
graphic directions were reported in both complex relaxors’~
? and simple perovskites®'® in the past years. The origin of
such enhancement of piezoelectric response in perovskites
has been explained using a polarization rotation mechanism
based on first-principle calculations''™"® and free-energy
flattening mechanism based on a phenomenological thermo-
dynamic analysis.'*'> Based on the thermodynamic analy-
sis, the effects of electric field, composition, stress and
temperature on the piezoelectric properties of BaTiOs,
PbTiO3, and PZT perovskite crystals have been examined
using the Landau-Ginzburg-Devonshire (LGD) thermody-
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namic theory.'®2% It is shown that the application of exter-
nal fields enhances piezoelectric coefficients along the
nonpolar directions, which is related to the phase transitions
that are accompanied by huge shear piezoelectric coeffi-
cients, resulting an enhancement of longitudinal piezoelec-
tric coefficient dj;(0, ¢, ). For the tetragonal BaTiO;
single crystal, a higher piezoelectric response was observed
along no-polar [111]."° While in the orthorhombic phase,
the highest piezoelectric responses with ds; over 500 pC/N
were observed when an electric field was applied along
[001] no-polar direction.?! It is well known that KNbO;
crystals exhibit a series of transitions similar to BaTiO;
with cooling from Curie temperature but the stable phase is
orthorhombic at room temperature. It is expected that
KNbOj crystals may have similar enhancement of piezo-
electric response under external fields. Room temperature
piezoelectric coefficients of KNbO; have been well deter-
mined experimentally in the earlier studies.”>> Wada
et al* investigated the piezoelectric properties of KNbOs;
crystals along the polar [110]. direction and [001]. of engi-
neered domain direction. In their following work, they have
obtained all piezoelectric coefficients based on the single-
domain crystals.6 In our previous work, we calculated a set
of piezoelectric coefficients as a function of crystallographic
orientation and temperature,”® and also the piezoelectric
coefficients along the applied electric field directions.”’
However, theoretical analysis of the crystallographic orien-
tation dependence of piezoelectric coefficients of KNbO;
single crystals under the application of electric fields and
hydrostatic pressure has not been studied. Thus, the objec-
tive of this paper is to study the hydrostatic pressure and
electric field effect on the dielectric and piezoelectric
responses of single-domain KNbOj crystals using the LGD
theory.

Under external pressure and electric fields, the LGD free
energy can be written as>®

© 2012 American Institute of Physics
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frep(Pi,0,E;) = oy (P} + P35 + P3) + a1y (P} + P3 + P3) + 012(P1P3 + P3P3 + P1P?)
+ o111 (PS4 PS + PS) + oy 0[P} (P5 + P3) + P3(P] + P3) + P3(P3 + P3)]
+ 0123PIP3P3 + ay111 (P + P54+ PY) 4 01112 [PS(P3 + P3) + PS(P2 + P%) + P§(P? + P3)]
+ o1122(P1P5 + P3P5 + P1P3) + 1123 (P{P3P3 + P3P3P? + P3P1P3) 1)

2

1 1
——s”(a% + o% + ag) —s12(0102 + 0203 + 0301) — 5&;4(0% + og + aé)

—011(01P} + 02P3 + 03P3) — Qua[01(P; + P3) + 02(PT + P3) + 03(P1 + P3)]
—Q44[O’4P2P3 +O’5P1P3 +O’6P1P2)] —E1P1 —E2P2 —E3P3,

where o with subscript index represents expansion coeffi-
cient under zero stress, sj; is elastic compliance at constant
polarization P;, Qj; is electrostrictive coefficient, ¢; and E;
are stress and electric field. The values of o, 555, and Q;; are
taken form Ref. 29.

We use the superscript ‘p’ with p=c, t, o, r to indicate
the physical quantities measured in the cubic, tetragonal,
orthorhombic, and rhombohedral crystallographic coordinate
systems, respectively. The dielectric stiffness coefficient y;;
is obtained via zj; = e00%frep/ 8P,-8Pj.28 The dielectric sus-
ceptibility #;; can be determined from the reciprocal of y;;
using 17; = Aji /A, where A;; and A are the cofactor and deter-
minant of the yj; matrix. For the stable orthorhombic phase
at room temperature, we rotate the cubic coordinate system
into a new coordinate system defined by [100]” = [100],
[010]” = [011], and [001]° = [011]°. The dielectric suscepti-
bility »7 in the new coordinate system can be simply
obtained by 1} = 1/ % due to the diagonalized matrix of
dielectric stiffness coefficient y7. The relationship of the
dielectric stiffness coefficients between the old and new
coordinate systems is given by, x{, = x{1, 15 = X535 — X53»
155 = s + 230 and z§, = 735 = 735 = 0.2 Therefore, the
piezoelectric coefficients in the orthorhombic phase depend-
ing on the dielectric susceptibilities and polarizations in the
rotated system are given by

dis = eony, (0, E;)QaaP3(0:, Ei),
dyy = 2603 (0:, Ei)[Q11 — Q12]P5 (01, Ei),
d3, = 2eon3;3(0i, Ei)Q12P5 (04, E;),

1
ds, = 5807733(0i»Ei)[2Q11 + 2012 — Qus|P5(0i, Ei),

1
ds; = 580'7§3(Ui,Ei)[2Q11 + 201 + Qus)Pi(0i,Ei), (2)

where 77 is related to the dielectric coefficient &} by a rela-
tion of nj; = 1 4 1 = 7.

The orientation dependence of the longitudinal piezo-
electric coefficient dg; in the orthorhombic KNbOj crystal
under hydrostatic pressure and electric field can be calcu-
lated by26

d$;(0,¢) = (d5(04, Ei) + dS, (a1, E;) )cosO sin0 sin® ¢
+(d§4(6,', E;)+ dgz(o'l-,Ei))cosG sin’0) cos® ¢
+ dg3(6i,Ef)COSSG, 3

where the Euler angle ¢ describes the rotation around the
[001]°=[011]¢ axis, and 0 describes the rotation away from

the [001]° axis around the rotated [100]° axis. ¢ = /2 and
0 = arcsin(1/+/3) correspond to the coordinates associated
with the rhombohedral phase while ¢ = 0 and 6 = —n/4 are
associated with the tetragonal phase. The other set of piezo-
electric coefficients in different ferroelectric phases under
the applied external fields can be obtained in a similar way.
We first consider the effects of hydrostatic pressure on
the dielectric and piezoelectric responses of orthorhombic
KNbO;. The hydrostatic pressure is expressed by
0, =0,=0y=—0,0, =05 =0, =0. It alters the phase
transition temperature. A phase diagram as a function of
hydrostatic pressure ¢ and temperature 7 has been con-
structed elsewhere.”® Based on this thermodynamic phase
diagram, the pressure dependencies of dielectric susceptibil-
ities and piezoelectric coefficients at two chosen tempera-
tures 7=25°C and 100°C for the orthorhombic phase are
presented in Fig. 1. It should be noted that the applied pres-
sure range is different for the two different temperatures
since the phase transition-pressure is different based on the
thermodynamic diagram. It is seen that the dielectric suscep-
tibilities #{, and 54, which are perpendicular to the polariza-
tion direction [001]°. are sensitive to the pressure. 79,
decreases and 75, increases with the pressure. 155 is rela-
tively insensitive to the pressure. Correspondingly, we can
easily see from Eq. (2) that the piezoelectric coefficients d{;
(o< 19,) and d$,(cx n3,) change significantly with the pressure
while d5,, d5,, and d5;(ox n35) change slightly (the value of
d§, is close to dS, but not plotted in Fig. 2 for the sake of
clarity). The large enhancement of the shear piezoelectric
coefficients dj, is ascribed to the ferroelectric phase transi-
tion from the applied hydrostatic pressure. Their change with
the pressure will result in strong anisotropy of d5;. In order
to illustrate the crystallographic orientation dependence of
d$3, the dS3 surface as a function of pressure at room temper-
ature is plotted in Fig. 2. We analyzed the piezoelectric
responses on the (010)° and (100)° planes which are corre-
sponding to ¢ = 90° and ¢ = 0°, respectively. At room tem-
perature, the piezoelectric coefficient d$; as a function of
angle 0 with various pressures in different planes is given in
Fig. 3. It is seen that when ¢ = 90°, the maximum of d$;
decreases with increasing pressure and its corresponding
angle O, reduces rapidly from 52.0° at 0 GPa to 14.6° at
6 GPa. The hydrostatic pressure tends to rotate the direction
of maximum 4% into the [001]° direction. On the other hand,
for ¢ = 0°, d¥; increases significantly while 0, increases
slightly with pressure. For example, d%3, .. is 100.9 pC/N

33max
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FIG. 2. At room temperature, the orientation dependence of piezoelectric coefficient d4; under three selected pressures, (a) 0 =0GPa; (b) 0 =3 GPa; (c)
0 =6GPa. Angles ¢, and Op at which the maximum of d{j occurs are indicated for each pressure. The three coordinate axes correspond to
x{ = dg; sinf cos, x§ = d$j sinOsing, x§ = d3; cos0, respectively. The numerical values marked on the axes have unit pC/N. The piezoelectric coefficients
are symmetry with respective to the plane of x§ = 0, so only the upper half of the coordinate space is shown.

without applied pressure and then increases to 366.2 pC/N at
6 GPa. d33,,, for ¢ = 0° is nearly nine times larger than that
of ¢ =90° at 6 GPa. The largest d%;,,,, always lies in the
(100)° plane (¢p = 0°) in the orthorhombic stable phase.

As seen from Eq. (3) and Fig. 1, d$3 is dominated by d5,
when close to the orthorhombic-tetragonal phase transition
temperatures. The shear piezoelectric coefficients dfs and
ds, are related to the permittivities perpendicular to the
direction of the spontaneous polarization axis [001]°. It is
known that the significant enhancement of dfy and d5, is
directly related to the presence of the orthorhombic-

rhombohedral or tetragonal-orthorhombic phase transitions.
Therefore, the largest d5; along (100)” plane at high pressure
implies that dj, dominate d§; and the tetragonal-
orthorhombic phase transition has a stronger effect on d3.
The pressure dependencies of the dielectric susceptibil-
ity for the orthorhombic phase can be understood from the
pressure dependence of its free energy profile (Fig. 4). The
free energy of the orthorhombic phase at a given pressure as
a function of polarization can be obtained through assuming
the polarization Py = 0 and P, = P3 = \/EPS. The flattening

of the free energy profile implies an increase of the system’s

400

—a— =— (Gl
300 /‘A\A\. —e— 3GP; /l". o n —o— 3G
/‘/ ‘\ a— 60 i L\ ——6Gl
200 A n
f A ppittill
100 T g = \‘&ki\
= )

0 - xi % 0 FIG. 3. Room temperature piezoelectric
+a ﬁ‘{_ o Ei coefficient d4; in the orthorhombic
= -1004 t\:\‘ s X 30 b e KNbO; as a function of angle 6 at

200 \ / -\ s haad various pressures in different planes, (a)
'\ / @ N W ¢ = 0° and (b) ¢ = 90°.
-300 A ’ e
400 90 y
30 60 9 120 150 180 0 30 60 0 120 150 180
O(deg.) O(deg.)
(a) (b)
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FIG. 4. A calculated free energy as a function of polarization (P) under var-
ious selected pressures in the orthorhombic phase at room temperature.

dielectric susceptibility, and thus the increase of its piezo-
electric response, i.e., a dielectric softening of the crystal
along the polar directions. It is noted that the flattening of
free energy under a pressure becomes more prominent near a
phase transition.

Next, we calculate the piezoelectric responses of
KNbO; crystal under applied electric field. In order to find
the stable ferroelectric phase with the applied electric field, a
phase diagram as a function of temperature and electric field
is constructed and given in Fig. 5.

From the temperature-electric field phase diagrams, it is
seen that the applied electric field could induce ferroelectric
phases other than the regular tetragonal phase (P; =P, =0,
P3>0), orthorhombic phase (P;=0, P,=P3>0), and
rhombohedral phase (P, = P, = P35 > 0). For the sake of sim-
plicity, here we only focus on the dielectric susceptibilities
1y and piezoelectric coefficients dj; at the chosen two tem-
peratures 200 °C and —45°C for an applied field along the
polar direction (Epg;1;°) where there is only the regular ortho-
rhombic phase. The calculated dielectric susceptibilities and
piezoelectric coefficients are shown in Fig. 6. It is easily
seen that a positive bias field reduces the dielectric suscepti-
bilities and piezoelectric coefficients. Of particular interest
are the temperature regimes close to two adjacent phase tran-
sitions at the small electric field, i.e., from the orthorhombic
phase to high-temperature phase o [defined by P3 > P,
Py =0 in Fig. 5(b)] and from the orthorhombic phase to
low-temperature phase f [defined by P, = P; > P; > 0 in
Fig. 5(b)]. For example, at 200 °C close to the orthorhombic-
o phase transition, the positive bias field reduces 79,, and
consequently, leads to a low d3, [see Fig. 6 and Eq. (2)]. If
the temperature decreases to —45°C which is close to the
orthorhombic-f phase transition at small applied electric
field Ejp11;°, a similar trend for 77, was observed but with a
low d{s [see Fig. 7 and Eq. (2)]. In generally speaking, at
high temperatures, d3, is relatively large, while at lower tem-
peratures, df5 becomes larger than d5, [Fig. 6(b)]. It is known
that the significant enhancement of d9, and d{5 near the tran-
sition points is directly related to the orthorhombic-
tetragonal and orthorhombic-rhombohedral phase transitions,
respectively, which involves a polarization rotation from the
[011]° cubic ([001]° orthorhombic) axis toward the [001]°

J. Appl. Phys. 112, 064106 (2012)

200

150+

AY

12dY
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1&4
o4

|
E[om] (MVm)
=
'Ld/\

200 <100 0 100 200 300 400
Temperature (°C)
(@)

150+

P=0,P=P,

Temperature (°C)
(b)

100 200 300 400 500 600
Temperature (°C)
(c)

0 T
-100 0

FIG. 5. Phase diagram as a function of temperature and applied electric
field (a) E = (0,0,Eo) so that Ejg = Eo; (b) E = (0,Eo,Eo) so that
Ejgiiy = V2Eq; (¢) E = (Eg, Eo, Eo) so that E[yyc = V/3Eq.

axis and from [011] cubic ([001]” orthorhombic) axis toward
the [111]° cubic axis. However, our calculating results show
that the temperature dependence of the shear piezoelectric
coefficients is significantly reduced by the electric field along
the polar direction [Fig. 6(b)]. The temperature effects on the
piezoelectric coefficients are diminished under the applied
electric field. As a result, it is not easy to transform KNbO;
crystal from the orthorhombic phase to either tetragonal or
rhombohedral phase by changing the temperature. The result
is consistent with the temperature-electric field phase dia-
gram [Fig. 5(b)] that the transition temperatures for the
orthorhombic-« and orthorhombic-f phase transition
increase and decrease under an electric field, respectively.
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FIG. 6. Calculated electric field depend-

ence of (a) the dielectric susceptibility
n;; and (b) the piezoelectric coefficients

dy; for single-domain KNbOs crystal at

200°C (solid lines) and —45°C (dashed
lines).
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In order to illustrate the crystallographic orientation de-

pendence of dS3, the df; surface under the given electric

fields of 0 and 35 MV/m at temperature 200 °C is plotted in
Fig. 7. The angle corresponding to the maximum d$3
nearly independent of the electric field.

Figure 8 shows the orientation dependence of piezoelec-
tric coefficients d3(0,¢) [see Eq. (3)] under the electric
fields of 0 and 35 MV/m at temperature 200 °C and —45 °C.
At high temperature, the positive bias field decreases the
maximum dg; from 278.1 (without any electric field) to
120.1 pC/N for ¢ = 0°. It can be easily seen from Eq. (3)
that the decrease of d5; along the (100)° plane is primarily

is

300-+ 0MVmi' ne ‘+0MVm"
e 35Mvm' o 35 Mviri'|} 40~
& 250 Y w"‘;h\\\ g
Sl :
57200 LAl 30%
£ 150 ! &
iy
%’ 100 / /f'*' \\\ \ =
3 3
2 5 s 10 2
2 o 7100)° plane \ (001)plane 2

0 (d) = 00) d) = 900)

0 30 60 9% 30 60 9
Angle (6)
(a)

P
. . -1
Applied electric field By MVI')

j

60 80 100 120 140

(b)

FIG. 7. The orientation dependence of
the piezoelectric coefficient d3; for two
selected positive bias electric fields at
200°C, (a) E=0MV/m; (b) E=35MV/
m. The three coordinate axes correspond
to x{ = d§3sinfcos¢, x§ = d33sinfsing,
X§ = d¢jcos0, respectively. The numeri-
cal values marked on the axes have unit
pC/N. The piezoelectric coefficients are
symmetry with respective to the plane of
x§ =0, so only the upper half of the
coordinate space is shown.

due to the decrease of d3,. On the other hand, at —45°C, the
positive bias field reduces d$; to 92.0 pC/N for ¢ = 90°
which is larger than that at ¢ = 0°(65.8 pC/N), implying that
the maximum d4; is along the (010)” plane. Compared with
its value at higher temperature, d3; is dominated by d{5 in
the lower temperature regime. It is consistent with the results
of the shear piezoelectric coefficients d5, and d{5 which are
always larger than others at both high and low temperatures
under any bias electric field. Thus, the piezoelectric
responses are determined by the rotation direction of the
polarization resulted by both temperature changes and exter-
nal electric fields.

—=— 0 MVm' = m’
~ 0o ssAri géﬁf\,m} 120 ~
¢ / ‘\ S e
?;:60 / \\ /- /').‘ \o\ 80 g—
AFARRIT
g 20 Kol
8 e s
2 100y planc \\ 001 planes\ 205
0 60 W 30 60 %
Angle (6)
(b)

FIG. 8. Piezoelectric coefficient d4; in the orthorhombic KNbOj3 as a function of angle 0 under various applied electric fields Ejq;1c at temperature (a) 200 °C
and (b) —45 °C. Only the piezoelectric coefficients in the angle 0 between 0° and 90° are shown.
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In summary, we have studied the effects of hydrostatic
pressure and electric field (Ej;;¢) on the piezoelectric
responses of single-domain KNbOj single crystals using the
Landau-Ginzburg-Devonshire thermodynamic theory. The
effect of hydrostatic pressure on the piezoelectric response is
very similar to that of temperature if we assume a ferroelec-
tric phase transition is in the first-order. The phase diagram
as a function of electric field and temperature is constructed
based on the thermodynamic calculations. The applied elec-
tric fields parallel to the polar direction reduce the dielectric
and piezoelectric responses of KNbO; crystals. The maxi-
mum of the piezoelectric coefficient d%; is determined by the
rotation of the polarization resulted by both temperatures
and external electric fields. To further calculate the piezo-
electric responses of KNbO; sintered ceramics under the
applied external fields, we have to extend the current thermo-
dynamic calculations to phase field simulations, in which the
effect of polycrystal microstructures and multi-domains can
be included.

The work is partially supported by NSF under ECCS-
0708759 and DMR-1006541. The computer simulations
were carried out on the LION and Cyberstar clusters at the
Pennsylvania State University supported in part by NSF
Major Research Instrumentation Program through Grant No.
OCI-0821527.

K. Yamanouchi, H. Odagawa, T. Kojima, and T. Matsumura, Electron.
Lett. 33, 193 (1997).

2G. Shirane, R. Newnham, and R. Pepinsky, Phys. Rev. 96, 581 (1954).

K. Nakamura, T. Tokiwa, and Y. Kawamura, J. Appl. Phys. 91, 9272
(2002).

4s. Wada, A. Seike, and T. Tsurumi, Jpn. J. Appl. Phys. Part 1 40, 5690
(2001).

5J. Hirohashi, K. Yamada, H. Kamio, M. Uchida, and S. Shichijyo, J. Appl.
Phys. 98, 034107 (2005).

J. Appl. Phys. 112, 064106 (2012)

6s. Wada, K. Muraoka, H. Kakemoto, T. Tsurumi, and H. Kumagai, Jpn. J.
Appl. Phys. Part 1 43, 6692 (2004).

]. Kuwata, K. Uchino, and S. Nomura, Jpn. J. Appl. Phys. Part 1 21, 1298
(1982).

8S. E. Park and T. R. Shrout, J. Appl. Phys. 82, 1804 (1997).

X. Du, U. Belegundu, and K. Uchino, Jpn. J. Appl. Phys. Part 1 36, 5580
(1997).

10g, Wada, S. Suzuki, T. Noma, T. Suzuki, M. Osada, M. Kakihana, S.-E.
Park, L. E. Cross, and T. R. Shrout, Jpn. J. Appl. Phys. Part 1 38, 5505
(1999).

"A. Garcia and D. Vanderbilt, Appl. Phys. Lett. 72, 2981 (1998).

2, Bellaiche, A. Garcia, and D. Vanderbilt, Phys. Rev. Lett. 84, 5427
(2000).

"*H. Fu and R. E. Cohen, Nature 403, 281 (2000).

4M. Budimir, D. Damjanovic, and N. Setter, Phys. Rev. B 72, 064107
(2005).

">M. Budimir, D. Damjanovic, and N. Setter, Phys. Rev. B 73, 174106
(2006).

oM. T Huan, E. Furman, S. J. Jang, H. A. Mckinstry, and L. E. Corss,
J. Appl. Phys. 62, 3331 (1987).

D. Damjanovic, F. Brem, and N. Setter, Appl. Phys. Lett. 80, 652
(2002).

M. Budimir, D. Damjanovic, and N. Setter, Appl. Phys. Lett. 85, 2890
(2004).

p. Damjanovic, J. Am. Ceram. Soc. 88, 2663 (2005).

20M, Budimir, D. Damjanovic, and N. Setter, J. Appl. Phys. 94, 6753
(2003).

2IS E. Park, S. Wada, L. E. Cross, and T. R. Shrout, J. Appl. Phys. 86, 2746
(1999).

22E, Wiesendanger, Ferroelectrics 6, 263 (1974).

23p. Giinter, Jpn. J. Appl. Phys. Part 1 16, 1727 (1977).

24M. Zgonik, R. Schlesser, I. Biaggio, E. Voit, J. Tscheny, and P. Giinter,
J. Appl. Phys. 74, 1287 (1993).

*A. G. Kalinichev, J. D. Bass, C. S. Zha, P. D. Han, and D. A. Payne,
J. Appl. Phys. 74, 6603 (1993).

?SL. Liang, Y. L. Li, S. Y. Hu, L.-Q. Chen, and G.-H. Lu, J. Appl. Phys.
108, 094111 (2010).

27L. Liang, Y. L. Li, L.-Q. Chen, S. Y. Hu, and G.-H. Lu, J. Appl. Phys.
106, 104118 (2009).

28ML I Haun, E. Furman, S. J. Jang, and L. E. Cross, Ferroelectrics 99, 13
(1989).

L. Liang, Y. L. Li, L.-Q. Chen, S. Y. Hu, and G.-H. Lu, Appl. Phys. Lett.
94, 072904 (2009).

Downloaded 13 Nov 2012 to 146.186.211.66. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1049/el:19970145
http://dx.doi.org/10.1049/el:19970145
http://dx.doi.org/10.1103/PhysRev.96.581
http://dx.doi.org/10.1063/1.1476078
http://dx.doi.org/10.1143/JJAP.40.5690
http://dx.doi.org/10.1063/1.2001148
http://dx.doi.org/10.1063/1.2001148
http://dx.doi.org/10.1143/JJAP.43.6692
http://dx.doi.org/10.1143/JJAP.43.6692
http://dx.doi.org/10.1143/JJAP.21.1298
http://dx.doi.org/10.1063/1.365983
http://dx.doi.org/10.1143/JJAP.36.5580
http://dx.doi.org/10.1143/JJAP.38.5505
http://dx.doi.org/10.1063/1.121514
http://dx.doi.org/10.1103/PhysRevLett.84.5427
http://dx.doi.org/10.1038/35002022
http://dx.doi.org/10.1103/PhysRevB.72.064107
http://dx.doi.org/10.1103/PhysRevB.73.174106
http://dx.doi.org/10.1063/1.339293
http://dx.doi.org/10.1063/1.1445481
http://dx.doi.org/10.1063/1.1799231
http://dx.doi.org/10.1111/j.1551-2916.2005.00671.x
http://dx.doi.org/10.1063/1.1625080
http://dx.doi.org/10.1063/1.371120
http://dx.doi.org/10.1080/00150197408243977
http://dx.doi.org/10.1143/JJAP.16.1727
http://dx.doi.org/10.1063/1.354934
http://dx.doi.org/10.1063/1.355099
http://dx.doi.org/10.1063/1.3511336
http://dx.doi.org/10.1063/1.3260242
http://dx.doi.org/10.1080/00150198908221436
http://dx.doi.org/10.1063/1.3081418

