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Growth and Property Characterization of CaNdGa;0,
and SrNdGa;0; Melilite Single Crystals

Chuanying Shen,*” Shujun Zhang,”" Duanliang Wang,’ Tianxiang Xu," Haohai
Yu," Wenwu Cao,” Jiyang Wang,* and Huaijin Zhang,*

Piezoelectric CaNdGa;0; and SrNdGa;0; single crystals with the melilite structure were
successfully grown by the Czochralski technique. Thermal properties of these crystals have
been systematically investigated. A full matrix of electromechanical material constants was
measured by the IEEE resonance method, with £’;, and d,, being on the order of 12.5-14.0%
and 9.3-9.4 pC/N, respectively. The relationship between physical properties and
microstructures was established to explain the anisotropic properties of melilite crystals. In
addition, the GaO, tetrahedral layers, acting as barriers against charge transport, account for
the high electrical resistivity along the Z-axis. The high thermal stability of elastic constants
and piezoelectric coefficients of STNdGas;0; over the temperature range of 25-600 °C, together
with its high resistivity on the order of 9.2 x 10° Ohm-cm at 600 °C, make it a promising

candidate for piezoelectric sensing applications at high temperatures.

Introduction

The development of high-temperature piezoelectric sensors has
attracted increasing interest in the past few years, particularly in
the area of structural health monitoring of aircraft and
automobile engines.'> However, candidate materials proposed
for high-temperature piezoelectric sensing applications have
various shortcomings,® for example, the piezoelectric response
of a-SiO, crystals starts degrading above 350 °C due to the
increase of structural disorder,® while high conductivity and
thermal instability of LiNbOj; limit its usage temperature to less
than 600 °C and high frequencies.” Although GaPO, possesses
high electrical resistivity and thermal stability of piezoelectric
properties up to 950 °C.° the high cost of raw materials and
small size of achievable crystals limit commercial applications.
Despite the good piezoelectric properties of langasite (LGS)-
type crystals, the high dielectric loss and low electrical
resistivity (less than 10° Ohm-cm at 600 °C) limit their high
temperature usage.” On the other hand, oxyborate crystals
exhibit good piezoelectric coefficients, high electrical
resistivity and thermal stability, but the monoclinic symmetry
and related pyroelectric cross-talk may generate undesirable
electrical noise in sensing applications.> ' Thus, new high
temperature piezoelectric crystals with simple symmetry, high
piezoelectric sensitivity and high thermal stability are desired

for high-temperature piezoelectric sensing applications.
It was reported that melilite Ca,Al,SiO5 crystals possessed
high electrical resistivity of 10° Ohm-cm at 800 °C and

This journal is © The Royal Society of Chemistry 2013

piezoelectric d;, of 6 pC/N,*? drawing our attentions for the
exploration of crystals with melilite structures for high
temperature piezoelectric applications. Mineral melilites are
abundant solid solutions, which were found in igneous and
metamorphic rocks, meteorites, and blast furnaceslags.'® Many
melilite-type compounds have been synthesized with a wide
range of chemical compositions, including four general
formula: A12A2Z2O7 (A1=Ca, Sr, Ba, Pb; A= Mg, Zn, Cd, Mn,
Fe, Co, Cu; Z=Si, Ge); ALX(XZ)0; (A'=Ca, Sr, Ba; X =Al,
Ga; Z=Si, Ge); (A'Re)X'X?%,0; (A'=Ca, Sr, Ba; Re=rare earth
element; X' =Fe, Co, Al, Ga; X> = Al, Ga) and (NaA")XSi,0;,
(A'=Ca, Sr, Ba; X =Al, Ga).'! The structure of melilite crystals

has tetragonal symmetry with space group of P4a2,m J213 which
was firstly determined by Warren'* and subsequently refined by
Smith'® and Bindi et al'®. There are two face shear piezoelectric

coefficients d;, and d;s; in melilite crystals with P42m
symmetry. The piezoelectric coefficient d;, of SrGdGa;0; was
reported to be 14.5 pC/N,"” much higher than those of quartz
(d;; =2.3pC/N)’, GaPO, (d;; =4.5 pC/N)'® and La;GasSiO,
(d;;7=6.3pC/N)." In this research, large size CaNdGa;0; (CNG)
and SrNdGa;O; (SNG) piezoelectric single crystals were
successfully grown by the Czochralski technique. The thermal
and piezoelectric properties were systematically investigated. A
structure-property relationship was established to explain the
anisotropic properties of melilite crystals. In addition, the
temperature dependent material properties were measured up to
600 °C, their stability demonstrates the potential usage of these
piezoelectric materials at elevated temperatures.

Experimental
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Crystal growth and structure analysis

The stoichiometric amounts of raw materials, including high-
purity reagents CaCO; (SrCOs3), Nd,O; and Ga,O; powders,
were weighed and fully mixed for CaNdGa;0, (SrNdGa;0-)
crystal growth. An excess of Ga,O; (1-2% of the total mass)
was added to compensate for the evaporation during growth
process. The mixtures were calcined at 1000 °C for 10 h to
decompose the carbonate, and then ground, mixed, pressed and
re-sintered at 1000-1150 °C for 10 h to obtain the
polycrystalline compounds. Crystals were grown by the
conventional RF-heating Czochralski technique using iridium
crucible in an atmosphere of nitrogen containing 2% oxygen by
volume. The pressed CaNdGa;O; mixtures were melted and
kept for 3 hours at a temperature 30 °C above the melting point
to ensure homogeneity of the melt. A sintered CaNdGa;0,
polycrystalline bar was used as a seed to pull the CaNdGa;0,
crystal from the melt with a pulling speed of 0.5-1.0 mm/h and
a rotating rate of 10-30 rpm. To avoid cracking caused by the
anisotropic thermal stress, the as grown crystal was cooled
down to room temperature at a slow rate of 15-25 °C/h after the
growth process. An [001]-oriented crystal bar with the
dimensions of ¢ 4x4 mm? (with no obvious scatter pellets and
cracking) was cut from the above-grown crystal and used as a
new seed to grow high quality single crystals. The growth
process of STNdGaz0;, is similar to that of CaNdGa;0.

The structure of the as-grown crystals was studied by X-
ray diffraction (XRD) using crushed powders. The atomic
coordinate locations, lattice parameter and bond lengths were
determined and refined by Jade 10 software.

The crystals were oriented along the crystallographic directions
[002] and [400], by X-ray orientation system, from which the
crystallographic axes a, b and ¢ can be confirmed. According to the
IEEE Piezoelectric,® the crystals with space group P42, m possess

physical X-, Y- and Z-axes paralleling to the crystallographic a-, b-
and c-axes, respectively.

Thermal property measurements

Thermal properties, including thermal expansion, specific heat,
thermal diffusivity and thermal conductivity are important
parameters for piezoelectric sensing applications at elevated
temperatures. For example, a small divergence of thermal
expansion coefficients between the piezoelectric material,
electrodes, and package assembly will benefit the sensing with
reduced undesired noise and enhanced reliability. The thermal
expansion coefficients were measured on specimens with
dimensions of 4 x 5 x 6 mm® using a thermal dilatometer
(Diamond TMA, Perkin-Elmer). The temperature dependent
density, which is important for resonance based sensing, such
as surface acoustic wave devices, was calculated based on the
thermal expansion coefficients. The specific heat was measured
by differential scanning calorimetric method in the temperature
range of 20-300 °C using a simultaneous thermal analyzer
(Perkin Elmer Diamond: DSC). The thermal diffusivity was
measured along two different crystallographic directions (X-
and Z-) over the temperature range of 30-300 °C, from which,
the thermal conductivity can be calculated based on equation

according to the following formula: K=4p C”, where A is the
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thermal diffusivity coefficient, p is the density, and C, is the
specific heat at constant pressure.
Electromechanical property measurements:

For piezoelectric crystals with P42m symmetry, there are 10

nonzero independent electromechanical constants, including
two dielectric permittivities, six elastic constants and two
piezoelectric  coefficients. Different specimens, including
transverse extensional bars and face shear plates were made
based on the IEEE Standards on Piezoelectricity.?’ Table I lists
the specimens, electric field directions together with the
corresponding piezoelectric vibration modes for
electromechanical constants determination. The dielectric
properties were determined from capacitance measured using a
high precision LCR meter (Agilent HP 4184A) at 100 Hz - 100
kHz. The elastic constants and electromechanical coupling
factors were calculated from the resonance and anti-resonance
frequencies of the specimens, which were measured using an
Agilent HP 4194A impedance/gain-phase analyzer. The
orientation dependent piezoelectric coefficients were calculated
by Matlab and Mathematica software. The electrical
resistivities were measured using a source meter (Keithley
2410C, Metric Test, Hayward, CA) by the two-probe method.
The temperature dependent electromechanical properties were
investigated using an Agilent HP 4194A impedance network
analyzer, connected to a specially designed sample holder in a
high temperature furnace.

TABLE 1. Different CaNdGa;0O; and SrNdGa;O; specimens
used to measure the electromechanical constants.
Electri
. Dimensions cetre Vibration Material
Specimens 3 field
(mm”) . modes constants
Directions
X-plate 8x8x2 X &1
F
X-plate 8x8x2 X ace Ses
shear
Z-plate 8x8x2 zZ 33
Face
Z-plate 8x8x2 VA shear S66
XY1)-5° K K
XYy ’o Length S11> S335
(XYU-45 and 12x4x2 X ¢ . (2S11+S55),
extension
(XY1)-85° dyy
(ZX1)-45° 12x4x2  Z Length — (2512+50),
extension  dsq4
Results and discussions
Crystal growth and structural analysis
The as-grown CaNdGa;O, (melting point 1500 °C*?) and

StNdGa;0; single crystals with the size of about ¢ 25x40 mm?
are shown in Fig. 1. The crystals have no cracks and stacking
defects, but a little rough on the surface of SrNdGa;O-,
resulting from the severe evaporation of Ga,O; due to the
higher melting point of SNG compared to that of CNG. Fig. 2
shows the XRD patterns, the peaks of the as-grown crystals

This journal is © The Royal Society of Chemistry 2012
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match well with the standard card, exhibiting pZzl m space

group symmetry.

CaNdGa

Fig. 1 The as-grown CaNdGa;O; and SrNdGa;O; single
crystals pulled along [001]-direction.
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Fig. 2 X-ray powder diffraction (XRD) of CaNdGa;O; and

SrNdGa;0; single crystals.

The structure of SrNdGa;O; was analyzed as shown in
Fig. 3, which can be described as layers of GaO, tetrahedrons
(formed in the XY plane) alternating along the Z-axis, between
the layers, Sr’* and Nd*" distributed randomly with a ratio of
1:1 in eight coordinated sites and linked to GaO, tetrahedral
layers. There are two different types of GaO, tetrahedrons and
one type of 8-fold SrOg (NdOg) polyhedron. As expected, the
structure of SrNdGa;O; is almost the same as those of
gaNdGa3O7 and other melilite-type (AlRe)X1X22O7 crystals.ZI'

This journal is © The Royal Society of Chemistry 2012

CrystEngComm

ARTICLE

A A

e e—> Sr/Nd

GalOy
Fig. 3 The structure of SrNdGa;O;: (a) projected along Y-
direction; (b) projected along Z-direction.

Table II lists the lattice parameters (a =

b) and bond
lengths of Ca-O, Sr-O and Ga-O in CaNdGa;O; and
SrNdGa;0; crystals. From Table II, the bond length of Ca-O is
shorter than that of Sr-O, but the ratio of bond length Ca-O to
the radius of Ca®' is larger than the bond length Sr-O to the
radius of Sr*’, indicating a larger space between the Ca*" and
0% in Ca polyhedrons.

Table II Lattice parameters and bond lengths of Ca-O, Sr-O and
Ga-0O in CaNdGa;0; and SrNdGa;0; crystals.

CaNdGa;0, (A) StNdGa;0; (A)
lattice
parameter  7.90 (1) 8.00(1)
a
lattice
parameter  5.23(1) 5.28(1)
c
Category bond lengths bond lengths
of bond g g
Gal-
03(4) 1.83(1) 1.90(1)
Ga2-01 1.78(2) 1.80(1)
Ga2-02 1.84(2) 1.86(1)
Ga2-
03(2) 1.76(8) 1.79(1)
Ca(Sr)1- Average Average
o1 2.46(1) ratio of Ca- 251 ratio of Sr-
Ca(Sr)1- O length to O length to
02 2:45(6) radius  of 251 radius  of
Ca(Sr)- Ca®": 233 Sr?t:2.22
03(2) 2.86(1) 2.92(1)
Ca(Sr)-
02(2) 2.59(3) 2.59(1)
Ca(Sr)-
2.50(1 2.44(1
032) 50(1) (1)

Thermal properties
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Fig. 4 (a) and (b) present the temperature dependence of
thermal expansion, exhibiting linear behavior over the studied
temperature range of 25-500 °C for both CaNdGa;O; and
SrNdGa;0O; crystals. The average thermal expansion
coefficients can be calculated from the slope of the curves and
were found to be 5.4 x 10 /°C and 6.6 x 10 /°C along X- and
Z-directions for CaNdGa;0; crystals, 5.4 x 10 /°C and 6.4 x
10° /°C for SrNdGa;O, crystals, respectively. Thermal
expansion depends on the strength of the chemical bonds along
different crystallographic directions. In general, stronger inter-
atomic forces associated with lower thermal expansion, while
weaker forces relate to higher expansion, accounting for the
anisotropic behavior.* The small divergence of thermal
expansion coefficients along X- and Z-directions will benefit
the selection of electrodes and package assembly easily, thus
reduce the undesired noise and enhance sensing package

reliability.
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Fig. 4 Thermal expansions of (a) CaNdGa;O; and (b)
SrNdGa;0; as a function of temperature.
The density at different temperatures can be determined

according to the following formula:

_m_ m ) Py
abe aoboco(l+%(l+i—b)<l+£) (1+%(1+i—b)<1+&)
a, a ,

0 0 0 0 0
ey

where py = 5.14 g/cm® and 5.47 g/cm® are the room temperature
densities measured by Archimedes method for CaNdGa;0; and

4| J. Name., 2012, 00, 1-3

SrNdGa;0,, respectively; the data of da/ay, = Ab/b, and Ac/c,
can be obtained from the corresponding thermal expansion
curves. As shown in the inset of Fig. 4 (a), the density of
CaNdGa;0; crystals was found to decrease linearly from 5.14
g/cm3 to 5.10 g/cm3, while for S'TNdGa; 0, it decreased linearly
from 5.47 g/em® to 5.42 g/cm® over the temperature range of
25-500 °C, as observed in the inset of Fig. 4 (b) .

The specific heat as a function of temperature for
CaNdGa;0; and SrNdGa;0; crystals were given in Fig. 5, from
which we can see that the specific heat increased slightly with
temperature for both crystals. The value of CNG is slightly
larger than that of SNG, reaching the same value of 0.60 J/g-°C
at 300 °C.

0.60 - .
—~ o CaNdGa;0, o 2saeg ()
< 058} i
O e SrNdGa;0; 7
S 056] i
o 054f f
s 052} o
FE A o
= ”
H o048
3 K ,.-’"P
a, Nnas L @
& 0461 o f
044 o
@
0'42 ! L 1 Il ! L
0 50 100 150 200 250 300
Temperature (°C)

Fig. 5 Specific heats of CaNdGa;O,; and SrNdGa;O; as a
function of temperature.

The temperature dependence of thermal diffusion is
illustrated in Fig. 6 (a), exhibiting increasing tendency for CNG
crystals over the temperature range of 25-300 °C, while SNG
maintains similar values along Z-direction, with slightly
decreased values along X-direction. At 25 °C, the thermal
diffusions are 0.819 mm?%s and 0.741 mm?*/s along X- and Z-
axis for CNG crystals; while the values are 0.709 mm?/s and
0.607 mm?/s for SNG crystals.

Generally, the thermal conductivity of crystalline materials
decreases with increasing while showing
increasing tendency for glasses and alloys.” The thermal
conductivities of CNG and SNG crystals were found to increase
with increasing temperature, showing glasses and/or alloys like
behaviors, as given in Fig. 6 (b). The glass and/or alloys like
behaviors may relate to their disordered structure.?®%’

temperature,

This journal is © The Royal Society of Chemistry 2012
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Fig.6 (a) Thermal diffusion; and (b) Thermal conductivity of
CaNdGa;0; and SrNdGa;0,
temperature.

crystals as a function of

Room temperature electromechanical properties

Table III Room temperature electromechanical material

constants of melilite crystals.

Dielectric Constants &;

0 £33
CaNdGa;0, 16.8 10.9
SrNdGa;04 14.5 9.4
Crystals Elastic Compliance Constants s;; (pm? /N)
Si1 Si2 S13 S33 S44 S66
CaNdGa;04 8.5 -3.5 -19 6.8 26.0 16.5
SrNdGa;0, 7.8 -3.0 27 69 259 159
Elastic Stiffness Constants c;; (10' N/m?)
Crystals
€11 C12 €13 C33 Ca4q Cé6
CaNdGa;04 16.9 85 7.1 18.7 3.8 6.1
SrNdGa;0, 232 14.0 146 259 39 6.3
Crystals E’lectrom?chanical Coupling Factor k; (%)
k'1s k'3 ki kss
CaNdGa;04 125 33 150 42
SrNdGa;0, 14.0 3.2 16.3 4.0
Piezoelectric Coefficients d;; (pC/N)
Crystals diy  dy dy _ dy dy
CaNdGa;0, 9.3 1.7

This journal is © The Royal Society of Chemistry 2012
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T SrNdGa;0; 9.4 1.5
“g 0.85f o—o— a-Si0, -0.4 23
& GaPO, 1.9 45
g 080r R La;GasSiO -6.0 6.2
é‘}‘ gl . o _5_CaNd X LasTagsGassO,4 -3.7 6.6
° O—a_ o3 o—CaNdZ Y Ca,O(BO3); 1.4 72 8.0
3 - —e SINdX
.§ 070 9o TS : SINd Z Table III lists the full matrix of electromechanical constants at
é £ - room temperature, in which the dielectric constant &,
A 06l [ . electromechanical coupling factor k;, and piezoelectric
';é 0.60 T —— =" coefficient d;, of CNG and SNG crystals were calculated to be
S 0.59 \ : : . . . 14.5-16.8, 15-16.3% and 9.3-9.4 pC/N, respectively. The CNG
= 50 100 150 200 250 300 and SNG crystals exhibit good piezoelectric properties when
Temperature (°C) compared with other high temperature piezoelectric crystals,
(@ such as 0-Si0,° GaPO,’ La;GasSiO,,  (LGS),”
78 56| o CaNdXx La;Tag sGas sO4 (LGT)?® and YCa,O(BO;); (YCOB).?
S ~—~CaNd Z As described in the preceding section, both CNG and SNG
§2.4 L & SINdX crystals have the same melilite structure, with GaO, layers
= +-SiNdZ alternating along the Z-axis, between which, Ca®" (Sr*") and
5 22 * Nd*" distribute randomly with a ratio of 1:1 in eight
§ 20L & *—& coordinated sites and linking GaO, tetrahedral layers, thus,
'g a—0 P = . r CNG and SNG possess similar piezoelectric anisotropy
O 18- o e el behaviors. The large anisotropy in piezoelectric coefficients is
g o P associated with the distortion of polyhedrons in crystal
& 16 =Y ” structure. Piezoelectric coefficient is a third-rank tensor, i.e., d;4
= 14 il , ) , , ) = d,»3, d3s = dj3;5, in which the first subscript number denotes
50 100 150 200 250 300 the direction of the applied field, and the other two subscript
Temperature (°C) numbers denote the directions of strain (deformation). With

electric field being applied along the X- or Z-direction, the
shear strain S, (resulting from the distortion of relatively soft
Ca-0O, Sr-O polyhedrons in YZ-plane) is much larger than Sj
(coming from the distortion of rigid GaO, tetrahedrons in XY-
plane), leading to higher d,,. Here, the “soft” and “rigid” mean
longer Ca-O/Sr-O bond length (more compressive, thus small
c44) and shorter Ga-O bond length (less compressive, thus large
cg6), Tespectively.

In addition, a polyhedral model has been successfully used
to explain the relationship between the crystal structure and
3031 where the elastic moduli are determined by
the distortion of polyhedral units. The elastic stiffness constants

elastic moduli,

c;; and ¢33 in SNG are larger than those of CNG, being related
to the CaOg and SrOg polyhedrons, which is the only difference
in these two crystals. The ratio of Ca-O bond length to Ca*" ion
radius is larger than that of Sr-O bond length to Sr** ion radius,
indicating a larger space in Ca polyhedron®?. Thus, the CaOj
polyhedron in CaNdGa;0O; crystals is easier to distort, leading
to weaker bond strength, accounts for the smaller values of ¢;;
and c3; (along physical principal axis) than those of SNG,
where the weaker bond strength corresponds to a smaller elastic
stiffness®*.

Orientation dependence of piezoelectric coefficient

For P42m symmetry, only two face shear piezoelectric
coefficients d;, and d;s exist. Of interest, piezoelectric
coefficients d;,, d;; and d3; will appear in the rotated

J. Name., 2012, 00, 1-3 | 5
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coordinates. Transverse coefficient d;, was investigated with
double rotations, where the XY-cut samples were first rotated
around the X-axis for # then rotated along the Z-axis for y,
according to the following formula:

d, =d, cos@sinfcos’ y —(d,, +d,;)cos@sin O cos ysin’ y @)

Meanwhile, after a rotation of angle o along the Z-axis
then rotated f along the X-axis for XZ- and X7Y-cuts,
piezoelectric coefficients d;; and ds; in the new coordinates can
be determined using the following equations:

d,, =2d,, cosasina cos® Bsin B—d,,(cos’ a —sin® a)cos Bsin®

3

d,, =(2d,, +d.,)cos asinacos Bsin’ 8 @)

Fig. 7 (a), (b) and (c) gives the piezoelectric coefficients as
a function of orientations, where the highest d;,, d;; and d;3; can
be achieved in XYm46°1°, XZIt68°/46°, ZXtl46/56°-cut
crystals, being on the order of 4.5, 4.7, 3.9 pC/N for
CaNdGa;0; crystals, 4.4, 4.5 and 3.8 pC/N for SrNdGa;0,
crystals, respectively. Fig. 7 (d), (e) and (f) illustrates the
schematics of the optimized crystal cuts in double rotated
coordinates.

'k(l -1 X

N
56 N

e

e Nz
(€) XZIt68°/46°

(f) ZXtl46°/56°

X z

X' (d) XYtwd6"/1° x
Fig. 7 Orientation dependence of piezoelectric coefficients (a)
dpy, (b) d;3 and (c) ds;3; The schematics of optimized cuts in
double rotated coordinates (d) XYrw46°/1°, (e) XZIt68°/46° and

(f) ZXt146/56°-cut specimens.

Temperature dependent electrical resistivity

Fig. 8 shows the electrical resistivity as a function of
temperature for melilite crystals and compared with other
langasite-type piezoelectric crystals. The activation energies E,
can be calculated from the slopes of the curves and were found
to be 1.00 eV and 0.78 eV for X- and Z-cut CaNdGa;0,
crystals, 1.08 eV and 0.94 eV for SrNdGa;O; crystals,
respectively. The activation energy is a phenomenological
quantity and expected to reflect defect mobility energy at

6 | J. Name., 2012, 00, 1-3

elevated temperatures.”® For melilite crystals, the resistivity
along the Z-direction is more than one order of magnitude
higher than the value along the X-direction, showing strong
anisotropic behavior, due to the layered crystal structure, where
the GaO, layers consisting of high density interconnected
polyhedrons are vertical to the Z-direction, acting as barriers
against charge transport.** In addition, it was reported that a
high level of disorder would induce phonon scattering,
decreasing the electrical resistivity in disordered langasite-type
piezoelectric crystals.*® Analogous to this, the
resistivities observed in CaNdGa;0; crystals may related to a
higher disorder distribution of Ca®>" and Nd** in CNG crystals
(due to their similar ionic radii, r°*2+) = 1.12 A, M@GE+) =
1.109 A) than that of SNG (r'(2+) = 1.26 A).%® In addition, the
more evident distortion of GaO, tetrahedral
CaNdGa;0; enables the easier deformation which is a
prerequisite deformation for high interstitial oxygen mobility,
which may also contribute to the resistivity of
CaNdGa;0-.%” Of particular importance is that the resistivity of
SrNdGa;0; at 600 °C along the Z-direction was found to be 9.2
x 10° Ohm-cm, higher than those of LGT (1.2 x 10® Ohm-cm)*®
and LGS (2 x 10° Ohm-cm) crystals.*
Temperature (°C)

lower

layers in

low

800700 600 500 400 300 200
T T T T T T T
10°EF 0 CaNdX Y
O CaNdZ
e 10°F & SINdX a
& f e sNdz -
£ 10°F ¢ LGT e~
£ * LGS.e
Q 4o’ P
2 .
2 10°F =
B .
[ rd
0] L * P
r 10 / B
10 L 04
>
10° . , . ’ Y

1.6

114
1000/T (K1)

1.0 1.2 2.0 22

Fig. 8 Electrical resistivity as a function of temperature for
high-temperature piezoelectric single crystals.

Temperature dependent dielectric and piezoelectric properties

Fig. 9 presents the dielectric permittivity and dielectric loss,
measured at 100 kHz as a function of temperature for CNG and
SNG crystals, where the permittivities were found to increase
with increasing temperature. When an electric field E; applied
along a physical axis, the induced dipole movement p; can be
calculated based on the formula p; = @;E;, where a; is the
polarizability. The difference of dielectric permittivity in CNG
and SNG crystals may be induced by the different of Ca** and
Sr** ions. As discussed previously, the larger ratio of Ca-O
bond length to Ca?' ionic radius provides larger space for
induced ionic movement,* resulting in larger induced dipole
moments under applied electric field, so the dielectric
permittivities of CNG are expected to be larger than those of
SNG crystals. In addition, the dielectric losses were found to
increase quickly for CNG over the studied temperature range

This journal is © The Royal Society of Chemistry 2012
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(as shown in the inset of Fig. 9), being associated with the

increased ionic conduction (low resistivity) at elevated
temperatures.
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Fig. 9 The dielectric permittivity as a function of temperature
for CaNdGa;0; and SrNdGa; 05 crystals.

Knowledge of the temperature dependence of the elastic
constants is important for the determination of crystal cuts with
zero temperature coefficients of frequency, which are desirable
for some types of surface acoustic wave (SAW) devices with
frequency stabilization requirements. Elastic constants as a
function of temperature for CNG and SNG crystals were
investigated, as shown in Fig. 10, from which all the diagonal
components of the elastic matrix were found to increase slightly
with increasing temperature, with the variation being less than
4% for CNG over the temperature range of 25-300 °C, and less
than 3% for SNG over the range of 25-600 °C. For both
crystals, the off diagonal components in elastic matrix, s;, and
513, were found to show opposite trend, decreased slightly with
increasing temperature.

This journal is © The Royal Society of Chemistry 2012
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Fig. 11 illustrates the piezoelectric coefficients of (a)
CaNdGa;0; and (b) SrNdGa;O; crystals as a function of
temperature. From Fig.11 (a), d;, was found to maintain similar
values over the temperature range of 25-300 °C, while d34

decreased from 1.7 pC/N to 1.1 pC/N. The coupling factors k;z

(XY#/45°) and k31 (ZXt/45°) in the 45° rotated coordinates were

found to decrease slightly with increasing temperature, as
shown in the inset of Fig.11 (a). On the other hand, d,, of SNG
crystals was found to decrease slightly from 9.4 pC/N to 9.1
pC/N over the temperature range of 25-600 °C, with the overall
variation of ~ 3%, showing a high thermal stability. Meanwhile,
piezoelectric coefficient d3s exhibited a very stable value, as
observed in Fig. 11 (b). The inset of Fig. 11 (b) presents the

temperature dependence of coupling factors, in which kl2 and

k;l were found to decrease slightly in the studied temperature

range, similar to the tendency observed in CNG. It should be
noted that the piezoelectric properties of CNG crystals cannot
be measured above 300 °C by resonance method, due to the low
resistivity and damping effects to the resonance/anti-resonance
frequencies beyond 300 °C.
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__95F = temperature range of 25-600 °C, make it a good candidate for
Z 90k = e . : ® o 0 * 0 edyy piezoelectric sensing applications at high temperatures.
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