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A self-consistent complete set of dielectric, piezoelectric, and elastic constants for single domain

Ta modified (K, Na)NbO3 (KNN) crystal was determined. This full set constant for single domain

KNN-based crystals allowed the prediction of orientation dependence of the longitudinal dielectric,

piezoelectric, elastic coefficients, and electromechanical coupling factors. The maximum piezoelec-

tric and electromechanical properties were found to exist near [001]C. In addition, material constants

of [001]C poled domain engineered single crystal with 4mm symmetry were experimentally meas-

ured and compared with the calculated values. Based on this, extrinsic contribution to the piezoelec-

tricity was estimated to be �20%.VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4902548]

Lead-free piezoelectric materials have been extensively

studied in the last decade because most of currently used pie-

zoelectric materials are Pb-based, which are environmentally

hazardous. Among all lead-free piezoelectric materials

reported so far, the (K, Na)NbO3 (KNN) system has drawn

much attention due to its high Curie temperature and excel-

lent piezoelectric properties,1–4 especially after the break-

through made in KNN-based ceramics by Yasuyoshi et al. in

2004.5 Great improvement for KNN-based ceramics has

been achieved in recent years both in preparation techniques

and piezoelectric performance.6–8 By contrast, study on the

KNN-based single crystals is limited because of the diffi-

culty in growing large size KNN-based single crystals.9–13

In our previous work, Ta modified KNN based single

crystal (abbreviated as KNNT) with large size and high qual-

ity had been grown by the top-seeded solution growth

(TSSG) technique, and the complete sets of elastic, dielec-

tric, and piezoelectric constants for the [001]C poled multi-

domain samples were reported.14

It is known that piezoelectric properties come from both

intrinsic and extrinsic contributions; the intrinsic contribu-

tion refers to the effect of crystal anisotropy of single domain

state, while the extrinsic contribution comes from the motion

of domain walls. In order to gain further insight into the na-

ture of piezoelectric activity in [001]C poled domain engi-

neered single crystals, it is necessary to delineate these two

types of contributions.15–17 One cannot evaluate the intrinsic

and extrinsic contributions qualitatively without a complete

data set of the single domain state. Using the single domain

data, one could analyze the orientation dependence of func-

tional properties in order to get the optimum cut for particu-

lar applications, and also analyze the intrinsic and extrinsic

contributions of the piezoelectric properties.

In this study, a large size Ta modified KNN single crys-

tal (abbreviated as KNNT-2, to distinguish it from the

KNNT crystal reported previously14) was grown by the top-

seeded solution growth technique. The single-domain state

was realized using a 2-step poling procedure by applying a

field along [011]C. A full set of property matrix for the single

domain KNNT-2 single crystal was measured. Based on

these single domain data, orientation dependence of dielec-

tric, piezoelectric, elastic, and electromechanical coupling

properties were calculated, and the extrinsic contributions to

the piezoelectric properties were estimated by comparing the

calculated and measured values of the [001]C poled samples.

The KNNT-2 single crystal was grown by the top-seeded

solution growth method. High purity (99.99%) Na2CO3,

K2CO3, Ta2O5, and Nb2O5 were chosen as raw materials. The

growth procedure is similar to the KNNT crystal reported

previously.14

For the [011]C poled samples, the macroscopic symme-

try is the same as the crystal symmetry with the orthorhom-

bic point group mm2. There are total 17 independent

material constants: nine elastic constants, five piezoelectric

constants, and three dielectric constants. The z-axis is along

the poling direction [011]C, with x and y axes along the

pseudo-cubic crystallographic directions ½0�11�C and [100]C,

respectively. All samples were oriented by a Laue x-ray

machine with an accuracy of 60.5�, and designed with as-

pect ratios according to the IEEE standards. Vacuum sput-

tered gold was applied to the desired surfaces as electrodes.

In order to achieve single-domain state, two-step poling tech-

nique was adopted.18 In the 1st step, samples were poled at a

temperature slightly above the orthorhombic-tetragonal

phase transition temperature, e.g., around 100 �C, under the

electric field of 1 kV/cm for 3min, then slowly cooled down

to 40 �C with the electric field on. Finally, the sample was

naturally cooled to room temperature after removing the

field. In the 2nd step, a DC field of 20 kV/cm was applied to
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the samples at room temperature for 10min. The [001]C ori-

ented multidomain samples were directly poled under a DC

electric field of 35 kV/cm at room temperature for 10min.

Domain configuration was studied by using polarizing light

microscopy (PLM). The dielectric constant was determined

using an HP 4284A multi-frequency LCR meter. The reso-

nance and antiresonance frequencies were measured using

an HP 4294A impedance-phase analyzer. The piezoelectric

coefficients and electromechanical coupling factors were

determined by resonance and antiresonance frequencies, fol-

lowing the IEEE standards. Combined resonance and pulse-

echo ultrasonic method were used to determine the complete

sets of elastic, dielectric, and piezoelectric constants with the

strategy of over determination. Furthermore, to guarantee the

self-consistency and accuracy of the full set physical proper-

ties, the inverse impedance spectroscopy method was used to

further check the data sets.19–22

Fig. 1(a) shows a photograph of the as-grown KNNT-2

single crystal. The dimensions of the crystal are 21� 21

� 8mm3, much larger than previously grown KNNT crys-

tals. Some cracks along {100}C plans can be observed due to

the large strain formed at the cubic-tetragonal phase transi-

tion temperature TC and tetragonal-orthorhombic phase tran-

sition temperature TO-T during the cooling process.

In order to verify the composition homogeneity, local

composition of different parts in the cross section of KNNT-2

single crystal were checked by Energy Dispersive

Spectrometry (EDS). No evident compositional variation was

found along the radial direction. However, slight gradient along

the growth direction was observed. The composition was

determined to be (K0.47Na0.53)(Nb0.72Ta0.28)O3, (K0.49Na0.51)

(Nb0.74Ta0.26)O3, and (K0.53Na0.47)(Nb0.77Ta0.23)O3 for the

upper, middle, and bottom parts of the crystal. This composi-

tion gradient is a little lager than that of KNNT single crystal

due to the larger radial dimension in the current case.14 All

samples used in this work were cut from the same slice of the

crystal boule near the bottom.

Domain configurations of KNNT-2 single crystal before

(Fig. 1(b)) and after (Figs. 1(c) and 1(d)) the two-step poling

along [011]C were observed by PLM. All images are taken

on the ½0�11�C surface. It can be seen from Fig. 1(b) that the

domain width is of about 500 lm. After the two step poling,

complete extinction was observed when the spontaneous

polarization direction [011]C is parallel to one of the cross

polarizers, as can be seen in Fig. 1(c). In Fig. 1(d), one can

see that the whole sample is bright when [011]C is 45� to the

polarizer. Combined from Figs. 1(c) and 1(d), it can be con-

cluded that single domain state was achieved by the two-step

poling process. The single domain state is proven rather

unstable. Multidomain state can be easily induced by me-

chanical of electric stimuli. In fact, as the internal stress

release gradually, domain walls were observed in all samples

several days later. In some samples, domain walls can be

observed at the edges of the sample immediately after the re-

moval of poling electric field.

To determine the phase transition temperature of the

KNNT-2 single crystal, temperature dependence of the dielec-

tric constant eT33 for the [011]C poled sample was measured,

and the results are presented in Fig. 2. The KNNT-2 single

crystal exhibits two dielectric peaks in the measured tempera-

ture range. The peak around 85 �C corresponds to the

orthorhombic-tetragonal phase transition temperature TO-T
and the one at 253 �C corresponds to the tetragonal-cubic

phase transition temperature TC. Both TC and TO-T are lower

than that of the KNNT single crystal due to the higher Ta con-

tent in the current crystal.14 The dielectric constant exhibits

very little frequency dispersion and shows a sharp change

near the Curie temperature TC. Because the orthorhombic-

tetragonal phase transition temperature TO-T is well above

room temperature, pure orthorhombic phase is rather stable at

room temperature, therefore, the properties are not very sensi-

tive to the slight variation of composition and temperature,

and self-consistent data sets can be expected.

The measured complete sets of elastic, piezoelectric, and

dielectric constant for [011]C poled single domain KNNT-2

single crystal are listed in Table I. The single domain KNNT-

2 crystal exhibits high transverse dielectric constant

eT22¼ 1430, much higher than the longitudinal dielectric con-

stant eT33¼ 255. On the other hand, the thickness shear piezo-

electric coefficient d15 (251 pC/N) and d24 (166 pC/N) are 4.5

FIG. 1. (a) Photograph of as grown KNNT-2 single crystal; (b) domain con-

figuration of the KNNT-2 single crystal before poling; (c) domain configura-

tion of [011]C poled sample with [011]C parallel to the polarizer; and (d)

domain configuration of [011]C poled sample with poling direction 45� to

the polarizer.

FIG. 2. Temperature dependence of the dielectric constant eT33 for the [011]C
poled KNNT-2 single crystal.
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times and 3 times as high as the longitudinal coefficient d33
(56.2 pC/N). Both dielectric and piezoelectric constants show

very strong anisotropy, which is a typical characteristic of sin-

gle domain crystals in the KNN systems.23,24

In order to calculate the orientation dependence of these

physical properties, coordinate transformation has been per-

formed on the single domain data sets. To describe the orien-

tation dependence of dielectric, elastic, and piezoelectric

properties, parameters of the single domain state in the

intrinsic coordinate system are rotated counterclockwise first

around the x-axis by an angle a, and then rotated counter-

clockwise around the new z0-axis by an angle c in the

3-dimentional space. The transformed constants d33*, s
E
33*,

and eT33* in the transformed coordinate system can be calcu-

lated using the data from the original matrices. The effective

electromechanical coupling factor k33* can be obtained by

the following formula:

k33
� ¼

d33
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

eT33
�sE33

�
p : (1)

The corresponding parameters in the 3-dimensional

space as functions of a and c are shown in Fig. 3, where a

increases in 3� steps and c increases in 5� steps. From Fig. 3,

it can be seen that d33*, s
E
33*, e

T
33*, and k33* all show strong

orientation dependence in the 3-dimentional space, d33*,

sE33*, and k33* all reach their maximum values in the (100)C
crystallographic plane. The transformed parameters d33*,

sE33*, e
T
33* in the (100)C plane can be calculated by the fol-

lowing formulas:

d33
� ¼ ðd31 þ d15Þ cos b sin

2bþ d33 cos
3b; (2a)

sE33
� ¼ sE33 cos

4bþ sE11 sin
4bþ ð2sE13 þ sE55Þ cos

2b sin2b;

(2b)

eT33
� ¼ eT33 cos

2bþ eT11 sin
2b; (2c)

where b is the angle between [011]C and the new z0-axis.

Material constants without asterisk (*) are corresponding pa-

rameters in the original coordinate system, and the constants

with asterisk (*) are calculated data in the rotated coordinate

system. k33* is also obtained by Eq. (1). It can be concluded

that when b¼ 45�, the z0 axis is along [001]C, corresponding

to the [001]C poled domain engineered structure with 4mm

symmetry. As shown in Fig. 4, d33* reaches its maximum

value of 121.6 pC/N at b¼ 50�, while the highest sE33*¼ 16.3

� 10�12m2/N and k33*¼ 0.596 are obtained at the angles of

45� and 54�, respectively. Dielectric constant eT33* does not

TABLE I. Measured and derived material constants of [011]C poled single domain KNNT-2 single crystal. (Density: q¼ 5165 kg/m3).

Elastic stiffness constants: cEij and c
D
ij (10

10N/m2)

cE11 cE12 cE13 cE22 cE23 cE33 cE44 cE55 cE66
23.10 9.88 3.33 28.10 11.90 19.70 7.80 1.90 7.70

cD11 cD12 cD13 cD22 cD23 cD33 cD44 cD55 cD66
24.60 9.14 5.46 28.47 10.81 22.70 9.40 3.20 7.70

Elastic compliance constants: sEij and s
D
ij (10

�12m2/N)

sE11 sE12 sE13 sE22 sE23 sE33 sE44 sE55 sE66
5.11 �1.92 0.29 5.49 �2.99 6.83 12.82 52.63 12.99

sD11 sD12 sD13 sD22 sD23 sD33 sD44 sD55 sD66
4.66 �1.31 �0.50 4.65 �1.90 5.43 10.64 31.25 12.98

Piezoelectric coefficients: dik(10
�12C/N), eik(C/m

2), gik(10
�3Vm/N), hik(10

8V/m)

d15 d24 d31 d32 d33 e15 e24 e31 e32 e33

251 166 31.7 �43.5 56.2 4.76 12.96 4.90 �2.43 6.95

g15 g24 g31 G32 g33 h15 h24 h31 h32 h33

85.33 13.13 14.08 �19.31 24.93 27.30 12.34 30.59 �15.17 43.39

Dielectric constants: eij(e0) and bij(10
�4/e0)

eT11 eT22 eT33 eS11 eS22 eS33 bT11 bT22 bT33 bS11 bS22 bS33
332 1430 255 197 1187 181 30.14 6.99 39.27 50.76 8.42 55.25

Electromechanical coupling factors

k15 K24 k31 k32 k33 kt

0.637 0.412 0.296 0.391 0.453 0.365

FIG. 3. Orientation dependence of (a) d33*, (b) s
E
33*, (c) e

T
33*, and (d) k33*

for the KNNT-2 single crystal.
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change as much as other constants with orientation in the

(100)C plane due to the similar values of eT33 and eT11 in the

single domain state. Although not all parameters reach the

maximum value at 45�, all parameters exhibit near their cor-

responding maximum values along [001]C.

The calculate values along [001]C are listed in Table II,

and the corresponding material constants of [001]C poled do-

main engineered KNNT-2 single crystal with 4mm symme-

try are directly measured for comparison. It can be seen that

the experimentally measured d33 is 150 pC/N, higher than

the calculated value of 119.8 pC/N. This is because, in the

calculated result based on the single domain data, no domain

walls contribution were considered, only the intrinsic contri-

bution from the effect of crystal anisotropy of a single-

domain single crystal was taken into account. On the other

hand, the experimental measured [001]C poled samples have

multidomain structure, both intrinsic orientation effect and

extrinsic domain wall contributions are included. The devia-

tion between the calculated and measured values should be

the extrinsic contributions, which are related to domain

walls. We estimated that the extrinsic contribution is �20%,

higher than that of the relaxor PbTiO3–based ferroelectric

single crystals.23,25 Previously, we had confirmed that the

extrinsic contribution of [001]C poled Li, Ta modified KNN

single crystals (determined by Rayleigh analysis method at

the electric filed of 1 kV/cm) is 21.6%, very close to the cal-

culated value here.26 Furthermore, our previous work

pointed out that the extrinsic contributions of the [001]C
poled 0.95(Bi0.5Na0.5)TiO3 based single crystal, determined

by Rayleigh analysis, is �10% at 1 kV/cm, which is also

higher than that of the Pb-based relaxor single crystals, but

lower than the KNN family.27 So the extrinsic contributions,

which are related to the domain wall activities, are related

not only to domain configurations but also to specific mate-

rial systems. The measured elastic compliance constant sE33 is

lower than the calculated value, indicating that the existence

of domain walls hardened the material. The deviation

between the calculated and measured k33 is relatively large,

the reason cannot be explained by the current matrix trans-

formation and needs to be further investigated.

In summary, a full set of elastic, dielectric, and piezo-

electric constants for the [011]C poled single domain KNNT-

2 crystal have been determined by the combined resonance,

ultrasonic, and inverse impedance spectroscopy method. The

single domain KNNT-2 crystal exhibits high anisotropy,

with high shear piezoelectric coefficient (d15¼ 251 pC/N,

d24¼ 166 pC/N) and low longitudinal piezoelectric coeffi-

cient (d33¼ 56.2 pC/N). The orientation dependence of the

longitudinal dielectric, piezoelectric, elastic, and electrome-

chanical coupling properties were calculated based on

the measured single domain full matrix data. It was found

that the maximum d33*¼ 121.6 pC/N, sE33*¼16.3�10�12

m2/N, and k33*¼0.596 occur in the directions of 50�, 45�,

and 54�, respectively, from the spontaneous polarization

FIG. 4. Orientation dependence of (a)

d33*, (b) s
E
33*, (c) e

T
33*, and (d) k33* for

the KNNT-2 single crystal in the

(100)C crystallographic plane.

TABLE II. Calculated and measured materials constants for [001]C poled

KNNT-2 single crystal.

d33 (pC/N) sE33 eT33 k33

Calculated 119.8 16.3 293 0.582

Measured 150 12.7 273 0.820
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direction in the (100)C plane. Near maximum d33*, s
E
33, and

k33* values can be obtained in [001]C poled samples. By

comparing calculated and experimental measured data for

the [001]C oriented samples, the extrinsic piezoelectric con-

tributions in the domain engineered single crystal is in the

order of 20%, much larger than relaxor-PbTiO3 based do-

main engineered crystals.
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