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Surface acoustic wave (SAW) properties at the 𝑥-cut of relaxor-based 0.67Pb(Mg1/3Nb2/3)O3-0.33PbTiO3 (PMN-
33%PT) ferroelectric single crystals are analyzed theoretically when poled along the [001]𝑐 cubic direction. It
can be found that PMN-33%PT single crystal is a kind of material with a low phase velocity and high electrome-
chanical coupling coefficient, and the single crystal possesses some cuts with zero power flow angle. The results
are based on the material parameters at room temperature. The conclusions provide device designers with a
few ideal cuts of PMN-33%PT single crystals. Moreover, choosing an optimal cut will dramatically improve the
performance of SAW devices, and corresponding results for crystal systems working at other temperatures could
also be figured out by employing the method.

PACS: 43. 35. Pt, 68. 35. Iv, 77. 65.−j

The power of surface acoustic wave (SAW) devices
is concentrated near the surface, SAW propagation
velocity is much lower than that of electromagnetic
waves, and they can access signals in the process of
propagation freely. SAW devices have the advantages
of small size, low cost and wide compatibility. In
recent years, with the rapid development of informa-
tion technology, applications of SAW devices have
become more extensive. Simultaneously, the require-
ment for surface acoustic wave devices has greatly
increased.[1−6] Thus, researchers have made great ef-
forts to find more suitable piezoelectric materials, such
as III-nitrides, PZT, and ZnO films.[7−11] New-type
relaxor-based Pb(Mg1/3Nb2/3)O3-PbTiO3(PMN-PT)
ferroelectrics have been reported by Fu Huaxiang
et al.[12] This crystal system has since increasingly
become the center of attention due to its excellent
piezoelectric performance.[13−17] It has been success-
fully applied to various devices, such as medical imag-
ing transducers, ultrasonic transducers, piezoelectric
actuators, etc.[18−20]

Relaxor-based 0.67Pb(Mg1/3Nb2/3)O3-0.33PbTiO3

(PMN-33%PT) ferroelectric single crystal has the best
piezoelectric properties compared to other chemical
compositions of PMN-PT.[16] The spontaneous po-
larization direction of PMN-33%PT single crystal is
along the [111]𝑐 direction. When an appropriate elec-
tric field is applied along the [001]𝑐 direction, the po-
larization direction of the single crystal rotates from
the [111]𝑐 to [001]𝑐 direction. Therefore, the relaxor
based ferroelectric single crystal PMN-33%PT pos-
sesses a compelling piezoelectric effect along the [001]𝑐

direction. PMN-33%PT single crystal can deform by
as much as 1.7% in a strong applied field, which is one
order of magnitude higher than that of conventional
piezoelectric materials.[12] Thus PMN-33%PT single
crystal is promising piezoelectric material for SAW de-
vices. For meeting the plenteous potential application
requirements in the future, the surface acoustic wave
propagation characteristics of PMN-33%PT crystal
at the 𝑥-cut poled in [001]𝑐 are studied in this paper,
and the results could contribute to the design of SAW
devices.
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Fig. 1. Coordinate system used in this work.

To obtain surface acoustic wave propagation char-
acteristics for the piezoelectric single crystal, we can
solve the Christoffel equation with semi-infinite crys-
tal boundary conditions.[21] The coordinate system
under investigation is illustrated in Fig. 1. Due to
the piezoelectric effect, the equations of elastic and
electromagnetic wave must be solved simultaneously
for the piezoelectric materials. The two equations are
coupled by the piezoelectric equations:[21]

𝜌
𝜕2𝑢𝑖

𝜕𝑡2
− 𝑐𝐸

𝑖𝑗𝑘𝑙

𝜕2𝑢𝑘

𝜕𝑥𝑙𝜕𝑥𝑘
− 𝑒𝑘𝑖𝑙

𝜕2Φ
𝜕𝑥𝑘𝜕𝑥𝑗

= 0,

*Supported in part by the National Natural Science Foundation of China under Grant No 50602009, the New Century Excellent
Talent Project (NCET) of the Ministry of Education of China under Grant No NCET-06-0345, the Postdoctoral Science Research
Developmental Foundation of Heilongjiang Province under Grant No LBH-Q06068, and the NIH under Grant No P41-EB21820.

**Email: ruizhang ccmst@hit.edu.cn;xiumingl@yeah.net
c○ 2009 Chinese Physical Society and IOP Publishing Ltd

064301-1

http://cpl.iphy.ac.cn
http://www.cps-net.org.cn
http://www.iop.org


CHIN. PHYS. LETT. Vol. 26,No. 6 (2009) 064301

𝑒𝑗𝑘𝑙
𝜕2𝑢𝑘

𝜕𝑥𝑖𝜕𝑥𝑗
− 𝜀𝑗𝑘

𝜕2Φ
𝜕𝑥𝑘𝜕𝑥𝑗

= 0,

𝑖, 𝑗, 𝑘, 𝑙 = 1, 2, 3, (1)

where 𝑢𝑖 is the vibration displacement of the particle,
Φ is the electrical potential, 𝑐𝑖𝑗𝑘𝑙 is the elastic stiffness
tensor measured under constant electric field, 𝑒𝑘𝑖𝑙 is
the piezoelectric tensor, and 𝜀𝑗𝑘 is the dielectric ten-
sor measured under constant strain, 𝜌 is the density
of the medium.

Using linear combinations of partial waves, the
particle displacements and the potential can be writ-
ten as[21]

𝑢𝑖 = 𝛼𝑖 exp
{︀
𝑗𝛽[(𝑙1𝑥1 + 𝑙2𝑥2 + 𝑙3𝑥3)− 𝑣𝑡]

}︀
,

Φ = 𝛼4 exp
{︀
𝑗𝛽[(𝑙1𝑥1 + 𝑙2𝑥2 + 𝑙3𝑥3)− 𝑣𝑡]

}︀
,

𝑖 = 1, 2, 3, (2)

where 𝑣 is the phase velocity of the acoustic wave, 𝛽 is
the scalar of the wave vector, 𝑙𝑖 is the direction cosine
for the direction of wave propagation, and 𝛼𝑖 is the
amplitude.

Using Eqs. (2) and (1), we can obtain the Christof-
fel equation[21]⎡⎢⎣

Γ11 − 𝜌𝑣2 Γ12 Γ13 Γ14

Γ21 Γ22 − 𝜌𝑣2 Γ23 Γ24

Γ31 Γ32 Γ33 − 𝜌𝑣2 Γ34

Γ41 Γ42 Γ43 Γ44

⎤⎥⎦
⎡⎢⎣

𝛼1

𝛼2

𝛼3

𝛼4

⎤⎥⎦=0,

(3)
where

Γ𝑖𝑘 = 𝑐𝐸
𝑖𝑗𝑘𝑙𝑙𝑙𝑙𝑗 , Γ𝑖4 = 𝑒𝑘𝑖𝑗 𝑙𝑘𝑙𝑗 ,

Γ44 = −𝜀𝑖𝑘𝑙𝑖𝑙𝑘, 𝑖, 𝑘, 𝑗, 𝑙 = 1, 2, 3.

The SAW velocities of free and metal surface are 𝑣𝑠

and 𝑣𝑚, respectively, which can be obtained by solving
Eq. (3) in consideration of the boundary conditions of
semi-infinite crystal. For piezoelectric materials, the
strength of the piezoelectric effect can be gauged by
the electromechanical coupling coefficient 𝑘, which can
be given by the formula[21]

𝑘2 = 2(𝑣𝑠 − 𝑣𝑚)/𝑣𝑠. (4)

Power flow angle (PFA) 𝜙 is the separation angle of
power flow and phase velocity, it reflects the diffracted
intensity of the sound wave. PFA 𝜙 can be given by[21]

tan 𝜙 =
1
𝑣

𝑑𝑣

𝑑𝜃
. (5)

Using Eq. (3) and the PMN-33%PT material param-
eters listed in Table 1,[15] we have calculated the
SAW propagation characteristics of [001]𝑐 poled PMN-
33%PT single crystal at the 𝑥-cut. Using this numer-
ical method, the calculated result of the SAW phase
velocity of the PMN-33%PT single crystal at the 𝑧-
cut is substantially in accordance with the measured
result cited in Ref. [22].

When varying the propagation angle 𝜃 from 0∘ to
180∘, the corresponding curves with phase velocity 𝑣
of free surface, electromechanical coupling coefficient
𝑘 and power flow angle 𝜙 at the 𝑥-cut are shown in
Figs. 2–4, respectively. Characteristic curves of quartz
and LGT are taken from Ref. [23].

Fig. 2. The SAW phase velocity of PMN-33%PT at the
𝑥-cut.

Fig. 3. Electromechanical coupling coefficient of PMN-
33%PT at the 𝑥-cut.

Table 1. Material parameters of PMN-33%PT single crystal
poled in [001]. These data are taken from Ref. [15].

Density 𝜌PMN−33%PT = 8060 (kg/m3)
Elastic stiffness constants 𝑐𝐸

𝑖𝑗 (1010/m2)

𝑐𝐸
11 𝑐𝐸

12 𝑐𝐸
13 𝑐𝐸

33 𝑐𝐸
44 𝑐𝐸

66

11.5 10.3 10.2 10.3 6.9 6.6

Piezoelectric constants 𝑒𝑖𝜆 (C/m2)
Dielectric constant 𝜀(𝜀0)

𝑒15 𝑒31 𝑒33 𝜀𝑆
11 𝜀𝑆

33

10.1 −3.9 20.3 1434 680

Figure 2 demonstrates the characteristics of SAW
phase velocity of the PMN-33%PT single crystal
at the 𝑥-cut. It is in the direction of 123.78∘

at which the maximum value of SAW phase ve-
locity for PMN-33%PT single crystal at the 𝑥-cut
is 1627.7 m/s, while for the direction of 88.3∘, the
minimum value of SAW phase velocity is merely
887 m/s, and the results are shown in Fig. 2. In
general, the SAW phase velocities of quartz and
La3Ga5.5Ta0.5O14(LGT) crystal are 3300–4000 m/s
and 2224–2697 m/s, respectively,[23] and the SAW
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phase velocity of crystal (CNGS,CTGS,LGS, etc) with
La3Ga5SiO14 structure is 2000–3000 m/s.[24] It is very
apparent that the SAW phase velocity is dramatically
lower for PMN-33%PT single crystal compared to the
traditional piezoelectric materials quartz and LGT.[21]

The PMN-33%PT single crystal with such a low SAW
phase velocity is very favorable for the further minia-
turization of SAW devices.

Fig. 4. Power flow angle of PMN-33%PT at the 𝑥-cut.

The electromechanical coupling coefficients of
PMN-33%PT single crystal at the 𝑥-cut are remark-
ably higher than those of traditional piezoelectric ma-
terials, which are shown in Fig. 3. The electromechan-
ical coupling coefficients of PMN-33%PT single crys-
tal at the 𝑥-cut are tremendously different in vary-
ing propagation directions, which can account for the
four peaks in Fig. 3. In the direction of 127.46∘, the
𝑘2 value of PMN-33%PT single crystal at the 𝑥-cut
is as high as 33.46%, which is very close to experi-
mental results.[15] It has been found that the 𝑘2 val-
ues of quartz and LGT crystal are less than 0.14%
and 0.5%, respectively.[23] PMN-33%PT single crys-
tal SAW devices with large electromechanical coupling
coefficients will have the advantage of low insertion
loss and broad bandwidth.

Figure 4 reflects that power flow angle 𝜙 of the
PMN-33%PT single crystal at the 𝑥-cut changes with
propagation direction. Generally, traditional piezo-
electric materials have a greater power flow angle, for
example, the maximum values of power flow angle of
quartz and LGT can reach about 20∘.[23] As shown
in Fig. 4, the values of PFA at the 𝑥-cut of PMN-
33%PT single crystal are relatively small, less than
1.3∘. PFA is even zero in some directions, such as
0∘, 26.66∘, 44.15∘, 54.14∘, 87.88∘, 123.29∘, 137.86∘

and 154.1∘. Therefore, this crystal is very suitable for
making SAW devices with superior electromechanical
performance.

Thinking about the characteristics of SAW phase
velocity, the electromechanical coupling coefficients
and power flow angle, it can be deduced that PMN-
33%PT single crystals of 𝑥-cut possess superior per-
formance at the directions of 123.47∘ and 53.1∘, which
are very suitable for the manufacture of SAW devices.

In summary, PMN-33%PT single crystal of 𝑥-cut
has very promising electromechanical performance,
which is the crucial factor for making SAW devices.
Note that for PMN-33%PT single crystal, the maxi-
mum value of SAW phase velocity is 1627.7 m/s, while
for quartz and LGT crystal, the minimum values are
3771.5 m/s and 2224.5 m/s, respectively.[23] Thereby,
for making SAW devices, the variation of phase ve-
locity is an inessential factor for PMN-33%PT single
crystal at the 𝑥-cut compared to former piezoelectric
materials. Considering the factors of the electrome-
chanical coupling coefficient, PFA and some extreme
cases, the optimal cuts may be found in some direc-
tions near to 123.47∘ and 53.1∘ for meeting many prac-
tical application requirements. If the material param-
eters of PMN-33%PT single crystal at other temper-
ature are applied in the theory, we could figure out
the temperature coefficient of delay (TCD). Thinking
about the effect of TCD, we can deduce optimal cuts
under some other temperatures.

In recent years, single crystal growth technology
has been developed, thus the quality of PMN-PT sin-
gle crystal has improved tremendously. Simultane-
ously, the price of PMN-PT single crystal has declined.
Therefore, PMN-PT single crystal has potential appli-
cations in SAW devices.
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