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High-frequency dispersion of ultrasonic velocity and attenuation of single-
crystal 0.72 Pb (Mgy;3Nb,;3) O3—0.28 PbTiO; with engineered domain
structures
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Using ultrasonic spectroscopy, the frequency dispersions of ultrasonic velocity and attenuation were
measured for single crystal 0.72 Pb(lyilb,3) —0.28 PbTiQ (PMN—28%PT) with engineered
domain structures in the frequency range of 50-110 MHz. We found that the velocity dispersion and
attenuation are very small for the longitudinal wave propagating dl@@g of the pseudotetragonal

state. Our results imply that the developed domain-engineered PMN-PT single crystals, which have
extremely largeds; and ki3, have great potential for high-frequency applications. 2@02
American Institute of Physics[DOI: 10.1063/1.1468265

PiezoelectridPZT) ceramics have been the dominant ultra-application (H. C. Materials Cg. The PMN-PT single-
sonic transducer materials since their discovery more than 4€rystal boule was grown by a vertical Bridgman—
years ago. But they exhibit high attenuation and large velocStockbarger method using a sealed platinum crucible with
ity dispersion at high frequencies due to the strong scatteringp01) seeding. The starting raw chemicals, PbO, MgO,
of acoustic waves at the grain boundarieBherefore, for  Nb,Os, and TiQ,, had a high purity of better than 99.99%.
frequencies above 25 MHz, single-crystals LiN® quartz ~ The starting powders were weighed to be the chemical ratio
are exclusively used for making ultrasonic transducers. Alas the formula (+x)PMN—xPT(x=0.28) and were mixed
though those single crystals have negligible attenuation anthoroughly in an agate mortar and pestle, and then loaded
dispersion at frequencies up to several hundreds megaherinto the platinum crucible. The maximum temperature in the
their electromechanical coupling coefficients and piezoelecfurnace was 1395 °C and the crystal grew at the rate of 0.8
tric coefficients are much too low. mm/hr under the temperature gradient of 20 °C/cm.
Recently, relaxor-based single crystals —%) After crystallographic orientation testing was performed
Pb(ZnsNbys) —xPbTiO;  (PZN-PT)  and  (1-x)  on a DX-4 x-ray single-crystal orientation unit, the crystal
Pb(Mg;sNby5) —xPbTiO; (PMN-PT) have emerged to be was cut into the dimensions of 18 mei3 mmx 2.35 mm
much superior piezoelectric materials. They have very largvith orientations[100}/[010]/[001] in reference to the cubic
ds3, ranging from 2000-2500 pC/N and the electromechanicoordinates. The basal rectangular planes ok 18 mn?
cal coupling coefficienkss is greater than 90%.°> Such a  were {001} faces. The surfaces were finished by polishing
high coupling coefficient and large piezoelectric coefficientwith 3 x alumina powder. Crystal poling was performed us-
are very attractive for making broadband ultrasonic transducing a 5 kV/cm electrical field applied alor@01], i.e., the
ers. The largeds; andkss of those single crystals originate 2 35 mm dimension, at 23 °C after sputtering Pd/Au of 0.05
from engineered domain structures, which are the result of,m/0.45 um thickness on both basal planes. Initially, tested

poling the single crystals with rhombohedral symmetry alonggata of the specimen gaag;~ 1400 pC/N(on a Berlincourt
[001] of cubic axis to make them into desired multidomaintype metey, free dielectric constant of 4300 and t&n
structures. For the multidomain single crystals, an important-q_ 204 (1 kHz and at 23°C
question arises: “Are their attenuation and velocity disper-  The ultrasonic spectra of PMN-PT single crystals were
sion as low as other single-domain single crystals, such ag;easured by using a through-transmission technique. The
LINbO; or quartz?.” After all, the ultrasonic attenuation is experiment setup was similar to that described in Ref. 1. A
closely associated with the presence of domains. Using thﬁair of immersion-type transducers centered at 100 MHz
ultrasonic spectroscopy technique, we have investigated @9934, Valpey—Fisher, Hopkinton, MAwas used. The
PMN—28%PT single crystal in the frequency range of 50—ransducers were immersed in a water tank and carefully
110 MHz. The results are surprisingly encouraging, the atyjigned. The transmitting transducer driven by a pulser/
tenuation and velocity dispersion both are very small, mak'receiver(5900 PR, Panametrics, Waltham, Mfunched a
ing these crystals good candidates for high frequency,gadband ultrasonic pulse. Transmitted signals, for the cases
medical ultrasonic transducers. ~ of without and with the sample in between the transducers,
The PMN-PT crystal specimen was made from a singleyyere detected by the receiving transducer and recorded in a
crystal boule of type A of a PMN-PT crystal for actuator digital oscilloscope(TDS 430 A Tektroniy, then down-
loaded to a computer where the fast Fourier transfgeFir)
3Electronic mail: cao@math.psu.edu of the time domain signals was performed. The frequency-
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dependent attenuatiom(w) and the inverse velocity or the ]
slowness dispersion(w) can be obtained from 1.000 __
Aw(w) _
a(w)=ay(w)+In TAS(w) , (1) E ;
& o.100 -
U(w)= 1 1 [ewl(wo)~es(wo)] g PW 3
Vg(wg) V() wod 5 / :
2 ]
B [ow(w)—¢s(w)] @) g 0.010 ..0.0. E
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LiNbO, oo° ]
whereA and ¢ represent amplitude and phase spectra of the evesen®® 1
detected signals, respectively. The subscvipand S stand B L e —————
for the spectra of the signals without and with the sample in 40 5 60 70 80 90 100 110
between the transducers, respectively,is a reference fre- Frequency (MHz)

quency Ch0$en inside the baanidth of the tra.nSdUk@r:Es FIG. 1. Ultrasonic attenuation for PMN—-28%PT multidomain single-
the velocity in the sample, ardlis the sample thicknes$.is  crystal, PZT-4 ceramic and LiNb@single domain single crystal.
the transmission coefficient for the acoustic wave from water

;O sample ]?r frﬁmksamplehto WatTr' which is independent 0[)ersion of PMN-PT single crystal is much smaller than that
requency for thick enough samples. of PZT-4 ceramic, which has the lowest attenuation in the

Although the crystal symmetry is§ the poled multido- ¢ iy of PZT ceramics. The frequency dispersion of veloc-
main crystal has a macroscopic symmetry ofrd The lon- ity and attenuation were also measured for-eut single-

gitudinz_il wave propagating alorf@®01] direction of a_4m_m crystal LiNbO, sample (Valpey—Fisher, Hopkinton, MA
crysFaI IS a pure-m(_)de wave. Therefore, the transmission “Crhe results are also shown in Figs. 1 and 2. It is seen that the
efficient T can be simply calculated by frequency dispersion of the phase velocity of PMN—-28%PT
_ A4pspwVsVwy single cr.ystql is comparable to thgt of LiNwa_hereas its
T= oV (3 attenuation is larger than that of LINGOThis indicates that
(psVst pwVw) . . .

o . the multidomain structures of the single crystal do have some
for the normal incident acoustic wavén Eq. (3), ps andpw  contributions to its attenuation. In spite of this, the attenua-
are mass density of the sample and water, respectively, angn value is still very small compared to that of PZT-4 and is
V, is the wave velocity in water. For the measured sampleycceptable for many applications.
ps=8.13 (g/cm_g). In order to obtain the dispersion of the |t is known that the longitudinal wave propagating along
absolute velocity, the sound velocity in the sample was meg001] of a 4nmcrystal is a piezoelectrically stiffened acous-
sured using a conventional pulse-echo method at the refefic wave. Its velocity is correlated to the piezoelectrically

ence frequencyw,, selected in the experiment, in our case stiffened elastic stiffness constanﬁf c§3+ e§3/e§3
50 MHz. The absolute velocity dispersion is then derived

from \/073[33
V(o) V=N, ()

V(@)= o V(wg) “
Here, the superscrifi stands for constant electric field con-
Previously, the velocity dispersion was calculated by dition, ey is the piezoelectric stress constant, afglis the
Vi clamped dielectric permittivity. When the attenuation is
V(w)= ©)

[es— ewt o(ts—tw) V(wp)’
+
wd

wheretg andty, are the delay time for bringing the detected
signals into the time window of the oscilloscope for the case
with and without the sample in between the transducers, re-
spectively. The advantage of calculating the slowness disper-
sion by using Eq(3) instead of calculating the velocity dis-
persion using Eq(4) is that the calculation of the velocity

1
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dispersion does not depend on the sound velocity of water, 'F 4 . PMN-28% PT(deduced) E
which is temperature sensitive. It is also independent of the F . o PMN-28% PT(measured) |
measurement of delay time, as pointed out in Ref. 6. - 1 s PZT4 1

The measured results of frequency-dependent attenua- e v LiNbO, ’
tion and slowness dispersion of PMN-28%PT single crystal ot Lt T T T T T =
are shown in Figs. 1 and 2. For comparison, the attenuation 4 %0 60 70 80 90 100 110
and dispersion of PZT-4 ceramic sampMalpey—Fisher, Frequency (MHz)

Hopkinton, MA) were also measured and are also shown iIAFIG. 2. Ultrasonic slowness dispersion for PMN—-28%PT multidomain

Figs. 1 and 2. It was observed that the attenuation and disingle crystal, PZT-4 ceramic and LiNg@ingle crystal.
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1748 —— T T T T T T T T ] %0 It is known that the velocity dispersion for an acoustic
17152 |- - 0032 wave propagating in an unbounded medium is caused only
s e - 0.030 by the attenuatiofiIn this case, the real and imaginary parts
17150 I L . Joees _ of the wave number, or phase velocity and attenuation, are
MR AP J 0026 ¢ correlated to each other through the ultrasonic Kramers—
£ s L Joou 2 Kronig relationship"’ Therefore, the phase velocity disper-
> K J ooz 2 sion can be derived from the measured frequency-dependent
% il J o020 attenuation. The velocity dispersion derived from the mea-
17.442 |- J o018 sured attenuation of PMN-PT single crystal is also shown in
10 L J oote Fig. 2 Here_ the _nearly local model_ of ultrasonic Kramers—
R I ooa Kronig relationship has been usétt.is seen that the agree-
17438 T T ment between measured and deduced velocity dispersion is
40 50 60 70 80 20 100 110 fa|r|y good_
Frequency (MHz) In summary, the frequency-dependent ultrasonic attenu-

FIG. 3. Frequency dependence of real and imaginary parts of elastic con‘?‘tlon and_ phase Ve|OC|t.y dISperSIOQ for th,e IongltUdlnal \_Nave
stantc; of PMN—28%PT multidomain single crystal. propagating annQOOl] in PMN—-28%PT smgle.crystal with
engineered domain structures are measured in the frequency

. . f 50—110 MHz n ultr ni r h-
taken into account, the wave number w/V can be consid- range of 50 0 by an ultrasonic spectroscopy tec

d | ber. h the elasti nstant is al nigue. The multidomain single crystal exhibits very low at-
ered a compiex number, hence, the elastic constant 1S also 8y jation and small velocity dispersion at the measured fre-
complex number, i.e.,

quency range. Considering its extremely ladyg and k3,
c§3=C’+jc”. (7)  the single crystal has a great potential for making high fre-

. . uency ultrasonic transducers.
Usually c”"<c’. The real part and imaginary parts of the q y
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