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Ferroelectric lead magnesium niobate–lead titanate single crystals for
ultrasonic hydrophone applications
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Abstract

Ferroelectric lead magnesium niobate–lead titanate (PMN–PT) single crystals with a composition around the rhombohedral–tetragonal
morphotropic phase boundary (65 mol% of PMN) were used to fabricate single-element needle-type hydrophones for measuring the spatial
and temporal characteristics of medical ultrasonic transducers. PMN–PT single crystal was grown by a modified Bridgman method. Discs
(0.5 mm thick) with normal along the〈0 0 1〉 direction were cut and then poled by a dc field in the thickness direction. The single crystal has a
high relative permittivity (εr ∼ 4000) making it appropriate for small area hydrophone applications. Single-element needle-type hydrophones
with this material as the sensing element have been fabricated and characterized. The hydrophones have flat frequency response and good
receiving sensitivity over certain frequency range in the megahertz region.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In the 1950s, lead-based relaxor materials with the chemi-
cal form of Pb(B′B′′)O3 were first discovered by Smolenskii
et al.[1]. The potential piezoelectric properties of perovskite
(ABO3) structure of Pb(Zr1−x, Tix)O3 (PZT) ceramics near
the morphotropic phase boundary (MPB) separating the
rhombohedral and tetragonal phases were first clarified
by Jaffe et al. in 1955[2]. After the discovery of PZT
system, numerous Pb(B′B′′)O3 and Pb(B′B′′)O3–PbTiO3
materials similar to PZT began to attract special attention
from researchers. Among these materials, lead magnesium
niobate–lead titanate [xPb(Mg1/3Nb2/3−(1−x) PbTiO3, ab-
breviated as PMN–PT] is an important system which has
been widely studied in recent years[3–6].

The PMN–PT solid solution system exhibits ultrahigh rel-
ative permittivity (εr = 3500–5000 at 1 kHz) and piezoelec-
tric properties (d33 = 1500–3000 pC/N,k33 > 0.9 andkt ∼
0.6) [7]. These excellent properties are found in PMN–PT
single crystals with compositions near the MPB region (at
∼65 mol% PMN)[4,7]. At this composition, the coexistence
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of possible crystal structures produces inhomogeneity in the
structure of this solid solution system by combing the rhom-
bohedral PMN and the tetragonal PT. The enhanced polariz-
ability arising from the coupling between these two equiva-
lent energy states may explain the origin for the outstanding
properties observed in PMN–PT systems.

In recent years, the demand for quantitative assessments
of both spatial and temporal characteristics of medical ul-
trasonic fields in the megahertz frequency range has grown
rapidly. Piezoelectric polymers such as polyvinylidene flu-
oride (PVDF) and vinylidene fluoride–trifluoroethylene
[P(VDF–TrFE)] have been used as active elements in hy-
drophones[8–11], and various commercial devices of this
type are available. However, they exhibit low sensitivities
and the low relative permittivity of polymer hydrophones are
not desirable because the output signals of the sensing ele-
ments are greatly reduced by the capacitance of the coaxial
cables. These shortcomings limit their receiving sensitivity
when used for acoustic field characterization at high fre-
quency. Therefore, due to their outstanding electrical prop-
erties, PMN–PT single crystals can be promising materials
for high-frequency medical sensors and transducers[12,13].

In the present work, we aim to use PMN–PT single crys-
tals as the sensing elements to fabricate needle-type hy-
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Fig. 1. (a) Schematic diagram of a needle-type hydrophone (b) photograph of the needle-type hydrophone.

drophones operating in the megahertz frequency range. The
permittivity and resonance characteristics of PMN–PT sin-
gle crystals are measured. The performances of these newly
developed hydrophones are evaluated.

2. Material used

PMN–PT single crystal with 65 mol% of PMN was grown
by a modified Bridgman method[14]. Chromium–gold
(Cr/Au) layers of thickness∼100 nm were sputtered on
both sides of the sample surfaces as electrodes. The 0.5 mm
thick PMN–PT single crystal was cut into several small
elements (∼ 1 mm× 1 mm and∼0.5 mm× 0.5 mm) with
normal along the〈0 0 1〉 direction. To induce the piezo-
electric properties, the PMN–PT discs were poled under a
dc field of 1 MV/m at 140◦C for 10 min in the thickness
direction. The poled samples were short-circuit at 50◦C for
24 h in order to remove the trapped charges.

3. Characterization of the PMN–PT single crystal

The capacitanceC of the PMN–PT disc was measured
by an impedance/gain phase analyzer (Hewlett–Packard
4194A). The relative permittivity (εr) of the sample can be
determined using the following equation:

εr = Ct

εoA
(1)

where εo is the permittivity of free space (=8.85 ×
10−12 F/m), A the area of the electroded surface of the disc
andt is the thickness of the disc.

Table 1
Physical characteristics of the PMN–PT sensing elements

Sample hydrophone Width (mm) Length (mm) Thickness (mm)

N1 0.9 0.9 0.5
N2 0.5 0.48 0.5
N3 0.5 0.45 0.25
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Fig. 2. Experimental setup for testing the sensitivity of the hydrophones.

As the vibration characteristics of the single crystal can be
excited electrically, the HP4194A impedance analyzer was
also used to measure the electrical impedance of the sam-
ple as a function of frequency in order to determine its res-
onance frequencies. The electromechanical coupling factor
(kt) and frequency constant (ND

t ) in the thickness direction
can be calculated from the resonance and anti-resonance
frequencies (fr and fa) according to the IEEE standard on

Fig. 3. The impedance (solid line) and phase (dotted line) vs. frequency spectra of a PMN–PT single crystal.

piezoelectricity[15]:

kt =
√

π

2

fr

fa
tan

(
π

2

fa − fr

fa

)
(2)

ND
t = fr × t (3)

Using the equivalent circuit analysis built in to the
HP4194A impedance analyzer, the effective mechanical
(Qm) factor of the single crystal can be estimated by:

Qm = ωL

R
(4)

whereω is the angular frequency andL andR are the induc-
tance and resistance deduced from the equivalent circuit of a
piezoelectric vibrator[15]. The piezoelectric charge coeffi-
cient (d33) was measured using ad33 meter (ZJ-3B) supplied
by the Beijing Institute of Acoustics, Academia Sinica.

4. Construction and evaluation of the hydrophones

After characterizing the electromechanical properties of
the PMN–PT single crystals, the crystals were then cut into
small tiles and used as the sensing element for fabricating
the needle-type hydrophones. The structure of the needle
hydrophone is shown schematically inFig. 1a. A copper
wire with a diameter of 0.6 mm was placed in the center of
a stainless-steel tubing with a diameter of 1.65 mm. Epoxy
(Ciba–Geigy, 5 min Araldite) was used to hold the copper
wire in the center of the tubing. To expose the tip of the
wire, the tip of the needle head was polished using a 1000
mesh (25�m) emery paper. The PMN–PT single crystal was
glued to the tip of the exposed wire using silver paint (Agar
Scientific Ltd.) and the edge of the crystal was then covered
by epoxy. A Cr/Au electrode was sputtered on the surface
of the sensing element to make contact with the tubing and
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acted as the ground electrode. Finally, the needle-head was
connected to a 50� coaxial cable for transmitting the sig-
nal to an amplifier (Fig. 1b). As the hydrophone was used
under water, the connection between the needle-head and
the coaxial cable was covered by silicone rubber to prevent
ingression of water. In the present study, three needle-type
hydrophones have been fabricated with single crystal of dif-
ferent sizes and the detail descriptions are listed inTable 1.

Testing of the hydrophones was carried out in a water
tank (Fig. 2). The receiving sensitivity of the sample hy-
drophone is determined by a comparison method in which
the received signal from the sample hydrophone is compared
with that of a reference hydrophone with known sensitivity.
A transducer with diameter of 6.35 mm (Panametrics V312)
was used to produce the acoustic waves. The sample hy-
drophone was placed at a point within the far field region of
the transducer (distance > a2/λ, wherea is the transducer
radius andλ is the wavelength of the acoustic wave). The
hydrophone was positioned for maximum signal in the plane
perpendicular to the transducer axis and measurements were
made with the transducer excited by a 20-cycle tone burst
with driving voltage in the frequency range of 1–24 MHz.
The hydrophone output signal was measured over the region
of the tone burst for which a voltage waveform of constant
amplitude was observed using an oscilloscope (HP Infinum).
For comparison, the sample hydrophone was replaced by
a standard bilaminar PVDF membrane hydrophone (Type
Y-34-3598 GCE-Marconi) at the same position and the sig-
nal of the membrane hydrophone was measured using the
same procedure. The sensitivityMa at the output of the am-
plifier connected to the PMN–PT hydrophone is calculated
from:

Ma =
(

VL

VS

)
MS (5)

whereVL andVS are the voltage measured by the PMN–PT
and membrane hydrophones, respectively, andMS is the
end-of-cable loaded sensitivity of the membrane hydrophone
(with the amplifier). The end-of-cable loaded sensitivity of
PMN–PT hydrophoneML is then given by:

ML = Ma

G
(6)

whereG is the gain of the amplifier (G = 5).

5. Results and discussion

5.1. Characterization of the PMN–PT single crystal

The performance of PMN–PT single crystal was evaluated
by the impedance analyzer and piezoelectricd33 meter. To
understand the vibration characteristics of the single crystal,
its electric impedance and phase are measured as a func-
tion of frequency and the results are given inFig. 3. In the
impedance spectrum, many resonance and anti-resonance

Fig. 4. The capacitance (solid line) and tanδ (dotted line) vs. frequency
spectra of the PMN–PT hydrophones: (a) N1, (b) N2 and (c) N3.

peaks are observed which are contributed by two main vi-
brational modes (the radial and thickness modes) and sev-
eral harmonics. As shown inFig. 3, unlike lead zirconate
titanate (PZT) ceramics, the harmonics of the radial mode in
PMN–PT single crystals are quite scattered presumably due
to anisotropy in the planar directions. The resonance fre-
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Fig. 5. The waveform of the voltage signal received by the PMN–PT
hydrophone N1.

quenciesfr andfa of the thickness mode vibration are found
at 3.91 and 4.75 MHz. With the measured frequencies, the
values ofkt andND

t of the PMN–PT disc were found to be
0.61 and 1916 Hz-m by usingEqs. (2) and (3), respectively.
The capacitance of the single crystal was measured and the
relative permittivityεr at 1 kHz was found to be 4000. The
effective mechanical quality factorQm of the single crystal
was found to be∼60. The piezoelectric coefficientd33 of
PMN–PT crystal was 1500 pC/N.

5.2. Performance of PMN–PT needle-type hydrophones

The end-of-cable capacitance of the three needle-type
hydrophones was measured in the frequency range of
1–35 MHz using the HP 4194A impedance analyzer and the
capacitance spectra are presented inFig. 4 where several
resonance and anti-resonance peaks are observed. For hy-
drophones N1 and N2 (Fig. 4a and b), the thickness mode
vibration appears at about 4 MHz which is closed to that
observed in the free-standing single crystal. For hydrophone
N3 (Fig. 4c), the thickness of the sensing element has been
reduced to half of those in hydrophones N1 and N2, and
its thickness mode resonance shifts to higher frequency.
Besides, the frequency of fundamental thickness mode and
its harmonics are further separated. A hydrophone normally
operates in the frequency range away from the resonances
in order to obtain a flat frequency response. Therefore, by
increasing the separation between the resonance frequen-
cies, we can design a hydrophone with wideband response
to the acoustic field.

The waveforms of the voltage signal received by the
PMN–PT hydrophones N1 to a tone burst at 10 MHz is
shown inFig. 5. Similar waveforms are observed in other
hydrophones. It can be seen that no distortion is observed
in the waveform. The end-of-cable loaded sensitivities of
the hydrophones were measured by the comparison method.

Fig. 6. Frequency plot of the end-of-cable loaded sensitivityML for the
PMN–PT hydrophones: (a) N1, (b) N2 and (c) N3.

Fig. 6 presents the frequency plots of the sensitivity for the
three PMN–PT hydrophones. InFig. 6a, the hydrophone
N1 shows a flat sensitivity in the frequency ranges of 7–12
and 17–22 MHz. The peaks at 14 and 23 MHz correspond
to the resonances in the PMN–PT single crystals. For hy-
drophone N2 (Fig. 6b), the diameter of the sensing ele-
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Table 2
Comparison between the hydrophones fabricated using PVDF and PMN–PT single crystals

Hydrophone type Sensing area (mm2) Thickness (�m) End-of-cable loaded sensitivityML (�V/Pa)

PMN–PT needle-like (N1) 0.81 500 0.082 at 10 MHz
PMN–PT needle-like (N2) 0.24 500 0.045 at 10 MHz
PMN–PT needle-like (N3) 0.23 250 0.049 at 20 MHz
PVDF membrane[16] 0.20 25 0.040 at 1 MHz

0.031 at 20 MHz

ment is reduced by half in comparison with that of hy-
drophone N1, both sensitivity and the resonance peak am-
plitude decrease. Since thickness of the active elements in
both N1 and N2 is the same, the resonances occur at similar
frequencies. Therefore, to obtain a flat frequency response
in a wider frequency range, the resonance peak should be
shifted to higher frequency by thinning down the active el-
ement. As shown inFig. 6c, the hydrophone N3 shows a
flat sensitivity in the frequency ranged from 17 to 24 MHz.
Table 2 lists the ML values for a PVDF membrane hy-
drophone and PMN–PT single crystal hydrophones. The
ML values of membrane-type PVDF hydrophone with sim-
ilar sensing element size (area∼0.2 mm2) are∼0.04�V/Pa
at 1 MHz and 0.031�V/Pa at 20 MHz. All the PMN–PT
hydrophones have higherML. Even for N3, theML value
is ∼0.05�V/Pa at 20 MHz which is nearly 25% higher
than that of the PVDF hydrophone. Therefore, this newly
developed PMN–PT hydrophone can operate at high fre-
quency (in the range of 17–24 MHz) with good receiving
sensitivity.

6. Conclusion

PMN–PT single crystals with 65 mol% of PMN, grown
by the modified Bridgman method, have been character-
ized. The single crystal has good electromechanical prop-
erties, with high value of piezoelectric coefficient (d33
∼1500 pC/N). Besides, it has high relative permittivity (εr
∼4000 at 1 kHz), which is an advantage in alleviating the
cable shunting problem. The single crystals were used as
the sensing elements of several needle-type hydrophones.
The performance of the hydrophones was evaluated in wa-
ter. By thinning the single crystal to proper dimensions, the
resonances of the crystal can be shifted to higher frequen-
cies and the PMN–PT hydrophone shows flat frequency
response ranged from 17 to 24 MHz. In comparison with
typical PVDF hydrophones, the PMN–PT hydrophones
have higher receiving sensitivity.
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