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Fe-doped 0.62Pb共Mg1/3Nb2/3兲O3 – 0.38PbTiO3 共PMN–0.38PT兲 single crystals with two different
dopant concentrations, 0.2 and 1.0 mol %, were grown by a modified Bridgman technique.
The effect of Fe substitution on dielectric and pyroelectric properties was examined. The dielectric
constant of the 0.2 mol % Fe-doped PMN–0.38PT single crystal was controlled successfully,
indicating the possibility of tuning the dielectric properties by doping with a small concentration
of iron ions. The mechanism of doping effect was also discussed based on the principles of
crystal chemistry. The pyroelectric response of the single crystals was measured using a dynamic
method from 20 to 50 ° C. Compared with the 1.0 mol % Fe-doped single crystal, the 0.2 mol %
Fe-doped sample possesses the better pyroelectric properties. At room temperature, the pyroelectric
coefficient and detectivity figure of merit 共FD兲 for the 0.2 mol % Fe-doped sample are
568 C / m2 K and 53 Pa−1/2, respectively, and they increase slightly with temperature increasing.
These excellent pyroelectric properties as well as being able to produce large-size and high-quality
single crystals make this kind of single crystal a promising candidate for high-performance infrared
detectors and other pyroelectric applications. © 2005 American Institute of Physics.
关DOI: 10.1063/1.1862320兴
I. INTRODUCTION

共1 − x兲Pb共Mg1/3Nb2/3兲O3 – xPbTiO3 共PMN– xPT兲 single
crystals are well-known ferroelectrics with perovskite structure and have come into prominence in the past few years
due to their very high piezoelectric coefficients 共d33
⬎ 2500 pC/ N兲, extremely large piezoelectric strains
共⬎1.7% 兲, and extrahigh electromechanical coupling factor
in the longitudinal bar mode 共k33 ⬃ 94% 兲.1–3 Such excellent
properties point to a potential revolution in electromechanical transduction for a broad range of applications. Recently,
many studies have focused on their optical properties.4,5 The
result shows that PMN– xPT single crystals with tetragonal
structure exhibit excellent electro-optic performance and are
very promising candidates for optical devices.6,7
The pyroelectric effect has been studied in many ferroelectric materials.8 While extensive studies on the properties
of PMN– xPT single crystals have been made, less work has
been performed on their pyroelectric response. It may be
caused by their high dielectric constant which is unfavorable
for pyroelectric applications. The properties of pyroelectric
infrared detectors can be described by three major figures of
merit 共FOMs兲, as current response FOM Fi, voltage response
FOM Fv, and detectivity FOM FD.8 For high performance
a兲
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pyroelectric detectors, high FOMs are required. Except for a
high pyroelectric coefficient, an effective way to improve the
FOMs is to reduce the dielectric constant and loss by controlling the microstructure of the materials.
It has been reported that for ferroelectric materials,
small concentrations of substituents can dramatically
influence
their
properties.
Recently,
Fe-doped
共1 − x兲Pb共Zn1/3Nb2/3兲O3 – xPbTiO3 共PZN– xPT兲 single crystals were grown and characterized.9,10 It was found that Fe
substitution played a hardening effect and the dielectric constant for Fe-doped PZN– xPT single crystal in the tetragonal
phase is much lower than that of undoped one. This may be
related to the domain-wall pinning by the dipolar defects due
to the presence of the dopants, which will suppress the dielectric constants. This leads to the idea in this work to reduce the dielectric constants by doping Fe ions in tetragonal
PMN– xPT single crystals. The PMN–0.38PT single crystal
has been studied widely as a typical composition with a tetragonal structure.5,7,11 The main objective of the present
study is to investigate the possibility of tuning its dielectric
and pyroelectric properties by doping iron ions. Fe-doped
PMN–0.38PT single crystals with two different iron ion concentrations, 0.2 and 1.0 mol %, were grown and studied.
Their figures of merit as pyroelectric detectors were also examined to explore their possible applications.
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FIG. 1. Powder XRD patterns of Fe-doped PMN–0.38PT single crystals: 共a兲
0.2 mol % Fe-doped PMN–0.38PT and 共b兲 1.0 mol % Fe-doped
PMN–0.38PT.

II. EXPERIMENTAL PROCEDURE

Fe-doped PMN–0.38PT single crystals were grown directly from melt by a modified Bridgman technique.2,12 The
raw powders of Fe2O3, PbO, MgO, Nb2O5, and TiO2 with
purity of more than 99.99% were used as starting materials.
B-site precursor synthesis method is used to prevent formation of the pyrochlore phase during crystal growth.13 A
PMN–0.33PT single crystal was used as a seed crystal. Two
kinds of crystals with different iron ion doping concentrations, 0.2 and 1.0 mol %, were prepared. Powder x-ray diffraction 共XRD兲 analysis was performed by Cu K␣ radiation
共Philips PW 3710 expert system兲.
It is known that for tetragonal PMN– xPT single crystals,
the spontaneous polarization is along the 具001典 direction, so
the samples were oriented and cut along this direction as
confirmed by an x-ray diffractometer. Rectangular-shaped
specimens of 6 ⫻ 6 ⫻ 0.6 mm3 in dimension were prepared in
this work. The samples were painted with silver paste and
poled under an electric field of 1 kV/ mm for 15 min at
⬃160 ° C in silicone oil. Using an Agilent 4294A precision
impedance analyzer, the frequency dependence of dielectric
behaviors was investigated in the range of 50– 1000 Hz at
room temperature. A dynamic method was used to measure
the pyroelectric coefficient.14,15 In the measurement, the temperature of the sample was controlled by a Peltier heater and
modulated sinusoidally with an amplitude of 1 ° C at a frequency of 5 mHz. The pyroelectric current was amplified by
an electrometer and the 90° out-of-phase component modulated with respect to the temperature was measured with a
digital lock-in amplifier.
III. RESULTS AND DISCUSSION
A. Powder XRD analysis and dielectric properties

Powder XRD analysis was performed to determine the
phases in the as-grown Fe-doped PMN–0.38PT single crystals. The specimen was ground into fine powder. The XRD
patterns obtained at room temperature are depicted in Fig. 1.
The results show that both the single crystals possess the
tetragonal structure and are free of the pyrochlore phase. It
may be due to the seed crystal which had a key effect on
restraining spontaneous nucleation and other parasitic
growth.13
The dielectric properties of the Fe-doped PMN–0.38PT
single crystals were examined with emphasis at the fre-

FIG. 2. Frequency dependence of the dielectric constant and loss of poled
Fe-doped PMN–0.38PT single crystals at room temperature: 共a兲 0.2 mol %
Fe-doped PMN–0.38PT and 共b兲 1.0 mol % Fe-doped PMN–0.38PT.

quency regime of 50– 1000 Hz, as most of the applications
of pyroelectric infrared detectors are in this frequency range.
Figure 2 shows the frequency dependence of the dielectric
constant and loss for poled Fe-doped PMN–0.38PT single
crystals at room temperature. For the 0.2 mol % Fe-doped
single crystal, as shown in Fig. 2共a兲, the dielectric constant
and loss at 50 Hz are about 310 and 0.0067, respectively.
They are almost invariable until 1 kHz. The dielectric constant reported at 1 kHz for a pure PMN–0.38PT single crystal is ⬃700,16 which is much higher than that of the
0.2 mol % Fe-doped sample. No value of the dielectric loss
for a pure PMN–0.38PT single crystal has been reported. The
result shows that the dielectric constant of a PMN–0.38PT
single crystal is controlled successfully by doping with a
small concentration of iron ions. For a higher doping concentration, the dielectric constant of the 1.0 mol % Fe-doped
single crystal is about 725 at 50 Hz and decreases slightly
with frequency increasing. The dielectric constants are similar with those of an undoped single crystal, but its dielectric
losses are very high, which are more than 0.16 at 50 Hz.
Though the dielectric loss decreases sharply with frequency
increasing, it is still about 0.02 at 1 kHz, much higher than
that of the 0.2 mol % Fe-doped one.
We now discuss the effect of iron ion substitution on the
dielectric permittivity and loss of PMN–0.38PT single crystals. According to the principles of crystal chemistry, metallic
ions prefer to enter sites with equal valence and similar radii.
In the present study, the iron ions intend to substitute Ti4+
⫻
··
and produce oxygen vacancies, which form the 2FeTi
− VO
10
defect dipole pairs. The dipolar defects incline to align
themselves in the direction of the polarization vector within
domains, and this alignment will stabilize the domain struc-
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ture. They may interact with polarization within a domain
and make switching of the domain more difficult, effectively
clamping the domain wall by the domain-wall pinning effects. The stabilization of domain structures leads to a decrease in dielectric permittivity and loss, as demonstrated in
the Fe-doped PMN–0.38PT single crystal with a low doping
concentration. However, for a higher iron ion doping concentration, the partial reduction of Fe3+ – Fe2+ might increase the
hole conductivity of the single crystals, as in
共Ref.
17兲
and
Pb共Fe1/2Nb1/2兲O3 – Pb共Ni1/3Nb2/3兲O3
Pb共Fe1/2Nb1/2兲O3 – Pb共Co1/3Nb2/3兲O3 systems.18 This conductivity might contribute to the higher dielectric constant
and loss, as reported in the Pb共Fe1/2Nb1/2兲O3 – PbTiO3 single
crystal.19 The enhancement of dielectric permittivity and loss
corresponding to the conductivity may be responsible for the
results of the 1.0 mol % Fe-doped PMN–0.38PT single crystal, as shown in Fig. 2共b兲.
B. Pyroelectric properties

Let’s see the effects of the iron ion substitution on the
pyroelectric properties. A dynamic method was used to measure the pyroelectric coefficient in this work.14,15 In the traditional method, such as the Byer–Roundy method,20 the pyroelectric coefficients consist of the contributions of
nonpyroelectric currents, e.g., from thermally stimulated discharge. Using the dynamic technique, we can separate the
real pyroelectric response from nonpyroelectric currents and
obtain the pure pyroelectric coefficients.
At room temperature, the measured pyroelectric coefficient −p for the 0.2 mol % Fe-doped PMN–0.38PT single
crystal is 568 C / m2 K, much higher than that of the
1.0 mol % Fe-doped one, 400 C / m2 K. 共The signs of the
pyroelectric coefficients are defined according to the IRE
standard.兲 The large value implies that the 0.2 mol % Fedoped PMN–0.38PT single crystal is a very promising pyroelectric material. The unidirectional nonpyroelectric current
due to space-charge relaxation or the leakage current which
is the component of the current in phase with the temperature
modulation has been separated from the true pyroelectric
current. The coefficient due to the nonpyroelectric effect
共−pnon兲 is 33 and 12 C / m2 K for the 0.2 and 1.0 mol %
Fe-doped single crystals, respectively, which are both
smaller than one-tenth of its −p. This indicates that the nonpyroelectric current only amounts to a very small part in the
poled single crystals.
The temperature dependence of the pyroelectric properties was also characterized from 20 to 50 ° C. After setting to
a new temperature, the sample was kept for 15 min for the
signal to become stable before the pyroelectric measurement
was performed. The obtained pyroelectric coefficients of the

FIG. 3. Temperature dependence of the pyroelectric properties of Fe-doped
PMN–0.38PT single crystals: 共a兲 0.2 mol % Fe-doped PMN–0.38PT and 共b兲
1.0 mol % Fe-doped PMN–0.38PT.

Fe-doped PMN–0.38PT single crystals as a function of temperature are shown in Fig. 3. The pyroelectric coefficient
increases a little from 568 to 628 C / m2 K for the
0.2 mol % Fe-doped PMN–0.38PT single crystal, while the
value of −pnon remains almost constant. The 1.0 mol % Fedoped single crystal has a similar variation with temperature.
The temperature stability is also an important property of the
single crystals for their applications in pyroelectric detectors.
FOMs are useful parameters for pyroelectric materials
and are defined as follows: current response FOM Fi = p / c p,
voltage response FOM Fv = p / 共c p0r兲, and detectivity FOM
FD = p / 关c p共0r tan ␦兲1/2兴. Here, c p is the heat capacity per
unit volume 共⬃2.5⫻ 106 J / m3 K兲.8 0 = 8.85⫻ 10−12 F / m is
the permittivity of free space. r is the dielectric constant and
tan ␦ is the dielectric loss. The FOMs are often used to
evaluate the pyroelectric properties and to judge the suitability of new materials for applications in pyroelectric infrared
detectors. A summary of the dielectric properties, pyroelectric coefficients, and the calculated values of FOMs of the
Fe-doped PMN–0.38PT single crystals at a frequency of
50 Hz is given in Table I. The values of −p and FOMs for the
0.2 mol % Fe-doped single crystal are all much higher than
those of the 1.0 mol % Fe-doped one, indicating the better
pyroelectric properties for the PMN–0.38PT single crystal

TABLE I. The values of the pyroelectric coefficient, dielectric properties, and various FOMs at room temperature for Fe-doped PMN–0.38PT single crystals.

Concentration

r
共50 Hz兲

tan ␦
共50 Hz兲

−p
共C / m2 K兲

Fi
共pm/V兲

Fv
共m2 / C兲

FD
共Pa−1/2兲

0.2 mol % Fe
1.0 mol % Fe

310
725

0.0067
0.161

568
400

227.2
160

0.083
0.025

53
5
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with a low doping concentration. Besides, it also shows the
possibility of tailoring the pyroelectric coefficient and FOMs
by doping iron ions. Compared with the reported values of
−p and FD for the widely used pyroelectric single-crystal
LiTaO3 共230 C / m2 K and 49 Pa−1/2兲,8,21 the 0.2 mol %
Fe-doped PMN–0.38PT single crystal also has higher values
of 568 C / m2 K and 53 Pa−1/2, respectively. These excellent pyroelectric properties, as well as being able to obtain
large-size and high-quality single crystals, make the
0.2 mol % Fe-doped PMN–0.38PT single crystal a very
promising candidate for uncooled infrared detectors and thermal imaging applications.
IV. CONCLUSION

Two kinds of Fe-doped PMN–0.38PT single crystals
with different iron ion molar ratios, 0.2 and 1.0 mol %, were
grown by means of a modified Bridgman technique. The
effect of Fe substitution on dielectric and pyroelectric properties was examined by single crystals poled along the spontaneous polarization direction. The dielectric permittivity of
the 0.2 mol % Fe-doped PMN–0.38PT single crystals is
much lower than that of the undoped single crystal, which
indicates the successful adjustment of dielectric properties by
doping with a small concentration of iron ions. This may be
related to the domain-wall pinning by the dipolar defects due
to the presence of the dopants, which will suppress the dielectric constants. However, for a higher iron iondoping concentration, the dielectric constant and loss both increase because the partial reduction of Fe3+ – Fe2+ might increase the
conductivity of the single crystals.
The pyroelectric response of the single crystals was measured using a dynamic method from 20 to 50 ° C. Compared
with the 1.0 mol % Fe-doped single crystal, the 0.2 mol %
Fe-doped sample possesses the higher pyroelectric coefficient and FOMs. At room temperature, the measured pyroelectric coefficient and detectivity figure of merit FD for the
0.2 mol % Fe-doped PMN–0.38PT single crystal are
568 C / m2 K and 53 Pa−1/2, respectively, both better than
those of the widely used pyroelectric single crystal LiTaO3.
Since large-size and high-quality single crystals can be ob-

tained, these excellent pyroelectric properties, including their
temperature stability, make the 0.2 mol % Fe-doped PMN–
0.38PT single crystal a promising candidate for highperformance infrared detectors and other pyroelectric applications.
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