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Mechanical properties related to the relaxor-ferroelectric phase transition
of titanium-doped lead magnesium niobate
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The dielectric properties, internal friction, and Young’s modulus of (12x%) Pb~Mg1/3Nb2/3)O3

2x%PbTiO3 ~for x513, 23, and 33! ceramics have been measured. A phase-transition-like internal
friction peak associated with Young’s modulus softening has been observed at temperatureTR–F ,
which can be attributed to the relaxor-to-ferroelectrics (R–F) phase transition. Therefore, theR–F
phase transition can be explained in terms of the paraelectric-to-ferroelectric phase transition of
paraelectric matrix in the materials. ©2002 American Institute of Physics.
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Relaxor ferroelectrics has a very complicated ph
diagram.1–3 The transition from the paraelectric phase to t
ergodic relaxor phase corresponds to the appearance of
nanodomains below the temperatureTd .4 Cooled under a
high enough bias electric field, relaxor ferroelectrics wou
undergo a transition to the long-range ferroelectric phase
low a certain temperatureTR–F . Otherwise, it would evolve
to a nonergodic state without long-range ferroelec
order.2,3,5 The ergodic-to-nonergodic transition shows t
Vogel–Fulcher freezing process of nanodomains, which
be simulated with the spin glass model.1,2,6–9The relaxor-to-
ferroelectric (R–F) phase transition, as reported in som
papers, was assumed to be due to the increase of the c
lation length among nanodomains with the decrease
temperature,6,10 and could be explained by the spin gla
model as well. However, some neutron inelastic diffract
measurements on relaxors show a zone center transvers
tic mode which softens in a manner consistent with that o
ferroelelctric soft mode at a high temperature.11,12 So there
would be not only the change of correlation length of po
domains but also a structural change around theR–F phase
transition. Therefore, theR–F phase transition of relaxors i
not very clear and further investigation is needed.

It is well known that the complex perovskit
Pb~Mg1/3Nb2/3)O3(PMN) is a typical relaxor ferroelectric
which has been studied for more than 40 years since it
discovered by Smolenskii.13 Doping PMN with PbTiO3(PT),
a complete crystalline solution of (12x%)
Pb~Mg1/3Nb2/3)O32x%PbTiO3 ~0<x<100! ~abbreviated as
PMNTx! is formed. With the addition of PT, PMNTx will
change continuously from relaxor ferroelectrics to norm
ferroelectrics~for x.35!.5 As reported in some papers, in th
range of 13<x,35, a R–F phase transition can happe
spontaneously even without bias voltage.14,15 So, in this pa-
per, we focused on the mechanical and dielectrical prope
of PMNTx ceramics withx513, 23, and 33 for it is more
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convenient to study theR–F phase transition. Because inte
nal friction and Young’s modulus measurements are v
sensitivity to phase transition and relaxation process,
think our results will be very helpful for the understandin
the R–F transition.

The PMNTx ceramic samples were prepared with ra
materials of high purity, and were sintered at 1200 °C for 2
using the Columbite precursor method as described by S
and Shrout.16 The samples were of pure perovskite structu
and no pyrochlore phase was detected by x-ray diffracti
Silver electrodes were evaporated onto the surfaces of
samples. The dielectric properties were measured usin
HP4194A impedance analyzer in the frequency from 100
to 100 kHz range in a vacuum chamber in the tempera
range from 170 to 520 K measured by a thermal cou
attached to the bottom electrode. The mechanical prope
of the samples were measured by the free–free
apparatus17 in a vacuum chamber in the temperature ran
from 90 to 570 K measured by a thermal couple. The m
surement frequency is around 1 KHz.

As shown in Fig. 1, the dielectric permittivities o
PMNTx ~x513, 23, and 33! ceramics are strongly frequenc
dependent and show peaks with the peak temperaturesTM of

il:

FIG. 1. Real part of dielectric permittivities of PMNTx ~x513, 23, and 33
from the left- to right-hand side! measured at the heating rate of 1 K/m
using HP4194A. The measurement frequencies are 0.1, 1, 10, and 100
respectively, from top to bottom.
9 © 2002 American Institute of Physics
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312, 363, and 410 K for three different samples, respectiv
For PMNT23, there is a weak drop of dielectric permittiv
ties at the temperature of 340 K, and for PMNT33, a stee
drop happens at 402 K. We attribute the drop of dielec
permittivities to the spontaneousR–F phase transition,
which has been reported and pointed out in some papers.
drop of dielectric permittivities at the transition temperatu
TR–F is not as sharp as that of single crystals that we
ported before.18 We assume it is due to the reason that
component of the ceramics is not homogeneous and the
sition temperatures of different parts have a distribut
around the temperatureTR–F . No dielectric anomaly related
to R–F phase transition can be observed in PMNT13 cera
ics. As reported by Collaet al.,5 theR–F phase transition of
PMNT13 hardly can be detected by dielectric measurem
without bias voltage applied.

The internal frictionQ21 and Young’s modulusY of
PMNT ceramics are shown in Fig. 2. An internal frictio
peak associated with Young’s modulus minimum appear
297, 340, and 402 K forx513, 23, and 33, respectively
Because the internal friction peak and the Young’s Modu
minimum appear at almost the same temperature, we
sider that the internal friction peak is due to a phase tra
tion which happened at that temperature and the peak is
duced by the motion of new phase boundaries or
fluctuation of a new phase under periodically applied stre
For x523 and 33, the internal friction peak temperatures

FIG. 2. Internal friction and Young’s modulus of PMNTx measured in the
heating run.~a! of PMNT13, ~b! of PMNT23, and~c! of PMNT33.
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of the same value as that ofR–F phase transition. Therefore
it can be explained in terms of theR–F phase transition.
Thus, theR–F phase transition for PMNT13 should be
297 K. Because the internal friction method is very sensit
ity to the phase transition, so theR–F phase transition can
be detected more obviously by this method than by dielec
measurement. A kink of Young’s modulus can be observe
312, 361, and 410 K forx513, 23, and 33, respectively
which is the same value as that of the peak temperatureTM

of dielectric permittivity of 1 kHz. Therefore, it may be du
to the dynamic relaxation of nanodomains, which will b
explained carefully next. Another very broad internal frictio
peak associated with a modulus minimum at 320 K is fou
for PMNT33. It corresponds to the phase transition fro
tetragonal to rhombohedral structure, which has been
ported before.3

The dynamic relaxation of nanodomains may affect
dielectric permittivity and Young’s modulus. The relationsh
between the dielectric permittivity and frequency and th
between Young’s modulus and frequency due to the re
ation of the nanodomains are:

e8~v,T!5e`1~es2e`!E
0

`

g~t,T!/~11v2t2!dt, ~1!

M ~v,T!5M0~T!2DM ~T!E
0

`

g~t,T!/~11v2t2!dt,

~2!

wherev is the measurement frequency,es is the static di-
electric constant,e` is the high-frequency dielectric con
stant, andg(t,T) is the distribution of relaxation units with
relaxation timet. M0(T) is the modulus if there is no nan
odomains relaxed with applied stress.DM (T) is the relax-
ation modulus, which depends on the number and size
nanodomains. Polar nanodomains appear belowTd , which is
higher than;600 K, and with the decrease of the tempe
ture the number and the size of them increase. SoDM (T)
increases with the decrease of temperature belowTd . Even if
M0(T) did not change with frequency,M (v,T) would de-
crease with the decrease of temperature for the increas
DM (T). But in this case, modulus would show a minimu
near the peak temperature of dielectric permittivity of sa
measurement frequency for the functiong(t,T) in Eqs. ~1!
and~2! is the same. However, the modulus minimum appe
at theR–F phase transition temperatureTR–F . So M0(T)
also changes with temperature and has a minimum valu
TR–F . Since a kink of modulus appears at the peak tempe
ture of dielectric permittivityTM , the relaxation of nan-
odomains did influence the modulus as shown in Eq.~2!. So
the decrease of modulus with the decrease of tempera
aboveTR–F is due to two factors: one is theR–F phase
transition, another one is the relaxation of nanodomains.

The modulus softening near theR–F phase transition is
exactly like the paraelectric–ferroelectric (P–F) phase tran-
sition of some normal ferroelectrics, which can be explain
by Landau’s theory considering the coupling between str
and order parameter in the free energy.19 In the relaxor
phase, the polar nanodomains are already in the ferroele
phase. So only the paraelectric matrix around polar n
odomains may change to the ferroelectric phase and ind
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the softening ofM0(T). Therefore, we consider theR–F
phase transition corresponds to theP–F phase transition of
paraelectric matrix. Because the dielectric measurements
very sensitive to the relaxation of nanodomains, the cha
induced byP–F phase transition of paraelectric matrix
too small to be separated from the effect of nanodoma
Therefore, in some reported papers, theR–F phase transi-
tion was also described by the spin-glass model relate
nanodomains.9 From our mechanical measurements, the t
effects can be separated and theR–F phase transition can b
confirmed not to be due to the interaction of nanodomain

In conclusion, we have found internal friction peak a
softening of Young’s Modulus related to theR–F phase tran-
sition in PMNTs, which indicate theR–F phase transition is
due to aP–F phase transition of the paraelectric matrix. T
modulus softening of PMNTs can be attributed to both
phase transition of paraelectric matrix and the relaxation
the nanodomains.
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