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Cooling-rate-dependent dielectric properties of
„Pb„Mg1Õ3Nb2Õ3…O3…0.67„PbTiO3…0.33 single crystals in
ferroelectric phase
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The dielectric properties of (Pb(Mg1/3Nb2/3)O3)0.67(PbTiO3)0.33 single crystals in the temperature
range from room temperature to 250 °C have been studied. A very sharp change of dielectric
permittivity due to the spontaneous relaxor–ferroelectric phase transition was observed. The most
interesting result is that the dielectric permittivity in ferroelectric phase is strongly dependent on the
cooling rate across the relaxor–ferroelectric phase transition. We assume that the cooling rate can
influence the grain size of ferroelectric subdomains in ferroelectric phase and can therefore influence
the dielectric properties. ©2002 American Institute of Physics.@DOI: 10.1063/1.1527701#
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The relaxor ferroelectric materials have a very comp
cated phase diagram.1–3 The most amazing phenomenon
the relaxor to ferroelectric~R-F! phase transition,2–10 which
may happen spontaneously or under high enough bias
age. However, the tweed-like ferroelectric subdomains
be observed in the (Pb(Mg1/3Nb2/3)O3)0.65(PbTiO3)0.35

crystal11 and (Pb0.93La0.07)(Zr0.65Ti0.35)O3 crystal11,12 in
ferroelectric phase, which indicates the ferroelectric phas
the relaxor is somewhat different from that of normal ferr
electrics. In this letter, the dielectric properties
(Pb(Mg1/3Nb2/3)O3)0.67(PbTiO3)0.33 ~PMNT67/33! single
crystal, especially during the spontaneous RF ph
transition,5,11 have been carefully studied.

The crystals were grown by Bridgmen method13 and
then cut to thin pieces along~001! plane and carefully pol-
ished. Samples 2.532.530.08 mm3 were coated with Ag on
bottom and top. The dielectric properties were measured
ing HP4194A impedance analyzer in a vacuum chambe
the temperature range from2100 to 300 °C, measured by
thermal couple attached to the bottom electrode.

The dielectric permittivity of PMNT67/33 along~001!
was measured. The cooling rate was 3.0 °C/min and the h
ing rate was 1.2 °C/min. As shown in Fig. 1, a kink of d
electric permittivity appears in the temperature region
610 °C during the heating cycle, which corresponds to
phase transition from rhombohedral to tetragonal structu5

Small frequency dispersion of the dielectric permittivity b
low TR-F5147 °C ~heating cycle! indicates the sample is in
ferroelectric phase in this temperature range. The dielec
permittivity shows apparent frequency dispersion abo
TR-F. Therefore a spontaneous R-F phase transition hap
at TR-F and the structural change from tetragonal to cu
phase happened at the same temperature.5 The two phase
transitions show apparent thermal hysteresis during the c

a!Current address: Department of Engineering, Cambridge Univer
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ing cycle, and the transition temperature drops to 34610 and
136 °C, respectively. Thus, the two phase transitions are fi
order.

The most interesting result is that the cooling rate at
R-F phase transition temperatureTR-F has a large influence
on the dielectric permittivity in the consequent ferroelect
phase, while the cooling rate in the temperature range sev
degrees lower or higher thanTR-F has no influence. As shown
in Figs. 2~a! and 2~b!, the sample was cooled with differen
rates acrossTR-F, and the dielectric permittivity was mea
sured in the next heating cycle with the same heating rat
1.2 °C/min. All of the curves have little frequency dispersi
below TR-F, which indicates the sample is in ferroelectr
phase in this temperature range for different cooling ra
The sample had the lowest dielectric permittivity in th
ferroelectric phase when was quenched from 200 °C to
and the kink of the dielectric permittivity due to the stru
tural phase transition happened at 55 °C disappears.

y,

FIG. 1. The dielectric permittivity (« r8) of PMNT67/33 single crystal mea-
sured with four frequencies during cooling~rate: 3.0 °C/min! and heating
~rate: 1.2 °C/min! cycles~curves from up to down for frequencies: 102, 103,
104, and 105 Hz).
0 © 2002 American Institute of Physics
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slower the cooling rate, the higher the dielectric permittiv
can be attained belowTR-F. If the temperature of the sampl
was stabilized atTR-F for 500 min and then cooled a
0.12 °C/min, the dielectric permittivity of the sample
ferroelectric phase was higher than that of the sample
directly cooled at 0.12 °C/min from relaxor phase to ferr
electric phase. Thus, the time spent during the phase tra
tion was the real factor that influenced the dielectric prop
ties in the consequent ferroelectric phase. The dielec
permittivity in ferroelectric phase under different coolin
rates was found to be very stable with time, even at a te
perature just belowTR-F.

The effect of cooling rate cannot be explained by t
spin-glass model. According to the spin-glass model,10,14–16

the ferroelectric phase was induced by the long-range co
lation of nanodomains. The correlated nanodomains nee
certain period of time to align along a same direction, wh
depends on the their average relaxation time. The faster
cooling process, the shorter the ferroelectric correlat
length, and thus the weaker the R-F phase transition. T
the sharp drop of dielectric permittivity induced by R
phase transition should be smaller for a faster cooling rate
other words, the dielectric permittivity in ferroelectric pha
near the transition temperatureTR-F would be higher for a

FIG. 2. ~a! The dielectric permittivity (« r8) of PMNT67/33 single crystal
measured in heating cycles with a same heating rate~1.2 °C/min! after a
cooling cycle from 200 °C to RT with different cooling rate~curve
1:0.06 °C/min, curve 2: 3.0 °C/min, and curve 3: quenched!. The measure-
ment frequency is 10 kHz.~b! The cooling rate dependence of dielectr
permittivity (« r8) of PMNT67/33 single crystal measured in heating proc
at different temperatures.~curves from up to down for temperatures: 11
88, 46, and 32 °C!. The measurement frequency is 10 kHz. The cooling r
of the quenched sample was roughly estimated to be 1000 K/min.
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faster cooling rate, which contradicts our experimental
sults.

Since the ferroelectric subdomains nucleate and g
during the phase transition, we assume the average siz
domains depends on the cooling rate across the phase
sition, and thus the effect of cooling rate on dielectric pro
erties may be attributed to the size effect of subdoma
similar to the grain size effect of ferroelectric ceramics.17,18

The bigger the subdomains, the higher the dielectric perm
tivity. On the other hand, the disappearance of the ph
transition from tetragonal to rombohedral at 55610 °C for
the quenched sample is exactly like the grain size effec
ferroelectric ceramics with very small grain size.18

The dielectric properties of the sample during the fie
cooling–zero field heating~FC-ZH! process have been mea
sured as well. The sample biased with the electric field
kV/cm was cooled from 250 °C to RT under the cooling ra
3.0 °C/min, and then was heated back without bias elec
field to 250 °C at 1.2 °C/min. The dielectric properties we
measured during the heating process. As shown in Fig
below 45 °C, the dielectric permittivity of the FC-ZH proce
almost has the same value as that of the sample of the
field cooling–zero field heating~ZC-ZH! process cooled un
der very slow rate~0.06 °C/min!, while it is much lower than
that of ZC-ZH process from 45 to 147 °C. Above the R
phase transition, the two curves converged again. Be
45 °C, the PMNT67/33 crystal is in rhombohedral phas5

The dielectric constants alonga, b, andc axes have the sam
value. Thus, the polarized and unpolarized samples sh
have the same dielectric permittivity along~001! if the size
effect of subdomains was excluded. The sample of FC-
process has big ferroelectric subdomains below 147 °C
high remnant polarization can be observed. Thus, the sam
of ZC-ZH process with the cooling rate 0.06 °C/min has t
maximum dielectric permittivity below 45 °C and slowe
cooling rate cannot increase the dielectric constant any m
These results can also be considered as evidence of the
effect of ferroelectric subdomains discussed before, sinc
size effect always happens below a critical size.17,18 Above
the critical size, the dielectric permittivity is a constant valu
The sample cooled at 0.06 °C/min must have subdoma
bigger than the critical size.

s

e

FIG. 3. The dielectric permittivity of PMNT67/33 single crystal of FC-Z
process and of ZC-ZH process with very slow cooling rate~0.06 °C/min!
measured during heating process. The measurement frequency is 10 k
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From 45 to 147 °C, the PMNT67/33 crystal is in tetra
onal phase. For a single domain, the dielectric constant a
the c-axis ~polarization direction! «1 is different from that
along thea- or b-axis «2 . Thus, along~001!, the sample
polarized along~001! has the dielectric constant«1 , while
the unpolarized sample has the dielectric constant«1

12«2)/3. This is the reason the two curves in Fig. 3 separ
in this temperature region.

In conclusion, the dielectric permittivity of the
PMNT67/33 single crystal in ferroelectric phase was fou
to be strongly influenced by the cooling rate during the R
phase transition. We assumed the size of ferroelectric su
mains in ferroelectric phase is dominated by cooling r
across the R-F phase transition, and the size effect of su
mains is the main reason for this interesting result.
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