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Relaxor ferroelectric single crystals Pb((IMgNb,,/3)1-xTix)Os (PMNT 100(1-x)/100x) were grown directly from melt by a
modified Bridgman technique. The segregation during the growth of PMNT single crystals was studied by means of differential
thermal analysis (TGA), thermogravimetric analysis (DTA), X-ray diffraction (XRD) and X-ray fluorescence analyzer (XRFA).
The results show that PbTi@ontent increases throughout the crystal growth. The segregation coefficient is about 0.95 during
the growth of PMNT 76/24 directly from melt. Therefore, the electric properties of PMNT single crystals vary even in the same
boule. It was demonstrated that the homogeneity of PMNT single crystals can be improved by optimizing growth parameters,
but it cannot be eliminated because of the effect of segregation during the crystal growth. We have recently improved the growth
process of the modified Bridgman technique to increase the homogeneity of the crystals. Good-quality single crystals with a
boule size of more thap40 x 80 mm or 30x 30 x 1 mm plates have been achieved. For PMNT 67/33 crystals, their coupling
factors areksz ~ 94% for the longitudinal modek;; ~ 86% for the beam mode, arkdl ~ 62% for the thickness mode, and
they have the piezoelectric constalgs = 1500-3000 pC/N, and dielectric constagg/so = 3500-5500.

KEYWORDS: relaxor, crystal growth, lead magnesium niobate titanate, phase diagram, segregation, homogeneity, domain,
electromechanical coupling factor

1. Introduction

Relaxor ferroelectric Pb(MgsNb,,3)Os [PMN] ceramics
have been attracting much attention since the 1960s. The most
interesting properties of PMN are its high dielectric constant
and diffuse phase transition. In recent years it was found that
solid solution (1— x)Pb(Mg;/aNby,3)03—xPbTiO; [PMNT]
single crystals have a high dielectric constant, a high piezo-
electric constant and a large electromechanical coupling fac-
tor.) For example, PMNT 67/33 single crystals have the ul-
trahigh piezoelectric constadss; ~ 2500 pC/N, and the elec-
tromechanical coupling factégs ~ 94%. The PMNT single P
crystal is a new piezocrystal that is a promising material for — — —
next generation ultrasonic transducers for medical echo afd. 1. Schematic diagram of the Bridgman furnace for the growth of
undersea applications. PMNT single crystals. (a) N_IoSresistance (b) Pt crucible (c) AD3 pow-

PMNT single crystals are usually grown by a flux metRbd. der (d) Drop-down mechanism.

However, it is difficult to grow large high-quality PMNT due

to their complex composition and high evaporation rate afs the starting compounds. The powders were mixed in the
PbO at high temperatures. By studying the relation and stenge of (1- Xx)PMN-xPT, x: 0.2—0.4. PMNT single crystals
bility of the PMN-PT binary system by differential thermalwere grown in sealed platinum crucibles to prevent the evap-
analysis (TGA), thermogravimetric analysis (DTA) and X-rayration of PbO at high temperatures. The seed crystals were
diffraction (XRD), we found that the phase of the PMN-PTused along theé001) or (111) direction for the growth.

solid solution is unstable beyond 1281 however, the per-  The highest furnace temperature is more than 138and
ovskite phase can be grown directly from PMN-PT melt inhe temperature gradient is about 40-XD@m at the solid-

an isolated system. We developed a new modified Bridgméiquid interface. The furnace temperature was regulated us-
technique to grow PMNT single crystal$) After much ef- ing a proportional integral differential (PID) controller. After
fort in optimizing the growth process® high-quality PMNT  soaking for approximately 10 h, the crucible was dropped at
single crystals have been grown with the boule size of 40 mthe rate of 0.1 to1.0 mm/h. At the end of the growth process,
in diameter and 80 mm in length. the furnace temperature was cooled at the rate 6€#&bto

In this paper, we will report our recent studies on theoom temperature.
growth and characterization of relaxor ferroelectric PMNT PMNT single crystals are usually grown with the size of
single crystals. approximatelyp40 x 80 mm at present. The PMNT single

crystals plates are light yellow in color after mirror polishing.

2. Crystal Growth

Ferroelectric PMNT single crystals were grown by th
modified Bridgman technique. Raw powders of PbO, Mg(8.1 Phase diagram
Nb,Os and TiG, with purity of more than 99.99% were used The thermal properties of PMNT single crystals were in-
vestigated by DTA and TGA. For the binary system of the
*E-mail address: hsluo@public3.sta.net.cn (1 — x)PMN-xPT solid solution, it is difficult to determine

- Segregation
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the phase diagram accurately at high temperatures only by = 0.33-035. The results show that the phase of
DTA measurement, because PMNT single crystals are unsd— x)PMN-xPT solid solution in the two boules was
ble in air above 125@. However, several melting points changed from rhombohedral to tetragonal, wherecreases
were measured by DTA to evaluate the phase diagram aéross the MPB during the crystal growth.
(1 — x)PMN-XPT in an isolated system. The melting points XRD patterns (Fig. 3) show that the composition of the
are 1320C for PMN, 1296C for PMNT 70/30, 1288C for PMNT 67/33 boule varied with the distance from the seed
PMNT 65/35, and 1284 for PMNT 60/40. The schematic crystal. The rhombohedral phase appeared at the initial part
phase diagram of the @ x)PMN-xPT binary system at high of the boule; however, the peaks of the rhombohedral phase
temperatures in an isolated system is suggested as in Fig. gradually split into peaks of tetragonal phase during the end-
From Fig. 2, it is evident that the segregation coefficierihg part. For example, the first peak (1R@plit into the peaks
k = Cg/C. is less than 1. While PMNT single crystals arg100)r and (001jg. This result shows that the PbTj@on-
grown directly from melt with a low growth rate, the PbEO tent increases during the growth due to segregation according
content at the initial part of the boule will be less than that ito the phase diagram of x)PMN-xPT at low temperatures.
the melt. This conclusion was confirmed during the growth Another example is a PMNT boule grown directly from
of PMNT from melt by the modified Bridgman method. Themelt with the composition of PMNT 64/36, whexe= 0.36 is
PbTiO; content in a PMNT solid-solution boule increasesarger tharx at MPB. If PMNT 64/36 was a complete congru-
with distance from the seed crystal, where the PeTi@ntent ently melting compound, the initial part of the PMNT single
at the ending region is larger than that at the initial region. crystal would be tetragonal phase at room temperature. How-
ever, XRD patterns show that the Pb%i€ontent in the sin-

3.2 Segregation and phases gle crystal is in the range of the rhombohedral phase, which is
The lattice structures of PMNT 67/33 and PMNT 64/36ess than the PbTigxontent in the melt of PMNT 64/36. This
single crystals were investigated by X-ray diffraction irresult indicates that due to segregation, the initial part of the
different regions of two boules, where the compositio®MNT 64/36 single crystal is rhombohedral phase at room
of the starting compounds is on both sides of the motemperature. The peaks of the rhombohedral phase were split
photropic phase boundary (MPB). The composition of MPRit the ending part in the boule, which show that the phase

for the PMN-PT binary system is usually considered asansition was induced by the increase in Phyl@dntent.

3.3 Segregation and fluctuation of electric properties
1400 Because there is segregation during the growth of solid so-
lution PMNT single crystals, variation of the composition will
lead to the fluctuation of the electric properties of PMNT
plates such as the dielectric constant, piezoelectric constant

1300 and electromechanical coupling factor. For a boule of PMNT
67/33 of 80 mm in length, the dielectric constants usually vary
in the range of 3500 to 5500 for the poled (001) plates with

the Cr-Au electrode of m thickness. Of course, all these
fluctuations result not only from variation of the composition,
1200 . . : .
02 04 06 08 but also from other factors such domain configurations, lattice
PMN PT imperfections and space charges.
(1-x)PMN-xPT The variation of Curie temperatuf& is shown in Fig. 4

for the same samples as in Fig. T is 144.4C at the initial
part of the boule (Fig. 4(a)), and 172@at the ending part of
the boule (Fig. 4(b)). The temperature of the phase transition
from the rhombohedral to the tetragonal phase changes from
1k 46.2C to 88.6C.

Ina PMNT 67/33 boule, the piezoelectric constagtusu-
ally varies in the range of 1500 to 3000 pC/N, and the elec-
tromechanical coupling factdg varies in the range of 0.58 to
0.62.

Temperature (°C)

Fig. 2. Schematic of phase diagram of {1x)PMN-XPT in an isolated
system.

CPS

|
’ ‘ 3.4 Segregation coefficient

JL J[ bﬂ M , i PMNT single crystals are light yellow in color after their
i surface has been polished. The polished PMNT plates usually

appear to be uniform from their color; however, the compo-
}\ \ K sition varied with the plates cut from the different regions of
ol i husoond bl a boule can be measured directly using an X-ray fluorescence
20 40 60 analyzer (XRFA). For a single crystal grown from the initial
20 composition of PMNT 76/24, the boule composition, which

varies with distance from the seed crystal, was measured by
Fig. 3. XRD patterns for the initial part (a) and ending parts (b) ina PMNIXRFA, and listed in Table I. Because of segregation, the
67/33 boule. PbTiO; content increases with distance from the seed crystal.
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Fig. 4. Temperature frequency dependence of the dielectric constant of poled plates cut from the initial and ending parts of the PMNT
67/33 single-crystal boule shown in Fig. 3 (measured upon heating).

Table I. Composition of a boule varied with distandénm) from the seed crystal grown from PMNT 76/24 melt (XRFA results:

x mole%).
D(mm) PbO MgO Nb05 Ti02 Mgl/3Nb2/3 X
0.0-0.1 102.38 24.33 25.87 22.12 75.3 0.2276
20.0-20.1 100.85 25.59 25.73 22.73 76.64 0.2288
30.0-30.1 101.42 25.17 25.47 22.62 75.96 0.2295
Stoichiometry 100 25.33 25.33 24 75.99 0.2400

From Table I, the segregation coefficiérfor PbTiO; content
during the growth of PMNT 76/24 in our growth process can
be calculated as

k = Cs/CL(00) = 0.95, 1)

whereCy (c0) is the PbTiQ mole concentration at a signifi-
cant distance from the growth boundary. While PMNT single
crystal is grown directly from melt, the segregation coefficient
for PbTiG; is 0.95. There PMNT single crystal can be con-
sidered a near congruently melting compound only at short
distances from the seed crystal.

For the segregation coefficiekt= Cs/C_(c0) in relation
to the growth rate and the boundary layer thickness, there is

the well-known Burton, Prim and Slichter equation Fig. 5. Dendrite growth of PMNT single crystal due to constitutional su-
' ’ percooling.
k*
&)

K= (1 — k*) exp(—vdm/D)’

wherek* = Cs/C_ (0), D is the mass diffusion coefficierf,  (Fig. 5) were determined for the unstable solid-liquid inter-
is the thickness of the boundary layer adjacent to the interfadace due to constitutional supercooling.

andv is the steady velocity of the solid-liquid interface during . .
the crystal growth. 4. Domain and Phase Transition

From eg. (2) we see that the effective segregation occursThe domain configurations in PMNT single crystals were
at low growth rates. Because the PbJi€bntent increases observed using a cross-polarized light microscope and a scan-
in the boundary layer during the crystal growth, the boundanying electron acoustic microscope (SEAM).
layer becomes unstable when the Phl@@ntent crosses the  The domains in PMNT single crystals near the MPB have
concentration threshold, where the constitutional supercodtraight wide strips, of which dark and bright ones are al-
ing takes place. The patterns of dendrite growth of PMNTernatively arranged, as revealed by the cross-polarized light
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(a) (b)

Fig. 6. Domain structure, showing bright and dark strips under a cross-polarized light microscope (a) and SEAM (b).

microscope or SEAM as illustrated in Fig. 6. The non-180 35000 — 0.10
domain walls are along (110) not only in the rhombohedral -
phase but also in the tetragonal phase. Figure 6(a) shows the 30000 +
there are substructures (micrometer order in width) in most
coarse domain strips under transmitted light for PMNT 67/33. _, 25000
The broadest width of the coarse strips is of millimeter or- E
der. Figure 6(a) also shows a°7(or 109) domain on the & 20000}
{001} plate, illustrating two groups of right-angled (110) do- 8 0.05 =
main walls for composition PMNT 67/33 under transmitted < 15000 | é
light observation. &
It was observed that there is a superposition of domains in % 10000 -
PMNT 67/33 single crystals. As shown in Fig. 6, small strips
of non-180 domains exist within the large strip of domains, 5000 |
which result from the formation of different nucleations dur-
ing the phase transmon'from t.he PA to the FE phase. The 0O = & TR T
intervals between domains varied from less than 0.01 mm to
more than 0.1 mm, due to the different rates of plane phase Temperature (°C)
boundary move_mem though the PMNT single crystal Whllgig. 7. Temperature and frequency dependence of the dielectric constant
the phase transition occurs. of PMNT 67/33 single crystals at (a) 100Hz (b) 1kHz (c) 10kHz (d)

It was found that PMNT single crystal is difficult to pole 100kHz.
in a single domain. Many small non-188omain strips re-
mained even after poling the PMNT plate along the [001] di-
rection. So itis suggested that the polarization orientations gte crystals usually vary from 3500 to 5500. One of the main
four directions [111],[111], [111], [111] have equal proba- reasons for this is the variation of composition during the
bility in multidomains. Statistically, the multidomain config-growth of PMNT single crystals.
urations in PMNT 67/33 single crystals have 4 mm symmetry It was found that the Curie temperature varied with PRTiO
after poling along the [001] direction, although PMNT 67/33ontent in PMNT single crystals. For plates sliced from dif-
single crystal has R3m local symmetry in its lattice. ferent regions of an as-grown PMNT 67/33 single crystal, the

Two phase transitions; PA> FE (m3m — 4mm) and Curie temperature varies in the range of 145 to°T78ue
FE — FE (4mm — 3m), occurs in PMNT crystals with to the effect of segregation. Temperatlkg of the phase
the composition near the MPB while the temperature déransition from 4mm to R3m is very sensitive to Pb{i»n-
creases from about 190 to room temperature. Figure 7tent. For plates sliced from different regions of an as-grown
shows that these two phase transitions occurs while tempePMMNT67/33 single crystal, the temperatig can vary from
ture decreased across 185from the cubic to the tetragonal 40°C to 90 C.
phase, and across @ from the tetragonal to the rhombohe-
dral phase.

The dielectric properties of PMNT single crystals sensi- We have optimized the growth process with the modified
tively depend on the PbTiOcontent, which varies in a boule Bridgman technique to enable the fabrication of large high-
due to segregation. The PbH©ontent in a boule of PMNT quality PMNT single crystals by studying the formation of
67/33 varies from rhombohedral phase at the initial part tattice imperfections, the phase transition and the domain
tetragonal phase at the ending part, which is a typical examenfiguration of PMNT single crystals. At present, good-
ple of composition-induced phase transition. quality single crystals of sizes greater th@ad0 x 80 mm

Dielectric constants under free stress for PMNT 67/33 siror 30 x 30 x 1 mm plates have been achieved. For PMNT

5. Characterization
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Table Il. Beam mode of PMNT 67/33 single crystal orientated (001) face.

Measured values

Density Thickness(mm) Width Length fs Ymax fo Zmax
glcm? Bare Elect. mm mm MHz S MHz Q
No. 1 8.01 1.039 1.040 0.530 14.54 0.970 0.0122 1.790 109200
No. 2 8.01 1.039 1.040 0.530 14.54 1.042 0.0109 1.756 54475.5
Calculated parameters
vt Zs k/33 Co &S el Qm Qe Qtot
km/s x10° kg/mPs nF
No. 1 3.720 29.79 0.864 0.069 1053 4143 140.3 29.8 111.9
No. 2 3.649 29.23 0.832 0.089 1357 4407 95.4 17.1 62.7
Table lll. Thickness mode of PMNT 67/33 single crystals orientated (001) face.
Measured values
Density Thickness(mm) Width Length fs Ymax fp Zmax
glcn? Bare Elect. mm mm MHz ] MHz Q
Mean 8.01 1.0611 1.0625 14.883 17.06 1.783 0.546 2.182 1108.0
Std Dev 0.00 0.0323 0.0314 1.558 1.65 0.055 0.171 0.063 230.8
Std Dev(%) 0.00 3.0441 2.9560 10.469 9.67 3.081 31.3 2.878 20.83
Calculated parameters
vt Zs ke Co €S el Qm Qe Qtot
km/s x10° kg/mes nF
Mean 4.627 37.52 0.616 5.550 227 4233 269.0 10.3 46.8
Std Dev 0.036 0.29 0.007 0.899 284 460 47.3 2.8 17.4
Std Dev(%) 0.78 0.78 1.16 16.20 10.8 10.9 17.6 27.2 37.2

67/33 crystals, the coupling factors degg ~ 94% for the tals mainly resulted from the variation of the composition and
longitudinal mode,k;; ~ 86% for the beam mode, and multidomains will lead to the variation of dielectric and piezo-
ki =~ 62% for the thickness mode, and they have piezoeleelectric properties. Our results demonstrate that the homo-
tric constantlz; = 1500-3000 pC/N, and a dielectric constangeneity of PMNT single crystals can be improved by optimiz-
£33/€0 = 3500-5500. ing the growth process, but it cannot be eliminated because of
In Table Il and Table 111Cy andeS are the clamped capac-the effect of segregation during the growth of solid solution
itance and the clamped dielectric constant, respectively, oBMNT single crystals.
tained from the best fit data from the impedance curve at highWe have improved the growth process involving the mod-
frequency. As evident in Table I, the inhomogeneity due tified Bridgman technique to increase the homogeneity of the
lattice imperfections and segregation at crystal growth leadsbricated crystals. Good-quality single crystals with boule
to the variation of the dielectric and piezoelectric propertiesizes greater tha#40 x 80 mm or 30x 30 x 1 mm plates
of PMNT single crystals. It is demonstrated by our study thdtave been achieved.
the homogeneity of PMNT single crystals can be improved
by optimizing the growth process, but it cannot be eliminate@cknowledgements
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