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We show clear experimental evidence for two phase transitions in titanium doped lead
magnesium niobate compositional disordered ferroelectrics. One is the diffuse phase
transition near the temperature of the dielectric permittivity maximum, which is often
called the characteristic of relaxor ferroelectrics (relaxors). Another is a first-order
transformation from relaxor ferroelectric to normal ferroelectric, corresponding to a
zero-field spontaneous polar micro-macrodomain switching. According to X-ray diffraction
(XRD) measurements, thermal analysis and transmission electron microscope (TEM)
results, a dynamic behavior of polar microregions is necessary to explain the phenomena,
which is more similar to a stress induced martensitic transformations form cubically
stabilized perovskite parent-phase. It is also observed that the dynamic behavior of polar
regions was influenced by the titanium doping. © 7999 Kluwer Academic Publishers

1. Introduction range (radio frequency range). For a low titanium con-
During the past several decades years, much attentiarentration, the disorder hinders the onset of long-range
has been focused on understanding the relaxationarder, and the polar nanodomains condense below the
properties and phase transitions in strongly composifreezing temperaturelg,) of the polarization fluctua-
tional disordered ferroelectrics, such as Pb{Mg tions into glasslike, or relaxor, state with no macro-
Nb,3)03 (PMN), Pb(Sg/»Ta;/2)O3 and La modified scopic phase (symmetry) change.
PbZnr _TiyO3 (PLZT) [1-4]. However, up to now, the For the particular composition of 20% Ti doped
nature and the mechanisms of the phase transitions aftb(Mg1,3Nb2/3)Os, the relaxor behavior and phase
relaxation are not clearly understood. transition are very interesting. In the present paper,
For the present study we selected titanium dopedve studied the phase transitions in Pb@Md\Nbz/3)0.s
lead magnesium niobate compositional disordered ferfig 203 ceramics using the dielectric, polarization, ther-
roelectrics. The substitution of titanium on the B mal, and X-ray diffraction measurements. A new phase
sites in lead magnesium niobate leads to a welltransition is clearly observed, which is called a sponta-
known family of ceramics having the chemical formula neous, first-order relaxor to normal ferroelectric transi-
Pb(Mg1/3Nby/3)1 - xTixO3, or PMNT, with unusual di-  tion on cooling in the absence of a poling electric field.
electric and piezoelectric properties [5, 6]. Thedlg Specifically, this transition has been observed in disor-
and NB* ions, which are randomly distributed on the dered PST, PLZT 12/40/60 and other relaxor systems
B sites, represent a type of disorder which significantly{7—9]. But, the physical mechanisms of relaxor-normal
modifies the properties of these materials. One maniterroelectric transition is not well understood. Thus, the
festation of this disorder is the condensation of localaim of this study was to find a clear understanding of all
dipolar nanodomains leading to local, randomly ori-the phase transitions. Additionally, the compositional
ented polarization at a temperature much higher thaeffect of titanium doping is discussed briefly.
the ferroelectric transition temperaturg). These po-
lar nanodomains increase in size with decreasing tem-
perature and for relatively high titanium concentration,2. Experimental
ultimately result in the formation of macroscopic fer- For the preparation of Pb(MgNbz/3)1-xTixO3
roelectric domains with long-range ferroelectric order.(x =0.0, 0.1, 0.2, 0.4; designated as PMNX2x) ce-
The peak in the dielectric permittivity at is relatively ~ ramic samples a two-step method was used [10]. Start-
sharp and independent of frequency below the GHing chemical materials were PbO, MgO, 3@, and
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TiO2 (99.9% purity). Samples for electrical measure- 0.20 . . —————— 40000

ments were electroded with low temperature-fired sil- L :

ver paint. 015 F e T
The weak-field dielectric response was measured

by using a Hewlett Packard 4274A LCR meter which

can cover a frequency range from 100 Hz to 100 kHz. A

Samples were placed in a test chamber, which can be 0.05 L

operated between196°C and 250C. The amplitude

level of the signal was 5 V/cm. The thermal depoling 0.00 — . 1o

currentwas measured as a function of temperature with -100 -50 0 50 100 150 200

HP 4140B PA meter. The spontaneous polarization Temperature (°C)

can be calculated by back integration [11]. The fer-

roelectric hysteresis loop (P-E) were characterized b)I{:igure 1 Temperature depepdence of the dielectric permittiyity_at 1,

using a computer-controlled, modified Sanyer-Towery?, 100 4 Tecuences ano e spotanecus pazaton o

circuit. 1 Hz sine wave voltages were applied to the

samples by a Trek 610 high voltage amplifier for which

input signals were generated by the computer. Output 40000 ———T——T——T——

signals from the samples were get and processed by

the computer. 30000
Differential scanning calorimetry (DSC) measure- I

ments were carried out on a TA2100 automatic ther- 20000

mal analysis system. Small block and powder samples ™

of ceramics were separately used as specimens in this

analysis. Thermal expansion measurements were also

taken by a TA 2100 dilatometer between 20 and 8D0

(accuracy ca 20 nm). The rods of the sample to be stud- 0

ied were placed between two polished, fused quartz
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plates. In this cases the rods were about 5 mm long by 0.10 ot

1 mm thick. 0.08 i
In order to examine the domain structure, Thin foils I

were prepared by standard ceramographic techniques 0.06 i

using a Gatan ‘dual-ion mill' (model 600) operated at =) -

5kV with a combined gun current of 1 mA. The foils = 0.04 .

were investigated using a JEOL JEM-200 CX transmis- -

sion electron microscope. 0.02 1
A Rigaku DMAX-3 X-ray diffractometer was used to I

analysis the phase structure of the samples employing 0-000 ‘ 3'0 ‘ 6'0 ' 9'0 120 150

CukK, radiation. A heating element was placed below

the sample and the surface temperature of the sample Temperature (°C)

was measured in a separate temperature cycle without _ _ o
Changing the sample condition. Ceramic peIIets WithF|gure 2 Temperature dependence of (a) the dielectric permittivity and

. . (b) loss angle tangent for PMNT80/20 sample on)(cooling and (—)
ground and pOIIShed surfaces were studied. heating measurements. The frequencies used were 1, 10, and 100 kHz.

an opposite process was observed near a characteris-

3. Results and discussion tic temperature, which was marked®gin the Fig. 2.

3.1. Spontaneous relaxor-ferroelectric It also designates a zero-field spontaneous transforma-
transition of Pb(Mg1,3Nb2/3)08Tig203 tion from relaxor ferroelectric to normal ferroelectric.

3.1.1. Electrical properties Relaxor behavior was observed in the temperature re-

Fig. 1 shows the real part of dielectric permittivity and gion aboveT,,. These dielectric behaviors are similar
the spontaneous polarization as a function of temperao those observed in other relaxor ferroelectrics without
ture (heating) for Pb(MgsNb,,/3)08Tio.203 ceramics.  any thermal hysteresis near the peak temperature range.
A strong frequency dispersion and a shift of the permit-However, significant thermal hysteresis effects are ev-
tivity maximum exist near the temperature of the dielec-ident in the dielectric response around the permittivity
tric permittivity maxima (), which are often called anomaly temperature. The difference betwé&grand

the characteristics of relaxor ferroelectrics (relaxors).T,, was approximately 19.8C. The thermal hystere-
Otherwise, the most interesting anomaly is observed atis effect suggests the characteristics of a strongly first
about 68.2C. The permittivity increased dramatically order phase transformation.

near this characteristic temperature, indicated in Fig. 1 Fig. 3(a—f) shows a sequence of polarization elec-
asT,.. The spontaneous polarization decreased sharplyic field (P-E) hysteresis behaviors for the PMNT80/20
and then slowly down to zero. It implies a spontaneousample for various temperatures respectively. The non-
transition from normal ferroelectric to relaxor ferro- linear “slim” hysteresis loop can be seen at 156
electric behavior. While during the cooling process,which is characteristic of the absence of a long-range
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Figure 5 Thermal-expansion strain as a function of temperature for
ferroelectric macrodomain and typical of a relaxor fer-PMNT80/20 sample.
roelectrics. This temperature is significantly higher than
that of T,(~105°C), indicating the presence of local
polarization at temperature for abolig. With decreas- 3 normal to relaxor ferroelectric phase, corresponding
ing temperature to 10&, an enhancement in the sat- tg 3 zero-field spontaneous polar micro-macrodomain
uration polarization was observed, indicating an in-switching. Several thermal analysis experiments have
crease in the volume fraction of local polar regions.peen carried out in order to provide more information
As the temperature was further lowered to'Z3dou-  apout the nature of this ferroelectric domain switching.
ble loop like feature became evident in the P-E curves, Fig. 4is aDSC plot of PMNT80/20 powder and block
indicating a field induced relaxor-normal transforma—samp|e_ For the block sample, a strong anomaly was
tion. A double loop character was also observed akhown at 68.0C upon heating which is a characteristic
71°C, however the magnitude of the remanent polaryf the onset of a phase transition. This anomaly is con-
ization was increased. On cooling to 88, a normal  gjstent with the sharp change of permittivity at 6822
ferroelectric type hysteresis loop became apparent ign heating, which is shown in Fig. 1. Thus, it can be con-
the polarization behavior. A “square” hysteresis loopc|yded that this sharp change of permittivity is due to a
is exhibited at 20C, which is typical of a phase that spontaneous phase transition. Furthermore, absence of
contains long-range cooperation between dipoles anghe anomaly for the powder sample in DSC response
which is thus in a ferroelectric macrodomain state.confirms that this phase transition is connected with the
ThUS, the first-order normal-relaxor ferroelectrics tran‘internal Strain Of the ferroelectric micro_macrodomain

sition corresponds to a zero-field spontaneous polagwitching and a discontinuous change of the polar re-
micro-macrodomain switching. gion volume fraction.

It was noted that the dielectric loss angle tangent' Fig. 5 shows the longitudinal strain dependence on
shows a strong peak, of which the temperature cotemperature upon heating and cooling measurements.
incides with the temperature of relaxor-normal ferro-Thermal-expansion strain follows a straight line at high
electric transitions. It contributed to the internal straintemperature. Deviation can be seen from about850
of the ferroelectric micro-macrodomain transition andat which Burns and Dacol suggested that few unit cells
hysteretic nature of domainwall (DW) motion [12, 13]. pecome locally polarized [14, 15]. These results are

the same as that of other relaxor ferroelectrics [16].
However, inner figure in Fig. 5 gives the anomalies at
3.1.2. Thermal analysis 68°C and the strong thermal hysteresis. The thermal-
The discontinuity of permittivity dependence on tem- expansion strain follows another straight line at low
perature in PMNT80/20is due to a phase transition frontemperatures. Considering the similarity and difference
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between the thermal-expansion strain of PMNT80/20200) and (211) reflections suggest the distortion
with that of other relaxor ferroelectrics, we suggest thatcubic-rhombohedral transition is a first-order phase
in PMNT ferroelectric system the Ti doping effect is an transformation, and has a thermal hysteresis character.
increase of the size of the polar microdomains due t@Consequently, on cooling from the polar microdomain
the high polarizability of the Ti@octahedral which are  state, the thermodynamic stability of system will be de-
more effective in overcoming the clustering effectin thecreased relative to that on heating from the long range
1-1 ordered regions. The size of the latter decreases dsrroelectric state. As a result, the thermal hysteresis
well as the random fields originated by them, allow- of the micro-macrodomain switching of relaxor ferro-
ing also the polar domain growth. Until at a transition electrics can be observed.
temperaturd,y, polar microdomains transform to polar
macrodomains spontaneously, in effect, the structure of
the solution changes from distortion cubic to rhombo-3.7.4. Transmission electron microscope
hedral phase. observations
Fig. 7a and b are bright-field and dark-field TEM
images for PMNT80/20 showing tweed striations-like
3.1.3. Phase transition domains. Polarregions developed to a reg(ilad) fer-

The X-ray diffraction patterns of pellet PMNT80/20 roelectric macrodomains in this material at room tem-
sample were taken at various temperatures. Fig. 6Rerature.
and b show the phase transition with temperature The structure is additionally disturbed as in dis-
for PMNT80/20 sample under cooling and heatingordered solid solutions or mixed compounds. For a
measurements. For PMNT80/20 sample with a rhomsulitable titanium doping in lead magnesium niobate
bohedral structure at room temperature, two succeg:ompositional disordered ferroelectrics, a spontaneous
sive structural phase transitions, cubic-distortion cubiciransformation from a disordering phase to a phase with
rhombohedral, take place during cooling and heatinglower symmetry with perfect long-range order occurrs.
The first transition is gradual and corresponds to thdRelaxor state corresponds to a cubical parent phase and
diffused phase transformation from paraelectric to renucleating rhombohedral ferroelectric microregion co-
laxor ferroelectric phase. The second transition is @Xistence range. After the spontaneous relaxor-normal
first-order phase transition, which corresponds to thderroelectrics transition, the lower temperature symme-
relaxor-normal ferroelectrics transition. The phase trantry is sure to be along-range rhombohedral ferroelectric
sition character is consistent with its dielectric responsé@hase.
and thermal analysis results.

During cooling, PMNT80/20 sample exhibited a con-
tinual increase in the degree of X-ray line broadening.3. 1.5. Dynamic behavior of polar region
This broadening suggests the development of nonuniAll above results and discussions indicate that the dy-
form strains associated with the rhombohedrality of thehamic behavior of polar region is the key to under-
polar nanodomains. The local rhomboheddistor-  standing the relaxation properties and phase transition
tions are small and have a random axial arrangemer@if compositional disordered ferroelectrics [17, 18]. The
with respect to each other along equivalent crystalloB site ions in the oxygen octahedron of A(BBY )O3
graphic direction, yielding an average cubic symme-type perovskite ferroelectrics are shifted from the cen-
try. The volume fraction of the polar nanodomains in-ter along a(111 direction at temperature far above
creases with decreasing of temperature, resulting ifm, thus the molecular dipoles are formed. If the life-

an increase of the internal strain energy which scale§me of any of the eight dipole orientations becomes
to the volume of the inclusion. The line splitting in longer than characteristic lattice vibration times, the
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Figure 6 X-ray diffraction patterns of PMNT80/20 sample under (a) heating, and (b) cooling measurements.
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Figure 7 Bright-field (a) and dark-field (b) TEM images which shown tweed striations-like domain structure for PMNT80/20 sample.

positions of the neighboring cations and dipoles will be 40000 ——————————
strongly affected. This cooperative interaction causes

the formation of rhombohedral polar regions in the 30000
adjacent unit cell. A displacive nucleating phase tran-
sition occurred and it is assumed to be the cause of
precursor effects in a wide temperature range in the
paraelectric phase. The material transformed into re-
laxor state. The polar vector of local polar regions are 10000
thermally hopping among the eight dipole orientations.

Down to Ty, the polar vector of polar region gradu- 0
ally froze along one of the eight dipole orientations, 0.16
thus ferroelectric microdomain forms and the dielectric
permittivity shows frequency dispersion. If the elec-
tric and elastic interaction of disordered short-range
rhombohedral regions is strong enough, a lower sym-
metry with perfect long-range rhombohedral phase can
be spontaneously transformed. A spontaneous relaxor-
normal ferroelectric transition occurs, which is simi- 0.04
lar to a stress induced martensite phase transformation.

A crossover from displacive to disorder-order behav-

-, 20000

0.12

0.08

tgé

/ { 0.00 L——1 . =
ior can be clearly seen in rhombohedral PMNT80/20 150 60 30 120 210 300
sample. Temperature (°C)

e Figure 8 Temperature dependence of the dielectric permittivity (a), and
3.2. Compositional effects loss angle tangent (b) for PMNTL100/0, 90/10, 80/20 and 60/40 samples

3.2.1. Dielectric properties on (...) cooling and (—) heating measurements. The frequencies used
Fig. 8a and b show the dielectric permittivity and were 1 and 100 kHz.
loss angle tangent as a function of temperature for

PMNT100/0, 90/10, 80/20 and 60/40 respectivelyuporﬁure under a static electric field of 1 kV/ mm. The

easurements were then made during heating with the
as field switched off. Fig. 9a and b show the dielec-

cooling and heating measurements. Decreasing the
content, the temperature of spontaneous normal—relaxcﬂ'i

transition {I'nr) and the permittivity maximunil,) are tric permittivity and loss angle tangent as a function of

all moved down to low temperafure, the Spontaneousy e a1 re for poled samples respectively. The tran-

tranes(;t:)orl[ becortl;es dW;C'ete?f- Itis ilt?a'ltr that E}e differ-gition temperature of normal-relaxor phase becomes
enceo between the dielectric permitivity peak temper- ., 5o cjaar, and does not move with respect to unpoled

ature and the temperature of the transition from norm amples. The strong peaks of the dielectric loss angle

g{;‘;‘:le.gté'c.iCtrC)e;i!ﬁxiL;e;r%ilsggfihgefe?;n%r'?é?gtangent are more clear. It confirms the internal strain
WISE, | Ing : ! X effect of ferroelectric domain switching.

electric state is absorbed. For PMNT60/40,&leguals
to zero, and the high temperature paraelectric phase
directly transforms into low temperature ferroelectric 3.2.2. TEM studies and structure
phase. analysis (XRD)

The PMNT100/0, 90/10 and 60/40 samples wereFig. 10a and b illustrate the room temperature Dark-
poled by cooling from 250C down to lower temper- field images for PMNT90/10 and 60/40 respectively.
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Figure 9 Temperature dependence of the dielectric permittivity (a), and
loss angle tangent (b) for poled PMNT100/0, 90/10, 80/20 and 60/40 - 10

samples. The frequencies used were 1, 10 and 100 kHz. g)

£ 5t
Various types of domain structures can readily be seen E [
in these micrographs. For PMNT90/10, microdomains 5 oL "

are clearly evident. The average size of these mi-
crodomains was about 5 nm. With increase of the Ti .
content, the scale of the polar region/domains increased ' ' ‘
[19-21]. For PMNT®60/40, normal micron-sized ferro- +150 50 250 450
electric macrodomains were clearly found.

From the XRD patterns for PMNT100/0, 90/10, Figure 12 Thermal-expansion coefficient as a function of tempera-
80/20 and 60/40 respectively shown in Fig. 11, the, . for - )PMNTl%O/O (.3 PMNT80/20 and {) oMNTGO/AD
phase structures are clearly respected to distortion cmgammes
bic, rhombohedral, and tetragonal phases. It is due to
the polar region structure changing.

Temperature (°C)

60/40 respectively. The transition temperatilifecan

be seen clearly from the value of thermal expansion co-
3.2.3. Thermal expansion measurements efficienta minimum. At lower temperatures the slope
The thermal-expansion coefficienis showninFig. 12  of thermal expansion was relatively linear for all the
as afunction of temperature for PMNT100/0, 80/20 andsamples. However for PMNT 80/20, a distinct lattice

200nm

(b)

Figure 10 Dark field TEM images which shown the domain structure for PMNT (a) 90/10, and (b) 60/40 samples respectively.
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