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Dielectric permittivities, polarization—electric-field hysteresis loops, and domain structures have been
measured as a function of temperature in relaxor-based ferroelectric single crystals
(PbMgy/3Nb,z03) 0 66 PDTIO;) 9 30 (PMN-32%P7 for (110, and(211),, orientations. Contrary to the pure
PbMg;sNb,,505 (PMN), PMN-32%PT exhibits apparent crystallographic orientation dependences of dielectric
permittivities, polarizations, domain structures and phase transitions. With a prior field-cooled treatment, a
field-induced state, perhaps of orthorhombic symmetry, is evidenced and coexists with the rhombohedral
symmetry in the low-temperature region. This field-induced phase is manifested by an extra dielectric peak
observed near 373 K for tH@11),, orientation. A relaxation mechanism which is responsible for the so-called
diffuse phase transition crosses a wide temperature region3#0—400 K and results from fluctuations
between rhombohedral and tetragonal states. In order of increasing tempénathioeit a prior field-cooled
treatmenyt, PMN-32%PT undergoes successive phase transformations: rhombohedral-pbag&tence of
rhombohedral and tetragonal phasestragonal phase coexistence of tetragonal and cubic phasesibic
phase.
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[. INTRODUCTION However, these phase transformations do not exhibit normal
FE phase transitions in which clear transition temperatures
Relaxor ferroelectrics generally mean the complex perare defined. In relaxor-based ferroelectrics, the symmetry of
ovskites with anABO;-type unit cell and are crystals in the low temperature is broken by quenched disorder. Rather
which unlike-valence cations belonging to a given $feor  than undergoing a normal phase transformation into the low-
B) are presented in the correct ratio for charge balance, buemperature state, the system freezes into a state with polar
are situated randomly on these cation st@sThese ran- clusters of the low-temperature state embedded within the
domly different cation charges give rise to random fields,average symmetry of the high-temperature state. TEM results
which tend to make the phase transition “diffuse” instead ofof MPB compositions of PMN-PT ceramics showed tweed-
sharp as in normal ferroelectri¢é Lead magnesium niobate, like structures rather than normal micron-sized domains.
Pb(Mg,sNb,5) O3 (PMN), is one of the most interesting re- These tweedlike structures were oriented along(11€) di-
laxor ferroelectric(FE) materials. PMN has a disordered rection. Domains of-10® A in length and~10? A in width
complex structure in which the M§ and NB* cations ex-  were reported.
hibit only short-range order on the site. Near 280 K the It is well known that in relaxor ferroelectrics the sensitive
PMN crystal undergoes a diffuse phase transition charactetattice symmetry is easily affected by external perturbations.
ized by a broad frequency-dependent dielectric maximumContrary to normal ferroelectrics, an external electric
PMN has cubic symmetry at room temperature with spacdield can enhance phase transitiGrit! Paik et al. showed
group Pm3m, whereas a small rhombohedral distortionthat a field of 20 kV/icm in the (001)-oriented
(pseudocubic was observed below 200 ¥ Transmission  (PbZngNby503) ¢ o7 (PbTiIO;) 0 05 (PZN-8%PT destroys the
electron microscopyTEM) investigation has revealed the rhombohedral state and induces a single tetragonal dothain.
presence of nanometric scale polar clusters in the relaxdBy in situ x-ray diffraction, Durbinet al. confirmed that the
state® The normal FE crystal PbTiD(PT) has tetragonal field-induced crystallographic change occurs &
symmetry with space group4mm at room temperature and ~ 10 kV/cm from rhombohedral to tetragonal statbt.was
has a normal FE phase transition taking plac& & 760 K proposed that under fielde 10 kV/cm) the sample can no
with long-range FE order occurring belofy .’ longer be perfectly rhombohedral, but that instead it is al-
The relaxor-based FE crystals most certainly monoclini¢! From the electric-field-
(PbMgysNb,/303) 1 —«(PbTIOs), (PMN-XPT) naturally has a dependent polarization result, a metastable intermediate
morphotropic phase boundaryMPB) in the range of orthorhombic FE phasgéetween rhombohedral and tetrago-
~28-36 mol% of P® In other words, as temperature de- nal stateswas proposed to exist in the oriented PZN-8%PT
creases, the PMXPT crystals (0.2&x=0.36) have suc- crystal*?> The unit cell of this intermediate orthorhombic
cessive phase transformations: cubic paraelect®) phase is double that of the simple unit cell. This simple unit
phase-tetragonal FE phaserhombohedral FE phase. cell has monoclinic symmetry having the same point group
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as that recently suggested by Cross for PZN-PT cry$tats.

brief, with increasing electric-field strength, PZN-8%PT un-  transparent electrode ITO
dergoes successive phase transitions: rhombohedre

— orthorhombie-tetragonal. Furthermore, a phenomeno- | Tmeld
logical model for MPB compositions of PZT demonstrated

that an orthorhombic FE phase is possible as a metastabl

analyzer

state between the tetragonal and rhombohedral sthgsch i - )
an intermediate orthorhombic phase could be enhanced an /

stabilized under an external electric field. By optical micros- =

copy, with field applied along001), Belegunduet al. con- Ag paste Cu wire
firmed that tetragonal and rhombohedral domains coexist ir 4——p polarizer

PZN-8%PT at room temperature and even down to
—100°C?® In addition, it has been found that relaxor-based
ferroelectrics exhibit large disparity in spatial microheteroge-
neity and transition temperatut®l’ Such a fluctuation is FIG. 1. The experimental configuration for observation of do-
believed to result from a quenched unequal occupation of thenain structures under the polarized microscope.
B site by the competitive ions Mg, Nb>*, and T+,

Single crystals of PMNxPT have been reported to exhibit I . .
much larger piezoelectric constants and electromechanicgllec'[rIC fields were along either ta10c., or (211)., di-

coupling factors compared with those in the Pb£®bTiO; re(_:tions. The average thickness of samples_for PEF hyster-
(PZT) family of ceramics8-2° Such high piezoelectric per- esis loop experiment is about 0.15 mm. A variable-frequency

formance, which converts mechanical and electric energiedVayne-Kerr Precision Analyzer PMA3260A with four-lead

is crucial in medical imaging, telecommunication, and uma_connectiqns was used to obtgin ca.pacitance and resistance.
sonic devices and may revolutionize these applicaffdns. The_heatmg/coo_hng rate for d|elec_tr|c measurement was 1.5
Many works have been undertaken on the growth and chaf/min. For the field-cooled—zero-field-heaté8C-ZFH) di-
acterization of relaxor-based ferroelectrfés®® However, electric measurement, the PMN-32%PT samples were first
limited attention has been paid to phase coexistence at tHeoled from 470 K(cubic statg to the rhombohedral phase
MPB.2428 The physical mechanism and temperature range§<200 K) with a dc bias field ofE=6 kV/cm along either

of the MPB between two different phas@sibic—tetragonal  the (110), or (211),, directions. Then the dielectric per-
and tetragonakrhombohedral still remain unclear. An un- mittivity was measured upon heating without a bias field,
derstanding of the mechanism of the electrically induced.e., ZFH. The PEF hysteresis loop was measured by using a
phase transformation in these crystals has not yet develope8awyer-Tower circuit in which the PEF loop was obtained
It is believed that the field-induced transformation, phase cowithin 2—4 cycles of electric field at measuring frequency 47
existence, and crystallographical orientation play importanHz. A Janis CCS-450 closed cycle refrigerator was used with
roles in the high electromechanical coupling effect. Thereq |akeshore 340 temperature controller.

fore we carried out temperature-dependent measurements of The domain structures were studied by using a Nikon
dielectric permittivity, polarization—electric-fielPEP hys-  E600POL polarized microscope. Transparent conductive ITO
teresis loop and domain structure on PMN-32%PT for(indium tin oxide films were deposited on sample surfaces

(110 ¢yp and(211), Oriented crystals. by using RF sputtering deposition. Domain structures were
observed between a crossed polarizer-analyzer pair along ei-
Il. EXPERIMENTAL PROCEDURE ther the (110 or (211),, directions. The experimental

configuration for observation of domain structure is illus-

The lead magnesium niobate-lead titanate single crystatated in Fig. 1. For the FC-ZFH domain structures, samples
PMN-32%PT was grown using a modified Bridgman were first cooled from 470 Kcubic state¢to 283 K with a dc
method?? Samples were cut perpendicular to either thebias field of E=7.5kV/cm along either thg110)p, Or
(110 gy OF (211),,, directions. Here, direction(* )¢,y re-  (211),, directions. Then, domain structures were measured
fers to the pseudocubic axes. Physical analysis by thepon heating without a bias field. In order to minimize su-
JEOL6100 electron microscope was used to determine coiperposition of domains, the thickness of samples is less than
centrations of locaB-site ions Mg", Nb°*, and T#*. In 70 um. A Linkam THMS600 heating/cooling stage mounted
the PMN-32%PT platelets that we measured, tHe Ton-  on the microscope was used for studying domain structures
centration of each sample varies by abaot2% from its as a function of temperature. In the tetragonal phase, spon-
nominal or average composition. The averag&’ Téoncen-  taneous deformations appear along six equivaeft) di-
tration of the(211).,, oriented sample is slight largéabout  rections and the optical axi®©A) oriented parallels to the
0.39%9 than the value of thé110)., oriented sample. Since (001 polar direction. Adjacent domains of the tetragonal
the MPB is sensitive to the 41 content, a slight spatial state can be polarized at 90° to each other and form striplike
heterogeneity will result in difference of structural transfor-domain walls®* Due to strain birefringence and total reflec-
mation temperatures at the MPB-or measurements of di- tion at the boundary, the 90° domain wall is usually visible in
electric permittivity and PEF hysteresis loop, sample surthe polarized light. In the rhombohedral phase, the OA is
faces were coated with silver paste electrodes. The appligoarallel to the(111) polar direction.
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FIG. 3. Thermal hysteresis behaviors ef (ZFH) for (a)
(110, and (b) {211y, orientations taken aft=10 kHz. The in-
sets are the reciprocal ef (ZFH).

FIG. 2. Temperature dependences &df (ZFH) and &’ (FC-
ZFH) for (a) (110, and (b) (211), orientations. The dielectric
data are taken dt=10 kHz upon heating.

IIl. RESULTS AND DISCUSSION mal hysteresis shows that the system is metastable in this
) temperature region. Metastability can occur for first-but not
Figures 2a) and(b) show the temperature dependences ofsgcond-order transitioid. Second, the point groups of the
the real parte’ of the dielectric permittivity (_)btained from tetragonal and rhombohedral symmetries do not have a
ZFH and FC-ZFH for{110)s,p and (211 oriented PMN-  group-subgroup relation, so a transition between these two
32%PT crystals, respectively. Due to slight difference in PTsymmetries must be of first order.
content(spatial heterogeneity(110) o, and (211, orien- PEF hysteresis loops are shown in Fig$a)4and (b).
tations show abdu4 K difference in the temperatur€,  sSpontaneous polarization®J), measured at room tempera-
which corresponds to the maximum of (ZFH). Compared  tyre, are about 38.7 and 45 4C/cn? for (110, and
with the ZFH, Ty, of the FC-ZFH run was shifted up, respec- (211) . orientations, respectively. At room temperature,
tively, ~3 and~4 K for (110 ¢y and (211, Orientations.  poth (110),, and (211).,, orientations have similar ampli-
&' (ZFH) exhibits a broad plunge accompanied by a fre-yyde of coercive field~5 kv/cm. Coercive fields for differ-
quency dispersion near 360 and 380 K, respectively fognt PT contents, measured at room temperature, vary from
(110 ¢y and (211, orientations. In particulare” (FC- 34 kviem (for PMN-24%PT to 8.0 kV/icm (for
ZFH) of (110, and(211),, orientations exhibit a sharp  pMN-34%P7.17 However, the coercive fieldE.) of pure
steplike jump near 360 K and an extra peak at 378Kich  ppTjO, is ~6.8 kv/cm3 We cannot explain thi&,. depen-
superimposes on the broad background of dielectric permitgence, because coercive field is strongly dependent on the
t|V|ty), respectively. The temperatures of these anoma”eﬁse rate(measuring frequenawf app“ed field and Samp'e
(but not their amplitudgsare independent of frequency. In thickness. The thickness dependenceEgfwas originally
addition, near 420 K the broad permittivity peak, (FC-  found in BaTiQ, and is attributed to the existence of a space-
ZFH) of the (110, orientation has magnitude-7000, charge laye??
about 17% lower than the value ef, (ZFH) ~8400, due to We now discuss the orientation dependencePgf Ac-
the FC process that reduces domain wall contributions to theording to the MPB locatiofinear room temperature PMN-
dielectric permittivity. For thg211), orientation, the per- 32%PT consists of rhombohedral clusters. The fraction of
mittivity peak e/ (FC-ZFH) near 418 K has magnitude spontaneous polarization alond@10 for (111) oriented
~7000, about 42% lower than the value ef, (ZFH) rhombohedral states must bg2/3 [i.e., cos@)=(111)
~12 000. -(110)V3-v2]. Similarly, the fraction of spontaneous polar-
Figure 3 shows two clear thermal hystereseg 'ofn the  ization along(211) for (111) oriented rhombohedral states
regions of~280-360 and~400-415 K. The insets are the must be 4/82. In other words, the ratio of spontaneous po-
reciprocal ofe’ in which a typical first-order-like FE phase larization components along10 and(211) oriented rhom-
transition appears near 415 K. We call these first-order tranbohedral states i§3/2~0.87, which is quite consistent with
sitions(near 360 and 415 Kfor two reasons. First, the ther- the ratio of measured spontaneous polarizatiotsained at
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FIG. 4. PEF hysteresis loops ¢ (110, and (b) (211,

-50 -

orientations obtained upon heating.

room temperatune i.e., (38.5/(45.4)~0.85 (see Fig. 4.
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FIG. 5. Temperature dependences(®f remanent polarization
(P,) and(b) coercive field E;) for (110, and(211), orienta-
tions upon heating. The dashed and dotted lines are guides for the
eye.

of the extinction direction from normal crystallographic

axes. This deviation may result from the internal stresses
caused by the lattice mismatching and the superposition of
domains. Since pure PMN crystal remains an optically iso-

Such a crystalline anisotropy of dielectric properties indi-tropic pseudocubic state down to very low temperattre,
cates that PMN-32%PT crystal has stronger crystalline dissomplex color domain matrix suggests that a long-range FE
tortion than the pure PMN whose average symmetry is cubiphase has been triggered by the substitution of 32% for
near room temperature. Temperature-dependent behaviorsthe B-site complex ions (MgsNb,2)**. It is believed that

of remanent polarizationR;) and E. are plotted in Fig. 5.
Instead of a gradual evolution as seen in PRiNyo succes-
sive steplike anomalies were observed in b&hand E,

curves near 360 and 415 K for th211),, orientation. For

the introduction of Ti" increases the size of local polar

domains by strengthening the off-center displacement and
enhances the interactions between polar microdomains, lead-
ing to a macroscopic symmetry breaking of the pseudocubic

the (110, orientation, theE; curve also shows two anoma- state in small portions of the crystal.

lies near 360 and 415 K. The usual distinctions between first- With increasing temperature, striplike 90° domain walls
and second-order transitions, such as discontinuity irbegin to appear near 357 [See Fig. €a)]. It indicates that
dP/dT, do not apply for diffuse phase transitions.

Temperature-dependent domain structures of &) .,
orientation are shown in Figs(® and Gb), respectively, for

the tetragonal phase begins to develop near 357 K. This phe-
nomenon implies a slow-moving structural transformation
and is consistent with the dielectric result (ZFH) which

ZFH and FC-ZFH. The domain pattern with a cross arrowshows a gradual plunge accompanied by a frequency disper-
indicated at the upper right corner was observed in the dosion near 360 K. As another evidence of a phase transforma-
main configuration in which the domain matrix exhibits tion from rhombohedral to tetragonal states, the domain ma-

maximum optical extinction af =283 K. As shown in Fig.

trix at 381 K exhibits maximum optical extinction with

6(a), at T=283 K, domain structures show complex interfer- rotation angle 35° from the domain configuration given at
ence patterns and are mostly associated with the rhomboh283 K. As illustrated in Fig. 7, when observing ti&10)

dral phase. These inhomogeneous interference patterns ardented sample between a crossed polarizer-analyzer pair
probably caused by clusters or microdomains with deviatioralong the(110) direction, the angle difference of optical ex-
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(a) ZFH (b) FC-ZFH

FIG. 6. (Color) Successive domain structures observed alondg 146) ., direction for(a) ZFH and(b) FC-ZFH upon heating.

tinction directions between rhombohedral and tetragonagions illustrated at 428 K of Fig.(6) begins to develop near
states is about 35for 559. It confirms that the structure 428 K. Then, the crystal turns into the cubic state completely
symmetry at 283 K is rhombohedral. Upon further heating,near 430 K which is higher than the temperattirg of &’

the isotropic cubic phase corresponding to striplike dark re{ZFH). On the whole, PMN-32%PT possesses a coexistence
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terns that are mostly associated with the rhombohedral state.
With increasing temperature, the domain matrix becomes
brighter and striplike 90° domain walls begin to appear near
360 K. This phenomenon indicates that the tetragonal phase
begins to develop near 360 K in the crystal. It is consistent
/ with the dielectric resule’ (ZFH) which shows a gradual
plunge in the region 0f~360—-380 K. As another evidence of
phase transformation (rhombohedretetragonal), the do-
main matrix(see the inset at 380)kexhibits maximum op-
tical extinction with rotation angle about 31° from the do-
main configuration given at 283 K. When observing the
(211) oriented sample between a crossed polarizer-analyzer
pair along thg211) direction, the angle difference of optical
extinction directions between rhombohedral and tetragonal
states is about 39°. This change of optical extinction direc-
tions between 283 and 380 K implies a phase transformation.
FIG. 7. Schematics of domain configuration for {i¢0) orien-  The cause of the angle deviation between 8heasured
tation. Solid and dashed arrow lines indicate respectively projecvalue) and 39°(calculated valugeis not clear. It may result
tions of polar directions of rhombohedral and tetragonal states ofrom the superposition of domains and the orientation devia-
the[110] face. tion due to polishing the sample. However, compared with
the (110, Orientation, the optical extinction configuration
phase of rnombohedral and tetragonal states from about 361 the(211),, orientation is more complicated. Upon further
K, and reaches the tetragonal state entirely near 380 K. Bdieating, the cubic state begins to develop near 417 K and
fore turning into the cubic phase, tk#10 oriented crystal then the crystal turns into the cubic state completely near
exhibits another coexistence phase of tetragonal and cubi#20 K.
states in a narrow temperature range~ef28—430 K. FC-ZFH domain structures of th@11),, orientation, as
Domain structures obtained from the FC-ZFH, as given ingiven at 283 K in Fig. &), show a mixture of dark domain
Fig. 6(b) at 283 K, show mixture of dark domain regions andregions and complex color domains. It indicates that the
complex color domains. This phenomenon implies that dield-induced phasé&dark regiong coexists with the rhombo-
field-induced phasédark domain regionscoexists with the hedral state in the low-temperature region. With increasing
rhombohedral state in the low-temperature domain matrixtemperature, as shown &t=360 K, dark regions gradually
This field-induced phase possibly corresponds to the orthaeduce and more color domain regions appear. This phenom-
rhombic state as proposed recently by Viehland for the PZNenon evidences that the field-induced phase was partially
8%PT crystaf? On the other hand, a field-induced tetragonalperturbed by thermal energy with increasing temperature,
phase was observed in the PZN-8%PT system under a stroand results in partial conversion of domain regions convert-
ger electric field®! In the tetragonal state, the direction of ing into the rhombohedral phase. Near 373 K, the crystal
optical extinction is parallel to th€001 polar direction. suddenly transforms into a uniform domain matrix which
Thus this field-induced phase may include both orthorhomeorresponds to a long-range tetragonal. As temperature in-
bic and tetragonal symmetries. Upon heating, as shown atreases, the cubic phase begins to establish near 419 K and
T=357 K, complex color regions gradually increases in thethen the crystal turns into the cubic state completely near
domain matrix. Such a phenomenon indicates that the field420 K.
induced phase was partially perturbed by thermal energy Probably the most convincing evidence for the field-
with increasing temperature, and results in partial conversioinduced, possibly orthorhombic, phase is the extra peak in
of domain regions converting into the rhombohedral phas¢he zero-field-heated dielectric permittivity’ (FC-ZFH)
characterized with a complex color domain matrix. In addi-shown at 373 K after field cooling in a dc bias fidlsee
tion, striplike 90° domain walls were also seen in the domairFig. 2(b)]. The &’ (FC-ZFH) exhibits successively a
matrix atT=357 K. Near 359 K, striplike 90° domain walls gradual plunge and an extra peak at 360 and 373 K. These
disappear. The inset dt=359 K illustrates a uniform do- continuous temperature-dependent anomalies possibly
main matrix observed from the domain configuration withimply sequential phase transformatios: rhombohedral
rotation angle 35°. This phenomenon indicates that the crys— orthorhombie-tetragonal. Similar phase transformations
tal turns into the tetragonal state entirely near 359 K. It iswere seen in the BaTiQsystem in which a stable ortho-
consistent with the dielectric result’ (FC-ZFH) which  rhombic FE phase was observed between the FE rhombohe-
shows a sharp steplike temperature-dependent behavior nedmal and FE tetragonal phas&sDuring the FC process, the
360 K, implying a normal phase transition. Upon further external electric-field bias along th@11) direction could
heating, the isotropic cubic phase begins to enter near 427 Kause polar displacement to deviate from ¢h&l) direction
Finally, the crystal turns into the cubic state completely neain the unit cell of the rhombohedral phase, resulting in the
430 K. lack of threefold symmetry with only mirror symmetry on
In the ZFH casdFig. 8a)] of the (211)., orientation, the {011} plane. An orthorhombi¢O) phase occurring near
domain structures at 283 K exhibit complex interference patthe rhombohedral-tetragona(R-T) morphotropic phase
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(a) ZFH (b) FC-ZFH

FIG. 8. (Color) Successive domain structures(ef ZFH and(b) FC-ZFH for the(211),, orientation.
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boundary in this crystal could occur for two reasons. First, 2.5
this phase could be thermodynamically stable even in the
absence of stress energy considerations. Second, the phase
may only be metastable in the absence of stress energy con-
siderations. That is, at the morphotropic phase boundary, the
R andT phases would have the same free energy, buthe
phase would have higher free energy. We now consider a
special case that illustrates how @nphase domain could
become stable because it reduces the wall energy betRieen
andT ferroelectric domains.

We consider aT domain with primitive cell vectors
[1,0,0],[0,1,0],[0,0,14+ A] in units of the cubic cell length.
This cell has polarization alon@01]. We then consider an
adjacent R domain with primitive cell vectors[1
+613,6/3,6/3] and its two permutations, that has polariza-
tion along[111]. For a boundary between domains that are Temperature (K)
adjacent along thex axis, we are interested in the scalar
product of the normalized perpendiculars to yefaces,
because this product is the cosine of the mismatch angl
This product is[1,0,0]-[1— 6%/9,— &/3,— 6/3]=1— &%/9.
Since coFgr=1— 0112, Og1=,26/3 is the R-T mismatch
angle, so the paramettiz proportional to the wall energy,
subject to the above approximationsUg=25%/9.

There are three orthorhomhi®) cell types with polariza-
tion intermediate between those of the ab&andT cells.

<110>_ ZFH

cub

g" (x107)

260 280 300 320 340 360 380 400

FIG. 9. Temperature and frequency dependences’aiZFH)
obtained for the(110),, orientation. The inset illustrates the
?emperature-dependea'f (FC-ZFH.

In the low-temperature regior,’ (ZFH) of the (110),,
orientation[Fig. 2(a)] exhibits a gradual change near 360 K.
As shown in Fig. 9¢” (ZFH) shows an obvious relaxation
behavior in the corresponding temperature region. Similar

We choose the one with polarization aloft01] for this g;?\lug_]rcy'ddep?hndegiﬂI\?'S[I?Ctr'ct %222}3'7'3; We'fg seedn N
illustration. Its unit cell has double volume compared to the -1 and other "1 systemns. S evidence

R andT cells, so we must use its pseudomonoclinic primitiveearller in the ZFH case, tgmperature—dependent domain
cell with translation vectors[1+a/2,0a/2], [0,1,0, structures reveal that a coexistence phase of rhombohedral

) . _and tetragonal states exists in the region~&860-380 K.
[r:a{ﬁé%j;grlst]ar:c(;riccjla?rutlgtilgrgfg]ceerg[s lm _az:zr/]8agg_leas/.2']rhﬁsnor Thus the diffuse phase transition near 360 K could be attrib-

o d : : uted to structural fluctuations between local rhombohedral
scalar products with its neighboririgand R domain perpen- and tetragonal states
diculars are *«?/8 and 1-a?/8— 5%/9+ a6l6, respec- 9 '

tively. The corresponding angles ao=a/2 and @ The temperature— and frequency—dependent _composite
=(aé/4—a5/3+ 2219)"2, and the corresgonding energRyOpa— shapes ot (ZFH) imply that two mechanisms are involved
rameters are)-— a?/4 éndU — 22l wSl34+ 2529 The M the region of the diffuse phase transition340-400 K.
TO RO ' To check this, the experimental results were fitted to two

overall wall energy parameter is the sum of these two parame - <sian functions
eters. If we assume that there is no energy penalty for the ’
orthorhombic distortion parameterto adjust itself so as to
minimize this sum, theny,,;,=4&3. Substituting this value B [{_1 (T_Tg|)2 F{—l (T—Tgu)T
. . - S e"(ZFH)=Aexp—|——| |[+Bexg—=|———] |,
into the energy sum yieldsUto+ Ugro) min=0676. This is 2 A, 2 Ay
only £ of the energy parameter for no interveni®glomain.
The conclusion of this illustration is that it is plausible that
an otherwise metastable orthorhombic phase can be stabithereT, and Ty, are temperatures corresponding to peaks
lized if it acts as a buffer between tetragonal and rhomboheef ¢” (ZFH) in the region of~340-400 K. Figure 10 illus-
dral phases. Because tReand T phases can coexist over a trates fits of two Gaussian functions at three measuring fre-
wide temperature range, there is opportunity for small orthoquencies for th€110,, orientation. The stronger peak, as
rhombic domains to exist over such a temperature range. indicated by “I,” was found to be frequency dependent. This

The above illustration is not a complete calculation be-phenomenon indicates that a frequency-dependent relaxation
cause, while it assumes stress energy proportional to domaprocess exists in the region 6f340—-400 K. This relaxation
mismatch angle, it does not take into account how far themechanism is believed to be responsible for the so-called
stress field penetrates into each domain. Such informatiomliffuse transition, and results from fluctuations between
together with the free energy excess of Dghase relative rhombohedral and tetragonal states. In addition, peak “IlI”
to theR and T free energy, is necessary in order to place(which has smaller amplituglelocated near 358 K, was
lower and upper limits on the thickness allowed for stressfound to be frequency independent. With temperature-
stabilizedO domains. Also, one must use the elastic modulidependent anomalies ef (ZFH) and domain structures near
and primitive cell volumes for each phase in a complete cal357 K[Figs. 2a) and Ga)], it is reasonable to conclude that
culation, instead of assuming them the same for each phaskee peak Il should be associated with the establishment of the
as is done in the above illustration. long-range FE tetragonal phase.
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FIG. 11. Temperature and frequency dependence” ofZFH)

obtained for the(211),, orientation. The inset illustrates the
temperature-dependeat (FC-ZFH).

(ZFH) reaches its maximum value. The fitting results of the
activation energy, attempt frequency, and Vogel-Fulcher tem-

420 perature for(110),, and(211),, orientations are given in

Table I. What is the significance of these parameters? First,
attempt frequencies are in the usual range for lattice vibra-

FIG. 10. lllustrations of the best fits ia” (ZFH) with two  tion frequency. Second,, is the temperature at which, based

Gaussian functions for thgl10),, orientation.

on an unjustified extrapolation of the Vogel-Fulcher formula
beyond the range of the data, all reorientation would cease.

As illustrated in the inset of Fig. 9, near 360K (FC-  Third, E, is the average of activation potential barriers for
ZFH) exhibits a sharp anomaly superimposed on the broagarious clusters in this disordered system to reorient between
background. The temperature for this anoméut not its

amplitude is almost independent of frequency. It implies ——— ; ;

that the relaxation mechanism which appears:n(ZFH) 1.0 { Ha ZFH o

was greatly reduced after the FC process. In other words, the

external field could suppress the diffuse phase transition and

enhances occurrence of long-range percolating clusters.
Similar temperature- and frequency-dependent dielectric

f=500 Hz

behaviors, as shown in Figs. 11 and 12, were observed for
the (211, oriented crystal. Figure 12 illustrates fits of two
Gaussian functions for three measuring frequencies. Peak |
was found to be frequency dependent and corresponds to a
relaxation process. The peak Il located near 380 K, was
found to be frequency independent and correlates to long-
range percolating clusters. This temperature is consistent
with the temperature corresponding to the steplike plunge in
¢’ (ZFH) and appearance of 90° domain walls which is a
character of the tetragonal state.

As shown in Fig. 13, it was found that the relaxation
process associated with peak | obeys the exponential Vogel-
Fulcher equation that has been used to describe other relax-
ation process in mixed systems:

f=f,e Ea/K(Tg~To) )

wheref is the measured frequenc§, is the attempt fre-
qguency, andg, is the activation energy for orientation of
electric dipoles.T, is the Vogel-Fulcher temperatufstatic

FIG. 12. lllustrations of the best fits ia” (ZFH) with two

360

Temperature (K)

freezing temperatujeand T is the temperature where”  Gaussian functions for th€211),,, orientation.
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TABLE I. Activation energiesE,), Vogel-Fulcher temperatures

o <l10s,, (To), and attempt frequencies) from fits of Eq.(2) for (110,
1003 @ o <lis,, and(211),, orientations.
3 . o
’ Ea (eV) To (K) fo (H2)

—_ 5
g 107 (110 ¢up 0.13 279 2.5 102
§‘ ] <211>cub 0.13 279 1.X 1012
[F]
P
= 1 entation dependences of dielectric permittivities, polariza-

10° 4 tions, domain structures, and phase transitions. Second, with

a prior field-cooled process from the cubic state, a field-
induced state, perhaps of orthorhombic symmetry, is ob-
—— : served and coexists with the rhombohedral symmetry in the
26 27 28 29 low-temperature region. This partial field-induced effect also
enhances a sharp steplike jump and an extra peak in dielec-
tric permittivity appeared near 360 and 373 K fdr10
FIG. 13. Frequency vs 100D/ “T” is the temperature corre- and (211),, orientations, respectively. Third, in the ZFH
sponding to the maximum value of’ (ZFH) in the region of C2S€ PMN-32%PT undergoes successive phase transforma-
~340-400 K. The solid and dotted lines are fits of E2). with  1ONS: rhombohedral phasecoexistence of rhombohedral
parameters given in Table I. and tetragonal phasegtetragonal phase coexistence of te-
tragonal and cubic phasesubic phase. The temperature
adjacent variants. As given in Table |, the activation energyange of coexistence phase between rhombohedral and te-
and Vogel-Fulcher temperature are the same 40, and tragonal states is much wider than the temperature range of
(211),, orientations. Compared with PMN-5%PT and coexistence phase between tetragonal and cubic states. In
PMN-10%PT ceramics whose activation energies are 0.048ddition, a relaxation mechanism which is responsible for the
and 0.041 eV, respectivefy;*° the higher activation energy So-called diffuse transition crosses a wide-temperature region
in PMN-32%PT implies a stronger correlation between polaiof ~340-400 K. It was evidenced that an external electric
clusters, which gives rise to a slower process to reach equfield can suppress this relaxation behavior and enhances
librium in the system. In other words, the relaxation procesdong-range percolating polar clusters.
in the PMN-32%PT takes a longer time and makes it more
difficult for the normal phase transition to occur. ACKNOWLEDGMENTS
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