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Dielectric properties and domain structure have been measured as functions of temperature in a
(00D-oriented PBMg4/3Nb,3)0.65Ti0.3503 (PMNT35% single crystal with and without a prior dc
electric (E)-field poling. WithoutE-field poling, the dielectric loss exhibits a frequency-dependent
maximum in the region of 120—-180 K, which can be described by a Vogel-Fulcher equation and
fractal cluster model which implies structural irregularities within domains. With a prior poling a
long-range monoclinidtetragonal— tetragonal(monoclinig transition takes place near 212 K
upon heating. “Monoclini¢tetragonal’ represents that dominant monoclinic phase domains coexist
with a small fraction of tetragonal phase domains. Optical transmission and birefringence were
significantly enhanced by a pride-field poling. The Cauchy equations for ordinany and
extraordinaryn, refractive indices were determined between 0.45 anduin4 However, the
phase-matching criterion for second-harmonic generation was not fouB80®American Institute

of Physics[DOI: 10.1063/1.1862314

I. INTRODUCTION phase to thé€111) R phase’ Note that transitions oR«— O,
O«~T, or R&T are of first order based on the Landau
Recent developments on relaxor-based ferroelectrictheory®
Pb(Mgy/5Nb,/5)1,Ti,O3 (PMNT) have demonstrated that Refractive indices of &001)-cut PMNT38% crystal with
high-quality crystals can be grown successfully and enhance prior poling atE=10 kV/cm show a clear birefringence,
piezoelectric  performance radically compared withbut the phase-matching condition for second-harmonic gen-
Ph(Zr,_Ti)Os (PZT) ceramics Physical properties of eration was not found The optical transmission was also
PMNT strongly depend on Ti content, external electricenhanced by a prior poling. With an assumption of an opti-
(E)-field strength, and crystallographic orientatfohThe ul-  Cally isotropic pseudocubic state, the refractive indices were
trahigh piezoelectric response has been theoretically attrifietermined at room temperature by spectroscopic ellipsom-
uted to polarization rotations between tetragofiel and etr;l/zfor unpoled PMNX% crystfals ‘_N'thxz_24’ 30, 31, E_ind i
thombohedral(R) phases through intermediate monoclinic 337 It was found that refractive index increases with Ti
(M)Igrroz:tzorzzmg?rig(noi rsgm(;?f?r Zicetiszn i +-tvoe M phase Cont'?c? ténhance piezoelectric performance, a piefield
was obser\yed in éOOl)—cutyPMNT35%, crygtz;pafterpa prior poling_ process hr_;\s qsually been used before employing these
) materials in applications. However, how a prieifield pol-
poling (E=43 kV/cm), but the unpoled and weakly poled

> " = ing affects phase thermal stability and optical properties still
samples exhibit an averagesymmetry: From field-induced  emains unclear. In this study, temperature-dependent dielec-

domain observations at room temperatuRe;> Ma—Too1  tric permittivity, domain structure, and hysteresis logo-
andR— M, —T—Mu— Ry, transition sequences were evi- |grization versus electric fieldvere investigated in €01)-
denced, respectively, it001)-cut PMNT24% and11l)-cut  cut PMNT35% single crystal with and without a prior dc
PMNT33% asE field increases along oriented directiof’s. E-field poling. In addition, optical transmission and refrac-
An Mc-type M phase was confirmed at 20 and 300 K by tive indices were measured in a wide wavelength range.
synchrotron x-ray diffraction for unpoled PMMN% ceram-
ics with 31=x=<37, in which theM phase was mixed with
higher-symmetry phase®}, T, or 0.8 A field-induced R
— O phase transition versus afig-type M phase was pro- The PMNT crystal was grown using a modified Bridg-
posed for a110-cut PMNT30% crystal.In poled PZT ce-  man method. The sample was cut perpendicular {00d)
ramic, anM phase was reported over a narrow compositiordirection. The Ti concentratiofx) was determined by using
range near the morphotropic phase bound@PB) and the dielectric maximum temperatufig, (upon heating forf

plays a key role in rotating the polarization from 1) T =10 kHz without a prior polinyg i.e., x=(T,,+10)/5, where

T is in °C® For dielectric measurements, a variable-

Author to whom correspondence should be addressed; electronic maiffeéduency Wayne—Kerr Precision Analyzer PMA3260A with

phys1008@mails.fju.edu.tw four-lead connections was used to measure capacitance and

II. EXPERIMENTAL PROCEDURE
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resistance, and to obtain real and imaginarys” parts of
dielectric permittivity. A Janis CCS-450 closed cycle refrig-
erator was used with a Lakeshore Model 340 temperature
controller. The temperature ramping rate was 1.5 K/min.
Gold electrodes were deposited on sample surfaces by radic
frequency sputtering. Before any measurement described be
low, the sample was annealed abdyg Two processes were
used in the dielectric study. The first is called “zero-field
heating” (ZFH), in which the data were taken upon heating
without anE field or a prior poling. In the second process
FR-ZFH, the sample was poled at room temperature with a
dc E field, then cooled to 150 K without ah field before
ZFH was performed. During the FR process, &dield was
applied along th¢001] direction. The remanent polarization
(P,) was also measured by using a Sawyer—Tower circuit al
frequency of 46 Hz.

The domain structures were observed by using a Nikon
E600POL polarizing microscope with a crossed polarizer/
analyzer(P/A) pair. Transparent conductive films of indium
tin oxide (ITO) were deposited on sample surfaces by radio-

f tteri Th . tal fi tion for d FIG. 1. Relation between the optical extinction orientations corresponding
requency spu. ering. 1he EXpe”men al conniguration _Or _O'to the polarizations for various phases and domains projected o(@@ig
main observation can be found in Ref. 4. The refractive inplane.

dices were measured by using a Metricon Model 2010 Prism

Coupler with three laser wavelengths, 0.473, 0.790, andntia| axes indicated by solid crossed lines inside the sym-
1.323um. _ o . _ _ . bols. The solid lines between some symbols indicate no shift
A brief review of principles for interpreting polarizing i optical extinction directions away from those in symbols
microscope photographs may be helpful. The propagatiogonnected by these lines. The lines for the remairiing
directionk of the polychromatic “white” light is alon§001] (dashed and dash dotindZ=1 (dotted M polarization di-
for this work. Most of the information is obtained from ob- rections indicate shift in optical extinction direction away
servation of optical extinction, which occurs if both the fol- from radial and circumferential axes. The central “black”
lowing conditions are satisfied1) there must be no optical square indicates total extinction for any optical field direc-

activity for the dLrectionlz, (2) either k must lie along an tion for the[001] and[oof] T domains. TheM cell P lies
optical axis, or ifk is not along an optical axis, the incident between two adjacefit andO P vectors. TheM, cell hasP

E must lie along one of the two perpendicular axes in theP€tween two adjacent and R P vectors, whereas thblg

. ~ . . cell hasP between two adjaceti® andO P vectors. Accord-
plane perpendicular tk for which the optical-frequency per- ingly, higher-symmetry phasé®, R, or T) with nearby po
mittivity is maximum or minimum. Uniaxial crystal struc- :a?' yét'(;?]P d-'f()a/ct'ons grz re?ate(,j b, monc\:\gl'n'c haZeps -The
tures, such a3 andR phases, have optical axes and polar- zatl recti y Inic p .

izations along (001 and (111, respectively. A clear details for using optical extinction to distinguish various

mathematical analysis for the general extinction problem in_phases in th€001)-cut sample can be found in Ref. 4.

cluding biaxial symmetries such & and M appears in
Sommerfield* and Hartshorne and Studrt. Ill. RESULTS AND DISCUSSION

Figure 1 shows th€001-cut projection(with all four Figure 2 shows the temperature- and frequency-
sides folded oytof relations among the various phases andgependent dielectric permittivities' and &” obtained from
corresponding polarizations for the primitive unit c€l  zFH and FR-ZFH. The dielectric maximum temperatiife
=1) and double-size orthorhombic c€lf=2). The squares is almost the same in ZFH and FR-ZFH. The sma#éin
indicate the directions of tetragonal polarization vecters FR-zFH is due to a poling effect which is expected to reduce
The triangles indicate the directions for rhombohed?sl  the contribution of domain-wall motion. Instead of the
The circles indicate the directions for orthorhomBis. The gradua| climb seen in the ZFH! (FR_ZFH) exhibits a step-
SOIid, daSh'dOt, and dashed lines indicate the directions thq‘ke decline in the region of 190-210 K associated with a
polarizations can take for monoclinic cells based on theyeak frequency dispersion.
dOUble'SiZd2=2) orthorhombic cell. The dotted lines alter- More Comp”cated anomalies were observed in the
nate between squares and CirCIeS, indicating directions th%aginary partg”, known as the dielectric absorption_ In the
polarizations can take for monoclinic cells based on thezrH, as given in the inset of Fig.(), a clear frequency-
simple (Z=1) cubic cell. Any polarization whose direction dependent maximum and a weak shoul@enose position is
does not correspond to one of the three symbol types or fou§imost frequency independent, but not its ampliluaiepear,
types of lines result§ from a triclinic cell. Domains that arerespectively, in the regions of 120—180 K and 200—220 K,
optically inactive fork along[001] will have optical extinc- implying two different physical origins. The frequency-
tion for optical electric field along the radial and circumfer- dependent behavior usually correlates to a relaxation pro-
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FIG. 3. Frequency vs 1000/ T is the temperature corresponding 4t
(ZFH) maximum in the region of 120—180 K. The solid and dashed lines
are, respectively, fittings of Eq¢l) and (2) with parameters given in the
figure.

f= foe_Ea/kB(T_To) , (1)

" (x10%)

wheref is the measured frequendy, is a characteristic fre-
guency(attempt frequengy and E, is the activation energy
for orientation of electric dipoled., is the freezing tempera-
ture andT is the temperature corresponding to maximgfm
(ZFH) in the region of 120-180 K. The fitting parameters
are shown in Fig. 3. What is the significance of these param-
eters? First, the attempt frequency is in the usual range for
lattice vibration. SecondT, is the temperature at which all
Temperature (K) reorientation and coupling of clusters would cease. THgd,
FIG. 2. Dielectric permittivities of ZFH and FR-ZF6 kV/cm) measured Is the a\_/erage (_)f activation potential ba.mers for Vanou.s
atf=10 kHz. clusters in this disordered system to reorient between adja-
cent variants. Compared with PMNT10% ceramic which has
E,=0.041 eV andT,=291.5 K}’ the higher activation en-
cess. After the FRE=6 kV/cm), the frequency-dependent ergy in PMNT35% crystal implies a stronger correlation be-
maximum seen in the ZFH120-180 K was obviously tween polar clusters, which gives rise to a slower process to
compressed, and the weak shoulder becomes a frequenoggach equilibrium in the system. Fitting the data to the
independent sharp peak at 212 K which exhibits strongeArrhenius law[T,=0 in Eq. (1)] requires an unphysically
intensity at higher frequency. It indicates that the relaxatiorDigh fo. _ _
mechanism seen in the region of 120—180 K was suppressed Another approach to understand this relaxation process
after the FR, and a long-range percolation of polar cluster!s the fractal cluster modéf,
takes place near 212 K. B ( T )Z”
In a pure PMN crystal an extra dielectric peak was also To T-T,/)
observed aff.~212 K in a field-heating process, and was
attributed to the percolating polar clusters due to the suppres-
sion of the random fields originating from compositional —f ( T )_Z” %)
fluctuations at the site® Another important feature is that AT-T,)

the 'm"’?g'”ary pa.rt»:” after a. prior poling is muph Ie,ss than wherezv is called the dynamic exponent aifiglis the freez-
that without poling. For instance, the ratio af'(FR-  j q temperatureris the critical relaxation time ang,=f;" is
ZFH)/"(ZFH) measured at room temperature is about 1/20ihe characteristic relaxation time. In this model the critical
Low loss is an important criterion for high-power piezoelec-relaxation timer and the collective cluster siz are related
tric components. to the correlation lengtl by 7~ ¢ ands,=¢°. D is the
What is the physical origin of the frequency-dependentcollective cluster fractal dimensionalitg.diverges with tem-
maximum of dielectric absorptios’ (ZFH) in the region of  perature asé~[T/(T-T,)]*. The fitting (dashed ling and
120-180 K? Figure 3 shows a plot of measured frequencparameters of the fractal cluster model are given in Fig. 3. A
versus 10007 and an exponential fittingsolid line) of the ~ Similar dielectric phenomenon was seen in an as-grown

phenomenological Vogel-Fulcher equation commonly used00D-cut PMNT32% crystal and was examined by the frac-
in mixed systems; tal cluster model with parametersy=11, T,=43.3 K, and

7,=5.8x 107195 |t was suggested that structural irregular

150 200 250 300 350 400 450
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FR-ZFH (6 kV/cm)

P/A:20°
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<00I> =

~—— 200 um

FIG. 4. (Color) Domain structures observed in the FR-ZFH at 198 and

208 K.
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100 [
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80 [ — - without poling

60 [

Optical Transmission (%)

20 F
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040608 10121416 1820

Wavelength (1on)

FIG. 6. Optical transmission without poling and with a prior polingEat
=5.4 kV/cm.

extinction from 0° to 10°, but near 208 K the crystal shows
extinction from 0° to 20°. A similar phenomenon was seen in
the pure ZFH domain observation, but not as apparent as the
FR-ZFH. When observing thé01)-cut sample along001]
between a crossed P/A pair, as shown in Fig.Tland
Mc-type M phase domains have extinction at 0° with regard
to [100]. The R phase domains show optical extinction at
45°. The wide extinction rang@®°—209 reveals that domains
polarizations are in the vicinity of tH®01] T polar direction
and most likely areM phase. AtE=9 kV/cm, the crystal
mostly reaches total extinction, indicating a single domain
poled along 001].

Without a prior poling(E=0), as shown in Fig. 5, the
(002 x-ray diffraction exhibits four major peaks as indicated

ity plays a critical role in the dielectric absorption. This sug-PY dashed lines with number labdfs-4). Based on the cu-
gestion seems appropriate also for our system because tﬁg: structure, Iaj[tlce_ parameters_calculated from peak posi-
Arrhenius law does not apply, whereas the Vogel-FulchefOns are given in Fig. 5. According to Ref. 6, besideNn
equation and fractal cluster model which apply to a systenPhase a dominanfl phase was found in the unpoled
with structural irregularity give good fits with physically rea- PMNT35% ceramic with lattice parameteas 4.000 A and

sonable parameters.

ZFH domain structures observed after B&ifield poling
with E=6 kV/cm at room temperature, i.e., FR-ZFH
(6 kV/cm), are shown in Fig. 4 for 198 and 208 K. Angles
of the P/A pair presented in Fig. 4 are with regard to the
(001 direction. Below 198 K the domain matrix exhibits

— F=0 E,
4T1.4046 4 (D o

<002>

\

F 2.4.035 A () ,".’2'

3 [3.3998 A(D P
 4.3.991 &4 () Z

F -eee E=6kV/cm
FEL 4060 A &

Intensity (arb.)
[\

—

43.0 435 440 445
20

450 455

FIG. 5. (002 x-ray diffraction spectra with and without a prid-field
poling along[001]. The calculated lattice parameters and possible symme-

tries are given in the figurd: andM represent, respectively, tetragonal and FIG. 7. Refractive indices measured at room temperature. The curves are
fittings of the Cauchy equation with parameters given in Table I.

monoclinic symmetries.

]
L
=
=
-]
2
8 L (b) with a prior E-field poling
G - _
§ 27k \\ (E=5.4kV/cm) ——- n,
N\ —8—n
\ o
26 \\
N
N
~ S~
25 F R —
TETEREITY Dassaonisy Lososaaasy Losasiagss [ FTTETT I [

0.6 0.8 1.0 1.2 1.4
Wavelength (1)
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TABLE I. The Cauchy equations af,(\) andng(\) measured at room temperature without poliig0) and
with a prior dcE-field poling atE=5.4 kV/cm, wherex is in um.

E=0 Ny(\)=2.464940.0512A2) +(0.0023A%),  ny(\)=2.472040.0488A2)+(0.0022A%)
E=5.4kv/iem  nyg(\)=2.471640.0483A2)+(0.0029A%),  ny(\)=2.4606+0.0467A2)+(0.0032A%

c=4.044 A. Thus, diffraction peakd—4) most likely corre-  dependent maximum was observed in the ZFH dielectric ab-
late to symmetries off and M phases. After the FRE  sorption in the region of 120-180 K. This dispersion
=6 kV/cm), only a strong diffraction peakas indicated by phenomenon can be described by the Vogel-Fulcher equation
the dashed line anH,) was observed with a weak shoulder and fractal cluster model, and likely associated with struc-
at 26=45.3°. The calculated lattice parameteryfpeak is  tural irregularity in the domain matrix. After a dg field
about 4.060 A and possibly correlates to lattice parameter poling, this relaxation behavior was suppressed and a long-
of T symmetry. Based on the above evidence, a long-rangeange percolation associated with [I{T) — T(M) transition
M(T) —T(M) transformation likely takes place near 210 K takes place near 212 K, which is signified by a sharp
after the FR.M(T) represents that dominaM phase do- frequency-independent loss peak. Both optical transmission
mains coexist with a smaller fraction df phase domains. and birefringence were significantly enhanced by a prior
The crystal becomes cubic phase near 440 K, wherePthe E-field poling, likely due to a formation of a long-range or-
exhibits a rapid decline, as seen in the inset of Fig).2 dered state. The Cauchy equations of refractive indiges
Wavelength-dependent optical transmission fromandn, were obtained, but the phase-matching condition for
0.3 to 2.1um, given in Fig. 6 shows little absorption before second-harmonic generation was not found in this work.
reaching the cut-off wavelength=0.4 um, which is the
same wiFh and without a pride-field poIing_. It shows that_ a ACKNOWLEDGMENTS
prior poling process can enhance the optical transmission by
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