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Temperature- and electric-field-dependent polarization rotations in (211)-cut
Pb(Mg1/3Nb»/3)069Tip 3103 (PMNT31%) single crystal
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R. R. Chien and V. Hugo Schmidt
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Polarization rotations of temperature- and electric-field-dependent phase transformations in a
(21D-cut PHMQgq/5NDb,/3)0.60Ti0.3103 (PMNT31% single crystal were observed by means of
polarizing microscopy. Dielectric permittivity was also measured as a function of temperature and
frequency. Below 380 K domains are mostly rhombohe@Rrlphase mixed with monoclinigM)
domains. As temperature increases above 380 K, polarizations of the rhombohedral domains begin
to rotate toward the cubi¢C) phase through monoclinic distortions, i.&~M — C, associated

with a long-range percolation of monoclinic phase near 380 K. However, the tetragonal phase was
not observed apparently. Electric-field-dependent domain structures show that a londgRrange
— M phase transformation takes place in the range of 3—5 kV/cm as electric field increases. The
crystal cannot reach a monodomain as the electric field reaches 26 kV/cm. A hysteresis loop of
polarization versus electric field was also measured for comparison with electric-field-dependent
observation of polarizing microscopy. 8004 American Institute of Physics

[DOI: 10.1063/1.1789270

I. INTRODUCTION tal at room temperature by means of polarizing microscopy
analysist® The M phase seems to be intrinsic in the PMNT
Relaxor-based ferroelectrics  @bg;,5Nby/3)1 4TI, O3 system for compositions near the MPB.
(PMNT), which have a morphotropic phase bounddWpPB) An external dc bias can induce phase transformations,
between rhombohedraR) and tetragonalT) phases for which depend strongly on orientation and amplitudeEof
0.26=<x<0.36} have attracted attention because of theirfield. From synchrotron x-ray diffraction, aM,-type M
high performance on piezoelectric related applicationsphase was observed in(@01)-cut PMNT35% crystal with a
Monoclinic (M) and orthorhombiO) have also been re- prior poling (E=43 kV/cm), but unpoled and weakly poled
ported in PMNT systerfi.? It has been found that most PMNT35% samples exhibit an averaBesymmetry’ A se-
physical properties of PMNT system strongly depend on Tiquence of field-induced phase transitiol®@—M,—T
concentration, strength of external elecfi) field, crystal- — M,— R;;, was proposed by means of a polarizing micro-
lographic orientation, history, and even sample s¢p®v-  scope on a(111)-cut PMNT33% with anE field applied
der, ceramic, or single crysjd > Compositional heteroge- along[111].°> From our recent study of field-induced polar-
neities(or spatial phase segregatjare commonly observed ization rotation on a001)-cut PMNT24% crystal, it was
in these materials. Furthermore, the ultrahigh piezoelectriound that polarizations d® domains rotate toward tHe01]
response has been theoretically attributed to polarization raetragonalT,,, phase throughVi,-type M distortions, i.e.,
tations through intermediaté or O phases’ In poled R— M — Too1 asE field increases along01].*” But it can-
Po(Zr,_,Ti,)O3 ceramic, anM phase was reported over a not reach &y, monodomain even when the field reaches 44
narrow composition near MPB, playing a key role in con-kV/cm.'” On the other hand, 80 —T phase transition
necting the(00DT and(111R phases® was suggested from the dielectric results or0a1)-cut
By a neutron x-ray diffraction, aMc-type M phase was PMNT33% crystal with a prior polinde field (<4 kV/cm)
evidenced for unpoled PMNT ceramics with8k<37 in  along [011], but for E>5 kV/cm a R— O transition was
the low-temperature region, in whiddl phase was mixed proposed at room temperatura. field-inducedR— O trans-
with R, T, or O phase§. Mg-type andMc-type M phases formation through amMg-type M distortion was proposed on
were also found in unpoled PMNTceramics for 27%<x  a(110-cut PMNT30% crystaﬁ’.Note that transformations of
=<30% and 31%=x=34%, respectivel§/.By means of po- R« 0,0« T, or R—T are of first order.
larizing microscopy, a sequence of temperature-dependent It is believed that polarization rotation through interme-
phase transformatiorR— M — C was proposed in &l11)-  diate phaseéM or O) plays a key role in high piezoelectric
cut PMNT33% single crystdl. Coexistence ofR and M performance in PMNT materials. The correlation between
phases has been found i{G1)-cut PMNT33% single crys- polarization rotation and physical parameters, such as crys-
tallographic orientation and strength of extergafield, is a

dAuthor to whom all correspondence should be addressed; electronic maipra_Ctical issue to diSCOV_er- In this report, t_empe_rature- and
phys1008@mails.fju.edu.tw E-field-dependent domain structures were investigated on a
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FIG. 1. Experimental configuration for domain observation.

(211)-cut PMNT31% single crystal, because t(#l1)-cut
would be the most sensitive for observing movemeniof
phase domains.

Il. EXPERIMENTAL PROCEDURE

. . . FIG. 2. Relations among various phases and corresponding polarizations
The lead magnesium niobate—lead titanate crystaliewed along211.

PMNT31% was grown using a modified Bridgman method.

The sample was cut perpendicular to tf'm]).directiqn.. optical-frequency permittivity is maximum or minimum. A
Qold .electrodes and transparent condgctlve films of |nd|urq.nore detailed review was presented in Refs. 3 and 18.

tin OX|de(ITQ) were deposited, re_spectlvel_y, on §amp|e sur- Figure 2 shows thg211)-cut projection of relations
faces by radio frequency sputtering for dielectric measurez ,,n the various phases and corresponding polarizations
ment ancE-field-dependent domain observation. Before anyy, . yhe primitive unit cell(Z=1) and double-size orthorhom-

mbeasuremipthdescrlbed dbelowh tr:f Isample was anneaIB cell (Z=2). Rectangles indicate the directions of tetrago-
aboveTy, which corresponds to the dielectric maximum. For o o\arization vector®. Triangles indicate directions for

domain observation, a Nikon EG00POL polarizing micro- rhombohedraP’s. Circles indicate directions for orthorhom-

sc?pe was #Se‘j W't_h a O:/QO;, cros.sed' po!arlzgr/ar?alyzq{ic P’s. Solid, dash-dot, and dashed lines indicate directions
(P/A) pair. The experimental configuration Is given in Fig. 1. ., polarizations can take for monoclinic cells based on the

The sample thickness is about pf\. For E-field-dependent double-size(Z=2) orthorhombic cell. Dotted lines alternate

domain observation, a dc field was applied al¢agl). Al between rectangles and circles, indicating directions that po-

domain patterns were observed under a perpendICUIarIPérizations can take for monoclinic cells based on the simple

crossed P/.A paur. . (Z=1) cubic cell. Any polarization whose direction does not
For dielectric measurements, a variable-frequency

correspond to one of the three symbol es or four types of
Wayne-Kerr Precision Analyzer PMA3260A with four-lead P y R yP

. d btai . d resi lines results from a triclinic cell. Figure 3 gives angles be-
conpectlons was used to obtain capacnanoe an re&sta_nce@een polarization projections viewed alof@l1] for vari-
Janis CCS-450 closed cycle refrigerator was used with

BusR, T, andO domains shown in Fig. 2. Domains that are
Lakeshore Model 340 temperature controller. The tempera- . . . - . o
ptically inactive fork along[211] will have extinction for

ture ramping rate was 1.5 K/min. The dielectric data were’

taken upon cooling from the cubic phase first, and then heat-

ing without a dck field or a prior poling. The hysteresis loop
of polarization versug field (PEFH was measured at room
temperature by using a Sawyer-Tower circuit at frequency
46 Hz.

Ill. REVIEW OF OPTICAL EXTINCTION AND
POLARIZATION

The propagation directionk of the polychromatic
“white” light is along[211] for this work. Most of the infor-
mation is obtained from observation of optical extinction,
which occurs if the following conditions are satisfied.)

there must be no optical activity for the directiB,r(Z) either
k must lie along an optical axis dris not along an optical
axis, the incident must lie along one of the two perpen-

dicular axes in the plane perpendicularkdor which the FiG
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. 3. Angles between variol®, T, andO domains projected alon@11].
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FIG. 4. Temperature-dependent domain structures observed at P/A:68° upon b
heating. 100 £ m

. o . . . FIG. 5. Domain structures at 380 and 395 K observed at P/A:0°.
optical electric field along the radial and circumferential axes

indicated by solid crossed lines inside the symbols in Fig. 2. . ) . )

O domains that are optically active will not have extinction 0° With respect to[110], i.e., one of the P/A pair axes is
for optical electric field along the radial and circumferential Parallel to[110]. The black area at the upper-left cormer in
axes indicated by dashed crossed lines inside the syntols. 8ach picture of Fig. 4 is the background. As shown in the
domains that have incomplete extinction due to some reasoidset of Fig. 4a), at 300 K the whole domain matrix exhibits
(except optical activityare given by open circles. Solid lines €xtinction along the110] direction, i.e., P/A:0°. When ob-
between some symbols indicate no shift in extinction direc-S€rving the211)-cut sample along211] between a perpen-
tions away from those in symbols connected by these linedicularly crossed P/A pair, as shown in Fig.R,T, andO
Lines for the remaining=2 (dashed and dash-doand all ~Phases have extinction angle at 0°. In additibf-type M
Z=1 (dotted M polarization directions indicate shift in ex- domains may show extinction at 0° as indicated by the solid

tinction direction away from radial and circumferential. The in€ in Fig. 2. From a synchrotron x-ray diffraction, coexiost—
central “black” star indicates thil, polarization(P) direc-  €nce ofR andMc-type M phases was found in PMNT31%
ceramic at 20 and 300 KThe Mc-type M distortion which

connectsT andO phases does not exhibit extinction at 0°. In
4his study, there is no apparent evidencd ghase at 300 K.

f T domains exist in the sample, extinction would be more
likely also seen at 39¢see Fig. 3, which was not found.
Besides, the 90° domain wall thatphase usually is associ-
ated with was not observed either. On the other hand, the
(211 cut is not suitable to determine the existenceQf
domain due to incomplete extinctiqiexcept optical activ-
ity). An O phase was so far only proposed (@11)-cut
PMNT30% (Ref. 8 and PMNT33(Ref. 7) single crystals
with anE field applied alond110]. Thus, at 300 K domains

tion parallel tok. A concise and clear mathematical analysis
for the general extinction problem appears in Sommerféld.
A detailed treatment was published by Hartshorne an
Stuart?®

The M¢ cell P lies between two adjacerft and O P
vectors. TheM, cell hasP between two adjacerit andR P
vectors, whereas thilg cell hasP between two adjacerR
andO P vectors. TheMg “phases” in our opinion should be
called a single phase, whose cell is based orzZth2 ortho-
rhombic cell. Most higher-symmetry phad€3, R, or T) with
nearby polarizationP directions are related directly by
monoclinic or triclinic phases. For instance, as shown in F|g.are most likelyR phase mixed with domains.

2, rotation of polarizatior® from the R-domain[111] direc- As shown in Fig. 4b), the extinction of domain matrix

tion to theT-domain[10(] direction can proceed via @ Mono- eens at 0° up to about 375 K. The stripelike domains begin
clinic M, cell with highest-symmetry principal axis, along {4 appear significantly near 380 K as shown in Figc)4

[011]. These stripelike domains distribute in the domain matrix
which exhibits extinction at 0°. To identify extinction angles
IV. RESULTS AND DISCUSSION of the stripelike domains, the domain structures are enlarged

in Fig. 5 for 380 and 395 K, respectively. These domains
have various nonzero extinction angles, such-a22°,
Figure 4 shows temperature-dependent domain struc-30°, and~62° at 380 K and~24°,~32°, and~50° at
tures. “P/A:68°" at the upper-right corner indicates that the390 K. As temperature increases above 380 K, the stripelike
domain picture was taken when the angle between one of thdomains expand gradually over the domain matrix. As shown
P/A pair axes and thgl1Q] direction is 68°. Hereafter, the in Fig. 6, the real part’ of dielectric permittivities exhibits
P/A angle is with respect to thgl1Q] direction. The “0°”  a steplike anomaly near 385 K upon heating. This long-range
indicates that the domain matrix exhibits optical extinction attransformation was also manifested by a péakose posi-

A. Temperature-dependent phase transformations
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—— 500 Hz (a) 0 kV/em "I (d) 11 k\’/cn}' 4
4r — 10kHz

PrA:45°

(€) 26 kV/em /  PiA45°
74"’

250 300 350 400 80°

T(K)
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FIG. 6. Temperature-dependent dielectric permittigityobtained at 500 Hz
and 10 kHz upon heating and cooling processes. The inset is the imaginary
parte” of dielectric permittivity.

<0[]> «—»

tion is independent of frequency, but not the amplijuaied 180 & T
a shoulder near 385 K in the imaginary paftupon heating 200 pm
and cooling, respectively, as illustrated in the inset of Fig. 6.

The discrepancy in dielectric anomalies between cooling anfig. 7. Electric-field-dependent domain structures observed at room
heating runs implies that thermal activated polarization rotatemperature.

tions are different during cooling and heating processes. A
total extinction which corresponds to the cubic phase, begin

to appear near 415 K and soon occupies the entire crystat E=6 kv/em [Fig. 70)); ~4°,~14%,~22°,~ 60", and
. . ; : ~72° atE=11 kV/cm[Fig. 7]. As given in Fig. 3, the pos-
near 420 K. It is consistent witfi,,~420 K which corre- [Fig. 7). As given In Fig Pos

) . . sible extinction angles fdR andT domains are 0° or 22° and
sponds to the dielectric maximum of real paft

. 0° or 39°, respectively. Thus, most of tRedomains already
What is the phase between 380 and 420 K? When Obt'ransformed intdM domains via polarization rotations before
serving the(211)-cut sample along211] between a crossed

P/A pair, the allowed extinction angles férdomains are 0° E field reached 6 kv/cm. In other words, a long-rarge
’ . . ' — M phase transformation takes place in the range of 3-5
39°, or 51° measured from tH&10 axis. Similarly, the al- P P 9

kV/cm. A similar field-inducedR— M, transformation was

lowed e_xtinction angles fdR domains are 0° or 22°.Thus,in Jhearved on £00D)-cut PMNT24% crystal wittE field ap-
the region of 380-420 K most qf thg domains Mqahase. plied anng[OOl].17 Note that theO domain cannot be iden-
In other words, near 380 K polarizations of tRenixed with a4 from  this (211)-cut sample. Furthermore, aE

M domc:]uns ahre z;gnvat_ed by thlermal energy ar;d begin 12 56 1v//cm the domain matrix exhibits extinctions at vari-
;otate t roung |_stort|ons. A gng-rgnge trar;_iolrmaﬂon ous angles, such as12°,~18°, and~74°, all of which
rom R macrodomains &4 macrodomains most likely takes - -oshond to monoclinic phase. It indicates th4221] M

placg near 380 K, perhaps m|>§ed wft‘rdomgms inasmall 5n0domain cannot be achieved easily at room temperature.
fraction before the crystals go into the cubic.

40 4 P (uCrem?)
B. Electric-field-induced phase transformations 1. opmaAmSTE

The E-field-dependent domain structures, as shown in
Fig. 7, were taken at room temperature with P/A:45°. The
angles shown in different regions of Fig. 7 are extinction
angles with respect to thgl10] direction. At E=0 kV/cm
[Fig. (@], the domain matrix exhibits an extinction angle at
0°, indicating aR phase mostly.C” indicates a crack caused
by the polishing processN" indicates the area without ITO
thin film. With increasingk field as shown in Fig. (b), the
domain matrix exhibits apparent change in the range of 3-5
kV/cm, which is consistent with the coercive fielH
~4 kV/cm of the PEF hysteresis loop measured at room
temperature as given in Fig. 8.

As E field increases, the domain matrix exhibits variousg g, g Hysteresis loop of polarization V& field obtained at room
nonzero extinction angles, such ad0°,~46°, and~72°  temperature.

T
10 15
E (kV/cm)
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