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Effective macroscopic symmetries and materials properties of multidomain
0.955Pb(Zn,3Nb,;3) O3-0.045PbTiO 3 single crystals

Jianhua Yin and Wenwu Cao®
Materials Research Institute, The Pennsylvania State University, University Park, Pennsylvania 16802

(Received 10 October 2001; accepted for publication 16 April 2002

The crystal symmetry of a 0.955Pb(ZNb,,3) O3-0.045PbTiQ (PZN-4.5%P7 single crystal is
rhombohedral &. It is in multidomain state after being poled alof@®01] of its original cubic
coordinates. Although most studies on this system assumed the tetragomadffective symmetry,
experimental observations show that many of the crystals actually have effective orthorhombic
mm2 symmetry. Some crystal domain patterns may even become monaulimiceven lower in
symmetry. In other words, domains form a hierarchical symmetry, which controls the effective
materials properties of the multidomain system. We report an analysis of the domain symmetry
involved and a full set of materials properties measured in crystals having only two of the four
possible domains based omm2 symmetry. ©2002 American Institute of Physics.
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INTRODUCTION clinic m, or even triclinic 1 could occur in spite of the un-
) derlying rhombohedral B crystal symmetry=8 We report
The (1-x)Pb(ZnyaNb,/5) O3-xPbTIO; (PZN-PT) thom-  hore some detailed symmetry analyses and a set of material
bohedral relaxor based ferroelectric single crystals have bee&operties for a crystal system containing twinning of two

found to give a very high electromechanical coupling con-yomain variants based on the effective symmetrynof2.
stantkss (>90%) and a piezoelectric constadg; (>2000

pC/N) after being poled along001] of the parent cubic
coordinates:? The piezoelectriads; constant is more than DOMAIN STRUCTURES

three times that of the Pb(Zr,Ti,) Oz (PZT) solid solution Because the dipoles of the PZN-4.5%PT forms along the
system, which has been used for the past 40 years in mobbdy diagonal of the parent cubic perovskite structure at the
piezoelectric devices. The study of the PZN-PT single crystaferroelectric phase transition, the crystal structure has rhom-
can be traced back to the 1970%However, the composition bohedral symmetry with the symmetry groupn3in the
studied before consists of both tetragonal and rhombohedr&rroelectric staté* Poling was done by applying an electric
symmetry phases, which makes the materials properties nfield along[001] of the cubic coordinates so that only four of
reproducible. More recent crystal growth effort producedthe eight possible polarization orientations with positive pro-
better quality materials with purer phases. By using COMPOfections in[001] could remain, i.e[111], [111], [111], and

sitions slightly on the rhombohedral side of the phas_e dia[ﬁl] as shown in Fig. 1. Figure 2 is an observed pattern of

gram _and_pole the crystals [001]. rather thgn the p_olarlzz_a- this four-domain state looking down frof@01]. Statistically,

tion direction of[111] produced piezoelectric materials with such a system would have a macroscopic pseudo-tetragonal

an extraordinarily large piezoelectric coefficient and eIectro—Symmetry considering the energy degeneracy of these four

mechanical °°“'°'”f‘g cogfﬁmeﬁt’: . domain states. All previous studies on this system were
Naturally, multidomains are created in the crystal Whenbased on this ®im symmetry assumptioh?® Our observa-

the pplmg IS not along. the polarization d.”ec“oﬂ- Under'tions on domain patterns in many samples showed that the
standing the macroscopic symmetry of multidomain PZN-PT,

single crystal is very important for the physical propertytwo—domain type structure is more likely to occur in the
A : PZN-4.5%PT than patterns that contain all four domain vari-
characterization. All studies on the PZN-PT systefihave > P

) X ants, particularly for noncubic sample geomét§igure 3
been based on the effectiveardn symmetry, assuming all P y e d 519

shows typical two-domain variant structures in PZN-4.5%PT

four possible domain variants exist in equal proportion aﬁermultidomain crystal observed using optical microscopy. The

poling. We show here, however, that many engineered do-. . . —
main structures consist of only two of the four possible do_dlpples are orlentqted 1] _and_[lll]. They form a dq-
mains and such two domain systems may have much lowdpain structure as |Ilustra.ted in Fig. 4. The pictures in Flg._3
symmetry than #nm.® In fact, experimentally, we found that correspond to the top-view and front-view of the domain
the two-domain twinned systems are more likely to occur inPattern shown in Fig. 4.

PZN-PT single crystals than the four-domain systems re-

quired for the effective mim symmetry. In other words, for MACROSCOPIC SYMMETRY

certain sample geometries, orthorhomipram2 or mono- From Fig. 3, one can see that treating the PZN-PT mul-

tidomain systems to be macroscopic tetragonalndis not
dElectronic mail: cao@math.psu.edu always appropriate. For the two-domain systems, Erhart and
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FIG. 1. lllustration of the assumed domain structure with cross intersecting

charged domain walls for a PZN-4.5%PT crysf{a). Eight possible orien-
tations before poling(b) Four orientations remain after poling.

Cao predicted that the highest macroscopic symmetry is
orthorhombicmm2.” Strictly speaking, the symmetry could
be monoclinicm if the volume ratios of the two domains in

the twin are different.

In order to verify that the symmetry might be nontet-
ragonal, we conducted ultrasonic measurements on some of

the PZN-PT samples. From Christoffel wave equaticmse

can get the relationship between velocities and elastic con-

stants in different orientations:
p(1]**)2=cf;, (12
p(1]7%)?=c5, (1b)
p(19)2= p(1f110)2 = 4(cFy + o 20E,+ 405y, (10)

p(v ) 2= 5, (1d)
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FIG. 3. Top and side view of observed twin domains in a system with
quasi-orthorhombic symmetry.

p(rPOHOM) 2= cE, (19
AT 2 25 i, an

wherep is the density and is the ultrasonic velocity. The
subscriptd ands represent the longitudinal and shear waves,
respectively. For shear waves, the first supers¢tiptn] in-
dicates the wave propagation direction and the second super-
script[Imn] after the comma is the displacement direction.
For the microscopic symmetry ofrdm we have
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FIG. 2. Domain pattern of a domain engineered crystal having all four [100]

energetically equivalent domains. The effective symmetry of this crystal is

quasi-tetragonal dhm.

FIG. 4. lllustration of the twin domain structures in Fig. 3.
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o cE,=c5, so that »{10%=,[01% (2a)

‘/~\/\/\w_~. 054: CEs so that V[5001],[100]: V[5001],[010]: V[5001],[Im0] _

- a0° (2b)
Figure 5 shows the echo pulses of the shear wave propagat-
ing in the[001] direction with the displacement direction in

[ 60° different angled from [110]. One can see that the wave ve-

o locity, which is related to the time of flight of echoes, has

= been changed whenever the displacement polarization direc-

= 90° tion is changed. For shm symmetry, there should be no

g change in velocity as indicated in E). Table | lists the
measured velocities of the longitudinal wave and shear wave

| 120° propagating in different directions. The results show again

that the measured PZN-4.5%PT multidomain crystal has
symmetry lower than dhm.

[ 150° Resonant measurements were also carried outsfor

»—\/\/\/‘\/\ bars, which further corroborate the lower symmetry conclu-

. . . sion. The samples were cut into thin bars with thickneiss
20 21 22 23 24 [001] and lengthl in directions for a# angle with[100],

where 6 has been chosen as 0°, 30°, and 45°, respectively.
The piezoelectric constantd$,;; calculated from measured
FIG. 5. Echo pulse of a shear wave propagatin@Di] with polarizationin  resonant and antiresonant frequentese listed in Table I1.

a different angle with respect {d10] for a poled multidomain system. The piezoelectric constant in the directiéris given byd§1

= (dg3;- cOF 6+d3,-Sir? 6). For 4mm symmetry, da;=ds,,

then we should havel§1= d3;. This means that the piezo-
electric constants; should not change for the longitudinal

Time (us)

TABLE |. Measured longitudinal and shear wave phase velocities in a poleq ; ; ;
: ) : esonance bar made for any direction perpendicul&0@d].
multidomain PZN-4.5%PT single crystal. The supersdi@ftl],[110] repre- Y PErp £00d]

sents that the shear wave propagates a[@@d] with displacement along Obviously, this does not hold true for the measured values in
[110]. Unit in m/s. Table II.

Vl[uo] [110] V[Sooﬂ,[no] V[SOOl]'[ 110]

MATERIAL PROPERTIES FOR DOMAIN ENGINEERED
4615 4235 2860 2840 CRYSTALS WITH mm2 SYMMETRY

In the case shown in Fig. 3, the domain walls are ori-
ented in thg110] of the cubic coordinates. They are formed
by dipoles oriented ifi111] and[111]. Macroscopically, the

TABLE Il. Piezoelectric constant;; of a PZN-4.5%PT single crystal ob- system has an effectivenm?2 orthorhombic symmetry on

;inae: gflgc;”\llfifﬁ ﬁzo[ggrll]c zirbeacrtsi o"r:fth the long dimension of the bar forming average and the two mirror planes are infth£0] and[ 110]
directions of the original cubic coordinates. Based on the

0 0° 30° 45° ultrasonic and resonance measurements and the constitutive

relationships for thenm2 symmetry'® we have derived a

full set of material constants as listed in Table Ill. The data in

Table 11l was obtained by using both the resonance and the

ultrasonic methods with the assistance of low frequency ca-

d; (10712 CIN) 907 927 1134

TABLE Ill. Measured full set material properties of a poled PZN-4.5%PT multidomain single crystal based on
mm2 symmetry.

Density: p (kg/m®)
8310

Elastic constantsz;; (10 N/m?)

ch L ch c5 Ch c5 Caa Css Chs
17.7 3.6 10.1 14.9 9.7 10.7 6.8 6.7 0.36
Piezoelectric constantst: (10”12 C/N) Dielectric constants (eq)
dis day da; dsp das 811 ng 853
140 140 —1154 —786 2000 3100 3100 5200
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TABLE IV. Comparison between the rotated properties inrthe2 symmetry assumption with that of thedn
symmetry reported in Ref. 5. The units for different quantities are the same as in Table III.

Rotated properties ahnm2 symmetry around Properties for /am symmetry
[001] by 45° taken from Ref. 5
[10.31 959 9.9 0 0 -0.7] [11.1 102 101 0 0 (
9.6 10.31 9.9 0 0 -07 10.2 111 101 O 0 0
i 9.9 9.9 10.7 0 0 -02 o 101 101 105 O 0 0
0 0 0 6.75 0.05 0 0 0 0 64 O 0
0 0 0 0.05 6.75 0 0 0 0 0 64 O
_—0.7 -0.7 -0.2 0 0 6.35_ L 0 0 0 0 0 6.3:
0 0 0 0 140 O 0 0 0 0 140
d'= 0 0 0 140 0 0 d= 0 0 0 140 0
—-970 —-970 2000 O 0 18 —-970 —-970 2000 O 0
3100 0 0 3100 0 0
el’=| O 3100 0 eT=| O 3100 0
0 0 5200 0 0 5200

pacitance measurements. Details of the method used can bg changes through the shear wave velocity variation with
found in Ref. 5, in which the same procedure has been useatientation, as shown in Fig. 5.

to measure a #hm symmetry system. The ultrasonic and

resonance measurements have been carried out irff htdh

and[110] directions instead of measured[ib00}/[010] di-
rections for the #nm symmetry system. Therefore, sub- In conclusion, th¢001] poled PZN-4.5%PT single crys-
scripts 1 and 2 in Table Ill are used to distinguish the meatals have four possible domain states. These domain states
surement in thg110] and [110] directions, respectively. could form a quasi-tetragonahdm symmetry configuration,
Because of the rotation of the crystal coordinates with rebut they may also form other lower symmetry configurations,
spect to the original cubic coordinates, the data look verypuch as orthorhombimm2, monoclinicm, and even triclinic
different from the data calculated based anm symmetry? 1.7® Some experimental results indicated that many of the
For example, there is a large difference betwegnandc,, domain engineered crystals actually have a quasi-
here, while for the \im symmetry, the values af;; andc,;,  Orthorhombic symmetrynm2. We show, by using both ul-
are almost the same. One must note that such a comparis#i@sonic and resonant measurements, that the crystal systems
is not appropriate since the two sets of data were calculatednder study indeed havenm2 symmetry. This conclusion
in their own coordinate systems and the two crystal coordiagrees with earlier reported optical domain microstructure
nates differ by a 45° rotation aroufilo]. In order to com-  observations, which found only two types of domains instead
pare with the previously published data based on threrd  Of four. It has been shown theoretically that the highest mac-
symmetry, we make a coordinate rotation by 45° aroundoscopic symmetry of a two-domain system is orthorhombic
[001] based on the transformation matrix given in Ref. 9.mnm2."® Based on thenm2 symmetry we have determined
The elastic, piezoelectric, and dielectric permittivity matricesthat the full set of elastic, piezoelectric, and dielectric con-
after a 45° rotation are given in the left column of Table IV, stants for a system consists of 109° twins. For such a system,
while properties in the right column of Table IV are taken the principle coordinates are rotated 45° from that used for
from Ref. 5. the 4mm symmetry. By rotating the matrix properties we
One can see that the main elements, such as the diagorfaund that the lowering of symmetry mainly created some
elements, in the matrices above are either the same or vefjore off-diagonal elements, while the main elements, such
similar in both columns except that there are nonzero eleas the diagonal elements, do not have much difference.
mentscCg, Cog, Cag, Cas, anddsg in the left column. In
practi_ce, if the .crystal is opgrating [|ﬁ)_01] vipration modes, ACKNOWLEDGMENTS
the difference is not so obvious, which might be the reason
why people did not find out the symmetry changes before. This research was sponsored by the ONR under Grant
This also shows that one could not observe the symmetriio. N00014-01-1-0960 and the NIH under Grant No.
change through conventional dielectric and piezoelectricRR11795-05. The crystals used for this study were provided
measurements since the only difference is the appearance loy Dr. T. R. Shrout, Dr. P. Rehrig, and Dr. S. Zhang through
dsg, Which is not being measured conventionally. Our ultra-the Piezocrystal Resource Center of the Pennsylvania State
sonic measurements, on the other hand, can see the symméniversity.

SUMMARY AND CONCLUSIONS
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