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The enhanced and optimal piezoelectric coefficients in single crystalline
barium titanate with engineered domain configurations
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In this letter, we report a micromechanical analysis to explain the enhanced piezoelectric
coefficients in ferroelectric single crystals poled along a nonpolar axis, where the coexistence of
several variants leads to a complicated domain configuration. The engineered domain configuration
in the crystal is constructed first using energy minimization approach, and the effective moduli of
single crystal with engineered domain configuration is then determined using homogenization
theory. Following this procedure, we calculate the effective electromechanical moduli of tetragonal
barium titanate poled alond11] direction, where the piezoelectric coefficiedy; is found to be

70% higher than those poled alofi@01], consistent with experimental observation. Piezoelectric
coefficientds, is also found to be 114% higher. In addition, we notice that poling aldrid]
direction does not lead to the optimal domain configuration, since barium titanate poled Hohg
direction has much highets, andds;;. The analysis reveals that much higher electromechanical
coupling can be obtained in ferroelectric crystals with engineered domain configurations, and offers
insight on the design and optimization of ferroelectrics for enhanced functional propertie00®
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Ultrahigh strain and piezoelectric behavior have been

0 -
discovered in relaxor based rhombohedral single crystals =2-o g (x2)_ 4 0
Pb(Zn;3Nb,,3) O5-PbTiO; (PZN-PT) and Pb(Mg,3Nb,,3) N o PUTEE P,
05-PbTiO; (PMN-PT) poled alond 001] direction? though L0 0 al L 0]
poling along[111] direction, the polar axis, leads to much - i

lower electromechanical coupling. Since then, higher piezo- a 00 0
electric coefficients; has also been demonstrated in tetrag- &*3={0 a 0|, p*3¥=+|0],
onal single crystal barium titanate poled along the non-polar L0 0 B L Pt

[111] direction? and there is an indication that such phenom-
ena are common in ferroelectric single crystaWhile it is  leading to six ferroelectric variants, all compatible with each
generally believed that the enhanced electromechanical cogther. In another words, they satisfy compatibility equations
pling is related to the so-called engineered domain configu-
ration, where two or more crystallographically equivalent e“')—e<k>=£(a-k®n-k+ Ni®@ay),
ferroelectric variants coexist in the single crystal poled along 2™ J J J
a nonpolar axis, the exact nature of the enhancement and the ;) _ @
optimal domain configuration are not clear, which we intend (P P n=0
to address in this letter. We believe that the enhanced piezgor j k=—3...3% which ensures the existence of a coherent
electric coefficient is due to the anisotropy of ferroelectricinterface of normah;, between variants andk. As a result,
variants and the interaction between different domainseach pair of variants can form laminated domain patterns
which will be elaborated here. At higher electric field, polar- consisting of alternating twins with twin boundary given by
ization rotation~’ and field-induced phase transition may ny, which is free of stress and electric fi€ldvhen the
occur; which are beyond the scope of this letter. crystal is poled along111] direction, variants 1, 2, and 3
The first question we try to answer is how ferroelectricyjth positive polarization component coexist in the single
variants accommodate each other within the engineered derystal, each having an equal volume fraction. Yet, it is still
main configuration in an energy minimizing fashion. For apossible for the three variants to form an energy minimizing
tetragonal ferroelectric crystal such as barium titanate, thgomain pattern made of alternating bafids. Band | con-
transformation strains and polarizations are given by sists of fine twins of [&D),pM)]} and{[&?,p@1}, with av-
eraging transformation strain and polarization given by

0 0
P Py ¢=pd? +(1- e, pl=up?+(1-wp,
&= 0 @« 0| pEb==+|0|,
o o 0 and band Il consists of fine twins offe®,p®]} and
o

{[?),p@7} with averaging transformation strain and polar-
ization given by
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FIG. 1. The construction of energy minimizing domain configuration by Bi= Sis Sz Seg d35
rank-two lamination for barium titanate poled alofid 1] direction.

wherey is the volume fraction of variant 2 within each band, [ dp; dpp dpp Kosl
which needs to be identical. Clearly, the two bands satisfy - -
Eq. (1) on average for any.e[0,1], Si3 Sa Sss dis o

1-p
e(l)_e(”):T(al3®n13+ n13®a13), N= S35 S45 855 d15 d25

(P =p"™) nyg=[(1=w) (P =p'*)]-n13=0, dos g a5 Kip Kool

suggesting that they can form another level of laminationyjithin a composite laminate, certain components of electro-
with the interface normal given hy,3. The volume fraction  mechanical field need to be continuous across the interface,
of band Il is A&[0,1], which can be determined from the and the reformulated equation simplifies the continuity con-
volume fractions of variants 1, 2, and 3 in the crystal. Adition as
schematic representation of this construction is shown in Fig. — —
1, and such band structure was indeed observed in Yi1=Y2=Y, G;=G,=G, 4
experiments:**When there is separation of scale so that thefor the two-phase laminate we are considering, if the inter-
length scale of the bands is much larger than the length scalgce normal is chosen as thg axis. Here, each phase rep-
of fine twins, no stress and electric field will be induced andyegents a variant or a band, and the overhead bar is used to
the energy of the domain configuration will be minimdm,  genote the volume averaged field variables in the laminate.
leading to a stable domain configuration. As a result, mini-pg 5 result. we have
mum hysteresis was observed in experimérits. L _

Since the energy minimizing domain configuration of ~ F,=A;'Y—A'B,G,
barium titanate can be constructed by rank-two lamination 1T fn ol v
with two distinct length scales, the effective electromechani- Z;=B/A Y+ (N, —B/A, "B/)G,
cal moduli of ferroelectric single crystal with engineered do-where subscript =1,2 is used to denote a field variable in
main configuration can be determined using laminationeach phase. This leads to
theory. To this end we consider the static piezoelectric be- —

®)

havior of ferroelectrics governed by the constitutive equation Y =A*F+B*G, Z=B*F+N*G, (6
c s dfo with the effective electromechanical moduli given by
D7\ «|lE) @ A=Ay

wheree ando are the strain and stress, respectivéhandE B*=(A"h"KA™!B),

are the electric displacement and electric field, respectively; B = (BIA1y(A 1)1 (7)

S, d, and k are elastic compliance, piezoelectric coefficient,

and dielectric constant, respectively; and superstiiptsed N*=(B'A~ (A H XA IB)+(N)—(B'A"!B),

to denote a matrix transpose. The equation can be rearrangecrl] . .

as where(-) is used to denote volume averaged physical prop-

erties. The effective electromechanical moduli are clearly di-

Y A BI|[E agonally symmetric, and are exact for rank-one laminates.
ZlI7 Bt NIIG| ) Equation (7) allows us to study the electromechanical

behavior of single-crystal barium titanate with engineered
where the field variables and the electromechanical modulilomain configurations. The investigation on PZN-PT and

are given by PMN-PT is undergoing and will be reported later. The elec-
. o tromechanical moduli of single-domain single crystal barium
€ 3 oy 3 titanate we used in our calculation are listed in Tabfé I,
€ €a o, Ta which are highly anisotropic. When the crystal is poled along
Y=l | 27| S PRl og|r CT| %8| [111] direction, three variants coexist with equal volume
D, D, E, Ey fraction, making it necessary that=1/3 andA=1/2. Since
D, E> the engineered domain configuration is a rank-two laminate,
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TABLE I. Electromechanical moduli of barium titangt&= 102 m?/N; cientsdy; and ds, is about 114% higher than those of the
d=10""CIN; xiko. single-domain single crystal. As such, we are able to explain
Sy S Sis Su Sw Se  dy  ds  dis ky ke th€ €nhanced piezoelectric coefficient in barium titanate
poled alond 111] direction from the engineered domain con-
figuration, which takes into account the energy minimizing
3See Ref. 13. domain configuration, the anisotropy of ferroelectric vari-
ants, and the interaction between ferroelectric domains. We
not only demonstrate the enhancement in the longitudinal
Eq. (7) need to be applied repeatedly to determine the ef-fecdirection, which is consistent with experiment observation,
tive moduli of the single crystal. The effective moduli of but also predict the enhancement in the transverse direction.
bands | and Il were calculated first using E@), with the ~ This is certainly worth investigating experimentally.
electromechanical moduli of single-domain single crystal as  EVEN more interestingly, this three-variant system is by

input. The effective moduli of bands | and Il were then used° {neanslogtlrral. Alsla dmatttg ' ofthfact,_ for tlhe ttyvo—va?f_ant
as input to calculate the effective moduli of a single crystal,s.yS em poled alonf011] direction, the piezoelectric coeffi-

: o b N
which needs to be transformed into a new coordinate syster(r:1'er]td32 's more than 400% higher than that of the single

, i domain single crystal, and the piezoelectric coefficibptis
with x,lI[121], x,lI[101], X5l[111]. When there is separa- o than 100% higher, suggesting much larger property en-

tion of scales between bands and twins, so that the bandsybncement than the three-variant systems. To the best of our
and Il can be regarded as homogeneous as far as the maci@rowledge, such a two-variant engineered domain configu-
scopic behavior of single crystal is concerned, the procedurgytion has yet to be explored in experiment, and is also worth
leads to exact effective moduli of a single crystal with anjnvestigating.
engineered domain configuration. In summary, we developed a theory to determine the
It is not obvious, however, that the three-variant systenmeffective electromechanical moduli of ferroelectric single
is optimal as far as the piezoelectric coefficients are conerystals with engineered domain configurations. The en-
cerned. As such, we also consider a two-variant system withanced piezoelectric coefficiedt; in single-crystal barium
n=1/2 and\=1, so that only variants 2 and 3 coexist. Suchtitanate poled alon§111] direction has been explained, the
an engineered domain configuration can be obtained, for exenhanced piezoelectric coefficiedg, has been predicted,
ample, if the single crystal is poled aloff11] combined and the optimal domain configuration has been identified. It
with a compressive stress alofg00] direction. This is a demonstrates that much greater electromechanical coupling
rank-one laminate, which requires the application of &. can indeed be obtained by engineering domain configura-
only once, withxI[100], x,I[011], x5I[011]. The pre- Uons in ferroelectric single crystals.
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