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Systematic analysis of extensive experimental data confirms the theoretical prediction of three intrinsic
relationships of lattice parameters between the recently discovered intermediate monoclinic M¢ phase and the
conventional tetragonal phase in ferroelectric Pb[(Mg;/3Nb,/3);_,Ti,]O3 and Pb[(Zn;;3Nb,,3),_,Ti,]O3 near the
morphotropic phase boundaries. These intrinsic relationships of lattice parameters are fulfilled by experimental
data reported in the literature for different temperatures, compositions, and electric fields. They present quan-
titative evidence that the intermediate monoclinic M phase is a mixed state of nanometer-sized twin-related
domains of the conventional ferroelectric tetragonal phase. The analysis supports the concept recently proposed
by Khachaturyan and co-workers [Phys. Rev. Lett. 91, 197601 (2003)] that the intermediate monoclinic M¢
phase is adaptive ferroelectric and ferroelastic phase, which is homogeneous only on the macroscale while
inhomogeneous on the nanoscale. Due to the small domain size and small ferroelastic strain, the conventional
diffraction measurement does not resolve the lattice of individual nanodomains rather instead only perceives
the average diffraction effect of nanotwins, yielding the experimentally observed monoclinic symmetry. The
result indicates that the electric-field-induced domain-wall movement plays an essential role in the ultrahigh
electromechanical responses of Pb[(Mg;3Nby/3);_,Ti,]JO3 and Pb[(Zn;/;3Nb,/3);_,Ti,]O3, and the high-density
domain walls associated with the nanotwins have a significant contribution to the peculiar material properties

between

and Pb[(Zn1/3Nb2/3)(1-X)Ti-

near the morphotropic phase boundaries.
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I. INTRODUCTION

Multiferroics are smart, active, and multifunctional mate-
rials with domain microstructures that actively respond to
changes in external mechanical, electric, magnetic, and ther-
mal conditions. They form the basis for a wide variety of
sensors, actuators, and microdevices. As an important cat-
egory of multiferroics, ferroelectric-ferroelastic perov-
skites Pb[(Mg;;3Nb,/3);_,Ti,]O; (PMN-xPT) (Ref. 1) and
Pb[(Zn,5Nb,3),_,Ti, ]O; (PZN-xPT) (Ref. 2) are currently
under intensive investigation for both technological impor-
tance and scientific curiosity. Single crystals of the relaxor-
based ferroelectric PMN-xPT and PZN-xPT with composi-
tions near their respective morphotropic phase boundaries
(MPBs) exhibit ultrahigh piezoelectric responses an order of
magnitude greater than that of the conventional polycrystal-
line Pb(Zr,_,Ti,)O; (PZT) ceramics,’ which is currently the
material of choice for a wide variety of high-performance
electromechanical sensors and actuators.*® PMN-xPT and
PZN-xPT promise to revolutionize the world of piezoelectric
and electrostrictive devices.’

PMN-xPT and PZN-xPT have qualitatively similar
temperature-composition phase diagrams: The high-temper-
ature paraelectric phases have a cubic perovskite structure,
and the low-temperature ferroelectric phases have a rhombo-
hedral symmetry at low PT content and a tetragonal symme-
try at high PT content. The MPB is the boundary of an abrupt
structural change between the two forms,* i.e., rhombohedral
and tetragonal. Recent extensive experimental investigations
have discovered new intermediate phases and revealed fasci-
nating while puzzling phase behaviors around the MPBs.5-%?
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Since the recent discovery of an intermediate monoclinic
M, phase in PZT near its MPB,?*-2% new intermediate phases
have also been discovered in PZN-xPT and PMN-xPT near
their respective MPBs, namely, monoclinic M,,%'® mono-
clinic M¢,8!2 orthorhombic (Refs. 8 and 13-15) phases in
PZN-xPT, and orthorhombic,'®'7 monoclinic Mg,!>!8-2!
monoclinic M,,?"?? as well as a third monoclinic My phase
(Refs. 17 and 20) in PMN-xPT, depending on thermal and
electric histories. Structural phase transformations have been
revealed in PZN-xPT (Refs. 8—10) and PMN-xPT (Refs. 17
and 21) under the effects of temperature and electric field.
Unusual continuous polarization rotation in symmetry planes
of the intermediate monoclinic phases is observed.8-10:17.21

The ultrahigh piezoelectric responses of PZN-xPT and
PMN-xPT single crystals are related to the existence of
MPBs, the newly discovered intermediate MPB phases, and
the temperature- and electric field-dependent behaviors of
these phases. The recently established temperature-composi-
tion phase diagrams'>!® and electric-field-temperature phase
diagrams'®?! reveal some fundamental aspects of the phase
stabilities in the vicinity of MPBs. The large body of re-
ported experimental data®—2? provides information to investi-
gate the relations between the phases and to clarify the origin
of the ultrahigh electromechanical properties of these mate-
rials.

Khachaturyan and co-workers recently proposed an
adaptive ferroelectric phase theory to explain the behaviors
of intermediate monoclinic phases in PMN-xPT and PZN-
xPT. According to this theory, the monoclinic phase is a
mixed state of miniaturized domains of the conventional
ferroelectric phase, which is inhomogeneous on the nanos-
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cale while homogeneous on the macroscale. A change in the
nanodomain morphology—caused by changes in external
electric field, applied stress, temperature, or composition—
results in a gradual adjustment of the nanodomain-averaged
properties, e.g., lattice parameters, symmetry, spontaneous
strain, and polarization. Two intrinsic relationships of lattice
parameters (called invariance conditions) are predicted for
the intermediate monoclinic M phase and examined against
the experimental data reported in Ref. 16 in previous
work.?%30 In this work, we predict a third intrinsic relation-
ship of lattice parameters concerning the monoclinic angle of
the M phase.

The purpose of this paper is to present quantitative evi-
dence for three intrinsic relationships between the lattice pa-
rameters (a,,,b,,,c,,,8) of the intermediate monoclinic M¢
phases and the lattice parameters (a,,c,) of the conventional
ferroelectric tetragonal phases in PMN-xPT and PZN-xPT.
Systematic analysis shows that the three intrinsic relation-
ships of lattice parameters are fulfilled by extensive experi-
mental data of monoclinic M and tetragonal phases reported
in the literature®!%1415:19-21 for different temperatures, com-
positions, and electric fields. The analysis of the M, and Mg
phases will be reported elsewhere. The result indicates that
the intermediate monoclinic M phase is a mixed state of
tetragonal nanotwins. Experimental observations, e.g., aniso-
tropic broadening of diffraction peak profiles, phase coexist-
ence over wide temperature and composition ranges, and
large electric-field-induced strain, are discussed in light of
nanoscale twin microstructures. The effects of high-density
domain walls associated with the nanotwins on the peculiar
material properties near the morphotropic phase boundaries
are also discussed.

II. CRYSTALLOGRAPHIC ANALYSIS

A homogeneous ferroelectric and ferroelastic state is un-
stable with respect to the formation of ferroelectric and fer-
roelastic domains.>>>* The ferroelastic microstructure con-
sists of several crystallographically equivalent structural
domains with different orientations (called variants), e.g.,
three tetragonal variants. The variants self-assemble to form
polydomain plates with domains arranged in twin-related
patterns.>»3>-#! The relative thicknesses of the twin layers,
specified by the volume fraction w, self-adjust to establish
macroscopic invariance of the habit plane (i.e., the macro-
scopic size of the habit plane is not affected by the ferroelas-
tic transformation), and by doing so self-accommodate the
spontaneous ferroelastic strain, eliminating the long-range
stress field and minimizing the elastic energy.’**3*! The
presence of ferroelectric polarization in the ferroelastic struc-
tural domains results in a formation of head-to-tail patterns
of ferroelectric domains, which does not generate spatial
charges and automatically minimizes the electrostatic energy.
The volume fraction w of the twin variants can be changed
by external electric field and applied stress through domain-
wall movement, leading to a macroscopic strain of the
sample, which is of the same order of magnitude as the spon-
taneous strain of the ferroelastic variant.

The size of the domains is determined by the minimiza-
tion of a sum of the domain-wall energy, elastic energy, and
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FIG. 1. (Color online) (a) Twin-related tetragonal variants with
(101) twin plane, where the hatching direction indicates tetragonal
axis orientation, and the gray shadow illustrates the crystal before
ferroelastic transformation. The volume fractions of variants 1 and
3 are 1-w and w, respectively. The polarization in each structural
variant is along the tetragonal axis. The averaged polarization is
confined to and rotate in (010) symmetry plane. The averaged lat-
tice has a monoclinic M symmetry. Closing the gap between the
twin-related tetragonal variants caused by spontaneous ferroelastic
strain gives rise to the monoclinic angle of the averaged lattice. (b)
The monoclinic M unit cell resulting from averaging twin-related
tetragonal variants shown in (a). Note that average is in a sense of
a diffraction measurement that does not resolve the lattice of indi-
vidual domains, but instead perceives only the average diffraction
effect of nanotwins due to small domain size and small ferroelastic
strain.

electrostatic energy.?303342 For very low value of domain-
wall energy density, the system transforms into a mixed state
of miniaturized domains, which is inhomogeneous on the
nanoscale while homogeneous on the macroscale.?>3042 A
change in the nanodomain morphology—caused by changes
in external electric field, applied stress, temperature, or
composition—results in a gradual adjustment of the
nanodomain-averaged properties, e.g., lattice parameters,
symmetry, spontaneous strain, and polarization. Khachatu-
ryan et al.** developed an adaptive phase theory to explain
the experimental observation of self-adjusting intermediate
ferroelastic (martensitic) states with variable crystal lattice
parameters depending on temperature and applied stress in
martensitic crystals.*3 This concept has recently been further
developed to explain the behaviors of intermediate mono-
clinic phases in ferroelectric PMN-xPT and PZN-xPT.?-3!

It has been shown that averaging the twin-related tetrag-
onal nanodomains gives rise to the monoclinic M lattice
symmetry, with monoclinic lattice parameters a,,, b,,, and c,,
uniquely related to the tetragonal lattice parameters @, and
¢,.2>30 We will show here that the monoclinic angle g is also
determined by the tetragonal lattice parameters a, and c,.
Thus, three intrinsic relationships are predicted between the
lattice parameters of the intermediate monoclinic M¢ and
conventional tetragonal phases. It is noted that “average” is
in a sense of diffraction measurement that does not resolve
the lattice of individual domains but instead perceives only
the average diffraction effect of nanotwins due to small do-
main size and small ferroelastic strain.

For the orientations of two twin-related tetragonal vari-
ants specified in Fig. 1(a), the nanodomain-averaged lattice
has a monoclinic M symmetry shown in Fig. 1(b). The M¢

lattice parameters are:>>-3°

a,=a,w+c(l-w)=c,—(c,—a)w, (1)

014113-2



THREE INTRINSIC RELATIONSHIPS OF LATTICE...

cn=cw+a(l -w)=a,+(c,~a)o, (2)

b, =a,. (3)

The monoclinic angle B of the averaged M lattice arises
from the conservation of lattice continuity in a coherent mi-
crostructure, which is achieved through relative rigid-body
rotation of the twin-related tetragonal variants to close the
gap between them. The gap angle 2¢ is caused by the spon-
taneous ferroelastic strain of the two twin-related tetragonal
variants, as illustrated in Fig. 1(a). We postulate the mono-
clinic angle of the nanodomain-averaged lattice as:

B=g+2Aw(l—w)¢, (4)

where the angle ¢ is related to the tetragonality c,/a, of the
tetragonal lattice:

¢ =tan™! a_ T (5)
a, 4
The dependence of 8 on the volume fraction w is a simple
quadratic function, which does not produce monoclinic lat-
tice in the case of single tetragonal domains, i.e., @=0 or 1.
The volume fraction can be determined from the measured
monoclinic M lattice parameters by solving Egs. (1)—(3) for
w:
w= M (6)
a,+c,—2b,
The coefficient A collects the effect of domain sizes on the
experimental measurement of monoclinic angle by diffrac-
tion and scattering techniques, and is approximated as a con-
stant of order of magnitude of 1.
Combining Egs. (1) and (2) gives the first intrinsic rela-
tionship of lattice parameters between the intermediate
monoclinic M phase and conventional tetragonal phase:

Ay + Cpy=a,+c,. (7a)

The second intrinsic relationship of lattice parameters is ex-
pressed by Eq. (3) and is renumbered in the following for
convenience:

bm = at' (7b)

The third intrinsic relationship of lattice parameters is given
by combining Egs. (4) and (5):

,8:7—1-+2Aw(1—a))(tan‘1 ﬁ_f>’ (7¢)
2 a, 4

where w is determined by Eq. (6). In the range of monoclinic
M_¢ phase, the values of tetragonal lattice parameters are de-
termined from the measured monoclinic M lattice param-
eters by using Egs. (7a) and (7b): a,=b,,, ¢,=a,,+c,—b,,
The first two intrinsic relationships (7a) and (7b) are also
called general invariance conditions.?>* It is worth noting
that the second intrinsic relationship (7b), i.e., continuity be-
tween b,, and a,, has been well recognized as a prominent
feature in the reported experimental data®!%14131921 que to
direct visual effect in data plots but without explanation.
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The polarization in each structural variant is along the
tetragonal axis, i.e., P(1)=(P,,0,0) and P(3)=(0,0,P,),
where P, is the magnitude of polarization in tetragonal phase.

The polarization averaged over the twin-related variants
29,30
is:=

P=PB3)o+P(1)(1 -w) =Pl - ,0,w), (8)

which is confined to the symmetry plane (010) as illustrated
in Fig. 1(b). When the volume fraction w of the twin variants
is changed by external electric field or applied stress through
domain-wall movement, the averaged polarization P rotates
in (010) plane, as experimentally observed in monoclinic M
phase.

III. ANALYSIS OF EXPERIMENTAL DATA

The three intrinsic relationships of lattice parameters, Eqgs.
(7a)—(7c), can be directly examined by the experimental data
of monoclinic M and tetragonal phases of PMN-xPT and
PZN-xPT reported in the literature for different temperatures,
compositions, and electric fields.>!%1415:1921 T this section,
a systematic analysis of extensive experimental data is pre-
sented to show the fulfillment of the three intrinsic relation-
ships of lattice parameters.

A. PMN-xPT

1. Temperature-dependent lattice parameters in zero-field

cooling

a. PMN-31%PT. Noheda et al.' reported the tempera-
ture-dependent lattice parameters of PMN-31%PT in zero-
field cooling by x-ray powder diffraction measurement as
shown in Fig. 2(a). The first and second intrinsic relation-
ships, Egs. (7a) and (7b), are examined against the experi-
mental data and highlighted by gray shadow in Fig. 2(b),
where the first relationship is plotted with both sides of Eq.
(7a) divided by 2 for visual clarity. The third intrinsic rela-
tionship, Eq. (7c), is examined in Fig. 2(c), where the mono-
clinic angle B is calculated according to Eq. (7¢) with A
=1.45 as a fitting parameter. In the M phase field, the vol-
ume fraction w determined from the measured monoclinic
lattice parameters, according to Eq. (6), is 0.570, 0.635, and
0.577 in cooling sequence. It is noted that at 350 K (ap-
proaching the Mc-tetragonal transition temperature), the ex-
perimentally measured a,, and c,, are so close to one another
that they cannot be accurately determined, as indicated by
the error bars in Fig. 2(a).

b. PMN-33%PT. Noheda et al.' reported the tempera-
ture-dependent lattice parameters of PMN-33%PT in zero-
field cooling by x-ray powder diffraction measurement as
shown in Fig. 3(a). The three intrinsic relationships are
shown in Figs. 3(b) and 3(c), with A=1.46. In the M phase
field, the determined volume fraction w is 0.655 and 0.654 in
cooling sequence.

c. PMN-37%PT. Noheda et al.' reported the tempera-
ture-dependent lattice parameters of PMN-37%PT in zero-
field cooling by x-ray powder diffraction measurement as
shown in Fig. 4(a). The three intrinsic relationships are

014113-3
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PMN-31%PT in zero-field-cooling
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FIG. 2. Three intrinsic relationships of lattice parameters be-
tween the intermediate monoclinic M phase and conventional te-
tragonal phase of PMN-31%PT in zero-field cooling. (a) X-ray
powder diffraction measurement of lattice parameters (reproduced
with permission—Ref. 19). (b) The first and second intrinsic rela-
tionships are highlighted by gray shadow, where data are taken from
(a). (c) The third intrinsic relationship is highlighted by line, where
data of crosses (X) are taken from (a) and data of open circles (O)
are calculated from Eq. (7c¢).
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FIG. 3. Three intrinsic relationships of lattice parameters be-
tween the intermediate monoclinic M phase and conventional te-
tragonal phase of PMN-33%PT in zero-field cooling. (a) X-ray
powder diffraction measurement of lattice parameters (reproduced
with permission—Ref. 19). (b) The first and second intrinsic rela-
tionships are highlighted by gray shadow, where data are taken from
(a). (c) The third intrinsic relationship is highlighted by line, where
data of crosses (X) are taken from (a) and data of open circles (O)
are calculated from Eq. (7¢).
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PMN-37%PT in zero-field-cooling
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FIG. 4. Three intrinsic relationships of lattice parameters be-
tween the intermediate monoclinic M¢ phase and conventional te-
tragonal phase of PMN-37%PT in zero-field cooling. (a) X-ray
powder diffraction measurement of lattice parameters (reproduced
with permission—Ref. 19). (b) The first and second intrinsic rela-
tionships are highlighted by gray shadow, where data are taken from
(a). (c) The third intrinsic relationship is highlighted by line, where
data of crosses (X) are taken from (a) and data of open circles (O)
are calculated from Eq. (7c¢).
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shown in Figs. 4(b) and 4(c), with A=1.04. In the M phase
field, the determined volume fraction w is 0.634 and 0.594 in
cooling sequence. It is noted that the reported coexistence of
monoclinic M and tetragonal phases over a wide tempera-
ture range between 20 K and 200 K allows a direct exami-
nation of the first and second intrinsic relationships over this
temperature range in this case.

2. Composition-dependent lattice parameters in zero field

a. PMN-xPT at 300 K. Noheda et al.'” reported the com-
position-dependent lattice parameters of PMN-xPT at 300 K
by x-ray powder diffraction measurement as shown in Fig.
5(a). The three intrinsic relationships are shown in Figs. 5(b)
and 5(c), with A=1.51. In the M. phase field, the determined
volume fraction w is 0.634, 0.661, and 0.693 in increasing x
sequence. It is noted that the reported data for composition
x=34% are taken from a different experiment.

b. PMN-xPT ar 20 K. Noheda et al.'® reported the com-
position-dependent lattice parameters of PMN-xPT at 20 K
by x-ray powder diffraction measurement as shown in Fig.
6(a). The three intrinsic relationships are shown in Figs. 6(b)
and 6(c), with A=1.45. In the M. phase field, the determined
volume fraction w is 0.594, 0.649, 0.745, and 0.642 in in-
creasing x sequence. It is noted that the experimental error
increases while approaching the Mc-tetragonal transition
temperature, as indicated by the error bars in Fig. 6(a).

¢. PMN-xPT at room temperature. Singh and Pandey?’
reported the composition-dependent lattice parameters of
PMN-xPT at room temperature by x-ray powder diffraction
measurement shown in Fig. 7(a), where the space groups Pm
and P4mm correspond to monoclinic M and tetragonal
phases, respectively. The three intrinsic relationships are
shown in Figs. 7(b) and 7(c), with A=1.20. In the M phase
field, the determined volume fraction w is 0.612, 0.619,
0.608, and 0.630 in increasing x sequence.

3. Temperature-dependent lattice parameters in field cooling

Bai et al.?' reported the temperature-dependent lattice pa-

rameters of PMN-30%PT in field cooling with a [001] elec-
tric field of 1 kV/cm by single crystal x-ray diffraction mea-
surement as shown in Fig. 8(a). The three intrinsic
relationships are shown in Figs. 8(b) and 8(c), with A=0.74.
In the M phase field, the determined volume fraction  is
0.610, 0.565, 0.557, and 0.550 in cooling sequence.

B. PZN-xPT
1. Composition-dependent lattice parameters in zero field

La-Orauttapong et al.'® reported the composition-depen-
dent lattice parameters of PZN-xPT at 20 K by x-ray powder
diffraction measurement as shown in Fig. 9(a). The three
intrinsic relationships are shown in Figs. 9(b) and 9(c), with
A=0.64. It is noted that with the special value of volume
fraction w:%, Egs. (1) and (2) give a,,=c,,, and the mono-
clinic M symmetry is increased to orthorhombic symmetry,
i.e., orthorhombic phase can be regarded as M phase in the
limit of a,,=c,,.5'*

014113-5
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FIG. 5. Three intrinsic relationships of lattice parameters be-
tween the intermediate monoclinic M phase and conventional te-
tragonal phase of PMN-xPT at 300 K. (a) X-ray powder diffraction
measurement of lattice parameters (reproduced with permission—
Ref. 19), where the data for composition x=34% (open triangles)
are taken from a different experiment. (b) The first and second
intrinsic relationships are highlighted by gray shadow, where data
are taken from (a). (c¢) The third intrinsic relationship is highlighted
by line, where data of crosses (X) are taken from (a) and data of
open circles (O) are calculated from Eq. (7¢).
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PMN-xPT at 20K
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FIG. 6. Three intrinsic relationships of lattice parameters be-
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(X) are taken from (a) and data of open circles (O) are calculated
from Eq. (7c).
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PMN-xPT at room temperature
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FIG. 7. Three intrinsic relationships of lattice parameters be-
tween the intermediate monoclinic M¢ phase and conventional te-
tragonal phase of PMN-xPT at room temperature. (a) X-ray powder
diffraction measurement of lattice parameters (reproduced with
permission—Ref. 20). (b) The first and second intrinsic relation-
ships are highlighted by gray shadow, where data are taken from
(a). (c) The third intrinsic relationship is highlighted by line, where
data of crosses (X) are taken from (a) and data of open circles (O)
are calculated from Eq. (7c¢).

2. Temperature-dependent lattice parameters in zero-field
cooling
a. PZN-10%PT. La-Orauttapong et al.'> reported the
temperature-dependent lattice parameters of PZN-10%PT in
zero-field cooling by x-ray powder diffraction measurement
as shown in Fig. 10(a). The three intrinsic relationships are
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shown in Figs. 10(b) and 10(c), with A=0.71. The volume
fraction in the orthorhombic (monoclinic M) phase field is
w=%. The monoclinic lattice parameters a,,, b,,, c,, and B
are calculated from the orthorhombic lattice parameters a,,
b,, and c,.

b. PZN-9%PT. Cox et al.'* reported the temperature-
dependent lattice parameters of PZN-9%PT in zero-field
cooling by x-ray powder diffraction measurement as shown
in Fig. 11(a). The three intrinsic relationships are shown in
Figs. 11(b) and 11(c), with A=0.72. The volume fraction in
the orthorhombic (monoclinic M) phase field is wzé. The
monoclinic lattice parameters a,,, b,,, c,, and B are calcu-
lated from the orthorhombic lattice parameters a,, b,, and c,,.

3. Temperature-dependent lattice parameters in field
cooling

Ohwada et al.'® reported the temperature-dependent lat-
tice parameters of PZN-8%PT in field cooling with a [001]
electric field of 2 kV/cm by single crystal neutron diffrac-
tion measurement as shown in Fig. 12(a). The first two in-
trinsic relationships are shown in Fig. 12(b). No monoclinic
angle is reported to examine the third intrinsic relationship.
Since only one data point in monoclinic M¢ and tetragonal
phases, respectively, is reported, the examination is only il-
lustrative in this case.

4. Electric-field-dependent lattice parameters

Noheda et al.® reported the electric-field-dependent lattice
parameters of PZN-8%PT in a [001] electric field by single
crystal x-ray diffraction measurement as shown in Fig. 13(a).
The three intrinsic relationships are shown in Figs. 13(b) and
13(c), with A=0.76. In the M phase field, the determined
volume fraction w is 0.529, 0.684, and 0.705 in increasing
electric-field sequence. It is noted that the volume fraction w
of tetragonal variant 3 increases with increasing electric
field, as expected from domain redistribution and domain-
wall movement caused by an external electric field. Under
increasing [001] electric field, the domain of a favorably ori-
ented twin variant, i.e., variant 3 whose polarization P(3) is
aligned with [001] axis, grows at the expense of the unfavor-
ably oriented variant, leading to increase in w. The averaged
polarization P in Eq. (8) rotates in (010) symmetry plane
during this process, as observed experimentally.

IV. DISCUSSIONS

Systematic analysis of extensive experimental da-
ta 1014151921 presented in the preceding section confirms
the theoretical prediction of three intrinsic relationships of
lattice parameters between the recently discovered interme-
diate monoclinic M phase and the conventional ferroelectric
tetragonal phase in PMN-xPT and PZN-xPT near the MPBs.
These intrinsic relationships of lattice parameters are fulfilled
by experimental data reported in the literature for different
temperatures, compositions, and electric fields. They present
quantitative evidence that the intermediate monoclinic M¢
phase is a mixed state of nanometer-sized twin-related do-
mains of the conventional ferroelectric tetragonal phase. The
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PMN-30%PT in [001]-field-cooling
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FIG. 8. Three intrinsic relationships of lattice parameters be-
tween the intermediate monoclinic M phase and conventional te-
tragonal phase of PMN-30%PT in field cooling with [001] electric
field of 1 kV/cm. (a) Single crystal x-ray diffraction measurement
of lattice parameters (reproduced with permission—Ref. 21). (b)
The first and second intrinsic relationships are highlighted by gray
shadow, where data are taken from (a). (c) The third intrinsic rela-
tionship is highlighted by line, where data of crosses (X) are taken
from (a) and data of open circles (O) are calculated from Eq. (7¢).
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PZN-xPT at 20K
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FIG. 9. Three intrinsic relationships of lattice parameters be-
tween the intermediate monoclinic M phase and conventional te-
tragonal phase of PZN-xPT at 20 K. (a) X-ray powder diffraction
measurement of lattice parameters (reproduced with permission—
Ref. 15). (b) The first and second intrinsic relationships are high-
lighted by gray shadow, where data are taken from (a). (c) The third
intrinsic relationship is highlighted by line, where data of crosses
(X) are taken from (a) and data of open circles (O) are calculated
from Eq. (7c).
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PZN-10%PT in zero-field-cooling
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FIG. 10. Three intrinsic relationships of lattice parameters be-
tween the intermediate monoclinic M¢ phase and conventional te-
tragonal phase of PZN-10%PT in zero-field cooling. (a) X-ray pow-
der diffraction measurement of lattice parameters (reproduced with
permission—Ref. 15). (b) The first and second intrinsic relation-
ships are highlighted by gray shadow, where a,,=c,, and b,, are
calculated from (a). (c) The third intrinsic relationship is high-
lighted by line, where data of crosses (X) are calculated from (a)
and data of open circles (O) are calculated from Eq. (7¢).
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PZN-9%PT in zero-field-cooling
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FIG. 11. Three intrinsic relationships of lattice parameters be-
tween the intermediate monoclinic M phase and conventional te-
tragonal phase of PZN-9%PT in zero-field cooling. (a) X-ray pow-
der diffraction measurement of lattice parameters (reproduced with
permission—Ref. 14). (b) The first and second intrinsic relation-
ships are highlighted by gray shadow, where a,,=c,, and b,, are
calculated from (a). (c) The third intrinsic relationship is high-
lighted by line, where data of crosses (X) are calculated from (a)
and data of open circles (O) are calculated from Eq. (7c).

analysis supports the viewpoint that the intermediate mono-
clinic M¢ phase is an adaptive ferroelectric and ferroelastic
phase,?! which is homogeneous only on the macroscale
while inhomogeneous on the nanoscale. Due to the small
domain size and small ferroelastic strain, the conventional
diffraction measurement does not resolve the lattice of indi-
vidual nanodomains, but instead only perceives the average
diffraction effect of nanotwins, which gives the experimen-
tally observed monoclinic symmetry.
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PZN-8%PT in [001]-field-cooling
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FIG. 12. Intrinsic relationships of lattice parameters between the
intermediate monoclinic M phase and conventional tetragonal
phase of PZN-8%PT in field cooling with [001] electric field of
2 kV/cm. (a) Single crystal neutron diffraction measurement of lat-
tice parameters (reproduced with permission—Ref. 10). (b) The
first and second intrinsic relationships are illustrated by gray
shadow, where data are taken from (a).

It is worth noting that the second intrinsic relationship of
lattice parameters, Eq. (7b), i.e., continuity between b,, and
a,, has been well recognized as a prominent feature in the
reported experimental data®!%1%15:19-21 due to direct visual
effect in data plots but without explanation. The concept of
averaged nanotwins gives a natural explanation, as illustrated
in Fig. 1. The two tetragonal twin variants have a common
[010] axis with the same lattice parameter a,, which is not
affected by averaging and becomes the monoclinic lattice
parameter b,,. It is noted that the nanotwins are structurally
inhomogeneous, which gives broadening in diffraction pro-
files due to nanoscale domain size; however, the spacing of
the {010} lattice planes, i.e., lattice parameter b,,=a,, is ho-
mogeneous and is not affected by the nanotwin structure.
Therefore, a sharp peak profile corresponding to (010) lattice
spacing is expected to emerge in the diffraction pattern. Such
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PZN-8%PT in [001] electric field
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FIG. 13. Three intrinsic relationships of lattice parameters be-
tween the intermediate monoclinic M phase and conventional te-
tragonal phase of PZN-8%PT in [001] electric field. (a) Single crys-
tal x-ray diffraction measurement of lattice parameters (reproduced
with permission—Ref. 9). (b) The first and second intrinsic relation-
ships are highlighted by gray shadow, where data are taken from
(a). (c) The third intrinsic relationship is highlighted by line, where
data of crosses (X) are taken from (a) and data of open circles (O)
are calculated from Eq. (7¢).
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an anisotropic peak broadening phenomenon has been con-
firmed by x-ray diffraction experiments. Noheda et al.'’
found in x-ray powder diffraction of PMN-xPT that while
broad features are associated with the diffraction profiles of
low-temperature monoclinic M phase, the peak profile cor-
responding to the smallest lattice parameter b,, remains rela-
tively sharp. Noheda et al.® also found unusual diffraction
intensity distributions in single crystal x-ray diffraction of
PZN-xPT for compositions close to the MPB, which are be-
lieved to reflect the existence of heavily twinned microstruc-
tures. Singh and Pandey?® pointed out that the small fer-
roelastic strain and small domain size lead to the large
broadening of the individual profiles and produce the signa-
ture of anomalous anisotropic peak broadening of some re-
flections. Ohwada et al.'” believed that the asymmetry of
Bragg-peak line shapes along the [001] or ¢ axis indicates a
nonuniform strain distribution within the crystal, which in-
deed is also an indication of inhomogeneous microstructure
of nanotwins. All of these experimental observations are in
agreement with the nanotwin viewpoint.??3!

The experimental data reported in the litera-
ture” 014151921 are the lattice parameters of the majority
phases only. Phase coexistence is normally observed near the
MPBs. Singh and Pandey? reported the variation of molar
fractions of the majority and minority phases with composi-
tion in PMN-xPT at room temperature obtained by Rietveld
refinement of x-ray powder diffraction measurement, which
shows that the monoclinic M and tetragonal phases coexist
over a wide composition (x) range between 30% and 40%.
Noheda et al.'® reported the coexistence of the monoclinic
M¢ and tetragonal phases in PMN-33%PT over a wide tem-
perature range, between 20 K and 300 K, with the volume
fraction of the minority tetragonal phase found to be constant
at about 25% over this entire temperature range. Figure 4(a)
plots the temperature evolution of the monoclinic M and
tetragonal lattice parameters of PMN-37%PT with an ap-
proximate volume fraction ratio 55:45 at both 20 K and
200 K.'? The reported phase boundary is in fact a boundary
between different majority phases. It is noted that the ob-
served phase coexistence over such wide composition and
temperature ranges cannot simply be explained by composi-
tional fluctuation. However, according to the concept of the
monoclinic M phase as a mixed state of nanotwins of the
tetragonal phase, the structural phase transition between M
and tetragonal phases is really a transition between small/
nanodomain tetragonal phase and large-domain tetragonal
phase. The large domains produce sharp and well-resolved
peak profiles, which allow diffraction measurement to dis-
cern the tetragonal lattice of individual large domains.

Good agreement has been obtained between the theoreti-
cal prediction and the experimental data over the entire
ranges of temperatures, compositions, and electric fields, as
shown in Figs. 2—13. The three intrinsic relationships of lat-
tice parameters are fulfilled within the accuracy of experi-
mental measurement. The biggest discrepancy is found
around the boundary between M and tetragonal phases. It is
noted that the experimental data have the largest errors
around this boundary. Because of the small domain sizes,
diffraction peak broadening, and multiple coexisting phases,
it is a difficult inverse problem to obtain lattice parameters
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from the complicated diffraction patterns. Nevertheless, our
crystallographic analysis of the measured lattice parameters
well reveals the three intrinsic relationships.

It is worth noting that the coefficient A in the third intrin-
sic relationship, Eq. (7c), is dependent on the domain size
and the experimental measurement of the monoclinic angle
by diffraction techniques (powder diffraction Rietveld
refinement,'+!31920 gingle crystal mesh scan).”?! As pre-
sented in Sec. III, the value of A is almost the same for
PMN-xPT of different compositions and at different tem-
peratures measured by x-ray powder diffraction at
Brookhaven National Synchrotron Light Source,' i.e., A
=1.45, 1.46, 1.51, and 1.45 for zero-field cooling of PMN-
31%PT and PMN-33%PT, and PMN-xPT at 300 K and
20 K, respectively, except for zero-field cooling of PMN-
37%PT where A=1.04. The data of PMN-xPT at room tem-
perature measured by x-ray powder diffraction, performed at
a different facility,® yields A=1.20. The data of PMN-
30%PT in field cooling measured by mesh scan of single
crystal x-ray diffraction, performed at Virginia Tech,?! gives
A=0.74. In the case of PZN-xPT, the value of A is almost the
same for the data measured by x-ray powder or single crystal
diffraction at Brookhaven National Synchrotron Light
Source,>*15 ie., A=0.64, 0.71, 0.72, and 0.76 for PZN-
xPT at 20 K, zero-field cooling of PZN-10%PT and PZN-
9%PT, PZN-8%PT in an electric field, respectively. It is
noteworthy that A= 1.5 for PMN-xPT in most cases, while
A=0.7 for PZN-xPT. As shown in Figs. 2—13 the third in-
trinsic relationship of the monoclinic angle is fulfilled by the
experimental data. However, the dependence of the coeffi-
cient A on detailed diffraction experiment still requires fur-
ther investigation. As our ongoing research, computational
techniques are being employed to gain quantitative insight
into this issue.

The three intrinsic relationships of lattice parameters
present quantitative evidence of the tetragonal nanotwins.
The result indicates that the electric-field-induced domain-
wall movement is the origin of the ultrahigh electromechani-
cal responses of these materials. The macroscopic strain of
the sample associated with the conversion of ferroelastic
variants is of the same order of magnitude as the spontane-
ous strain relating tetragonal twin variants. The largest
electric-field-induced strain is obtained when the conversion
of twin variants is complete. Using the reported tetragonal
lattice parameters of PZN-8%PT in Fig. 13(a),’ ¢,=4.087 A
and ¢,=4.033 A in a [001] electric field of 10 kV/cm, the
[001] elongation strain of twin variant conversion is e=(c,
—a,)/a,=1.3%. Viehland'® has observed the electric-field-
induced strain ~1.2% in [001]-oriented PZN-8%PT single
crystal, which is in agreement with the theoretical prediction.

The existence of three intrinsic relationships of lattice pa-
rameters between the intermediate monoclinic M phase and
the conventional ferroelectric tetragonal phase supports the
viewpoint that the intermediate monoclinic M phase is
adaptive phase.?’3! Khachaturyan®' shows that the mono-
clinic M phase is also an adaptive phase, which is a mixed
state of nanotwins of the rhombohedral phase. Our analysis
shows that the monoclinic My phase is also a mixed state
(adaptive phase) of nanotwins of the rhombohedral phase,
but with a distinct twin relationship from that of M, phase.
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In all cases of M, Mg, and M phases, the monoclinic sym-
metry is increased to orthorhombic symmetry at a particular
twin volume fraction w= % but corresponds to three different
orthorhombic lattices O,, Og, and Oc, respectively. A tran-
sition between M, or My and M (O, and tetragonal or Oy
and Oc in the limit case w=3) requires a rhombohedral-
tetragonal phase transformation. It is noted that an electric-
field-induced rhombohedral-to-tetragonal phase transforma-
tion has previously been proposed to explain the origin of
ultrahigh electromechanical responses of PMN-xPT and
PZN-xPT in Park and Shrout’s pioneering work.? Also, in all
cases, with the self-adjustment of nanodomain volume frac-
tion w in response to external electric field or applied stress,
the averaged polarization continuously rotates in different
symmetry planes, i.e., (110), (101), or (010) in M, Mg, or
Mc, respectively. A systematic analysis of the M, and Mg
phases will be reported elsewhere.

It has been pointed out that an explanation of the interme-
diate monoclinic phases in terms of the conventional
Ginzburg-Landau-Devonshire theory of homogeneous ferro-
electric phase is quite difficult.>®3° The homogeneous ferro-
electric monoclinic phase can be described only if eighth-
order terms in the free energy expansion are introduced.**
However, the theory cannot explain the observed three intrin-
sic relationships of lattice parameters reported here. From the
perspective of self-assembling of nanodomains, the behav-
iors of the intermediate monoclinic phases have a conven-
tional explanation: They are inherent features of a multido-
main system quantitatively modified under the condition of
low domain-wall energy density. Considering the energy de-
generacy of polarization orientation among six tetragonal
(001) easy axes and eight rhombohedral (111) easy axes near
the MPBs, the electrocrystalline anisotropy would be greatly
reduced. Recent first-principles calculations (based on an as-
sumption of microscopic homogeneity of the ferroelectric
order) have shown continuous polarization rotation as a low-
free-energy path.*> These calculations, in fact, demonstrate
that the crystallographic anisotropy of the polarization direc-
tion is drastically reduced near the MPBs. Accordingly, the
domain-wall energy density is also dramatically decreased,
leading to domain miniaturization to nanoscale.

The results indicate that the electric-field-induced
domain-wall movement plays an essential role in the ultra-
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high electromechanical responses of PMN-xPT and PZN-
xPT. It is noted that due to the small size of nanotwins, these
materials contain high-density domain walls (twin bound-
aries). The high-density domain walls would produce pecu-
liar material behaviors than that controlled by the bulk prop-
erty of large domains. In particular, the property of domain
walls will play a more significant role in determining the
macroscopic property of the materials. The high-density do-
main walls will also make the materials more deformable
than the large-domain materials because the domain walls
are the carriers of the macroscopic strain induced by external
electric field or applied stress. Therefore, it is worth further
investigating the peculiar material behaviors dominated by
high-density domain walls, which will help us better under-
stand the origin of the ultrahigh electromechanical properties
of these materials.

V. SUMMARY

Systematic analysis of extensive experimental data con-
firms the theoretical prediction of three intrinsic relationships
of lattice parameters between the recently discovered inter-
mediate monoclinic M phase and the conventional tetrago-
nal phase in ferroelectric PMN-xPT and PZN-xPT near the
MPBs. These intrinsic relationships of lattice parameters
present quantitative evidence that the intermediate mono-
clinic M phase is a mixed state of nanotwins of the conven-
tional ferroelectric tetragonal phase. The nanotwin micro-
structure explains the experimentally observed anisotropic
broadening of diffraction peak profiles and phase coexistence
over wide temperature and composition ranges. The results
indicate that the electric-field-induced domain-wall move-
ment plays an essential role in the ultrahigh electromechani-
cal responses of these materials, and the high-density domain
walls associated with the nanotwins produce peculiar mate-
rial behaviors than that controlled by the bulk property of
large domains, which is worth further investigation.
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