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Properties of Pb(Zr ,Ti,) O; (PZT) for compositions< near the morphotropic phase boundary and under an
electric field are simulated using aib initio based approach. Applying an electric field[@11] orientation to
tetragonal PZTe.g.,x=0.50) leads to the expected sequence of tetragonal, A-type monoclinic, and rhombo-
hedral structures. However, the application of a field of orientaf@®l] to rhombohedral PZTe.g., x
=0.47) does not simply reverse this sequence. Instead, the system follows a complicated path involving also
triclinic and C-type monoclinic structures. These latter phases are found to exhibit huge shear piezoelectric
coefficients.
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The existence of a morphotropic phase boundaryeads to a much smaller change of strain than is observed
(MPB) is an important feature of the phase diagramfor a rhombohedral compositidnEurthermore, most studies
of many technologically interesting perovskite alloys, investigating piezoelectricity in perovskite materials focused
such as [Ph(ZnysNby3)Os]1—,[PbTiOs],  (PZN-PT),  on theds; piezoelectric coefficient. As a result, other co-
[ PB(Sc1/2NDy/2) O3] (1 —x[ PHTIOs ] (PSN-PT, and efficients that may exhibit even larger values could have
Ph(Zr;_,Ti,) Oz (PZT).! In these materials, the MPB is the been overlooked. One may also wonder what is the conse-
boundary in the temperature-composition plane separatinguence of the polarization paths proposed in Ref. 3 on piezo-
the rhombohedral phase, in which the electric polarization iglectricity.
along the[111] direction, from the tetragonal structure, in  In this Communication, we address the problems summa-
which the polarization lies along tH€01] direction. Apply-  rized above by investigating the effect of an electric field on
ing an electric field to these alloys near the MPB generatethe structural and piezoelectric properties of PZT alloys near
an anomalously large change of strain. Very recenthe MPB. Starting with a composition that is tetragonal at
theoretical and experimentdlstudies strongly suggest that zero field, we find that applying an electric field along the
such a large piezoelectric response is driven by the electrid111] pseudocubic direction leads to a polarization that sim-
field inducedrotation of the electrical polarizatiof®, rather ~ ply rotates in thg110) plane from[001] to [111], i.e., from
than an electric-field induced change of magnitude of thighe tetragonalT) to the rhombohedralR) structure, via an
polarization. intermediate A-type monoclinic () structure’ The result-

Despite these recent advances, many features related g ds3 piezoelectric coefficient is only large very close to
the effects of electric fields on structural and piezoelectridhe Ma-R transition. On the other hand, starting with a rhom-
properties of perovskite alloys near the MPB remain puz-bohedral PZT composition, we find that applying an electric
zling. For instance, based on calculations performed on théeld along the{001] pseudocubic direction dog®t simply
simple BaTiQ system, Fu and Cohéproposed that apply- generate the reverse transition sequence /RTM Instead,
ing an electric field along the pseudocupd®1] direction in  the polarization begins to follow thi€l10)-plane R-M-T
rhombohedral PZN-PT induces a rotation of the polarizatiorpath at low fields, but before reaching the T phase, the po-
occurring along the rhombohedral-tetragonal péth., P larization crosses over to join tH&00-plane O-M-T path
continuously rotates from thgl11] to [001] direction. On  connecting the orthorhombi@®) to the tetragonal structure
the other hand, Nohedat al® suggest a more complex via an intermediate C-type monoclinic @y structure (as
mechanism in the same PZN-PT system in which the polarhinted for PZN-PT in Ref. B [The notation for monoclinic
ization first follows the rhombohedral-tetragonal path for aphases is that of Ref. 5, with Mand M. phases having
small electric field, and then jumps to a new path connectingolarization lying in the(110) and (100 planes, respec-
an orthorhombic to the tetragonal structure. However, due ttively.] The crossing from the Ito the M. structure occurs
experimental restrictions, the authors of Ref. 3 were onlyia an intermediate triclini¢Tri) structure that is stable over
able to observe the secof@hd new polarization path. As a a substantial electric-field range. The overall transition se-
result, the following questions are currently unanswered: Ifjuence is thus R-WMTri-M-T. We find that both the tri-
there is indeed a new polarization path at higher electriclinic and M. phases exhibit huge shedss piezoelectric
fields, what is the transitional mechanism allowing such ecoefficients.
change of polarization path? Is this transitional mechanism We use the numerical scheme proposed in Ref. 6, which
sudden or does it happen over a broad range of electric fieldBvolves the construction of an alloy effective Hamiltorfian
Another aspect that is poorly understood is the striking dif-(H.¢) from first-principles calculatios'® and its use in
ference between the electric-field behavior on opposite sidellonte Carlo simulations to compute finite-temperature prop-
of the MPB: applying an electric field to a tetragonal alloy erties of PZT alloys. The effect of an external static electric
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field E on physical properties is included by adding-&-E 0.16

term inHy4 (see Ref. 11 In the present study, the tempera- 0.14 L

ture is kept fixed at 50 K, and well-converged results are @

obtained with 1x10x10 simulation boxe$5000 atomg*? 5 o0d2r

We use atomic configurations mimicking maximal composi- € 0.10 -

tional disorder, consistent with experimental conditibhs. o

Data from the simulations on the local mode vector&li- é 0.08 -

rectly proportional to the electric polarizatipand the homo- ¥ 0.06-

geneous strain tensor are used within the correlation-functiong

approach of Refs. 11 and 14 to obtain the piezoelectric re- 0.04 -

sponse. Up to X10° Monte Carlo sweeps are first per- 0.02 L

formed to equilibrate the system, and ther 20° sweeps

are used to get the various statistical averages. 0'0(_)50 50 100 150 200
Previous studi€s’®>*® have demonstrated that our effec- o .

tive Hamiltonian approach gives a very good account of ex- Electric Field (107V/m)

perimental and direct first-principles findings in perovskite 8000 . .

alloys. In particular, it successfully predicts the existence of 5 (b)

three  low-temperature  ferroelectric  phases  for g 7000 - ]

Ph(Zr,_,Ti,)O5 solid solutions near its MPB:a tetragonal £ goool T M, R |

(T) phase for largex compositions x>49% at 50 K, a 2

rhombohedral(R) phase for smallerx compositions X 2 5000F ]

<47.5% at 50 K, and the recently discovered monoclinic % 4000 L

(M,) phasé in between. The polarization is parallel to the 8

pseudocubi¢001], [111], or [vv1] (0<v<1) direction for 2 3000+

the T, R, or My phase, respectively. The_electrical polariza- g 2000 L

tion can thus be viewed as rotating in(810) plane from 2

[001] to [111] as the Ti composition decreases in the mono- & 1000 -

clinic phasé (In the following, we adopt the convention that % 0

thex, y, andz axes are chosen along the pseudoc{ib@io)], 50 0 50 100 150 200
[010], and[001] directions, respectively, and the piezoelec- Electric Field (10°V/m)

tric tensor is represented in the orthonormal basis formed by
a,=[100], a,=[010], andag=[001].) FIG. 1. (a) Cartesian components,, u,, andu, of the local-

We first consider a tetragonal PZT compositiars 0.5,  mode vector, andb) ds; and d;5 piezoelectric coefficients, as a
under an electric field applied along thEL1] direction. The  function of the magnitude of the electric field applied along the
polarization of this alloy is initially along when no electric ~ Pseudocubic[111] direction in disordered single crystals of
field is applied. Figure (&) displays the cartesian compo- Pb(Zro‘So'I'_l0_5(_,)03 at T=50 K. Inset illustrates the path followed by
nents (i, U, andu,) of the supercell average of the local e Polarization.
mode vectors in this solid solution as a function of the mag-
nitude of the electric field. It demonstrates that applying athe largest ones among all the 18 piezoelectric constants.
small electric field along the[111] direction in  One can note that,s is larger thandgs in the T structure
Ph(Zrg 50Ti0.5003 perturbs the system in the expected way:(and in most of the range of stability of the s\Vstructure.
the polarization rotates away from ti@01] direction, as  This is consistent with recent measurements revealing that
evidenced by the fact that, and u, become nonzero. The the piezoelectric elongation of the tetragonal unit cell of PZT
strain tensor given by our simulations indicates that the redoes not occur along the polf®01] direction!’ The large
sulting structure is the monoclinic Mstructure. As the mag- value ofd,s also explains the stron@veragelpiezoelectric
nitude of the electric field along thélll] direction in- response observed in ceramic tetragona| Sarﬁm can
creasesy, decreases, while, andu, increase and remain also see thatl,; is predicted to be larger in the R phase than
equal. The polarization in this Mstructure thus rotates to- in the T and M, structures. This prediction is consistent with
wards the[111] direction within the(110) plane. For a suf-  the findings of Refs. 1 and 18 that th, coefficient of
ficiently large electric field ¢ 110x10° V/m), u, becomes  rhombohedral materials can be very large along [B@1]
equal tou, anduy, signaling a phase transition to a rhom- direction when the polar direction is oriented along the
bohedral structur® with the polarization aligned along the pseudocubi§111] direction. Figure (b) also reveals thad,;
[111] direction. The path followed by the polarization in go- adopts values larger than 1000 pC/N in a narrow electric-
ing from the T via the M to the R structure with increasing field range centered around the,Mb—R transition. Note
field is illustrated in the inset of Fig.(&). thatd,s is also enhanced in this region, but has much smaller

Figure Ib) shows the resulting behavior of tlt; and  values thards;.

d,5 piezoelectric coefficients. We decided to focus on these We now investigate the effect of an electric field applied
two coefficients because we numerically found that they ar@long the[001] direction to a rhombohedral PZT composi-
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0.16 tetragonal(T) phase, for which the polarization is along the
0.14 | [001] direction (u, is then the only nonzero compongnt

The inset of Fig. &) summarizes the path followed by
:g 0.12 - the polarization in P@@rs3Tig47)05: P first rotates in the
> 0.0t (110 plane from[111] to [vv 1] (R to M,), then switches
g via [wv 1] (Tri) to the (100 plane, where it finishes by ro-
g 008y tating from[Ov1](M¢) to [001] (T). That is, the polarization
2 og.06t starts along the R-MT path and then switches to the
E O-Mc-T path to complete the transformation to the T phase.
S 0.04r The electric-field induced R-MT transformation path
0.02 has been observed experimentally in nominally rhombohe-
: dral PZT alloys'’ but the unavailability of single-crystal
0.00 on PZT complicates the experimental determination of the po-
-50 0 50 100 150 200 -1 M - =T _
Electric Field (10°V/m) larization paths depicted in Fig(&. Furt_her_more, we f|nd_
that the change of path occurs at electric fields that are high
8000 : : : : compared to those that can be used experimentaily cal-
= (b) culations predict that an electric field 6f100x 10° V/m is
c\& 7000 - h y Tri " . i needed to see the transitions to the Tri ang phiases, while
o 6000~ A e . the highest field applied experimentally in Ref. 3 is 2
_g 5000 - | X 10P V/m). However, we find that the transformations dis-
2 d, played in Fig. 2a) all occur at smaller electric fields in PZT
Q4000 / 8 alloys for which the Ti composition is closer to the MPB:
o 3000 - Py | increasing the Ti composition in PZT from 46% to 47% leads
£ to a considerable decrease of the critical electric field, giving
< 2000 . rise to the Tri phase at50 instead of 158 10° V/m, and to
N the Mc phase at-88 instead of 23% 1P V/m. Thus, a prac-
@ 1o00r+ VA el . : ; S .
a tical observation of the change of polarization path depicted
0 ‘ : in Fig. 2@ would probably require the use of a single-crystal
-50 0 50 100 150 200 PZT alloy with a composition lying as close as possible to

Electric Field (10°V/m) the MPB.

While the R-My-T path of the polarization has recently
been predicted to occur izero-field rhombohedraBaTiO;
when applying arf001]-oriented electric field, no change of
path has been predicted to occur in this material even at a
very high field®!! Similarly, the O-M--T path has recently
been observed in (zero-field rhombohedral 92%—
PbZnsNb,,305 8%—PbTiQ under af001]-oriented electric
field®> However, because of some experimental limitations,
tion, PHZrg55Tip.4703. The polarization of this alloy starts the R-M,-T path and the transitional triclinic phase, that
along the pseudocubi€l1]] direction (i.e., uy=uy=u,) probably both occur at small fields, have yet to be observed
when no external electric field is present. Figufa) 2eveals in this material. To the best of our knowledge, the present
an unusual behavior of the polarization and a resulting rictstudy is thus the first demonstrating the existence of these
phase diagram. As expected, applying a small electric fieldwo different polarization paths, and the transitional phase
along thef001] direction of PiZry 53Tig 47)O5 perturbs the R connecting them, in a cubic perovskite system under electric
structure to the I structure, for which &<u,=u,<u,. As field !
the magnitude of the electric field increases, the polarization Furthermore, Fig. @) clearly shows that these unusual
rotates towards thE001] direction, withu, increasing while  polarization paths have a drastic effect on thg and d;5
uy andu, are decreasing. However, as shown in Fip)2 piezoelectric coefficients of RPBr, s3Tig 47)O5. For instance,
Ph(Zry 53Ti0.4703 then adopts two behaviors that do not oc- Fig. 2(b) reveals that thel;; coefficient suddenly peaks at a
cur in the PIZry 50Tip 5003 alloy. First, for an electric field small field, when P&Zr, 55Tip.47)O3 adopts the I structure.
ranging between 50 and 88L.C° V/m, u,, uy, andu, are all  This peak corresponds to a sudden increase of the sprain
nonzero and different from each other, and the strain tensat,; then decreases with a further increase of the magnitude
identifies this as ariclinic (Tri) phase. Second, for an elec- of the electric field, implying that the straii, then adopts a
tric field ranging between 88 and 1%A0° V/m, u, vanishes flatter strain-vs-field slope. Interestingly, both the sudden in-
while uy, andu, remain zero and different from each other. crease and the flatter behavior of the strain have been ob-
This characterizes a second type of monoclinic phase deserved in rhombohedral PZN-PBnd were predicted to oc-
noted M..>192%At larger electric field, P&Zrys3Tig47Os fi-  cur in rhombohedral BaTi (Ref. 2 when applying an
nally transforms from this monoclinic (M) phase into the [001]-oriented electric field.

FIG. 2. (a) Cartesian components,, u,, andu, of the local-
mode vector, andb) ds; and d;5 piezoelectric coefficients, as a
function of the magnitude of the electric field applied along the
pseudocubic[001] direction in disordered single crystals of
Ph(Zr; 54Tip.47)O3 at T=50 K. Inset illustrates the path followed by
the polarization.

060103-3



RAPID COMMUNICATIONS

L. BELLAICHE, ALBERTO GARC]A, AND DAVID VANDERBILT PHYSICAL REVIEW B 64 060103R)

The most striking result of Fig.(B) is the huge enhance- tetragonal and rhombohedral phas&y;specifically, rhom-
ment of the shead,s piezoelectric coefficient associated bohedral alloys near the MPB exhibit an unusual switching
with the change of polarization patti;s increases from 1000 of the polarization path under applied fiel8) a large piezo-
to 8000 pC/N with increasing electric field within the transi- electric response can result from such a path switch; and
tional Tri phase. Once the polarization is along the @M  (4) the shear piezoelectric coefficients.g., d;s) could be
path(i.e., when the system has transformed to thepflas¢,  exploited to achieve a drastic improvement in response in
dy5 decreases with a further increase of the electric figld. piezoelectric devices.

However, d;5 remains large, even in the tetragonal phase ) _ ) ) _
under a very high electric field. As a resudtg is larger than L.B. is gratefgl for the financial assistance provided by
2000 pC/N for a wide range of electric fields, e.g:50 the Arkansas Science and Technology Authofyant No.
x 106 V/m. N99-B-21), the Office of Naval ResearclGrants Nos.

In summary, we have used the first-principles derivedN00014-00-1-0542 and N00014-01-1-060@nd the Na-
computational scheme proposed in Ref. 6 to study the strudional Science FoundatiofGrant No. DMR-9983678 A.G.
tural and piezoelectric properties of disorderedacknowledges support from the Spanish Ministry of Educa-
Ph(Zr, ,Ti,) O3 solid solutions near the MPB under an elec-tion (Grant No. PB98-0244 D.V. acknowledges ONR Grant
tric field. Our main results ar€1) the response of the polar- No. N00014-97-1-0048. We wish to thank B. Noheda and
ization to an electric field is qualitatively different in the W.F. Oliver for very useful discussions.
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