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Characteristics and signatures of dipole vortices in ferroelectric nanodots: 
First-principles-based simulations and analytical expressions 
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Characteristics and signatures of dipole vortex in fe~~oelectric nanodots are determined via the use of 
first-principles-based simulations and by analytical developments. For instance, the dependency of such vortex 
on size, shape, material, and temperature is provided. Moreover, peculiar features associated with such vortex, 
such as unique behaviors of the inhomogeneous and homogeneous strains and of the induced electric fields, are 
revealed. Finally, energetics of interacting vortices is also discussed. 

001: 10.1 10:~/1'11~sKevR.75.091 102 PACS number(s): 77.84.D~. 77.80.Bh. 77.22.Ej 

I. INTRODUCTION 11. EFFECTIVE HAMILTONIAN APPROACH 

Recently, first-principles-based simulations predicted the 
existence of an unusual phenomena in nanodots of ferroelec- 
trics, that is, the formation of a vortex structure for their 
electrical dipoles below a critical temperature.'-" Similar to 
magnetic nanostructures that also possess a vortex structure 
for their magnetic dipoles (which is usually referred to as the 
curling state),"-"he possibility of switching the chirality of 
the vortcx in ferroelectric llanostructures opens exciting 
opportunities for designing "wunderbar" nanorncmory 
devices.'.' Interestingly, while ab  initio s t ~ d i e s ' ~ ~  suggested 
original ways to allow a practical control of the vortex 
chirality (namely, by using an ir~lzonlogenro~ls static electric 
lield' or a time-dependent magnetic field'), dipole vortex in 
nanoferroelectrics remains to be experimerltally fou~ld-to 
the best of our knowledge. One plausible reason-for this lack 
of finding may bc (in addition to the inherent difficulty in 
growing nanoferroelectrics) the current paucity of knowl- 
edge about the possible "signatures" of a dipole vortex. For 
instance, one may wonder how an electric field produced by 
a vortex differs from the one generated by -a 
sample. Similarly. it may be worthwhile to know if the strain 
associated with the vortex structure is dramatically different 
than the one associated with a spontaneous polarization. 
Other important and relatcd issues that are poorly known (if 
not completely unknown) are the dependency of the vortex 
structure on the shape of the dot as well as on the material 
forming the dot, the energy landscape associated with vorti- 
ccs, or the energetics of interacting vortices. 

The aim of this paper is to provide characteristics and 
signatures of dipolc vorticcs in ferroelectric  lan no dots by per- 
rorming f rst-principles-based con~putations as well as by de- 
riving analytical cxprcssions for elcctric fields gcncrated by a 
vortex structure. This paper is organized as follows. Section 
I1 describes thc ub irutio method we uscd. In Scc. 111, impor- 
tant alonlistic, elastic. and energetic characteristics of vortex 
arc revealed. Sections IV a~ld  V focus on the clcctric field 
produced by a vortex structure inside and outside a ferroelec- 
tric nanodot, respectively. Scction VI discusses thc cncrgel- 
ics of interacting dipole vortices, while a sumnlary is pro- 
vided in Sec. VII. An Appendix is also offcrcd for better 
understanding the origins of some fom~ula given in Secs. V 
and VI. 

Here, we mostly study nanodots madc of disordcrcd 
PbZro.,Tio,603 (PZT60), being Pb-0 terminated at all sur- 
faces. We also investigate nanodots madc of BaTi03 (BT), 
being Ba-0 terminated at all surfaces, for the sake of com- 
parison with PZT6O nanodots. The total energy of such sys- 
tems is written as 

where ui is the local soft mode in the unit cell i of the dot, 
whose product with the effective charge f yields the local 
electrical dipole in this cell, while 771~ and v i  are the homo- 
geneous strain tensor and inhomogeneous strain-related vari- 
ables in unit cell i, respcctively.~ 

represents the intrinsic (effective Hamiltonian) ell- 
ergy of ferroelectric nanodots. Its analytical expression is the 
one of Ref. 8 for BT bulk and of Ref. 9 for PZThO bulk 
(while its first-principles-derived parameters are those of 
Ref. 10 for BT and of Ref. 9 for PZThO), except for two 
main modifications. The first modificalion consists in adding 
energetic terms associated with the direct interaction be- 
tween the vacuum surrounding the dot and both the surface 
dipoles and inhomogeneous strain near the surface.'-!' The 
second modification consists in replacing the (reciprocal- 
space-based) matrix associated with long-range dipole-dipole 
interactions in the bulkQY the corresponding (real-space- 
based) matrix characterizing dipole-dipole interactions in the 
dot, implying that no supercell periodic boundary conditions 
are needed to simulate the dot. Such matrix is give11 in Refs. 
3 and 13- and corresponds to ideal open-circuit (OC) condi- 
tions. Such electrical boundary conditions naturally lead to 
the existence of a maximum depolarizing field (denoted by 
(Ed,,,) and detemlined from the atomistic approach of Ref. 3 )  
inside the dot. The secol~d Leml of Eq. ( 1 )  mimics a scrcen- 
ing of (Ed,,) via the ,B parameter. More precisely. the re- 
sidual depolarizing field resulting from the combination of 
the first and second terms of Eq. ( I )  has a magnitude equal to 
(I - P )  I (EdY,,)I. P=O thus corresponds to ideal OC condi- 
tions, while an increase in /3 lowers the magnitude of the 
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Analytical derivations and first-principles-based computations are combined to establish the link between 
dielectric responses and thermal fluctuations of polarization in low-dimensional systems under any possible 
electrical boundary condition. It is proven that the analytical expression (in terms of polarization fluctnations) 
of the "external" dielectric susceptibility of a nanostmcture, which is defined as the polarization's response to 
an exfenla1 field, is identical to that of the dielectric susceptibility in the bulk material. On the other hand. such 
expression has to be modified for the "internal" dielectric susceptibility of a nanostructure that characterizes the 
response of the polarization to the total inremal field. Such modification originates from the existence of the 
depolarizing field, and involves the depolarizing coefficients. as well as the degree of screening of the 
polarization-induced surface charges. 
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I. INTRODUCTION 

Fluctuation formulas relate the dielectric susceptibility to 
the mean-square avcrage oC the fluctuating polarization.' 
They have been of much use in classical simulations for 
bulk systems. including some concerning ferroclectric 
materials.'-' For a hulk system, the diagonal components of 
the dielectric susceptibility x obey! 

where V is the volume of the simulation ccll, k B  is Boltz- 
mann's constant, T is the temperature. Py is the y component 
of the polarization, and "()" denotes thermal averages. A 
crucial point is how the long-range Coulomb interaction is 
accounted for in the si~nulation: Eq. (1) assumes periodic 
boundary conditions (also called Ewald-Kornfeld by practi- 
tioners of classical simulations), while other schemes are in 
use as well, and lead to different fluctuation formulas.' Equa- 
tion (1) has been put in usc to, c.g., provide a real-space 
interpretation of dielectric responses in various materials? 
and to understand the rcasons behind unusual dielectric 
features"' (examples, among others, of such unusual features 
arc a broad dielectric. pcak in thc so-callcd relaxor 
systems,"-" or greater broadening of the dielectric response 
when inserting  defect^!^-'^). Fluctuation formulas also have 
an obvious computational advantage since their use avoids 
the need of performing additional calculations, in which an 
electric field is turned on, to compute the dielectric response. 

Interestingly, it is currently unknown if Eq. (I) has to be 
modified when investigating ferroelectric nulznstructules that 
arc systcms of high cunent fundamental and tcchnological 
interest (see Refs. 15-1 8 and rerefences therein). In particu- 
lar. one may wonder if and how the depolarizing field 
existing in low-dimensional ferroelectric systems affects the 
relation bctwcc~l dielcctric responsc and polarization fluctua- 
tions. Note that such field is sensitive to the shape and di- 
mensionality of the nanostructure, and is already known to 
dominate the polarization quantum fluctuations at T=O K,'' 

as well as to be responsible for some interesting phenomena. 
(Examples of such phenomena are the existence of a critical 
thickness bclow which no fcrroelc.ctrieity can appcar2" and 
the observation and prediction of laminar stripe nanodomains 
with exceptional small pcriodicity in ferroelectric thin 
films.?i-?.3 . . and the formation of a vortex structure for the 
electric dipolcs in zero-dimensional fe r roe l~c t r ics .~~~~ ' j  

The aim of this paper is to establish the link between 
dielectric response and polarization fluctuations in ferroclec- 
Wic nanostructures, via analytical derivations and atomistic 
simulations. As wc will see, two different kinds of dielcctric 
response have to be distinguished, with one of them needing 
a modification of the bulk formula givcn in Eq. (I) .  This 
paper is organized as Collows. Section I1 reports the analyti- 
cal development, while computational details and results are 
given in Sec. III. Finally, a summary is provided in Sec. TV. 

11. FLUCTUATION FORMULAS 

We consider the case whcre a ferroelectric llanostructure 
of volume V is polarized by a given external macroscopic 
field Eo, defined as the ficld far outside the sample. The 
system response induces a depolarizing field, such that the 
internal field E differs from Eo. Depending on the sizc and 
shape of the nanostructure, the field E can be either homo- 
geneous or inhoniogencous. In either case, wc define (E) as 
the sample average of the microscopic field. 

The Hamiltonian of a nanostructure under the applied 
field Eo and under any possible electrical boundary condi- 
tions can be writtcn as it"^"' 

where VP is the dipole of the finite sample and E'''D) is thc 
maximum depolarizing field. (Notice that. since a mean 
value of E ( ~ ~ )  occurs in the definition of Eq. (2), H is a 
"self-consistent" Hamiltonian.) H"' gathers all the energetic 
terms (including ones related to the maximum depolarizi~lg 
field) that do not explicitly depend on Eo and that correspond 
to an ideal "open-circuit" boundary condition. The /3 parani- 

1098-01 21/2007/76(23)/235403(6) 235403-1 02007 The American Physical Society 



PHYSICAL REVIEW B 75, 014111 (2007) 

Effects of vacancies on the properties of disordered ferroelectrics: A first-principles study 

L. Bellaiche,' Jorge 1iiigucz,2 Eric Cockayne,' and B. P. Burton3 
'Physics Deptlrtn~ent, University qfArkonsas. Foyerteville, Arkansirs 72701, USA 

21nsrirr~t de Ciencia de Materials de Barcelona (ICMAB-CSIC), Curnplrs de la UAB. 08193 Bellaterra (Barcelona), Spain 
3Ceran~icu Division, Materials Science anti Engineering Laboratory, Nurional Institute of Standards unti Technology, Giritl~ersburg, 

Maqlland 20899-8520, USA 
(Received 8 September 2006: revised ~nanuscript received 2 November 2006; published 22 January 2007) 

A first-principles-basecl model is developed to investigate the influence of lead vacancies on the properties of 
the disordered Pb(Scil2Nb1,,)O3 (PSN) ferroelectric. Lead vacancies generate large. inhomogeneous. electric 
fields that reduce barriers between energy minima for different polarization directions. This naturally explains 
why disordered ferroelectrics with significant lead vacancy concentrations have broadened dielectric peaks at 
lower temperatures, and why lead vacancies smear properties in the neighborhood of the ferroelectric transition 
in PSN. We .also reconsider the conventional wisdom tkdt lead vacancies reduce the mql~itude of dielectric 
response. 
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1. INTRODUCTION 

Experimentally, the introduction of vacancies into disor- 
dercd ferroelectrics induces greater broadening of the diclec- 
tric response.'-' Other Pb-vacancy-induced effects include 
shifting of the diclcctric peak to lower temperature; a de- 
crease in the magnitude of the dielectric response; and a 
Inore "diffuse" phase transition.'-' 

Defects are always present in real samples, and they often 
have a significant impact on measured properties, but the 
mechanisms responsible for vacancy-induced effects are 
mostly unknown. Understanding such mechanis~ns would il- 
luminate the fundamentals of the behavior of disordered fer- 
roclectrics, including those exhibiting the so-called reluxor 
features. One reason for this paucity of knowledge is that 
first-principles studies of (point) defects in ferroelectrics arc 
scarce. 

Ultimately, one would like to study, via ah initio tech- 
niques, the effect(s) of Pb vacancies on the properties of 
disordered fcrroclectrics exhibiting relaxor behavior, such as 
the prototype relaxor Ph(MgllsNbu3)Os (PMN). Unfortu- 
nately, because of the markedly different chemical character 
of Mg and Nb, PMN is a very challenging subject for 
ah  initio modeling. Thus, in this manuscript we investigate 
instead the P ~ ( S C ~ ~ ~ N ~ ~ ~ ~ ) ~ ~  (PSN) disordered ferroelectric, 
for which finlte-temperature first-principles-based models are 
a ~ a i l a b l e . ~ ~  Note that, unlike PMN which retains relaxor 
character down to 0 K (i.e., it exhibits no ferroelectric phase 

havior between -400 K and -368 K, then transforms to a 
rhombohedra1 ferroelectric phase.',' Interestingly, Ref. I re- 
ports that the introduction of 1.7% Pb vacancies into disor- 
dered PSN results in a =2.6% reduction of the T,,, tempera- 
ture at which the dielectric response is maximized (at low 
frequency), while smearing out the relaxor-to-ferroelec~ic 
transition. Furthermore. Ref. 2 indicates that lead vacancies 
can lead to the appearance of ferroelectricity at a slightly 
higher temperature than T,,. 

Here we focus on static properties, because studying the 
dynamics of disordered ferroelectrics from first principles is 

not currently feasible. Admittedly, this restriction, plus the 
close proximity of T,,, to the ferroelectric transition tcmpera- 
ture in PSN, makes it difficult to distinguish between effects 
of Pb vacancies that pertain specifically to relaxor character- 
istics, and those that pertain to disordered ferroelectrics in 
general. Therefore, we limit our conclusions to the effects of 
Pb vacancies on the properties of disordered ferroelectrics. 
Our study clarifies the origin(s) of the vacancy-induced ef- 
fects mentioned above, and suggests that the common wis- 
dom that Pb vacancies reduce the magnitude of dielectric 
response should be reconsidered. 

This manuscript is organized as follows: Section I1 de- 
scribes the method. Section I11 presents and discusses results. 
Section IV is a brief summary. 

11. METHOD 

Our method is a generalization of the first-principles- 
derived effective Harniltonian of Refs. 9-1 1 to investiga~e 
perovskites with chemical disorder on their B sites and Pb 
vacancies on their A sites. by writing the total energy as a 
sum of two terms: 

where EPSN.DV is the total energy of the 
Pbl-x0,(S~112Nbl12)03 alloy (PSN-DV), representing a 
vacant A site; EPSN-D is the total energy of chemically disor- 

solla solutions (PSTTb); c,,, gatners the expllclt 
energetics associated with Pb vacancies; ui is the (B-cen- 
tered) local polar distortion in unit ccll i (proportional to the 
local dipole moment): 771, and {7,q) are the homogeneous and 
inhomogeneous strain  tensor^,'^ respectively; uj=-1 or +1 if 
there is a Sc or Nb cation. respectively. at the B-lattice site j 
of thc Pbl-,cOx(Sc1,2Nb112)03 alloy. Finally, {sk}  character- 
izes the amount and distribution of A-site 'acancies, i.e., sk 
=O or 1 if the k'th A site is occupied by a lead atom or  
vacant, respectively. 

For EPSN.D. we use the analytical expression proposed in 
Ref. 9, which includes a term of thc form -C,Z*U,.C,[{U,)], 
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A first-principles-derived method is used to study the morphology and electric-field-induced evolution of 
stripe nanodomains in (001) BaTi03 (BTO) ultrathin films, and to compare them with those in (001) 
Pb(Zr,Ti)O3 (PZT) ultrathin films. The BaTi03 systems exhibit 180" periodic stripe domains at null electric 
field, as in PZT ultrathin films. However, the stripes alternate along [I-101 in BTO systems versus [010] in 
=T systems. and no in-plane surface dipoles occur in BTO uluathin films (unlike in PZT materials). More- 
over, the evolution of the 180' stripe domains in the BaTi03 systems, when applying and increasing an electric 
field along [OOI]. involves four regions: region 1 for which the magnitude of the "down" dipoles (i.e., those that 
are antiparallel to the electric field) is reduced, while the domain w;ills do not move; region TI in which some 
local down dipoles adjacent to domain walls switch their direction, resulting in zigzagged domain walls-with 
the overall stripe periodicity being unchanged; region 111 in which nnnobubbles are created. then contract along 
[I101 and finally collapse; and region IV which is nssociated with a single monodomain. Such evolution differs 
from that of PZT ultrathin films for which neither region 1 nor zigzagged domain walls exist. and for which the 
bubbles contract along [loo]. Discussion about such differences is provided. 
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1. INTRODUCTION 

Ferroelectric materials are thc heart of many applications 
such as nonvolatile memories, communication devices, and 
microactuators.' Thc continuing miniaturization of these de- 
vices has stimulated considerable research attention on fe rn-  
electric thin films (sce, e.g., Refs. 2 and 3, and refcrcnces 
therein). Such systems can exhibit striking phenomena be- 
cause of some finite-size effect. For instance, they can adopt 
periodic stripe domains with exceptionally small periods 
(i.c., in the order of a few nanometcrs), whcn expcricncing 
some specific mechanical and electrical boundary 
 condition^.^-" Interestingly, thc ~norphology of such nanos- 
tripe patterns seem to dramatically depend on the materials, 
as suggested by the hc t s  that 180" nanostripes are known to 
alternate along the [OIO] direction in (001) Pb(Zr,Ti)O, 
(PZT) and PbTi03 thin films".".'-' ' while Ref. 4 predicts that 
such stripes alternate along another direction (namely, along 
[I-101) in (001) BaTiO? (BTO) ultrathin films. The exact 
reason behind such difference, that is renliniscent of distinct 
behaviors found in Pb- vs Ba-based alloys.'?," remains to be 
addressed. One may also wonder if other differences exist for 
the morphology of the stripe domains in PZT and BTO films, 
and. if so. why. For instance, do dipolcs at the szrrfuces of 
BTO films also lie in-plane (to close the flux as in PZT 
lilmsk9 and in the Landau-Lifschitz model of domains"), or 
rather prefer to all lie along the growth direction (as in the 
Kittel nlodel of domains'"), or even adopt an intermediate 
case (e.g., form an angle of 45" between the in-plane and 
out-of-plane directions)? Another fundamental question to be 
addressed regarding stripe domains in BTO thin films is their 
precise atomistic evolution under the application of the fac- 
tor that lies at the heart of many ferroelectric devices, namely 
an external electric field. More specifically, how do the dif- 
ferences between the initial stripe domains in BTO and PZT 
films affect the (very unusual) stripe+ferroelcctric 
nanobubble-monodomain transition sequence that has been 

recently prcdictcd and documcntcd in detail for PZT ultrathin 
films under applied fields?" In particular, it would be worth- 
while to have dcep microscopic insight about the mecha- 
nisms leading to the disappearance of the nanostripes in fa- 
vor of ferroelcctric nanobubbles (that bear resemblance with 
ferromagnetic bubbles in ferromagnetic films"), and about 
thc evolution of the morphology of these ferroclectric 
nanobubbles, under an electric field in BTO films- 
especially, whcn realizing that BaTi03 bulk is the most ex- 
tensively studied system anlong all ferroelectrics 'bhile 
littlc is still known about thc domainsJ and thcir clectric- 
field-induced domain evolution" in epitaxial BaTiO? ultra- 
thin films. 

The aims of this article are to use first-principles-based 
tcchniqucs to (i) providc atomistic dctails of domains in BTO 
ultrathin films. (ii) indicate how such domains evolve as a 
function of applied clectric field, (iii) compare the properties 
of BTO ultrathin films with those of PZT ultrathin films, as 
well as to discuss and undcrbtand their similarities and dif- 
ferences. 

The rcmaindcr of this papcr is organized as follows. In 
Sec. 11, the theoretical method is described. The stripe do- 
mains in 20-A-thick BTO thin films. and their cnergetic ori- 
gins, are presented in Sec. I11 A, with a special emphasis on 
explaining the diffcrence in morphology bctwcen periodic 
nanostripes in BTO and PZT thin films. Section IlI B depicts 
thc electric-field-induccd domain evolution in thc BTO ultra- 
thin films. and compares it with the corresponding domain 
evolution in PZT ultrathin films. Finally, a conclusion is pro- 
vided in Sec. IV. 

11. THEORETICAI, hlETHOD 

The presently studied BTO and PZT ultrathin films are 
assumed to be grown along the [001] direction axis) and 
are Ra-0 and P b - 0  terminated, respectively. at all surfaces. 
The PZT films are disordered in nature, with a Ti overall 
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An effective Hamiltonian scheme is developed to study finite-temperalure properties of multiferroic 
BiFe03. This approach reproduces very well (i) the symmetry of the ground state, (ii) the NCel and Curie 
temperatures, and (iii) the intrinsic magnetoelectric coefficients (that are very weak). This scheme also 
predicts (a) an overlooked phase above Tc - 1100 K that is associated with antiferrodistortive motions, as 
consistent with our additional x-ray diffractions, (b) improperlike dielectric features above Tc,  and (c) that 
the ferroelectric transition is of first order with no group-subgroup relation between the paraelectric and 
polar phases. 
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Multiferroics form a class of materials that can simulta- 
neously possess ferroelectricity and magnetic ordering [ 1 1. 
They can therefore exhibit a magnetoelectric (ME) cou- 
pling that allows electrical properties to be tuned by a 
magnetic field or, conversely, magnetic properties to be 
varied by an electric field. These systems are experiencing 
a huge regain in interest (see, e.g., Ref. [2], and references 
therein). As a result, some controversial and/or puzzling 
effects have been recent1 y reported in BiFe03 bulk- 
which is one of the most studied multiferroics, and has a 
TN Nee1 temperature of = 625-643 K [3,4] and another 
transition temperature around 1083-1 103 K [1,5] at which 
the material transforms from a ferroelectric rhombohedra] 
state to another phase. Examples of such effects are the 
symmetry of this latter high-temperature phase: is it para- 
electric cubic [6], ferroelectric orthorhombic [7], or even 
something else that has been missed? Other intriguing 
features are the character of the phase transition around 
1 I00 K (that is, said to be not soft-mode driven in Ref. [6]), 
and the magnetic-induced change of the dielectric constant 
that varies by several orders of magnitude for temperatures 
below versus above 175 K [XI-which raises questions 
about the value of the intrinsic ME coefficients or, equiv- 
alently, the importance of defects on the ME coupling in 
BiFeO, samples. First-principles techniques can lead to a 
better understanding of multiferroics (see, e.g., Refs. [9- 
1 I]), but not the point to address the aforementioned issues 
since these techniques are essentially restricted to the study 

of zero-temperature properties and cannot currently com- 
pute ME coefficients. Ideally, one desires an atomisticlike 
scheme with the capability of accurately predicting prop- 
erties of multiferroics at finite temperature, including their 
ME couplings. 

The purpose of this Letter is to demonstrate that it is 
possible to develop such an "ideal" approach and to apply 
it to BiFeO, bulk. The use of this scheme, and additional x- 
ray measurements we further conducted, provide answers 
to all the aforementioned issues and also yield overlooked 
phenomena. 

Our numerical scheme is based on the generaliza- 
tion of the effective Hamiltonian of Ref. [I21 to include 
magnetic degrees of freedom, in addition to ferroelec- 
tric (FE) and antiferrodistortive (AFD) motions. The 
total energy, E,,,, is written as a sum of two main 
terms? EFE-AFD({u;}~ { v H J ,  { T I I } ~  { m i } )  and EMACi-C({m;}, 
{u,).  { vH) ,  {v,), {w , ) ) ,  where Em-,, is the energy pro- 
vided in Ref. [12], while is an additional term 
gathering magnetic degrees of freedom and their cou- 
plings. m, is the magnetic dipole moment centered on 
the Fe site i .  ui is the (Fe-centered) local soft mode in 
unit cell i, which is directly proportional to the electrical 
dipole centered on that site; { v H )  and { 9 1 )  are the homo- 
geneous and inhomogeneous strain tensors [I 31, respec- 
tively; { w , }  is a (Fe-centered) vector characterizing the 
direction and magnitude of the AFD motions in unit cell i. 

For EMAG-C, we propose the following expression: 

where the sums over i run over all the Fe sites while the sums over j run over the first, second, and third nearest neighbors 
of the Fe site i. vl(i) is the lth component, in Voigt notation, of the total strain at the site i, with the x, y, and : axes being 
along the pseudocubic [loo], [OIO], and [001] directions, respectively. The first term of Eq. ( I )  represents the exchange 
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A first-principles-based approach is used to i~lvcstigate the effect of a crystallographic step on the 
existence and morphology of the recently discovered periodic nanostripe domains [S. K. Streiffer et 
al., Phys. Rev. Lett. 89, 067601 (2002)l in Pb(Zr,-,Ti,)O, ultrathin films. It is found that thesc 
domain structures do not vanish in the presence of such defect but rathcr evolve to form original 
stripe configurations to accommodate this step. The morphology and energetics of these original 
configurations are provided. Their dependencies on the film's thickness and the step's height is also 
discussed. O 2007 American Institute of Plzy.ysics. [DOI: 10.1063/1.7-7707041 

Ferroelectric materials are at the heart of many applica- 
tions such as nonvolatile memories, communication devices. 
and microactuators.' The continuing miniaturization of these 
devices has generated considerable research attention on 
ferroelectric thin films (see, e.g., Refs. 2 and 3 and references 
therein). Such low-dimensional systcrns can cxhibit unusual 
phenomena because of finite-size effects. Examples are the 
discovery of periodic stripe domains with nanometric 
periods4-' and their breaking up into ferroelectric 
nanobubblcs under an applied electric field.' The depen- 
dency of the morphology of these unusually small periodic 
stripes on various factors has also been recently investigated 
and understood at a microscopic level. These factors are the 
ferroelectric material the film is made of,' the out-of-plane 
direction of the film,'!' and the asymmetric screening of the 
dc.polarizing field between the substratc/film interl';ice and 
the top surface of the f i ~ r n . ~ ' ' ' ~  On the other hand, very little 
is known on the effect of clqfects on properties of thin and 
cspecially ultrathin films. dcspite thcir potential importance 
(defects are known to dramaticall affect properties of ferro- 
electric bulks, see. e.g.. Refs. ''-''and references therein). In 
particular, one may wonder how the presence of the defect 
that is unavoidably present in grown films. which is a crys- 
tallographic step, affects the recently discovered periodic 
stripe structure.'' Does this step "wash out" this peculiar 
stripe structure (because their characteristic lengths can be 
both in the order of nanometers) or, rather, does the stripe 
structure "respond" to the existence of a step by adopting 
new morphologies? If so, what are these new morphologies 
and how can we understand them? 

The aim of this letter is to determine the influence of 
crystallographic steps on the existence, morphology, and en- 
ergetics of stripe domaills in ferroelectric ultrathin films, via 
the use of a first-principles-derived tcchniquc. 

Here, we consider (001) PbZr,-,yTi,03 (PZT) thin filins 
with a Ti composition x=0.6. (Note that such composition 
generates a ferroelectric tetragonal ground state, in which the 
polarization points along a (001) direction, in the corre- 
sponding bulk.) These films are either defect-free or exhibit a 

u i  Electronic mail: sprossan@uark.edu 

crystallographic step, running along the x axis, at their top 
(001) surface-with thc x, y ,  and z axes lying along the 
[loo], [OlO], and [001] directions, respectively. Such systems 
are assumed to bc grown on a nonconducting and nonfcrro- 
electric substrate, and to be surrounded by vacuum above 
their top surfaces. All thcir surfaccs and interfaces are PbO 
terminated. These low-dimensional systems are mimicked by 
1 X m X n supercells (where I ,  m, and n are integers) that arc 
periodic along the x and y directions but finite along the z 
axis. A rcgion of I X  (ml2) X s dimensions (where 4s is the 
step's height in angstrom), located at the top of these super- 
cells, is imposed to be made of vacuum, in the case of films 
exhibiting a step. The total energy of the studied systems is 
written as 

where pi are the clectric dipoles centered at the i sites of thc 
supercell containing Zr or Ti atoms, and vi are dimensionless 
vectors describing the inhomogencous strain around these 

1'9 sites. {tri) characterizes the alloy configurationx' that is 
presently randomly chosen, in order to mimic a disordered 
system. i j  is the homogeneous strain tensor. Here, we wish to 
mimic films that are compressively strained on a substratc 
with a misfit strain of 2.658, since such mechanical bound- 
ary condition is known to gcncrate periodic nanostripcs in 
defect-free PZT films under open-circuit-like conditions.' 
Such mechallical boundary conditions are practically gencr- 
ated by freezing three components of i j  (namely, ~ 7 ~ = 0 ,  and 
vl= 772'-1.65%), while the other threc. components (in 
Voigt notation) are allowed to relax. The expression and 
first-principles-derived parameters of E,,,, the intrinsic 
effective-Hamiltonian energy of the film. are those given in 
Rcf. 20 for PZT blilk close to their morphotropic phase 
boundary, except for the dipole-dipole interactions for which 
we use the analytical expressions derived in Refs. 21 and 21 
for our I x rn x n supercells under ideal open-circuit condi- 
tions. The second energetic term, ESud, of Eq. ( 1 )  mimics 
how the existence of the top (001) free surfaces, and of the 
(010) frce surface associated with the stcp, affects the dipoles 
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Asymmetric screening of the depolarizing field in a ferroelectric thin film 
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A first-principles-based approach is developed to mimic the (asymmetric) screening of the depolarizing field 
at the top surface of ferroelectric ultrathin flms. Varying the magnitude of this one-side screening (i) results in 
the formation of different kinds of periodic nanostripe domain patterns. including original ones that are highly 
asymmetric and that can be thought of as coniiecting (and generaliziog). the traditional Landau-Lifshitz and 
Kittel models of dipolar domains, and (ii) leads to a change in the domain's period, suggesting that the 
asymmetric screening of the depolarizing field is responsible for the existence of two recently observed 
nanostiipe phases. 

D01: 10. I IO?!FhysRevB.75.17?-109 PACS numberis): 68.55.-a, 77.22.Ej. 77.80.Bh, 77.80.Dj 

Stripe domains in fe~~ornagnetic and ferroelectric systems 
are of technological importance because the properties of 
such systems depend strongly on the dipole arrangement. 
They are also of great fundamental interest because, among 
other things, their morphology reveals the balance between 
competitive interactions. The first theory of stripe domain 
structures was developed by Landau and Lifshitz in 1935 for 
magnetic systems.' In this model, the dipoles at the surfaces 
lie in plane, while the dipoles inside the film are parallel or 
antipan-el to the film's orientation (to be referred to as tlie z 
axis). This results in a closure domain pattern (that does not 
produce any macroscopic field outside the film) with 90' 
domain walls. The stability of this kind of stripe domain is 
due to the anisotropy of the lattice, with the easiest axis 
being alorig the z axis, overcoming the energetic cost of hav- 
ing domain walls. Later on, Kittcl' suggested another pattern 
for stripe domains in magnetic thin films, in which all di- 
poles (including the ones at the surface) point either along 
the +z or -z direction. Such pattern produces a (stray) mag- 
netic field outside the film that results in a costly magneto- 
static energy. Such a solution is thus only stable for 
"uniaxial" thin films, i.e., having a very large anisotropy that 
overcomes the magnetostatic energy. The traditional Landau- 
Lifshitz and Kittel ~nodels both lead to the annihilation of the 
so-called demagnetizing andlor depolarizing field inside the 
film, and both predict that the stripe pattern of a given film 
under a given tnechanical boundary condition has a unique 
domain pcriod (that solely depends on the thickness of the 
film). Recently, 180" periodic stripe domain structures, with 
remarkably small periods (of the order of nanometers), werc 
observed in ultrathin ferroelectric fi1ms.l The morphology of 
such stripes were not deterniined because this represents a 
major experimental challenge. On the other hand, a rather 
surprising result was found: namely. that these stripes can 
have two different periods for the same film but for different 
temperatures. It was then suggested that the existenc of 
these two periods (that roughly differ by a ratio of \12) is 
related to the asymmetry of the experimental setup; namely, 
that the top (free) surface and the bottom (substratelfilm) 
interface do not provide the same quantitative screening (if 
any) of the depolarizing field and that this asymmetry is 

Landau-Lifshitz and Kittel pictures) can result from this 
asymmetric screening. (Note that Ref. 4 strongly hints that 
varying the magnitude of the asymmetric scrcening of the 
depolarizing field can indeed affect domain width. However, 
the authors of Ref. 4 assumed that the Kittel model always 
applies when describing the domain configuration, which 
may have prcvented them from discovering other stripe pat- 
terns.) Obviously. first-principles-based methods constitute a 
powerful tool to answer such questions because of thcir ac- 
curacy and deep microscopic insight. However, such meth- 
ods.have "only" been dcveloped andlor used so far (to the 
best of our knowledge) to tackle problems related to a .sym- 
metric screening of the depolarizing that is, when 
both surfaces similarly contribute to the domain's morphol- 
ogy. 

The aims of this study are twofold. First, we wish to de- 
velop a first-principles-based approach allowing an asym- 
metric screening of the depolarizing field. Secondly, we want 
to use such a method to provide answers to the aforemen- 
tioned questions. As we will see, such asymmetric screening 
can result in other stripe domain patterns and can indeed 
explain the experimental observations of Ref. 3. 

Here, we consider a (001) PbZrL,,Ti,03 (PZT) thin film 
sandwiched by a nongrounded metallic plate, from the top 
side, and by a nonconducting substrate, from the bottom 
side. The film is PbO terminated. The distance between the 
top BO layer [where B atoms are either Ti or Zr) of the thin 
film and the metallic plate is denoted as R,,,,, and is allowed 
to vary. A "dead layer" (separating tlie top PbO surface and 
the metallic plate) can thus exist in our simulation, with its 
thickness being denoted by L) and being equal to R,,,-: 
(where a is the five-atom unit-cell parameter). Here, this 
dead layer is assumed to possess a dielectric permittivity 
equal to unity. Specifically. the Ti co~nposition and the thick- 
ness of the film are chosen to be x=0.6 and 48 A, respec- 
tively. Such film is mimicked by a 6 X48 X 12 supercell that 
is periodic along the x and y directions but linite along the z 
axis. (The x,  y, and z axes lie along the [loo], [OIO], and 
[001] directions, respectively.) Its total energy is written as 

somehow temperature dependent.? One may want to know if 
this suggestion is indecd correct, and one may also wonder if Etot({~i}-{viIr{ni}, ?I = E,rmt({~i}~{vi}~{~J~ $1 
other stripe patterns (that is, deviating from the traditional + E.cu,A{~iI,{"i}) + Escr({~i}) 7 (1) 
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Phase diagrams of BaTi03/SrTi03 superlattices from first principles 
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A first-principles-based technique is used to determine the temperature versrrs misfit strain phase diagram of 
epitaxially grown (001) BaTi03/SrTi03 superlattices of different periods. Short superlattices exhibit a phase 
diagram that resemble that of (001) BaTi03 thin films under short-circuit-like conditions. On the other hand, 
original domain patterns with unusual atomistic features occurred in the longer superlattices. The reason 
behind such a dramatic difference between short aild longer superlattices is discussed. 
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The fabrication of superlattices (SL) consisting of alter- 
nating layers of two or more ferroelectric oxides is currently 
possible, which has motivated a flurry of theoretical and ex- 
perimental activities (see e.g., Refs. I -I 4. and references 
therein). Such heterostmctures can possess original andlor 
optimized properties due to their sensitivity to various fac- 
tors. Some of such factors have been intensively studied in 
the past years. and are the ions and compositions of the con- 
stituent layers.'-1J On the other hand, the epitaxial strain aris- 
ing from the substrate on which the superlattice is grown is a 
parameter that has becn much less investigat~d,'*~ despite its 
promise in delivering novel features-as found in ferroelec- 
tric thin films (see, e.g.. Refs. 15 and 16 and references 
therein). Determining the temperature versus misfit strain 
diagram of superlattices is thus of considerable importance. 
In particular, this determination, if accomplished by accurate 
atomnistic approaches. can reveal if periodic nanostripe do- 
mains (rather than monodomains) can occur in SL, and, if so, 
what is their precise morphology (the existence and mor- 
phology of domains in SL are unsettled issues, to the best of 
our k n o ~ l e d g c ~ . ' ~ ) .  For instance, one may wonder if the ato- 
mistic features of domains in SL differ from those associated 
with the nanodomains recently found in two-dimensional 
(2D) ferroelectric thin filrn~."'~ Determining from ub initio 
simulations the temperature versus misfit strain diagram for 
SL having different periods may also explain why observed 
propcrtics (including dipole patterns) seem to adopt a differ- 
ent hehavior between superlattices with short versus longer 
periods.',7.".'4 

Here, we use a first-principles-based approach to deter- 
mine thc tcmperature versus misfit strain diagram of BaTi03 
(BT)ISrTi03 (ST) superlattices-which are the most widely 
investigated SL (see, e.g., Refs. 1-5, and references therein). 
As we will see, such superlattices exhibit a variety of dipole 
patterns, depending on the substrate-induced strain and SL 
pcriod. 

More precisely, we use the recently developed first- 
principles-based schcme of Ref. 14 to determine such phase 
diagrams. This atomistic method is an extension of the effec- 
tive Hamiltonian approach of Ref. 25 for solid solutions, and 
has been successfully tested for disordered and ordered 
Ba,,Sr,TiO, systems. Moreover, unlike direct first- 
principles calculations. this scheme can be easily applied to 
investigate. .finite-temyertrture properties of relatively large 
systems-which is of obvious advantage for determining 

complex dipole patterns-by using its total cncgy in Monte 
Carlo simulations (and thus obtain states that minimize the 
free energy). Epitaxially strained [BaTi03],I[SrTi03],, SL 
hav~ng rl layers of BaTi03 alternating with n layers of 
SrTi03 along the [OOl] direction-which is chosen to be the 
2 axis-are investigated here. We n~ostly focus on two dif- 
ferent superlattice periods, corresponding to n=2  (ultrashort 
SL) and n= 10 (longer SL). Note that the superlattice associ- 
ated with n=20  was also considered, but we do not report 
or discuss its results since they are qualitatively similar 
to those corresponding to n= 10. Moreover, the predictions 
to be shown below for [BaTi03]2/[SrTi03]1_ and 
[BaTi03]101[SrTi03] lo correspond to the use of 12 x 12 x 4 
(2880 atoms) and 12 X 12 X 20 (14 400 atoms) supercells, 
respectively, that are periodic in all three directions- 
implying that our studied systems, as a whole, are under 
short-circuit electrical boundary conditions. Note that addi- 
tional calculations werc performed with different numbers of 
unit cells (namely, 16, 10, and 24) along the x and y direc- 
tions (to be chosen along the [I001 and [010] pseudocubic 
directions, respectively) with no major significant difference 
in properties being found. The epitaxial situations were mim- 
icked by freezing some strain variables, in order to impose 
that each layer in the strained superlatticc has the same in- 
plane lattice constant as the chosen s u b ~ t r a t e . " ~ . ' ~ ~ ~ ~ ~ ~ ~ ~ ~  

Figure 1 shows our predictcd temperature versus misfit 
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FIG. 1. (Color online) Temperature versus misfit strain phase 
diagram of the ultrashort (n=2) [BaTi03]21[SrTi03]2 superlattice. 
The solid line displays the boundary between the r, and r,,, states. 
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First-principles-based methods are used to determine the external dielectric susceptibility (i.e., the 
polarization response to the external electric field) and the internal susceptibility (i.e., the polarization 
response to the average internal field) in ferroelectric dots, wires, and films, as a function of the electrical 
boundary conditions. While the external susceptibility is obviously positive, we find that the internal one 
is negative over a wide range of boundary conditions for all kinds of nanostructures. A Landau-type 
phenomenological model provides a rationale for all of our findings. 
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Ferroelectric nanostructures (FEN) are of increasing 
technological interest because of their need in miniaturi- 
zation of devices [I]. The low dimensionality is respon- 
sible for exotic phenomena, due to depolarizing fields' 
effects [2-71. Recently, the occurrence of negative static 
dielectric susceptibilities has been predicted in thin layers 
[X,9]. Interestingly, a negative dielectric susceptibility is 
essential in the quest for systems exhibiting a negative 
index of refraction [IO], but it is unclear how a static 
dielectric susceptibility can be negative without violating 
any stability requirement [I I]. One may also wonder if this 
negative sign is only typical of thin films or rather if other 
FENs can also exhibit such anomaly. Similarly, it is worth- 
while to know the influence of the magnitude of the resid- 
ual depolarizing field and its related different dipole 
patterns [3,5,12,13] on this negative sign. 

Here, we show that more than one dielectric suscepti- 
bility can be defined in FENs, in analogy with the magnetic 
case [ I  41. We define as the polarization response of 
the finite sample of volume V to the external field Eo  and 

(int) xyy as the response to the internal (screened) field (E): 

x e  - a .  X(int) - '(Py) 
Y Y 

dE0.Y ' YY a(Ey)' 
(1) 

where "()" denotes a double average: thermal average and 
average over the finite sample. y refers to Cartesian coor- 
dinates and V(P) is the dipole of the finite sample. 

We then perform microscopic simulations via a model 
Hamiltonian, where the depolarizing field can be tuned by 
means of a screening parameter. We find that X$y), being 
proportional to the dipolar polarizability of a finite sample, 
is always positive in any studied FEN. At variance with this 
and for almost the whole screening parameter range, the 
internal susceptibility is negative in thin films but also in 
rods and dots. Finally, we establish a phenomenological 
model based on a Landau-type approach, which nicely 
reproduces (and helps understand) all of the main features 
emerging from the simulations, as well as leads to another 

result: there exists an intrinsic or "bulk" susceptibility 
(i.e., that is independent of boundary conditions and di- 
mensionality) that neither coincides with X$;t) nor with 

(int) 
XYY . 

Here, we focus on ferroelectric nanostructures made of 
disordered Pb(Zr0.4Ti0,6)03 (PZT60) solid solutions. We 
consider two-, one-, and zero-dimensional stress-free 
PZT60 nanostructures, represented by a thin film (periodic 
in two directions, x and y), a wire (periodic along one 
direction, z), and a cubic dot, respectively. The x,  y, and z 
axes are chosen along the [loo], [OlO], and [OOl] direc- 
tions, respectively, and the lateral 2ize of the structures 
along nonperiodic directions is 48 A. The Hamiltonian of 
such nanostructures can be written as [4,12,13,15]: 

where E ( ~ ~ )  is the maximum depolarizing field. [Notice 
that H is a "self-consistent" Hamiltonian since a mean 
value of E ( ~ ~ )  occurs in the definition of Eq. (2).] H(O) 
gathers all the energetic terms that do not explicitly depend 
on Eo  and that correspond to an ideal "open-circuit" (OC) 
boundary condition. More precisely, H(O) is an explicit 
function of the local dipoles, as well as of the atomic 
configuration of the alloy, macroscopic strain, and strain- 
related microscopic variables [lb]. The expression and 
first-principles-derived parameters of H(O) are those given 
in Refs. [14] for PZT bulk, except for the dipole-dipole 
interactions for which we use the analytical expressions of 
Refs. [I 2.171 for nanostructures under ideal OC conditions. 
The P parameter allows to consider the effect of any 
electrical boundary condition [I  2,131. The limiting value 
p = 0 corresponds to a free sample in vacuo, that is to OC 
boundary condition. The other limiting value P = 1, called 
"short circuit" (SC) boundary condition, corresponds to 
the sample embedded in a perfect metallic medium that 
fully screens the polarization-induced charges at the sur- 
faces or interfaces. The P parameter thus controls the 
magnitude of the residual depolarizing field. As a result, 
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Material tensors are identified in ferroelectric nanostructures via the use of first-princ~ples-based simulations 
and analytical developments. I n  particular, one of such tensors represent3 a form of electromechanical coupling 
occurring at the nanoscale, while another tensor can be considered as analogous of dielectric susceptibility 
when going from bulk to nanoparticles. The reasons behind the existence of such overlooked tensors are 
discussed. 
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Tensors are mathematical objects associated with physical 
quantities, and are involved in many fields of science. To 
name a few, stress, strain, electrocaloric effect, elastic com- 
pliances, elastic stiffnesses, thermal and electrical conductiv- 
ity, thermoelectricity, thermal expansion, electro-optical ef- 
fect, electrostriction, permeability, dielectric susceptibility, 
and piezoelectric effects can all be fully characterized by 
tensors.' The existence of such tensors, as well as the mag- 
nitude and sign of their coefficients, is at the h e a t  of the 
fu~lctionality of countless devices. Moreover, and in contrast 
to the concept of tensors that has been known for centuries. a 
new field of research has attracted interest in the last 
15 years only. Such field is nanoscience, and has the poten- 
tial to yield new pheno~nena that do not exist in the bulk 
materials. One may thus wonder if, e.g., new tensors remain 
to be discovered in nanoparticles. 

If so, such discovery may open the way for designing 
novel devices operating at nanoscale and exhibiting new 
functionalities. Such discovery may also provide a solution 
for some roadblocks encountercd during the quest of minia- 
turized and efficient devices. For instance, piezoelectricity 
(which is a fundamental proccss. transforming thc mcchani- 
cal energy into electricity and vice versa, that has been put in 
use in an extremely wide spectrum of applications,' ranging 
from injection of gas in cars and of ink in jet printers to sonar 
listening devices, via ultrasound machines and telephone 
speakers) was found to dramatically decrease in magnitude 
when going from bulk to nanoparticles made of the same 
material.-' This, because these latter systems are predicted to 
exhibit a vortex structure for their dipoles rather than a spon- 
taneous polarization-when they are under open-circuit-like 
electrical boundary conditions." (Note that ferroelectric 
nanoparticles can still have a spontaneous polarization. but 
when they are under short-circuit-like clectrical boundary 
 condition^.^) 

One may thus ask if another tensor representative of a 
anolher kind of efficient electromechanical coupling (that is, 
different from piezoelectricity) can exist in nanoparticles. 

The aim of this Brief Report is to demonstrate the exis- 
tence of original tensors in nanodots made of ferroelectrics, 
via analytical derivations and a b  irritio calculations. In oar- 

Let us first remind of the basic facts about piezoelectricity 
in a polar system. For that, it is useful to expand the thermo- 
dynamic potential (1, in linear order of external fields and 
stress as a sum of four terms, following Ref. I. Such decom- 
position is shown in Table 1. Thc first and second terms cor- 
respond to the coupling between the polarization P and E 
applied electric field and to the coupling between the a ap- 
plied stress and the 71 strain, respectively. The third energy 
involves the d piezoelectric tensor, while the last term 
gathers all the energies that are explicitly independent of 
both E and rr. As indicated in Table I, minimizing the ther- 
modynamic potential with respect to the field yields the 
mathematical equality associated with the so-called d i rec~  
piezoelectric effecti (that characlerizes the polarization's re- 
sponse to a stress). Similarly, the derivation of @ with re- 
spect to u leads to the r:orrverse piezoelectric effect-that 
represents thc change of shape of a material when subject to 
an applied electric field.! 

Interestingly, it was recently found.' that ferroelectric 
nanoparticles adopt a vortex structure for their electric di- 
poles, when they are under open-circuit-like electrical 
boundary conditions. Such a vortex annihilates the spontane- 
ous polarization in favor of a toroidal moment, to be denoted 
by g and which is proportional to a cross product of the pi 
dipole moment at site i with the ri position vector locating 
this site: g= &ziri X pi (note that, unlike in Ref. 3, the vol- 
ume of the system, V ,  is introduced here in similarity to the 

TABLE I. Analogy between the d piezoelectric tensor in polar 
systems and the dS axial piezotoroidic tensor in materials exhibiting 
an electric dipole vortex. @, P, E, a, 7, g, curlE represent the 
thermodynamic potential. polarization, electric field, stress, strain. 
toroidal moment, and the cross product V X E. respectively. The 
tensor components are indicated in Voigt or matrix notation. The 
"eq" subscript is used to indicate the value of the properties at 
equilibrium, that is, before applying a field or a stress. Einstein 
conventions are used for indicating the summations over j and i in 
the second and third rows. 

Polarization Electric dipole vortex 

ticular, we demonstrate the existence of a tensor rcpresenta- @=-(p-Peil). E- (7- 1f4). a @=-(g-gel). (curlE)-(7- p) . a 
tive of another kind of electromechanical coupling and that + E . ~ . W + @ , ~  +(curlE). d" ~ + G J ~  
can be thought of as analogous of piezoelectricity when go- d @ / d ~ = ~ = , p ~ = p ; q + d ~ ~ ~  d+/dcur~~=03gi=g;~+t .cr .  

V I ing from bulk to nanodot The reasons for the existence of 
q i i  da,d,oa n,= ~ + 4 ( ~ ~ ~ ~ ~ , ~  

that original coupling are indicated and explained. 
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Thickness dependency of 180" stripe domains in ferroelectric ultret5in 
films: A first-principles-based study 
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(Received 22 August 2007; accepted 25 September 2007; published online 12 October 2007) 

A first-principles-based scheme is used to investigate the thickness dependency of domain width of 
180" stripe domains in Pb(Zr,Ti)Os ultrathin films. Our study shows that (I) more metastable states 
with energy closer to the 180" stripe domain ground state occur in thicker films, (2) the Kittel law 
is valid for 180" stripe domains when the film thickness is above 1.6 nm, and (3) below 1.2 nm, the 
Kittel law cannot be applied anymore due to the disappearance of domains. The thickness 
dependency of the domain morphology is also discussed. 0 2007 American. Institlrte of  physic.^. 
[DOI: 10.1063/1.2799252] 

Over the past decade, ferroelectric thin films have at- 
tracted considerable research interest because of their various 
potential device applications.'-because of the devices' min- 
iaturization, our fundamental understanding on nanoscale 
ferroelectric thin films is critical to push forward and ad- 
vance beyond the existing technologies. It is now known that 
ferroelectric thin films usually behave differently than their 
bulk counterparts because their properties depend on the film 
thickness. mechanical and electrical boundary conditions, 
and surfaces and interfaces (see, e.g., Ref. 4 and references 
therein). Surprisin ly, one law, that was developed originally 
for fermyagnetick6 and then for ferroelectric macroscopic 
systems, was recently found to still apply for ferroelectric 
thin, and even ultrathin, films-according to the two recent 
measurements of Refs. 8 and 9. This law is usually referred 
to as the Kittel law and states that the domain width is di- 
rectly proportional to the square root of the sample's 
thickness.'.' Several features related to the Kittel law for 
ferroelectric ultrathin films are currently unknown, despite of 
their obvious importance. For instance. one may wondering 
if there is a critical thickness below which such law is vio- 
lated, since Ref. 8 investigated 180" periodic stripe domains 
in PbTiO, thin films with thickness ranging between 1.6 and 
42 nm, while Ref. 9 studied 90" stripe domains in single 
crystal BaTi03 thin lamellae with thickness varying between 
70 and 530 nm. One may also wonder how the morphology 
of the stripe domains evolves when varying the film's thick- 
ness along the Kittel law. For instance, it is still not clear 
what happens to the vortex kind of dipole arrangement (that 
is predicted to occur in the 180" stripes for ultrathin 
films,'03" and that is characterized by dipoles easily rotating 
across the stripes in order to form a kind of vortex structure) 
when increasing the film's thickness. Finally, it is worthwhile 
to determine if metastable states also consisting of periodic 
stripe domains, but with periods different from those pre- 
dicted by the Kittel law, can occur in thin films. 

The aim of this letter is to use a first-principles-based 
method to investigate the validity of the Kittel law for the 
recently discovered periodic 180" stripe domains in ferro- 
electric ultrathin films8 as well as to provide energetic and 
atomistic insight about such domains. As opposed to the con- 
ventional phenomenological methods based on continuum 

"~lectronic mail: blai@uark.edu 

theory:,l2 our method can simulate ultrathin films wilh do- 
main widths of only few unit cells without using adjust21blc 
empirical parameters (which are difficult to be determined 
experimentally,'3 and that can lead to differenr silnulation 
resultsi4). 

More precisely, we study Pb(Zr0,,Tio6)03 films that arc 
grown along the [001] direction (which is chosen to be the I 
axis) and are Pb-0 terminated at all surfaces. They are mod- 
eled by L, X L, X L, supercells, where L, and L,, ;u.e the num- 
bers of unit cells along the periodic x and y axes, respec- 
tively, and LZ is the number of finite (001) B layers along the 
nonperiodic z axis. The total energy of such sul~crcells is 
used in Monte Carlo (MC) simulations and is written ah 

where ui is the local soft mode in the unit cell i of the film. 
The MC simulations typically run over 40 000 swceps to 
ensure that the simulated systems reach their l o ~ c g t  pohaiblt. 
free-energy state. The {ui) arrangement chal.actt.rizes the 
atomic configuration of the al loy. '  The {v;) are inhomoge- 
neous strain-related variables and 7 is the h(\mogeneoua 
strain tensor.16 The inplane lattice matching hcrwt:cr. rhc 
(001) film and the substrate is simulated by freezing 771 
=v2=S and vO=O (in Voigt notation)-with 6 being the 
value forcing the filn~ to adopt the in-plane lattice constali1 of 
the substrate." 

The first and second terms of Eq. ( I )  represents the 
(alloy effective Hamiltonian) intrinsic energy of'the film un- 
der ideal open-circuit (OC) conditions and the effect of re- 
sidual depolarizing field Eddp on physical properties. respec- 
tively. The expression and first-principles-derived parameters 
of E H e f f  are those given in Refs. 15 and 17 for 
Pb(Zro,4Tio,d03 (PZT) bulk, except for the dipole-dipole in- 
teractions for which the formula derived in Refb. IS and ti) 

for thin film under ideal OC conditions is used. Such electri- 
cal boundary conditions lead lo a rnu.xirnitrn jepolarizing 
field (denoted by (Edep))  inside the film, when the diprjfes 
point along the [OOl] direction. (ELI,,) is exclctly cieri~ed at an 
atomistic level, following the procedure introduced in Ref. 
18. The P parameter is then used to control the degree.'of 
screening of (Edep): P=O corresponds to ide-! f co!lditioc:. 
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The nature of ferroelectricity under pressure 
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Advances in first-principles computational approaches have, over the past 
fifteen years, made possible the investigation of physical properties of 
ferroelectric systems. In particular, such approaches have led to a microscopic 
understanding of the occurrence of ferroelectricity in perovskite oxides at 
ambient pressure. In this article, we report ab initio studies on the effect of 
hydrostatic pressure on the ferroelectricity in perovskites and related materials. 
We found that, unlike common belief, these materials exhibit ferroelectricity 
a t  high enough pressure. We also explain, in detail the (unusual) nature of this 
ferroelectricity. 

Keywords: Ferroelectric materials; Ferroelectricity; Phonos: Soft models 

1. Introduction 

AB03 perovskites form one of the most important classes of materials because they 
can exhibit a broad range of properties, e.g., superconductivity, magnetism, ferro- 
electricity, piezoelectricity, dielectricity and multiferroism. Such properties can be 
varied - and thus optimized to generate various devices with great performance 
and diverse functionalities - thanks to many factors. Examples of such factors are 
external magnetic and electrical fields, atomic substitution, chemical ordering and 
pressure. 

In a classic paper, Samara et al. [I] were able to explain the effect of hydrostatic 
pressure on displacive phase transitions associated with soft zone-center transverse 
optic (TO) and zone-boundary phonons. Among the most striking pressure effects is 
the decrease of the transition temperature with pressure and ultimate vanishing of 
ferroelectricity [I.]. As was shown, the vanishing of ferroelectricity with pressure can 
be readily understood from the well-known soft-mode theory [2] where the soft mode 
frequency depends on the short-range and Coulomb interactions. In this case, the 
vanishing of ferroelectricity is associated with a much more rapid increase of the 
short-range interactions than the long-range interactions with increasing pressure. 
As a result, the harmonic soft-mode frequency becomes less negative with increasing 
pressure. It is interesting to note that for the zone boundary modes the roles of the 
short-range and long-range forces are reversed, which leads to an enhancement 
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Asymmetric screening of the depolarizing field in a ferroelectric thin film 
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A first-principles-based approach is developed to mimic the (asymmeh-icj screening of the depolarizing field 
at the top surface of ferroelectric ultrathin films. Varying the magnitude of thib one-side screening (i) results in 
the formation of different kinds of periodic nanostripe domain patterns. including original ones that are highly 
asymlnetric and that can be thought of ;IS connecting (and generalizing) the traditional Landau-Lifshitz and 
Kittel models of dipolar domains. and (ii) leads to a change in the domain's period, suggesting that the 
asymmetric screening of the depolarizing field is responsible for the existence of two recently observed 
nanostripe phases. 

DOI: 10. I I O?/PhysRevB.75.171-I 09 PACS number(s): 68.55.-a, 77.22.Ej. 77.80.Bh, 77.80.Dj 

Stripe domains in fcrromagnetic and ferroelectric systcms 
are of technological importance because the properties of 
such systcrns depend strongly on thc dipole arrangement. 
They arc also of great fundamental interest because, among 
other things. their morphology reveals the balance bctween 
compctitive interactions. The Iirst thcory of wipe  domain 
structures was developed by Landau and Lifshitz in 1935 for 
magnetic systems.' In this model, the dipolcs at the surfaces 
lie in plane, while the dipoles inside the film are parallel or 
antiparrel to the film's orientation (to be referred to as the z: 
axis). This results in a closure domain pattern (that docs not 
produce any macroscopic ficld outside the film) with 90" 
domain walls. The stability of this kind of stripe domain is 
due to the anisotropy of the lattice, with the easiest axis 
being along the r axis, overcoming the energetic cost of hav- 
ing domain walls. Latcr on. ~ i t t c l '  suggestcd anothcr pattcrn 
for stripe domains in magnetic thin films, in which all di- 
poles (including the oncs at the su~.face) point either along 
the +z or -z direction. Such pattern produces a (stray) mag- 
nctic field outside the film that results in a costly magneto- 
static energy. Such a solution is thus only stable for 
"uniaxial" thin films, i.c., having a very large anisotropy that 
overcomes the magnetostatic energy. The traditional Landau- 
Lifshitz and Kittcl modcls both lead to thc annihilation of thc 
so-called demagnetizing andlor depolarizing field inside the 
film, and both prcdict that thc stripc pattcrn of a givcn film 
under a given mechanical boundary condition has a unique 
domain period (that solcly dcpcnds on thc thickness of the 
film). Recently, 180" periodic stripe domain structures, with 
remarkably small periods (of thc order of nanomctcrs), werc 
observed in ultrathin ferroelectric films.' The morphology of 
such stripes werc not detc~mincd becausc this represents a 
major experiniental challenge. On the other hand, a rather 
surprising result was found; namcly. that thcsc stripes can 
have two different periods for the same film but for different 
temperatures. It was thcn suggcstcd that the existen5 of 
these two periods (that roughly differ by a ratio of $2) is 
related to the asymmetry of the experimental setup; namely, 
that the top (frcc) surfacc and the bottom (substrate/film) 
interface do not provide the same quantitative screening (if 
any) of the depolarizing field and that this asymmetry is 
somehow temperature dependent.' One may want to know if 
this suggestion is indeed correct, and onc may also wonder if 
other stripe patterns (that is, deviating from the traditional 

Landau-Lifshitz and Kittcl pictures) can result from this 
asymmetric screening. (Note that Ref. 4 strongly hints that 
varying thc magnitude of the asymmetric screening of thc 
depolarizing field can indeed affect domain width. However, 
the authors of Rcf. 4 assumed that thc Kittel model always 
applies when describing the domain configuration, which 
may have prevented them from discovering othcr stripe pat- 
terns.) Ob~iously. first-principles-based methods constitute a 
powcrful tool to answer such questions because of their ac- 
curacy and deep microscopic insight. However, such meth- 
ods have "only" bccn developed and/or uscd so far (to the 
best of our knowledge) to tackle problems related to a .sym- 
metric screcning of thc depolarizing ficld,"' that is, when 
both surfaces similarly contribute to the domain's morphol- 
ogy. 

The aims of this study are twofold. First. we wish to de- 
velop a first-principles-bascd approach allowing an asym- 
metric screening of the depolarizing field. Secondly, we want 
to usc such a method to provide gnswcrs to the aforemen- 
tioned questions. As we will see, such asymmetric screening 
can result in other stripc domain patterns and can indccd 
explain the experimental observations of Ref. 3. 

Here, we considcr a (001 j PbZr,-,Ti,03 (PZT) thin film 
sandwiched by a nongrounded metallic plate, from the top 
sidc, and by a nonconducting substrate. from the bottom 
side. The film is PbO tern~inated. The distance between the 
top BO layer (whcrc B atoms are either Ti or Zr) of the thin 
film and the metallic plate is denoted as R,,,,, and is allowed 
to vary. A "dcad layci' (separating thc top PbO surfacc and 
the metallic plate) can thus exist in our simulation. with its 
thickness being denoted by D and bcing cqual to R,,,-t 
(where a is the five-atom unit-cell parameter). Here, this 
dead layer is assumed to possess a dielectric permittivity 
equal to unity. Specifically, the Ti composition and the thick- 
ncss of the iilm are chosen to be x=0.6 and 48 a, respec- 
tively. Such film is mimicked by a 6 X 48 X 12 supercell that 
is periodic along the x and y directions but finite along the z 
axis. (The x, y, and z axes lie along the [100], [010], and 
[001] directions, respectively.) Its total energy is written as 
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Properties of ferroelectric ultrathin films 
from first principles 
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Advances in first-principles computational approaches have, over the past ten years, made 
possible the investigation of  basic physical properties of simple ferroelectric systems. Recently, 
first-principles techniques also proved to  be powerful methods for predicting finite-temperature 
properties of solid solutions in great details. Consequently, bulk perovskites are rather well 
understood nowadays. On the other hand, one task still remains to  be accomplished by 
ab-initio methods, that is, an accurate description and a deep understanding of ferroelectric 
nanostructures. Despite the fact that nanometer scale ferroelectric materials have gained 
widespread interest both technologically and scientifically (partly because of novel effects 
arising in connection with the reduction of their spatial extension), first-principles-based 
calculations on ferroelectric nanostructures are rather scarce. For instance, the precise effects 
of the substrate, growth orientation, surface termination, boundan/ conditions and thickness on 
the finite-temperature ferroelectric properties of ultrathin films are not well established, since 
their full understandings require (i) microscopic insights on nanoscale behavior that are quite 
difficult to  access and analyze via experimental probes, and (ii) the development of new 
computational schemes. One may also wonder how some striking features exhibited by some 
bulk materials evolve in  the corresponding thin films. A typical example of such feature is the 
morphotropic phase boundan/ of various solid solutions, where unusual low-symmetry phases 
associated with a composition-induced rotation of the spontaneous polarization and an 
enhancement of dielectric and piezoelectric responses were recently discovered. In this paper, 
recent findings resulting from the development and use of numerical first-principles-based 
tools on ferroelectric ultrathin fi lms are discussed. 
O 2006 Springer Science + Business Media, Inc. 

1. Introduction 
Ferroelectric materials are of unique importance for a va- 
riety of existing and potential device applications. Exarn- 
ples include piezoelectric transducers and actuators, non- 
volatile ferroelectric memories, and dielectrics for micro- 
electronics and wireless communication [I-?]. An im- 
portant class of ferroelectric materials are the perovskites 
AB03.  The perovskite crystal structure A B 0 3  can be re- 
garded as a three-dimensional network of comer sharing 

B 0 6  octahedra, with the B ions in the center of the octa- 
hedra. In acubic perovskite, the A site is twelvefold sur- 
rounded by oxygen ions. As the temperature is reduced, 
many of these compounds undergo a phase transition and 
develop a switchable spontaneous electric polarization, 
thus becoming ferroelectric. Most of the perovskite com- 
pounds that are of greater interests are not simple sys- 
tems, but rather complex solid solutions with the general 
formula A(B1, B")03, i.e., with two kinds of B atoms 
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An effective Hamiltonian approach is developed to mimic finite-temperature properties of (Ba,rSrl-,)Ti03 
perovskite systems. It is found that this atomistic approach is overall quite accurate to qualitatively and 
quantitatively reproduce the experimental composition-temperature phase diagram of the disordered solid 
solutions (especially, for compositions .l- larger than 25%), when allowing one single parameter to deviate from 
its first-principles-derived value. Interestingly, such approach also yields predictions that are in  good agreement 
with direct first-principles calculations for BaTi03/SrTi03 superlattices. The proposed approach is thus prom- 
ising to investigate phenomena in any perovskite system made of Ba, Sr, Ti, and 0 atoms, independently of the 
overall composition and atomic arrangement. 
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I. INTRODUCTION 

Ferroelectric perovskite (A 'AV)BO3 [or A(BrB")03] alloys 
are of growing importance for a variety of device 
applications1~2 either when grown as solid solutions or in the 
form of ArB031A"B03 (or AB'03/ABt103) superlattices. 
Such systems are also of large fundamental interest, mostly 
in order to reveal the microscopic effects responsible for 
their properties. A deep knowledge of ferroelectric alloys at 
an atomistic level has the potential to result in original and/or 
enhanced macroscopic properties. Accurate atomistic simu- 
lations are thus needed to understand the properties of per- 
ovskite alloys in general, and to guide the discovery of 
"wunderbar" materials, in particular. Within the last six 
years, three different kinds of atomistic simulations have 
been developed and used for perovskite alloys. One approach 
is the shell model that has been applied to disordered 
(Ba,Sr,-,)Ti03 (BST) and K(Tal-,Nb,)03 solid solutions as 
well as to KTa03/KNb03 super lattice^.^-^ In particular, the 
shell model qualitatively reproduces the experimental 
composition-temperature phase diagram of BST. However, it 
remains unknown if such an approach can also yield subtle 
alloy phenomena, such as the existence of the low- 
temperature monoclinic phase discovered in the phase dia- 
gram of Pb(Zr,-,Ti,)03 alloys for a narrow range of 
composition.' On the other hand, it has been shown that such 
unusual low-symmetry phase can be very well reproduced by 
another atomistic technique, namely the bond-valence 
model.8 However, we are not aware of any study demonstrat- 
ing that this latter model can mimic well superlattices as well 
as properties of ferroelectric alloys at intermediate or high 
temperatures (i.e., not only at low temperatures). Similarly, 
there is (at least) one limitation for the third kind of atomistic 
simulations, the alloy effective Hamiltonian method, which 
has been rather successful for describing properties of Pb- 
based systems. The limitation of this method is that any alloy 
effective Hamiltonian scheme developed so far is only tech- 
nically applicable to a single composition or for a narrow 
compositional range around a specific concentrat i~n.~- '~ As a 
result, this prevents, e.g., the investigation of the whole 
composition-temperature phase diagram of disordered alloys, 
unless one develops a large number of effective 

Hamiltonians-each corresponding to a different overall 
composition. 

The aim of the paper is to show that it is possible to 
develop a single alloy effective Hamiltonian method that can 
predict finite-temperature properties of solid solutions for the 
whole composition range as well as properties of superlat- 
tices having different overall concentrations. HZI-e, we focus 
on perovskite systems made of Ba, Sr, Ti, and O atoms be- . 
cause of (1) the technological importance of BST solid 
s ~ l u t i o n s , ' ~  and (2) the numerous experimental and direct 
first-principles data that are already available in the literature 
for such systems (see, e.g., Refs. 3 and 17-1 9 and references 
therein), and that we can compare them to check the accu- 
racy of our model. 

This paper is organized as follows. Section I1 describes in 
detail the presently proposed effective Hamilto.niiin scheme. 
In Sec. 111, we show and discuss the preci;~,;,~rr fqr disor- 
dered BST solid solutions and BaTi03/SrTi03 superlatiices 
obtained by this scheme. Finally, we present our ~onclusions 
in Sec. IV. 

11. METHODS 

Our scheme is based on the construction of an alloy ef- 
fective Hamiltonian from first-principles calculations, with 
the total energy E being written as a sum of two different 
main terms 

where E,,,, as in Refs. 9-13, is the total energy associated 
with the hypothetical .simple (A)BO system resulting from 
the use of the virtual crystal approximation2"-" (VCA) to 
mimic (Bao,sSro,s)Ti03; El,, gathers terms associated with 
alloying effects going beyond the VCA a~wroximntion: ui is 
the local soft mode (which is centered on B atolns,) ; : I  unit 
cell i ;  7~ and {q) are the homogeneous and inhomogene&rs 
strain tensor23 associated with the virtual (BaoSSrO,,)TiO3 
system, respectively; {u,) characterizes the atomic configu- 
ration, that is, crj= + 1 or -1 corresponds to the presence of a 
Ba or Sr atom, respectively, at the A-lattice site j of the 
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A first-principles-derived scheme that incorporates ferroelectric and antiferrodistortive degrees of 
freedom is developed to study finite-temperature properties of Pb(Zr,-,Ti,)03 solid solution near its 
morphotropic phase boundary. The use of this numerical technique (i) resolves controversies about the 
monoclinic ground state for some Ti compositions, (ii) leads to the discovery of an overlooked phase, and 
(iii) yields three multiphase points that are each associated with four phases. Additional neutron 
diffraction measurements strongly support some of these predictions. 
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The ferroelectric Pb(Zr,-,Ti,)03 (PZT) system is an ex- 
ample of perovskite solid solutions that are of high tech- 
nological relevance because of their widespread use in pi- 
ezoelectric transducers and actuators [ I  ]. Its phase diagram 
in a narrow compositional region centered at x = 0.50 and 
denoted as the morphotropic phase boundary (MPB) [2] 
also makes PZT of large fundamental importance. For in- 
stance, recent measurements have discovered an unex- 
pected ferroelectric (FE) monoclinic phase [3] that leads 
to high electromechanical coefficients [4,5] and acts as a 
structural bridge between the well-known FE tetragonal 
and rhombohedra] phases [3,5]. Moreover, another over- 
looked monoclinic phase has been recently observed [6- 
'91, in which the usually competing [lo] ferroelectric dis- 
tortions and antiferrodistortive (AFD) motions (which are 
associated with the oxygen octahedra rotation) coexist. 
However, many controversies still surround this latter 
monoclinic phase, such as its exact space group, the axis 
about which the oxygen octahedra rotate, and even if it 
is a minority phase rather than the long-range ground state 
[h-91. 

In view of these findings, one may also wonder if other 
surprises-such as other overlooked phase(s) or multi- 
phase points (which are unusual thermodynamic features 
[I 11)-are still in store for PZT. Some features could 
indeed have been missed because of (i) the difficulties in 
growing and characterizing at various temperatures the 
many samples with tiny compositional differences and 
(ii) the current lack of theoretical tools that are able to 
accurately compute finite-temperature properties of perov- 
skite alloys. For instance, the two sole first-principles- 
based finite-temperature schemes [5,12] that yield a mono- 
clinic phase in the phase diagram of disordered PZT have 

some shortcomings: the model of Ref. [5] gives Curie 
temperatures that are - 60% larger than measurements 
and does not include AFD motions, while we are not 
aware of any study reporting the accuracy of the bond- 
valence model of Ref. [ I  21 for transition temperatures in 
PZT. 

The purpose of this Letter is threefold: (1) to develop a 
numerical scheme able to accurately compute finite- 
temperature properties of perovskite solid solutions and 
that incorporates both FE and AFD motions; (2) to apply 
such a scheme to resolve the controversies discussed 
above, as well as to reveal some striking, overlooked 
effects in the MPB of PZT; and (3) to confirm experi- 
mentally some of these discoveries, via neutron dif- 
fractions. 

Our numerical scheme is based on the generalization of 
the first-principles-derived alloy effective Hamiltonian of 
Ref. [5] to include AFD effects in addition to FE degrees of 
freedom. The total energy is thus written as a sum of two 
main terms, E~,({ui}, {TH}, {TI}, {uj)) and EAFD-c({u,}, 
{ T ~ } ,  {TI}. {uj}, {oi}), where EFE is the energy provided 
in Ref. [5], while EAFD-C gathers AFD motions and their 
couplings in solid solutions. u ,  is the local soft mode 
.(which is directly proportional to the dipole) in unit cell 
i ;  {vH} and (7,) are the homogeneous and inhomogeneous 
strain tensors [13], respectively; qi = + 1 or - 1 corre- 
sponds to the presence of a Zr or Ti atom, respectively, at 
the B-lattice site j of the Pb(Zrl-,Ti,)03 system. Finally, 
{o,} is a (B-centered) vector characterizing the direction 
and magnitude of the AFD motions in unit cell i. For 
instance, wi  parallel to z corresponds to a rotation of the 
oxygen octahedra about the z axis. For EAFpC, we propose 
the following expression that contains five major terms: 
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A first-principles-based approach is used to show (i) that stress-free ferroelectric nanodots under open- 
circuit-like electrical boundary conditions maintain a vortex structure for their local dipoles when subject 
to a transverse inhomogeneous static electric field, and, more importantly, (ii) that such a field leads to the 
solution of a fundamental and technological challenge: namely, the efficient control of the direction of the 
macroscopic toroidal moment. The effects responsible for such striking features are revealed and 
discussed. 
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The unique properties of ferroelectric and ferromag- 
netic solids are widely used in many important applica- 
tions. Interestingly, these properties can dramatically 
change when going from bulks to nanostructures [I-31. 
For instance, it has been recently discovered that zero- 
dimensional (OD) ferroelectrics can have a vortex structure 
for their dipoles below a critical temperature [4,5]. Such an 
unusual vortex resembles the curling state exhibited by 
magnetic dots above a certain size [1,6] and leads to the 
activation of a macroscopic toroidal moment, which in- 
volves the cross product between the r, vectors locating the 
i unit cells and their local electrical dipoles p,, i.e., it is 
defined as G = & x i r i  X pi, where the sum runs over the 
N unit cells of the OD system. 

The possibility of switching the direction of the toroidal 
moment opens exciting opportunities for nanomemory 
devices [4,7], nanomotors, nanotransducers, nanoswitch- 
ers, nanosensors, etc. However, a practical control of the G 
toroidal moment is rather challenging, mostly due to the 
fact that electric toroids directly interact with the curl of E 
but not with an uniform electric field alone [8]. Moreover, a 
nonvanishing curl of E can only be produced (according to 
Maxwell equations) by a temporal change of the magnetic 
field, -dB/dt, but the magnitude of the magnetic field 
necessary to switch the electric toroidal moment is imprac- 
tical. Furthemore, even if this large magnetic field was 
reachable, it would disturb a volume of the sample much 
larger than the nanodot size. As a result, manipulating the 
toroidal moment of a single nanodot, separately from the 
toroidal moment of the other dots of the sample, will 
become impossible-which will. thus seriously limit the 
benefits of using toroids for creating the next generation of 
"wunderbar" devices. (One also needs to be able to "read" 
the chirality of the vortex of a single nanodot via, e.g., the 
field produced by its dipoles [4] .) 

The aims of this Letter is twofold: (1) to report first- 
principles-based simulations demonstrating that there is an 
original and efficient way to control the electric toroidal 
moment of a single nanodot, namely, by using an inhomo- 
geneous static electric field; and (2) to reveal, and under- 
stand, the reasons for such control. 

Here, we use the first-principles-based Monte Carlo 
scheme of Ref. [9] to study a 12 X 12 X 12 stress-free 
cubic dot that is under open-circuit electrical boundary 
conditions and that is made of Pb(Zro.4Tio~6)03 (PZT)- 
with the surfaces being Pb-0 terminated. This scheme 
generalizes to OD systems the alloy effective Hamiltonian 
method proposed in Ref. [lo] for bulks, by (i) substituting 
the dipole-dipole interaction of infinite three-dimensional 
systems by the corresponding interaction in OD materials 
[5]; and (ii) incorporating surface-induced atomic relaxa- 
tions that are caused by the vacuum surrounding the dot- 
with the governing parameters having been fitted to first- 
principles calculations on Pb-0 terminated PZT thin films 
[I I]. We consider a transverse inhomogeneous electric 
field arising from charges located away from the studied 
dot, and incorporate the interaction between the dipoles in 
the dot and this field in the total energy provided by the 
effective Hamiltonian method. The temperature is de- 
creased by small steps, and the x ,  y ,  and z axis are chosen 
along the pseudocubic [loo], [OIO], and [OOl] directions, 
respectively. 

Figure 1 shows the two setups that we considered, as 
well as the resulting inhomogeneous field and ground- 
state dipole pattern in the dot. In practice, such setups 
and inhomogeneous fields can be generated by, e.g., 
piezoforce-microscopy tip(s), nanowires, switching ferro- 
electric dots, or other original methods. 

Let us first discuss the setup of Fig. I(a). The dipolar 
source of the field is made of two opposite charges of 2 X 

lo-'' C distant of 15 primitive unit cells along the x axis 
from the center of theinvestigated dot-resulting in a field 
magnitude of about 2 X lo8 V/m in the center of this dot. 
One interesting result of Fig. I(a) is that the studied dot 
under this inhomogeneous field maintains a vortex struc- 
ture at low temperature. The interactions between the di- 
poles of the dot under open-circuit conditions and the 
inhomogeneous field are thus not strong enough to over- 
come the depolarizing-field effects responsible for the 
existence of a toroidal moment in an isolated dot [4,5] 
[One can, in fact, "break" this vortex structure by applying 
fields with magnitude several times larger than the one 
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The electric-field-induced evolution of the recently discovered periodic 180" nanostripe domain 
structure is predicted in epitaxial Pb(Zro,Tio5)O3 ultrathin films from first principles. This evolution 
involves (1) the lateral growth of majority dipole domains at the expense of minority domains with the 
overall stripe periodicity remaining unchanged, (2) the creation of surface-avoiding nanobubbles, and 
(3) the formation of a single monodomain state. Analogies and differences (i) with ferroelectric thin films 
made of BaTi03 and (ii) with ferromagnetic thin films under magnetic field are discussed. 
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Ferroelectric thin films are receiving an enormous 
amount of attention because of their technological promise 
in leading toward miniaturized and efficient devices [I]. 
An ongoing intensive fundamental effort has also been 
made to determine if (and understanding how) properties 
of these low-dimensional systems can differ from those of 
the corresponding three-dimensional bulk. As a result, 
recent studies revealed striking unusual features that are 
related to a particular characteristic of thin films, namely, 
their internal depolarizing fields. An example of such 
features is the prediction of a minimal critical thickness 
below which no ferroelectricity can exist [2]. Another 
example is the occurrence of an unusual dipole pattern 
[3,4], which consists of 180" stripe domains that, unlike 
domains in bulks, are periodic (and thus propagate 
throughout the entire material) with its periodicity being 
exceptionally small, that is, on the order of a few nano- 
meters. Despite its obvious technological and fundamental 
importance, we are not aware of any study revealing how 
this peculiar stripe pattern evolves-and depends on the 
inherent parameters of the film-when applying the exter- 
nal factor that lies at the heart of many ferroelectric de- 
vices, namely, an external homogenous electric field. In 
particular, one may wonder if a phenomenon seen in 
ferromagnetic films under magnetic fields also occurs in 
ferroelectric films under electric fields, that is, the forma- 
tion of so-called bubbles [ 5 ] .  The discovery of such bub- 
bles would make ferroelectric thin films of even broader 
interest, and would rise the questions of similitude or 
difference between the morphology, size, shape, and for- 
mation mechanism of bubbles in ferromagnetic versus 
ferroelectric thin films. 

The aim of this Letter is to reveal from first principles, 
as well as to provide unprecedented detailed atomistic fea- 
tures of, the stripe domains' evolution in Pb(Zro,5Tio,5)03 
(PZT) ultrathin films under external electric fields. Such 
evolution does involve ferroelectric bubbles-as well as 
other features-that possess some striking differences (of 
technological promise) with respect to magnetic bubbles. 

As in Ref. [3], the Pb(Zr0,5Ti0,5)03 films are simulated to 
be grown along the [OOl] direction (which is chosen to be 

the z axis) and assumed to be Pb-0 terminated at all 
surfaces. They are modeled by 40 X 24 X rn supercells 
that are periodic along the x and y axes (which are chosen 
along the [loo] and [OlO] pseudocubic directions, respec- 
tively) and where m is the number of finite (001) B layers 
along the nonperiodic z axis. The total energy of such 
supercells is used in Monte Carlo (MC) simulations, which 
typically run over 100 000 sweeps, and is written as 

where ui is the local soft mode in the unit cell i of the 
film-whose product with the effective charge Z' yields 
the local electrical dipole in this cell. The {ai} arrangement 
characterizes the atomic configuration of the alloy [6]. The 
{vi}'s are the inhomogeneous strain-related variables inside 
these films [7]. 77 is the homogeneous strain tensor, which 
is particularly relevant to mechanical boundary conditions 
since epitaxial (001) films are associated with the freezing 
of three of the six components of 77 (in Voigt notation), 
which are T~ = 0 and 77, = 7 7 ~  = 6, with 6 being the 
value forcing the film to adopt the in-plane lattice constants 
of the chosen substrate [3,8,9]. E ~ ~ f f  is the (alloy effective 
Hamiltonian) intrinsic energy of the ferroelectric film. Its 
expression and first-principles-derived parameters are 
those given in Refs. [6,10] for Pb(Zr0.5Ti0.5)03 bulk, except 
for the dipole-dipole interactions for which we imple- 
mented the formula derived in Refs. [11,12] for thin film 
under ideal open-circuit (OC) conditions. Such electrical 
boundary conditions naturally lead to the existence of a 
maximum depolarizing field (to be denoted by (Edep)) in- 
side the film, when the dipoles point along the [OOl] 
direction. (Edep) is exactly derived at an atomistic level, 
following the procedure introduced in Ref. [ l l ] .  The sec- 
ond term of Eq. (1) mimics a screening of (Ed,,) thanks to 
the p parameter. More precisely, the residual depolarizing 
field, resulting from the combination of the first and second 
term of Eq. (I), has a magnitude equal to (1 - P ) J ( E ~ ~ ~ ) J .  
In other words, /3 = 0 corresponds to ideal OC conditions, 
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A first-principles-based approach is developed and used to investigate Pb(Zro,,Tio.6)03 ultrathin films having 
different growth directions and subject to different boundary conditions. A wide variety of dipole patterns is 
found, including ferroelectric phases absent in the bulk and different periodic stripe nanodomains. Moreover. a 
large enhancement of dielectricity is found in ultrathin films exhibiting a growth direction that differs from a 
possible direction of the polarization in the corresponding bulk. A set of two general and simple rules is 
provided to analyze and understand all these features. 
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Ferroclcctric thin films arc of high intcrcstl-" because of 
their potential applications in miniaturized devices. Many of 
their features, such as the dependence of their dipole pattcms 
on boundary conditions and s i x  thickness, are now rather 
well established.'l-"I1 However, an overwhelming majority 
of past studies focused on films grown along [OOI]. As a 
result, the influence of the growth directiorl on their propcr- 
ties is poorly understood. For instance, Ref. 13 obserjed that 
Pb(Zrl,TiX)O3 films surprisingly adopt different macro- 
scopic ferroelectric phases when changing the growth direc- 
tion from [001] to [ I l l ] .  Similarly, Ref. 14 revealed that 
Pb(Zr0.35Ti0,65)03 thin films grown along [ l l l ]  exhibit, be- 
low a certain thickness, a ferroelectric phase differing from 
the one of the bulk. Reference I5 further reports 90" domains 
in PbZro.zsTio,7S03 film grown along [ I  1 I]. which strikingly 
diffcrs from the 180" domains discovercd in [001] PbTiO, 
films."urthermore, some experiments indicated that 
properties-such as fatigue endurance and piezoelectricity- 
can be improved when using a growth direction different 
from [OOl]. The microscopic reasons behind such puzzling 
effects are unknown. The situation is even worse for ultra- 
thin films because wc are not awarc of any work studying the 
effect of growth direction on their properties, despite their 
promises to yield unusual phenomena, such as critical 
thickness below which ferroelectricity can disappear': or the 
appearance of stripe domains with a remarkably small 
period.' 

The aim of this paper is twofold: (i) to demonstrate, via 
the development and use of a first-principles-based approach, 
that the growth direction in ferroelectric ultrathin films can 
lead to original features, such as an enhancerncnt of dielec- 
tric responses or different complex dipole patterns, and (ii) to 
ana ly~e  and understand such features via the formulation of 
two simple rules. 

This article is organized as follows. Section I1 describes 
the theoretical method we developed and used to tackle the 
two items indicated above. Section 111 reports our predictions 
for different electrical and mechanical boundary conditions, 
as wcll as for different films' thickness. Finally, Scc. IV pro- 
vides a brief summary. 

and which lies outside the morphotropic phase boundary1"" 
(to prcvent the dipoles from easily rotating). Our qualitative 
predictions should thus also apply to PbTi03 films. We in- 
vestigate three common'. n-". 1x.1 " growth orientations: 

namely, [OOI], [110], and [I l l ] .  The films all have Pb-0- 
terminated surfaces and are represented by supercells that are 
finite along the growth direction, to be denoted as the z' 
direction, and repeated periodically along two in-plane x' 
and y '  directions. The total energy is written as 
&&pi, v,.  q, 0,) + PCi(Edep). pi, where pi is the local dipole 
at site i of the supercell and v ,  are inhomogeneous-strain- 
related variables around this site i. q is the homogeneous 
strain tensor while ui represents the alloy atomic 
configuration1'-which is randomly chosen. The expression 
and first-p~inciples-derived parameters ol' ErieIf are those 
given in Refs. 16 and 20 for PZT hulk, except for the dipole- 
dipole interactions for which the expressions derived in Ref. 
21 for two-dimensional (2D) nanostructures under ideal 
open-circuit conditions are used. Such conditions naturally 
lead to a maximum depolarizing lield (denoted by (Ed?,,)) 
inside the film when thc dipolcs point along the growth di- 
rection. We mimic a screenins of (Ed,,) via the /3 coefficient. 
Morc precisely, the residual depolarizing field has a ~nagni- 
tude equal to (1-0) I(EdCp)I. In other words, P= 1 and 
= O  correspond to ideal short-circuit (SC) and open circuit 
(OC) electrical boundary conditions. respectively, while a 
value of 0 in betwecn corresponds to a more realistic 
situation? Technically, (El,,,) is calculated via the atomistic 
approach of Ref. 22. Different rnechanicrll boundary condi- 
tions are also simulated thanks to the homogeneous strain - 
q.'.-j For example, during the simulation associated with an 
epitaxial strain in the ( x ' . y f )  planes, four components of 
-in the x'v 'z '  coordinate system-are kept fixed (namely, 
qxtyt= rl,.,,,=O and qXt,,= q?r,r =Cj, with 6 characterizing the 
lattice mismatch between PZT and a chosen substrate) while 
the other components relax. On the other hand, all the com- 
ponents of the strain tensor are allowed to relax for stress- 
,free systems. [Note that we do not consider any strain gru- 
dient mostly because we do not anticipate (based on 
experimental evidence" that such effect should occur for the 
films' thicknesses considered here.] 

The novelty of our approach with respect to the numerical 
We theoretically study thin filrns made ol'Pb(Zro,4Tio,6)03 scheme of ~ e f s .  I6 and- 2i) mostly lies in the fact that the 

(PZT), Tor which the bulk polarization points along (001) atomic sites' coordinates. the matrices appearing in the 
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We use a tirst-principles-based approach on periodic nanometric supercells to compare the properties of 
Pb(ScI12Nbl12)03 (PSN), a ferroelectric with relaxor-like characteristics, and Pb(Z~0,6Ti0,J)03 (PLT). a normal 
ferroelectric. Unlike in PZT. we find a breaking of the macroscopic symmetry at the nanoscale and easier 
polarization fluctuations in PSS, both caused by large internal electric fields. Such features lead to a broad 
dielectric response and a polarization tail in PSN. A discussion about the possible consequences of such 
findings for real (i.e., macroscopic) inaterials is also provided. 
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I. INTRODUCTION 

Relaxor ferroelectrics are characterized by a broad. 
frequency-dependent dielectric response and the freezing-in 
of local (nanoscale) polarizations at the so-called Bums 
temperature-which is well above the dielectric response 
maximum.';' Determining the origin of these intriguing ef- 
fects has been a challe~lgc to scientists since the discovery of 
relaxor ferroelecuics more than fifty years ago.3 Three main 
(phenomenological) models have been proposed to explain 
relaxor behavior. The first one states that r e l a o r  properties 
arise from qucnched, randomly distributed, internal electric 
tields that lead to the formation of t lonintemcling ferroelec- 
tric dolnains of nanometric ~ize.~."he second model pro- 
poses that relaxors exhibit a glassylike state with randomly 
distributed, itlteracting, polar micro region^.^^ ThC third one 
is the so-called spherical-random-bond-random-fieId n ~ o d e l , ~  
whcrc both random interactions between polar nanometric 
regions and internal electric fields are considered. 

These models have been essential to advance our under- 
standing of relaxors. However, they are necessarily very 
simple (in order to be solvable),and the co~espondencc be- 
tween the a5sumptions of the models (e.g., quenched electric 
fields and polar nanoregions) and the actual atomistic details 
of the materials is questionable. Elucidating the microscopic 
mechanisms responsible for relaxor behavior thus rcmains an 
open question. Interestingly, first-principles techniques can 
provide a deep microscopic insight into materials. On the 
other hand, such ab  initio methods are usually applicable to 
relatively small supercells, which makes them challenging to . . 
U ~ C I  LV reareal relaxors. 

In this article we investigate pcriodic nanometric super- 
cells made of Pb(ScIl2Nbu2)O3 (PSN) relaxor and 
PbZro6Ti0,403 (PZT) normal fe~~oelectiics, by using an ato- 
mistic first-principles-based approach. Our goals are twofold. 
First, we want to reveal if PSN and PZT already differ at the 
nanoscale, and what are the microscopic reasons for such a 
difference (if any). Secondly, we wish to start a discussion on 
how such a difference (if any) may be related to thc proper- 
ties of the real macroscopic materials. 

This paper is organi7cd as follows. Section TI briefly de- 
scribes the method used in this work. In Sec. ID, we show 

and analyzc our predictions for periodic tzaizonletric super- 
cells. Tn particular, we will see that, unlike in PZT. large 
internal elcctric fields in PSN break the macroscopic symme- 
try at the nanoscale and facilitate polarization fluctuations 
between different minima. Such featurcs yield a broad di- 
electric response (which is a relaxor characteristic) and a 
polarization tail (which is reminiscent of a diffuse phase 
transition) in PSN. Section IV provides a discussion about 
the possible consequences that such nanoscale findings may 
have on ~nicroscopic and macroscopic properties of real re- 
laxorlike materials. Finally, we present our conclusions in 
Sec. V. 

11. METHOD 

Here we use the atomis t i c  first-principles-based effective 
Hamiltoriians that have been successful in treating conlplex 
ferroelectric a l l ~ ~ s . ~ ~ " '  Within these approaches, the total en- 
ergy of /\(Bt ,BU)O3 solid solutions is written as a sum of two 
terms: E,,,,, which describes the interactions in a virtual crys- 
tal AFwO3, where Bave is defined by averaging the potentials 
of atoms B' and B"," and El,,, which describes how the 
actual distribution of B-cations affects the energetics of the 
local soft modes ui (defined in each cell i and proportional to 
the local dipoles) and the local strain variables. We will be 
mainly concerned with the term in El,, that has the form: 

u,= I (respectively, -1) if there is a B '  (respectively. B") 
cation in cell j :  E, is the internal field at cell i, which depends 
on the surrounding B-cation di~tr ibut ion;~ Z' is the Bom ef- 
fectivc charge associated with the local mode. All the pariam- 
eters of the total energy, including the internal fields, are 
obtained Cram first-principles clilculations on small cells. 

We solve the effective Hamiltonian by the Monte Carlo 
(MC) technique to compute the propcrtics of two qualita- 
tively different ferrozlectric alloys. The first Fystem is 
P ~ ( S C , ~ ~ N ~ ~ ~ ~ ) O ~ .  which has a fixed sloichiometry so that 
charge neutrality is preserved. PSN-when grown in its dls- 
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We have recently evidenced the existence of a complex path of polarisation 
rotation via two monoclinic phases in the giant-piezoelectric materials PSN-PT 
that is similar to the PMN-PT system. In this article we have presented the state 
of knowledge on the PSN-PT system and have given new results showing the 
close connection between the local inhomogeneous chemical order of Sc/Nb/Ti 
cations and the stability of different ferroelectric phases. The notion of 
morphotropic phase boundaries is discussed in relation with the gradual 
appearance of long-range polar order with increasing Ti content in PSN-PT. 
Comparison with the films and nanopowders/ceramics has also been made. 

Keywords: Monoclinic phase; PSN-IT system; Nanostructure 

1. Introduction 

Among lead-based ferroelectric relaxors a special interest is devoted to 
P ~ S C , / ~ N ~ , , ~ O ~  (PSN) because of the degree of ordering of Sc and N b  ions that 
strongly influences the dielectric behaviour. This ordering can be controlled by 
thermal treatment due to a high-temperature order-disorder transformation ([I] and 
references herein). This compound has been recognised as that revealing the strong 
dielectric relaxation and - contrary to PbMg1/3Nb21303 (PMN) - with the ferro- 

titanate (PT) makes this compound very attractive as that with very high dielectric 
permittivity (figure 1) and electromechanical coupling factor k, [2-41 and makes 
it the best relaxor-PT ceramic material for large-k applications. 
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An atomistic approach is used to investigate finite-temperature properties of ferroelectric nanodots that 
are embedded in a polarizable medium. Different phases are predicted, depending on the ferroelectric 
strengths of the material constituting the dot and of the system forming the medium. In particular, novel 
states, exhibiting a coexistence between two kinds of order parameters or possessing a peculiar order 
between dipole vortices of adjacent dots, are discovered. We also discuss the origins of these phases. e.g., 
depolaizing fields and medium-driven interactions between dots. 
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Ferroelectric nanostructures are of current high interest, 
because of their technological promise in leading toward 
miniaturized devices [I]  and because of their potential in 
resulting in new phenomena. For instance, it was recently 
predicted that isolated nanodots of ferroelectrics can have a 
vortex structure for their dipoles below a critical tempera- 
ture [2-11. Such a vortex does not create any polarization 
but rather generates a macroscopic toroidal moment that 
involves the cross product between the ri vectors locating 
the i unit cells and their local electrical dipoles pi-i.e., it 
is defined as G = &xiri  X pi, where the sum runs over 
the N unit cells of the nanodot. Being able to switch the 
direction of G opens exciting opportunities for nanome- 
mory devices [2,5]. 

Interestingly, the possibility for the dipoles to form a 
vortex structure has been omitted in previous studies (see, 
e.g., Refs. [6-Y] that used an effective medium approxi- 
mation) aimed at determining the properties of ferroelec- 
tric or paraelectric nanoparticles that are embedded in a 
polarizable medium. As a result, original features may 
have been overlooked in these composite systems. For 
instance, one may wonder if novel states occur in such 
two-component materials. In particular, can dipole vortices 
in dots immersed in a polarizable medium coexist with a 
spontaneous polarization (unlike in isolated dots [:,?I)? 
Similarly, how do toroidal moments of neighboring dots 
organize themselves (e.g, are they lying along parallel or 
antiparallel directions?)? It would also be worthwhile to 
determine the dependency of these novel states (if any) on 
the ferroelectric strengths of the materials forming the dot 
and medium and to reveal their governing mechanisms. 
The aim of this Letter is to address the issues mentioned 
above, by performing atomistic simulations. 

Our atomistic scheme is based on the construction of an 
effective Hamiltonian, with the total energy E being writ- 
ten as a sum of two main terms: 

where Eav,-as in Refs. [9,10]-is the total energy asso- 
ciated with the hypothetical simple A < B > O3 system 
resulting from the use of the virtual crystal approximation 
(VCA) [ l  I] to mimic A(B1, BU)O3 compounds; El,  gathers 
alloying terms going beyond the VCA approximation; u i  is 
the local soft mode (directly related to the electrical dipole) 
in unit cell i ;  { T ~ }  and are the homogeneous and 
inhomogeneous strain tensors, respectively [12]; {u,} char- 
acterizes the atomic configuration; that is, u, = 1 (-1) if 
there is a B' (B") cation at the B-lattice site j of the 
A(B1. Bl1)O3 materials. For E,,,, we use the analytical 
expression proposed in Ref. [I 31 for simple AB03 systems. 
For El,,, we use the following expression: 

where the sums over i and j run over unit cells and mixed 
sublattice sites, respectively. {v,} are dimensionless local 
displacements which are related to the inhomogene- 
ous strain variables inside each cell [I?]. Q,,,(uj) and 
Rj,,(uj) characterize the strengths of the alloying-induced 
intersite interactions. eji is a unit vector joining the site j to 
the center of the soft-mode vector ui ,  and fji is a unit vector 
joining the site j to the origin of the displacement vi. 
Practically, we included contributions up to the third neigh- 
bors for Qjfi(u,) and over the first-neighbor shell for 
Rj.,(q,). Note that, for systems made of ABUO3 dots em- 
bedded in a AB103 medium, these contributions play a role 
only near the dots' surfaces-because of the analytical 
expression of the first two terms in Eq. (1). The last term 
in Eq. (2), which involves the A K ( u ~ )  parameters, charac- 
terizes the on site contribution of alloying. It is an original 
contribution since it was not included in the alloy effective 
Hamiltonians of Refs. [0,10]. We incorporate such a term 
here-which is consistent with the first-principles results 
of Ref. [13]-because it provides an easy way to artifi- 
cially adjust the "ferroelectric strength" of AB103 and 
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lsostructural phase transitions in GaN /ScN and InN/ScN superlattices 
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Ure predict the existence of pressure-induced isostn~ctural phase transitions I'IPTs! in C;aN:ScN rind 
InNIScN superlartjces from first principles. The IPTs in these superlattices are anomalous in rhe sense tha t  thcv 
are associated with trivial order palameters and generare a dramatic change in niany physical quantities. 
Funhennore, the order of the phase transition is found to be dependent on thc superlattice period and on thz 
nontransition-metal cation. We also reveal the reason behind, and consequences of. these uni~sual depe~~dencies 
and IPTs. 
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I. INTRODUCTION 

The so-called isostrucrural phase transitions (IPTs) are 
particularly remarkable, partly because of the difficulty in 
characterizing and understanding them. For example, the fact 
that such peculiar phase transitions leave the crystal symme- 
try unchanged makes the choice of the order parametzr- 
which is tlie preliniirixy step for the theoretical descriptiori 
of a phase transitioril-----a tiontrivial task. Order pararneters 
that have been proposed. iI1 111: literalure for IPTs are rather 
 inu usual and vary from a function uivolving defects 
concentrations' ro atortiic positioris changing in disordered 
anrl'or subtle fashion,'!4 via an electronic-induced cllange in 
compressibility1 and a. tit1.y modification in bond angle.".' 
Sirrrilarly, observing IPTs, especially, if they are o f  second- 
c~rder, is usually challenging, becat~se inany properties are 
only sliglltly affected by tllcse transitions? These difficulties 
a11d the relative rarity of IPTs are the two main reasons why 
tliese latter are in overall much less studied and thus less 
u~~derstood than the "more usual" syn~m~try-breaking phase 
transitions. 

The aim of this paper is to report first-principles calcula- 
tions predicting that GaN I ScN and InN/ SCN supzrlattices 
undergo a pressure-induced isostructural phase transition that 
is anomalous in the sense (I) it is associated with "triviar' 
order parameters, (2)  it leads to a ilranlotic change in various 
properties, and (3) the character of the tramition depends on 
the pericd of the superlattice, as well as; on the 
nontransition-metal cation. Our siniulations also reveal driv- 
ing forces responsible for these ariotwalous features. 

The organization of this article is as follours. The compu- 
tational rneihotl we have adopted for the calculations is de- 
scribed in Sec. 11. L ' e  present our results in Sec. 111. Fimllly 
couclusions are given 7111 SCC. TV. 

a3 = ('Z. ( 1 )  

where a and c are the in-plane and out-of-pla11c lattice pa- 
rameters, respectively, and w-here c!a is the axial ratio. The 
unit vectors along the Cartesian ilxes are denoted :!j s. y,  and 
2. 'The primitive unit cell for such systems i~..t.i;r!i; foui ~LI -  

oms: twoN atoms located ; ~ t  r i  and r2, and two z;itiuns ui':l~e 
same type (e.g., Ga) located at r3  and r4, with 

Three parameters, n, c:'a, and the interrial p:lramett.r u 
which determines the relative position of atoms inside the 
unit cell. arc thus needed to fully characterize tbc I>il~a~-~ 
hexagonal partmts. Our previous local-density-approsilnatic!~~ 
(1,DA) calcu1;itions predicted thar ( 1 )  --- 1 .6.3 1 wr~c! i !  

-0.376 for GaN. and (2) i:iu-1.62(! snd zl-0..37S for I1:N 
(Ref'. X), which agree very well with meilsulr:~.:::'.s." The 
resulting gl.ou~ld-state, in both GaN and TnN. is thus tire 
wumite phase, is associatcd with thc p o b  Pb;rnc (Cbv) 

11. ME'T1-IOI)C)I,OCY space group and is Sour-tirnes coordinated. On the other.. 
harid! we recently predicted thjt the ecluilibrii~n~ ~ a l t ~ t t  ut z! 

The priniitive lattice vect.ors of the parent conlpounds anti c ia  are dramatically different i r ~  hexagonal ScN, narrsely 
GaN, IfiN, arid ScN, in their rnosl stable hexagonal t'ornl,". "0. atitl = 1.207, respeclively."' Tliis specific cotnbir~ation of 
are given by lattice parmet,ers leads to a layered stn~ctiirt'. denoted by 
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Ab initio simulations and experimental techniques are combined to reveal that, unlike what was 
commonly accepted for more than 30 years, perovskites and related materials enhance their ferroelec- 
tricity as hydrostatic pressure increases above a critical value. This unexpected high-pressure ferroelec- 
tricity is different in nature from conventional ferroelectricity because i t  is driven by an original electronic 
effect rather by long-range interactions. 
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AB03 perovskites form one of the most important 
classes of materials because they can exhibit a broad range 
of properties, e.g., superconductivity, magnetism, ferro- 
electricity, and multiferroism. Such properties can be var- 
ied-and thus optimized to generate various devices with 
great performance and diverse functionalities-thanks to 
many factors. Examples of such factors are external mag- 
netic and electrical fields, atomic substitution, chemical 
ordering, and pressure. 

Indeed, a famous 30-year-old Letter [ l ]  demonstrated 
that hydrostatic pressure P reduces, and even annihilates 
for high enough value, ferroelectricity (FE) in perovskites 
[2,3]. Such reduction can be understood when re alling 
that the occurrence of "conventional" FE results from a 
delicate balance between long-range Coulomb ionic inter- 
actions favoring ferroelectric distortions and short-range 
electronic effects preferring the undistorted paraelectric 
cubic structure [4,5]. This balance can be tipped towards 
FE by small covalent effects-especially, the hybridiza- 
tion between the d orbitals of the B transition metal and the 
0 2p states-that weaken short-range repulsions [6]. A 
simple and widely used theory indicates that short-range 
repulsions increase more rapidly than long-range attrac- 
tions as pressure increases, leading to the reduction of 
FE [I]. 

The aims of this Letter are threefold. First of all, we 
discover, by combining theoretical and experimental tech- 
niques, that such reduction indeed occurs at low pressure 
but does not hold at high pressure, since the "classical" 
PbTiO, material is found to adopt a nonmonotonous be- 
havior with pressure. As a result, an increase in P above a 
critical value enhances its ferroelectricity. The second aim 
of this Letter is to reveal that high-pressure FE is dramati- 
cally different from conventional FE (occurring at low P) 
since the former is electronically -rather than ionically - 
driven. Finally, we found that such high-pressure ferroelec- 

tricity is a general phenomenon since it exists in other 
perovskites, as well as other materials. Playing with pres- 
sure may thus lead to the design of devices with enhanced 
or new capabilities. 

We conducted calculations at 0 K within the density 
functional theory and the pseudopotential method with 
the following electrons being treated as valence in 
PbTi03: Pb 5s, Pb 5p, Ti 3s. Ti 3p, Ti 3d, Ti 4s, 0 2s, 
and 0 2p. Our results are qualitatively independent on 
technical details such as the used exchange-correlation 
functional [7-91, pseudopotential types [10,11], kinetic 
energy cutoff (that was varied between 40 Ry and 
120 Ry), or softwares [12-141. We performed: (1) total 
energy calculations (with full relaxation) to determine the 
evolution of some phases as a function of P up to 
-120 GPa [3], and (2) phonon calculations of a specific 
structure [15]. 

On an experimental point of view, high-pressure Raman 
scattering and x-ray diffraction were carried out at room 
temperature in a gasketed diamond anvil cell on pure 
PbTi03 samples. Nitrogen or argon served as the 
pressure-transditting medium which ensured a hydrostatic 
environment and the pressure was calibrated using the 
standard ruby fluorescence method. Depolarized Raman 
spectra up to 44 GPa of a powder sample were performed 
in backscattering geometry using a 514.53 nm-excitation 
line from an ArC ion laser focused to a spot of 2 4  pm. 
The scattered light was analyzed using a T64000 Jobin- 
Yvon spectrometer and collected with a charge coupled 
device. The x-ray diffraction data collections up to 48 GPa 
were performed twice on two 20 pm-single crystals using 
the rotating crystal technique at ID30 high-pressure beam 
line at the European Synchrotron Radiation Facility [16]. 
More than 50 nonequivalent Bragg reflections (28 > 24") 
were recorded on an image plate detector with a focused 
monochromatic wavelength of A = 0.3738 A. A silicon 
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Low temperature properties of BaZr03 are revealed by combining experimental techniques (x-ray diffrac- 
tion, neutron scattering and dielectric measurements) with theoretical first-principles-based methods (total 
energy and linear response calculations within density fu~~ctional theory, and effective Han~iltonian approaches 
with and without zero-point vibrations). Unlike most of the perovskite systems, BaZrO? does not undergo any 
(long-range-order) structural phase transitioi~ and thus remains cubic and paraelectric down to 2 K, even when 
neglecting zero-point vibrations. On the other hand, these latter pure quantum effects lead to a negligible 
thennal dependency of the cubic lattice pwan~eter below -40 K. They also affect the permittivity of BaZIOl 
by inducing an overall saturation of the real part of the dielectric response. for temperatures below =40 K. 
Two fine structures in the real part, as well as in the imaginary part, of the dielectric response are further 
observed around 50-65 K and 15 K. respectively. Microscopic origins (e.g., unavoidable defects and oxygen 
octahedra rotation occurring at a local scalej of such anomalies are suggested. Finally, possible reasons for the 
facts that some of these dielectric anomalies have not been previously reported in the better studied KTa03 and 
SrTi0, incipient ferroelectrics are also discussed. 
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I. INTRODUCTION 

BaZrO, is a ceramic oxide of the perovskite family struc- 
ture with a large lattice constant, high melting point, small 
thermal expansion coefficient, low dielectric loss and low 
thermal conductivity (see, e.g.. Refs. 1-13 and references 
therein). These aforementioned properties make BaZr03 (i) a 
very good candidate to be used as an inert crucible in crystal 
growth tc~hniques,'~~l (ii) an excellent material for wireless 
c o m m u n i ~ a t i o n s ~ . ~ ~  and (iii) a very good substrate in thin 
film dcposition.'."B;*Zr03 is also onc of the two parent com- 
pounds of the (Pb-free and thus environmental-friendly) 
Ba(Zr.Ti)03 solid solutions, which is promising for manu- 
facturing high Q materials wilh a variety of applications in 
microwave industry.') 

Interestingly, of B a r n 3  have been measured as 
long as 40 years ago, as well as very recently,'-%ut only at 
room or higher temperature (to the best of our knowledge). 
Similarly, we are not aware of any calculation (either 
from phenomenological theory or first-principles calcula- 

t i o m ) - @ i e t i ~ ~ k h x t r i e p r a p e r t i c s a f ~  3. . - 
result, low-temperature dielectric properties of BaZrO, have 
never been investigated, despite the fact that many unusual 
effects are known to occur in some perovskite materials 
between 0 and 50 K. One drastic example of such effects 
is the (temperature-independenl) plateau and large values 
of the real part of the dielectric response in KTa03 and 
SrTiO,. which arise from the quantum-induced suppression 
of ferroelectricity in these materials. Other examples are the 
anomalous peaks observed around 10-50 K for the imaginary 
part of the dielectric response in KTaO,, K(Ta,Nb)03. 
( ~ b , ~ a ) T i 0 ~ : C u , ' ~ , ' '  and SrTi03,'5.16 that are neither asso- 

ciated with structural phase transition nor do have a corre- 

sponding peak in the rcal part of thc diclcctric response 
(which conflicts with the well-established Kramers-Kronig 
relations1'). 

The aim of this article is to investigate the low- 
telnpcrature behavior of BaZrO, from incasurernents and 
first-principles-based simulations. We report several unusual 
fcatures In the real and imaginary parts of thc dielectric re- 
sponses while no long-range ferroelectric. antiferroelectric or 
antiferrodistortive structural phasc transition occurs in 
BaZrO, down to 2 K. Discussions and similarities or differ- 
ences between BaZrO:, and thc (better-studicd) KTaOl and 
SrTi03-related materials are also indicated to better under- 
stand thc low-temperature dielcctric a~lomalics reported in 
several perovskites. 

This article is organized as follows. Section II describes 
the experimental and theoretical methods we used to inves- 
tigate BaZrO,. Section III reports the measurements and pre- 
dictions for structural and dielectric properties. Finally, Secs. 
N and V provide a discussion and conclusion, respectively. 

It. METHODOLOGY 

A. Experimental procedures 

Powder samplcs of BaZrO, werc synthesized by solid 
state reaction by calcination at 1400 K and sintering at 1600 
K starting from stoichion~etric amounts of the corresponding 
oxides (BaC03, Zr02). The synthesized samples were well 
crystallized and no presence of parasitic phases was evi- 
denced by x-ray diffraction (XRD) and chemical analysis. 
The final fired density is around 88-90 %, the typical grain 
size is 3 1 0  p m  and the size distribution is typically 10% of 
the mean grain size. The temperature dependence of the di- 
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Low-dimensional ferroelectrics under different electrical and mechanical boundary conditions: 
Atomistic simulations 
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Fernelectric ~ ~ a ~ ~ o d o t s  and infinite wires of Pb(Z~,,Ti,,,)O3 alloy under different boundary conditions are 
investigated via Monte Carlo simulations using an atomistic first-principles-based eff'ec~ive Hamiltonian. These 
nanosystelns all exhibit a spontaneous polarizatio~~ that points along a nonperiodic direction, for situations 
close to short-circuit electrical boundary conditions and independently of the epitaxial strain. On the other 
hand, unusual dipole patterns arise in these systems when they are under open-like circuit conditions. The 
dependency of these patterns on the nanostructure's dimensionality and strain is further revealed and explained. 
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I. INTRODUCTION sons. First of all, such alloys are technologically important. 

Intense effort has been recently made in synthcsizing, 
characterizing, andlor simulating ferroelectric nanostructures 
(FENs) because of their technological and fundamental 
promise (see, e.g., Refs. 1-17 and references therein). 
Arnong the different possible classes of FENs, the [two- 
dimensional-like (2D-like)] thin films are, by far, the ones 
that have been the most invcstigated. As a result, their prop- 
erties begin to be rather we11 detelmined and understood. On 
the other hand, studies on zero-dimensional-like (OD-like) 
and one-dimensional-like (ID-like) FENs are rather scarce, 
despite their potential in resulting to interesting phenomena. 
For instance, Refs. 8 and 9 predicted that nanodots, nano- 
disks. and nanorods all exhibit a vortex structure for their 
electrical dipoles-leading to a nonzero toroid moment of 
polarization rather than a nct polarization-when under spe- 
cific boundary conditions, namely, stress-free and open cir- 
cuit. In our minds, what is crucially missing nowadiys is to 
know and understand how properties of OD-like and 1D-like 
FEN depend on mechanical and electrical boundary 
conditions-which is a feature solely known in ferroelectric 
thin fi~ms.'. '~~" As a matter of fact. such boundary conditions 
most likely have a dramatic effect on the FENs properties 
and can vary from one experimental setup to another, de- 
pending ( i)  on the used substrate, (ii) if the FENS are embed- 
ded in a insulating versus mctallic host, or (iii) if the FENs 
are placed in a reactive atmosphere abIe to modify the FENs 
surfaces composition. 

The main aim of this paper is to fill up this gap by inves- 
tigating ferroelectric nanodots and nanowires under different 
electrical and mechanical boundary conditions. Our system- 
atic study not only reveals unusual striking dipolc patterns of 
these ferroelectric nanostructures, but also allows one to un- 
derstand how and why the different classes of low- 
dimensional ferroelectrics (e.g.. dots, wires, films) can differ 
or look alike when under similar boundary conditions. 

We decided to focus on dots and wires made of (disor- 
dcred) Ph(Zro,4Ti,,,)03 solid solutions for mostly two rea- 

Second, our chosen Ti composition allows us to explore how 
mechanical and electrical boundary conditions should, typi- 
cally (e.g., as in the PbTi03 sirnple system). affect electrical 
dipoles in low-dimensional ferroelectrics. In other words, we 
purposely avoid investigating lead-zirconate-titanate (PZT) 
alloys with smaller Ti concentration because (i) anomalous 
features (such as the easiness of rotating the spontaneous 
polarization) occur in PZT bulks for Ti content ranging he- 
tween =46 and =51 %,IY and (ii) the rathcr unusual antifer- 
rodistortive rotation of the oxygen octahedra can be acti- 
vated, and compete with ferroclectricity. in Pb(Zrl-,rTi,y)03 
bulks with x smaller than =50%.19 

In this paper, the x-, y- and z-axes are chosen along the 
pseudocubic [loo], [OIO]; and [OOI] directions, respectively. 
Thc nanostructures arc represented by supercells that are ci- 
ther finite in any direction, in the case of dots. or repeated 
periodically along the z direction, gn the case of nanowires. 
We typically use supercells of 48 A length (12 unit cells) in 
any nonperiodic direction. Moreover. two different supercells 
of 12 and 24 unit cells, respectively, along the z-periodic 
direction have becn chosen to mimic the (same) infinite wire, 
in order to check the dependency of its properties on the 
supercell choicc. Thc total energy of such supercells is writ- 
ten as 

where pi is the local dipole at site i or the supercell and vi are 
inhomogeneous-strain-relatcd variables around this site i. 77 
is the homogeneous strain tensor while a, represents the 
atomic configuration of the alloy.20 The expression and first- 
principles-derived parameters of (the alloy effective Hamil- 
tonian) energy are those given in Ref. 20 for PZT hulk, 
except for the dipole-dipole interactions for which we use the 
analytical expressions derived in Ref. 21 for nanostructures 
under ideal open-circuir (OC) conditions. Such dipole-dipole 
interactions depend on the dimensionality of the system; that 
is, their expressions differ for the case of dots (that are finite 
along any Cartesian direction) and wires (that are infinitely 
periodic along a single Cartesian direction). The second tern1 
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Atomistic treatment of depolarizing energy and field in ferroelectric nanostructures 
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An arornisric approach allowing an accurate and efficient treatment of depolarizing energy and field in any 
low-dimensional ferroelectric structure is developed. Application of this approach denlonstrates the limits of 
the widely used continuunl model (even) for simple test cases. Moreover, implementation of this approach 
within a first-principles-based inodel reveals an unusual phase transition-from a state exhibiting a spontane- 
ous pc)larization to a phase associated with a toroid moment of polarization-in a ferroelectric nanodot for a 
critical value of the depolarizing field. 
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Ferroelectric nanostructures (FEN) are of increasing tech- 
nological and fundamental interest becausc of thc necd in 
miniaturization of devices, as well as, the appearance of new 
phenomena (see, e.g., Refs. 1-6, and references therein). Un- 
screened polarization-induced charges at the surfaces of FEN 
generate a depolarizing field that is responsible for striking 
properties. Examples are the existence of a critical thickness 
below in which no ferroelect~icity can appear ,bnd the ob- 
servation and prediction of laminar stripe n a n o d o m a i n ~ ~ ~ ~  as 
well as the fo~nlation of polarization v o r t e ~ . ~ , ~  Interestingly, 
and despite its huge importance, we are not aware of any 
model being able to exactly calculate the depolarizing field 
and energy in uny low-dimensional ferroelectric. For in- 
stance, the widely used continuum model (1) neglects the 
atomistic nature of materials, (2) is technically applicable 
only in the limit of large enough systems, and (3) cannot 
predict the depolarizing energy andlor f eld in the realistic 
cases of inho~nogeneously polarized samples. 

In this report we (i) demonstrate that it is possible to 
derive a scheme allowing the exact atornirtii computation of 
the depolarizing energy and field in any low-dimensional 
FEN; (ii) use this scheme to check the accuracy of the con- 
tinuum model for some sinlple test cases; (iii) report an un- 
usual phase transition between two different kinds of order 
parameters in a ferroelectric nanodot that is driven by the 
depolarizing field. 

To calculate the depolarizing energy in low-dimensional 
ferroelectrics, one first needs to realize that a systc~n under 
perfect open-circuit (OC) electrical boundary conditions ex- 
hibits a maximum depolarizing field (if the polarization lies 
along a nonperiodic direction). while ideal short-circuit (SC) 
electrical boundary conditions leads to a complete screening 
of charges at the FEN surfaces that fully annihilates any 
depolarizing field. As a result, the depolarizing energy and 
field experienced by the FEN should involve a difference 
between the dipole-dipole interactions associated with these 
two extreme electrical boundary conditions. We shall write 
the energy of the dipole-dipole interaction in any system in 
the form 

systems, and the sum runs over the atomic sites i and j that 
differ from each other and belong to a srrprrcell (to be de- 
noted by S) mimicking the system. Such a supercell is infi- 
nitely repeated along the periodic directions. if any. For in- 
stance, thin films.are modeled by supercells that are repeated 
in two dimensions while the direction associated with the 
growth direction of the film is nonperiodic. For dots, the 
supercell is not repeated. V is the volume of the supercell, 
p(ri) the dipole moment at the site i ,  and a=x.v,z  denotes 
the Cartesian conlponents. The quantity &(SD) depends on 
both the chosen supercell (S) and the periodicity of the sys- 
tem (D). 

The elements of the Q matrix for systems periodic in 
three? two (x and y), one ( 2 )  directions2' and nonperiodic 
systems are givcn by 

1 G' 
= 4" 2 exp(- $1 G.G~ c o s ( ~  rij) 

V GSO 

where 0 = 3 , 2 , 1  stands for a system periodic in 3, 2, and 1 
2 1 

- -x G sin(G . z , , ) ~ , ( ~ p ~ ~ ~ ) p ; ' ~ , p ~ , ~ , , +  -(8,Lr8(ip 
directions, respectively; D = 0  corresponds to nonperiodic Q G  u3 
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Using a first-principles-based scheme, we determine the qualitative and quantitative effects of 
surfacelinterface, thickness and electrical boundary conditions on the temperature-misfit strain 
phase diagrams of epitaxial (001) BaTi03 ultrathin films. The microscopic reasons leading to such 
effects are also revealed. O 2005 American Institute of Physics. [DOI: 10.1063/1.1890480] 

The potential of ferroelectric thin films for applications 
such as dynamic random access memories,' nonvolatile ran- 
dom access r n e m o r i e ~ , ~  and integrated devices3 has attracted 
a lot of research attention. Interestingly, when going from 
bulk to thin films, many factors (e.g., strain, thickness, elec- 
trode, surface termination, interface roughness, and charge 
transfer at the free surface and can dramatically 
affect material properties. The experimental evaluation of the 
effect of each factor on physical properties is difficult be- 
cause the properties of real thin films are a combined result 
of these factors. As a result, theoretical study is important 
since it can untangle these factors and provide fundamental 
insights into the behavior of thin films. 

For example, Pertsev et al. ' I  predicted the temperature- 
"misfit strain" phase diagrams for epitaxial and single- 
domain (001) PbTiO, and BaTi03 thin films using a phe- 
nomenological method. Five crystallographic phases were 
obtained: the p phase (Px= P y =  Pi=O) at high temperatures; 
the c phase (Px= Py=O, Pi f 0) at high compressive strains; 
the a a  phase (Px=Py f 0 ,  Pi=O) at high tensile strains; and 
the a c  ( P x = P z f  O,Py=O) and r phases ( P x = P y f  0 , P i  
f 0) at low temperatures and low strains. Here, Px, Py and 
Pi are the Cartesian components of the spontaneous polar- 
ization along the [loo], [OlO], and [OOl] pseudocubic direc- 
tions, respectively. The same method was also used to study 
periodic two-domain structures, but with a different set of 
parameters.'2 Recently, Dieguez et a1.I3 pointed out that the 
different sets of parameters used in Refs. 11 and 12 actually 
yield different low temperature phase behaviors, and thus 
decided to use a b  initio approaches to avoid such depen- 
dency on experimentally deduced parameters. Their resulting 
temperature-misfit strain phase diagram for epitaxial (001) 
BaTi03 films mostly differs from the one of Ref. 1 1  by two 
features: the a c  phase is now absent, and the phase diagram 
is symmetric with respect to zero misfit strain. 

These two pioneering studies of Refs. 11 and 13 have led 
to a better understanding of epitaxial thin films. However, 
their use of periodic bulks, with mechanical constraints, to 
mimic epitaxial Jilms has prevented them from investigating 
the effect of two important factors on physical properties of 
thin films, namely the existence of a surface/interface and 
the film thickness. Similarly, both works assume ideal short- 
circuit (SC) electrical conditions (that is, a vanishing total 
internal electric field), whereas real thin films likely exhibit a 
nonvanishing depolarizing field-even when sandwiched be- 
tween metallic electrodes.'' The aim of this letter is to reveal 

al~lectronic mail: blai@uark.edu 
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the role of the surfacelinterface, thickness, and electrical 
boundary conditions on the temperature-misfit strain phase 
diagram of (001) epitaxial BaTi03 ultrathin films: by using a 
first-principles-derived method. 

Similar to the approach used in Refs. 11 and 13, our 
BaTiO, thin films are simulated to be grown along the (00 1 ) 
direction ( z  axis) and assumed to be Ba-O terminated at all 
surfaces/interfaces. They are modeled by (large and 
z-elongated) 10 X 10 X 40 periodic supercells that contain a 
few number of (001) B layers (to be denoted by m) sand- 
wiched by nonpolar systems (representing, e.g., air, nonfer- 
roelectric substrates, metallic electrodes, etc,. . .). Here, we 
typically choose m=5 or 7, implying that these nonpolar 
regions are quite large. As a result, we obtain well-converged 
results for the film's properties, and the film thickness is 
automatically accounted for in our simulations. Following 
Ref. 8, the total energy of such a supercell is used in Monte 
Carlo simulations and is written as 

where EHeff is the (effective Hamiltonian) intrinsic snergy of 
the ferroelectric film. Its expression and first-pr.~ri~;i,:ics- 
derived parameters are those glven in Refs. 14 and 15, re- 
spectively, for bulk B ~ T ~ O ~ . ' ~  {u , }  are the local ferroelectr~c 

' 

distortions from paraelectric symmetry in unit cells i of the 
film-which are directly proportional to the electrical polar- 

' 

ization and whose components along the z axis are denoted 
as u,,. {v i }  are the inhomogeneous strain-related variables 
inside these films, whereas 7 is the homogeneous strain ten- 
sor. Epitaxial (001) films are associated with the freezing of 
three of the six components (in Voigt notation), i.e., 7, 
=O and 7, = 772= 8, with 8 being the value forcing the film to 
adopt an in-plane lattice constant equal to the one of the 
chosen in Ref. 13. {u i }  and { v i }  are forced to vanish outside' 
the films whereas the second term of Eq. (1) mimics the 
effects on properties of partial or full screening of 
polarization-induced charges at surfaces. It is dircctly pro- 
portional to a p parameter that characterizes the strength of 
the Ed total electric field inside the film. p=O corresponds ta 
ideal open-circuit conditions with Ed adopting its lnaximum 
magnitude, whereas an increase in lower. +hi.  nagnitl.de 
The value of p corresponding to ideal SC condit~on:, (;.; be 
denoted by psc) is 0.69 and 0.732 for thin films with n l = 7  

and 5, respectively, for 10 X 10 X 40 periodic s ~ ~ e r c e l l s . ~  
This second term is also dependent on the Barn effective 
charge (Z'), the lattice constant (a), the electronic dielectric : 

constant of BaTiO, (E, ) ,  as well as the average of the z 
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X-ray and ncutron diffraction tcchniqucs arc combincd with first-p~inciplcs-bascd si~nulations to dcrivc and 
undcrstand the structural properties of Pb(Sc,Nb,Ti)O, (PSN-PTI near its morphotropic phase boundary 
(MPB). An analysis of our mcasurcmcnts yiclds, at room and low tcmpcraturcs, an ovcrall tctragonal 
T-monoclinic ML-monoclinic hfK-rhombohedra1 R path (when adopting the notations of Vandcrbilt and 
Cohen, Phys. Rev. B 63. 94108 (2001) for thc monoclinic phascs) as thc Ti composition dccrcascs across thc 
MPB. A composition- and temperature-dependent significant mixing between some of thcse phases is also 
mcasurcd and rcportcd here. Thc ovcrall T-hlCIMB-R path. which has also bccn proposed for 
Pb(Mg,Nb,Ti)O:, [A. K. Singh and D. Pandey, Phys. Rev. B 67, 64102 (2003)] is rather complex since it 
involves a c/~ange in the polarization path: this polarization first rotatcs in a (100) planc for thc T-Mc part of 
the path and then in a (1-10) plane for the MB-R part of the path. Moreover, a comparison between these 
measurcmcnts and first-principles-bascd calculations raiscs thc possibility that this complex path, and thc 
associated Mc and MB phases, can only occur if the samples exhibit a deviation from a perfectly hnmogencous 
and disordered situation, c.g. possess nanoscale chcmically-ordcrcd rcgions. If not, homogcncously disordcrcd 
PSN-PT is predicted to exhibit at low tcmperaturc the same polarization path as Pb(Zr,Ti)O,, that is 
T-monoclinic MA-R which i~~volvcs a "singlc" polarization rotation in a (1-10) planc. Nanoscalc inhomogc- 
ncity may thus play a key role on the macroscopic properties of PSN-PT, in particular, and of other heterova- 
lcnt complcx solid solutions, in gcncral, near their MPB. 

D01: 10. I 103il'hysKcvB.7 1.1041 06 PACS number(s): 81.30.B~. 77.84.L~y,61.10.-i,61.12.-q 

Insulating perovskitc solid solutions are of tremendous 
ILL1 

elcctric and dielectric responses.'-"0 datc, thc largest elec- 
tromechanical and dielectric responses have beenfound in 
PbTi03-based alloys--c.g., Pb(Zr,Ti)03 (PZT), 
Pb(Mg,Nb ,Ti)03 (PMN-PT) and Pb(Zn,Nb ,Ti)03 (PZN- 
PT)-in a region of relatively narrow conlposition range, 
denoted the morphotropic phase boundary (MPB). This re- 
gion separates a R rhombohedra1 state for low Ti concentra- 
tion from a tetragonal T phase at a higher Ti content. The 
enhancement of  piezoe~edtricity and dielectricity occurring 
in the MPB has been shown, experimentally and theoreti- 
cally, to be linked to the existence of low-symmetry phase(s) 

that can be seen as structurally bridging the well-known R 
and T phases via the rotation of the spontaneous 
polarization.3-'8 

Interestmgly, the preclse symmetry. and the number and 
mixing of thcsc intenncdiate structures sccm to vary from 
one kind of material to another. As a matter of fact, it is now 
well established that the so-called monoclinic phasc'3 is 
the sole low-symmetry phase existing in the MPB of PZT 
(when focusing on polarizations, i.c. when neglecting anti- 
ferrodistortive displacements) at atmospheric pressure and 
under no external clectric field.s." On the other hand, 
PMN-PT has been reported to follow, in overall, a 
T-monoclinic LfC-~nonocli~~ic .+IB-R path once decreasing 
the Ti concentration across the M P B . ~  Such a path is quite 
complcx and involves a change of plane in which the polar- 
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Abstract. Experimental and theoreticnl techniques are combined to investigate properties of the 
environmentnlly-friendly and technologically-promising (&.JN~s)NbOs (KNN) solid s o l u t i o n s . ~ ~  long- 
range fe~~oelectric phases of orthorhombic nnd tetragonnl symmetry are reported above 250K. Furthermore, 
our dielectric rneasure~nentq, X-my detn and simulntions suggest nn unusunl formation of rhombohedra1 
cll~ste~s within nn orthorholnbic matrix at lower temperature. 

INTRODUCTION 

a result of the concelns raised by the toxicity of lend. new regulations have been taken in Europe 
der  lo protecl health and environment. The development of lead-free or low-lead content materials 

roperlies similar to those occurring in Pb-based coinpounds has then become a goal of major 

In particular, the potassium-sodium niobote alloy (KI-,Na,)NbO3 (usunlly denoted as KNN), after 
invesligated in the seventies, l~as gained arenewed interest. As amatter of fad ,  this solid solution, for 
posilians close to 50% and when mixed with a few amount of LiNb03, was very recently found to 

it d33 piezoelect~ic coefficients ns high as 200-235 pC/N, kJ3 electron~echa.nical coefficients higher 
404, as well as Curie temperatures in the range of 725-783K [I]. Furthermore, on a fundamentnl 
of view, the  composition-temperature phase diagram of KNN is rather con~plex (and thus also 
of interest) mainly because of a possible co~npetition andlor coexistence between ferroelectric 

anliferrodistorlive degrees of freedom [2]. It is thus possible that some stluctural phases (especially 
try and nt low-temperature) have been overlooked in the past, due to the challenge in 

hnracterizing them. As in Pb(Zr,Ti)03, such phases (if any) mny be responsible for the large 
echanical responses recently discovered in KNN-based systems [I 1. 

e aim of the present work is to study in detail properties of KNN having an overall 50% No 
mposirion as a ftinction of temperature, by combining experimental and nunlelicd ttxhniques. 

@.I Experimental methods 

at various frequencies using a Hewlett-Packard4192A impedance 
functiori of temperature with cooling and heating runs of 2Klmin. 

OK to 450K while a furnace with n precision better than 1K was used for the high temperature range 
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First-principles calculations have been carried out to reveal structural, electromechanical, electronic, and 
lattice dynamical properties of GaNlScN and InNlScN superlattices-made by alternating hexagonal layers of 
GaN, or InN, with hexagonal layers of ScN-for different periods and overall compositions. These nitride 
systems belong to two different structural classes (having different coordination number), depending on the 
overall composilion. For Sc compositions larger than 50%. each atom has nearly live nearest ne~ghbors. On the 
other hand, Sc-delicient superlattices adopt a ground stale that is nearly fourfold coordinaled. This change ol 
structure, and the change in composition or period within the same structure, considerably affect the piezo- 
electric response, the electronic band gap in magnitude as well as in character (indirect versus direct), and the 
phonon spectra. We also discussed the relevance of some of these predictions for designing future technologi- 
cal applications. 

DOI: 10.1103lPhysRevB.72.0853 15 PACS number(s): 71.20.Nr. 61.66.Dk. 77.65.-j, 63.20.Dj 

I. INTRODUCTION notation given to a similar phase found in MgO in Ref. 1 1  ) 

Gallium nitride and indium nitride have been extensively 
studied in the last ten years for fundamental and technologi- 
cal reasons, as well as for the differences they exhibit with 
respect to more conventional 111-V semiconductors (such as 
GaAs, InAs, or AIAs). For instance, the ground state of both 
GaN and InN is the so-called wurtzite structure-which be- 
longs to the hexagonal symmetry class, is polar and four- 
times coordinated-that differs from the cubic and nonpolar 
zinc-blende phase that "usual" 111-V semiconductors adopt. 
Nitrogen is also known to form rather short bonds with Ga or 
In (e.g., the length of these bonds in GaN and InN is about 
80% of those occurring in GaAs and InAs, respectively), 
which results in exceptionally small atomic volumes in these 
nitride semiconductor compounds. Consequently, they ex- 
hibit a large magnitude of the forbidden gap (e.g., 
EL,> 3 eV in GaN), a considerable hardness, and high ther- 
mal conductivity. Some of these properties make the nitrides 
technologically useful (see Ref. 1 and references therein). As 
a matter of fact, nitride semiconductors have led to the de- 
velopment of future short-wavelength (green, blue, and ultra- 
violet) electroluminescence  device^.^-^ 

Furthermore, there has also been a long interest in another 
111-V nitride system, namely ScN. For instance, Travaglini et 
ul.' performed optical reflectivity measurements on ScN and 
compared them with the results of the first-principles elec- 
tronic structure calculations by Monnier et ~ 1 . ~  More re- 
cently, first-principles calculations were performed and ex- 
periments were carried o ~ t ~ , ~  to determine the band structure 
of the ScN in its ground-state structure. They predict ScN to 
be a semiconductor. While most of the previous studies on 
ScN focused on the ground-state structure (that is, the rock- 
salt phase9), we recently reported the discovery of another 
stable phase in ScN. Such phase is metastable and is a lay- 
ered hexagonal (nonpolar) phase that is five-times 
coordinated,1° and that we denoted as h-ScN (to follow the 

Moreover, we further predicted that applylllg a L:c:r.,-ressive 
in-plane strain on h-ScN can result in a very high piezoelec- 
tric response, as well as a tuning of the electronic band gap 
in the entire visible range.12 In other words, it can lead to 
multifunctionality. 

Interestingly, studies dedicated to solid solutiorls made by 
alloying ScN with GaN or InN are rather scarce.'"-'5 while 
these materials have the potential to yield optimized proper- 
ties or striking features.12 For instance, in a recenl work we 
found that superlattices made by alternating n 1ayer.s of ScN 
with n layers of GaN (or 1nN)-that is, superlattices having 
an overall Sc concentration of 50%-exhibit a rare phenom- 
enon. More precisely, they undergo an isostruci~rrcll phase : 
transition (from a wurtzite-derived to a h-derived phase) 
when applying a hydrostatic pressure. Such peculiar phase 
transition was also found to considerably affect piezoelectric, 
dielectric, and d ynamical properties. '" 

The aim of this paper is to predict (and understand) vari; 
ous properties of solid solutions made by alloying hexagonal 
ScN with hexagonal GaN and InN, us u function oJ'c~unzpo- 
sition. More precisely, we have carried first-principles calcu- 
lations to investigate structural, piezoelectric r?aF-ll.2, npti- 
cal and phonon spectrum of (ScN)/(GaN) and (ScN) /iInN) 
superlattices for different overall compositions and different 
periods. We focused on short-period superlattice, rather than 
disordered systems for two main reasons. First ?f all, the 
accuracy needed to accomplish our aim "forced us to select 
first-principles methods as the numerical tool of choice. 
which forbids us to investigate large systems because their 
studies would require a large cost in computer time and 
memory. Second, short-period superlattices have indeed been 
grown in nitride semicondu~tors , '~  in genel.al, and in 
G ~ N I s c N , ' " ~  particular. 

This paper is organized as follows. Section I1 indicates lhe 
methodology we have used for our calculations. In Sec. 111. 
we show and discuss the properties of these superlattices. 

i315-1 02005 The American Ph>,sit a1 Society 
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Abstract 

The recent development and use of atomistic approaches have revealed the occurrence of original features in zero- and one-dimen- 
sional ferroelectric systems, and have also indicated how properties of such nanostructures dramatically depend on boundary conditions. 
O 2006 Elsevier Ltd. All rights reserved. 

Key~rard.~ Ferroelectric nanostructures; Atomistic simulations; First-principles techniques; Nanodomains 

1. Introduction 

Ferroelectric nanostructures (FENs) are receiving a lot 
of attention for technological reasons, e.g., the need in 
devices miniaturization [l] and their potential for applica- 
tions such as dynamic random access memories [2], non- 
volatile random access memories [3] and integrated devices 
[4]. Such low-dimensional systems are also attractive from 
a fundamental point of view by, e.g., determining if - and 
understanding how - their properties can differ from those 
of the corresponding (three-dimensional) bulk system. 

Properties of perosvkite thin and ultrathin films - that 
are two-dimensional systems - are now rather well under- 
stood thanks to an intense experimental and theoretical 
effort (see, e.g., Refs. [5,6] and references therein). On the 
other hand, studies on OD-like and 1D-like FENs are 
rather scarce mostly because of the difficulty in growing, 
characterizing and modelling them [7-181. Interestingly, 
such nanosystems should be exquisitely sensitive to many 
factors, such as their morphology and boundary conditions 
because: (i) the strong Coulomb interactions that give rise 
to ferroelectricity are drastically modified in the presence 
of surfaces and interfaces; (ii) a ferroelectric state is signif- 
icantly affected by the mechanical boundary conditions due 
to a strong electrostrictive coupling; (iii) the fields arising 

Corresponding author. 
E-mail address; laurent@uark.edu (L. Bellaiche). 

either from space charge or from depolarization also inter- 
act strongly and directly with the ferroelectric order para- 
meter. Thus, by altering the properties of ferroelectrics in 
unexpected ways, nanostructuring may result in both new 
science and new functional devices. Accurate atomistic sim- 
ulations can thus be useful to provide local insights on 
nanoscale behavior that are dimcult to access via experi- 
mental probes, and to guide synthesis of materials with 
new or improved properties. 

The purposes of the present review are twofold: (1) to 
provide a description of different numerical atomistic 
schemes allowing the computation of properties of OD 
and 1D FENs; (2) to summarize the understanding of these 
low-dimensional systems that has been gained in the last 3 
years thanks to these numerical schemes. 

2. Methodology 

2.1. Dipole-d@ok interaction in jcrroelectric 
nanostructures under open-circuit conditions 

One important issue associated with ferroelectric nano- 
structures is how to precisely compute their dipole-dipole 
interactions when they are under open-circuit electrical 
boundary conditions. As a matter of fact, at the exception 
of OD systems that form the sole type of nanostructure hav- 
ing ajinite number of atomic sites, the dipole-dipole inter- 
action energy in other low-dimensional systems can not be 

1359-02861% - see front matter O 2006 Elsevier Ltd. All rights reserved. 
doi:10.1016~i.cossms.2O0hhO5.003 
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Bulk ferroelectrics undergo structural phase transformations at low temperatures, giving 
multi-stable (that is, multiple-minimum) degenerate states with spontaneous polarization. 
Accessing these states by applying, and varying the direction of, an external electric field is a 
key principle for the operation of devices such as non-volatile ferroelectric random access 
memOriecl (/nature/iournal/v4.?2/n~oi8/full/natureo~io7.html#Bi) (NFERAMs), Compared with bulk 
ferroelectrics, low-dimensional finite ferroelectric structures promise to increase the storage 
density of NFERAMs lo,ooo-fold2 (/nature/iournal/v~s2/n~0i8/full/nature0~i0~.html#B) . But this 
anticipated benefit hinges on whether phase transitions and multi-stable states still exist in 
low-dimensional structures. Previous studies have suggested that phase transitions are 
impossible in one-dimensional systemsay (/nat~re/jo~rnal/~~~2/n~0i8/full/nature0gi0~.html#B~) 4 
~/nature/~ournal/v~~2/n~oi8/full/natureo.?io~.html#B~) 5 (/nature/iournal/vq~2/n~oi8/full/nature0~i0~.html#B~ 

, and become increasingly less likely as dimensionality further decreases% 
~ / n a t u r e / i o u r n a l / v ~ ~ ~ / n ~ 0 i 8 / f u l l / n a t u ~ )  4, 

J/nature/journal/v~.?2/n~oi8/full/natureoio.htm#B) 5, 

~/nature/journal/~~~.?2/n~0i8/full/natureoio.html#B) 6 (/nature/iournal/vqg2/n~0i8/full/natu~i0~.html#B6) 

. Here we perform ab  initio studies of ferroelectric nanoscale disks and rods of technologically 
important Pb(Zr,Ti)Os solid solutions, and demonstrate the existence of previously unknown 
phase transitions in zero-dimensional ferroelectric nanoparticles. The minimum diameter of 
the disks that display low-temperature structural bistability is determined to be 3.2 nm, 
enabling an ultimate NFERAM density of 60 x 10'2 bits per square inch-that is, five orders of 
magnitude larger than those currently available7 
(/nature/iournal/v~.?2/n7oi8/full/natureio.html#B~ Our results suggest an innovative use of 
ferroelectric nanostructures for data storage, and are of fundamental value for the theory of 
phase transition in systems of low dimensionality. 
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Properties of Pb(Zr,Ti)03 ultrathin films under stress-free 
and open-circuit electrical boundary conditions 

Emad Al~nahmoud, Y ~ ~ l i a  Navtsenya, Tgor Kornev, Huaxiang Fu. and L. Bellaiche 
PI~y.ric-s Depar~nent ,  Universiy ofAr.ktrnsas, Faye~evi l le .  Arkonsus 72701, USA 

(Reccivcd 3 Septcrnber 2004; published 17 Dccc~nbcr 2004) 

A first-principles-bascd scheme is dcvcloped to simuiatc propertics of (001) PbO-tcnninatcd Pb(Zr,-,Ti,)03 
thin films that arc under stress-free and open-circuit boundary conditions. Thcir low-temperature spontaneous 
polarization ncvcr vanishes down to thc minimal thickness, and continuously rotates bctwccu thc in-planc 
(010) and (I 10) directions when varying the Ti composition around x=0.50. Such rotation dramatically en- 
hanccs piezoclcctricity and dielcctricity. Furthermore, the ordcr of some phase transitions changcs when going 
iiom bulk to thin films. 

DO[: 10.1 103/PhysRevB.70.220102 PACS number(s): 77.55.+f, 77.80.Bh, 77.65.Bn, 77.22.Ch 

Ferroelectric thin films are currently of enonnous techno- 
logical intercst, n~ostly because of the nced for miniaturiza- 
tion in devices.' Many fundamental questions are still unan- 
swcrcd andlor unsettled in thcse low-dimensional systcms. 
For instance. whether or not there is a critical thickness be- 
low which no fcrroclectricity can occur is still undcr 
debate.'-"irnilarly, the precise effects of surface on proper- 
ties of thin films arc opened for d i s c u s s i o ~ ~ . ~ ~ ~ - ' ~  One may 
also wonder how the striking features exhibited by some 
bulk materials may evolve in the corresponding thin films. . 
Typical cxamples of such features are the unusual low- 
symmetry phases (associated with a composition-induced ro- 
tation of the spontaneous pola~ization and with an enhance- 
ment of dielectric and piezoelectric responses), recently 
discovered in the morphotropic phase boundary (MPB) of 
various 

One reason behind this lack of knowledge is that thin (and 
particularly ultrathin) films are difficult to synthesize in a 
good quality form, and their characterization is by no means 
straightforward. Similarly, realistically simulating thin films 
is a theoretical challenge. For instance, while phcnomeno- 
logical and ab initio-based models have already provided a 
deep insight into thin filins (see Refs. 2 and 16-1 8 and rcf- 
erences therein), such models do not usually incorporate 
somc subtle surface-related phcnomena, e.g., charge transfer 
and modification of ferroelectric interactions near the sur- 
face. On thc other hand, direct first-principles techniques can 
easily include such  effect^.-'^^-'^ However, their large compu- 
tational cost currently prevcnts them from being uscd to 
study complex phenomena and/or con~plex systems (e.g., 
thin films madc of disordcrcd solid solutions), cspccially at 
finite temperature. The atomistic approach of Ref. 5 is a 
promising technique for invcstigating thin films at finite tem- 
perature, but its level of accuracy depends on the surface 
tenninatioq5 which emphasizes that mimicking well surface 
effects on physical properties is tricky. 

The aims of this R a ~ i d  Conlmunication arc twofold: first. 
to present a first-principles-derived approach allowing accu- 
rate predictions of finite-tcmpcrature propcrtics of complex 
ferroelectric thin films, under stress-free and open-circuit 
boundary conditions; sccond, to use this approach to better 
understand thin films by providing answers to the questions 
mentioned above. 

Here, we extend the lib initio effective Hamiltonian 
scheme proposed in Rcf. 12 to mimic thin films that (1) are 
made of Pb(Zr,Ti)03 (PZT); (2) are grown on a substrate 
along the [OO I] dircction; and (3) have vacuum abovc thcm. 
More precisely, the total energy E,o, of such low-dimensional 
systems is written as 

where u(i) are the (B-centered) local soft modes in unit cells 
i of the film, and are directly proportional to the electrical 
polarization. v(i) are inhomogeneous strains around the i 
site, while 7 is the homogeneous strain tensor. {cr,} charac- 
terizes the alloy configuration.'* Emu, represents the intrinsic 
ferroelectric and elastic interactions inside the film, with its 
analytical cxpression and first-principles-derived parameters 
being those.of PZT bulks.12 Only four (out of 26) parameters 
are con~position dependent in Emu,: they are those associated 
with the so-called local-mode self-energy.'' The last three 
terms of Eq. (1) mimic explicit interactions between this film 
and the vacuum, with the j index n~nning over all the B sites 
that are the closest to the free surface. u,(j), z l y ( j ) ,  and u,(j) 
denote the (x, y and z) Cartesian component of uCj) along the 
pseudocubic [loo], [OIO], and [001] directions, respectively. 
a mns over the x and y axes (i.e., it does not include the 
growth direction). zl,(j+ &) [respectively, u,(j- &)I is the a 
component of the local mode centered on the B site that is 
the closest from the j site that is parallel (respectively, anti- 
parallel) to the a axis. The P and T parameters quantify how 
vacuum affects the out-of-plane components (u, and vz) of 
the local modes and inhomogcneous strains near the surface, 
respectively. S characterizes the change, with respect to the 
bulk, of the short-range interaction betwecn the in-plane 
components of the local modes near the surface. The P, T, 
and S parameters are determined from first-principles calcu- 
lations on a PbO-terminated (00 1 )  17-atom slab (correspond- 
ing to 3 B - 0  and 4 A - 0  atomic layers) of a PZT alloy, as 
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Atomistic simulations of the incipient ferroelectric KTa03 
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A paran~cterited effective Hamiltonian approach is used to investigate KTa03. We find that the experimen- 
tally obscrved anomalous dielectric response of this incipient fcrroclectric is wcll rcproduced by this approacll, 
once quantum effects are accounted for. Quantum fluctuations suppress the paraelectric-to-ferroelectric phase 
transition; i t  is unncccssary to introduce defects to explain thc diclcctric behavior. The resulting quantum- 
induced local structure exhibits off-center atomic displacements that display longilrtdinnl, neeclle-like correla- 
tions cxtending a few lattice constants. 

DO[: 10.1 103/PhysRcvB.70.054103 PACS numbcr(s): 77.84.-s. 78.20.Bh, 81.30.D~ 

I. INTRODUCTION 

Numerous experimental and theoretical studies have been 
carried out on the perovskite KTa03 over the last 40 years 
(sec, e.g., Refs. 1-12, and references therein), making this 
material one of the most-studied "incipient ferroelectrics." 
The main reason for this interest is that the dielectric con- 
stant of KTa03 increases continuously with decreasing tem- 
perature down to - 10 K, but then saturates to a plateau at a 
large value (-4000) at lower temperatures while remaining 
paraelectric and cubic all the way down to 0 K.'.j These 
anomalous low-temperature features are usually thought to 
be caused by the suppression of a paraelectric-to- 
ferroelectric phase transition by zero-point quantum 
 fluctuation^^,^ (hence, the name "incipient ferroelectric" or 
"quantum paraelectric" used to describe KTaO, and other 
materials, such as SrTiO,, exhibiting similar unusual dielec- 
tric and structural properties). Surprisingly, this generally ac- 
cepted picture is apparently not supported by various first- 
principles calculations, using the density-functional theory 
(DFT) either in its local-density approximation (LDA)," or 
generalized-gradient approximation (GGA),~'.'~ form since 
these simulations all predict that KTaOj should be paraelec- 
tric at T=O even when neglecting zero-point m ~ t i o n . ~ - ~  This 
raises the possibility that LDA and GGA are not accurate 
enough to adequately reproduce the qualitative properties of 

-----tflcp ie~ftfeflo~t~ctr~~SSSA~~~~e~afee-e~pl~fiaf ~ ~ r r f ~ i ~ & ~ S - S -  
crepancy between first-principles calculations and experi- 
ments is that the simulations assume a perfect material while 
real samples may contain defects such as oxygen vacancies 
and ~e ' '  ion~?,'.~-"hat might lead to the observed anoma- 
lous properties of KTaO,. In fact, the interpretation of vari- 
ous  experiment^,^.'^ still remains controversial as to whether 
they are attributable to extrinsic effects (i.e., defects induced) 
or intrinsic off-center atomic displacements. Furthermore, 
while previous studies invoke the existence offerroelectric 
microreginns inside the macroscopically-paraelectric KTa03 
system to explain some of its p r ~ ~ e r t i e s , ~ ~ "  there has never 
been any direct determination of the size and shape of these 

proposed polar regions, to the best of our knowledge. For 
instance, the pioneering work of Ref. 9 made several as- 
sumptions in their analysis of low-temperature Raman 
spectra-such as isotropy of these microregions-to extract 
a characteristic size = 16 A for these polar regions. 

We use large-scale atomistic simulations to shed light on 
thc aforementioned long-standing problems. We report cal- 
culations on KTa03 using a parameterized effective Hamil- 
tonian approach. Our main findings are that (i) LDA and 
GGA are indeed not accurate enough to reproduce the ob- 
served anomalous properties of KTa03, evcn qualitatively: 
(ii) these properties can be understood without the need qf 
introducing defects, if quantum fluctuations are present to 
suppress the paraelectric-to-ferroelectric transition; (iii) the 
low-temperature local structure of KTaO, is characterized by 
off-center atomic displacements that are longitudinczl~ cor- 
related, in a needle-like (and thus anisotropic) way, with a 
correlation length spatzning a f iw j i ve -a tom urlif cells. 

The remainder of this papcr is organized as follows. In 
Sec. 11, we give a brief description of the methods we have 
used. Section 111 discusses the results on dielectric suscepti- 
bility and n~icroscopic properties of KTa03. Finally, Sec. IV 
concludes the paper. 

11. METHODOLOGY 

Wep"s;efhepe.cfxdve wmffiifi%fiA f ~ g ~ a ~ p ~ a c ~ - & e v e T : - - -  
oped in Ref. 16 to investigate finite-temperature properties of 
KTaO,. Within fhis approach, the total energy E,,, is a func- 
tion of three types of local degrees of freedom: ( I )  the ui 
(B-site centered) local soft-mode amplitude in each i five- 
atom cell, describing the local polarization in each cell; (2) 
the ui (A-site centered) inhomogeneous strain variables; and 
(3) the homogeneous strain tensor. E,,, contains 18 param- 
eters and 5 different contributions: a local-mode self energy, 
a long-range dipole-dipole interaction, a short-range interac- 
tion between local modes, an elastic energy, and an interac- 
tion behveen the local modes and strains.16 This effective 
Hamiltonian approach has been successfully used to model, 

1098-01 21/2004/70(5)/054103(5):S22.50 70 054103-1 Q2004 The American Physical Socicty 



PHYSICAL REVIEW B 70, 220102(R) (2004) 

Properties of Pb(Zr,Ti)03 ultrathin films under stress-free 
and open-circuit electrical boundary conditions 

Emad Al~nahmoud, Yulia Navtsenya, Tgor Kornev, Huaxiang Fu, and L. Bellaiche 
PIzysrc~ Depart~nenr. University of Arkar~sas, Fqene~~ille. Arkansas 72701, USA 

(Kcccivcd 3 Scptc~nbcr 2004; publlshcd 17 Dccc~nbcr 2004) 

A first-principles-based schcmc is dcvclopcd to simulatc properties of (001) PbO-tc~ininatcd Pb(Zrl-,Ti,)03 
thin films that arc under stress-free and opcn-circuit boundary conditions. Their low-tcmpcraturc spontaneous 
polarization ncvcr vanisbcs down to thc minimal thickncss, and continuously rotatcs bctwccn the in-plane 
(010) and (1 10) directions when va~ying the Ti composition around x=0.50. Such rotation dramatically en- 
hanccs piezoclcctricity and diclcctricity. Furthcrmorc, the ordcr of some phasc transitions changcs when going 
i'rom bulk to thin films. 

DOI: 10.1 103lPhysRcvB.70.220102 PACS number(s): 77.55.+f. 77.80.Bh, 77.65.Bn, 77.12.Cb 

Ferroelectric thin films are currently of enonnous techno- 
logical intercst, n~ostly because of the need for miniaturiza- 
tion in devices.' Many fundamental questions are still unan- 
swercd and/or unsettled in thcsc low-dimensional systc~ns. 
For instance. whether or not there is a critical thickness be- 
low which no ferroelcctricity can occur is still undcr 
debate.'-"imilarly, the precise effects of surface on proper- 
ties of thin films arc opened for d i ~ c u s s i o n . ~ ~ ~ ~ - ' ~  Onc may 
also wonder how the striking features exhibited by some 
bulk materials may evolve in the corresponding thin films. 
Typical examples of such features are the unusual low- 
symmetry phases (associated with a composition-induced ro- 
tation of the spontaneous polarization and with an enhance- 
ment of dielectric and piezoelectric responses), recently 
discovered in the morphotropic phasc boundary (MPB) of 
various a l l o y ~ . ~ ' - l ~  

One reason behind this lack of knowledge is that thin (and 
particularly ultrathin) films are difficult to synthesize in a 
good quality form, and their characterization is by no means 
straightforward. Si~nilarly, realistically simulating thin films 
is a theoretical challenge. For instance, while phenomeno- 
logical and ah initio-based models have already provided a 
dcep insight into thin films (see Rcfs. 2 and 16-1 8 and rcf- 
erences therein), such models do not usually incorporate 
some subtle surface-related phenomcna, e.g., chargc transfer 
and modification of ferroelectric interactions near the sur- 
face. On the other hand, dircct first-principles techniques can 
easily include such e f f e ~ t s . ~ ~ ' - l ~  However, their large compu- 
tational cost currently prcvcnts tllcm from being used to 
study complex phenomena andlor complex systems (e.g., 
thin films madc of disordcred solid solutions), especially i t  
finite temperature. The atomistic approach of Ref. 5 is a 
promising techniquc for investigating thin films at finite tein- 
perature, but its level of accuracy depends on the surface 
tcrm~nation,~ which emphasizes that mllnicking wcll surface 
effects on physical properties is tricky. 

The aiins of this Rapid Communication arc twofold: first, 
to present a first-principles-derived approach allowing accu- 
rate predictions of finitc-temperature properties of complex 
ferroelectric thin films, under stress-free and open-circuit 
boundary conditions; second, to usc this approach to bctter 
understand thin filnls by provlding answers to the questions 
mentioned above. 

Here, we extend the a b  initio effective Hamiltonian 
scheme proposed in Ref. 12 to mimic thin films that ( I )  arc 
made of Pb(Zr,Ti)O, (PZT); (2) are grown on a substrate 
along the [OOl] direction; and (3) have vacuum above thcln. 
More precisely, the total energy E,,, of such low-dimensional 
systems is writtcn as 

wherc u(i) arc the (B-centered) local soft modes in unit cells 
i of the film, and are directly proportional to the electrical 
polarization. v(i) are inhomogeneous strains around the i 
site, while 7 is the hoinogeneous strain tensor. {ai} charac- 
terizes the alloy configuration.I2 Em,, represents the intrinsic 
ferroelectric and elastic interactions inside the film, with its 
analytical expression and first-principles-derived parameters 
being those of PZT b~1k.s . '~  Only four (out of 26) parameters 
are con~position dependent in E,,,: they are those associated 
with the so-called local-mode ~ e l f - e n e r g ~ . ' ~  The last three 
terms of Eq. (1) mimic explicit interactions between this filin 
and the vacuum, with the j index ninning over all the B sites 
that are the closest to the free surface. u,G), 1 1 , , ( j ) ,  and ui(j) 
denote the (x, y and z )  Cartesian component o f u v )  along the 
pseudocubic [loo], [OlO], and [OOl] dircctions, rcspectively. 
a nms over the s and y axes ji.e., it does not include the 
growth direction). zi,(j+&) [respectively, u,(j-&)I is the rw 
component of the local mode centered on the B site that is 
the closest from the j site that is parallel (respectively, anti- 
parallel) to the a axis. The P and T parameters quantify how 
vacuum affects the out-of-plane components (ui and v;) of 
the local inodes and inhomogencous strains near the surface, 
respectively. S characterizes the change, with respect to the 
bulk, of the short-range interaction between the in-plane 
conlponents of the local modes near the surface. The P, T, 
and S parameters are determined from first-principles calcu- 
lations on a PbO-terminated (001) 17-aton1 slab (correspond- 
ing to 3 B - 0  and 4 A - 0  atomic layers) of a PZT alloy, as 
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Ultrathin Films of Ferroelectric Solid Solutions under a Residual Depolarizing Field 

Igor Kornev, Huaxiang Fu, and L. Bellaiche 
Physics Department, University of Arkansas, Fayetteville, Arkansas 72701, USA 

(Received 17 March 2004; published 5 November 2004) 

A first-principles-derived approach is developed to study the effects of depolarizing electric fields on 
the properties of Pb(Zr, Ti)O, ultrathin films for different mechanical boundary conditions. A rich 
variety of ferroelectric phases and polarization patterns is found, depending on the interplay between 
strain and the amount of screening of surface charges. Examples include triclinic phases, monoclinic 
states with in-plane and/or out-of-plane components of the polarization, homogeneous and inhomoge- 
neous tetragonal states, as well as peculiar laminar nanodomains. 

DOI: 10.1103/PhysRevLett.93.196 104 PACS numbers: 68.55.-a, 77.22.Ej, 77.80.Bh. 77.84.D~ 

Ferroelectric thin films are of increasing technological 
interest because of the need in miniaturization of devices 
[I]. An intriguing problem in these films concerns their 
polarization patterns. For instance, the various following 
patterns have been recently predicted or observed: out-of- 
plane monodomains [2-51, 180" out-of-plane stripe do- 
mains [5,6], 90" multidomains that are oriented parallel 
to the film [7], and microscopically paraelectric phases 
[4]. The fact that dramatically different patterns have 
been reported for similar mechanical boundary condi- 
tions supports a concept discussed in Refs. [4,8], namely, 
that they arise from different electrical boundary con- 
ditions. More precisely, real thin films are likely neither 
in ideal open-circuit (OC) conditions, for which 
unscreened polarization-induced surface charges can 
generate a large depolarizing electric field along the 
growth direction [9], nor in ideal short-circuit (SC) con- 
ditions, which are associated with a vanishing internal 
field resulting from the full screening of surface charges, 
but rather experience a situation in between. The amount 
of surface charges' screening in thin films can vary from 
one experimental setup to another, possibly generating 
different polarization patterns [4,5]. 

Phenomenological and atomistic models have provided 
deep insight into thin films, but "only" for ideal OCor SC 
conditions (see Refs. [6,7,10], and references therein). 
First-principles calculations with electrical conditions 
falling between these two extremes have been performed, 
but the small used supercell size may have prevented the 
prediction of domains [4]. Finally, experimentally ex- 
tracting the magnitude of the internal field is a challeng- 
ing task. A precise correlation between the amount of 
screening of surface charges and the morphology of the 
polarization pattern, and how this correlation depends on 
mechanical boundary conditions, are thus still lacking 
nowadays despite their importance. Atomic-scale details 
of multidomains-and their formation mechanism-are 
also scarce in ferroelectric thin films. One may also 
wonder if some uncompensated depolarizing fields can 
yield ferroelectric phases that do not exist in the corre- 

sponding bulk material. Candidates for these latter 
anomalies are films made of alloys with a composition 
lying near their morphotropic phase boundary (MPB), 
because of the easiness of rotating their polarization [I 11. 

In this Letter, we develop a first-principles-based 
scheme to investigate the effects of uncompensated de- 
polarizing fields on the properties of Pb(Zrl-,TiX)O3 
(PZT) films near their MPB, for different mechanical 
boundary conditions. Answers to the problems sum- 
marized above are provided. We find a rich variety of 
ferroelectric phases, including unusual triclinic and 
monoclinic states. We also observe complex nanodomains 
and reveal their formation and atomic characteristics. 

We model PZT thin films that (i) are grown along the 
[OOl] direction (to be chosen along the z axis), (ii) are 
"sandwiched" between nonpolar systems (mimicking, 
e.g., air, vacuum, electrodes, and/or nonferroelectric sub- 
strates), (iii) have Pb-0 terminated surfaces, and (iv) have 
a 50% overall Ti composition. Such structures are mod- 
eled by large periodic supercells that are elongated along 
the z direction and that contain a few number of B layers 
to be denoted by m, with the atoms being randomly 
distributed inside each layer. Typically, we use 10 X 10 X 
40 periodic supercells with m around 5. The nonpolar 
regions outside the film are thus altogether 40 - m lattice 
constant thick along the growth direction, which allows 
well-converged results for the film properties [6 ] .  The 
total energy of such supercells is used in Monte Carlo 
simulations, and is written as 

where EHeff is the energy of the ferroelectric film per se. 
Its expression and first-principles-derived parameters are 
those given in Ref. [ I  I] for bulk PZT. ui are the local soft 
modes in unit cells i of the PZT film whose components 
along the z axis are denoted as ui,,. vi are inhomogeneous 
strain-related variables inside these films, while 17 is the 
homogeneous strain tensor. The form of 7 is relevant to 
stress-free (all the components of 7 fully relax) versus 
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Ferroelectricity in Barium Titanate Quantum Dots and Wires 
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Properties of BaTiO, colloidal quantum dots and wires are simulated using a first-principles-based 
approach. Large atomic off-center displacements (that are robust against capping matrix materials) are 
found to exist in very small (<5 nm) dots. We further determine the size dependences of electrical and 
electromechanical responses in the studied nanostructures, as well as provide microscopic under- 
standing of these responses. 
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Intense experimental effort has been made recently 
in synthesizing and understanding ferroelectric (FE) 
nanostructures-e.g., BaTi03 dots [I], rods 121, wires 
[3], and nanotubes 141, and Pb(Zr, Ti)03 thin films [5,6] 
and nanoparticles [7]-mainly because of their pro- 
mise in increasing F E  nonvolatile-memory density thou- 
sands fold by reading and writing into individual 
nanoparticles [3,8,9]. Furthermore, these F E  nanostruc- 
tures are also critical in light of miniaturizing piezo- 
electric transducers and actuators, ultrasonic devices, 
and medical imaging detectors [10,11]. From a funda- 
mental point of view, ferroelectricity is caused by atomic 
off-center displacements, resulting from a delicate bal- 
ance between long-range (LR) Coulomb interaction and 
short-range (SR) covalent interaction [12]. In nano- 
structures, both interactions-and thus their balance- 
are altered with respect to the bulk, since the LR in- 
teraction is truncated due to lack of periodicity, while 
the SR one is significantly modified near the sur- 
face boundary. Consequently, it is commonly believed 
[13-161 that ferroelectricity in nanostructures would 
disappear entirely (i.e., there is no ferroelectric off- 
center instability) below a critical size. This belief has 
recently received support from a theoretical study on 
BaTi03 thin films [17]. For FE nanoparticles, while mea- 
surements of lattice structures (rather than polarization) 
are available only at large sizes (-500 A, Refs. [14,15]), 
the critical size of ferroelectricity (if any) is unknown 
[l-3,7]. In fact, it is not even clear whether there are any 
ferroelectric displacements in FE dots and/or whether 
these displacements are aligned to form long-range ferro- 
electrlc phases. 3lmllarly, virtually nothlng 1s known 
about the electrical and mechanical responses of FE 
nanoparticles to electric fields. 

The purpose of this Letter is to investigate, from first 
principles, the ferroelectric properties of BaTi03 colloi- 
dal nanoparticles-and, in particular, to answer whether 
there is ferroelectricity in FE nanoparticles and how 
these particles respond to applied electric fields. These 
propeities are found to be unusual and differ from what is 
commonly believed. 

Here, we further develop and use a first-principles- 
derived effective-Hamiltonian approach [18,19] coupled 
with Monte Carlo simulations. (Ideally, one would like 
to use direct first-principles density-functional theory, 
but this is currently computationally impracticable.) The 
effective Hamiltonians of Refs. [18,19], which are de- 
rived from first principles and possess a comparable ac- 
curacy, have been successfully applied to many FE 
materials, including simple BaTi03 [20], PbTi03 [21], 
and KNb03 [22] systems, and complex Pb(Zr, Ti)03 [I91 
and Pb(Sc, Nb)03 [23] solid solutions. In this approach, 
local modes {ui) (i is the cell index) describe the ferro- 
electric instability in individual 5-atom cells; ui are 
associated with local electrical dipoles Pi via Pi = Z*ui 
(where Z is the effective charge of the local mode). 

Compared to the original method detailed in Ref. [IS], 
two new developments are made here in order to be able to 
study FE nanoparticles: (i) No supercell periodic bound- 
ary conditions are imposed, and the LR dipole-dipole 
interaction is performed in real-space (inside the nano- 
particles) rather than in reciprocal space. Our simulations 
with open-boundary condition precisely mimic the ex- 
perimental situations [3,5,6] in which polarizations in 
FE wires and films are probed by noncontact electro- 
static forces without metallic electrodes. By contrast, 
the calculations of BaTi03 thinfilms in Ref. [17] assume 
a short-circuit boundary condition with metallic elec- 
trodes surrounding the films. Also note that, in our 
real-space implementation without artificial periodicity 
for finite systems, the potential field generated by every 
dipole in the nanoparticles-including the depolariza- 
tlon held produced by the charges (1.e.. uncompensated 
dipoles) at nanoparticle surfaces-is precisely computed 
and properly accounted for. (ii) Existence of the vacuum 
surrounding nanoparticles will cause surface-induced 
atomic relaxations and cell-shape changes (thus affecting 
both local modes and local inhomogeneous strains) 
near the nanoparticle surfaces. To account for the effect 
of atomic relaxations on local modes, an interaction 
between local modes at surfaces and the vacuum 
(denoted as mode-vacuum interaction) is added in the 
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First-Principles Determination of Electromechanical Responses of Solids 
under Finite Electric Fields 
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(Received 28 March 2003; published 30 July 2003) 

We describe a first-principles, easy-to-implement, and efficient approach for determining the 
structural geometry of insulating solids under finite electric fields. This method consists of simulta- 
neously minimizing the field-induced total ionic forces and the electric free energy. Moreover, we 
present a theory to analyze its predictions that provides a microscopic understanding of electro- 
mechanical responses in materials. We illustrate this approach by computing piezoelectric and dielectric 
responses of two rather different compounds, namely, ferroelectric PbTi03 and semiconductor GaN. 

DOI: 10.1103/PhysRevLett.91.057601 PACS numbers: 77.65.-j. 77.84.8~. 78.20.Bh 

Converting electricity to mechanical energies, via the 
application of an electric field in piezoelectric mate- 
rials, is a process of both technological and fundamental 
interest [l-31. For this process, the determination and 
microscopic understanding of the d i j  piezoelectric coef- 
ficients- which characterize the response of strains q i  
( i  = 1,2, . . . , 6  using Voigt notation) to an electric field E 
via T~ = ~ldi jEl- is  critical in light of discovering new 
materials having the promise to drastically improve the 
resolution and range of piezoelectric transducers and 
actuators. Measuring these coefficients in experiments 
is straightforward using Sawyer-Tower circuits [4]. On 
the other hand, unlike the calculation of the inverse piezo- 
electric coefficients e i j  [5,6], the use of first-principles 
density-functional theory (DFT) [7] to compute the pie- 
zoelectric responses di j  of solids under finite electric 
fields proved to be exceptionally difficult [8,9]. More 
specifically, the difficulty lies in that an infinite solid 
in a static electric field has no ground state. Therefore, - 
energy minimization cannot be directly performed 
using the variational principle that underlies the time- 
independent DFT. 

  he past few years have witnessed an intense activity 
in seeking methods able to mimic electric-field effects in 
solids within the DFT. Several approaches have been 
developed. (i) The approach of Ref. [lo] uses periodic 
real-space supercells, so that charges do not "run away" 
and that the system still has an energy minimum This 
method is straightforward to implement, and was applied 
to compute the electronic response (i.e., electronic screen- 
111g) LU L n r ~  1 ne scneme proposed 
in Ref. [8] -that uses field-dependent Wannier functions 
to prevent charge tunneling- was implemented in a non- 
self-consistent tight-binding model [a], as well as in self- 
consistent DFT calculations [ll]. (iii) Another method, 
based on low-order DFT perturbative expansions of ther- 
modynamic energy as a-function of electric fields, has 
been recently developed [12]. This approach takes ad- 
vantage of the fact that the problem of studying electro- 
mechanical responses in solids can be converted to the 

search of structural geometry under a constrained po- 
larization [12], if one assumes a first-order expansion 
of energy in which the electric field is only coupled to 
the zero-field polarization. A simple and less powerful 
"constrained-polarization" technique was developed and 
used in Ref. [13]. (iv) Finally, a scheme yielding field- 
dependent Bloch functions at the local minimum of free 
energy, and using conjugate-gradient method, has been 
proposed and successfully developed in Ref. [14]. A simi- 
lar scheme but implemented within the Car-Parrinello 
a b  initio molecular-dynamics method was independently 
developed in Ref. [15]. 

In this Letter, we propose and successfully apply an 
alternative approach that (i) allows an accurate structural 
minimization of solids under finite electric fields, and 
thus computation of piezoelectric and dielectric coeffi- 
cients; (ii) is easily implementable in any DFT code; 
(iii) is computationally efficient; and (iv) naturally leads 
to the understanding of why some materials, and not 
others, exhibit large electromechanical responses. 

The proposed method starts from the expression 
(within DFT) of the free energy (F) of an insulator under 
a uniform finite electric field: 

F(R, 7. E )  = UK~[R(E), 7(E)I - P(R, 7 ,  E) . E, (I)  

where F, the Kohn-Sham internal energy UKS, and the 
macroscopic polarization P for each unit cell all depend 
on atomic positions R ,  strain 7 ,  and electric field E. Note 
that the electric field E in Eq. (1) is the screened macro- . . 3cnprrfrefrtmsrrteTherial m. kquation ( I )  implies 
that the total force Qt,, acting on ion i is simply Q:,, = 
Q& + Z:(R, 7, E)E, where QhF is the (usual) Hellmann- 
Feynman force, and Z: is the Born effective-charge ten- 
sor of ion i. When the system is at its field-induced local 
minimum, the total force Q$, on each ion i should vanish, 
or, equivalently, the Hellmann-Feynman force should 
thus satisfy 

Q hF = -Zr(R, 7 ,  E)&, for any ion i. (2) 
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Effects of Atomic Short-Range Order on the Properties of Perovskite Alloys 
in their Morphotropic Phase Boundary 
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The effects of atomic short-range order on the properties of Pb(Zrl-,xTi,)03 alloy in its morphotropic 
phase boundary (MPB) are predicted by combining first-principles-based methods and annealing 
techniques. Clustering is found to lead to a compositional expansion of this boundary, while the 
association of unlike atoms yields a contraction of this region. Atomic short-range order can thus 
drastically affect properties of perovskite alloys i n  their MPB, by inducing phase transitions. 
Microscopic mechanisms responsible for these effects are revealed and discussed. 

DOI: 10.1103/PhysRevLett91.045504 PACS numbers: 81.30.B~. 77.22.Ej, 77.80.Bh. 77.84.D~ 

Complex insulating perovskite alloys, with the general 
formula (A'A" . . .)(BIB1'. . .)03, are of great interest for a 
variety of device applications because of their anoma- 
lously large electromechanical responses [I-31. Ex- 
amples of such applications include piezoelectric 
transducers and actuators, as well as dielectrics for micro- 
electronics and wireless communication. 

Interestingly, many perovskite solid solutions, e.g., 
Pb(Zrl-,TiX)03 (PZT), [Pb(ZnlI3Nb2 3)0311-E[PbTi031r 
(PZN-PT), [ P b ( ~ g , ~ ~ ~ b ~ ~ 3 ) 0 3 ] ~  - x ( ~ b T i ~ 3 ] x  (PMN- 
PT), and [Pb(S~~~~Nb~~~)0~]~-~[PbTi0~1, (PSN-PT), 
exhibit their largest electromechanical responses for 
compositions lying within the so-called morphotropic 
phase boundary (MPB). For more than 50 years this 
area was thought to discontinuously separate, in the 
temperature-composition plane, a rhombohedra1 (R) fer- 
roelectric phase exhibiting an electric polarization along 
a (111) direction from a tetragonal (T) ferroelectric 
structure having a polarization pointing along a (001) 
direction. The recent discovery of a monoclinic ferro- 
electric phase in the MPB of PZT has completely changed 
this long-accepted picture [4], since this new phase acts as 
a structural bridge between the R and T phases [4,5]. 
Furthermore, the polarization in this low-symmetry 
phase continuously rotates when varying the composition 
[5,6], explaining why the MPB is the region of choice 
for optimization of piezoelectric and dielectric responses 
[5-81. These recent findings have led to a flurry of inves- 
tigations aimed at better understanding and characteriz- 
ing the propertles ot the MPB In various perovskite 
alloys. In particular, other low-symmetry phases have 
also been subsequently discovered in PZN-PT, PMN- 
PT, and PSN-PT (see, for instance, Refs. [9-151). 

One remaining mystery of the MPB is about its com- 
positional width. More precisely, rather different widths 
have been reported for the same solid solution, depending 
on the growth conditions [16]. Chemical short-range or- 
dering (SRO) is often invoked for this variance between 
different measurements [16], since no long-range ordering 

occurs (to our knowledge) in the mixed sublattice of PZT 
and PMN-PT near their MPB. However, why and how 
SRO would affect the morphotropic phase boundary are 
two unresolved questions. One possible reason for this 
lack of knowledge is that the characterization of SRO is 
challenging and can only be accomplished via noncon- 
ventional experiment [17]. Another plausible reason is 
that mimicking these effects, via the use of computational 
schemes, requires high accuracy and handling of large 
supercells, which are two conditions that are not simul- 
taneously met by either usual first-principles techniques 
or semiempirical approaches. 

In this Letter, we take advantage of the accuracy, the 
possibility of using large supercells, and the microscopic 
insight provided by the first-principles-based approach 
of Ref. [5] to study the effect of SRO on the physical 
properties of PZT in its MPB. The use of this technique 
(i) proves that SRO does have a drastic effect on these 
properties, especially in the Ti-poor region of the MPB, 
(ii) further indicates that short-range association of like 
atoms has an opposite effect than short-range association 
of unlike atoms on the compositions delimiting the MPB, 
and (iii) reveals the microscopic mechanisms responsible 
for these features. 

Short-range ordering in any A(B',-,B;)O3 perovskite 
alloy can be characterized by the so-called Cowley pa- 
rameters, defined as [la] 

where P(j) is the probability of finding a B' (B")  atom 
being the jth nearest neighbor of a B" (B') atom in the 
mixed B sublattice. Then, a,(x) = 0 for all j's represents a 
truly disordered alloy while a,,(x) > 0 is associated with 
clustering, that is jth nearest neighbors are preferentially 
of the same atomic kind. The converse-a configuration 
for which al(x) < 0-corresponds to anticlustering, that 
is, to a situation in which jth nearest neighbors are 
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The properties of [Pb(Zr,~x,Tix,)03],/[Pb(Zrl~xlTi,2)03], superlattices, with a 2n period, are 
simulated using an ab  initio based approach. The x, and x2 compositions are chosen to be located 
across the morphotropic phase boundary of the corresponding disordered alloys, while the (x, + x?)/2 
average composition lies inside this boundary. These superlattices exhibit an unusual thermodynamic 
phase transition sequence, including a triclinic ground state. They also have the kind of peculiar free- 
energy landscape yielding nonergodicity. The effects responsible for these anomalies are discussed. 

DOI: 10.1 103/PhysRevLett.91.116103 PACS numbers: 68.65.Cd. 64.70.Kb. 77.80.Bh. 81.05.Z~ 

Ferroelectric heterostructures are of increasing tech- 
nological interest because of their potential applications 
in advanced microsystems [I]. A particular type of het- 
erostructure that has received recent attention is formed 
by superlattices, i.e., by compounds consisting of alter- 
nating layers made from different materials [2]. The prop- 
erties of ferroelectric superlattices can be very different 
from those of their constituents, as a result of the complex 
nanostructure of these multilayer systems [3]. 

Another (currently unrelated) activity is taking place 
in ferroelectrics, namely, the investigation of the mor- 
photropic phase boundary (MPB) of perovskite alloys [4]. 
This boundary was previously thought to discontinuously 
separate compositional regions of tetragonal and rhom- 
bohedral symmetry, for which the electrical polarization 
lies along a (001) and a (111) pseudocubic direction, 
respectively. The discovery of a monoclinic M A  phase 
in the MPB of Pb(Zrl-,Ti,)03 (PZT) solid solutions has 
drastically changed this picture [5]. [The notation for 
monoclinic phases is that of Ref. [6].] As a matter of 
fact, this MA phase acts as a structural bridge between 
the tetragonal and rhombohedral phases, in the sense that 
the polarization in the MA phase rotates between the 
pseudocubic (001) and (1 11) directions, as the Ti compo- 
sition decreases within the MPB [7]. 

Independently of the two activities mentioned above, 
another research field is being intensively pursued This 
field is the study of nonergodic systems, which are sys- 
tems exhibiting properties that do not obey the usual 
Gibbs equilibrium statistical mechanics. Nonergodicity 
has been-found in very diverse compounds, e.g., spin anh 
structural glasses, granular systems, etc. [8]. Examples of 

Gibbs statistical averaging but rather require the use of 
new formalisms-e.g., the Edwards model-only in- 
volving the "blocked" configurations [lo]. 

The aim of this Letter is twofold. First, we report that 
there is an unexplored class of ferroelectric superlattices 
that has unusual thermodynamic properties. This class is 
made by alternating layers of alloys having compositions 
lying just across their MPB. Second, we also predict that 
such layered systems can display nonergodicity. 

More precisely, we theoretically investigate 
[Pb(Zr, -,, TiX,)O3],/[Pb(Zrl -xZTixZ)03]n superlattices 
having (i) a 2n period, (ii) x, and x2 compositions lying 
in the rhombohedral and tetragonal regions located just 
across the MPB of disordered PZT, and (iii) a (x, + x2)/2 
average composition yielding a monoclinic MA phase in 
this MPB. These superlattices are chosen to be oriented 
along the [OOl] direction (see Fig. 1) and are denoted as 
(nPZTxl/nPZTx2). Note that Ti and Zr atoms are 
randomly distributed within each (001) B plane under 
the constraint of fixed (x, or x2) composition. We use 

observed behaviors associated with nonergodicity are an I - 

anomalous time dependency of macroscopic properties 
and/or a drastic dependency of such properties with ther- 
ma1 history [9]. The existence of various energetic min- 
ima that are separated by large barriers can drive a system 
to be nonergodic [lo]. As a matter of fact, such a free- 
energy landscape can trap the system-for a long time at FIG. 1. Schematic illustration of the studied superlattices. n 
the experimental scale-in a particular valley, even if layers of PZTwith a x ,  Ti concentration alternate with n layers 
this valley is not the deepest one in energy. Consequently, of PZTwith ax, Ti composition. The arrows indicate the strain 
the properties of such systems cannot be described by the field induced by the Ti and Zr size difference. 
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We describe a first-principles, easy-to-implement, and efficient approach for determining the 
structural geometry of insulating solids under finite electric fields. This method consists of simulta- 
neously minimizing the field-induced total ionic forces and the electric free energy. Moreover, we 
present a theory to analyze its predictions that provides a microscopic understanding of electro- 
mechanical responses in materials. We illustrate this approach by computing piezoelectric and dielectric 
responses of two rather different compounds, namely, ferroelectric PbTi03 and semiconductor GaN. 

DOI: 10.1103/PhysRevLett.91.057601 PACS numbers: 77.65.-j. 77.84.Bw, 78.20.Bh 

Converting electricity to mechanical energies, via the 
application of an electric field in piezoelectric mate- 
rials, is a process of both technological and fundamental 
interest [l-31. For this process, the determination and 
microscopic understanding of the dij piezoelectric coef- 
ficients-which characterize the response of strains v i  
(i = 1,2, . . . , 6  using Voigt notation) to an electric field I 
via q i  = ~ , d i j I j - i s  critical in light of discovering new 
materials having the promise to drastically improve the 
resolution and range of piezoelectric transducers and 
actuators. Measuring these coefficients in experiments 
is straightforward using Sawyer-Tower circuits [4]. On 
the other hand, unlike the calculation of the inverse piezo- 
electric coefficients eij [5,6], the use of first-principles 
density-functional theory (DFT) [7] to compute the pie- 
zoelectric responses dij of solids under finite electric 
fields proved to be exceptionally difficult [8,9]. More 
specifically, the difficulty lies in that an infinite solid 
in a static electric field has no ground state. Therefore, 
energy minimization cannot be directly performed 
using the variational principle that underlies the time- 
independent DFT. 

The past few years have witnessed an intense activity 
in seeking methods able to mimic electric-field effects in 
solids within the DFT. Several approaches have been 
developed (i) The approach of Ref. [lo] uses periodic 
real-space supercells, so that charges do not "run away" 
and that the system still has an energy minimum This 
method is straightforward to implement, and was applied 
to compute the electronic response (i.e., electronic screen- 
ing) to external electric fields. (ii) The scheme proposed 
in Ref. [8] -that uses field-dependent Wannier functions 
to prevent charge tunneling-was implemented in a non- 
self-consistent tight-binding model [8], as well as in self- 
consistent DFT calculations [l I]. (iii) Another method, 
based on low-order DFT perturbative expansions of ther- 
modynamic energy as a function of electric fields, has 
been recently developed 1121. This approach takes ad- 
vantage of the fact that the problem of studying electro- 
mechanical responses in solids can be converted to the 

search of structural geometry under a constrained po- 
larization [12], if one assumes a first-order expansion 
of energy in which the electric field is only coupled to 
the zero-field polarization. A simple and less powerful 
"constrained-polarization" technique was developed and 
used in Ref. [13]. (iv) Finally, a scheme yielding field- 
dependent Bloch functions at the local minimum of free 
energy, and using conjugate-gradient method, has been 
proposed and successfully developed in Ref. [14]. A simi- 
lar scheme but implemented within the Car-Parrinello 
ab  initio molecular-dynamics method was independently 
developed in Ref. [15]. 

In this Letter, we propose and successfully apply an 
alternative approach that (i) allows an accurate structural 
minimization of solids under finite electric fields, and 
thus computation of piezoelectric and dielectric coeffi- 
cients; (ii) is easily implementable in any DFT code; 
(iii) is computationally efficient; and (iv) naturally leads 
to the understanding of why some materials, and not 
others, exhibit large electromechanical responses. 

The proposed method starts from the expression 
(within DFT) of the free energy (F) of an insulator under 
a uniform finite electric field: 

where F, the Kohn-Sham internal energy UKS,  and the 
macroscopic polarization P for each unit cell all depend 
on atomic positions R,  strain 71, and electric field I .  Note 
that the electric field I in Eq. (1) is the screened macro- 
scopic field inside the material [9]. Equation (I) implies 
that the total force Q6, acting on ion i is simply Qio, = 
QkF + Z;(R, 71, I )£ ,  where QkF is the (usual) Hellmann- 
Feynman force, and Zf is the Born effective-charge ten- 
sor of ion i. When the system is at  its field-induced local 
minimum, the total force Q:o, on each ion i should vanish, 
or, equivalently, the Hellmann-Feynman force should 
thus satisfy 

Q hF = -Z;(R, 7, &)I, for any ion i. (2) 
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Cationic-competition-induced monoclinic phase in high piezoelectric 
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A global picture for the structural evolution in the relaxor-fe~~oelectric solid solution 
( , P ~ S C , , ~ N ~ , ~ ~ O ~ ) ~  _,-(PbTi03), is proposcd. Thanks to x-ray profile analysis and Rictvcld ncutron powdcr 
refinement, a monoclinic phase has been evidenced in the morphotropic region (i.e.. s=0.43). This lowcr- 
symrnctry phasc "bridges" thc rhombohcdral Ti-poor phasc (xs0.26) with thc tetragonal Ti-rich phasc ( r  
2=0.55), in a sinlilar way as in PbMg,;,Nb,,O,-PbTi03 or Pb(Znl;3Nb2;3)03-PbTi03. For weak titanium 
concentration, wc observc a macroscopic rhombohcdral statc with local monoclinic symrnctry resulting from 
the combination bctween Pb and Sc/Nb/Ti shiiis along [001] and [I l l ]  directions, respectively. Cationic 
competition with Ti doping incrcascs thc coherence lcngth of this short-range monoclinic phase, which be- 
comes long range in the mo~photropic region. This intermediate monoclinic phase is in complete agreement 
with our first-principles calculations which predict Pm or Cnr spacc groups. It has been shown that thcse oncs 
are very close to each other in the free-energy space, and a minor change of atomic distribution andor a slight 
modification in composition or in stoichiometry is enough to alter the space group of the monoclinic ground 
state. Finally, in the Ti-rich region, the monoclinic ground state is dcstroyed in favor of a tetragonal phase. 

DOI: 10.1 103/PhysRevB.68.014I I4 PACS number(s): 6 1.50.-f 

1. INTRODUCTION 

One of the most interesting and studied groups of disor- 
dered compounds undergoing structural phase transitions are 
the so-called relaxors.' The main structural feature of relax- 
ors is the random occupation of equivalent positions by dif- 
ferent heterovalent ions. This chemical disorder results in the 
destruction of the nornlal ferroelectric phase transition and 
the appearance of physical properties similar to those of dis- 
ordered magnets. The associated dielectric susceptibility ex- 
hibits an unusual response, strongly dependent on frequency 
and with very high values over a broad range of 
temperatures.' The relaxor state is then characterized by the 
frustration of local polarizations which can prevent long- 
range ferroelectric order from developing completely. Most 
of 'the relaxors are lead oxides belonging to the class of per- 
ovskites with either the general formula Pb(B')113(B'1)U303 
( B ' = M ~ ~ + .  z n 2 +  ,...; B " = N ~ ' + ,  ~ d +  ,... ), i.e., 12-type 
conlpounds or Pb(B1) 1,2(B") li103 ( B 1  = SC'+, 1n3-,. ..; B" 
= ~ b 5 + ,  Ta5 + , . . .), i.e., 1: 1-type compounds. 

In me case or 12-type compounds such as 
PbMg,13Nb2,303 (PMN), considered by most researchers to 
be the prototype of relaxors, the disorder results from the 
random occupation of the B site of the perovskite by two 
cations of different valences, namely, Mg2' and ~ b " .  
Charge neutrality imposes the Mg:Nb stoichiometry of 1:2, 
while the mixed-valence character of the B site produces 
random electric-field gradients and a locally broken transla- 
tional symmetry.' Below a ccrtain tclnpcrature, polar nano- 
metric regions take place and freeze o ~ t . ~ . ~  NO phase transi- 
tion into a macroscopic ferroelectric phase occurs, the 
average structure remaining cubic down to 5 K . ~ * ~  But an 

induced ferroelectric phase can be realized by means of par- 
tial ~ubstitution, '~~ external electric field,''-'br pressure." 
Therefore existence or absence of phase transition is not a 
necessary condition for the relaxation phenomenon. Indeed, 
both 12- and 1:l-type ferroelectric relaxors such as 
Pb(Znl,;Nbu3)03 (PZN) (Ref. 14) and Pb(Scl12Nbl,,)03 
(PSN),"," respectively, undergo a spontaneous phase transi- 
tion from a cubic to a rhombohedral phase. 

PSN is of a special interest because the degree of ordering 
of SC'+- and NbS+-type ions can be controlled by thermal 
treatment, due to a high-temperature order-disorder transfor- 
mation, which influences the dielectric This 
feature provides promising directions for future experimental 
and theoretical research; indeed it has been shown from a 
first-principles-derived approach'X-2' that some specific ar- 
rangements between SC'+ and Nb5' (i) greatly enhance the 
electromechanical responses, (ii) lead to currently unob- 
served ground states of orthorhombic and lnonoclinic syni- 
metries (while thc disordered material adopts a wcll-known 
rhombohedral ground state), and (iii) can considerably shift 
the Cur~e  tcmpcrature. In this heterovalent system, eiectro- 
static interactions among s c 3 +  and NbS+ ions are then found 
to be very important. In addition, the stabilized structure is 
also conditioned by pb2* ions forming short Pb-0 bonds.'' 

Recently, relaxor-based single crystals such as 
(PbMgl13Nbl1303) -,-(PbTi03), (PMN-PT) and 
(PbZnl,NbU303) I -,-(PbTi03), (PZN-PT) have been re- 
ported to exhibit cxceilent piezoclcctric properties, much 
better than the well-known PbZr,Til -,03 (PZT) polyc~ystal- 
line ceramics," and have attracted attention for their poten- 
tial in various applications.'3~'s Though clearly promising 
for transducers and actuators, their relatively low Curie tem- 
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Local-density approximation calculations are performed to predict properties of compressively 
strained hexagonal ScN. This material is found to exhibit a large electromechanical response, a 
structural phase transition from a nonpolar to a polar structure, and a variation of the band gap in 
the entire visible light range when continuously changing the compressive strain. Microscopic effects 
responsible for these anomalies are revealed and discussed. Suggestions on how to practically grow 
ScN-based materials having such unusual properties are also provided. 

DOI: 10.1103/PhysRevLett.90.257602 PACS numbers: 77.84.-s, 78.20.Bh, 78.30.F~. 61.50.K~ 

The optical properties of some semiconductors are of 
primary importance. For instance, the change in compo- 
sitions of (Gal-,-,In,Al,)N alloys or the change in the 
size of GaN quantum dots leads to photoluminescence in 
the entire visible spectrum [1,2], which is of considerable 
interest for the light-emitting device applications. A sec- 
ond class of compounds with fascinating properties is 
formed by ferroelectrics. These materials can undergo a 
structural phase transition between a nonpolar and a polar 
structure, when one varies the temperature [3]. This phase 
transition is associated with huge piezoelectric and di- 
electric responses, which explains why ferroelectrics are 
the materials of choice for applications-such as ultra- 
sonic and sonar listening devices-based on an efficient 
conversion between electrical and mechanical signals [3]. 

Recently, Ref. [4] suggested that disordered hexagonal 
(Scl -,Ga,)N or (Sc, -,In,)N alloys can bridge the semi- 
conductor and the ferroelectric classes (i) by exhibiting a 
wide range of band gaps and (ii) by having large electro- 
mechanical responses, when varying x. This suggestion 
was based on the structural difference between hexagonal 
ScN and wurtzite GaN or InN, and has not yet been 
confirmed by either calculations or experiments. 

The aim of this Letter is threefold. First, we want to 
demonstrate that hexagonal ScN-based materials can re- 
sult in "smart" multifunctional compounds. Second, we 
wish to prove that varying another experimentally acces- 
sible parameter, namely, the strain rather than the com- 
position, can lead to the simultaneous occurrence of 
features usually associated with semiconductors or ferro- 
electrics. Finally, our last goal is to provide suggestions 
on how to practically grow hexagonal ScN-based mate- 
rials having such bridging properties. 

Here, we report first-principles calculations that indeed 
show that compressively strained hexagonal ScN simul- 
taneously exhibits (I) a large variation of the band gap 
in the technologically important light spectral region, 
(2) a phase transition leading to the appearance of a 

spontaneous electrical polarization, and (3) large electro- 
mechanical responses, when continuously varying the 
compressive strain. Our simulations also reveal the micro- 
scopic mechanisms responsible for the useful combina- 
tion of these properties. These discoveries imply that 
simultaneously varying the composition and the strain 
in disordered hexagonal (Scl-,Ga,)N or (Scl-,In,)N al- 
loys is a promising way to generate polar semiconductors 
with optimized electromechanical and optical properties. 

Here, we use the density-functional theory, within the 
local-density approximation (LDA) [5-71, to investigate 
properties of hexagonal ScN. Other technical details of 
these calculations are given in Ref. [4]. We focus on 
hexagonal ScN whose primitive lattice vectors are a l  = 
a[hx - ( a /2 )y ] ,  a 2  = a[ix + (&12)~], and a3  = cz, 
where a and c are the two lattice parameters, c/a is the 
axial ratio, and x, y, and z are the unit vectors along the 
three Cartesian axes. The primitive cell contains two Sc 
atoms, located at r, = 0 and r2 = a l  + j a2 + a,, and 
two N atoms whose positions are given by r3 = ua3 and 
r, = $ a 1  + + a 2  + (f + u)a3, where u is the dimension- 
less internal parameter. 

The minimization of the total energy with respect to 
all  degrees of freedom yields [4] a = a,, = 3.66 A, 
c / a  = 1.207 and u = 0.5, and leads to the structure dis- 
played in Fig. l(a). This hexagonal phase is a layered 
structure in which each (0001) plane contains the same 
amount of Sc-and N atoms; This structure, which is  
referred to as the h phase in Refs. [4,8], also exhibits 
two other important features. First, this phase is para- 
electric, as a result of its P63/mmc space group. Second, 
it is nearly fivefold coordinated: a given Sc (N) atom 
forms short bonds = 2.11 A with three N (Sc) atoms 
belonging to the same basal plane but also forms slightly 
longer bonds - 2.21 A with two other N (Sc) atoms being 
in the (0001) planes below and above it, respectively. 

One goal of this Letter is to go beyond the study 
of the equilibrium structure displayed in Fig. l(a), by 
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Off-center atomic displacements in BaTiOs 
quantum dots 
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Abstract. Structural propdes  of BaTi03 quantum dots are studied using a fist-principles derived 
effective-Hamiltonian approach. Truncatcd long-rangc dipoledipole interaction and modification of 
the short-range interaction due to the existence of vacuum are iaken into account. Our calculations 
show that there are significant off-center atomic displacements in these dots; the amplitudes of 
such displacements are comparable with those occuring in bulk BaTiO3. However, unlike in the 
bulk system, the net polarization in dots is found to be zero. Our results also show that the local 
displacements in the dots tend to flip across the distance of the entire dot, resulting in an unusual 
and complex pattern. 

INTRODUCTION 

As temperature decreases, bulk BaTi03 undergoes sequences of structural transitions[l]: 
fiom the paraelectric cubic phase to a tetragonal phase at 403K, then to an orthorhom- 
bic phase at 278K, and finally to a rhombohedra1 phase at 183K. Some of these phase 
transitions have an order-disorder character, as indicated by the existences of substantial 
atomic displacements at cubic phases and the broad Fourier spectrum over the Brillouin 
zone.[2] The microscopic mechanism that are responsible for the existence of ferroelec- 
tric phases are, in particular, the long-range (LR) dipole-dipole interaction and the short- 
range (SR) interatomic covalent coupling. The ferroelectric phases of bulk BaTi03 have 
now been understood, at a microscopic level, fiom both fist-principles calculations[3] 
and effective Hamiltonian simulations.[2] 

Compared to bulk materials, quantum dots (i.e., finite-size nanocrystals) do not have 
the imposed periodic boundary condition. As a result, the microscopic forces that deter- 
mine the material phases are altered, and the delicated balance between the LR and SR 
interactions in bulk can be strongly modified with respect to the bulk case. It is therefore 
interesting to examine whether there are significant off-center displacements in dots, and 
whether these displacements will align themselves to form ferroelectric phases. Specifi- 
cally, the following three differences exist between the bulk and dots: (1) The LR dipole 
interaction that is crucial to yield ferroelectric phases is truncated in dots. Unlike in 
bulk, the electrostatic potentials at different cells are thus not equal. (2) The SR interac- 
tion among the atoms near the boundary of dots are altered. The atomic displacements at 
the surfaces will thus be different from those inside the dots. (3) Depending on the sizes 
of dots, dielectric screening may be different from the bulk value, which will affect the 
LR dipole energy. 

Here we study the off-center atomic displacements in BaTi03 dots using an effective 
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Wc report a first-principles study of a class of (BiSc03),-,-(PbTiO,), (BS-PT) alloys reccntly proposed by 
Eitcl el al. as promising matc~ials for piczoclcctric actuator applications. We show that (i) BS-PT displays vcry 
largc structural distortions and polarizations at thc morphotropic phasc boundary (MPH) (wc obtain a cla of 
- 1.05-1.08 and P,,,=0.9 C/m2); (ii) the fcrroelcctric and piczoclectric propcrtics of BS-PT arc dominated by 
thc onsct of hybridization between BiPb-6p and 0-7p orbitals, a mechanism that is cnhanccd upon substitu- 
tion of Pb by Bi; and (iii) the piezoclcctric responscs of BS-PT and Pb(Zr, -,Ti,)03 (PZT) at the MPB arc 
comparable, at lcast as Far as thc computcd \ralucs oithc piczoclcctric cocfficicnt d , ,  arc conccrncd. Whilc our 
results are generally consistent with cxpcriment, they also suggest that certain intrinsic propcrtics of BS-PT 
may bc cvcn better than has bccn indicatcd by cxpcrimcnts to date. Wc also discuss results for PZT that 
dc~nonstratc thc prominent role played by Pb displacements in its piczoclectric propcrtics. 

D01: 10.1 103/PhysRcvB.67.224107 PACS numbcr(s): 77.65.Bn. 77.84.Dy, 61.66.Fn 

I. INTRODUCTION 

Perovskite alloys bascd on PbTi03 (PT) are of consider- 
able interest for applications as piezoelectric actuator 
materia~s."~ The phase diagrams of thc most technologically 
important alloys are characterized by a morphotropic phase 
boundary (MPB) separating the PT-rich tetragonal phase, in 
which the polarization lies along a (001) direction, from the 
PT-poor rhombohedra1 phase. in which the polarization is 
along a (1 11) dircction.' Bccause thc structural transition 
between these two phases brings about a large elcctrome- 
chanical rcsponse, materials with a composition lying close 
to the MPB are the preferred ones for applications. Examples 
of such materials are Pb(Zr, -,Tix)03 (PZT) or PZN-PT, in 
which PT is alloyed with PbZr03 (PZ) or Pb(Zn113Nb213)03 
(PZN), respectively. 

Recently, attention has been drawn to a new class of ma- 
terials in which PT is alloyed with Bi-based perovskites, the 
best-studied example being (BiSc03) -,-(PbTi03), 
(BS- he appeal of BS-PT is twofold: (i) it appears to 
have piezoelectric properties con~parable to those of PZT and 
PZN-PT in quality, and (ii) its dielectric and piezoelectric 
properties should be more robust, over a widcr temperature 
range, than those of PZT and PZN-PT. The physical reason 
behind (ii) is that the Curie ternpcrature within the MPB 
composition range ( T ? ' ~ )  is higher in BS-PT (- 450°C) 
than in PZT ( - 400 "C) or PZN.-PT (-  200 "C), suggest- 
ing that BS-PT at room temperature will age more slow1 its 
properties will be more temperature independent, e t c 3  A 
possible drawback is that BS-PT is evidently not thermody- 
namically stable in the perovskite crystal structure over the 
entire range of composition. Howcver, for application pur- 
poses it is only important that the perovskite structure can be 
obtained for compositions near the MPB, and this is indeed 

have a strong tendency to move off-ccnter from its high- 
symmetry position, yielding a high structural transition tem- 
perature. while perhaps overly simplistic, this reasoning is 
undoubtedly partially correct and is likely to be useful for 
materials engineering. However, it is unclear how to explain 
the large piezoelectric responses found in BS-PT based on 
ion-size considerations alone. The ferroelcctric properties of 
materials such as PZT are known to be related to the partial 
covalency of some bonds,'.' and the situation in BS-PT 
should be similar. On the other hand, most of the relevant 
piezoelectric alloys have only Pb on the A site of thcir per- 
ovskite structure, and the chemistry of Pb is known to be 
vcry important to thcir propertics.7 The substitution of Pb by 
Bi in BS-PT is thus of particular interest in view of the good 
piezoclcctric properties of this matcrial. 

We present here a first-principles study of BS-PT. We find 
that Bi plays a crucial role, and in particular that hybridiza- 
tion between Bi-6p and 0 - 2 p  orbitals is the driving force for 
the fcrroclectric instabilitics of BS-PT, allowing for very 
large polarizations and responses. Our results are gel~erally 
consistent with expcriment, but they also suggcst that thc 
intrinsic ferroelectric and piezoelectric properties of BS-PT 
alloys might bc evcn bettei than those measured experimen- 
tally to date. 

We present our results in the fo rn~  of a systematic com- 
parison of the properties of BS-PT with those of PZT. Sec- 
tion 11 describes the first-principlcs methods employcd. 111 
Sec. 111, we study the ferroelectric instabilities of pure BS, 
PT, and PZ, introducing solnc correspondi~~g calculations on 
BiY03 (BY) as an aid to the discussion. In Sec. lV, we 
discuss the ferroelectric instabilities of the alloys and make 
contact with the ex~erimental results. while Sec. V is de- 
voted to the piezoelectric properties of the alloys near the 
MPB. We su~nmarize and conclude in Sec. VI. 

the case. 
The authors of Rcf. 4 synthcsizcd BS-PT guided by an 

11. ME7'HOI)S 

empirical crystal-chemistry rule suggesting that since ~ i j +  is Thc calculations were performed within a plane-wave 
too small an ion to form a cubic perovskite with SC'+, it will implementation of the local-density approximation (LDA) to 
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of perovskite solid solutions 
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A simplc way of analyzing thc atomic displaccmcnts in pcrovskite alloys is uscd to determine the optlcal 
phonons contributing to their low-temperature ferroelect~ic properties. This determination (i) leads to the 
identification of three different kind of sol~d solutions. ( ~ i )  reveals why simple theoretical models can be used 
in some alloys and not in others, and (iii) explains why unusual phase transitions can occur in ordered 
ferroelectric solid solutions. 

DOI: 10.1103/PhysRcvB.65.180301 PACS number(s): 63.20.-c, 77.84.Dy, 77.80.Rh 

At very low temperature, the different (five-atom) unit 
cells of /~rroe/echic  and simple perovskite ,480 ,  crystals all 
exhibit the same atomic displacements. As a result, the ferro- 
electric properties of such simple systems are fully associ- 
ated with a zone-cenler optical phonon mode. On the other 
hand, ferroelectric perovskite ( A  'A". . . )(BIB". . . )O, al- 
loy.~ lack this translational symmetry, since different A andor 
B sites can be occupied by different kinds of atoms. Such 
loss of symmetry implies that the k vectors of the sirnple 
cubic first Brillouin zone are not good qilantum numbers to 
index the phonon spectrum of solid solutions. However, de- 
spite the formal illegitimacy of using physical concepts 
based on simple cubic translational invariance in solid solu- 
tions, recent ah initio ca~cula t ions '~~  have been able to accu- 
rately reproduce structural and piezoelectric properties of 
some fcrroelectric perovskite alloys-namely, rhombohedral 
and tetragonal disordered PbZrl -,Ti,03 (PZT)-by using 
the virtual crystal approxin~ation (vcA).' This VCA ap- 
proach treats the ferroelectric alloy as  a simple system and, 
as a result, only incorporates the effect of the reciprocal r 
point on the alloy low-tempcrature properties. On the other 
hand, Refs. 4,5 reported that the VCA approximation is un- 
able to mimic ferroelectric features of othcr solid solutions 
such as the newly discovered monoclinic6 PZT and disor- 
dercd (PSN). 

Tt would thus be useful to quantify the degree of transla- 
tional symmetry associated with the low-temperature ferro- 
electric properties of different alloy systems. Such a quanti- 
fication would detcrmine if solnc simplc approximations can 
be used for some alloys and not for others. This analysis may 
also nelp In unclerstand~ng why atomic ordering In sohd so- 
lutions can lead to striking features as, for instance, recently 
prcdicted structural phase transitions and enhancement of 
electromechanical r e ~ ~ o n s e s . ~ - ' ~  The aim of this paper is to 
bettcr understand ferroclectric solid solutions by analyzing 
different systems with a simple procedure that enables such a 
quantification. 

Here, we use the numerical scheme proposed in Ref. 4, 
which consists of constructing an alloy effective Hamiltonian 
from local-density approxinlation (LDA) ca~culat ions."~ '~ 
Details of this construction can bc found in Refs. 4, 5, 8-10. 
and 13. The total energy provided by the alloy effective 

Hamiltonian is used in Montc Carlo simulations on 12 
X 12X 12 supercells. The sin~ulated temperature is kept fixed 
at a small value, namely, 5 K. 2 X 10"onte Carlo sweeps 
are first performed to equilibrate the system, and then-2 
X lo4 sweeps are used to get the statistical avenges. The 
outputs of the Monte Carlo procedure are the set of  polar 
local soft modes {ui}, where i labels the cells, and the ho- 
mogeneous strain tensor. Note that the ui modes are directly 
related to the electrical polarization. The position in the first 
Brillouin zone of the optical phonons contributing to the 
low-temperature ferroelectric properties of the studied mate- 
rials is thcn identified via the computation of the reciprocal- 
space f,(k) coefficients, defined as 

where k is a vector in the first Brillouin zone of the simple 
perovskite structure and Ri is the lattice vector associated 
with cell i. ui., is the p cartesian coordinate-i.e., ~ = . x , Y  
or z--of the (real-space) local mode ui centered on cell i.14 P 
is a normalization coetficient yielding 1 ~ 1  f,( k)(' = l . A 
value closc to I for Ifu(k)12 at k=O thus corresponds to the 
situation where only the r point contributes to the felroelec- 
tric propcrties associated with the p axis. On the other hand, 
a value significantly smaller than 1 for 1 f,(0)I2 implies the 
activation of optical phonons at off-ccnter k points.'5 Note 
that, for each system studied, we use one snapshot among the 
thermally equilibrated Monte Carlo configurations to corn- 
pute the coefficients defined in Eq. (1).  

Table T shows the cartesian coordinates ((ZI,), (u,), and . . - . . . . , 
(u,)) of the supercell average of the local mode vectors. as 
well as thc I f..(k)IL coefficients at the r ~ o i n t .  at 5 K and for ,.. p .  . ,  
three disorderad solid solutions: (i) the PZT alloy with a Ti 
composition of 46%, for which the predicted gro;nd state is 
ferroelectric and rhombohedral?--as indicated by the fact 
that ( t r , )  =(u,)= (u,) #O; (ii) another PZT alloy with a Ti 
composition of 48% and crystallizing in the newly discov- 
ered nlonoclinic and so-called llfA phase6-'6-for which ( u ~ )  
is larger than (tr,) and (u, )=(u, )# 0,17 and (iii) the PSN 
alloy that is predicted to adopt a ferroelectric rhonibohedral 
ground state with an electrical polarization along thc [I 111 
direction, in agreement with experi~nents.".'~ For compari- 
son, Tablc I further providcs similar information for thc 
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Local-dcnsity approximation calculations arc pcrformcd to compare propcrtics of llcxagonal ScN with thosc 
of wurtzite CiaN and InN. A nearly five-times coordinated hexagonal structure is hund to bc (1neta)stablc in 
ScN. unlike the wurtzite structure. Stl~~ctural, diclcctric, and optical propertics of this stablc hexagonal phase 
are predicted to be rather different Froin those of wurtzite GaN and InN. This implies that disordered hexagonal 
Sc, _,Ga,N and Sc, .., In,N alloys are very attractive both funda~ncnlally and tcchnologically. 

DOI: 10.1 103/PhysKcvB.66.201203 PACS nurnbcrls): 61.50.Ah, 8 1.05.Zx, 77.84.Hw, 71.20.Nr 

Interest in wurtzite nitride semiconductors-such as GaN. 
InN, AIN, and their alloys-has exploded in the past few 
years mainly because of their prospects in light-cmitting de- 
vice applications.L32 On the other hand, another nitride 
compound-that is, ScN-has attracted much less attention 
up to now, despite the fact that alloying ScN with GaN or 
I n N  could result in materials uscful for band-gap 

Two kinds of recent studies conducted on ScN can be 
distinguished. First, theoretical and experimental 
investigations5-' mainly focused on thc clcctronic band 
structure of ScN in its rocksnlt ground state. All these works 
concludcd that ScN is a semiconductor rather than a semi- 
metal, as sometimes previously Second, the 
pioneering study of ~akeuchi"  was aimed at investigating 
the stability of different phases besides the rochal t  structure. 
One particularly interesting prcdiction of Ref. 11 is the cxis- 
tence of a (meta)stable wurtzite structure in ScN. This find- 
ing can be important in light of growing tcchnologically- 
promising Sc,-,Gii,N and Scl-,In,N materials that would 
be true (hexagonal) a1loy.v rather than an heterogeneous mix- 
ture between a rocksalt phase-ground state of ScN-and a 
wurtzite stn~cture-ground states of both GaN and InN. 

One aim of this Rapid Communication is to revisit the 
stability of the wurtzite phase in ScN. In particular, our cal- 
culations point out that the wurtzite structure is unstable in 
ScN. In contrast, we hrther  predict that the hexagonal stnlc- 
ture that has recently been found in MgO and which is nearly 
five-times coordinated,I2 is stable in ScN. 

The second aim of this Rapid Communication is to show 
that the structural, dielectric, and optical properties of this 
hexagonal phase in ScN are rather different from those of 
wurtGite G ~ N  and InN. Consecluently, we expect that anoma- 
lous effects should occur in hexagorrul Scl-,Ga,N and 
Sc,-,In,N solid solutions when increasing the x composi- 
tion. Examples of such effects are (1) a continuous evolution 
of the axial ratio from = 1.2 to -- 1.62-1.63; (2) a change in 
thc coordination number fiom = 5  to = 4 ;  (3) a paraelectric- 
to-pyroelectric transition resulting in an enhancement of 
clcctromechanical responses; (4) a noticcable change in the 
cationic-averaged Born effective charge that is due to the fact 
that Sc is a transition-metal atoni, unlike Ga or In; (5) a 
transition from an indirect to a direct band-gap semiconduc- 
tor; and (6) the generation of materials with a wide range of 
band gap. 

Here, we investigate the clays of hexagonal phases for 
which the primitive lattice vectors of the direct Bravais lat- 
tice arc, 

a3 = cz, (1.1 

where a and c are the two different lattice parameters, and 
where c!a is the axial ratio. x, y, and z are the unit vectors 
along the Cartesian axes. The priinitive unit cell contains 
four atoms: two atoms of type A (e.g., A=Sc) located at r ,  
and r2, and two atoms of type B (e.g., B = N )  located at r, 
and r,, with 

where u is the dimensionless internal parameter. In thc fol- 
lowing, we will denote this class of hexagonal phases as h , .  
Note that the wurtzite structure. which has a 6nlm point - 
group (in international notations) and for which c l a =  \18/3 
and u=0.375 in its ideal fomi. belongs to h,. Similarly, the 
structure, which is stable in ~ ~ , ~ b h o s e  point group is 
6lrnmrn and for which cla=2.60 and u=0.5, is also con- 
tained in h,. 

Wc perform local-density approximation (LDA) (Ref. 14) 
calculations on the h, class in ScN, using the Vanderbilt 
ultrasoft-pseudopotential schemeI5 with a plane-wave cutoff 
of 25 Ry. The 3s ,  3p, 3d,  and 4 s  electrons of Sc, as wcll as 
the 2s  and 2 p  electrons of N, are all included in the valence. 
As a result, the studied primitive unit cell exhibits 32 valence 
electrons per cell. We also use the Ceperley-Alder exchange 
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Using first-pri~~ciples calculations, we have investigated properties of the ( , 4 , [  ])Nb2O6 perovskite systcms 
exhibiting a rocksalt ordcring bctwcen divalent A atoms--4 =Ca, Sr, Pb, or Ba-and ncutral vacancies [ 1. 
Tlieir propcrtics can be understood by simplc rules and by analogy with the corresponding ATiOl simple 
perovskites. Contrary to coinmoll belicf, all thc studicd vacancy-rich systcms cxhibit fcrroelcctric instability. 
Furthermore, thcir ground state can be fcrroelcctric, antiferrodistortive, and may be sensitive to pressure or 
quantum cffccts, depending on the '4 atom. 

DOI: 10.1 103iPhysRevB.66.220103 PACS number(s): 61.72.Ji, 61.72.Bb, 77.8J.D~. 81.05.Z~ 

The search for perovskite materials with better andlor new 
properties is being extensively pursued. So far, four different 
strategies have been successful for that search. Onc strategy 
is related to sa~nple quality, as highlighted by the large pi- 
ezoelectric cocfficicnts found when growing single crystals 
rather than ccramics of Pb(Mgl,3NbZ;3)03-PbTiOj and 
Pb(Znl,3Nb?,3)03-PbTi03 compounds.' Valying the compo- 
sition in solid so1lrtion.s is another possibility yielding spec- 
tacular results, as pointed out by the discovery of a mono- 
clinic phase in a narrow compositional range in 
Pb(Zrl - , T ~ , ) O ~ . ~ . ~  Applying an external electric field to 
ferroelectric materials can also lead to a drastic enhancement 
of the electromechanical properties and to the discovery of 
new structural Finally, recent theoretical 
works7 . I1  predict that playing with the atomic ordering in 
solidsolz~tions is very promising to generate perovskites with 
improved and even new properties. . . 

The main aim of this paper is to explore another way in 
the quest for different perc&skite materials with interesting 
properties. Specifically, our goals are to design and under- 
stand single crystals exhibiting "alloying" between real at- 
oms and vacancies. More precisely, we choose to investigate 
properties of the (A,[ ])Nb7O6 system that adopts a rocksalt 
ordering between divalent A atoms, i.e., A =Ca, Sr, Pb, or 
Ba, and [ ] (neutral) vacancies. Such a system has not been 
synthesized yet (to our knowledge), contains nine atoms per 
primitive cell and is electrically neutral (as a whole). It ex- 
hibits 50941 of vacancy at the A site of the perovskite structure 
and consists of one pure plane of divalent A atoms alternat- 
ing with one vacancy plane along the [ I l l ]  direction. Our 
choice of supercell was motivated by two reasons. First of 
all, rOCKSalt orderlng In (A,L I)Nb2U6 leads to the mmlml- 
zation of the electrostatic interactions between the $ 2  
charges associated with the A atoms and the zero charges of 
vacancies.I2 Second, the size of the system is relatively 
small, thus allowing the use of accurate first-principles tech- 
niques to compute its properties. Technically, we perform 
ultrasoft-pseudopotentia113 local-density approxilnation 
(LDA) (Ref. 14) calculations on these materials, as well as, 
on the isovalent and simple KNb03 system for comparison. 
The semicore shells of all the metals are included in the 
valence as in Ref. 15. The plane-wave cutoff is chosen to be 
25 Ry and (4,4,4) and (6,6,6,) Monkhorst-Pack meshesI6 are 

used in (A ,[ ])Nb206 and KNb03,  respectively. We also use 
the Ceperley-Aldcr exchange and correlation."*18 

Properties of the paraelectric phase. We first focus on 
paraelectric cubic (A,[ ])Nb20, systems, for which all the 
atoms are kept at the ideal perovskite positions. Such geom- 
etry automatically guarantees the forces to be null on each 
atom. The primitive lattice vectors are R l  = ao[O,l, I], R2 
=ao[  1,0,1], and R3= a(,[ 1,1,0], where the lattice parameter 
uo is optimized by minimizing the total LDA energy. a. and 
the lattice constant asp  resulting from the tabulated 
Shannon-Prewitt radii for A and 0 ions1' are displayed in 
Table 1. One can see that there is a linear relationship be- 
tween a. and asp ,  which implies that the increase of a. 
occurring whcn going from (Ca,[ ])Nb20, to 
(Ba,[ ])Nb20,, via (Sr,[ ])Nb206 and (Pb,[ ])Nb206, can 
be understood by simple ionic radii consideration. The strong 
relationship between LDA lattice constants and tabulated 
ionic radii is further confirmed by the fact that 
(Ba,[ ])Nb2O6 and KNb03 have the same asp while pos- 
sessing similar a,,. 

Table I further reports the Born effective charges ZT3-as 
computed within the Berry-phasc approach"-for each atom 
in all the studied systems. Practically, we use roughly 2000 
and 1000 Bloch states in the cubic (A,[ ])Nb20h and 
KNb03 systems, respectively, to assure a good convergence 
of the effective charges. Note that the oxygen atoms are 
grouped into two kinds: those denoted 011, located between 
two Nb atoms along the z direction; and those denoted 0, , 
located between two B atoms in the perpendicular 
directions."~~' The effective charges of Nb and OIl atoms in 
(A,[ ])Nb7O6 are predicted to be (i) anomalously large in 

U I  t J  

and - 2 ,  respectively, (ii) nearly independent of thc A atom, 
and (iii) very close to their respective values in cubic 
KNb03. Feature (i) is due to a subtle hybridization between 
the 0 2 p  orbitals and the 4 d  orbitals of ~ b , 2 ' . ' ~  while items 
(ii) and (iii) reflect a very strong correlation between 
ZT3(Nb) and Z:3(011), as also observed in simple 
perovskites.2' Z:3(A) and Z:3(0,) are also correlated in the 
sense that systems exhibiting effective charges of A atoms 
close to their nominal ionic value have very similar Zr3(0,) 
around - 1.7-see (Ca,[ ] )Nb206,  (Sr,[ ])NbZ06. and 
KNb03-while a significant enhancement of Zf3(,4) with 
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A first-principles-derived approach is used to study structural, piezoelectric and dielectric prop- 
erties of Pb(Zrl-,Ti,)03 (PZT) solid solutions near the morphohopic phase boundary at low 
temperature. Three ferroelechic phases are found to exist: 8 tetragonal phase for larger x com- 
positions, a rhombohedral phase for smaller x compositions, and the recently discovered mon* 
clinic phase in between. In this rnonoclinic phase, the polarization associated with the Zr atoms 
behaves differently from the polarization associated with the Ti atoms. As the composition x 
decreases, the former rotates more quickly towards the pseud~cubic [I 111 direction and grows 
in magnitude, while the latter lags in its rotation and its magnitude shrinks. The local micro- 
scopic structure is found to deviate significantly from the average stnicture in these PZT alloy 
phasa as a result of fluctuations in the directions and magnitudes of the local polarizations. 
The rnonoclinic phase is characterized by a very large piezoelectric and dielectric response. 

Keywordr: Macroscopic phases; local structure; piezoelectricity; dielectric response 

PACS: 77.84.D~; 77.65.Bn; 77.22.Ch 

I. INTRODUCTION 

Since the beginning of the 70's. Pb(Zrl-,Ti,)03 (PZT) alloys have been 
known to exhibit a morphotropic phase boundary (MPB) separating a ferro- 
electric region with a tetragonal ground state (x > 0.52) from a ferroelectric 
region with rhombohedra1 symmetry (x < 0.45) [I]. Very recently, syn- 
chrotron x-ray powder difiaction studies have revealed that there is in fact 
a third phase in the vicinity of the MPB at low temperature [2]. This phase 
is ferroelectric, adopts a monoclinic symmetry and occurs within a narrow 



VOLUME 89, NUMBER 5 P H Y S I C A L  R E V I E W  L E T T E R S  29 JULY 2002 

Piezoelectric Coefficients of Complex Semiconductor Alloys from First-Principles: 
The Case of Gal-,In,N 
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A first-principles-derived scheme is developed to compute the piezoelectric coefficients e i j  of semi- 
conductor alloys. This method is applied to study the effect of atomic arrangement and composition on e33 
in wurtzite Ga,-,In,N. Results obtained by this method for ordered structures are in good agreement with 
direct first-principles calculations. We predict that atomic ordering can have a large effect on piezo- 
electricity and that e3, of disordered materials is nearly linear with composition. Microscopic origins for 
these features are revealed. 
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The compositional dependence of many properties in 
disordered semiconductor A1-,B,C alloys is well estab- 
lished and is usually well described by a second-order 
polynomial of the composition x [1,2]. Examples of such 
properties are the band gap and the mixing enthalpy. 
Interestingly, the compositional behavior of the piezoelec- 
tric coefficients in disordered semiconductor alloys is 
mainly unknown, despite the fact that many unusual physi- 
cal features of wurtzite solid solutions, such as Gal-,In,N, 
are related to these coefficients [3-91. Traditionally, one 
assumes for simplification that the piezoelectric coeffi- 
cients can be determined by a compositionally linear in- 
terpolation between the corresponding coefficients of their 
parent compounds [6,8]. Recently, a first-principles study 
[lo] suggests that this linear assumption holds closely only 
if the nonlinear strain dependence of the piezoelectricity in 
the parent compounds is accounted for. However, this 
pioneering a b  initio study [I01 was done only for strained 
alloys at a unique composition and by using small cells. In 
principle, a more accurate description of the compositional 
behavior of piezoelectricity in random solid solutions re- 
quires the use of large cells, in order to better mimic the 
different possible local chemical environments of a real 
disordered alloy in the whole compositional range. 

Another aspect that is poorly understood is the micro- 
scopic effect(s) responsible for the deviation of piezoelec- 
tricity from a linear compositional behavior occurring in 
some atomically ordered cation-mixed nitride alloys and 
not in others 110-121. 

Obviously, accurate simulations on large supercells are 
needed to understand the properties of piezoelectric semi- 
conductor alloys in general, and of Ga,-,In,N, in particu- 
lar. First-principles methods do offer a high accuracy but 
are (currently) restricted to the study of small cells. 

The aims of this Letter are threefold. First, we want to 
demonstrate that it is possible to develop an a b  initio 
computational scheme with the capability of predicting 
the piezoelectric coefficients of large supercells with the 
accuracy of first principles. Second, we wish to apply this 

scheme to study the effect of composition and atomic 
ordering on the piezoelectric coefficient of Ga,-,In,N 
alloys. Finally, our last goal is to reveal the microscopic 
features associated with piezoelectricity in Gal-,ln,N 
solid solutions. 

Decomposition of e33--We now illustrate in detail this 
proposed scheme for calculating the e3 ,  piezoelectric co- 
efficient, which is the derivative of the polarization P3 
induced along the 2 axis with respect to the macroscopic 
strain T~ (in Voigt notation) along this z axis. As indicated 
in Refs. [12-161, e33 can be decomposed into "clamped- 
ion" and "internal-strain" contributions: 

e c  du3(k) 
e33 = e33,, + z ; , ( k )  - . 

d773 
(1) 

k 

where k runs over all the atoms in the unit cell, e is the 
magnitude of the electron charge, and c and SZ are the equi- 
librium lattice constant along the z direction and the vol- 
ume of the unit cell, respectively. The clamped-ion 
coefficient e33,c measures the contributions to e3, coming 
from vanishing internal strain, that is associated with 
internal atomic coordinates frozen at their equilibrium 
positions. Z;,(k) is the Born effective charge of atom k,  
and d u 3 ( k ) / d q 3  characterizes the response of the kth 
atom's internal coordinate along the z axis to a macro- 
scopic strain T~ Equation ( I )  indicates that the full knowl- 
edge of e33 in any piezoelectric material requires the 
determination of three different quantities, namely, 
(i) e,,,,, (ii) Z;, (k)  for all the atoms, and (iii) d u 3 ( k ) / d q 3  
for any k. Our proposed method "simply" consists in 
finding ways to determine these three quantities in com- 
plex systems. In the following, we explain in detail how 
such determination is accomplished in Ga,-,In,N alloys. 

Determining e3,,,-We first select four simple 
Gal-,In,N structures, all exhibiting atomic ordering 
along the c axis. The first structure will be denoted 1 X 1 
and consists of a single Ga plane alternating with a single 
In plane. This structure has been studied in Refs. [lo-121 
and has an overall indium composition x = 0.5. The 
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Abstract 
We review the empirical pseudopotential method and its recent applications 
to thc Ill-V nitride alloys GaAsN, GaPN, GaInAsN and GaAsPN. We 
discuss how studies using this method have provided an explanation for 
many experilnentally observed anomalous nitride phenomena, including 
sharp photoluminescence lines in dilute alloys, high effective masses, 
Stoke's shift between emission and absorption in higher concentration alloys 
for GaAsN and GaPN ternaries. We also discuss predictions of unusual 
effects that remain t o  be  experimen~ally discovercd in GaInAsN quaternaries 
and complex GaAsPN solid solutions. 

I .  The unusual phenomenology of 111-V nitrides 

Although the primary interest in anion-mixed Ill-V nitrides 
has k e n  due to the large reduction in bandgap observed on 
addition of nitrogen, Inany other properties arc now known 
to be different from conventioilal, non-nitride 11-V alloys 
(InGaAs, GaAsP, elc). 

In the ultra-dilule regime (nitrogen concentration x i 
0.0 1 (7c) one observes: 

(i) Localiied, si~igle-inipiirity le~'els appear near zhe 
bandgap [I-51. In conventional isovalent alloys such 
as G a b : P  or &4s:In the ensuing perturbation potential 
V,4s- Vp or \ha-- Vln is too weak tocreate a bound statein 
thc gap. In contrast, absorption and photoluminescence 
excitation (PLE) of GaP:N and Ga&:N show the 'N, 
centre' duc to anion-substitutional isolated nitrogen. In 
Gag:N this level appears as in impurity-bound exciton at 
EcaM - 33 ~neV below the conduction band minimum 
(CBM) [ 1 4 ] ,  whereas iu Ga&:N it appears as a sharp 
resollance at E C B ~  + 1 80 meV [5-81 above the CBM. 

(ii) Anomalously sn~all prcssiirv depende~ice of single 
impuriry srares is observed. Shallow, effective-mass like 
impurity levels (QAs:Zn or Ga&:Si) are constructed 
from the wavefunction of the single nearesl host crystal 
state. Consequently. when pressure is applied, such 
impurity levels change their energy at the samc rate as the 
energetically nearest host crystal state [9]. In contrasl, 
the impurity levels in dilute GaP:N and GaAs:N have 
anomalously small pressure coefficients: in G e : N  the 
encgy of the impurity-bound cxciton is almost pressure 

independent [lo,  1 I], whereas the X1, CBM of the GAP 
host crystal descends at a rate of -14 meV GPa-I. 
In GaA>:N, the nitrogen level moves with pressure to 
higher cncrgies at a much slower rate (-40 ~neV GPa-' 
[7, 81) than the ITI, CBM of GaAy [I21 (+I 10 ~neV 
GPa-') Such small prcssure coerfic~cnts arc usually 
~ndicative of localization, whercby the wavcfunction is 
constructed from many bands of the host crystal, rather 
than from the nearest host crystal state 1131. 

In the intermediate concentration regime (up to -1 %I 

nitrogen), one observes: 
(iii) Sliarp phorolriminescence (PLJ lines appear d~ie  ro 

inll>riric clusters. Even random substitution of 
impurities onto the atomic sites of a host crystal creates. 
by chance, impurity pairs and higher-order clusters. In 
conventional isovalent 111-V alloys, such pairs give rise 
to broad resonances. n-irhin the valence and conduction 
continua [14-181, but nogap levels. In contrast, inGaPN 
and GaAsN, the N-N pairs form discrete levels inside 
the bandgap extending in Gap down to ECBM - 160 meV 
[4, 19-21] and in GaAs down to EcBM - I0 [8,7.22] or 
EcaM - 80 meV [23-2.51. Such clusters do not appear 
to create deep levels in ordinary, non-nitride. alloys. 

(iv) Redshiji between ahsorprion/PLE and emission is 
ohsen9ed. In high structural quality random, direct-gap 
In-V alloys, absorption and emission occur at the same 
energy. In contrast, alrcady at a concentration of 
0.05-0.1% nitrogen in GaAs. the emission lines are 
redshifted with respect to absorption [26]. At higher 
concentrations the shift increases in energy 127,231. 
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Abstract 

The very recent use of first-principles-derived approaches to investigate piezoelectricity in simple and complex ferroelectric perovskites 
has not only provided a deep microscopic understanding but also has led to the design of materials with striking electromechanical 
responses. O 2002 Elsevier Science Ltd. All rights reserved. 

1. lntroduction 

Piezoelectricity is a fundamental process linking electri- 
cal and mechanical properties [1,2]. This process has been 
put in use to convert mechanical energy to electricity (and 
vice-versa) in various applications ranging from ultrasonic 
to sonar listening devices, via phonograph needles and 
telephone speakers [3]. In general, the larger the so-called 
piezoelectric coefficients, the more efficient is the applica- 
tion. 

Of the 32 crystallographic point groups, 12 possess 
symmetry elements preventing the existence of piezoelec- 
tricity [1,2]. Consequently, only some materials are 
piezoelectric. An important class of such materials are the 
ferroelectric perovskite compounds, which are currently 
used in piezoelectric transducers and actuators [4]. Intrigu- 
ing piezoelectric effects have been reported in these 
perovskite compounds. For instance, the Pb(Zr,-x?'ix)03 
(PZT) solid solutions have been known for more than 30 
years to exhibit a very high piezoelectric response, but 
only for a very narrow range of composition x [5]. 
SimilarIy, the class of Pb(Mg , ,3Nb2,,)03-PbTi03 
(PMN-PT) and Pb(Zn,,,NbZl3)O3-PbTiO, (FZN-PT) 
materials were found to exhibit remarkably large 
piezoelectric constants, when synthesized in single-crystal 
form [6].  These latter materials thus promise dramatic 
improvements in the resolution and range of piezoelectric 
devices [3]. The desire to understand these intriguing 
effects, as well as the quest for new materials with even 
better electromechanical responses, has motivated the 
recent use and development of first-principles techniques 
in perovskite compounds. 

The purposes of the present review are threefold: (1)  to 
provide a description of the different numerical procedures 

E-mail address: la~~rcnt(@uark.tl~~ (L. Bellaiche). 

allowing the determination of piezoelectric coefficients 
from first-principles techniques; (2) to summarize the 
understanding of piezoelectric effects in perovskites that 
has been gained in the past 5 years using these techniques; 
and (3) to describe the findings of first-principles-based 
works, published in the last 2 years and predicting striking 
piezoelectric response in perovskite compounds that re- 
main to be grown. 

2. Piezoelectric coefficients from first principles 

In fact, piezoelectricity is a phenomenon incorporating 
d ~ r e w n t  electromechanical effects [1,2]. For instance, 
applying a mechanical stress to piezoelectric crystals 
(under fixed macroscopic electric field) leads to an induced 
electric poIarization Pi,, whose magnitude is proportional 
to the applied stress a. When using thc Voigt (or matrix) 
notation and the Einstein summation convention, this so- 
called direct piezoelectric effect can be ma~hematically 
described by 111: 

where {d,,)  is a third-rank piezoelectric tensor. The com- 
ponent i is an integer equal to 1, 2 or 3, while the suffix j 
can adopt integer values ranging from 1 to 6. 

Piezoelectric materials also change shape when subject 
to an external macroscopic electric-field E, which is 
known as the converse piezoelectric effect and which can 
be written (for a fixed stress a) as [I]: 

where {q} is the strain tensor and where the piezoelectric 
coefficients d,] are exactly the same as those of Eq. (1). 

1359-028610215 -see  front matter 8 2002 Elsevier Science Ltd. All rights reserved. 
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A first-principles-derived approach is used to study the effects of planar defects on structural 
properties of a rocksalt-ordered Pb(Sco,,NbaS)03 alloy. These defects lead to unusual features, in- 
cluding a less symmetrical ground state with respect to the perfectly ordered material. We also propose 
that a simple and original mechanism, involving these defects, may be responsible for the existence and 
anomalous characteristics of the incommensurate phases observed in insulating perovskites. 
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Complex insulating perovskite solid solutions with the 
general formula (A',A1', A"'. . .)(B1, B", B"'. . .)03 are cur- 
rently receiving a lot of attention, mainly because they 
(i) can exhibit huge electromechanical responses [I-41, 
(ii) adopt ground states of unexpected symmetry [3-61 , 
and (iii) lead to new phenomena [3,4,7-101. One irnpor- 
tant class of perovskite solid solutions is formed from the 
so-called heterovalent alloys, i.e., from systems possess- 
ing a mixing between atoms belonging to different col- 
umns of the periodic table. These heterovalent alloys have 
a tendency to adopt an atomic ordering between the 
mixed atoms [ll]. Examples include the rocksalt ordering 
exhibited by Pb(Bi12B$1)03 perovskites for which the A 
atom is Pb and B' and B" belong to columns 111 and V (or 
I1 and VI) of the periodic table, respectively. Single 
crystals and ceramics of these "Pb-(111-V)" and "Pb- 
(11-VI)" materials have been extensively studied both 
experimentally and theoretically, and a better under- 
standing resulted from these studies (see Refs. [12-151, 
and references therein). On the other hand, very little is 
known on the microscopic and macroscopic effects of 
planar defects on their properties, despite the fact that 
antiphase boundaries (APBs) and stacking faults (SFs) 
have been observed in highly ordered alloys [16-181. 

Another intriguing feature of the rocksalt-ordered 
Pb-(111-V) and Pb-(11-VI) solid solutions is that they are 
the only insulating perovskites reported to have in- 
commensurate (IC) phases. As a matter of fact, up to 
now, IC phases have been found only in Pb(CoII2WlI2)O3 
[14,191, P ~ ( S C I / ~ T ~ I / ~ ) O ~  [151, P b ( C d 1 / ~ W ~ / 2 ) 0 ~  
P O I ,  Pb(Mg,/,Nb, /2)03 r21.221, and, possibly, 
Pb(Ybl/2Tal/2)03 [23]. The reason behind this general 
feature, as well as the unusual fact that no lock-in trali- 
sition between incommensurate and commensurate 
phases has been seen in some of these solid solutions 
[22], remains poorly understood, despite the pioneering 
works of Caracas and Gonze [24]. 

The aim of this Letter is twofold: first, to demonstrate 
that - and explain why - planar defects strongly affect 
structural properties of highly ordered perovskite solid 
solutions, and second, to suggest - and provide evidence 
supporting the hypothesis- that a simple mechanism, 

involving these defects, may be responsible for the exis- 
tence and anomalous features of the IC phases. 

Here, we choose the heterovalent ~b(~ci:Nbi, :)0~ 
(PSN) solid solution as a prototype of a Pb-(111-V) alloy. 
We first generate two kinds of atomic configurations, both 
mimicked by 12 x 12 X 12 supercells. The first one is the 
perfectly rocksalt-ordered PSN supercell (to be denoted 
by RS-PSN); i.e., the structure in which the atomic order- 
ing between the different B atoms is characterized by one 
pure plane of Sc atoms alternating with one pure niobium 
plane along the [I 1 I] direction. The second one exhibits a 
specific density of defects. More precisely, we have in- 
troduced stacking faults [see Fig. l(a)] and antiphase 
boundaries [see Fig. l(b)] along the direction of cation 
ordering [25]. These structures will be denoted by SF- 
PSN and APB-PSN, respectively. Note that (1) the aver- 
age concentration of these structures preserves the charge 
neutrality of PSN; i.e., there are 50% of Sc and 50% of Nb 
atoms, and (2) the characteristic period of the defect 
supercells correspond to 12 B planes. As pointed out in 
previous studies [3,4,8,26], the difference of ionic valence 
between Sc and Nb atoms leads to the occurrence of an 

(a) (b) Plane , , .- f 
Index j 

ly Y. L. ;' CI 4+, \t C ,  ~ p x  ~ j ~ ~ f @ ~ f ~ T ~ -  
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FIG. 1. Schematic illustration of the presently studied PSN 
supercell exhibiting (a) stacking faults and (b) antiphase 
boundaries defects. Arrows indicate the internal electric fields. 
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ABSTRACT 

Given that the speed of integrated circuits (ICs) is projected to continue to increase at its present rate, the 
packaging of ICs may become a formidable task not too distant into the future. In fact, as circuit integration and IC 
switching speeds continue to increase, chip-to-chip interconnection becomes the limiting factor in realizing the 
system pegormance benefits of using faster ICs. Multichip modules (MCMs) offer a high performance alternative to 
conventional printed wiring boards (PWBs), and one of the more promising applications for high temperature 
superconductors (HTSCs) is as signal interconnects between bare ICs in MCMs. We report on the successfil 
development and fabrication of a superconducting MCM packaging technology using a novel yttrium-barium- 
copper-oxide (YBCOnttriwn-stabilized zirconia (YSZ)/.silicon dioxide (Si02)/yttrium-stabilized zirconia 
(YSZ)lyrrrium-barium-copper-oxide (YBCO) multilayer substrate using either a chemical-mechanical pla~rization 
technique or a conventional lifr-off process on a single-crystal YSZ substrate. To reduce the complexity of the 
processing required, the two-layer Interconnected Mesh Power System (IMPS) MCM topology was used. For 
demonstration purposes, a 100 MHZ ring oscillator multichip module using galliwn arsenide technology was 
successfilly fabricated. 

Key Words: multichip module, high-temperature superconductor 

Introduction 

One of the fundamental challenges to reducing the 
linewidth of interconnects in both integrated circuits 
(ICs) and multichip modules (MCMs) is the resulting 
increase in parasitic resistance. The increased 
parasitic resistance increases the propagation delay of 
signals traveling along the interconnect. High- 
temperature superconductors offer an attractive 
solution to this parasitic resistance problem since 
they exhibit a negligible resistance when operated in 
their superconducting state. Consequently, the 
propagation delay of signals is reduced significantly. 
Furthermore, high interconnect bandwidths (up to 
100 GHz) are possible without sacrificing packaging 
density. Other advantages of superconducting 
interconnects are that faster device switching and 
lower voltage operation for CMOS and GaAs are 
possible when operating at the liquid nitrogen 
temperature of 77K. The liquid nitrogen operating 
environment also reduces heat dissipation problems 
and increases MCM reliability. In this paper, we 
report on two approaches to the successful fabrication 

of a superconducting MCM using a novel yttrium- 
barium-copper-oxide (YBC0)lyttrium-stabilized 
zirconia (YSZ)/silicon dioxide (SiOz)lyttrium- 
stabilized zirconia (YSZ)/yttrium-barium-copper- 
oxide (YBCO) multilayer substrate. A chemical- 
mechanical planarization technique, as well as a 
conventional lift-off process, were used to fabricate 
superconducting MCMs on a single-crystal YSZ 
substrate. 

Device Design and Fabrication 

Typically. conventional MCM-D 
technologies require at least a four-layer 
metallization system to provide power, ground, and 
signal distribution for the ICs they contain [l]. 
However, it is very difficult to fabricate more than 
two layers of superconducting interconnects on a 
substrate due to the necessity for maintaining critical 
structural alignment of the superconducting thin film 
in a multilayer structure. The surface onto which the 
superconductor is deposited must be planar since any 
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Wc .present an approach to thc implcmcntation of thc virtual crystal approxinlation (VCA) for the study of 
propemcs of solid solutions in the context of density-functional methods. Our approach can casily be applicd 
to any type of pseudopotential, and also has the advantage that it can be used to obtain cstimatcs of thc atomic 
forccs that would arise if the real atoms wcre prcsent, thus giving insight into the expected displacements in thc 
real alloy. We have applied this VCA technique within the Vanderbilt ultrasoft-pseudopotential scheme to 
predict diclcctric and piczoclcctric properties of thc Pb(Zro,5Tio.5)03 solid solution in its paraclcctric and 
ferroclectric phases, respectively. Comparison with calculations performed on ordered alloy supercclls and 
with data on parents compounds dcmonstrates the adcquacy of using thc VCA for this perovskitc solid 
solution. [n particular. the VCA approach reproduces the anomalous Born effective charges and Lhc large value 
of the piczoclcctric coefficients. 

I. INTRODUCTION 

The application of first-principles electronic band- 
structurc methods to the study of disordered alloys and solid 
solutions requires some approximation for the treatment of 
the alloy disorder. A "direct" approach is to make use of the 
supercell approximation, i.e., to study one or more disor- 
dcred configurations in a si~pcrcell with artificially imposcd 
periodic boundary conditions. Such calculations generally re- 
quire the use of veiy large supcrcclls in order to mimic the 
distribution of local chemical environments, and tend to be 
con~putationally vcry demanding. A much simpler and eom- 
putationally less expensive ap roach is to employ the virtual P .  . crystal approximation (VCA), in which one studies a crystal 
with the primitive periodicity, but conlposed of fictitious 
"virtual" atoms that interpolate between the behavior of the 
atoms in the parent compounds. This technique has seen 
wide use in band-structure calculations.'-" Another possible 
approach would be to make use of  the coherent potential 
approxi~nation (cPA)," but unfortunatcly the CPA is gener- 
ally not well suited for use in first-principles total-energy 
rncthods. A diffcrent way to go beyond the VCA is to c a 6  
out a systematic perturbation expansion in the difference be- 
tween the true and VCA potentials, an approach that is some- 
times referred to as "computational However, 
this mcthod is much Inore complicated than the usual VCA. 
requir~ng the use of density-functional linear-response tech- 
niqucs. 

Clearly the VCA has the advantages of  simplicity and 
computational efficiency, if two possiblc conccms can be 
addressed. First and forenlost is the question of  the accuracy 
of thc VCA approximation. Previous work has demonstrated 

good accuracy for the VCA in some semiconductor and fer- 
romagnetic materials,'-' but it was found to be inadequate 
for an accurate treatment of the electronic structure of some 
unusual semiconductor Until thc rccent pioneer- 
ing work of  Ramer and ~ a ~ ~ e , "  nothing was known about 
the ability of the VCA to describe the properties of an im- 
portant class of materials, the ferroelectric perovskite solid 
solutions. Their work strongly suggests that these alloys arc 
good candidates for modeling with the VCA, since it repro- 
duccs the strain-induccd transitions of ordered supercells of 
Pb(Zro,5Tio,5)03. However, it is not known whether the 
VCA is good enough to predict the anomalous dielectric and 
piczoelcctric propertics of perovskite solid solutions. 

A second concern is more technical. By its nature, the 
VCA is closely tied to the pseudopotential approximation. 
Indeed, unless pseudopotentials are used, it is hopeless to 
apply thc VCA to the usual case of  isoelectronic substitution 
(i.e., atoms belonging to the same column but different rows 
of the Periodic Table). However, as pseudopotential metllods 
have matured, it has become less obvious what is the correct 
or optimal way to implement the VCA. For the casc of local 
pseudopotentials, the implementation is straightforward? the 
potential of  the virtual system made from the (AI-,B,)C 
alloy is generated simply by coinpositionally averaging the 
potentials of  the parent A C  and B C  compounds, 

In practice this is usually done in Fourier space by averaging 
V,lc(G) and VBC(G). In the case of semilocal (e.g, 
 ama am-~chliiter-chiang13) pseudopotcntials. a similar aves- 
aging of the radial potentials VA.!(r) and VB,,(r) can be done 
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A reversible 2D critical transition is observed on the GaAs(001) surface and modeled as a lattice-gas 
lsing system. Without depositing any material, 2D GaAs islands spontaneously form. The order parame- 
ter, four critical exponents, and coupling energies are measured from scanning tunneling microscope 
images of the microscopic domain structure and correlation functions as a function of temperature and 
pressure. Unprecedented insight into the domain structure of a 2D lsing system through the critical point 
and a complete Hamiltonian for modeling the GaAs(001) surface are presented. 

PACS numbers: 68.35.B~. 05.50.+q, 68.35.Rh 

The epitaxial techniques used in manufacturing com- 
pound semiconductor device structures have demanded in- 
sight into the physical process undergone when atoms are 
deposited on top of a single crystal surface. This in- 
sight is of both fundamental and technological importance 
and modeling these surfaces is challenging due to their 
two-component nature. Much success has been achieved 
using various techniques, such as first-principles theory 
[I], kinetic Monte Carlo simulations [2], rate equations 
[3], and thermodynamics [4]. 

On single component surfaces, one of the oldest and 
simplest approaches to modeling is the celebrated two- 
dimensional (2D) lattice-gas Ising model [5]. Clever re- 
searchers have been able to artificially create 2D systems 
with a fixed, submonolayer amount of one material de- 
posited on a host surface made of a different material, and 
successfully applied the 2D lattice-gas lsing model [6- 101. 
These studies advance our understanding of phase tran- 
sitions while illuminating the nature of interactions be- 
tween atoms on surfaces, since the 2D Ising model has 
been theoretically studied in rigorous detail [ l  1,121. The 
above types of experiments are within the canonical en- 
semble (i.e., fixed number of particles) and therefore, they 
can fit their data to Onsager's exact solution similar to 
some 2D Ising-like magnetic phase transitions (i.e., fixed 
number of spins) that have been observed by neutron scat- 
tering [13-151. The lattice-gas lsing model was origi- 
nally framed within the more general context of the grand 
canonical ensemble, where the number of particles is free 
to fluctuate as it exchanges with a reservoir. This is unlike 
the ferromagnetic case where the number of spins is fixed. 
To the best of our knowledge no experimental test of the 
general solution to the 2D lattice-gas Ising model within 
the grand canonical ensemble exists. 

In this Letter, we discovered a single crystal surface 
where the surface atoms can exchange with the substrate in 
a reversible manner consistent with the general solution 2D 
lattice-gas Ising model within the grand canonical ensem- 
ble. Surprisingly, the system is the technologically impor- 
tant two-component GaAs(OO1) compound semiconductor 

surface. This experiment is performed by imaging individ- 
ual domains on a scale comparable to its constituents (i.e., 
the atoms) with scanning tunneling microscopy (STM), 
giving unprecedented insight into the microscopic domain 
structure of a 2D lsing system through the critical point. 
Equally exciting, this study provides a complete 2D lsing 
Hamiltonian for modeling the equilibrium and nonequilib- 
rium properties of the GaAs(001) surface. 

Experiments were carried out in an ultrahigh vacuum 
(UHV) multichamber facility [(5 - 8) X lo-" Torr 
throughout] which contains a molecular beam epitaxy 
(MBE) chamber (Riber 32P) that includes a substrate 
temperature determination system accurate to f 2 "C 
[16] and a surface analysis chamber with a custom 
integrated STM (Omicron) [17]. Commercially available, 
"epi-ready," n + (Si doped I 0I8/cm3) GaAs(001) 20.1 " 
substrates were loaded into the MBE system without any 
chemical cleaning. The surface oxide layer was removed 
and a 1.5-pm-thick GaAs buffer layer was grown at 
580 "C using an As4 to Ga beam equivalent pressure ratio 
of I5 and a growth rate of 1.0 pm/h as determined by 
reflection high-energy electron diffraction oscillations. 

The spontaneous formation of islands on this surface 
occurred after each sample was annealed for a fixed 
time (between 0.25-33 h), a fixed temperature (between 
500-700 "C), and a fixed Asq flux (between 0.01 - 10.0 
pTom), resulting in an exhaustive study of the accessible 
parameter space. To ensure the samples were in equi- 
librium, the anneal times were successively increased 
until the surface morphology remained unchanged, which 
resulted in 33 h anneals for the lowest temperatures. The 
samples are cooled to room temperature using a procedure 
that freezes in the surface morphology present at higher 
temperatures and has been described elsewhere [18]. The 
samples were transferred to the STM without breaking 
UHV and imaged at room temperature. For each sample, 
5-10 1 p m  X I p m  filled-state STM images were ac- 
quired using tips made from single crystal (I  I 1)-oriented 
tungsten wire, a sample bias of -3.0 V, and a demanded 
tunneling current of 0.05-0.1 nA. 
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A reversible 2D critical transition is observed on the GaAs(001) surface and modeled as a lattice-gas 
Ising system. Without depositing any material, 2D GaAs islands spontaneously form. The order parame- 
ter, four critical exponents, and coupling energies are measured from scaming tunneling microscope 
images of the microscopic domain structure and correlation functions as a function of temperature and 
pressure. Unprecedented insight into the domain structure of a 2D Ising system through the critical point 
and a complete Hamiltonian for modeling the GaAs(001) surface are presented. 

PACS numbers: 68.35.Bs, 05.50.+q, 68.35.Rh 

The epitaxial techniques used in manufacturing com- 
pound semiconductor device structures have demanded in- 
sight into the physical process undergone when atoms are 
deposited on top of a single crystal surface. This in- 
sight is of both fundamental and technological importance 
and modeling these surfaces is challenging due to their 
two-component nature. Much success has been achieved 
using various techniques, such as first-principles theory 
[l], kinetic Monte Carlo simulations [2], rate equations 
[3], and thermodynamics [4]. 

On single component surfaces, one of the oldest and 
simplest approaches to modeling is the celebrated two- 
dimensional (2D) lattice-gas lsing model [5]. Clever re- 
searchers have been able to artificially create 2D systems 
with a fixed, submonolayer amount of one material de- 
posited on a host surface made of a different material, and 
successfully applied the 2D lattice-gas Ising model [6- 101. 
These studies advance our understanding of phase tran- 
sitions while illuminating the nature of interactions be- 
tween atoms on surfaces, since the 2D Ising model has 
been theoretically studied in rigorous detail [ l  1 ,121. The 
above types of experiments are within the canonical en- 
semble (i.e., fixed number of particles) and therefore, they 
can fit their data to Onsager's exact solution similar to 
some 2D Ising-like magnetic phase transitions (i.e., fixed 
number of spins) that have been observed by neutron scat- 
tering [13-151. The lattice-gas Ising model was origi- 
nally framed within the more general context of the grand 
canonical ensemble, where the number of particles is free 
to fluctuate as it exchanges with a reservoir. This is unlike 
the ferromagnetic case where the number of spins is fixed. 
To the best of our knowledge no experimental test of the 
general solution to the 2D lattice-gas Ising model within 
the grand canonical ensemble exists. 

In this Letter, we discovered a single crystal surface 
where the surface atoms can exchange with the substrate in 
a reversible manner consistent with the general solution 2D 
lattice-gas Ising model within the grand canonical ensem- 
ble. Surprisingly, the system is the technologically impor- 
tant two-component GaAs(O0 1) compound semiconductor 

surface. This experiment is performed by imaging individ- 
ual domains on a scale comparable to its constituents (i.e., 
the atoms) with scanning tunneling microscopy (STM), 
giving unprecedented insight into the microscopic domain 
structure of a 2D Ising system through the critical point. 
Equally exciting, this study provides a complete 2D Ising 
Hamiltonian for modeling the equilibrium and nonequilib- 
rium properties of the GaAs(001) surface. 

Experiments were carried out in an ultrahigh vacuum 
(UHV) multichamber facility [(5 - 8) X lo-" Torr 
throughout] which contains a' molecular beam epitaxy 
(MBE) chamber (Riber 32P) that includes a substrate 
temperature determination system accurate to 2 2  "C 
[16] and a surface analysis chamber with a custom 
integrated STM (Omicron) [17]. Commercially available, 
"epi-ready," n + (Si doped 1 0 ' ~ / c m ~ )  GaAs(001) 20.1 " 
substrates were loaded into the MBE system without any 
chemical cleaning. The surface oxide layer was removed 
and a 1.5-pm-thick GaAs buffer layer was grown at 
580 "C using an As4 to Ga beam equivalent pressure ratio 
of 15 and a growth rate of 1.0 p m / h  as determined by 
reflection high-energy electron diffraction oscillations. 

The spontaneous formation of islands on this surface 
occurred after each sample was annealed for a fixed 
time (between 0.25-33 h), a fixed temperature (between 
500-700 "C), and a fixed As4 flux (between 0.0 1 - 10.0 
pTorr), resulting in an exhaustive study of the accessible 
parameter space. To ensure the samples were in equi- 
librium, the anneal times were successively increased 
until the surface morphology remained unchanged, which 
resulted in 33 h anneals for the lowest temperatures. The 
samples are cooled to room temperature using a procedure 
that freezes in the surface morphology present-at higher 
temperatures and has been described elsewhere [18]. The 
samples were transferred to the STM without breaking 
UHV and imaged at room temperature. For each sample, 
5-10 1 p m  X 1 p m  filled-state STM images were ac- 
quired using tips made from single crystal (1 1 ])-oriented 
tungsten wire, a sample bias of -3.0 V, and a demanded 
tunneling current of 0.05-0.1 nA. 
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A first-principles-derived approach is developed to study finite-temperature properties of 
Pb(Zr,-,Ti,)03 (PZT) solid solutions near the morphotropic phase boundary (MPB). Structural and 
piezoelectric predictions are in excellent agreement with experimental data and direct first-principles 
results. A low-temperature monoclinic phase is confirmed to exist, and is demonstrated to act as a 
bridge between the well-known tetragonal and rhombohedral phases delimiting the MPB. A successful 
explanation for the large piezoelectricity found in PZT ceramics is also provided. 

PACS numbers: 77.84.Dy, 77.65.Bn, 8 1 . 3 0 . B ~  

Ferroelectric perovskite A(B1B1I)O3 alloys are of grow- 
ing importance for a variety of device applications [1,2], 
and are also of great current fundamental interest since 
little is known about the effects responsible for their 
anomalous properties. A good example of an A(B1B")03 
solid solution that is of both fundamental and technological 
importance is the Pb(Zrl -,Ti, ) 0 3  system. Usually de- 
noted as PZT, this mixed-cation alloy is currently in wide- 
spread use in piezoelectric transducers and actuators [I]. 
Its phase diagram exhibits a morphotropic phase boundary 
(MPB) separating a region with a tetragonal ground state 
(x > 0.52) from a region with rhombohedral symmetry 
(x < 0.45) [3]. 

High piezoelectric response is experimentally found in 
ceramics of PZT around the MPB. The origin of this 
large piezoelectric response is unclear. On the one hand, 
semiempirical simulations predict that the large experi- 
mental value of the d33 piezoelectric coefficient results 
mainly from the large value of d33 that a single-crystal PZT 
would exhibit [4]. On the other hand, recent first-principles 
calculations [5,6] have found that the d33 coefficient of a 
tetragonal single crystal of Pb(Zro,5Tio.5)03 is estimated 
to be 3 times smaller than the experimental value obtained 
for ceramics at low temperature. 

Furthermore, recent synchrotron x-ray powder diffrac- 
tion studies have revealed the existence of an unexpected 
low-temperature monoclinic phase of PZT at x = 0.48 
[7], which implies that the phase diagram of PZT is more 
complex than previously thought. This monoclinic phase 
I,. LIIL 

tetragonal phase, for which the electrical polarization P 
lies along the pseudocubic [OO I] direction, and the rhom- 
bohedral phase, for which P is along the pseudocubic [I 1 I] 
direction. If this is indeed the case, the polarization of the 
monoclinic phase continuously rotates as the composition 
x decreases in the MPB region [7]. Such a continuous ro- 
tation has yet to be observed. 

Obviously, accurate simulations are needed to under- 
stand the properties of perovskite alloys in general, and 
of PZT, in particular. Since the beginning of the present 

decade, first-principles methods have emerged as a power- 
ful tool for investigating properties of ferroelectric systems 
theoretically (see [5,6,8,9], and references therein). How- 
ever, these methods are essentially restricted to the study 
of the zero-temperature properties of small cells, while ac- 
curate and interesting predictions of alloy properties would 
require calculations on much larger cells at finite tempera- 
ture. Ideally one desires a computational scheme with the 
capability of predicting the properties of "real" perovskite 
alloy systems at finite temperature, with the accuracy of 
the first-principles methods. 

The purpose of this Letter is to demonstrate that it is 
possible to develop such a scheme, and to apply it to 
study the finite-temperature behavior of PZT in the vicin- 
ity of the MPB. Remarkably, we find that the existence of 
an intermediate monoclinic phase emerges naturally from 
this approach. Moreover, the theory provides a novel and 
successful explanation for the large piezoelectric response 
of PZT near the MPB, thereby explaining and resolving 
the previous theoretical difficulties in obtaining agreement 
with the known experimental values of the piezoelectric 
coefficients. 

Our scheme is based on the construction of an effective 
Hamiltonian from first-principles calculations. A ferm- 
electric effective Hamiltonian [lo] must include the fer- 
roelectric local soft mode and the strain variables, since 
ferroelectric transitions are accompanied by a softening of 
a polar phonon mode and by the appearance of a strain. 
An alloy effective Hamiltonian must also include the com- 

- r s e  to incorporare 
all such degrees of freedom by writing the total energy E 
as a sum of two energies, 

where ui is the local soft mode in unit cell i, {vi} are the 
dimensionless local displacements which are related to the 
inhomogeneous strain variables inside each cell [lo], T H  
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First-principles supercell calculations and the modem theory of polarization are used to compute 
the e33 piezoelectric coefficients of Pb(Zr0,5Ti0,503) (PZT) and 0.60 Pb(Mgl13Nb213)03 + 0.40 PbTiO3 
(PMN-PT) alloys. A drastic enhancement by a factor of 2.7 is found for e33 when going from PZT to 
PMN-PT. The huge value of e33 in PMN-PT comes from the large response of the internal coordinates 
of Pb, Ti, Nb, and 0 atoms to a macroscopic strain. On the other hand, the Mg atoms contribute little 
to the piezoelectricity for dielectric and elastic reasons. 

PACS numbers: 61.66.Dk. 77.65.Bn, 77.84.D~ 

Complex insulating perovskite A(B1B")03 and 
A(B1B11B111)03 alloys are of great current interest for 
actual or potential uses based on their exceptional 
piezoelectric properties [I]. Examples include the 
Pb(Zrl-,Ti,)03 (PZT) alloys that are currently used in 
piezoelectric transducers and actuators [2-41, and most 
recently, the class of Pb(Mgl13Nb213)03-PbTi03 (PMN- 
PT) and Pb(Znl13Nb213)03-PbTi03 (PZN-PT) materials 
which, when synthesized in single-crystal form, exhibit 
remarkably large piezoelectric constants and maximum 
strain levels [5]. These latter materials thus promise 
dramatic improvements in the resolution and range of 
ultrasonic and sonar listening devices [6]. 

A recent ab initio study has concluded that the large 
piezoelectric response observed experimentally in PZT is 
not consistent with the calculated "intrinsic" response of a 
supercell realization of the alloy at zero temperature [7], 
and should instead be ascribed to an "extrinsic" source. 
Of course, care must be taken in making comparisons 
between a piezoelectric constant computed under such 
ideal conditions and one measured experimentally for 
a real material. Obviously, the piezoelectric response 
is generally temperature dependent, and may tend to 
diverge when approaching the Curie temperature [5]. 
Moreover, the piezoelectricity can depend sensitively on 
alloy concentration when close to the morphotropic phase 
boundary [8,9], so that comparisons should only be made 
at the same composition. Still, the intrinsic response 
of a supercell realization of a single-crystal material 
at given x and T may not be the whole story. The 

o the ctric 
response is the motion of ferroelectric domain walls. 
However, several other factors, that could be regarded 
as extrinsic, may also play a role. The coexistence of 
tetragonal and rhombohedra1 phases in the vicinity of 
the morphotropic phase boundary is believed to enhance 
the piezoelectric response of PZT (see Ref. [lo], and 
references therein). The partial compositional order is 
rather complicated in compounds such as PMN-PT: one 
finds some degree of short-range disorder, partial rock- 
salt-like order at intermediate length scales (-50 A), 

and an absence of true long-range order [I I]. The 
compositional fluctuations are likely to be coupled in 
some way to the "nanopolar domains" that are thought 
to be important for the strain response of PMN-PT- 
like compounds [12,13]. In the case where experiments 
are done on ceramic samples, the measured piezoelectric 
response is really some type of complicated orientational 
average of the microscopic single-crystal response. And 
finally, stoichiometric nonuniformities and defects of all 
types (point defects, dislocations, grain boundaries) may 
affect the piezoelectric response if present in the material. 

The thrust of this paper is to investigate the contri- 
bution of infrinsic effects on the enhancement of the 
piezoelectric response when going from PZT to PMN-PT. 
We want both to quantify such effects and to identify 
their microscopic origins. Motivated to clarify these 
issues, we decided to calculate the e33 piezoelectric 
coefficient of ordered supercells of P b ( Z r o . ~ T i ~ . ~ 0 ~ )  and 
0.60 Pb(Mg113Nb213)03 + 0.40 PbTi03 alloys at zero 
temperature. Such a calculation obviously leaves out any 
effects of finite temperature or compositional disorder 
(e.g., compositional fluctuations on the scale of the 
"nanopolar regions"). We also performed simulations on 
the common parent end member PbTiO3 (PT) to assess 
the intrinsic role of alloying on piezoelectricity. The Ti 
compositions of the alloys are chosen to be slightly larger 
than those at the morphotropic phase boundary-47% in 
PZT vs 35%-38% in PMN-PT [10,14]-in order that the 
ferroelectric ground states of the presently studied sys- 
tems have experimentally the same tetragonal point group 
(P4mm) as their common parent compound PbTi03. 

For PT, we adopt the ferroelectric tetragonal cell de- 
noted "Theory 11" in Ref. [15]. To facilitate comparison 
between the PZT and PMN-PT alloys, we choose super- 
cells that are similar in the sense that they both exhibit 
atomic ordering along the [loo] direction. For PZT, there 
are two different (100) B planes (n = 2) corresponding 
to an alternance of pure Zr planes with pure Ti planes, 
with a total of 10 atoms per cell. For PMN-PT, we use 
the minimal number of planes (n = 5) consistent with 
a Ti composition of 40%, yielding a 25-atom cell. We 
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