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High-pressure x-ray scattering of oxides with a nanoscale local structure:
Application to Na1Õ2Bi1Õ2TiO3
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Many of the outstanding properties in oxides are related to materials with an intrinsic nanoscaled local
structure, where the different regions are characterized by competing chemical, structural, and/or physical
properties. One of the major challenges in the analysis of the nanoscaled oxides is experimental access to the
local properties, which is often at best a difficult task, a fact that often inhibits the understanding of properties
such as colossal magnetoresistance, giant piezoelectricity, and high-temperature superconductivity. Here we
present an investigation of the relaxor ferroelectric Na1/2Bi1/2TiO3 , considered as a model type of nanostruc-
tured oxide, by combining the parameter high-pressure with x-ray diffuse scattering. We show that nanoscaled
characteristics can be investigated in detail by combining such measurements with simulation of different
diffuse scattering models. We observe two distinct structural disorders, one of which is characterized by the
observation of asymmetric diffuse scattering in perovskites due to planar polar defects.

DOI: 10.1103/PhysRevB.68.014113 PACS number~s!: 61.10.Eq, 77.80.Bh, 64.70.Nd, 77.84.Dy
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I. INTRODUCTION

The presence of a nanoscale structure is characterist
so-called relaxor ferroelectrics~relaxors!,1 materials that
have attracted considerable attention since the recent dis
ery of ultrahigh strain and giant piezoelectric properties
relaxor-based single crystals.2,3 For another class of mater
als, namely, rare-earth manganite-based oxides displayi
giant magnetoresistance, the presence of nanoscaled p
separation features has been controversial, and it is only
cently that this property has generally been accepted to b
intrinsic key feature.4–9 Without being exhaustive, we men
tion in this connection high-Tc superconductors or more gen
eral correlated electron systems, which also display loca
trinsic inhomogeneities.4,10 On the way towards a
fundamental understanding of nanoscaled materials, g
knowledge of the local chemistry and structural propertie
an important building block for the efficient and meaning
use of first principlesab initio calculations.11–13 In addition,
the understanding and tuning of local properties are of
portance in creating new functional oxides with super
properties. Consequently, new approaches towards the
tailed characterization of nanostructured materials are of
terest. In the past, the usual approach towards the un
standing of nanoscaled materials was mainly through t
chemical composition- or temperature-dependent beha
However, very recent high-pressure (.1.5 GPa) investiga-
tions of relaxor ferroelectrics14,15 and manganite-type
oxides16,17 have illustrated the usefulness of pressure a
variable. We will illustrate in the following, that the comb
nation of high pressure with~experimental and theoretica!
0163-1829/2003/68~1!/014113~7!/$20.00 68 0141
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x-ray diffuse scattering studies~XRDS! can lead to a deepe
understanding of the physics and chemistry in nanosca
materials.

II. EXPERIMENT

The system investigated in this work was the rhombo
dral perovskite Na1/2Bi1/2TiO3 ~NBT!, which is an example
of a relaxor ferroelectric. NBT-based piezoelectrics offer e
ceptionally high strain and are thus a promising environm
tally friendly alternative to the more usual toxic lea
oxides.18 NBT is unusual amongst perovskite materia
since it appears to have an exact 1:1 ratio of two differ
cations Na and Bi in theA sites. The two cations have dif
ferent charges and electronic configurations, but they pos
similar ionic radii. The NBT single crystals used in th
present work were prepared by the flux grow
technique.19,20 High-pressure XRDS experiments were pe
formed at the European Synchrotron Radiation Faci
~ESRF! at the ID30 high-pressure beam line. X-ray diffra
tion patterns, using the rotating crystal technique, were c
lected on a CCD detector~Bruker! with a focused monochro
matic beam at wavelengthl50.3738 Å. The sample to
detector distance and the CCD inclination angles were p
cisely calibrated using a silicon standard. High-pressure
periments on a crystal of 50mm in size were performed with
the focused beam on a diamond anvil cell with a 4:1 met
nol:ethanol mixture as the pressure transmitting medium

III. SCATTERING AT AMBIENT PRESSURE

Before discussing the x-ray scattering of NBT at differe
hydrostatic pressures it is useful to inspect the patterns at
©2003 The American Physical Society13-1
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pressure. Figure 1 shows an example of an x-ray pat
from NBT exhibiting Bragg peaks, corresponding to the a
erage crystal structure, together with diffuse scattering x-
scattering. XRDS provides information on the deviatio
from the average structure and has been shown to be a
adapted probe for the investigation of nanoscaled struct
features.21–24 Regarding the average structure, we obser
as in previous diffraction results,19 a slight rhombohedra
broadening of Bragg diffraction peaks and weak 3
superstructure25 reflections. This phase of NBT is known t
be rhombohedral with space groupR3c.19 The average
structure is one in which the cations are displaced al
@111# and the oxygen octahedra are tilted according to the
systema2a2a2 ~Glazer notation26!.

The diffuse scattering occurs in two forms.~A! Sharp
streaks emanating from Bragg peaks and extending a
^100& directions@Fig. 1~b!#. These systematically appear on

FIG. 1. ~Color online! X-ray scattering imaging pattern fo
Na1/2Bi1/2TiO3 at a hydrostatic pressure of 0.6 GPa, exhibiting
Bragg peaks from the average structure together with strong dif
scattering originating from the nano-scaled structure. The sh
horizontal lines are due to the saturation of the detector. Spots
noted D are from the diamond anvil cell. To produce the pattern~a!
the crystal was oscillated from215° to 115°, with respect to the
incoming monochromatic synchrotron beam (l50.3738 Å). Pat-
terns~b!–~d! were obtained from small 0.5° oscillations around t
Bragg angle of particular reflections to emphasize the diffuse s
tering. ~b! Pronounced asymmetric diffuse scattering around
320 reflection.~c! Illustration of the superimposition of asymmetr
scattering@black in part~d!# thermal scattering~green! and the large
underlying scattering~orange!, exemplified for the 110 reflection.
~d! Schematic representation of the diffuse scattering in the do
area of part~a! illustrating the superposition and direction of th
diffuse scattering as exemplified in~b! and ~c!.
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on the low-angle side of the Bragg peaks and for this rea
we refer to these as asymmetric ‘‘L-shaped’’ peaks. Although
asymmetric diffuse scattering is in itself not uncommon,
believe that this is the first time it has been reported in
important class of perovskites.~B! Rather broad diffuse re
gions of scattering most evident around the origin. In p
ticular note the area confined within the diamond-shaped
gion bounded by lines joining the reciprocal lattice poin
100, 01̄0, 1̄00, 010.

In order to explain feature~A!, it is necessary to assum
some kind of planar defect~in 3D! reminiscent of Guinier-
Preston zones~GPZ’s!, as seen in metal alloys such as AlC
solid solutions.27 Such planar defects give rise to rods
diffuse scattering in reciprocal space, in directions norma
the planes of the defects. The marked asymmetry of the
tensity of these rods with respect to the Bragg peak positi
can be understood in terms of the so-called ‘‘atom
size-effect.’’28–30 The asymmetry in the intensity resul
from the deformation of the structure around the chemi
segregation planes.27 It is thus tempting to invoke a simila
explanation for the diffuse scattering from NBT. We shou
point out that an explanation purely and simply in terms
‘‘atomic size’’ cannot hold for the case of NBT since Na11

and Bi31 have almost the same ionic radii: 0.97 and 0.96
respectively. However, bond-valence calculations31 show
that in the average structure Bi is grossly underbonded w
Na is somewhat overbonded. An observed ‘‘size-effe
might well be due to the excess charges on neighboring
ions causing the atoms to move further apart or alternativ
to distort the structure in such a way that more of the ne
tively charged O2 ions are drawn into the space betwe
them. Before presenting different models that can explain
observed pattern we will discuss in the following a structu
view of NBT.

We assume that the principal structural elements resp
sible for the diffuse scattering will be associated with the
and Bi parts of the structure. The average structure of
crystal can be thought of as consisting of unit cells in wh
the Na site is randomly occupied by Bi on a 1:1 basis, so t
the average unit cell contains 0.5 Na superimposed on 0.5
As the space group isR3c, the structure is polar with aver
age cation displacements along@111#. There is some evi-
dence from x-ray and neutron diffraction experiments t
the Bi shows larger polar displacements than for Na.19,20,31

Furthermore, from a single-crystal diffraction experiment
was found that the Bi shows an anomalously large isotro
displacement parameter. This is consistent with a mode
which the Bi’s are disordered about the average@111# direc-
tion, having small components of displacement perpend
lar. Similar behavior has been noted for the Pb atom in P
and PMN.32,33 If Bi moves off the@111# axis towards any of
the ^001& directions, the effect is to reduce the local symm
try to monoclinic whereas the average symmetry rema
rhombohedral~similar to the proposed model for lead-bas
relaxors33!. The requirement for Bi to improve its coordina
tion environment is seen as the main impetus for the de
tions from the average structure that gives rise to the diff
scattering. If regions within the crystal containing correlat
^001& displacement components form, they can act as te
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plates for the formation of the tetragonal phase in NBT a
NBT-related systems on going to higher temperature.19,20

The space group corresponding to the monoclinic struc
might well beCm the same as is found in the rhombohed
to tetragonal change with composition in PbZrxTi12xO3 , but
this will need further investigation.

Diffuse scattering arises from local departures from
average structure. In interpreting the diffuse scattering,
start by assuming that the majority of the NBT crystal h
the average structure described above. We shall refer to
as the ‘‘matrix.’’ But how should we imagine the local de
viations from this matrix, especially the structure, phys
and chemistry behind the Guinier-Preston zones? Let us
member that the sharp asymmetric diffuse scattering or
nates from and is proportional to the difference (FGPZ
2Fmatrix)

2, of the structure factors due to the cations ins
(FGPZ) and outside (Fmatrix) the GPZ zone. Such a differenc
can in principle come from a chemical and/or a structu
difference and we thus suggest in this preliminary study t
models that might well explain the observation of the we
defined asymmetric scattering~type A!.

~1! The first model consists in assuming that the scatte
are different in the matrix and the GPZ, i.e., the GPZ cons
of chemical segregation zones, for instance GPZ’s rich in
and/or Na. Following the traditional idea of GPZ’s the asy
metric scattering can then be explained by a correlation
the substitution-disorder~segregation! with a displacement-
type disorder giving rise to a local deformation of the stru
ture around the segregation planes.27 The observed stronge
diffuse scattering towards smaller angles is then explained
assuming that Bi31 cations~which have larger scattering am
plitude than the sodium! cause a local expansion of the stru
ture around the GPZ. Alternatively if the GPZ’s are rich
Na then the asymmetry can be explained by assuming
there is a local contraction of the structure. The latter mo
gains some support from the fact that Raman measurem
have shown that at least some Na segregation exist
NBT.34

~2! The second model consists in considering that the
scatterers, inside and outside the GPZ, are on average ch
cally the same. That is, there is no chemical segregation
there is a structural origin shift within the GPZ, which lea
to the observed scattering phenomenon. We consider
within the random matrix of rhombohedral symmetry t
GPZ’s are small planar islands of monoclinic symmetry,
which there are correlated displacements of Na’s and
with components parallel to thê001& directions. Within
these islands, there is still a random compositional arran
ment of Na and Bi. The important difference between
island and the matrix is the direction of the displacements
order to form the diffuse streaks, these islands must be
dominantly in the form of small platelets oriented random
perpendicular to all ^001& crystallographic directions
throughout the matrix. Furthermore, in order for the scat
ing to be asymmetrically disposed around the Bragg peak
is also necessary for these islands to generate a ‘‘size-eff
strain such that the unit cells in the GPZ’s are contracted
direction perpendicular to the Na/Bi displacements. Note t
both models have polar zones in a somewhat different
01411
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trix, which would then explain the observed relaxor-type
electric properties.

IV. CALCULATION OF DIFFUSE SCATTERING

In order to try to establish the nature of the nano-sc
structural features that give rise to the observed diffract
features in NBT we have carried out calculations us
Monte Carlo~MC! simulation of some simple models, from
which we calculated diffraction patterns for comparison
the observations. We have previously used such meth
with success to aid in the interpretation and analysis o
wide variety of different disordered materials from ceram
oxides,35,36 inclusion compounds,37,38 inorganic and organo-
metallic compounds,39,40 pure organic molecular crystals,41

and quasicrystals.42

For the present case of NBT we have used, for simplic
only a two-dimensional~2D! model with which we represen
the ~001! projection of the structure. For this preliminar
study we concentrate solely on the distribution ofA cations
since it is on theseA sites that we expect to have Na/B
substitutional disorder while theB cation sites and the oxy
gen anion arrays are expected to be essentially ordered.
simplification necessarily precludes any meaningful desc
tion of thermal diffuse scattering~TDS!, which we would
expect to be present in the system, and we have not
tempted at this stage to include such effects in a mo
Numerous variations of the two basic models~A! and ~B!
were investigated and full details of these investigations w
be presented elsewhere. For the present purposes we
some selected results which demonstrate how the diffe
diffraction features observed in NBT might arise.

In Fig. 2~a! we show a plot representing a small secti
~approximately 5%! of the distribution ofA cations in a
model crystal. The actual model used in the present w
comprised 5123512 sites. Each pixel in Fig. 2~a! corre-
sponds to a single site of the model lattice. A white squ
corresponds to occupancy by a Na atom and a gray squa
occupancy by a Bi atom. The black squares, represent
GPZ defects which occur as linear features normal to@1 0#
and@0 1#. In this example the GPZ was 2 unit cells wide b
similar models with widths of 1 or 3 cells were also inves
gated. The three different diffraction patterns that are sho
in Figs. 2~b!–2~d! were each computed from the same ba
distribution shown in Fig. 2~a!, but they differ in terms of
exact details of what the GPZ’s are comprised. For all th
patterns the size-effect distortion applied used the same
of size-effect parameters. The mean length of neighbor
Na-Na vectors was reduced by;2 – 3% from the average
while the mean length of neighboring Bi-Bi vectors was co
respondingly increased by;2 – 3%. Na-Bi vectors were as
sumed to remain at the average value. Regarding the di
tion around the GPZ’s themselves, Na-GPZ, Bi-GPZ, a
GPZ-GPZ vectors were reduced by;2 – 3% from the aver-
age.

The model also includes Na/Bi occupancy disorder in
matrix part of the structure which results in the second ty
of diffuse scattering~form B above!. This scattering, though
very broad, tends to be concentrated around positions
3-3
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FIG. 2. Part~a! shows a small representative region of the model structure. White pixels represent unit cells containing Na, gra
cells unit cells containing Bi and black pixels represent GPZ’s the nature of which are interpreted differently in making the calcula
the diffraction patterns in~b!–~d!. In ~b! the GPZ’s are assumed to contain Na atoms. In~c! the GPZ’s are assumed to have a scattering po
equal to the average scattering power of the matrix, but these are displaced from the lattice site in a direction parallel to the len
GPZ. ~d! is the same as~c! but the magnitude of the displacement has been reduced to zero.
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tween reciprocal lattice nodes and therefore indicates s
local short-range order~SRO!. The degree of SRO in Fig
2~a! is in fact very small~Warren-Cowley SRO parameters
the ^10& and^11& directions were 0.0 and20.1, respectively!
but is significantly different from a purely random distrib
tion. These SRO parameters reflect a small tendency fo
ternate short rows of Bi- and Na-containing unit cells to o
cur in directions normal to eacĥ100& direction. In
considering the relaxor properties of NBT, this form of sho
range order is of minor importance, compared with the pr
ence of the GPZ’s on the nanoscale, though it may indica
tendency to reduce charge imbalance in the bulk of the
tice.

For Fig. 2~b! the atomic scattering factor for the GPZ sit
was assumed to be Na and was located at the average
position. In this case the GPZ has an average scattering
tor less than that of the disordered matrix. It should be no
that a diffraction pattern practically identical to that of Fi
01411
e
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2~b! is obtained if the GPZ’s are assumed to be Bi and at
same time the sign of the size-effect parameters for Na-G
Bi-GPZ, and GPZ-GPZ is reversed, i.e., if the GPZs are
rich the distortion must correspond to an expansion of
lattice spacing around the GPZ’s.

For Fig. 2~c! the atomic scattering factor of the GPZ sit
was assumed to be the same as the average atomic scat
factor of the matrix.~This was in fact achieved using th
atomic scattering factor for Ag, which comes midway b
tween Bi and Na in the periodic table.! That there is now no
contrast between the GPZ and the matrix is indicated by
fact that there is no cross at the center of the pattern. For
2~c!, however, all the cations within the GPZ have been d
placed in a direction parallel to the length of the GPZ, i.
along ^100&. The quantity (FGPZ2Fmatrix)

2 now becomes
nonzero away from the origin of reciprocal space and th
L ’’ shaped diffraction features can be seen again at hig
angles. In contrast to Fig. 2~b! it is clear that this model
3-4
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results in the intensity of theL at the 320 reflection being
greater than that at the 110 reflection.

In the final pattern, Fig. 2~d!, all aspects of the calculatio
were the same as for Fig. 2~c! except that the displacement o
the GPZ cations used for Fig. 2~c! has been reduced to zer
This demonstrates that if the effect of pressure on the mo
was to force the cations back toward the center of their
ordination polyhedra~or to a correlated displacement valu
which is the same for the whole sample! then theL-shaped
scattering would be expected to disappear. This would no
the case for the chemical segregation model of Fig. 2~b!. It
can be seen that Fig. 2~c! successfully models the observe
XRDS features shown in Fig. 1.

From an experimental point of view, a low-angle scatt
ing experiment could provide more evidence to determ
whether chemical segregation exists or not. Finally, in
simulations we have found that the GPZ platelets need o

FIG. 3. ~Color online! Images illustrating the pressure
dependent changes of the average structure for Na1/2Bi1/2TiO3 ex-
emplified by the behavior of the 300 reflection. The first transit
is shown by a splitting of$h00% reflections into three reflections
illustrating the crossover from a rhombohedral to a monoclinic~or
lower symmetry! distortion. The observation of$310% and $210%
superstructure reflections~not shown! in the monoclinic phase sug
gests a structure with in-phase octahedral tilts plus antiparallel
ion displacements. Note that the 1.6 GPa pattern indicates a re
of rhombohedral-monoclinic phase coexistence. From 11.1 GPa
wards a new phase is observed through the change to a sma
tragonal splitting. The distortion from the nearly metrically cub
structure is further shown by new$h odd 0% and $odd 0 0%.

FIG. 4. ~Color online! Pressure-dependent evolution of the d
fuse scattering in NBT.~a!, ~b! Illustration of the pressure
independence of the diffuse scattering named type B in the
Note, that the 11.1 GPa pattern is characterized by, first, the app
ance of distortion-related superstructure reflections and secon
sharpening of the Bragg spots. The reduction of the asymme

diffuse scattering around the 320̄ reflection in~c! gives evidence
for fundamental structural changes on a local scale. Pattern
obtained from small 0.5° oscillations around the Bragg angle of

32̄0 reflection to emphasize the diffuse scattering.
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be one or two unit cells thick to give the observed stre
lengths, but the streak widths mean that lateral dimension
the GPZ’s must be of the order of 20 nm.

The occurrence of GPZ’s with correlated cation displa
ments is important and, in particular, allows a new view
the temperature-dependent behavior of NBT, which und
goes two reversible phase transitions with decreasing t
perature from the cubic prototypic phase (Pm3̄m), to a te-
tragonal phase (P4bm) to the room-temperature
rhombohedralR3c phase.19 The tetragonal-rhombohedra
transition requires a radical rearrangement of the octahe
tilts from a0a0c1 to a2a2a2 and a redirection of the aver
age cation displacements from@001# to @111#.19 The struc-
tural transformation is so drastic that at first sight it see
difficult to imagine how such a reversible change can
accomplished. The phase transition occurs sluggishly wit
coexistence of the two phases over a considerable temp
ture interval. The local structure present in the rhombohed
phase can be seen to recall the nature of this phase trans
We can postulate that there is a competition between
tendency for rhombohedral ordering of the Ti-O framewo
with displacements alonĝ111& and tetragonal Na/Bi dis-
placements alonĝ001&. The final structure attained below
the phase transition temperature possesses rhomboh
structure on average but retains some elements of the^001&
displacements on the Na/Bi sites, as shown both by the
disorder in the matrix and the correlated displacements
give rise to the GPZ’s. We believe that it is the existence
local monoclinic unit cells in the random matrix that pr
vides a mechanism for the transformation. This is similar
recent models explaining the structure and remarkable pie
electricity in lead-containing perovskite solid solutions at t
so-called morphotropic phase boundary.32,33

V. THE EFFECT OF HIGH PRESSURE

The analysis of the diffraction pattern as a function
pressure illustrates that the average structure undergo
rhombohedral-to-monoclinic transition between 1.6 and
GPa and then an monoclinic-to-tetragonal transition betw
9.9 and 11.1 GPa~Fig. 3!. The first phase transition is in
agreement with diffraction investigations on powd
samples43 and in fact proceeds through a domain of coexi
ence, as can be seen by the incoming weak reflections a
GPa which attain full intensity at 2.0 GPa.

Further instructive information on the pressure-depend
behavior can be gained from the XRDS~Fig. 4!. First of all,
the formB diffuse scattering does not change with press
@Figs. 4~a! and 4~b!#, showing that there is no effectiv
change in the Na-Bi short-range order, as expected since
ion diffusion under high pressure is unlikely in the clos
packed perovskite structure. Secondly, as the pressure
creases up to 2.8 GPa the formA asymmetric XRDS around
the Bragg spots loses much of its intensity@Fig. 4~c!# but
only disappears at 3.7 GPa. The loss of formA scattering
with pressure is consistent with a model where the ma
and the GPZ’s adopt the same polar displacement~along
@110# in the monoclinic phase! which then effectively sup-
presses the difference~thus deformation! between the matrix
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and the GPZ’s. Since high-pressure Raman spectrosco15

has revealed a pressure-induced suppression of the
Ti41 displacement, we might argue that the above outlin
competition between a rhombohedral@111# and a tetragona
Na/Bi @001# displacement no longer exists, and this fac
tates the development of a new long-range structure.

From the pressure dependent behavior it becomes c
that NBT is characterized by a local competition betwe
different structures. In this sense we should mention t
birefringence imaging44 has shown that the rhombohedr
phase rarely forms an optically homogeneous crystal,
consists of many regions with different orientations, whe
the slow axis direction tends to be closer to^001& directions,
instead of the^111& directions required by rhombohedr
symmetry. Since birefringence is a macroscopic quantity
can only be explained by an additional macroscopic str
within the NBT crystal, the origin of which was unknow
until now. We can now suggest, that the accumulated str
caused by the presence of GPZ’s~approximately 20 nm
across! result in an optical strain that could even domina
the optical behavior due to the average structure.

It should be noted that the x-ray diffusion experiment d
scribed here has the invaluable advantage of yielding sim
taneously information both about the average structure~via
diffraction! and local deviations~via XRDS!. This advantage
allows us to address the frequent controversy concern
whether the difference in critical phase transition pressu
as measured by techniques with different characteristic
tial scales, such as Raman scattering and x-ray/neutron
fraction, for example, is intrinsic or not. Considering NB
the critical pressures determined from high-pressure pow
diffraction43 and high-pressure Raman measurements15 did
not give the same information about the critical pressures
structural changes within the sample. As expected, the p
der diffraction data gave correct evidence for a structu
phase transition from rhombohedral to monoclinic~or possi-
bly orthorhombic! symmetry at 1.6 to 2.0 GPa. However, th
pressure-evolution of Raman bands suggested a further
sition around 4.5 GPa, which was not registered in the p
der diffraction data. The present study now shows that N
undergoes in the pressure range up to 5 GPa two phase
sitions occurring at different pressures: first, the crysta
graphic structural phase transition producing the chang
long-range order from rhombohedral-to-monoclinic symm
try and second, a phase transition in the short-range o
associated with the GPZ’s. It is the use of the parame
high-pressure, implying important volume changes and t
major modifications of the energetic balance between lo
range and different short-range order, which allows an ea
~compared to temperature! discrimination of the characteris
tic features in relaxors and, more generally, in nanosca
oxides.

VI. FINAL REMARKS

It should be reiterated that the achievement of a deta
knowledge of the average and local structure in a rela
together with its correlated or decorrelated nature, is by
means straightforward. For instance, there is still an o
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controversy concerning whether all relaxors are similar fr
a microstructural point of view or not. In this context let u
consider the diffuse scattering of the two model relaxor f
roelectrics PbMg1/3Nb2/3O3 and Na1/2Bi1/2TiO3 , which are
often considered similar.45 It is evident that the diffuse scat
tering patterns are distinctly different: the diffuse scatter
is symmetric in PMN but asymmetric in NBT. This illus
trates nicely, even without a deeper analysis, that these
relaxors should be different from a nanostructural point
view. Also, it is common consensus that the typical dielec
properties of relaxors originate in local polar zones, wh
are different from the rest of the matrix. However, the r
maining question is whether these polar zones are assoc
with chemical ordering or not: in PMN, for example, such
link is usually accepted, even though it has not been dem
strated directly. Our present work shows that in NBT at lea
the local Na-Bi ordering and the polar zones~GPZ’s! are
actually decorrelated. Therefore, combining these obse
tions, we conclude that the local~polar and chemical! struc-
ture is very likely to be different from one relaxor to th
other, which provides a new perspective for interpreting
differing properties observed in different relaxor system
The corollary of this is that we dispense with the idea th
relaxor properties are the consequence of a universal n
structure common to all systems. While there is commona
in the nanostructure through the presence of polar zones
details of the zones vary with those of the particular syst
in question. In NBT, for example, the crystallographic s
that is shared is theA site of the perovskite structure upo
which aliovalent ions~differing by 2! of the same size are
substituted. By contrast, in PMN, the site-sharing is on theB
site, with Mg and Nb both of different valence~by 3! and
different size. The average symmetry in PMN is cubic a
nonpolar whereas that in NBT is rhombohedral and po
with the phase itself exhibiting ferroelectricity. All of thes
differences are expected to impact upon the details of
nanoscale structure as revealed by the diffuse scatte
What is also clear from this study is that high-pressure x-
diffraction studies, particularly those in which Bragg pea
and diffuse scattering are simultaneously collected, prese
powerful means for elucidating the broad similarities a
detailed differences between the nanostructures of diffe
relaxors. The technique is widely applicable to any nan
structured oxide for which a single-crystal sample of size
microns or above is available.

Finally, a good knowledge of the local structure, as p
vided by this study, is an important building block for firs
principle calculations of relaxor ferroelectrics~and other
nanostructured oxides!. In the past, the use of the paramet
high-pressure in first principle calculations was limited
classical ferroelectrics, for which it was shown to be ve
instructive~e.g., Refs. 46, 47!. We believe that calculations
of relaxors, as for instance presented in Refs. 11–13, c
bined with the parameter high-pressure will lead to furth
insight into relaxor physics. This study, together with hig
pressure Raman studies on NBT and PMN~Refs. 14, 15! and
very recent high-pressure diffuse scattering investigation
PMN,48 provides the experimental basis for such investig
tions.
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