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Abstract. The perovskite structure of the relaxor PbMg,,,Nb,,,O, (PMN) is studied using 
x-ray and neutron powder diffraction data. The static diffuse scattering (SDS) observed in 
the diffraction patterns at low temperatures is interpreted using a two-phase Rietveld 
analysis. The structural model is based on a long-range structure with an average cubic 
symmetry, and a short-range order due to atomic shifts involved by the formation of polar 
regions. The two-phase model provides a good improvement in reliability factors. The 
correlation length and thecoexistence of different phases at low temperatures are discussed. 

1. Introduction 

The relaxor perovskite oxide PbMgt/3Nb2/303(~m) exhibitsa highvalue ofthedielectric 
constant over a wide temperature range with a maximum close to T,, = -266 K for a 
measurement frequency of 1 kHz. In the low temperature phase of PMN, there are no 
ferroelectric domains [ l j  and crystals are optically isotropic [Z]. In order to interpret the 
variations in the refractive index with temperature, Burns and Dacol [3] assumed 
existence of small polar regions which appear below Td ( Td is close to 600 K). By Raman 
spectroscopy, below 300 K, Husson er af [4] showed the existence of N b - 0  polar bonds 
similar to the N b O  bonds found in classical ferroelectric perovskites. This result also 
suggests the existence of small polar regions at low temperatures. A structural study 
performed on PMN ceramic samples by x-ray and neutron diffraction between 1000 and 
5 K has permitted us to follow the evolution of the diffraction patterns and to propose 
models for the high- and low-temperature phases of PMN IS]. 

In this paper, the profiles of the low-temperature diffraction lines are carefully 
analysed in order to improve the previous structural models. 

2. Experimental details 

PMN ceramics were prepared according to the process described in [6] and the samples 
used for this study were powders obtained by crushing sintered ceramics discs and 
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annealed in order to reduce the grinding effects. The x-ray powder diffraction patterns 
were recorded over the angular range 10" < 20 < 130'on a high-accuracy Microcontrole 
diffractometer using Cu Kn radiation (graphite monochromator) of a rotating-anode 
generator of 18 kW. The low-temperature study was performed in a He cryostat with a 
stability and precision of 0.1 K. The neutron powder diffraction patterns were collected 
on a D1A diffractometer at the Institut Laue-Langevin, Grenoble, over the angular 
range 10" < 20 < 160" in steps of 0.05" (20). The wavelength used was 1.3844 A. The 
PMN powder was put in a vanadium can. The structural refinements were carried out 
using the Rietveld profile [7] method with the computer program DBW 3.2 [SI. 

N de Mathan et a1 

3. Previous structural results 

Between 300 K and 5 K, no splitting of the lines or shoulders indicating a distortion of 
the cubiccell isobservedin the x-ray and neutron diffraction patterns: as the temperature 
decreases, the full width at half-maximum (FWHM) increases continuously for all the 
lines (between 6 and 33% dependingon the lines). This change in lineshape could result 
from the growth of polarized small regions, as was also observed in P E T  [9-111. From a 
structural point ofview, the low-temperature phase remainsroughlycubic [ 5 ] .  However, 
when the temperature decreases, acareful analysis reveals firstly the progressive appear- 
ance of the quasi-extinguished lines of the high-temperature phase, (320), (322)-(410). 
(331). (421), in the form of broadened weak lines and secondly a continuous widening 
of the bases of some diffraction lines [5 ] .  

Structural refinement calculations have been performed using the Rietveld method 
with two models, at 5 K .  

(i) The fust model corresponds to that used to describe the paraelectric high-tem- 
perature phase; the symmetry is cubic, with space group Pm3m (2 = 1) and atoms are 
statistically displaced from their special positions. Pb atoms are shifted along the (110) 
and/or (111) directions. Oxygen atoms are shifted isotropically in two planesparallel to 
the faces of the cube so that their distribution is disc shaped. The shifts of the Mg/Nb 
atomsareverysmall and not precise. Suchamodel leadstoprofile andintensit),reliability 
factors R, = 11% andRB = 4%, respectively [5 ] .  

(ii) The second model corresponds to that found in the rhombohedral phase of 
KNb03 (R3m space group), The symmetry is polar and there is no disorder in the atomic 
positions. In this case, the reliability factors are R, = 22% and R, = 12%. 

So, the first model seems to fit the experimental data better than the second model 
does but the R-values are not quite satisfactory as the widening observed at the bases of 
some diffraction lines is not taken into account. 

4. A new model for the low-temperature phase of PMN 

4.1.  Origin of fhe diffuse scattering 

The diffuse scattering observed may originate from different phenomena. 

(i) Inelastic infeructions. In the neutron diffraction patterns, scattering may be due 
to inelastic interactions between the neutron beam and the vibrational modes of the 
crystal but the widening observed in the neutron and x-ray patterns is assumed to have 
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the same origin. Inelastic interactions have a very weak influence on the x-ray patterns. 
Again this scattering increases when the temperature decreases. 

(ii) Partially ordered distribution ojthe Mg and Nb atoms. In this case, scattering 
should be localized at the theoretical positions of the superlattice peaks of an ordered 
structure. On the other hand, if the ordered domains observed by high-resolution 
electron microscopy [12] were regularly disposed in the space, scattering should be 
localized beside the Bragg peaks and its intensity should be constant with temperature. 

(iii) Huang’sscnftertng[13]. Thisisdue toanelasticrelaxationof thecrystalstructure 
around a defect or an impurity. In PMN, a local distortion of the cubic cell may be 
assumed, but generally the distortions observed in the ferroelectric phase transitions of 
perovskites are very weak [14,15] and they induce very small atomic displacements. 
Therefore, such an elastic deformation does not seem to be at the origin of the scattering 
observed in PMN. 

(iv) Correlations of atomic displacements. They lead also to diffuse scattering. In 
someconditions, thisscatteringmay beconcentratedat theBragganglesanditsintensity 
increases with increasing diffraction angle. Classical examples of diffuse scattering 
induced by atomic shifts are thermal diffuse scattering (TDS) [16,17] or static diffuse 
scattering (SDS). In the first case, atomic shifts correlated in time and in space are induced 
by a vibrational mode. TDS leads to widening at the bases of some diffraction lines. In 
the last case, the effects on diffraction profiles are the same but the evolution with 
temperature is fully different. 

Taking into account the decrease in the diffuse scattering as the temperature 
increases, the latter hypothesis (SDS) seems to be the most probable; a strong dis- 
placement disorder existsin ~~~andcorrelationsofstatic atomicshifts maylocallyoccur 
and induce the observed scattering. 

4.2. Existence of local polarizntion 

The strong displacement disorder of all the atoms, pointed out by Bonneau era1 [5,18], 
could not be related to the ferroelectric behaviour of the PMN; for example, the Pb2’ 
cations,from theirchemicalnature,i.e.their lonepair,cannotlieon thespecialpositions 
of the perovskite structure, even at high temperatures, which is actually observed. In 
the same way, an important average displacement of cations in octahedral sites is 
observed at high temperatures. The appearance of progressive widening at the basis of 
diffraction lines when the temperature decreasesseems to be related to the ferroelectric 
properties Of PMN. This is confirmed by much experimental evidence which indicates the 
existence of local polarization for the low-temperature phase of the relaxors [3,4]. 
Again, the appearance of polarization is necessarily related to an atomic rearrangement, 
i.e. to a local polar symmetry. 

Describing the structure through a cubic symmetry implies that no polarization 
exists. When, for example, a N@+ cation is displaced along a 11111 direction, it lies off 
its special position and seven other equivalent positions are generated [19]. The cation 
occupies statistically the eight positions so far as there is no correlation in the disordered 
positions; the NbSC disordered position in the nth cell is independent of the Nbst 
disordered position in the (a + 1)th cell. In these conditions, the average position of the 
Nb atoms is a special position (centre of the cube) and no spontaneous polarization 
appears in the crystal. 
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If spontaneous polarization exists, the structure is described by a polar space group, 
e.g. R3m. Thus, whenaNbs+cationisshiftedfrom thecentreofthecubealongthe(lll] 
direction (rhombohedral axis), it remains in a special position. If in a domain, all the 
Nbst are shifted in the same manner, a spontaneous polarization is induced after the 
c u b i c 4  polar symmetry transition. This symmetry change involves the existence of a 
correlation of the atomic shifts. 

In the proposed model, a unique local polarization appears in very small domains 
and no global polarization exists in the crystal. So, it is necessary to separate the short- 
or medium-range order and the long-range order effects. At short or medium range, the 
local symmetry is polar, and the atomic shifts are correlated. At long range, the local 
polarization of the crystal varies from place to place so that no global polarization exists. 
Atomic displacements are not correlated; atoms statistically lie on disordered positions; 
so. the average symmetry is cubic. The small polar regions are considered to be included 
in the host lattice and not independent of it; the structure of a polar region differs from 
that of the host lattice only in the atomic shifts and the scattering of the polar region is 
partially coherent with that of the cubic host lattice. Thus, the crystal does not behave 
as a polar homogeneous crystal, because the coherence length of the polar zones is 
spatially limited, nor does it behave as a perfectly cubic crystal because of the strong 
deviations from the cubic symmetry. The crystal is neither cubic nor polar and a classical 
treatment is not sufficient. A more detailed intensity calculation is then necessary. 

4.3. Scattering intensity calculation 

One considers that an atom of the nth cell is shifted by d, from its special position. The 
structurefactor F,ofthisceIldependsond.whichvariesfromone celltoanother.There 
are two ways to take atomic shifts into account. 

(i) A treatment Of TDS or SDS type can be used; atomic shifts are supposed to be small. 
The structure factor F. may be described as a perturbation of the structure factor Fo of 
an ideal structure where atoms are not shifted 

F,  = Fo exp(ik. d , )  

where k is the scattering vector. 

(ii) When atomic shifts are quite strong as in PMN, the structure factor F,, may be 
described as a perturbation of the average structure factor F,, corresponding to an 
average cell in which atoms are randomly displaced [13, 16, 17, 201. F, is defined as 
fnllnwq. 

Fa" = (1" p F r t )  
n 

where the summation is made on the N cells of the crystal. If a correlation of atomic 
shifts exists, two neighbouring cells are assumed to have the same structure factor. This 
leads to a locally polarized structure for which the structure factor is called Fpol. The 
notions of 'neighbouring' and 'distant' cells depend on the correlation length. Thus Fa" 
is the structure factor of the long-range structure, which may also represent the high- 
temperatureparaelectricphase, whereasF,,,isthestructurefactor ofthe localstructure. 
which characterizes an ordered polar crystal. Fpo, may have as many values as existing 
polarization directions; that is, for a rhombohedral symmetry, Fpl may take eight 
different values. In this description, the crystal is made of polarized cells in which the 
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Figure 1. (a) Fully disordered polarized cells of 
the high-temperature phase. ( b )  Existenceofmr- 
relations of the atomic displacements at short 
range (nanodomains) in the low-temperature 
phase. 

polar direction is correlated at short-range but vanes from place to place in the crystal 
at long-range (figure 1). Thus, the scattering intensity, in the k-direction, may be 
decomposed into two components (see appendix): 

I = Isra* -I I,. 

l B r a g g  = expIik * TPP') 

The first component is defined as 

where rpp. is the vector between twop andp' cells. The summation is made over all the 
cells. The diffraction linesare sharp and their intensity is proportional to cy. Thesecond 
component is defined as 

Ish = (Fpol - Fa,)2 exp{ik. ran,). 

This term corresponds to the existence of a correlation; the summation (nn') is made 
over the neighbouring cells. The diffraction lines are widened by size effects and their 
intensities are proportional to (Fpo, - FaJ2 terms. These two scattering components are 
located at the same B r a g  angle. They are independent and can be added. So, the 
appearance of a correlation can be observed on the profile of the lines, in so far as the 
diffuse scattering related to this correlation appears as a very broad and weak line, i.e. 
as a tail of the Bragg peak corresponding to the average network diffraction. The 
structure factor Fa. and the intensity IBragg describe the high-temperature structure of 
PMN. The transition between this structure and the low-temperature structure is treated 
as a perturbation with the introduction of a second intensity I d S .  

5. Results 

In order to verify the validity of the proposed model, structural refinement calculations 
have been performed: 

(i) with only one component (I,,,,) using a classical refinement; 
(ii) with two components (IBragg + I d s ) .  

5.1. Choice of a structure for the low-temperature short-range order 

It is necessary to define the local polar structure, i.e. the type of symmetry and the types 
of atomic shiff chosen for the model. Very little has been published about the symmetry 
of the low-temperature phase of PMN. By x-ray diffraction on a single crystal, Shebanov 
et ai [21] observed a rhombohedral structure at low temperatures. Hysteresis loops on 
a PMN single crystal reported by Schmidt era! [22] show that polarization is much weaker 
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along a (100) direction than along a (110) or a ( I l l )  direction. On the other hand, 
Bonneau et a1 [5]  showed that the (100) directions of atomic shifts are not probable. 
Thus, the hypothesis of a tetragonal symmetry seems to be excluded, Therefore, a 
rhombohedral symmetry was firstly considered. The space group R3m found in the low- 
temperature phases of KNb03 and BaTiO, [14,15] was chosen; it involves antiparallel 
shifts of cations (Pb, Mg/Nb) against oxygen atoms along the I1111 rhombohedral axis. 
Thus. the model used was the following: at long range, in the average cubic structure, 
each atom occupies eight disordered positions shifted from the symmetry site along the 
eight (111) directions; at short range, in the rhombohedral polar structure, each atom 
occupies just one of these displaced positions (figure 1). 

N de Mathan et nf 

5.2. Refinement of the .structure at 5 K 

The refinement calculations were performed using 

(i) only one component (IBragg) which corresponds to a classical Rietveld method and 
(ii) two components (Ierapp + Ids) .  

The first component I,,,, corresponds to the average cubic structure. The second 

(i) on the polar positions with a positive scattering factor and 
(ii) on the disordered positions of the average cubic structure with a negative scat- 

tering factor, which allows us to take the intensity Isd. = ( F ,  - FPJ2 exp(ik. rnna) into 
account. 

This second intensity calculation is just an artifice; it does not correspond to a real 
crystal and it is proportional to (F ,  - Fpol)z. In fact, theoretically, F,,,may takedifferent 
values following the orientationof the region polarization. In order to obtain a correct 
estimation of the diffused intensity in the [hkl] direction, it is necessary to calculate the 
average intensity [F,,(hkl) - F,,!(hkl)j2 for the different possible orientations of the 
polarization. This is performed directly by a program which calculates a total intensity 
for the different reflections of an {hkl) family. 

component 1, is obtained as follows: in a same crystal, the atoms are put 

Most of the refined parameters are common to the two components: 

(i) atomic shift values; 
(ii) cell parameter; 
(iu) zero of the goniometer; 
(iv) asymmetry parameter; 
(v) profile functions: apseudo-Voigt function for x-ray linesanda Gaussian function 

for neutron diffraction lines have been chosen. 

In addition, there are the following: 

(vi) the scale factors (one for each component); 
(vii) the WHM parameters U, V ,  W (three for each component) defined as follows: 

HZ = U tan2(6',) + V tan(6,) + W where Hk is the FWHM of the k line. 

So, it can be observed that the introduction of a second component involves only 
four extra parameters (16 instead of 12); therefore the model isvery simple. 
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Table 1. Results of the powder x-ray and neutron diffraction refinements of PMN at 5 K. 

Two wmponents One component 

X-ray Neutrons X-ray Neutrons 

Cell parameter 0 (A) 

Debye-Waller z?* {:Em Bo 

First {" VI 
Profile parameters g 

component 
W, 

Second 
mmponent 

Reliability 
facton 
W )  

4.0488 

0.36 L 0.001 
0.10 0.005 
0.17 
0.08 

0.33 
0.15 
0.24 

0.893 

0.3780 X 
0.01812 

-0.00382 
0.00479 

0,3136 X IO-' 
1.074 24 

-0.92904 
0.59722 

10.1 
7.4 
3.4 
2.4 

4.0218 

0.35 f 0.002 
0.09 f 0.004 
0.17 iO.001 
0.08 ? 0.003 

0.33 
0.15 
0.24 
- 
0.2911 X 
0.16794 

-0.51125 
0.47041 

0.1778 X 10.' 
1.549 05 

-2.65998 
2.11130 

7.8 
11.4 
2.2 
2.0 

4.0488 

0.29 * 0.001 
0.18 * 0.005 
0.11 
0.08 

0.33 
0.15 
0.24 

1.075 

0.4060 x 
0.040 15 

-0.01758 
0.00650 

14.6 
9.6 
4.05 

4.0278 

0.35 f 0.002 
0.0 
0.18 f 0.002 
0.08 f 0.001 

0.33 
0.15 
0.24 

0.3008 X IO-: 
0.18404 

-0.54281 
0.49242 

12.6 
5.6 
4.8 

* Notrefined.Thevaluesof[5] wereused. 
a dlo: oxygen shifts in the planes parallel to the faces of the cube; dz0: oxygen shifts along directions 
perpendicular to the faces. 

WeiehtedmafileR.. = 1001Z w(Y.*. - Ye,c~12/(Z W Y L ) ~ ' ' ~ .  . . _.. . , . .... . 
Proiie R ~ =  IOOZ(~;:, - Ya,c)/zYob,. 
B r a g  RB = IM)Z(I, - Ia,J/ZIh for the first and second component. I&, 6,. observed and calculated 

integrated intensities; w ,  weight allocated toeach data point. 

The results are given in table 1. The two refinement methods can be compared. 

(i) The atomic shifts of the B cations exhibit a sensible modification; with the one- 
component refinement, their average positionscannot be accurately determined [5] and, 
with the two-component refinement, dhldNbis equal to 0.09 A. 

(ii) The two-component refinement provides good agreement between the atomic 
positions refined from both x-ray and neutron diffraction data. 

(iii) The reliability factors are significantly improved with the two-component 
refinement and correct values are obtained. 

The comparison of the experimental and calculated profiles obtained by the two 
refinement techniques is particularly interesting; the full profiles of the lines presenting 
significant widening at their bases, which were not fitted by the one-component 
technique, are quite satisfactorily fitted by the two-component technique. In addition, 
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Figure 2. Experimental and calculated neutron difbaction profiles or PMN at 5 K with 
structural refinement using (a )  the one-mmponent technique and (b)  the two-components 
technique. 

the profiles of the unmodified lines are also quite well fitted. This is true for the neutron 
and the x-ray diffraction data, as shown for a number of diffraction lines in figures 2 
and 3.  

A calculation has been performed in the same manner with an orthorhombic sym- 
metry(spacegroup, Amm2). The reliabilir) factor R,,issligh1l) greater (RAP = 8.11%) 
than for rhombohedral symmetry (Rup = 7.8%) for neutron diffraction data. 

The retained rhombohedral structure of the locally short-range polar order is given 
in figure 4 .  

6.  Discussion 

6.1. Description of the short-range polar order 
From the above results, the low-temperature phase of PMN seems to be well supported 
by a short-range polar order model, but the refinement results present some limitations 
owing to the simplicity of the model. 

(i) Calculations show that orthorhombic symmetry is as probable as rhombohedral 
symmetry. The main feature to be noted is the relative atomic shifts, i.e. antiparallel 
shifts of Pb and Mg/Nb cations against the oxygen atoms along a [ill] (or a [llO]) axis. 
Moreover, because of the high inhomogeneity of the PMN, it is not excluded that other 
types of correlation could exist at low temperatures. 
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Fi-3. Experimentalmdcalculatedx-raydiffranion profdesofPMNat 5 KwithstNcrural 
refinemenr using (a) the onecomponent technique; and (b)  the h*o-componentstechnique. 

\ 
Figure 4. Rhombohedral S t N C t U e  of the locally 
polar nanoregionsat 5 K. 

(ii) The distribution of the Mg and Nb atoms on the B site of the perovskite has 
been considered as fully disordered in the calculations. However, it is known that 
nanodomains with a 1-1 B-site ordering exist in PMN [12, 231. The MgO, and NbO, 
octahedra, which arechemically different, may play different roles in the polar domains. 

6.2. Polar correlation nature 

The polar correlation is not characterized only by the atomic shifts. One can also 
determine the polar 'phase' amount and the correlation length. 

6.2.1. Polarphase amount. The existence of nanopolar regions induces the presence of 
at least two local phases. This fact may be iUustrated by two images. 
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(i) The crystal ismade of islandsofpolar orderednanodomains (first phase) immersed 
inside a disordered paraelectric host lattice (second phase). 

(ii) The crystal is made of a pavement of polar nanodomains (first phase). Taking 
into account that the interdomain regions may be more important than the domain size, 
the interdomain volume cannot be neglected (second phase). 

In the two cases, the crystal is not of a single-phase nature. It should be interesting 
to evaluate the amount of crystal affected by the polar order. An approximation of this 
may be deduced from the scale factors S, and S2 of each component of the refinement 
calculations (table 1). If agivenstructure isdescribedincubicsymmetry andin rhombo- 
hedral symmetry, the scale factors are different: because of the multiplicity of the 
reflections, which are different for the two symmetries, a scale factor S = 1 in cubic 
symmetry corresponds to S = 4 in rhombohedral symmetry. If  the calculated factor S2 
is divided by 4, the relative ratios r = S2/4S, for x-ray and neutron diffraction data lead, 
respectively, to r = 20% and r = 15%. These values are only approximate. However, 
they give an order of magnitude of the polar phase amount at 5 K, Thus, the polar 
structure does not seem to occupy the whole space. 

6.2.2. Polar nanoregions. The length of the polar correlation may be deduced from our 
results; the diffraction lines of very small crystals are widened by a size effect according 
to the Scherrer formula. From x-ray and neutron diffraction data, it is possible to 
evaluate the correlation len th to be about 100 A at 5 K. 

So, zones of about 100 1 exist in the crystal, in which the average polarization is 
different from zero; they are polar nanoregions. However, the polarization intensity 
may vary in these nanoregions and the polar direction may differ from one polar region 
to another. The average polarization of the crystal (or grain) is zero. 

Moreover, a spatial isotropic correlation of the atomic shifts has been considered, 
but the real shape of the polar nanodomains could be discussed; in a recent study on a 
PZT single crystal with a low titanium content, Rodeler and Kugel[24] show that polar 
microregions may adopt a cigar form. 

Finally, it may be supposed that polarization is not constant in a nanodomain and 
that domain walls between the nanodomains are not sharp; for example, it can be 
assumed that a relaxation phenomenon of the polarization occurs around a defect, i.e. 
the high polarization near the defect decays with increasing distance from the defect. 

6.3. Intensity of the dqfuse scattering 

Inapreviousstudy[l], two typesofBraggpeakweredistinguished inneutrondiffraction 
patterns: ones in which all three indices have the same panty and exhibit no widening at 
their bases (type I ) ;  others in which widening is exhibited at their bases (type 11). This 
observation was related to the expressions for the structure factors; type I lines had a 
largecontribution from theoxygenatomstructure factor. Asthe twoBraggpeakfamilies 
were not clearly observed in the x-ray diffraction patterns (where oxygen atoms have 
small contributions and Pb atoms a very high contribution), it was concluded that the 
scattering observed at the bases of the lines was mainly due to the cations and more 
particularly to the Mg/Nb cations. 

Attempts at structural refinement considering correlations between the shifts ofonly 
Mg/Nb cations or only Pb cations or Mg/Nb and Pb cations give inconsistent results. 
Among the trials involving all the atomic shifts, only the solution with antiparallel 
displacements of cations against oxygen atoms gives satisfactory results. 
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Table 2. Calculated intensities of the two components for some neutron diffraction tines. 

Line I,? I d  I J I ,  

72-300 
310 
311 
7.22 
320 
321 
400 
322-410 

26.0 3.6 
15.0 4.2 
82.0 1.3 
94.0 0.7 
18.0 2.7 
26.0 8.5 
47.0 0.0 
8.0 1.2 

0.14 
0.28 
0.02 
0.01 
0.16 
0.33 
0.0 
0.15 

t I ,  = first-component intensity. 
$ I> = second-component intensity (arbitrary units). 

In table 2, the calculated intensities for some neutron diffraction lines are reported; 
the first-component intensity corresponds to the average structure and thus to sharp 
lines, whereas the second-component intensity corresponds to the polar regions and 
thus to widening of the bases. The intensity ratio of both components is very weak for 
lines of type I, which is in agreement with the experimental observations and also 
confirms the chosen model. 

For the polar structure (second component), the calculation shows that in the 
expression for the diffuse intensity 1, = (Fay - FP,Jz, only the imaginary part of Fpol is 
preponderant. Thus, an approximate calculation of Igds gives, for a type I line, 

I* = {bpb Sin[(h + k + r) zpb]  * bMg/Nb Sin[@ k + r )  Z M a b ]  

- 3bo sin[@ + k + r) z ~ ] } ~  
and, for a type I1 line, 

Ilds = {bpb Sin[(h + k + 1)  Zpb] 2 bMgiNb sin[(h + k + I) Zp.qdNb] 

+ bo sin[@ + k + r )  20]}2 

withzpb = 0 . 5 6 , z M a b  = 0.14andzo = 0.29(zA = 2zdA/a,whereaisthecellparameter) 
andwith bpb=0.96(x10-12cm),bM,=0.54(X10~'Zcm), bNb= 0.69(X10-'Zcm)and 
bo=0.5S(xlO-'*cm). 

For type I lines, the oxygen contribution is subtracted from the cation contribution 
and thus lsdr is very small but, for the type I1 lines, the contributions are added and thus 
I,, has a considerable value. 

Forx-ray diffractiondata, theatomicscattering factor sand theobservedphenomena 
are different. The lines which exhibit the most important widening are those with two 
even indices (figure 3). 

I .  Conclusion 

This work permitted us to describe the low-temperature phase of PMN at 5 K. The 
wideningobservedat the basesofsomex-ray and neutron diffraction linesare interpreted 
as scattering induced by atomic shift correlations, leading to a locally polar structure. 
The results obtained by the two techniques are in good agreement. The proposed model 
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gives a very good fit between the calculated and experimental patterns, particularly at 
the line bases, which confirms the validity of the model. The locally polar structure 
should be close to thc polar structures of classical ferroelectrics such as BaTiO, or 
KNbO, and should be characterized by antiparallel shifts of the cations against oxygen 
atoms inducing a dipolar moment. In our model, the local symmetry is assumed to 
be rhombohedral, with atomic shifts along the [lll] direction of the cube, i.e. the 
rhombohedral axis. The correlation length of the polar regions increases when the 
temperature is lowered and has been evaluated to be about 100 8, at 5 K; local polar- 
ization variations surely exist in the material and two phases seem to coexist in the crystal 
at 5 K: a polar phase which has been roughly evaluated at 20% and a non-polar phase 
associated with host lattice. 

N de Mathan et a1 

Appendix 

The coherent scattered intensity in the k-direction may be decomposed in the sum of 
four terms: 

The first contribution I ,  refers to all cells and PI 
intensity proportional to e": 

lBragg = I~ = ~ , X e x p ( i k . r p p , ) ] .  

I2 = F ,  2 
12 = F~~ (E exp(ik 1 rpp-) ( xfp,)  
I~ = F ,  (2 exp(ib. r y ) )  o 

By an index change, it is seen that 1, = 1, = 0: 

fp ,  exp(ik . rpp-)  
P P, 

p" P' 

P" 

l2 = 0. 

therefore sharp reflections with 
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The I, term is 

1, = E F,fJp. exp(ik. rpp,). 
P P' 

If thep andp' cells are distant cells, there is no correlation betweenf, andf,. and their 
contribution may be neglected. On the contrary, if the p andp' cells are neighbouring 
cells, there is a correlation of the atomic shifts so that f, = f,.. The neighbouring cells 
thus contribute to the interferences in a constructive manner: 
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