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Th e use of X -r ay di˜ra ctio n line pro Ùle analysi s for the study of nano crys-
tallin e pow ders is describ ed. T he funda mentals of the theory are presented in

terms of crystalli te /do main size, size distribu tion , lattice distortion, dislo ca-
tion density and stac kin g faults. Line proÙle parameters and the metho ds of
pattern Ùtting intro duced to overcome the di˜raction -li ne overlap problem

are describ ed. T he approaches based of the integral breadth of the measured
line proÙles and the Fourier metho d are discussed. In addition, simpli Ùed ap-
proaches are also commented. Representative examples are selected to illus-
trate various cases of microstructure, such as nanomaterial s w ith strain- free

spherical nano crystall ites , strain- free crystallites w ith anisotropi c crystalli te
shap e, anisotropi c crystalli tes w ith microstrain s and spherical crystalli tes
w ith dislo catio n densities and crystallite size distributi ons .
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1. I n t rod uct io n

The inv estigatio n of size dependent properti es of nanoscale materi als has
received much interest in the recent years (see, for instance, Refs. [1{ 3]). Am ong
the techni ques used to characteri ze nanom ateri als the powder di ˜ra cti on metho d
pro vi des inf orm atio n on the size of crysta l l i tes (do mains over whi ch di ˜ra cti on
is coherent) and structure mistakes. The m etho d, intro duced long ago wi th the
Scherrer equati on, has pro gressed considerably wi th pattern Ùtti ng appro aches
(see, for instance, Refs. [4, 5]). In parti cul ar, the interpreta ti on of ani sotro pi c l ine
bro adening in term s of crysta l l i te shape [6] or di slocati on density [7] has been
described. R ecent trends deal wi th pattern m odel ling usi ng physi cal-param eters
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based m odels [8]. The tra di ti onal appro aches of line bro adening analysis can usu-
al ly be appl ied for crysta l l i te sizes in the appro xi mate range 3{ 100 nm , tho ugh the
hi gher l imi t can be extended by increasing the resoluti on of the instrum ents, e.g.
wi th ul tra high resoluti on di ˜ra ctom eters avai lable wi th synchro tro n X-rays. Below
¤ 3 nm the di ˜ra cti on l ines broaden considerably and, then, pattern m odel l ing
appro aches are useful . In thi s last range of sizes the study of supported cata lysts
by di ˜ra cti on is also of parti cul ar interest [9]. Mo st of modern advances have been
considered at length in the recent book Def ect and M icrost ructure A nalysis by
Di ˜ract ion [10].

Mi crostructura l e˜ects contri buti ng to di ˜ra cti on l ine broadeni ng incl ude the
smal l size of crysta l l i tes, size di stri buti ons, stacking faul ts, and latti ce distorti ons.
The size e˜e ct is related to an appa rent size of the crysta l li tes, whi ch includes thei r
true size, and a possible Ùcti ti ous size on certa in h k l planes if stacking faul ts are
present. Latti ce di storti on corresp onds to small changes in d h k l spacings. These
changes, general ly expressed by the relati ve deform ati on Â d =d , can be due to di s-
locati ons, punctua l defects in nonsto ichi ometri c m ateri als, d -spaci ng Ûuctuati ons
in layered m ateri als, or chemical compositi on gradients. Li ne bro adening due to
latti ce distorti on is general ly known as the st rai n e˜ect . The paper is organised
as fol lows. Section 2 deals wi th the characteri stics of di ˜ra cti on l ines and modern
Ùtti ng techni ques. In the subsequent sections the basic theo ry of di ˜ra cti on by
nanocrysta l l ites (Sec. 3) and sim pl iÙed analyses (Sec. 4) are consi dered. Fi nal ly,
representa ti ve appl icati ons to powder nanom ateri als are reported in Sec. 5.

2. D i ˜ r act i on l i ne pr oÙl es an d pat t er n Ùt t i ng

Observed di ˜ra cti on l ine proÙles h ( x ) are the convo luti on of physi cal pro-
Ùles f ( x ), due to the sam ple m icrostructure, and instrum enta l pro Ùles g (x ) , in-
cl uding wavelength dispersion, i .e. h ( x ) = f ( x ) Ê g ( x ) . D econvo lutio n metho ds
(see R ef. [10]) m ust be appl ied to correct observed proÙles h (x ) from the in-
strum enta l contri buti on. Am ong them , the metho d based on the m ul tipl icativ e
pro perty of the related Fouri er tra nsform s, H ( t ) = F ( t ) G (t ) , is often used to ob-
ta in f ( x ) and i ts Fouri er coe£ cients. The f ( x ) pro Ùles resul t them selves f rom
the convo lutio n of com ponents ari sing from the m icrostructure contri buti ons, e.g.
f ( x ) = f S ( x ) Ê f D (x ) Ê f F (x ) , where f S ( x ) ; f D (x ) ; f F ( x ) stand for size, distorti on,
and stacki ng faul ts e˜ects, respecti vel y.

Li ne proÙles are characteri zed by a positi on param eter, e.g. the peak positi on
deÙned by the angle2 ˚ 0 where the proÙle intensi ty is m axi mum ( I 0 ) and a m easure
of intensi ty di spersion or l ine bro adening, such as the ful l wi dth at hal f maxi mum
F W H M and the integ ra l breadth Ù [ =

R
I (2 ˚ ) d (2 ˚ ) = I 0 ] whi ch has considerable

theo reti cal adv anta ges. A useful parameter is the l ine shape expressed as ¢ =

F W H M =Ù . The breadths are measured experim enta lly in degrees 2 ˚ , but for a
physi cal interpreta ti on i t is pref erabl e to use recipro cal uni ts (nm À 1 ), i .e. Ù Ê =
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( Ù 2 ˚ cos ˚ ) =Ñ . The elimina ti on of the instrum enta l contri buti on from Ùh requi res
assumpti ons about l ine proÙle shapes, e.g. for Ca uchy shapes Ù h = Ù f + Ùg and
for Gauss shapes Ù 2

h
= Ù 2

f
+ Ù 2

g . If the proÙles are adequatel y described by Voigt
functi ons (see below) a preci se evaluatio n of Ùf can be carri ed out. W i thi n the
context of the Fouri er analysis, the f ( x ) i s given by a Fouri er series

f ( x ) =

+ 1X

À1

[ A n cos(2 ¤ nx ) + B n sin(2 ¤ nx )] ; (1)

where x i s the recipro cal space vari able and n | the harm onic numb er. In practi ce,
x ta kes the form (s À s 0 ) =Â s , where s = 2 sin ˚ =Ñ, s 0 = 2 sin ˚ 0 =Ñ = 1 =d hk l ,
Â s = (2 sin ˚ 2 À 2 sin ˚ 1 ) =Ñ , ( ˚ 1 ; ˚ 2 ) is the angular range over whi ch the pro Ùle is
deÙned, ˚ 0 and d are the angle and spaci ng of the Bra gg reÛection hk l .

Pattern m odel l ing techni ques have been intro duced to overcom e the prob-
lem of l ine overl ap whi ch results from the rota ti onal pro j ection of the nodes of
the recipro cal latti ce onto one-dim ensional pattern. Two di ˜erent appro aches are
currentl y appl ied, the pattern decom positi on metho d, for whi ch no structura l in-
form ati on is requi red, and the R ietvel d metho d whi ch incl udes the reÙnement of
ato m ic coordi nates. The procedure consists of Ùtti ng, usual ly wi th a least squares
reÙnement, a calcul ated model to the who le observed di ˜ra cti on pattern. These
techni ques can be used to restore the indi vi dual l ine pro Ùles, pro vi ded tha t the
degree of l ine overl ap is not to o severe. The calcul ated intensi ty y ( x i ) at point
x i is expressed as a functi on of the integ rated intensi ty I k of reÛection k and a
norm al ised analyti cal functi on ` is used to m odel indi vi dual l ine proÙles

y c al( x i ) =
X

k

I k ` (x i À x k ) + b( x i ) ; (2)

where b( x i ) i s the intensi ty of the background and the sum is over al l reÛections
contri buti ng to the intensi ty at x i . The most comm only used l ine shape functi ons
` are deri ved from the Gauss (G ) and the Cauchy (C ) functi ons (f or a deta i led
descripti on, see App endix 1 in R ef. [4]). The pseudo-Voigt [ ² C + (1 À ² ) G ] i s the
sum of G and C components, in a pro porti on deÙned by ² ( ² = 1 for C and 0
for G ). The Pearson VI I functi on is (C ) m , where the exponent m i s the line shape
parameter (m = 1 f or C and m = 1 for G ). The Voigt is a convoluti on of C

and G com ponents whose l im its of appl icati on are deÙned by the shape parameter
¢ , i .e. 0.6366 for C and 0.9394 for G . Fi tti ng techni ques and l ine broadening
analysis (F ouri er and integ ra l breadth m etho ds) are often combi ned to overcom e
l ine overl ap problems [11, 12].

In the Rietvel d m etho d I k i s expressed as a f uncti on of the square of the
structure- factor m odul us j F k j

2 and the ato m ic coordi nates are adjusted to get the
best Ùt to observed data . The angular dependence of l ine wi dths is described by a
quadra ti c form , i.e. F W H M 2 = U ta n 2 ˚ + V ta n ˚ + W , where U; V and W are
reÙned parameters. If the di ˜ra cti on l ines are physi cally bro adened, such angular
dependence is val id f or isotro pic m icrostructua l pro perti es. If a pseudo-Voigt func-
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ti on is used, the Gauss com ponents F W H M G fol low the above equati on, whi le
the Cauchy components can be wri tten as F W H M C = X ta n ˚ + Y = cos˚ [13]. It
conta ins expl icitl y both a term wi th cosÀ 1 ˚ and a one wi th a ta n ˚ dependence,
whi ch are related to the size and di storti on e˜ects, respectivel y. Mo re sophi sti -
cated phenom enological m odels have been reported for anisotro pic cases [14] and
the Rietvel d m etho d has also been di scussed in microstructura l term s using inte-
gra l breadth [15] and Fouri er appro aches [16].

3. D i ˜ r act i on b y n an oscal e an d im per f ect cr ys t al l it es

The basic expression for a di ˜ra cti on l ine pro Ùle resulti ng from smal l and
di storted crysta l li tes is given by [17, 18]

f ( s) =

Z
V (t ) y ( t ) exp (À 2 ¤ ist ) dt; (3)

where V ( t ) i s conveni entl y represented as the volum e com mon to the crysta l l i te
and i ts doubl e, displ aced a distance t in the di recti on of the di ˜ra cti on vector, and
y ( t ) i s the avera ge value of the pro duct F F Ê of com plex structure- factors of pai rs
of cells separated by a distance t in the di ˜ra cti on vecto r di recti on. V ( t ) y ( t ) i s
then the Fouri er tra nsform of f (s ) .

3.1. Size e˜ect

For negl igibl e distorti on, y ( t ) i s a consta nt, the reci procal of the ini ti al slope
of the vo lum ef uncti on V ( t ) i s the Fouri er apparent size " F [ = À V ( 0 ) =V 0 ( t ) t =0 ] of
the crysta ll i te in the di recti on of the di ˜ra cti on vecto r [19]. Thi s is an area-wei ghted
m ean apparent size. The second deri vati ve V 00 ( t ) is pro porti onal to the crysta l l i te
thi ckness distri buti on m easured in the di recti on of the di ˜ra cti on vecto r. There is
a relati on between V ( t ) and the integ ra l breadth Ù S Ê ; i :e: Ù SÊ = V (0 )=

R
V (t ) dt ,

from whi ch the integra l -breadth appa rent size " Ù (= 1 =Ù SÊ ) i s deri ved. Thi s is
a vo lume-weighted average size. In order to m ake al lowance for the vari ati on of
thi ckness wi thi n a crysta l l i te in the di recti on of the di ˜ra cti on vecto r some regular
m orpho logy must be assumed [20]. The sim ple case is the sphere for whi ch the
equivalent area-wei ghted and volume-weighted mean diam eters are h D A i = 3" F =2
and h D V i = 4" Ù =3, respecti vely. A useful model for ani sotro pi c crysta l l i te shapes,
used in the exampl es discussed in the present overvi ew, is the cyl inder whi ch can
be conveni entl y appl ied from acicul ar to disk crysta l l i te shapes [21].

3.2. Di stor tion e˜e ct

The interpreta ti on of y ( t ) is not so stra ightf orward. In the Fouri er appro ach
the mean stra in en i s deÙned as Â L= L , where L (= nd hk l or, in pra cti ce, n 0 =Â s

accordi ng to the period d Ê or Â s over whi ch the Fouri er coe£ cients are calcul ated
[22]) is the length between pai rs of undi storted cells separated by n cells and Â L
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is the di stance change due to distorti on. In the Warren{ Av erbach{ Berta ut [22],
the compl ex coe£ cients C n ( l ) [ = A n ( l ) + iB n ( l )] for a reÛection l are expressed
by the product of a size real coe£ cient A S

n , independent of the order l , and a
di storti on order- dependent compl ex coe£ cient C D

n ( l ) [ = A D
n ( l ) + iB D

n ( l )] . The two
coe£ cients can be separated i f, at least, two orders are avai lable. Thi s can be
carri ed out f rom the plots lnA n ( l ) versus l 2 , whi ch resul t from series expansions
of cosine and logari thm term s

ln A n ( l ) = ln A S
n

À 2 ¤ 2 l 2 n 2
h e2

n
i : (4)

The pro cedure is val id for smal l values of l and n (or L ). It is exact if Gaussian
di stri buti ons of en occur. In Eq. (4), en i s the root- m ean-square (r. m .s.) stra in.
Af ter separati on, the size coe£ cients A S

n can be interpreted as expl ained in Sec.3.1,
tho ugh for num erical calcul ati ons Fouri er tra nsform s are substi tuted by the Fouri er
series.

The integ ra l breadth of f ( x ) pro vi des another estim ati on of microstra in. An
apparent stra in param eter has been intro duced, i .e. ² Ù = 2 Ù D Ê =d Ê = Ù D

2 ˚
cota n ˚ ,

where Ù D Ê i s the distorti on integra l breadth [23, 24]. Two simpl e stra in models for
whi ch the apparent stra in is related to the true distorti on have been discussed. In
the Ùrst model, the true stra in ê (= Â d =d = ² Ù =4 ) is based on the assumpti on
tha t the Bra gg equati on is val id over the angular range corresp ondi ng to d Ï Â d .
In the second model , the stra in is deÙned by the r. m .s. stra in ~e = h e 2

i
1 = 2 =

² Ù = [ 2 (2 ¤ ) 1 = 2 ] ¿= ² Ù =5 .

3.3. Ani sotropic mi cro distor t ion and dislocations

Ani sotro pic m icrodi storti ons have been interpreted wi th the dislocati on
m odel based on the r. m .s. stra in of dislocated crysta ls [7]. In thi s m odel of h e 2

n
i ,

the contri buti on to stra in- induced l ine broadeni ng depends on the relati ve ori -
enta ti ons of the l ine and Burg ers vecto rs of the dislocati ons and the di ˜ra cti on
vecto r, sim i lar to the contra st e˜ect of di slocati ons in tra nsmission electro n m i-
cro scopy. Thi s anisotro pic e˜ect is ta ken into account wi th contra st f actors C ,
whi ch have been calculated on the basis of the crysta l lography of dislocati ons
and the elasti c constants for cubi c [25] and hexagonal [26] m ateri als. Accord-
ing to Kri voglaz [27] and W i lkens [28], for smal l values of L , the micro distor-
ti on term h e 2

n i in the W arren{ Averbach appro ach (Eq. (4)) is expressed as a
functi on of dislocati on parameters, namely the dislocati on densi ty (£ ), the m od-
ul us of the Burg ers vecto r (b) and the e˜ecti ve outer cut- o˜ radius of dislo-
cati ons (R e ), i .e. h e2

n i = ( £ C b2 =4 ¤ ) ln( R e =L ) . For cubi c materi als, the average
di slocati on facto rs can be wri tten as C = C h 0 0 (1 À qH 2 ) [25], where C h 0 0 i s
the average di slocati on contra st factor for the h 0 0 reÛections, q i s a parame-
ter depending on the elasti c consta nts and the nature of the dislocati ons and
H 2 = ( h 2 k 2 + h 2 l 2 + k 2 l 2 ) = ( h 2 + k 2 + l 2 )2 . The values of C h 0 0 can be obta ined
from tabl es [29]. In parti cular, C h 0 0 and q have been estimated for dislocati ons
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wi th the Burg ers vecto rs a= 2 h 1 1 0 i and a= 2 h 1 1 1 i . The density of dislocati ons is
then calcul ated from the m od if ied W arren À Averba ch metho d, after inserti on in
Eq. (4) of the contra st factor

ln A ( L ) = lnA T ( L ) À ( ¤ b2 =2 )£L 2 ln ( R e =L )( d Ê 2 C ) + O( d Ê 4 C
2

) ; (5)

where O stands for higher order term s in d Ê 2 C . Ana lyses carri ed out over al l reÛec-
ti ons can be carri ed out wi th the program MW P-Ùt [30]. The Fouri er tra nsform s
of each proÙle are Ùtted sim ul ta neously using a l inear least-squares algori thm . The
interpreta ti on is extended to the crysta l l i te size distri buti ons assuming lognorm al
functi ons, whi ch have been pro ved to occur in a loose powder of CeO2 [31].

3.4. Stacki ng faul ts

The e˜ect of stacki ng faul ts on l ine bro adening has beendi scussedby Guini er
[17], W i lson [18] and W arren [22]. The di ˜ra cti ng dom ains are l imi ted by the faul ts.
The integ ra l breadth is inversely pro porti onal to the m ean di stance between hk l

pl anes concerned by the m istakes. Thi s e˜ect is sim i lar to size bro adening, tho ugh
l ine bro adening is selective, i .e. i t depends on hk l . Vari ous typ es of faul ts can
be considered, e.g. deform ati on faul ts, growth faul ts, and twi n faul ts. Stacking
faul ts have three main e˜ects on l ine proÙle: the apparent size is m odi Ùed, the
deform ati on faul ts intro duce a shift of certa in reÛection in cubi c sym m etry and
asym m etry is observed in case of twi nni ng. The case of hexagonal symm etry is
sim pler for faul ts in planes perpendicul ar to the c axi s. The hexagonal close packed
sequence ABA . . . i s replaced by the pl ane series ABABAB ? CBCBCB . . . where a
faul t is interca lated. Som e reÛections are symm etri cal ly bro adened wi tho ut shift
of thei r positi on. As a consequence, the integ ra l breadths, expressed as a functi on
of the stacki ng faul t probabi l i ty ˜ and the angle ¢ z between the di ˜ra cti on vecto r
and c axi s, fol low parti cular condi ti ons on hk l form ing three groups of reÛections,
i .e. h À k = 3 n and hk 0 , Ù F Ê = 0; h À k = 3 n Ï 1 ; Ù F Ê = ˜ cos ¢ z =2 c for l even and
Ù F Ê = 3 ˜ cos ¢ z =2 c for l odd [18, 32].

4 . S im pli Ùed an al ys is of t h e m icr ost r uct ur e

A sim pl iÙed analysis of di ˜ra cti on line broadening was intro duced thro ugh
the so-cal led W i l l iamson{ Hal l plots [33] in whi ch Ù Ê

f
(or F W H M Ê

f
) i s pl otted for

al l hk l reÛections as a functi on of d Ê (= 2 sin ˚ =Ñ). Thi s sim ple representati on
assumed tha t al l pro Ùles have a Cauchy shape. The m etho d shoul d not be used
quanti ta ti vely, but i t gives a useful overvi ew of the microstructura l e˜ects at the
ori gin of l ine broadeni ng and, general ly, i t suggests the appro pri ate subsequent
analysis to carry out. In pra cti ce, several m odels are avail able for sim pl iÙed analy-
sis, depending on the pro Ùle shape assumpti ons for the size and stra in l ine proÙles,
nam ely Ca uchy{ Ca uchy Ù Ê

f
= " À 1

Ù
+ 2 ed Ê , Gauss{Gauss Ù Ê 2

f
= ( " À 1

Ù
) 2 + 4 e2 d Ê 2 and

Ca uchy{ Gauss Ù Ê 2
f

= ( " À 1
Ù

) Ù Ê

f
+ 4 e2 d Ê 2 , where e i s the real com ponent of stra in.
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The interpreta ti on of e depends on the stra in model selected, as discussed in
Sec. 3.2. From the Cauchy{ Gauss model, whi ch is an appro xi m atio n of the Voigt
functi on, an \ average size-stra in" plot ( Ù Ê

f
=d Ê ) 2 versus Ù Ê

f
=( d Ê ) 2 can be used for

the evaluati on of stra in (i ntercept) and size (slope) for isotro pic cases [20]. In thi s
interpreta ti on the Cauchy com ponent Ù Ê

f C i s attri buted to size and the Gauss
component Ù Ê

f G to stra in.
For ani sotro pi c m icrodi storti on a mod if ied W il l iam son{ Ha ll pl ot, based on

the breadths B Ê

f
( Ù Ê

f
or F W H M Ê ), ta ki ng into account the contra st facto rs due

to dislocati ons has been intro duced [7, 34]:

B Ê

f
= (1 =" ) + ( ¤ M 2 b2 =2 ) £ 1 = 2 ( d Ê C

1 = 2
) 2 + O( d Ê C

1 = 2
) ; (6)

where " ( " Ù or " F W H M =0 : 9 ) is the m ean apparent size and M | a constant
dependent on the e˜ecti ve outer cut- o˜ radi us of dislocati ons (see Sec. 3.3).

5 . Ap pl icat io ns an d d iscu ssio n

5.1. Isot ropi c nanocr ystal l i tes: C eO2

Several exam ples of CeO2 powders wi th isotro pi c di ˜ra cti on l ine bro aden-
ing have been reported. They were obta ined from sof t therm al decompositi on of
inorganic precursors [35, 36] or from gas condensati on [37]. In the case of CeO2

obta ined therm al ly in the range 600À 8 5 0 £ C from hydra ted ceri a preci pi ta ted f rom
a sulfate soluti on [36], the W i l l iamsonÀ Hal l pl ots have a zero slope, wha tever
the sam ple preparati on tem perature, whi ch is an indi cati on of stra in- free spher-
ical crysta l l i tes on avera ge wi th vo lum e-weighted diam eters h D V i in the range
26.3(8) À 1 1 6 : 7 (8 :7 ) nm . Fouri er tra nsform s are then superposed, wi thi n the exper-
im enta l error, for 15 hk l reÛections, wi th area-weighted di am eters h D A i in the
range 19.5(1.2){ 92.7(13.1) nm . The di ˜erence in the two diam eter values is due
to a crysta l li te- size distri buti on, as shown by the rati o of apparent sizes h " Ù i = h " F i

in the range 1.52{ 1.42, whi le for homodispersed nanocrysta l l i tes the ideal ra ti o is
1.125.

5.2. Ani sotropic strai n- free cr ystal li t es: ex-hydroxyni t rat e ZnO

The W i l ll iamson{ Hal l pl ot (Fi g. 1a) of a sampl e obta ined at 2 1 0 £ C from the
decompositi on of the hydroxyni tra te [6], shows tha t Ù Ê

f
i s the sam e, wi thi n the

exp erimenta l error, f or di ˜erent orders of h 0 0 , h 0 h and 0 0 l . Thi s is an indi cati on
about stra in- free crysta l l i tes. The intercept for 0 0 l reÛections is smal ler tha n tha t
observed for hk 0 reÛections, indi cati ng a pri smati c crysta l l i te shape wi th a di ame-
ter smal ler tha n the height. An average circul ar cross-secti on is deduced from the
sim i lar Ù Ê

f
values obta ined from h 0 0 and hk 0 l ines. These features are supp orted

by the behavi our of Ù Ê

f for 1 0 l l ines, for whi ch the angle ¢ z between the di ˜ra cti on
vecto r and base plane increases from 0 to ¤ / 2. From a least squares analysis the
crysta l l i te shape m odel shown in Fi g. 1b has been obta ined. It is characteri zed by
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a height of 27(6) nm and a di ameter of 18(1) nm . The observed apparent sizes " Ù

are indicated by arro ws for various crysta llographi c di recti ons. Thi s is an exampl e
of a three- di mensional representa ti on of crysta l l i te shape.

Fig. 1. Microstructure analysi s of nano crystall in e ZnO . (a) Will iamson { H al l plot

for strain- free ex-hydroxynitrate ZnO ; (b) section of the cylindri cal model for

ex-hydroxynitrate ZnO , obtained from least squares Ùt, show ing the observed appar-

ent sizes " Ù show n by the length of the arrow s in various h k l direction s, the broken

line is the loci of the calculated apparent sizes (f rom Ref. [6]); (c) Will iamson{H al l plot

for ex-oxalate strain- free ZnO displaying stacking faults e˜ects visibl e for two reÛec-

tion groups ( Â ; £ ), according to the hk l condition s listed in Sec. 3.4 (f rom Ref . [32] );

(d) Will iamson{ H all plot for ex-acetate ZnO , show ing the presence of size, strain and

stacking faults (f rom Ref . [40] ).

5.3. Ani sotropic cr ystal l i tes wi th stacki ng faul t s: ex-oxalat e ZnO

The W i ll iamson{ Hal l o f ZnO obta ined from an oxa late at 4 0 0 £ C is shown
in Fi g. 1c [38]. The scatter of integ ral breadths is interpreted by three groups of
reÛections accordi ng to hk l as reported in Sec. 3.4. Thi s is a typi cal exampl e of
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stacki ng f aul ts in a nanocrysta l l ine hexagonal m ateri al . For the group of reÛections
(hk 0 ; h À k = 3 n ), una ˜ected by the faul ts, the scatter of the breadths is almost
negl igible and the corresp onding intercept suggests close sizes in the di recti ons per-
pendicul ar to (h 0 0 ) and (0 0 l ). The least squares analysis, based on the cyl indri cal
m odel , gave a di ameter of 40(1) nm and a height of 33.6(1.2) nm . The calcul ated
m ean faul t pro babi li t y ˜ = 0 : 0 0 8 was deri ved from the analysis of the two other
reÛection groups, i .e. the m ean di stance between faul ts is 31.6 nm or there is, on
average, one faul t per crysta l l ite. The m icrostructure changesduri ng ini ti al crysta l -
l i te growth of four nanocrysta l l ine ZnO sam ples obta ined from the hydro xyni tra te-,
oxa late-, acetate- and hydro xycarb onate- precursors have been tho roughly studi ed
from l ine bro adening analysis [38{ 40]. An exam pl e of W i l l iam son{ Ha ll pl ot for
ex-acetate ZnO is shown in Fi g. 1d. It is representa ti ve of com bined size, stra in,
and stacki ng f aul t e˜ects . From thi s study concepts on the microstructure depen-
dence wi th the chemical nature of the precursors were deri ved.

5.4. A ni sotropi c cr ystal l i tes wi th distor tion: N i (O H) 2

The W i l l iamson{ Ha ll pl ot of a sampl e of hexagonal Ni (OH) 2 [41], based on
24 reÛections, is shown in Fi g. 2a. For 0 0 l , h 0 h , and h 0 0 reÛections positi ve slopes
are observed, indi cati ng the presence of micro distorti ons. The non-zero intercept

Fig. 2. Microstructure analysis of nano crystal li ne N i(O H ) 2 (f rom Ref . [41] ).

(a) Will iamson{ H all plot displ aying the anisotropy in crystalli te shape and the presence

of lattice distortion; (b) cosine Fourier coe£cients for 00 l di˜ractio n lines, demonstrating

the order dep endence of line broadenin g.

for the three fam i lies indi cates the presence of a size e˜ect. Mo reover, the sequence
Ù Ê ( h 0 0 ; hk 0 ) < Ù Ê (h 0 h ) < Ù Ê (0 0 l ) can be interpreted f rom di sk-shaped crysta l -
l i tes wi th the c axi s col l inear to tha t of the disk. The integra l breadths of groups
of reÛections (1 0 l ; 1 1 l ), (2 0 l ; 2 1 l ) and 3 0 l fol low a behavi our in accordance wi th
the model . Ho wever, the presence of stra ins m akes a bi t m ore compl icated the
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quanti ta ti ve analysis from the integ ra l breadth appro ach. The Fouri er tra nsform s
were calcul ated for di ˜erent orders (001/ 003/ 005, 100/ 200, and 101/ 202) in order
to separate size and stra in e˜ects. They are shown in Fi g. 2b for the reÛections
001/ 003/ 005. From the ini ti al slopes, the apparent sizes 18.4 nm , 54.5 nm , and
26.2 nm were calcul ated in the di recti ons perpendicul ar to (001), (100), and (101),
respect ively. The average param eters h D i = 6 9 :4 nm and h H i = 1 8 : 4 nm were
found. The apparent size (23.8 nm ) calcul ated f rom these values in the di recti on
perpendicul ar to (101) was in good accordance wi th the observed apparent size.

5. 5. Isot ropi c cryst al l i tes wi th dislocat ions: ex-ammoni um- ni t rat e CeO2

W il l iamson{ Hal l pl ots of sam pl es of CeO2 obta ined therm al ly in the range
600À 8 5 0 £ C, from hydra ted ceri a preci pi tated from an am monia soluti on [36], re-
vealed a signiÙcant anisotro pic l ine broadening wi th an avera gepositi ve slope. Thi s
is an interesti ng case of ani sotro pi c distorti on. Thi s anisotro py can be seen, for ex-
am ple, on the breadth of l ine 111 greater tha n tha t of 200, whi ch corresp onds to
an elasti c anisotro py, A z = 2 c 4 4 =( c1 1 À c 1 2 ) , smal ler tha n one. It has been trea ted
and rati onal ized in term s of the dislocati on m odel described in Sec. 3.3 [34]. The
Ùnal results are shown in Fi g. 3, i.e. the changes wi th tem perature in dislocati on
densiti es and m ean values of the size di stri buti on functi ons (Fi g. 3a) and the m od-
iÙcati ons of the size di stri buti on functi ons wi th tem perature (Fi g. 3b). It is seen
tha t the size distri buti ons shift to larger values wi th decreasing densiti es as the
hi gher tem perature is ra ised. Such interpreta ti on of anisotro pic l ine broadening
has been recentl y appl ied in our group for studyi ng bal l -mi ll ed nanocrysta l l ine
Ûuori des MF 2 (M = Sr, Ca, Ba, Cd) wi th the Ûuori te- typ e crysta l structure f rom
whi ch the deform ati on behavi our of the materi als were careful ly pointed out f rom
di ˜ra cti on l ine broadeni ng analysis [42].

Fig. 3. Microstructure characteristics of nano crystall ine C eO2 prepared at di˜erent

temp eratures (f rom Ref . [34] ). (a) Dislo cati on density £ and mean values m of the size

distribu tion functions; (b) size distributi on functions of C eO2 .
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6. Co n cl usion s

T o conclude, nanocrysta l l ine m ateri als can be characteri zed from di˜ra c-
ti on l ine pro Ùle analysis in term s of crysta l l i te size, distri buti on, dislocati ons, and
stacki ng faul ts. The presence of m ore tha n one e˜ect can m ake the study m ore
compl icated and lim i ted. However, exam ples have been reported, in whi ch the
m icrostructura l param eters were nicely correlated to chemical or physi cal prop-
erti es, such as for exam pl e the enhancement of electro chemical properti es f rom
m echani cal ly- acti vated nanocrysta l l ine nickel hydroxi de ni tra te [43]. D i ˜ra cti on
m etho ds for the study of nanocrysta l l ine materi als are sti l l in progress and new
devel opm ents can be expected in the near future of the use of who le pattern m od-
el ling based on the physi cal param eter appro ach.
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