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The most com plete kinematical the ory of X-ray dif frac tion
by real crys tals has been for mu lated by M. A. Krivoglaz [1
– 2]. It al lows to clas sify the lat tice de fects ac cord ing to
their in flu ence on the dif frac tion pat tern. The o ret i cal anal -
y sis of scat ter ing con sist ing of the Bragg peak and dif fuse
lines for dif fer ent lat tice de fects and their dis place ment
field shown that the rate of de crease of the dis place ment
field with the dis tance from the de fect de ter mines dif frac -
tion ef fects. The de fects with rap idly de creas ing field lead
to the re duc tion of in te grated in ten sity (static
Debye-Waller fac tor), shift of the Bragg peaks and ap pear -
ance of dif fuse scat ter ing – these are the so-called de fects
of the first-kind. The de fects with slowly de creas ing (1/r)
dis place ments de stroy the Bragg term and only con cen -
trated dif fuse scat ter ing can be ob served as the broad ened
quasiline – the lat tice de fects of the sec ond kind. Point de -
fects, their clus ters, pre cip i tates and small dis lo ca tion loops 
be long to the for mer while dis lo ca tions to the lat ter type.
The type of dis place ment field plays the most de ci sive role
for the clas si fi ca tion of the de fects.

This is based on the phys i cal na ture of the de fects and it
has been de rived for their ran dom dis tri bu tion. How ever,
the sit u a tion is more com pli cated in prac tice. The ef fects
can look dif fer ently due to cor re la tion which can screen
and re duce the dis place ment field of the de fects in some
cases and en hance it un der other con di tions. Then the de -
fects which be long to the first kind by their phys i cal na ture
can some times look like the 2nd type de fects, e.g. be cause
of their high con cen tra tion. An in ter est ing case of pre cip i -
tates and dis lo ca tion loops was in ves ti gated. Un der cer tain
con di tions, spe cial dou blets of the Bragg and diffuse
scattering can be observed simultaneously.

In many cases, the re la tions for line shift and broad en -
ing are given by the prod uct of sev eral func tions – func tion
of the dif frac tion vec tor, func tion of the de fect strength and 
the so-called ori en ta tion fac tor which de ter mines the
hkl-de pend ence of the dif frac tion pa ram e ter and is de ter -
mined by the ori en ta tion of the de fects with re spect to the
dif frac tion vector and crystallographic axes.

Dis lo ca tions and 2nd kind stresses are the main rea sons for
the so-called strain broad en ing. The prob lem was treated
by Wil liam son and Smallman in 1956 [3] but only for a sin -
gle dis lo ca tion. Krivoglaz and Ryaboshapka [4] as sumed
sta tis ti cally ran dom dis tri bu tion of dis lo ca tions and de -
rived re la tions for in te gral breadth and Fou rier co ef fi cients. 
In te gral breadth is pro por tional to the square-root of dis lo -
ca tion den sity and the so-called ori en ta tion fac tor de ter -
min ing the hkl-de pend ence. Wilkens shown that
com pletely ran dom dis tri bu tion of dis lo ca tions is  un re al is -

tic [5] and in tro duced the so-called restrictedly ran dom dis -

tri bu tion char ac ter ized by the dis lo ca tion den sity r and
cut-off ra dius Rc (the ra dius of the re gion within which the
dis tri bu tion is ran dom). This pa ram e ter can be taken as a
mea sure of cor re la tion in dis lo ca tion dis tri bu tion.
Krivoglaz, Martynenko and Ryaboshapka [6] gen er al ized
their orig i nal model by in clud ing pair cor re la tion func tions
and came to sim i lar re sults. Fur ther ex ten sion was done by
Ungar, Groma et al. [7] who in tro duced more pa ram e ters
and in cluded the case of dis lo ca tion po lar iza tion. Cal cu la -
tions for dis lo ca tion di poles, dis lo ca tion loops and dis lo ca -
tion walls were also per formed mostly by Krivoglaz,
Ryaboshapka and Barabash [re view in 8 and 9, 10]. In re -
cent years, the most fequently used for mal ism for de scrip -
tion of dis lo ca tion-in duced line broad en ing is that of
Wilkens. How ever, sim i lar but not iden ti cal Krivoglaz de -
scrip tion [6] for not too strong cor re la tion in dis lo ca tion ar -
range ment  can be used as well. It was ap plied first in [11].

In te gral breadth (in 1/d) can be ap prox i mated as fol -
lows
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where r is the mean dis lo ca tion den sity, b is the mag ni tude
of the Bur gers vec tor, the P fac tor is re lated to the cor re la -
tion in dis lo ca tion ar range ment and fac tor A is close to
unity. For dis lo ca tion den sity de ter mi na tion the knowl edge 

of the ori en ta tion fac tor c (of ten called as con trast fac tor
and de noted by C) is nec es sary. The cor re la tion fac tor P
must be es ti mated for ex am ple from the pro file shape or
better from Fou rier co ef fi cients.  The ori en ta tion fac tor de -
pends on the in di ces h, k, l and de ter mines the ani so tropy of 
line broad en ing. The cor re spond ing re la tions for the most
com mon dis lo ca tions in cu bic ma te ri als were pub lished by
Krivoglaz [1]. Gen eral re la tions for cal cu la tion of the ori -
en ta tion fac tors were de rived in pa pers [12, 13] based on
the for mal ism for de scrip tion dis lo ca tion dis place ment
field by Teodosiu and Steeds. In or der to cal cu late the fac -
tor, some model – dis lo ca tion types must be con sid ered. As 
each type gives char ac ter is tic ani so tropy of line broad en -
ing, in some cases it is pos si ble to es ti mate dom i nat ing dis -
lo ca tion types from such an ani so tropy. Crys tal sym me try
must be taken into ac count and cor re spond ing av er ag ing
over all sym met ri cally equiv a lent di rec tions must be per -
formed for the cal cu la tions of ori en ta tion fac tors. The cal -
cu la tions must be nu mer i cal in gen eral case of elas tic
ani so tropy. In case of pre ferred ori en ta tion of lat tice de -
fects in the sam ple, approapriate weights must be taken in
av er ag ing. If more slip sys tems are ac tive (and dis lo ca tions
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with dif fer ent Bur gers vec tor) it is better to in clude the Bur -
gers vec tor in the ori en ta tion fac tor. Use ful sim ple re la tions 
for ori en ta tion fac tors of polycrystalline cu bic and hex ag o -
nal ma te ri als with out pre ferred grain and de fect ori en ta tion 
were de rived by Ungar  et al [14 - 16]. Cal cu la tions of the
ori en ta tion fac tors for non-ran dom de fect dis tri bu tion in
thin films were pub lished by Armstrong et al [17, 18].

The cor re la tion fac tor can be ex pressed as 

               P r B Rc hkl c= » pr    (2)

where                                                                            
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for the case of more dislcoation slip sys tems. The quan tity
Rc is the cut-off ra dius and rc is its value mod i fied by the

sec ond ori en ta tion fac tor cc. In gen eral, the cal cu la tion of P
is more com pli cated. It de pends it self on the dis lo ca tion
den sity and the value rc is un known. Its value can be es ti -
mated from the pro file shape. We can take rough es ti ma -
tion as fol lows: for P = 3 is the shape be tween Cauchy and
qua dratic Cauchy (C2) func tions, P = 5 cor re sponds to C2,
for higher P it is close to the Gauss func tion. Hence, with
the in creas ing cor re la tion in dis lo ca tion arrangments the
pro file tails are ex tended. For the es ti ma tion also the de -

pend ence of ra tio FWHM/b vs. P can also be used. How -
ever, the pro file shape is sen si tive to P only for small P

val ues. On the other hand, the de pend ence b vs. sin q is jus -
ti fied strictly speak ing only for P > 3 [6]. 

For pre cise eval u a tion, the Fou rier anal y sis, must be ap -
plied

               ln ( ) lnA L B L
r

L
h h

c= - 2       (4)

It fol lows that the plot ln A(L)/L2 vs. ln L should be lin -
ear (at least in the re gion of va lid ity of the used ap prox i ma -
tions, i.e. me dium val ues of L). The slope of the plot then
gives Bhkl and the ln L in ter cept the value ln rc, i.e. also the
cor re la tion fac tor P.  In stead of the sim ple but di verg ing
log a rith mic term two func tions were sug gested by Wilkens 
and van Berkum. This for mal ism is used for the de scrip tion 
of dis lo ca tion line broad en ing in two pro grams us ing the
method of to tal pow der pat tern fit ting (or mul ti ple pro file
fit ting) – pro gram by Leoni and Scardi [19], and Ribarik
and Ungár [20, 21] (see more in their lec tures at this con fer -
ence and also on the post ers).  Usu ally the hkl de pend ence
of rc is ne glected. How ever, in prin ci ple it can also be as -
sumed [lec ture of Armstrong at this work shop].

Quite de tailed anal y sis of inhomogeneous dis tri bu tion
of dis lo ca tions is pos si ble from care ful mea sure ments of
pro file tails and eval u a tion of mo ments [22, see also the
lec ture of Borbely at this workshop].

In spite of the fact the line pro file anal y sis of dis lo ca -
tion-in duced line broad en ing has been im proved in last
years, there are still prob lems big ger than in crys tal lite size
de scrip tion. This is es pe cially high cor re la tion be tween
dis lo ca tion den sity and dis lo ca tion-cor re la tion fac tor
which makes the fit ting dif fi cult. The lat ter de ter mines the
shape of the pro file how ever, care ful mea sure ment with
high sta tis tics of counts is neccessary in or der to use this
fact. The cor re la tion is in her ent in the de scrip tion and can -

not be com pletely over come by dif fer ent op ti mi za tion al -
go rithms. While for nearly ran dom dis tri bu tion of dis lo ca -
tions the meth ods work well, for highly-cor re lated or
strongly inhomogenous dis tri bu tion of dis lo ca tions 
approapriate description which could be easily applied in
the profile analysis is missing.

Nearly no stud ies were de voted to re la tions and/or sep -
a ra tion be tween the broad en ing caused by the 2nd kind
stresses and by dis lo ca tions. The only at tempt was pub -
lished in [23].
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The study of pla nar fault ing by X-ray dif frac tion has a long
his tory dat ing from the first works in dif frac tions. (Early
con tri bu tions have been re viewed in [1], while fur ther de -
vel op ments can be found in [2]).

Two types of meth ods have been so far used, (1) those
which de rive a set of use ful pa ram e ters re lated to some as -
sumed fault ing model and (2) those based on com puter
sim u la tions and Monte Carlo pro ce dures which match sim -
u lated pat terns with the ex per i men tal ones.

There a sev eral lim i ta tions to both ap proaches. In the
first type, War ren’s use of dif fer ence equa tions [1, 3] is the
most used:  peak shift, broad en ing and asym me try are re -
lated to the prob a bil i ties of de for ma tion and twin fault ing.
As pointed out re cently [4], the orig i nal ap proach can lead
to wrong pre dic tions of the fault ing ef fects on dif frac tion
pro files. An other draw back is the lack of gen er al ity, the
meth ods need of spe cific der i va tions for dif fer ent struc -
tures and fault ing types.

Con cern ing Monte Carlo schemes, these are trial and
er ror pro ce dures match ing sim u lated pat terns with ex per i -
men tal ones. Sim u la tion pro ce dures are better suited than
War ren’s ap proach for in ves ti gat ing com plex faulted
struc tures. Yet, sim u la tions strongly rely on the abil ity of
the re search ers to pro pose fault ing mod els suit able to the
in ves ti gated prob lem, and they make lit tle use of the ob -
served ex per i men tal data un til the last stages of anal y sis,
where com par i son is per formed.

A re cent ap proach by the au thors de rives quan ti ta tive
in for ma tion about the stack ing or der in layer crys tals di -
rectly from dif frac tion data, with out as sum ing any prior
model for the stack ing dis or der [5, 6].  The orig i nal for mu -
la tion was valid for pow der dif frac tion data with one type
of layer in the stack ing se quence and a in te ger num ber of
times a con stant dis place ment vec tor be tween the dif fer ent
pos si ble layer po si tions. The so lu tion of the dif frac tion
equa tions al lowed, in a gen eral frame work, to de rive fea -
tures of pow der dif frac tion pat terns of faulted layer crys tals 
and better un der stand the ef fect of fault ing in the dif frac -
tion pat tern [6, 7]. The re la tion be tween the sym met ric and
asym met ric com po nent of broaden peaks were ex plored for 
the gen eral close packed case [7].  This al lowed avoid ing

the ar bi trari ness in the mod el ing of peak pro files af fected
by fault ing. 

In this pre sen ta tion we will re view the lat est work done
by the au thors in the anal y sis of dif frac tion pat tern of sam -
ples with pla nar dis or der. Some the o ret i cal de vel op ments
will be re viewed to gether with ap pli ca tions to real data will 
be shown. 

If we lift the re stric tion on the same type of layer for the
dif frac tion equa tions the ex pres sion for the in ter fer ence
func tions (def i ni tions and more de tailed math e mat i cal
back ground can be found in [4, 5] ) can writ ten as:
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Ex pres sion (1) re duces to the ones al ready de rived in [4]
for struc tures with all lay ers hav ing the same struc ture fac -
tor:
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In the case of a con stant struc ture fac tor per layer, the
in ter fer ence func tion (ex per i men tal ob serv able) can be re -
lated to the prob a bil ity cor re la tion func tion which de -
scribes the stack ing or der ing of the lay ers [5, 6]. The
prob lem of the dif frac tion pat tern of pla nar dis or dered
struc tures then re duces to the ex trac tion from the avail able
data of the prob a bil ity cor re la tion func tion.

It has been shown in [7] that (2) forces a re la tion be -
tween the sym met ric and asym met ric com po nent of the
peak broad en ing. This biunivocal re la tion im plies that once 
a sym met ri cal com po nent is cho sen the asym met ri cal com -
po nent is com pletely de ter mined, which re duces, at least in
this sense, the ar bi trari ness of the asym me try mod el ing.
The re la tions can also be used to ad dress the im pli ca tions
of an as sumed peak pro file model in the un der ly ing pla nar
dis or der.    
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Ta ble 1 shows the cor re spond ing ex pres sion of the
asym met ric com po nent for com mon used sym met ri cal pro -
files:
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X-ray line pro file anal y sis is a po ten tially pow er ful non-de -
struc tive method for char ac ter is ing the microstructure of
ma te ri als. In the past de cade, the tech nique has quickly
evolved from a stage where “sim ple” as sump tions were
made con cern ing the shape and breadth of line pro files to
state-of-art meth ods, al low ing the syn the sis of dif frac tion
pro files di rectly from the microstructural prop er ties of ma -
te ri als (see [1] for state-of-art meth ods). These micro -
structural prop er ties in clude, lat tice fault ing/twinning,
dis lo ca tions and crys tal lite shape and size dis tri bu tions (see 
[1] and ref er ence therein). 

How ever, not all avail able mod els have reached their
ma tu rity. In par tic u lar, the Wilkens model [2-4] is com -
monly adopted for the (Fou rier) de scrip tion of X-ray
line-pro file broad en ing caused by the pres ence of dis lo ca -
tions. In this con tri bu tion, some in sights con cern ing its
phys i cal sig nif i cance and in ter pre ta tion will be pre sented.

The Wilkens model pro vides an a lyt i cal ex pres sions for
the Fou rier trans form of a line pro file broad ened by dis lo -

ca tions in terms of two free pa ram e ters: the av er age dis lo -

ca tion den sity r and the ef fec tive outer cut-off ra dius Re of
the strain field. This model was de vel oped as sum ing a sim -
ple microstructure in which a restrictedly ran dom dis tri bu -
tion of dis lo ca tions is pres ent. This means that equal
num bers of par al lel and antiparallel straight dis lo ca tions
pop u late a sin gle slip-sys tem and are ran domly dis trib uted
within a sub-area Fp of the to tal area F0 [2]. A num ber of
im por tant as sump tions are made in this case: (i) the ra dius
Rp of the sub-area is ap prox i mately equal to the outer

cut-off ra dius Re; (ii) the to tal dis lo ca tion den sity r is uni -
form i.e. the ra tio be tween the to tal num ber of dis lo ca tions
N0 and the to tal cross-sec tional area F0 and the ra tio be -
tween the num ber Np of dis lo ca tions in the sub-area and the 

area of such re gion Fp are equal: r = N0/F0=Np/Fp. These as -
sump tions are nec es sary to over come the log a rith mic di -
ver gence en coun tered by Krivoglaz & Ryaboshapka [5] in
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their al ter na tive for mu la tion of dis lo ca tion broad ened line
pro files.

It will be shown here that two for mu la tions of the
Wilkens model can be de vel oped (see [2, 3]); dif frac tion
pat terns for (real) elas ti cally anisotropic ma te ri als will be
sim u lated, show ing qual i ta tive and quan ti ta tive dif fer ences 
in the re sult of the two mod els. 

The first and most widely used for mu la tion [1] will be
termed sim pli fied Wilkens model. It as sumes that the “av er -
age” Fou rier term is in de pend ent of the slip sys tem, the
only hkl de pend ence be ing car ried by the av er age con trast
fac tor <Chkl> and by the re cip ro cal interplanar dis tance d*

hkl

[2, 3]. 
The sec ond for mu la tion, called full Wilkens model, in -

cludes the slip-sys tem and hkl de pend en cies into the Fou -
rier co ef fi cients, there fore ex press ing the re sul tant Fou rier
co ef fi cients as the con vo lu tion prod uct:
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where A L dj hkl( , * ) is the Fou rier trans form for the j-th
slip-sys tem, b is the mag ni tude of Bur gers vec tor, L is the

Fou rier length, 
1

1N
C fhkl

j

j

N

j
=

å * ( )h  de fines the slip-de pend -

ency of the con trast fac tors  and  is Wilkens func tion (see
[2]).

A set of sim u lated pat terns for Cu, Ni and CeO2 will be
em ployed to high light the dif fer ence be tween the two mod -
els. Sim u la tions are made as sum ing an ideal diffractometer

with CuKa1 wave length, dis lo ca tions den sity, r=2.0x1016

m-2 and an ef fec tive outer cut-off ra dius, Re=10.0 nm.

These set ting cor re spond to a Wilkens pa ram e ter M = Re

r1/2 = 1.4, which is within the range of ap pli ca bil ity of the
the ory [2-4]. These sim u la tions high light the slip-sys tem
and hkl de pend ency of the quan ti ties in (1) and the in flu -
ence they have on the pro file for in creas ing d*

hkl. 

[1] E. J. Mittemeijer & P. Scardi, ed i tors: Dif frac tion Anal y sis
of the Microstructure of Ma te ri als, Springer Se ries in Ma -
te ri als Sci ence, Vol. 68. (Springer-Verlag, Berlin, 2004).

[2] M. Wilkens (1970a), NBS Spec. Publ. 317, 2, 1195–1221.
Pro ceed ings of Fun da men tal as pects of dis lo ca tion the ory,
eds. J. A. Simmons, R. De Witt and R. Bullough.

[3] M. Wilkens (1970b), NBS Spec. Publ. 317, 2, 1191–1193.
Pro ceed ings of Fun da men tal as pects of dis lo ca tion the ory,
eds. J. A. Simmons, R. De Witt and R. Bullough.

[4] M. Wilkens (1970c), Phys. Stat. Sol. A, 2, 359–370.

[5] A. Krivoglaz & K. P. Ryaboshapka, Fiz. Metal.
Metalloved, 15(1), 18–31.

S - O5

STATUS OF NIST NANOCRYSTALLITE SIZE SRM 1979

N. Armstrong1, J. P. Cline2, W. Kalceff1, J. Ritter2 & J. Bonevich3

1Department of Applied Physics,University of Technology Sydney, AUSTRALIA
2Ce ram ics & 3Met al lurgy Di vi sions, Na tional In sti tute of Stan dards and Tech nol ogy (NIST), USA.

The NIST nanocrystallite size Stan dard Ref er ence Ma te rial 
(SRM) 1979 will pro vide a stan dard for both sci en tific and
com mer cial lab o ra to ries to quan tify the size dis tri bu tion
and shape of nanocrystallites us ing X-ray line pro file and
elec tron mi cros copy tech niques. It will also ap ply a
Bayesian/Max i mum en tropy (MaxEnt) method of X-ray
dif frac tion data anal y sis es pe cially de vel oped for cer ti fy -
ing the SRM. It is ex pected that SRM 1979 will play a piv -
otal role in the rap idly de vel op ing nanotechnology in dus try 
by pro vid ing uni for mity in the mea sure ment of crys tal lite
size and shape data, while clar i fy ing the un der ly ing as -
sump tions of many ex ist ing line pro file tech niques.

In this pa per we dis cuss the prep a ra tion and anal y sis of
the two pro posed SRM 1979 can di date ma te ri als. An out -
line of the pro ce dure is given, to gether with a de tailed dis -
cus sion of the X-ray line pro file anal y sis used to de ter mine
both the size and shape in for ma tion of the SRM 1979 spec -
i mens.

SRM 1979 will con sist of two ma te rial spec i mens pre -
pared in 1kg batches from bulk feedstock. The spec i mens
have been pro duced to min i mize the pres ence of struc tural
de fects that may re sult in strain broad en ing in the line pro -
files. The first ma te rial sam ple is ceria (ce rium (IV) ox ide,

CeO2) with an (ap prox i mate) av er age spher i cal crys tal lite
size of 20 nm over a size range of 5–35 nm. The SRM is
pro duced from a pre cip i ta tion re ac tion be tween ce rium
(IV) sul fate so lu tion and an am mo nium hy drox ide so lu -
tion, con ducted in a fixed-el e ment flow re ac tor. Ceria has a
cu bic sym me try re sult ing in well-spaced dif frac tion lines.
This al lows rapid and sim pli fied anal y sis tech niques to be
used to de ter mine the shape and di men sions of the crys tal -
lites, while min i miz ing sys tem atic er ror aris ing from over -
lap ping peaks. More over, the spher i cal mor phol ogy
en sures that the size broad en ing will be iso tro pic in hkl.
This en ables mod els for sim ple shapes to be ap plied.

The sec ond SRM 1979 spec i men is zinc ox ide (ZnO)
which is also pre pared in a fixed-el e ment flow re ac tor, by a
pre cip i ta tion re ac tion be tween zinc ac e tate and an am mo -
nium hy drox ide so lu tion. This SRM spec i men has a cy lin -
dri cal crys tal lite mor phol ogy with an ap prox i mate length
of 80 nm and a size range of 60–100 nm. ZnO has a hex ag -
o nal sym me try, pro duc ing a large num ber of (over lapped)
lines. Con se quently, this spec i men re quires more com plex
size and shape mod els to be ap plied in or der to ex tract the
nec es sary in for ma tion from the X-ray dif frac tion data.
Spe cif i cally, the anisotropic broad en ing for var i ous hkl
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pro vides a di rect in di ca tion of the crys tal lite mor phol ogy,
while the size dis tri bu tion re veals the spread in the cyl in der 
heights and di am e ters.

The anal y sis tech nique es sen tially in volves two steps
[1, 2]. The first step ap plies MaxEnt/Fuzzy pixel
deconvolution meth ods sim ply to re move the in stru men tal
broad en ing, and pro duce the spec i men pro file. Us ing this
data, sim ple microstructural mod els for the crys tal lite
size/shape (and if nec es sary de fect con tent) can be de vel -
oped. This data serves as the a pri ori in for ma tion for the
full Bayesian/MaxEnt anal y sis con sti tut ing the sec ond
step. More over, this ap proach pro vides a ba sis for de vel op -
ing a se ries of mod els from which the most prob a ble model
can be de ter mined us ing Bayesian model se lec tion the ory.
This anal y sis takes full ac count of the form of the in stru -
men tal, back ground and sta tis ti cal noise con tri bu tions em -
bed ded in the dif frac tion data. As well as pro vid ing the
most prob a ble so lu tion, the sec ond step also pro duces a full 

er ror anal y sis of the size dis tri bu tion— a crit i cal el e ment in
cer ti fy ing SRM 1979.

The X-ray anal y sis pre sented here will be com pared
with the re sults of di rect ob ser va tions of SRM 1979 us ing
TEM im ag ing, and a dis cus sion based on this com par i son
will be pre sented.

[1] N. Armstrong, W. Kalceff, J. P. Cline and J. Bonevich
(2004), “Bayesian in fer ence of nanoparticle-broad ened line 
pro files”, J. Res. NIST. Ac cepted for pub li ca tion 11 April
2003.

[2] N. Armstrong, W. Kalceff, J. P. Cline and J. Bonevich
(2003), “A Bayesian/max i mum en tropy method for cer tif i -
ca tion of a nanocrystalline-size NIST Stan dard Ref er ence
Ma te rial”, in Chap ter 8, Dif frac tion Anal y sis of the
Microstructure of Ma te ri als (eds. E. J. Mittemeijer & P.
Scardi), Springer, Berlin, pp.187–227.

S - O6

WHOLE POWDER PATTERN MODELLING FOR THE STUDY OF NANOCRYSTALLINE 
AND IMPERFECT MATERIALS

Paolo Scardi & Matteo Leoni

Department of Materials Engineering and Industrial Technologies, University of Trento, 38050 via Mesiano
77, Trento ITALY, e-mail:  Paolo.Scardi@unitn.it

The grow ing in ter est in nanostructured ma te ri als and de -
vices has given new im pe tus to the re search on dif frac tion
Line Pro file Anal y sis (LPA). Con cur rently, the re search on 
pow der dif frac tion tech niques moved to ward an in creas ing 
in te gra tion of meth ods, in the at tempt at pro vid ing struc -
tural and microstructural in for ma tion from a sin gle, com -
bined re fine ment pro ce dure. 

The Whole Pow der Pat tern Mod el ling (WPPM) ap -
proach was de vised ac cord ing to the phi los o phy of ana lys -
ing pow der dif frac tion data on the base of phys i cal mod els
of the real microstructure, with out us ing a pri ori fixed an a -
lyt i cal peak-pro file func tions. Main mod els con sider the
ef fect of (i) crys tal line grain shape and size dis tri bu tion, (ii) 

line de fects (dis lo ca tions), (iii) struc tural mis takes (e.g.,
pla nar de fects like twin and de for ma tion faults or
anti-phase do main bound aries) and (iv) grain sur face-re -
lax ation ef fects, but in prin ci ple any pos si ble source of line
pro file ef fects can be eas ily in cluded in the gen eral WPPM
al go rithm. 

The pres ent work ad dresses re cent de vel op ments in the
WPPM ap proach. Be sides re view ing the ba sic the ory un -
der ly ing the WPPM, re fine ment re sults for nanocrystalline
and heavily de formed ma te ri als are shown and dis cussed in 
com par i son with the out come of tra di tional line pro file
anal y sis meth ods. Ac tual lim its and fu ture pros pects in
LPA are also dis cussed.

S - O7

CO HER ENCE OF NANOCRYSTALLINE PAR TI CLES TO X-RAYS

Da vid Rafaja1, Volker Klemm1, Gerhard Schreiber1, Mi chael Knapp2 and Michal Šíma3

1In sti tute of Phys i cal Met al lurgy, TU Bergakademie Freiberg, Gustav-Zeuner-Str. 5, D-09599 Freiberg,
Ger many

2In sti tute of Ma te ri als Sci ence, TU Darmstadt, Petersenstr. 23, D-64287 Darmstadt, Ger many
3SHM, Nový Malín 266, CZ – 788 03 Nový Malín, Czech Re pub lic

In the kinematical dif frac tion the ory, in di vid ual crys tal lites 
are de fined as co her ent do mains and their co her ence to
X-rays is ne glected. This as sump tion is cer tainly cor rect
for large crys tal lites (larger than some tens of nanometers),
which are rep re sented by nar row points in the re cip ro cal
space. On the con trary, this as sump tion may be in cor rect in
nanocrystalline ma te ri als (smaller than 10 nm) with broad

and over lap ping re cip ro cal space points, where a par tial
co her ence of the ad ja cent crys tal lites can be an tic i pated. In
X-ray dif frac tion (XRD) ex per i ments, partly co her ent
crys tal lites seem larger be cause they can not be dis tin -
guished from each other. The par tial co her ence com bined
with a slightly dif fer ent ori en ta tion and with a shift of ad ja -
cent crys tal lites causes an ad di tional dif frac tion line broad -
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en ing, which is in creas ing with in creas ing size of the
dif frac tion vec tor. Such a dif frac tion line broad en ing is
then mis lead ingly in ter preted as microstrain. The above
phe nom ena were de scribed the o ret i cally con sid er ing that
the over lap of the re cip ro cal space points from ad ja cent
crys tal lites can serve as a mea sure of their co her ence in the
di rect space. It was shown that the de gree of co her ence of
the nanocrystalline par ti cles de pends on their size as well
as on their mu tual ori en ta tion. The ex per i men tal ev i dence
of the co her ence of the nanocrystalline par ti cles to X-rays
was pro vided by the com par i son of the crys tal lite size ob -
tained from XRD and from the trans mis sion elec tron mi -
cros copy with high res o lu tion (HRTEM). The

ex per i men tal re sults were ob tained on the Ti1-xAlxN thin
films with dif fer ent chem i cal and phase com po si tions,
which were de pos ited by the arc sput ter ing from two tar -
gets (Ti and Al) in work ing at mo sphere con tain ing ni tro -
gen. In these sam ples, HRTEM yielded the crys tal lite size
of 35 – 50 C; the crys tal lite size ob tained from XRD was 35 
– 200 C depend ing on the de gree of co her ence of the neigh -
bour ing crys tal lites. The co her ence of the ad ja cent crys tal -
lites var ied with the de gree of the pre ferred ori en ta tion of
crys tal lites and with the phase com po si tion of the sam ples
(cu bic ter nary solid so lu tion (Ti,Al)N and hex ag o nal AlN).

S - O8

ANALYTICAL EXPRESSION FOR DIFFRACTION LINE PROFILE FOR
POLYDISPERSIVE POWDERS. NEW METHODS FOR GRAIN SIZE DISTRIBUTION

DETERMINATION

Roman Pielaszek, Witek Lojkowski

High Pressure Research Center, Polish Academy of Sciences

An an a lyt i cal ex pres sion for the dif frac tion line pro file
for polydispersive pow ders (par tic u larly, nanopowders)
with Gamma Grain Size Dis tri bu tion is de rived. The ex -
pres sion con sists of el e men tary func tions only and can
readily re place stan dard func tions (like Gaussi an,
Lorentzian or Pearson) for dif frac tion peak fit ting pur -
poses. This al lows for di rect Grain Size Dis tri bu tion de ter -
mi na tion us ing stan dard fit ting soft ware. Well es tab lished
Scherrer method al lows for de ter mi na tion of the av er age
grain size of a crys tal line pow der by mea sure ment of Full
Width at Half Max i mum(FWHM) of the dif frac tion peak
pro file. Bas ing on the ex pres sion de rived, wepropose an
en hance ment of this clas si cal method. Mea sure ment of two 

widths ofthe same peak, al lows for two pa ram e ters to be
dis tin guished: the av er age grain size and dis per sion of
sizes (sigma). These pa ram e ters are suf fi cient todraw
Grain Size Dis tri bu tion (GSD) curve, that is much more in -
for ma tive than asingle size pa ram e ter.
We pro pose to mea sure widths at 1/5 and 4/5 of the peak
max i mum (FW1/5M and FW4/5M, re spec tively). A sim ple 
al ge braic for mula that con verts mea sured FW1/5Mand
FW4/5M val ues into and (sigma) is pre sented. The
FW1/4/5M method pro posed in this pa per is es pe cially
sen si tive in case of a broad dif frac tion max ima, i.e. for
nano-sized polycrystals.

S - O9

TEST OF APPLICABILITY OF SOME POWDER DIFFRACTION TOOLS TO
NANOCRYSTALS

Z. Kaszkur

Institute of Physical Chemistry PAS, Warszawa, 01-224 Poland

Most of the dif frac tion struc ture anal y sis meth ods de vel -
oped for polycrystals meet their ap pli ca tion limit when
crys tal size de creases be low few nanometers. Mea sur able
ef fects of nanocrystallinity on the anal y sis can be no ticed
al ready for 10 nm crys tal lites. The Bragg law it self ceases
to ap ply strictly [1] what ap pears to be a di rect con se quence 
of short atom rows and thus of short, trun cated Fou rier se -
ries in the peak har monic rep re sen ta tion. The sur face re lax -
ation ef fect adds only a mi nor term to the lat tice con stant
cal cu lated di rectly from a sin gle peak po si tion. With ad -
vent of nanotechnologies and ris ing in ter est in ex per i men -
tal anal y sis of nano-sized struc tures it is in creas ingly
im por tant to test ap pli ca tion lim its of the avail able struc -
tural meth ods. 

The struc tural meth ods af fected in clude the full pro file
anal y sis, meth ods of sep a ra tion of size and strain (the Wil -
liam son-Hall plot as well as the War ren-Averbach
method), meth ods of a lat tice con stant de ter mi na tion,
quan ti ta tive anal y sis (lin ear ity of the peak in ten sity – num -
ber of at oms de pend ence) etc.

The tests were per formed on the model nanocrystals
hav ing dis tri bu tion of sizes fol low ing the log-nor mal dis -
tri bu tion of a crys tal lite vol ume. The max i mum was cen -
tred ~5nm and the model crys tal lites were cubooctahedral,
closed shell fcc struc tures hav ing from 561 to 24739 at oms. 
The struc ture was cho sen to be that of pal la dium metal and
the in ter atomic po ten tials used for its re lax ation fol lowed
the Sutton-Chen N-body scheme [2]. Both non-re laxed and 
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en ergy re laxed  mod els were used to es ti mate  the ef fects of
re lax ation. 

The dif frac tion pat terns for the model were cal cu lated
followig the Deby’e for mula. The pat terns were ana lysed
us ing PEAKFIT pro gram [3] via de com pos ing the pro files

onto con stit u ent Pearson VII peaks. Due to lack of un -
equiv o cal back ground def i ni tion the peak fit pa ram e ters
may be ob tained with some er ror – this howeveraffects the
re sults only for strongly over lap ping peaks. Such peaks
were ex cluded from the data pre sented in figs. 1,2. Fig.1
shows the ap par ent lat tice con stant as ob tained from the
con sec u tive peaks po si tion us ing the Bragg law. It is re -
mark able  that the peaks with the odd Miller in di ces give
the lat tice con stant value sys tem at i cally greater than that
pro duced by the even in di ces. The Wil liam son-Hall plot
(fig ure 2) dis plays crys tal lite size close to the real one and
ev i dently not van ish ing stress pa ram e ter for the re laxed
sys tem pat tern.

The War ren-Averbach anal y sis for the same pat tern
(002 peak fam ily) en ables re con struc tion of the orig i nal
col umn-length dis tri bu tion and con firms the pres ence of a
not van ish ing stress dis tri bu tion for the re laxed model. For
the mod els of bi modal log-nor mal dis tri bu tion the same
anal y sis fails how ever in re con struct ing the col umn length
dis tri bu tion in both: max ima po si tions and their am pli tude
ra tio [4]. 

The dis cussed ef fects are not neg li gi ble in a full pro file
anal y sis of nanocrystals and are more sig nif i cant the grater
stress is in duced to the nanocrystal struc ture.

Ac knowl edge ment
This study was sup ported by the State Com mit tee for Sci en -
tific Re search (KBN) grant no. 4T09A  180 24. 

[1] Z. Kaszkur, J. Appl. Crystallogr., 33 (2000) 87.

[2] A. P. Sutton and J.Chen, Philos.Mag.Lett., 61, 139 (1990).

[3] Jandel Sci en tific GmbH , PEAKFIT (1990), v.3.11,
D-40699 Erkrath, Ger many.
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MICROSTRUCTURE OF SEVERELY DEFORMED METALS FROM X-RAY PEAK
PROFILE ANALYSIS

J. Gubiczaa, N. H. Nama and V. V. Stolyarovb

aDepartment of Solid State Physics, Eötvös University, Budapest, Hungary
bIn sti tute of Phys ics of Per spec tive Ma te ri als, Ufa State Avi a tion Tech ni cal Uni ver sity, Ufa, Russia

E-mail: gubicza@ludens.elte.hu

Se vere plas tic de for ma tion (SPD) is an ef fec tive tool for
pro duc ing bulk ultrafine grained (submicron grain sized or
nanostructured) met als. One of the most com mon SPD
meth ods is equal chan nel an gu lar press ing (ECAP) – a
tech nique that re sults in a ho mo ge neous sub-mi cron grain
struc ture of the workpiece [1]. The ultrafine grained ma te -
ri als pro duced by ECAP have an at trac tive com bi na tion of
high strength and good duc til ity due to their low con tam i -
na tion and unique struc tures. For un der stand ing the me -
chan i cal be hav ior of ma te ri als pro duced by ECAP, it is
nec es sary to char ac ter ize their microstructure. In this work
the microstructure of cu bic TiNi and hex ag o nal Mg(Al) al -

loy pro duced by ECAP is stud ied by X-ray dif frac tion peak 
pro file anal y sis. The high res o lu tion X-ray dif frac tion ex -
per i ments are per formed us ing a spe cial dou ble-crys tal
diffractometer (Nonius FR591) with ro tat ing Cu an ode [2]. 
The peak pro files are eval u ated by the Mul ti ple Whole Pro -
file (MWP) fit ting pro ce dure de scribed in de tail in Ref. [3]. 
In this method, the Fou rier co ef fi cients of the ex per i men tal
pro files are fit ted by the the o ret i cal Fou rier trans forms cal -
cu lated on the ba sis of a model of the microstructure [3].
The crys tal lite size dis tri bu tion and some char ac ter is tic pa -
ram e ters of the dis lo ca tion struc ture (e.g. den sity and ar -
range ment of dis lo ca tions) are ob tained from the fit ting.
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Ad di tion ally, the pro ce dure en ables the de ter mi na tion of
the pre vail ing dis lo ca tion slip sys tems in the sam ple [4].
The eleven dis lo ca tion slip sys tems in a hex ag o nal Mg al -
loy can be clas si fied into three groups based on their Bur -
gers vec tors: <a> type, <c> type and <c+a> type [5]. X-ray
dif frac tion peak pro file anal y sis re veals the abun dance of
<a>-type dis lo ca tions be sides the <c>- and <c+a>-type dis -
lo ca tions in the as-re ceived Mg al loy. Dur ing high tem per -

a ture ECA press ing (at 270 °C) the frac tion of <c+a>-type
dis lo ca tions in creases. The cor re la tion be tween the
microstructure and the room and high tem per a ture me chan -
i cal be hav ior is also stud ied and dis cussed.

This work was sup ported by the Hun gar ian Sci en tific
Re search Fund, OTKA, Grant Nos. F-047057, T-046990
and T-042714.

[1] V. V. Stolyarov, Y. T. Zhu, I. V. Alexandrov, T. C. Lowe,
R. Z. Valiev, Ma te ri als Sci ence and En gi neer ing A 343
(2003) 43.

[2] T. Ungár, A. Borbély, Appl. Phys. Lett. 69 (1996) 3173.

[3] T. Ungár, J. Gubicza, G. Ribárik, A. Borbély, J. Appl.
Cryst. 34 (2001) 298.
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COMPOSITION VARIATIONS IN LINE BROADENING ANALYSIS

A. Leineweber, E. J. Mittemeijer

Max Planck Institute for Metals Research, Heisenbergstraße 3, 70569 Stuttgart, Germany

In the course of an anal y sis of broad ened pow der dif frac -
tion-line pro files the sep a ra tion of dif fer ent con tri bu tions
to the over all phys i cal line broad en ing is re quired. E. g.
sev eral meth ods ex ist to sep a rate size and microstrain
broad en ing due to their dif fer ent de pend en cies on the re -
flec tion or der. 

The most prom i nent source of microstrain broad en ing
are microstresses around ex tended de fects like dis lo ca -
tions. An other, less fre quently con sid ered or i gin of
microstrain broad en ing is lo cal vari a tion in com po si tion
[1] which leads to lo cal vari a tions in the lat tice pa ram e ters.
In the sim plest case com po si tion var ies only be tween dif -
fer ent co her ently dif fract ing do mains, i.e. each do main has
its own char ac ter is tic lat tice pa ram e ters which are them -
selves a usu ally mo not o nous func tion of com po si tion. In
such cases the dif frac tion pat terns are sim ple
superpositions of the dif frac tion pat terns orig i nat ing from
the dif fer ent com po si tions.

In gen eral the prob a bil ity den sity func tion of com po si -
tion is ex pressed in the dif frac tion line pro file of each re -
flec tion hkl, ac cord ing to the de pend ence of the d-spac ing
dhkl on com po si tion. This compositional con tri bu tion to the
line broad en ing can be very com pli cated and has to be con -
vo luted with other oc cur ring sources of line broad en ing
and the in stru men tal res o lu tion.

For rel a tively nar row and sym met ri cal unimodal com -
po si tion dis tri bu tions around an av er age com po si tion the

widths Bhkl of the re flec tions on the dif frac tion an gle 2qhkl

scale vary for a cer tain di rec tion of the dif frac tion vec tor
like

B A hklhkl hkl= ´( ) tan q                 (1)
with A(hkl) be ing an ani so tropy fac tor which var ies with
the di rec tion of the dif frac tion vec tor but not with its length

(i.e. with 2qhkl). A(hkl) can be ex pressed as 

                    A hkl d D h k lhkl HKL
H K L

H K L

( ) | |= ´
+ + =

å2

2

             (2)

The pa ram e ters DHKL can be cal cu lated from the de -
pend en cies of the re cip ro cal met ri cal ma trix com po nents
on com po si tion and the width of the com po si tion dis tri bu -

tion func tion. The sym me try re stric tions for the de pend en -
cies of the re cip ro cal met ri cal ma trix com po nents on
com po si tion re flect the crys tal sys tem and thus im pose
sym me try re stric tions on DHKL, since the in flu ence of the
com po si tion dis tri bu tion on the line width is the same for
all re flec tions. This leads to one pa ram e ter DHKL for the cu -
bic sys tem (i.e. the line broad en ing is iso tro pic) and six pa -
ram e ters DHKL for the triclinic sys tem. For suf fi ciently
(pseudo-)Voigt-like com po si tion dis tri bu tions anisotropic
line broad en ing ac cord ing to Eqs. 1-2 can con ve niently be
in cor po rated into a Thomp son-Cox-Hastings pseudo-
 Voigt func tion pro file func tion [2] in the course of a
Rietveld re fine ment.
The anisotropic line broad en ing as given by Eq. 1-2 con sti -
tutes a phys i cally founded spe cial case of a pre vi ously pro -
posed phenomenological model for anisotropic microstrain 
broad en ing [3, 4] hav ing an ani so tropy fac tor of

                 A hkl d S h k lhkl HKL
H K L

H K L

( ) = ´
+ + =

å2

4

        (3)

which is to be com bined with Eq. 1. In or der that Eq. 3
is iden ti cal with Eq. 2, ad di tional sym me try re stric tions on
SHKL have to be in tro duced, only then Eq. 3 could be used to 
de scribe the anisotropic line broad en ing due to com po si -
tion vari a tions as well.

Dif fer ent ex am ples of dif frac tion line broad en ing from
more or less inhomogeneous solid so lu tion sam ples will be
pre sented. Pos si bil i ties to dis tin guish compositional
microstrain broad en ing from other types of line broad en -
ing, as well as prob lems en coun tered in such anal y ses will
be pre sented. 

[1] Leineweber, A. & Mittemeijer, E.J., J. Appl. Crystallogr.
37 (2004) 123.

[2] Thomp son, P., Cox, D. E. & Hastings, J. B, J. Appl.
Crystallogr. 20 (1987) 79-83.

[3] Stephens, P.W., J. Appl. Crystallogr. 32 (1999) 281.

[4]  Popa, N.C., J. Appl. Crystallogr. 31 (1998) 176.
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SIZE ANISOTROPY AND LOGNORMAL SIZE DISTRIBUTION IN THE POWDER
DIFFRACTION WHOLE PATTERN FITTING

N. C. Popaa, b and D. Balzarc, d 
aFrank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, 

Russia; bNational Institute for Materials Physics, P.O. Box MG-7, Bucharest, Romania; cDepartment of
Physics and Astronomy, University of Denver, Denver, CO 80208, USA; dNational Institute of Standards and

Technology, Boulder, CO 80305, USA.

The ap proach de vel oped by Popa and Balzar [1] to
model the size broad en ing in pow der dif frac tion pat terns
by sam ples with lognormal size dis tri bu tion of spher i cal
crys tal lites can be eas ily ex tended to in clude size ani so -
tropy if the crys tal lite shape is ap prox i mated by an el lip -
soid. 

In com par i son with the ex ist ing ap proaches us ing el lip -
soids to de scribe the size ani so tropy, this ap proach uses a
peak breadth symmetrized ac cord ing to the crys tal Laue
class.

The pro posed model was tested on a zinc ox ide dif frac -
tion pat tern mea sured in a Bragg – Brentano ge om e try. The 
model is com pared with the pre vi ously pro posed model us -
ing spher i cal har mon ics to de scribe the size ani so tropy [2].

[1] Popa, N. C. & Balzar, D. (2002). J. Appl. Cryst. 35,
338-346.

[2] Popa, N. C. (1998). J. Appl. Cryst. 31, 176-180.

S - O13

SIMPLIFIED MICROSTRUCTURAL MODELS TO ANALYZE ANISOTROPIC SIZE AND
STRAIN 

Juan Rodríguez-Carvajal

Laboratoire Léon Brillouin (CEA-CNRS), CEA/Saclay,  91191 Gif sur Yvette Cedex, France.

A sum mary of the dif fer ent ap proaches to ex tract and in ter -
pret microstructural pa ram e ters from pow der dif frac tion
tech niques will be pre sented. Spe cial em pha sis will be de -
voted to the so-called Voigt model for both the in stru men -
tal and the in trin sic dif frac tion peak shape. Un der this last
as sump tion many kinds of microstructural ef fects can be
stud ied in a sim pli fied man ner. This quite gen eral model is
fully im ple mented and ready to be used in the com puter
pro gram FULLPROF to gether with the Rietveld method.
Com plex anisotropic peak broad en ing may be due to size
and strain ef fects, a com ple men tary elec tron mi cros copy
study is of ten needed to dis en tan gle and eval u ate the main
(size or strain) con tri bu tion to broad en ing.  

To treat anisotropic size ef fects it is ex tremely use ful, in 
many cases, to use lin ear com bi na tions of spher i cal har -
mon ics to model the Lorentzian part of the peak broad en -
ing. The ap par ent sizes along dif fer ent di rec tions can be
re con structed from the re fined co ef fi cients and an av er age
“ap par ent shape” of the co her ent do mains of the sam ple
can be ob tained. Some ex am ples taken from bat tery pos i -
tive elec trode ma te ri als and ca tal y sis will be pre sented, one 
of them is shown in Fig ure 1.

In case of dom i nant anisotropic broad en ing due to
microstrains (high num ber of dis lo ca tions, va can cies, twin
faults, solid so lu tion ef fects, etc.) a phenomenological ap -

proach in tro duced 13 years ago [1] and based in the as -
sump tion that all the de fects re spon si ble of the broad en ing
can be re duced to fluc tu a tions and cor re la tions of cell pa -
ram e ters, or any com bi na tion of them, has proven to be ex -
tremely use ful. A con ve nient for mu la tion de rived from [1]
when the met ric pa ram e ters are the co ef fi cients of the qua -
dratic form in (hkl) con sti tut ing the square of a re cip ro cal
lat tice vec tor was pro posed by Stephens [2] and a sim i lar
one, based in elas tic ity the ory, was pre vi ously pro posed by
Popa [3]. We will show that there are many equiv a lent
ways to treat anisotropic strain broad en ing, us ing the as -
sump tions first pub lished in [1], that can help to con struct
phys i cal mod els for the or i gin of the anisotropic
microstrain broad en ing. Some ex am ples taken from dif fer -
ent kind of ma te ri als (intermetallics, ox ides) in dif fer ent
con texts (phase tran si tions, re duc ing syn the sis con di tions,
etc.) will be pre sented.

[1] J. Rodríguez-Carvajal, M. T. Fernández-Díaz, J. L.
Martínez, J. Phys. Cond. Mat ter 3, 3215 (1991).

[2] P. W. Stephens, J. Appl. Cryst. 32, 281 (1999).

[3] N. C. Popa, J. Appl. Cryst. 31, 176 (1998).
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EVALUATION OF SIZE AND STRAIN PARAMETERS FROM X-RAY PEAKS BY THE
MOMENTUM METHOD 

A. Borbély, Á. Révész, I. Groma

Eötvös University, Department of General Physics, H-1518, POB. 32, Budapest, Hungary.

De ter mi na tion of mean ing ful and re li able size and strain
pa ram e ters from X-ray peaks is a chal leng ing task for now -
a days eval u a tion tech niques. In this re spect
microstructurally based mod els are wel come since they
pre dict the shape of X-ray peaks, which can be di rectly
com pared with ex per i ment. This is es pe cially true for
nanomaterials when due to the small par ti cle size a nearly
Lorentzian peak shape is ex pected. If the par ti cles con tain
lat tice de fects, then the re sult ing pro file is given the con vo -
lu tion of the trans form of the size pro file and the trans form
of the pro file char ac ter is tic for the rel e vant lat tice de fect. It
is known that in case of dis lo ca tions (the most fre quently
en coun tered lat tice de fect) the tail of the pro file var ies as
q-3, where q is the de vi a tion from the re cip ro cal lat tice
point. Ac cord ing to the gen eral the ory of dis lo ca tion in -
duced X-ray peak broad en ing [1,2] only this as ymp totic
be hav iour can be an tic i pated, the shape of the whole pro file 
be ing un known. Ex cep tion from this is the spe cial case of
restrictedly ran dom dis tri bu tion of dis lo ca tions, a model
de vel oped by Wilkens, who has cal cu lated the en tire peak
shape [3]. It is how ever, ques tion able if this spe cial dis lo -
ca tion dis tri bu tion is valid in any prac ti cal sit u a tion. If not,
it is safer to con sider only the as ymp totic be hav iour of the
X-ray peaks. This does n’t mean how ever, that the Wilkens
model and its in cor po ra tion in multi-pro file fit ting pro -
grams [4], to re place less phys i cally jus ti fied peak-func -

tions, is not ap pli ca ble. We only want to stress that in such
cases a microstructural jus ti fi ca tion of the se lected eval u a -
tion method should be given. If the se lected method can not
be jus ti fied, then only the gen eral model is re li able.

Since a gen eral peak-func tion ap pli ca ble to each in ves -
ti gated case has not been found yet, we will dis cuss the as -
ymp totic method. The ki ne matic the ory of X-ray scat ter ing 
pre dicts at large q val ues a q-2 and q-3 de pend ence of the
scat tered in ten sity, for the cases of small crstallite size [5]
and dis lo ca tion [2] pro duced broad en ing, re spec tively.
Com monly the mea sure ments con tain sta tis ti cal er rors,
which may be re duced if an in te gral eval u a tion method is
se lected. Ex tend ing the vari ance method of Wil son [5], the
au thors have pro posed re cently a mo men tum method for
the eval u a tion of the av er age par ti cle size and dis lo ca tion
den sity [6], when both sources of broad en ing are pres ent.
Ac cord ing to the q de pend en cies men tioned above the dif -
fer ent or der mo ments of the scat tered in ten sity have typ i cal 
be hav iours. For ex am ple the fourth or der mo ment di vided
by q2 is con stant when broad en ing in pro duced by dis lo ca -
tions and shows lin ear q de pend ence for par ti cle type
broad en ing. The great ad van tage of the mo men tum method 
is that one can readily see the type of broad en ing pres ent in
the ex per i ment and ver ify if the as sump tions of small par ti -
cle size or pres ence of dis lo ca tions ap plies. The method is
ex em pli fied on mea sure ments done on ball-milled and
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Fig ure 1: Ex am ple of con ven tional X-ray (Cu-Ka) Rietveld re fine ment of a Ni(OH)2 sam ple (P-3m1, a » 3.13 C, c» 4.61 C), with a
strong anisotropic peak broad en ing, us ing spher i cal har mon ics for size ef fects. The in sets show the “av er age ap par ent shape” of the
crys tal lite co her ence do mains in dif fer ent di rec tions.



heat-treated alu minium pow der sam ples. An er ror anal y sis
of the eval u ated pa ram e ters is pre sented also.
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X-RAY DIFFRACTION FROM EPITAXIAL THIN FILMS : AN ANALYTICAL
EXPRESSION OF THE LINE PROFILES ACCOUNTING FOR MICROSTRUCTURE

A. Boulle, R. Guinebretiere, A. Dauger

Science des Procédés Céramiques et de Traitements de Surface – CNRS UMR 6638, ENSCI, 47 à 73
av e nue Al bert Thomas 87065 Limoges Cedex

The ef fect of fi nite crys tal size on the X-ray dif frac tion line
pro files is known since the ex per i ment of Friedrich,
Knipping and Laue [1] who first de rived the for mula
known as the Laue func tion : sin²(Qt/2)/sin²(Qd/2), where
Q, t and d are the length of the scat ter ing vec tor, the crys tal
thick ness and the interplanar spac ing in the di rec tion of the
scat ter ing vec tor. Since that time a large amount of work
has been de voted to the ex trac tion of in for ma tion con cern -
ing ‘size’ and ‘strain’ from the XRD line pro files [2,3],
with par tic u lar em pha sis be ing laid on polycrystalline ma -
te ri als. In such sys tems the kinematical the ory of dif frac -
tion was shown to ap ply very well. Con cern ing epitaxial
thin films, the high crys tal line qual ity lay ers that are
achiev able us ing mo lec u lar beam ep i taxy or chem i cal va -
por de po si tion strongly pro moted the use of the more rig or -
ous dy nam i cal the ory of dif frac tion [4]. Up to re cently
these stud ies mainly fo cused on semi con duc tor ma te ri als.

In the re cent years much at ten tion has been paid on ox -
ide epitaxial thin films, but real struc ture ef fects (e.g. ran -
dom lat tice spac ing fluc tu a tions, thick ness fluc tu a tions,
rough ness…) re main dif fi cult to in cor po rate into the dy -
nam i cal scat ter ing the ory. More over, the rel a tive im per fec -
tion of ox ide thin films (as com pared to semi con duc tors)
en ables to use the kinematical the ory. How ever, the pres -
ence of de fects strongly al ters the shape of the in ten sity dis -
tri bu tion pre dicted by Laue. Sev eral au thors mod i fied this
ex pres sion in or der to ac count for the ef fect of one of the
above-men tioned de fect [5,6], but up to now the com bined
ef fects of dif fer ent de fects are in gen eral han dled us ing a
nu mer i cal in te gra tion of the ex pres sion of the in ten sity dis -
tri bu tion.

In this com mu ni ca tion we de rive an an a lyt i cal in ter fer -
ence func tion able to de scribe the XRD line pro files of an
epitaxial thin film with a microstructure made of dif fer ent
type of de fects: film thick ness fluc tu a tion, rough ness, cu -
mu la tive and non-cu mu la tive ran dom lat tice spac ing fluc -
tu a tions. The der i va tion is car ried-out within the
frame work of the kinematical scat ter ing the ory. For brev -

ity, in this ab stract we fo cus on the co her ently scat tered in -
ten sity, I = <E><E*>. The ef fect of dif fuse scat ter ing will
be dis cussed at the con fer ence. The scat tered am pli tude
dis tri bu tion, <E>, of a thin film with a rough in ter face and a 
fluc tu at ing thick ness can be writ ten [7]:

E q F dt dz dz p t p z z z t iq zz h I I I z( ) ( ) ( ) ( ; , )exp( )= × -òòò W

qz is the z-com po nent of the re duced scat ter ing vec tor q =
Q – h, h be ing the re cip ro cal lat tice vec tor of the re flec tion
(the z axis is cho sen par al lel to the out wards film sur face

nor mal). t, zI W and Fh are the film thick ness, the co or di nate 
of the in ter face, the film shape fac tor (1 in side, 0 out side
the film)and the struc ture fac tor, re spec tively. p(x) is the
prob a bil ity den sity func tion of the vari able x. It can fur ther
be shown that cu mu la tive ran dom lat tice spac ing fluc tu a -
tions can be ac counted for by mak ing the sub sti tu tion:

q q i
Q

d
z z

u
c

¬ -
2 2

2

s ( )

 where su
(c) is the root mean squared

(rms) cu mu la tive lat tice dis place ment. Mak ing the as sump -
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where su
(c), sI, sS, and r are the rms lat tice dis place ments,

the rms in ter face rough ness, the rms sur face rough ness and
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in ter face-sur face rough ness cor re la tion co ef fi cient (r = 1
cor re lated, r = 0 uncorrelated, r = -1 anti-cor re lated). The
ef fects of these microstructural pa ram e ters (com puted with 
the above equa tion) are shown in fig.1 and fig. 2. and will
be fur ther dis cussed at the con fer ence to gether with the as -
sump tions made. 
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Fig.1 (left) : ef fect of sI and sS on the line pro file of 100nm-thick film. (a) sI  = sS =0; (b)  sI  = 0, sS  =5 nm ; (c)  sI

= 5 nm, sS=5 nm ; (c)  sI = 5 nm, sS=10 nm (r =1 bold black line, r = 0 black line, r =-1 gray line).

Fig.2 (right): ef fect of cu mu la tive lat tice spac ing fluc tu a tions. (a) su
(c)=0 ; (b) su

(c)=0.05 C ; (c) su
(c)=0.1 C; (d)

su
(c)  = 0.2 C.
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