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Nanostructured ma te ri als are cur rently of great in ter est
world wide with the hope that “nanotechnology” will rev o -
lu tion ize our lives.  This re mains to be seen, but the abil ity
to study the atomic scale struc ture of nanostructured ma te -
ri als is clearly a pre req ui site to this rev o lu tion.  The prob -
lem is that nano-ma te ri als are not pe ri od i cally long-range
or dered and can not be stud ied us ing con ven tional crys tal -
log ra phy.  One of the great chal lenges fac ing us is to char -
ac ter ize these nanostructues both quan ti ta tively and

re li ably. I will de scribe re cent ap pli ca tions of the atomic
pair dis tri bu tion func tion (PDF) tech nique to the study of
nanostructured ma te ri als.  I will men tion re cent work in
tran si tion-metal ox ides and chalcogenides, III-V and II-VI
elec tronic ma te ri als, Cs ions in ter ca lated in nanoporous
hosts and alumino-sil i cate glasses.
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Whole Pow der Pat tern Mod el ling (WPPM) has been re -
cently pro posed as a self-con sis tent low-bias tech nique for
the microstructural in ves ti ga tion of nanocrystalline ma te ri -
als. Through WPPM, a set of phys i cal pa ram e ters ac tu ally
de scrib ing the Fou rier trans form of a dif frac tion pro file,
can be eas ily ex tracted from the dif frac tion data.

In or der to cope with the need for a higher flex i bil ity (to
test, com pare and use new line broad en ing mod els) and
with the re quest for ad di tional fea tures, the ex ist ing code
im ple ment ing WPPM has been deeply re de signed and im -
proved.

The re sult is a gen eral tool for non lin ear least squares
mini mi sa tion, prob lem-in de pend ent and user-customisable 

through the use of mac ros or by a cus tom soft ware de vel op -
ment kit. A set of li brar ies have been writ ten in the form of
plug-ins, ac tu ally im ple ment ing WPPM and the
microstructural mod els de vel oped so far: size broad en ing
due to an an a lyt i cal or to a ge neric (un con strained) dis tri -
bu tion of crys tal lites, strain broad en ing due to the pres ence
of dis lo ca tions, broad en ing due to stack ing faults and
anti-phase bound aries. The work shows soft ware ar chi tec -
ture and ex am ples of  ap pli ca tion of the pro gram to real
cases of study.
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Nanostructured ma te ri als are spe cific ob jects of struc tural
anal y sis. Pe cu liar i ties of their dif frac tion pat terns arise
from pres ence of de fects such as grain bound aries and pla -
nar de fects (PDs), which are el e ments of nanostructure.
High con cen tra tion of PDs gives rise to dif fuse scat ter ing
both in vi cin ity of Bragg max ima (peak broad en ing or peak 
broad en ing with its shift) and/or in back ground re gion (ap -
pear ance of dif fuse peaks or halo). Soft ware de vel oped [1]
makes it pos si ble to cal cu late dif fuse scat ter ing in the terms 
of 1D dis or dered crys tal model.

In the ox ide sys tems PDs such as antiphase bound aries 
(APBs) shift ing cat ion lay ers and keep ing an ion ones have
dif fer ent in flu ence on dif frac tion lines aris ing from one
plane sys tem. We ob served such dif frac tion ef fect on the

dif frac tion pat terns of a-Fe2O3 and some low tem per a ture
ox ides of alu minium. For ex am ple, 100 dif frac tion line is

broader than 300 one on the X-ray dif frac tion pat tern of 

a-Fe2O3 re ceived from he ma tite and 220 dif frac tion line is
broader than 440 one on the X-ray diffraction pat terns of

g-, h-, c-Al2O3, re ceived from boehmite, bayerite and
gibbsite cor re spond ingly. These dif frac tion phe nom e non
could n’t be ex plained by size or strain ef fects. Sim u la tion
of dif frac tion pat terns shows, that pres ence of APBs along
(001) planes in co run dum type struc tures does n’t in flu ence
on dif frac tion lines for which |h - k|is di vis i ble by 3. At the
same time other dif frac tion lines be come broader with in -
creas ing den sity of APBs. For spinel type struc tures, sim u -
la tion of dif frac tion pat terns shows that APBs along (110)
planes don’t af fect 440 dif frac tion line but 220 one be -
comes broader. 

An other dif frac tion ef fect is split ting of dif frac tion lines 
on broad ened and non-broad ened com po nents. Such ef -
fect can ap pear when PDs in tro duce ad di tional ani so tropy
in crys tal. For ex am ple, for cu bic crys tals, which have four

equiv a lent  di rec tions, á111ñ peak con sists of 8 com po -
nents. Pres ence of PDs in one of these di rec tions leads to
broad en ing of six peak com po nents whereas two com po -
nents are kept with out changes. Such split ting ef fect is
given on the Fig.1, where dif frac tion pat tern cal cu lated for

the model con tain ing 20% PDs and ex per i men tal one forh
-Al2O3 are shown in the range of 111 peak.

High con cen tra tion of PDs ran domly dis trib uted in
par ti cle can cause ap pear ance of asym met ric hk dif fuse
peaks in the po si tions of hk0 re flec tions. Such peaks ap pear 
as a re sult of loss of pe ri od ic ity in one di rec tion.
Turbostratic car bon, which struc ture is char ac ter ised by
ran dom shift of graph ite lay ers, can be con sid ered as struc -
ture with high con cen tra tion (100%) of PDs. Sim u la tion of
X-ray scat ter ing for turbostratic struc tures shows that only
00l and asym met ric hk re flec tions pres ents on the XRD
pat terns [1].

An other ex am ple is g-Al2O3, which also char ac ter ised
by high con cen tra tion of PDs, which are well-de fined
trans la tions be cause of dis lo ca tion split ting. High con cen -
tra tion (20%) of PDs in the (100) plane for spinel type
struc tures also leads to ap pear ance of dif fuse peaks in the
hk po si tions whereas re duced hkl re flec tions are still pres -
ent on the sim u lated dif frac tion pat tern. In some cases ap -
pear ance of hk dif fuse peaks near  dif frac tion lines can
cause shift of grav ity cen tre of these lines. In par tic u lar, this 

is ob served on the g-Al2O3 dif frac tion pat terns where 311
peak is shifted to smaller an gles due to ap pear ance of 31
dif fuse peak.

PDs non-ran domly dis trib uted (or cor re lated) can lead
to ap pear ance of dif fuse peaks in the po si tions char ac ter is -
ing hy po thet i cal or re ally ex ist ing polytypes. We use mod -
els with cor re lated PDs for fcc (3C-polytype) met als
con tain ing thin (less than 2 nm) twins or co her ent hcp
(2H-polytype) microdomains. In the first case dif fuse
peaks ap pear in the po si tions of 6H-polytype ABCACB. In
the sec ond case ad di tional dif fuse peaks ap pear in the po si -
tions of 2H-polytype. We ob served the sec ond ef fect on the 
dif frac tion pat tern of me tal lic Co used as cat a lyst in the re -
ac tion of CO disproportionation [1].

To sum up: most of nanostructured ma te ri als have high
con cen tra tion of PDs pro duc ing dif fu sion scat ter ing,
which can be ana lysed with use of sim u la tion of XRD pat -
terns for 1D dis or dered crys tal mod els.

This study was sup ported by the Rus sian Foun da tion of Ba -
sic Re search, grant No. 04-03-32346. We would like to ex -
press our thanks to Dr. G. Kryukova for HREM
ex per i ments. 

[1] S.V. Cherepanova, S.V. Tsybulya, Pro ceed ings of the
EPDIC 8, Y.Andersson, E.J.Mittemeijer, U.Welzel eds.
(2002) Uppsala (Swe den).
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Figure1. Split ting of 111 peak.
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To de scribe and eval u ate the vi bra tional prop er ties of
nanoparticles it is nec es sary to dis tin guish be tween the sur -
face and the core of the par ti cles.  The o ret i cal cal cu la tions
show that vi bra tional den sity of states of the in ner at oms of
nanograins is sim i lar to bulk ma te rial but shifted to higher
en er gies [1, 2] which can be ex plained by the fact that the
grain core is stressed (hard ened) due to the pres ence of in -
ter nal pres sure.  The o ret i cal cal cu la tions also show that
there is a dif fer ence be tween vi bra tional prop er ties of a
crys tal lat tice of the grain in te rior in iso lated par ti cles and
in a dense (sintered) nanocrystalline ma te rial.  This is prob -
a bly due to a cou pling of the modes in side the grains via the 
grain bound aries in dense nanocrystalline bod ies [1].

We ex am ined strains pres ent in the sur face shell based
on ex am i na tion of di a mond [3] and SiC nanocrystals [4] in
re cip ro cal (Bragg-type scat ter ing) and real (PDF anal y sis)
space anal y sis of neu tron dif frac tion data.  Re cently we ex -
am ined the atomic ther mal mo tions in nanocrystalline SiC
based on the as sump tion of a sim ple Ein stein model for
uncorrelated atomic mo tions [5].  Ac cord ing to this model,
the Bragg in ten sity is at ten u ated as a func tion of scat ter ing
an gle by the Debye-Waller fac tor.  Based on this as sump -
tion over all tem per a ture fac tors were de ter mined  from the
Wil son plots [6].  

Us ing the BT val ues mea sured at dif fer ent tem per a tures
we es ti mated the Debye tem per a tures of loose pow ders and 
the same pow ders sintered un der high-pres sure high-tem -
per a ture con di tions [5].  We found that for a given SiC
nano-pow der the Debye tem per a ture in creased by a few
hun dred de grees af ter its sintering.  From that we con clude
that there is a “hard en ing” of the ma te rial ac com pa ny ing
the trans for ma tion of the free sur face into the grain bound -
aries.  The above re sults were ob tained for one size (~11
nm) SiC nanocrytals where dif fer ences be tween the atomic
mo tions are re lated to the sur round ing of the crys tal lites
[5].

The anal y sis of Bragg scat ter ing data yields in for ma -
tion on the over all lat tice ex pan sion and over all atomic mo -
tions with out re gard to whether they are cor re lated or not. 
To ex tract in for ma tion on the cor re lated atomic mo tions
alone the to tal scat tered in ten sity has to be ex am ined us ing
the atomic Pair Dis tri bu tion Func tion anal y sis [7] which, in 
prin ci ple, probes in di vid ual in ter atomic dis tances rather
than the pe ri od ic ity of the crys tal lat tice.  Us ing the dif frac -
tion data mea sured at ESRF in the Q-range of 12-13 C-1, we 
per formed pre lim i nary PDF anal y sis show ing that there is a 
clear in di ca tion of a dif fer ence in elon ga tion be tween the
short est (Si-Si, C-C) and Si-C in ter atomic dis tances, Fig.1.
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Fig.1. Change of inter-atomic dis tances Si-C and Si-Si (C-C) with tem per a ture de ter mined from the
PDF anal y sis of X-ray diffractograms (BM06 line at ESRF, Qmax = 12 C-1).  Note: The ther mal ex pan -
sion co ef fi cients de ter mined from the po si tions of the Bragg re flec tions for pow der and sintered SiC
have the same value (about 4.5 10-6 K-1 [5]). 
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We showed that ther mal ex pan sion and ther mal vi bra -
tions in nanocrystalline SiC are de pend ent on the pro cess -
ing con di tions of the ma te rial.  The ob served dif fer ences
be tween our sam ples can be un der stood and in ter preted
con sid er ing that the struc ture of the sur face is strongly in -
flu enced by the en vi ron ment of the crys tal lites.  The ther -
mal prop er ties of the sur face have a very strong ef fect on
the over all ther mal prop er ties of the ma te ri als.
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In ves ti ga tion of struc ture-prop er ties re la tion ship in
nanocomposites is very of ten ob structed with the struc tural 
dis or der and low qual ity of pow der dif frac tion data. In that
case the mo lec u lar mod el ing us ing em pir i cal force field
rep re sents very pow er ful tool of struc ture anal y sis, pro vid -
ing that the strat egy of mod el ing is based on ex per i ment
(X-ray pow der dif frac tion, IR/Raman spec tros copy,
NMR….). Us ing com bi na tion mod el ing and ex per i ment
we an a lyzed struc tures of nanocomposite ap pli ca ble in two 
fields: 

· Photofunction units

· Poly mer-clay nanocomposites
Tech nol ogy in both cases is based on in ter ca la tion of

layer sil i cates. 

In ter ca la tion of or ganic dyes into lay ered sil i cates is
one method of pro duc ing or dered or ganic-in or ganic hy brid 
ma te ri als with in ter est ing photo-func tions [1-3]. Es pe cially 
the smectite group rep re sents very con ve nient host struc -
ture for the in ter ca la tion of or ganic dyes for two rea sons: (i) 
first of all smectites are trans par ent in the vis i ble wave -
length re gion and (ii) in ad di tion smectites as host struc -
tures pro vide fea tures at trac tive for in ter ca la tion (swell ing
be hav ior, ion-ex change prop er ties). Var i ous dye-clay sys -
tems of fer an in ter est ing area of ma te rial re search tar geted
to the de vel op ment of new photo-func tion units. The op ti -
cal prop er ties of these dyes are en vi ron men tally sen si tive
and de pend on the ar range ment and con fig u ra tion of the
dye mol e cules. An chor ing the dye mol e cule on the sil i cate
layer or other host struc ture of fers the tunning of the emit -

Fig ure 1



ted wave length. Rhodamines, which have a high ab sorp -
tion co ef fi cient and the flu o res cence yield, are con ve nient
dyes for col lect ing and uti liz ing photoenergy. Struc ture
anal y sis of mont mo ril lo nite in ter ca lated with Rhodamine
B cat ions - [RhB]+ was car ried out us ing the com bi na tion
of mod el ing, X-ray pow der dif frac tion and IR spec tros -
copy. The re sults of struc ture anal y sis ex plained the flu o -
res cence be hav ior (i.e. pro file and po si tion of bands in the
emis sion spec trum) of RhB in ter ca lated mont mo ril lo nite in 
de pend ence on  Rhodamine B con cen tra tion and on the
way of prep a ra tion [4, 5]. Fig ure 1 shows two ex am ples of
Rh-mont mo ril lo nite in ter ca lated struc tures pre pared un der
dif fer ent con di tions (dif fer ent con cen tra tion of guest mol e -
cules in the in ter ca la tion solution).

Poly mer-clay nano-comoposites ex hibit ther mal and
me chan i cal prop er ties which make this ma te rial at trac tive
in con struc tion busi ness in build ing in dus try and ma chine
build ing. The aim of in ter ca la tion is the sep a ra tion (ex fo li -
a tion) of the sil i cate lay ers by a con ve nient guest spe cies
(long alkyl chains). Two ques tions are in ter est ing for the
tech nol ogy: (i) what is the op ti mum alkyl chain length and
(ii) what is the op ti mum guest con cen tra tion for the prep a -
ra tion of pre cur sor with the min i mum ex fo li a tion en ergy
lead ing to the main goal: to ob tain the poly mer ma trix with
dis persed sil i cate layer plates. Sil i cate layer plates cause
the hard en ing of poly meric ma te rial, which also be come
more ther mally sta ble and more flame re sis tant. Com bined
struc ture anal y sis (mod el ing and pow der dif frac tion) gave
the an swers for all the ques tions im por tant for the tech nol -
ogy. [6] Fig ure 2 shows the de vel op ment of the struc ture of
mont mo ril lo nite in ter ca lated with octadecylamine in de -

pend ence on the guest con cen tra tion.  (Small balls are the
Na-cat ions, pres ent in the interlayer space of the orig i nal
host struc ture and com pen sat ing the neg a tive layer charge,
as the guest spe cies are neu tral mol e cules.)  
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Fig ure 2


