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Based on t heoret ical calculatio ns of p ow der di˜raction data it is show n
that the assumption of the inÙni te crystal lattice for small particles is not
j ustiÙed , leads to signiÙcant changes of the di˜raction patterns, and may lead

to erroneous interpretation of the exp erimental results . A n alternate evalu -
ation of di˜ractio n data of nanoparticle s, based on the so-called \apparent
lattice parameter ", a lp , is prop osed.
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1. I n t rod uct io n

The crysta l structure of m ateri als is determ ined by the combi ned ẽ ect of
the long-range forces i rrespecti ve of the size of the object. The actual structure
of a parti cl e is, however, dependent on i ts size. Thi s dependence can be ignored
for large parti cles | crysta l l i tes, but i t m ust be ta ken into account when the
characteri sti c dim ension of an assemble of atom s is com parable to the e˜ecti ve
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radi us of the long-range intera cti ons. Thi s appl ies in parti cul ar to nanocrysta ls
whi ch can be as small as a few nanom eters only. Na nocrysta ls belong to a general
cl ass of polycrysta l l ine materi als and are disti ngui shed as a separate cl ass due
to thei r smal l size and related uni que properti es [1, 2]. Di ˜erent pro perti es (and
behavi or) of the surface and interi or ato m s can be deduced and characteri zed
based on the concept of ato m ic clusters. Acco rdi ng to thi s theory (whi ch refers
to the m any- body potenti al ) the hybri d orbi ta ls present in ato m ic clusters are
abl e to form periodic hybri d orbi ta ls and to arra nge the indi vi dual ato m s into
a three- di mensional latti ce. T o form such orbi ta ls (in the interi or of the clusters)
a cri ti cal size of the cluster (a m inimum numb er of atom s) is necessary. In a Ùnite
obj ect there is always a disconti nuit y of the ato m ic structure at the surface (and
form ati on of the surf ace layer/ shell ) leading to the presence of a surface energy.
The e˜ect of the many-b ody potenti al in the object on orderi ng of the outer ato m ic
layers m ay be exp ected to decrease m onoto nical ly f rom the interi or to wards the
surf ace of the parti cle [1{ 3]. It is obvi ous tha t the ato mic structure of the inner
bounda ry of the surface layer m ust be the sam e as tha t of the gra in core. The
devi ati on of the layer structure (f orm ing a \ bu˜er zone" [1{ 3]) from the matri x
should increase to wards the m ost externa l ato m ic layer. A simpl e deÙniti on of the
\ surf ace layer thi ckness" of a parti cle is tha t i t is equal to tha t of the \ bu˜er zone" .
Ho wever, we are not aware of any experim enta l metho ds whi ch coul d be used to
m easure the as-deÙned thi ckness of the surface layer of nanoparti cl es. T o discer n
between t he sur face and i nter ior phases of a grai n, thei r physi cal and/ or structura l
pro perti es must be su£ cientl y di ˜erent to be experim ental ly measurable. In thi s
wo rk we discusst his problem wi th regard to the capabi l it ies of the powder di ˜ract ion
t echni ques.

The pro perti es of nanocrysta l l ine m ateri als are cri ti cal ly dependent on the
ato m ic structure of the consti tuent gra ins. A size-dependent ato m ic structure of
nanoparti cles may lead to uni que pro perti es (l ike unusua l hardness or superplasti c-
i ty , di ˜erent mel ti ng tem perature or lum inescence spectra, etc.) of nanom ateri als
relati ve to conventio nal polycrysta ls of the same substa nce [4{ 8]. The surface of
indi vi dual crysta l l i tes apparentl y plays an im porta nt ro le in thi s and other phe-
nom ena. In conventio nal polycrysta l l ine materi als wi th m icrometer size gra ins the
surf ace ato m s consti tute onl y a smal l fracti on of the to ta l numb er of ato ms and
thei r e˜ect on the overal l pro perti es of the materi al can be ignored. The situa ti on
is di ˜erent in smal l, nanosize parti cles where, due to thei r size, a considerable
fracti on of the ato m s f orm s the surf ace of the gra in. As shown in Fi g. 1, an abrupt
term inati on of a perfect crysta l la tti ce (Fi g. 1a) leaves the outm ost ato ms wi tho ut
som e of thei r neighbors (Fi g. 1b) whi ch leads either to a reconstructi on of the sur-
face or to a generati on of stra ins thro ugh changes of the length of the intera tom ic
bonds (Fi g. 1c). Assum ing tha t the surf ace shell has the thi ckness of 1 nm , a 10 nm
di ameter gra in conta ins 25% of i ts ato ms in the surface layer, whi le a 4 nm grain
has al ready 60% of such ato m s. Thi s shows tha t, in very smal l obj ects (a few nm
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in di ameter), the numb er of surface-related ato m s can exceed the num ber of the
\ bul k" ato m s. W hichever pro cess (reco nstruc ti on or generati on of stra ins) dom i-
nates, i t m ay be exp ected to lead to som e uni que properti es of the materi als. It
m ay also be expected tha t the structura l changes at the surf ace propagate to the
depth of several intera to mic di stances to wards the parti cle center. Theref ore, in a
m eani ngful research on nanocrysta ls the surface layer (shell ) should be trea ted as
a separate structura l phase relati ve to the bulk of the gra in (the core).

Fig. 1. Tentative models of the atomic structure of a nano crystal: (a) single crystal,

(b) hyp othetical nano crystal w ith atoms located at the perf ect lattice sites, (c) nano crys-

tal w ith a compressed lattice in the surf ace shell.

Al tho ugh there is a general understa ndi ng in the scienti Ùc communi ty tha t
the surface has a signiÙcant e˜ect on the physi cal properti es of nanocrysta ls, the
uni que pro perti es of these m ateri als are being related to the size of the gra ins and
not to the structure of thei r surface. A numb er of l i tera ture reports on the de-
pendence of di ˜erent physi cal properti es on the size of nanoparti cles exist [9{ 15].
There is no doubt tha t changes of physi cal properti es of materi als are related to
correspondi ng changes in thei r ato m ic structure , whi ch is cl earl y demonstra ted in
phase tra nsiti on pro cesses. Cha nges of the ato mic structure of a crysta l are al -
wa ys reÛected by the corresp ondi ng changes of i ts latti ce param eters. Theref ore,
whi le the speciÙc ato mic structures of nanocrysta ls have not been determ ined yet,
changes of the latti ce parameters of nanocrysta ls (determ ined from powder di ˜ra c-
ti on data ) relati ve to tho se of the bul k crysta ls have been reported for a vari ety
of nanom ateri als, e.g. in meta ls, Au [16, 17], Al [18], Cu [19], semiconducto rs l ike
CdSe [20], ioni c crysta ls l ike NaCl , KCl , Na Br and Li F [21]. Tho se results were
interpreted as \ the e˜ect of the grain size on the latti ce param eters" and often
attri buted to the presence of a stro ng (ho mogeneous) \ interna l pressure" caused
by the surface stresses (analogous to the surface tension in l iqui ds [22{ 29]). Thi s
\ stra ightf orw ard" interpreta ti on of the experim enta l Ùndi ngs ignores the fact tha t
the structure of a nanocrysta l is not uni form and shoul d be consi dered either as
composed of two di stincti ve, gra in core and shell phases, or as a structure where a
large fracti on of the ato ms at the grain surface is displ aced rel ati ve to thei r regular
latti ce positi ons (whi ch is equivalent to a presence of stra in in the vi cini ty of the
surf ace). In large (m icrosized) crysta l l i tes the numb er of ato m s located at or in
the vi cini ty of the gra in surf ace is orders of m agnitude smal ler tha n the numb er of
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ato m s in the gra in core, and thei r e˜ect on the bul k properti es of the m ateri als can
be ignored. Al so, the contri buti on of the surf ace atom s to the di ˜ra cti on e˜ects
m easured for such polycrysta ls in a conventio nal powder di ˜ra cti on exp eriment
is negligibl e. W i th a decrease in the dim ensions of the crysta l l i tes down to a few
nanom eters the num ber of ato m s located at the surf ace becom es com parabl e to
tho se in the grain core. Since the surf ace ato m s have a di ˜erent surro undi ng and
thei r intera to mic distances may di ˜er from tho se in the bulk m ateri al , one set of
latti ce parameters f or a nanocrysta l m ay be inadequate for a uni que descripti on of
i ts structure. Conventio nal di ˜ra cti on techni ques and standard metho ds of di ˜ra c-
ti on data analysis are used to characteri ze the avera gecrysta llographi c structure of
m ateri als thro ugh determ inati on of the latti ce parameters of the uni t cell [30, 31].
These m etho ds are insu£ cient to detect and quanti f y smal l di ˜erences between
the actua l ato mic positi ons in nanogra ins and tho se in a regular (una m biguously
deÙned) crysta l lographi c phase.

In thi s paper we show tha t, al tho ugh conventi onal di ˜ra cti on exp eriments
are appro pri ate for characteri zati on of the crysta l lographi c structure of nanosize
crysta l l ine powders, the routi ne m etho ds of the powder di ˜ra cti on data elaborati on
m ay lead to erroneous interpreta ti on of the experim enta l results. W eshow tha t the
descripti on of the crysta l lographic structure of such materi als based on the uni t
cell is erroneous. Accordi ngly, appl icati on of the latti ce param eters concept, when
used for characteri zati on of the structure of nanocrysta ls, has to be m odi Ùed. W e
suggest a repl acement of the latti ce parameters, describi ng the di mensions of the
uni t cell , by a set of di ˜erent values of the \ latti ce parameters" , each associated
wi th (determ ined from) one indi vi dual Bra gg reÛection, each one at i ts speciÙc
di ˜ra cti on vector Q. W e present the prel im inary results of the appl icati on of our
concept of the \ apparent latti ce parameters" (a l p ) for the elaborati on of powder
di ˜ra cti on data of nanocrysta ls. The concept is demonstra ted for nanocrysta ls
wi th a perfect crysta l lographi c structure, as wel l as f or tho se wi th the ato m ic
structure of the surf ace di ˜erent tha n tha t in the gra in core. Some prel im inary
exp erimenta l evidence of the presence of tensi le and com pressive surf ace stra ins in
nanocrysta l l ine parti cles wi ll be shown.

In this work we discuss only the positions of t he int ensity maxi ma (i .e. the
geometri cal aspects of the atom ic structure of nanocrysta ls) thro ugh a compari son
of the positi ons of the maxi ma of the theo reti cal ly calcul ated and exp erim ental ly
m easured powder di ˜ra cti on patterns. We do not di scuss t he int ensit ies of the
Bragg (Bragg - li ke) reÛect ions: we assume tha t al l sites are ful ly occupied (as in a
perfect crysta l latti ce).

2 . P owd er d i ˜ r act i on

Structura l analysis of crysta l l ine m ateri als is perform ed in two basic steps:
(i ) determ inati on of the geom etry of the crysta l latti ce and (i i ) determ inati on of
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the positi ons of speciÙc ato m s in a representa ti ve structura l uni t (the uni t cell ).
Further analysis can determ ine the devi ati ons of the crysta l latti ce from the ideal
crysta l structure [30, 31]. In thi s paper we focus our attenti on on the analysis of
the geom etry of the latti ce of nanoparti cles whi ch, as discussed later, requi res a
m ore compl ex descripti on tha n tha t su£ cient for conventi onal bul k crysta l struc-
tures. For a di rect com pari son of the di ˜ra cti on patterns obta ined using di ˜erent
radi ati on sources and geom etri es we present our results on di ˜ra cti on intensi ty
pro Ùles as a functi on of the di ˜ra cti on vecto r Q.

2.1. C onvent ional elaboration of powder di ˜ract ion data

The sim plest inf orm ati on tha t can be derived f rom a di ˜ra cti on pattern are
latti ce param eters. They are determ ined routi nely based on the Bra gg equati on
whi ch relates the latti ce parameters to the characteri sti c intensi ty m axi m a of the
di ˜ra cti on patterns. A comm on appro ach to the elaborati on of di ˜ra cti on data
is based on the Bra gg appro xi mati on (Fi g. 2). Accordi ng to Bra gg, if a uni t cell
represents a structure, the structure can be described as a set of inÙnite, equal ly
spaced para l lel planes (Fi g. 2). The inci dent radiati on beam is reÛected by the
ato m ic planes. The di recti on of the scattered beam , 2 È , is uni quely deÙned by
the relati ve orienta ti on (È ) of the incident beam and the crysta l latti ce, and the
di stance d h k l between the identi cal atom ic pl anes (Fi g. 2). There is an unl imi ted
num ber of famil ies of planes whi ch can be drawn for a given latti ce by joini ng di f-
ferent nodes of the crysta l latti ce form ed by the periodical ly stacked uni t cells. The
pl anes are denoted by the Mi l ler indi ces h k l . Each fam ily of pl anes gives a charac-
teri sti c interf erence m aximum : an hk l Bra gg reÛection located at unam biguously
deÙned positi on in the Q space (Fi g. 2). The locati ons of the intensi ty m axim a
are determ ined by the speciÙc inter- pl anar spaci ngs d hk l and the wavel ength of
the incident beam . Determ inati on of several Bra gg reÛections (one in the case of
a cubi c latti ce) is su£ cient to determ ine the sym metry , shape, and dim ensions of
the uni t cell [30, 31].

Fig. 2. Di˜raction on a perf ect crystal lattice: the atoms are located on ideall y Ûat

atomic planes.

R outi ne m etho ds of structura l analysis of crysta l l ine m ateri als are based on
the simpl e assumpti on tha t a uni t cell appro pri atel y represents the m ateri al struc-
ture [30, 31]. T o characteri ze accuratel y such an ato m ic structure i t is su£ cient to
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determ ine (i ) the set of the latti ce param eters a ; b; c; ˜ ; Ù , and Û describing the
di mensions and shape of the uni t cell and (i i ) the locati on of each of the i ato ms in
the cell , x i ; y i , and z i . The compl ete structura l analysis (structure reÙnement) of
polycrysta l l ine sam ples is routi nely done wi th the powder di ˜ra cti on techni que and
elaborati on of the experim ental data wi th a crysta l lographi c softwa re l ike tho se
based on the R ietveld m etho dology [31]. In the Rietvel d metho d i t is assumed
tha t the crysta l latti ce of the materi al under examinati on is uni quely deÙned by
the uni t cell . An appro pri ate structura l model is assumed and the corresp ondi ng
di ˜ra cti on pattern is calcul ated. The theo reti cal pattern is com pared wi th the ex-
perim ental resul ts. In an itera ti ve pro cess the structura l model is m odiÙed and
subsequentl y reÙned f or the best Ùt of the calcul ated and measured di ˜ra cti on
patterns based on the selected Ùt cri teri a. Fi gure 3 shows an exampl e of the \ best
Ùt" of the theo reti cal and m easured patterns of a SiC polycrysta l ; the \ perfect"
Ùt woul d corresp ond to a stra ight l ine of the di ˜erence curve.

Fig. 3. T heoretical and experimental di˜raction patterns of a SiC p olycrysta l calcu-

lated w ith the Rietveld reÙnement program.

The accuracy of determ inati on of the speciÙc values of latti ce param eters
and ato m ic coordi nates based on a reÙnement m etho d l ike the R ietveld program
is dependent pri mari ly on the qual i ty of the exp erimenta l data . T he result s of such
elaborat i on are accurat e i f the fundam enta l underl yi ng assumpti ons of a perfect
latti ce are m et, i .e.

(i ) the uni t cell of the latt ice is ident ical t hroughout the enti re volume of the
sample and

(i i ) t he latt ice is an array of point s in space in which the envi ronment of each
point is ident ical t o each other .

These condi ti ons are never stri ctl y m et but, for larger crysta ll i tes, the devi -
ati ons from the ideal m odel are negl igible. W hen the dim ensions of the obj ect are
comparable to tho se of the single uni t cell the devi ati ons cannot be ignored. In a
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nanoparti cle a large fracti on of the ato ms is located at the surface and surro unded
di ˜erentl y tha n tho se in the core (Fi g. 1). Thus, a sing le uni t cell cannot represent
the enti re ato mic structure of a nanoparti cle. Theref ore, the m etho ds of the struc-
tura l analysis devel oped for standard crysta ll ine m ateri als m ay be inadequate for
nanosize crysta ll i tes.

2.2. T he impl ications of smal l cr ystal si ze for struct ural analysis
by powder di ˜ract ion

Co nventio nal metho ds of the analysis of di ˜ra cti on data were developed wi th
the assumpti on tha t the crysta l latti ces of real obj ects are inÙni te in compari son
wi th the di mensions of the representa ti ve structura l uni t chosen for the m ateri a l.
As discussed in Sec. 1 above, thi s assumpti on is not val id when the dim ensions of
the crysta l are com parable to the size of the uni t cell . For such casesthe appl ica-
bi l ity of conventi onal m etho ds of the analysis of powder di ˜ra cti on data (the onl y
di ˜ra cti on techni que tha t can be used wi th nanocrysta l ine m ateri als) needs to be
re-evaluated. In our analysis we appl ied the m etho d of calcul ati on of di ˜ra cti on
patterns intro duced in 1915 by D ebye [32].

2.2. 1. T heoretical calculat ions of powder di ˜ract ion pat terns

R elati vely smal l numb er of ato m s form ing a nanocrysta l provi des a uni que
opp ortuni ty to design compl ete, ato m -by- ato m, models of smal l crysta ls. Using
such m odels and the D ebye equati ons, Fi g. 4, the corresp ondi ng di ˜ra cti on pat-
terns can be calcul ated. Accordi ng to Debye, the intensi ty of the radiati on scat-
tered by an array of ato ms is the sum of the beams scattered by every pai r of
ato m s (Fi g. 4). The intensi ti es I ( k ) of radi ati on scattered by each pai r can be in-
teg rated over al l spati al orienta ti ons of a given crysta l li te yi elding the equivalence
of the powder di ˜ra cti on pattern of a large num ber of random ly ori ented gra ins.

Fig. 4. Scatterring of radiatio n by an array of atoms ; f i and f j are the atomic scattering

factors of the i -th and j -th atom, respectively , k = 4¤ sin È = Ñ is the scattering vector,

and r ij is the distance betw een the atoms.
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Appl yi ng the Debye equati on we are able to calcul ate di ˜ra cti on patterns for di f-
ferent m odels of nanocrysta l line gra ins wi th diameters up to 20 nm wi tho ut the
assumpti on of a periodi c arrangement of the ato m s. An importa nt advantage of a
di rect calcul ati on of the di ˜ra cti on patterns is tha t i t al lows to im plement di rectl y
into the model di ˜erent latti ce im perfections l ike stra ins, point and planar defects,
di sorderi ngs, etc. For techni cal reasons, di rect calcula ti ons of the di ˜ra cti on e˜ects
can be achi eved for rel ati vel y smal l arrays of ato m s onl y. A reasonabl e CPU ti m e,
up to a few hours, is su£ cient to com plete one calculati on of the di ˜ra cti on pat-
tern f or nanoparti cles smaller tha n 20 nm in diameter [33, 34]. For parti cl es wi th
di ameter of 25 nm and larger the CPU ti m e is of the order of days and weeks.

2.2. 2. T heoretical di ˜ract ion patt erns of nanocr ystals and t hei r elaborat ion

T o veri fy the appl icabi l i ty of Bra gg appro ach to nanoparti cles, we calcul ated
theo reti cal ly (usi ng the D ebye functi ons) the di ˜ra cti on patterns of crysta l lograph-
ically perfect nanocrysta ls, and calculated back the latti ce constant of the m odel
usi ng the Rietveld reÙnement program .

The best veri Ùcati on of any metho d pro posed for elaborati on of exp erimenta l
resul ts is an appl icati on of the m etho d to a \ perf ect exp erimenta l data " . In our
case the exp eriment is sim ulated by calcul ati ng a perfect di ˜ra cti on pattern using
the Debye functi ons (cf . Sec. 2.2.1).

The elaborati on of any di ˜ra cti on data has to account for two groups of pa-
ram eters: instrum enta l and sampl e-dependent. Our vi rtua l \ perfect exp eriment"
does not requi re any instrum ent- related correcti ons. Ho wever, in a real laborato ry
pra cti ce the experim ents are not perfect and any instrum ent/ geom etry im perfec-
ti on is a source of errors. These instrum ent imperf ections lead to the so-cal led
\ zero shift" e˜ect: the real beginni ng of the di ˜ra cti on pattern is usual ly shifted
relati ve to the apparent \ zero" positi on of the experim ental setup (Fi g. 5a) wi th
the obvi ous consequences for the accuracy of the experim enta l results. Standard
data elaborati on routi nes evaluate and correct the pattern for the \ zero shift"
facto r.

The second typ eof experim enta l errors is due to the pro perti es of the sampl e
i tsel f. The Bra gg di ˜ra cti on rela ti ons apply to inÙni te size crysta ls and in a m odel
exp eriment al l di ˜ra cti on peaks have the Gaussian- typ e shapes. For smal l crysta l -
l i tes the shape of the peak is no longer Gaussian but a combi natio n of Gaussian and
Lo rentzi an functi ons (Fi g. 5b). Our calcul ated di ˜ra cti on patterns were analyzed
appl yi ng the R ietveld m etho dology assuming tha t the reÛections have shapes tha t
are a combina ti on of these two basic functi ons. W e used two procedures of the
elaborati on of our di ˜ra cti on data :

1. P er fect ex p er im ent . In thi s m etho d, consistent wi th the \ perfect ex-
perim ent" appro ach, we did not appl y the pro cedure tha t corrects for the exper-
im enta l/ instrum ent im perfecti ons. W e reÙned the as-calcul ated di ˜ra cti on data
releasing onl y the latti ce param eters and the line shape. The l ine shapes were Ùt-
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Fig. 5. The results of theoretical calculati ons of the di˜raction e˜ects in nano crystal s

of SiC . Lattice parameter of the mo del, a 0 = 4: 3 50 ¡A . (a) A typical theoretical di˜rac-

tion pattern, (b) a representative shape of the di˜racti on p eaks, (c) lattice parameters

backcalculated from the theoretical di˜raction patterns for di˜erent size particles. Full

symb ols and solid line | the reÙnement made w ithout correction for the \zero shif t";

open symb ols and dotted line | the reÙnement made w ith correction for the \zero

shif t".

ted using the pseudo-Voigt functi on. The calculated values of the latti ce parameter
for di ˜erent sizes of the parti cles are shown in Fi g. 5c (f ul l sym bols, solid l ine).
Ob vi ously, the pro cedure yi elds the latti ce param eters di ˜erent tha n tha t of the
starti ng m odel . In addi ti on, i t generated an arti Ùcial \ dependence of the latti ce
parameter on the size of the parti cl e".

2 . Im p er fect exp er i m ent . In thi s case we trea ted our calcul ated di ˜ra cti on
data as i f they were obta ined experim enta l ly and, so, requi red a correcti on for the
instrum ent imperfecti ons. Theref ore, we reÙned the latti ce param eters releasing
the \ zero shift" correcti on in the Rietvel d program . The results of thi s calcul ati on
are shown by the open sym bols/ dashed l ine in Fi g. 5c. As we can see, the \ zero
shi ft" correcti on pro cedure generated another artef act: despite no real instrum ental
errors intro duced to our m odel di ˜ra cti on pattern, the pro gram leads to a change
in the value of the calcul ated latti ce param eters relati ve to the m odel input value.
Thi s e˜ect is apparentl y even stronger, and opposite in sign tha n tha t in the
Ùrst procedure, so the combined result generates the \ dependence of the latti ce
parameter on the size of the parti cl e" in the opposite di recti on.

As seen from the above, a m athem atica l ly correct, com monly accepted, and
wi dely used Ri etveld reÙnement program yi elds erroneous result s: the latti ce pa-
ram eter backcalculated using thi s pro cedure generated an artef act | a \ depen-
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dence of the latti ce param eter on the gra in size" . The m agni tude of thi s superÙcial
e˜ect decreases wi th an increase in the grain size and can be ignored for crysta l -
l i tes 10 nm in size or larger (Fi g. 5c). The reason for the above e˜ects is the
non-com pati bi li t y of the assumpti on used in deri vati on of the R ietveld metho dol -
ogy (i nÙnite ato m ic planes) and the real nature of the crysta ls (Ùni te size of real
parti cl es). The above l im ita ti on of appl icabi l i ty of the R ietvel d m etho d has ap-
parentl y been overl ooked by m any researchers and seems to have led to incorrect
interpreta ti on of the di ˜ra cti on data of nanom ateri als. Our analysis shows tha t
appl icati on of routi ne m etho ds of elaborati on of di ˜ra cti on data requi res a very
cri ti cal assessment of the results. In parti cul ar, interna l standard should be used
to prevent the apparent errors intro duced by the \ zero shi ft" correcti on routi ne
duri ng elaborati on of any di ˜ra cti on resul ts. Thi s is parti cul arl y im porta nt for
crysta l l i tes as smal l as several nanom eters.

3. \ Ap p ar ent lat t ice par am et er s" | a no vel m et hod
of powd er d i ˜ r act ion an al ys is

A dependence of the results obta ined wi th the Rietvel d program on the crys-
ta l l i te size is apparentl y the e˜ect of the shift of the positi ons of indi vi dual Bra gg
reÛections relati ve to tho se corresp ondi ng to the perfect latti ce. Thi s phenomenon
is caused by the appro xi mati on of the crysta l latti ce by a set of inÙnite ato m ic
pl anes, whi ch is not justi Ùed for nanosize crysta ls. As a consequence, the Bra gg re-
Ûections cannot be assigned to a uni que value(s) of the latti ce parameter(s) so the
term \ latti ce parameter" loses its fundam enta l m eani ng. Our analysis of these phe-
nom ena di scussedin Sec. 2.2.2 led us to a concl usion tha t the e˜ect of the l imi ted
num ber of ato ms in indi vi dual nanogra ins on the di ˜ra cti on pattern is di ˜erent for
di ˜erent reÛections. As a result, the indi vi dual peaks are incoherent to each other
(\ coherence" m eans tha t al l Bra gg reÛections obey the quadra ti c equati on for a
sing le, uni que set of the latti ce param eters, cf . Fi g. 2) and the di ˜ra cti on pattern
evaluati on program s tha t assume coherency lead to erroneous results. Since the
latti ce param eters of such patterns calculated f rom di˜erent Bra gg reÛections are
not invari ant, we developed a new appro ach to the analysis of the di ˜ra cti on data
based on indi vi dua l di ˜ra cti on peaks. For a given Bragg reÛection hk l (at the
di ˜ra cti on vecto r Q ) we calcul ate the correspondi ng value of the latti ce parameter
tha t we cal l the \ apparent latti ce parameter" (al p ).

N ote: we showed in Sec. 2.2.2 tha t the quadra ti c equati on, used routi nely
in every conventio nal crysta l lographi c pro gram and whi ch serves for reÙnement of
the la tti ce parameters, is not val id for very smal l crysta l li tes. Consequentl y, such
an equati on cannot be used to calcul ate the latti ce param eters even i f the ato m ic
structure of the crysta l l i te has a perfect crysta l la tti ce wi th three- dim ensional
periodi city . Thi s m eans tha t the m etho ds of di ˜ra cti on data elaborati on based
on the Bra gg appro xi matio n fai l: usi ng the Bra gg appro ach and the quadra ti c
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equati on we are unabl e to obta in the correct inform ati on on the ato mic structure
of a nanocrysta l . Under such circum stances the term \ Bra gg reÛection" should
then be replaced by the term \ Bra gg-l ike reÛection" .

W e propose an appl icati on of the Bra gg equati on and of the quadrati c equa-
ti on for derivati on of d values calcul ated separat ely for each indi vidual reÛect ion.
Thi s way we associ ate the calculat ed d-values wi t h the speciÙc values of the di ˜rac-
t ion vector Q of a given reÛect ion. From the as-calculated d -values we deri ve the
correspondi ng values of the latti ce param eters whi ch we cal l the \ apparent latti ce
parameters" . W i th thi s pro cedure we obta in not the latti ce param eters but a set
of the al p values and thei r corresp ondi ng di ˜ra cti on vecto rs Q . (F or the sake of
sim pl icit y, we i l lustra te our m etho dology based on cubi c latti ces, i.e. the struc-
tures deÙned by only one latti ce param eter (a 0 = b0 = c0 ; ˜ = Ù = Û = 9 0 £ ). In a
general case, derivati on of a set of three independent al p values corresp ondi ng to
three latti ce parameters a; b, and c i s necessary.) In addi ti on to calcul ati ons based
on indi vi dual Bra gg reÛections we can also calcul ate the al p values for a group of
several adjacent Bra gg reÛections in the selected range(s) of the Q -values. Such
pro cedure is very useful in the case of a stro ng overl appi ng of the reÛections,
parti cul arl y in the hi gh Q range.

The resul ts of the evaluati on (usi ng the Rietvel d pro gram) of the theoreti cal
di ˜ra cti on pattern com puted for a model of cubi c SiC crysta l o f 8 nm in diam -
eter for di ˜erent Q -ranges are shown in Fi g. 6. The di ˜ra cti on pattern of the
SiC nanocrysta l calcul ated from the D ebye functi ons and tha t calcul ated by the
R ietveld program (sol id and dashed l ines, respectively) are shown in Fi g. 6a. The
di ˜erence between these two patterns is up to 5% of the maxi mum intensi ty of the
(111) reÛection (Fi g. 6b). Thi s is a very large di screpancy, parti cul arl y given by
the fact tha t both curves were calcul ated theo reti cal ly for the sam e, perfect- latti ce
crysta l lographi c m odel . The di ˜erence between these two calculati ons is tha t the
R ietveld program assumes tha t the crysta l is inÙnite and is uniquely represented
by the uni t cell , whi le the Debye m etho d accounts onl y for the existi ng ato ms
in the m odel of the crysta ll i te. The positi ons of the reÛections calcul ated by the
R ietveld program corresp ond to a perfect crysta l lographi c latti ce wi th one latti ce
parameter a comm on for al l positi ons of the Bra gg reÛections, in accorda nce wi th
the quadra ti c equati on. The Bragg- l ike l ines calcul ated from the D ebye functi ons
are shifted relati ve to tho se correspondi ng to the Bragg reÛections of the \ perfect
and inÙnite la tti ce" . Thi s is the m ain reason of the di screpancy between the pat-
terns shown in Fi g. 6b: consistent wi th the assumpti on of an unambig uous uni t
cell , the Rietvel d pro gram Ùnds a single latti ce parameter whi ch gives the best
Ùt to al l Bra gg reÛections of the pattern. The program has no opti on to Ùt indi -
vi dua l Bra gg reÛections. The latti ce param eter reÙned by the Rietvel d program
is a com prom ise (the least squares best Ùt) whi ch is to m inim ize the discrepancy
between the exp erimenta l ly measured (here: calcul ated by the D ebye functi ons)
and the theo reti cal pattern of the uni t cell used by the R ietvel d pro gram. The ad-
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Fig. 6. al p values calculated from the theoretical di˜raction pattern of SiC nano crystal

of 8 nm in diameter. (a) Solid line | as-calcula ted di˜raction pattern; dotted line

| the pattern reÙned with the Rietveld program, (b) di˜erence in intensity betw een

the as-calculated and reÙned di˜ractio n patterns, (c) al p values calculated for di˜erent

ranges of the di˜raction vector Q .

di ti onal reason for the discrepancy between the patterns is a com plex shape of the
Bra gg- like reÛections of nanocrysta ls. The Bra gg reÛections of a uni form -size-gra in
crysta l l ine powder shoul d have a Gaussian shape. The shi ft of the Bra gg- like re-
Ûections of nanocrysta ls is accompanied by a distorti on of the peak sym metry . No
sim ple analyti cal functi on describing the shape of the calculated reÛections ex-
ists. In the Rietvel d program we used sym m etri c l ine shape functi ons: Lorentzi an,
Gaussian and thei r combi natio n (pseudo -Voigt and Pearson functi ons).

Fi gure 6 i llustra tes the inadequacy of the standard m etho ds for evaluati on of
di ˜ra cti on patterns of nanomateri als. The values of the al p parameter calcul ated
for di ˜erent Q -ranges are shown in Fi g. 6c. The latti ce param eter as-reÙned for
the whole calcul ated pattern (whi ch is equivalent to the al p parameter com puted
for the enti re di ˜ra cti on spectra) is 4.35032 ¡A. Thi s value is larger tha n the latti ce
parameter of our model, 4.349 ¡A, Â a =a 0 = 0 : 0 3%. The al p value obta ined for small
Q -values (range I) is larger (by 0.08%) f rom tha t of the model , as are the al p ' s
calculated for greater Q values. The di ˜erence between the as-reÙned al p ' s and the
real a value decreases wi th an increase in the scatteri ng vector Q. The al p values
pl otted versus the di ˜ra cti on vecto r Q fol low a m onoto ni c curve whi ch tends to
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Fig. 7. al p values calculated from indivi dua l Bragg reÛections of the theoretical di˜rac-

tion patterns of spherical diamond nano crystals of 3, 4, and 8 nm in diameter.

equal the real a value at large di ˜ra cti on vecto rs (Fi g. 7). Theref ore, to derive the
a value of the crysta l latti ce of very smal l crysta l l i tes, di ˜ra cti on patterns obta ined
at very large Q' s are necessary.

From the above (Fi gs. 6 and 7) i t fol lows tha t for a nanocrysta l wi th a perfect,
uni form structure i ts latti ce param eter can be deri ved from powder di ˜ra cti on
patterns using two metho ds:

(1) a reÙnement of the real latti ce param eters usi ng only the part of the
pattern wi th large Q -values (above about 10 ¡A À 1 for gra ins of several nm in
size) or

(2) a determ inati on of the al p values for di ˜erent reÛections and match-
ing them wi th the resul ts of the theoreti cal predi cti ons obta ined for appro pri ate
m odels. (Thi s metho d requi res the kno wl edge about the gra in size distri buti on
functi on, whi ch is usual ly kno wn onl y appro xi ma tel y.)

A series of our powder di ˜ra cti on experi ments perf orm ed in a large Q range
for nanocrysta l l ine SiC, diam ond, and GaN parti cles showed tha t the typ e of the
al p -Q relati ons deri ved for models of nanocrysta ls wi th a perfect crysta l latti ce
is sim i lar to the experim ental ones. Ho wever, the m easured shifts of the Bra gg
reÛections from thei r proper (i .e. expected for a uni que and crysta l lographi cal ly
uni form structure) positi ons are much larger (parti cul arly for smal l Q ' s) tha n tho se
calculated for nanocrysta ls wi th a perfect (unstra ined) latti ce: for the (111) reÛec-
ti on and 8 nm diam eter SiC gra in the discrepancy is 0.23% as com pared to 0.08%
for a perfect SiC nanocrysta l (cf . Sec. 6.1). Thi s im pli es tha t the crysta l lographic
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structure of nanocrysta ls is not a uni f orm perfect latti ce such as the one in the
bul k materi al ; a nanocrysta l is m ore tha n j ust a small single crysta l . Accordi ng ly,
m ore com plex m odels of the parti cles need to be used to evaluate the structure of
rea l nanogra ins. Theref ore, in our further study , we appl ied the concept of the al p

parameters for m odels wi th a stra in in the surface shell of the gra ins.

4. Su r f ace st rai n in nan ocr yst al s: t h e co ncep t
of t h e su r face fr ee en er gy

No n-uni form it y of the ato mic structure of nanocrysta ls is obvi ously caused
by the surface of the gra ins being either reconstructe d or under stress. In thi s
wo rk we analyze the ato mic structure of nanocrysta ls based on (wi th reference to )
the general concept of the presence of a surf ace tension in smal l l iquid dropl ets
and surf ace stresses in sol id parti cles. A stra in present at the surf ace of small
parti cl es is exp ected to create an interna l pressure inside the gra in. In thi s work
we assume tha t the stra ins are not conÙned to the outm ost layer but propagate
to som e distance to wards the center of the parti cle.

The theory of surface tension has been developed for l iquids but, wi th some
m odi Ùcati ons, can also be appl ied to sol ids as wel l [ 6 ; 1 5 ; 2 2 À 2 4 ; 2 6 ; 2 7 ; 2 9 ] . The
actua l ato mic structure of a crysta l l i te (of i ts interi or and surf ace) is a compro mise
between:

(i ) a tendency to reduce the to ta l surface area of the parti cle (a tendency to
adopt the spheri cal shape [35]) and

(i i ) a tendency to reduce the to ta l num ber of broken bonds at the surface
(a tendency to Ûatten the surf ace dem onstra ted by an enlargement of the crysta l
facets wi th the lowest free energy at the exp ense of tho se wi th higher ones).

A quanti ta ti vedescripti on of the surface free energy in sol ids is very compl ex.
Ev aluati on of the inÛuence of the surface e˜ects on the atom ic structure of a
parti cl e can be done using a La Place-typ e law keeping in m ind, however, tha t a
deri vati on of the surface tension coe£ cient Û from the latti ce contra cti on is not
ful ly appl icabl e to sol ids.

A presence of an interna l pressure in the interi or of a parti cle should be
detecta ble thro ugh the corresp ondi ng change Â a of the latti ce param eter a . In
a smal l crysta l of radius r thi s change can be expressed as a functi on of the
surf ace stress f : Â a= a = (3 =2 ) r f r r =B 0 , wi th f r r | the \ m ean" surface stress
in the radi al di recti on, r | the parti cl e radi us, and B 0 | the bul k modulus. An
appro pri ate exp eriment designed to evaluate the surface stress woul d then m easure
the contra cti on of the crysta l latti ce as a functi on of the parti clesize. No system ati c
studi es of tha t typ e have, however, been reported yet.

The theo ry of surf ace tension has been devel oped for conti nuous media. The
theo ry does not concern any speciÙc ato mic structure of the surf ace and, also,
i t ignores the non- ta ngenti al com ponents of the surface stresses present in real
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m ateri als. In nanom ateri als, where the size of the grains is not much larger tha n the
sing le intera to mic distances, the surface cannot be considered as being a smooth
layer whi ch surro unds a certa in liqui d or sol id volume and has a zero thi ckness.
In a nanogra in the surface stresses are located at the parti cle face and i ts vi cini ty ,
so one should ta lk about a surf ace shell ra ther tha n a two -dim ensional surface
assumed in the theo ry of the surface tension.

5. E˜ ect of a p r esen ce of su r face st r ai n on al p

Accordi ng to the LaPl ace-typ e law the latti ce of a nanogra in core can either
be expanded or compressed hydro stati cal ly (rel ati ve to tha t in large crysta ls) due
to the presence of the surf ace f ree energy [22{ 29]. Based on the above we assumed
tha t the structure of the gra in core is uni form and can be described unam biguously
by the space group and the latti ce parameters. The surface structure is not clearl y
deÙned and we can appl y onl y conceptua l models of the nanoparti cle surface layer,
for exam ple:

(i ) The structure of the surf ace shell of a nanogra in resembl es tha t of the grain
core: i t has well deÙned thi ckness, sym metry , and intera to m ic distances;

(i i ) A radi al stra in Ùeld exists in the vi ci ni ty of the surface: the intera tom ic
di stances decrease or increa se from the surface to wards the parti cle center;

(i i i ) The ato m ic structure of the surface is random ly disordered (f orm ing a glass-
- l ike phase).

In models (i ) and (i i) a presence of long-range orderi ng of the surface ato m s is as-
sumed, whi le in model (i i i) only a short- range order in the surface layer is present.
In any case, the surface is a \ low-dimensional structure" and has a deÙned thi ck-
ness, but i t also conta ins stra ins and, thus, cannot be unambig uously deÙned and
represented by uni t cell param eters. No experim enta l m ethods, whi ch would al low
for a di rect analysis of such com plex structure s of nanocrysta ls, are avai lable at
thi s m oment [36{ 38]. The analysis of the condi ti ons requi red for orderi ng of ato ms
in three- dim ensional crysta l la tti ces, and appl icati on of the general theory of the
ori gin of the surface stra in f rom the interna l pressure in the gra in interi or could be
helpf ul for predi cti ons of the surface structure of nanocrysta l l ine gra ins. No gen-
era l theo ry or model of the surface of nanocrysta ls is avai lable yet. In thi s work
we appl ied the m odel of a nanocrysta l where the gra in core has a uni form crysta l -
lographi c structure and is una mbiguousl y characteri zed by the latti ce parameter
a 0 . W e assumed tha t the ato mic structure of the surface is strongly correl ated
wi th the parent structure of the gra in: i t is basical ly the structure of the core but
centro -symm etri cal ly deform ed, com pressed(Fi g. 8) or expa nded due to a presence
of the surface stra in. Accordi ng to the model, the term \ latti ce param eters" may
nei ther be appl ied to the who le nanocrysta l nor to the surface layer. No comm on,
speciÙc intera tom ic di stances can be assigned to the surf ace shell . However, to
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sim pl i fy the descripti on of the m odel , we intro duce the param eter a s whi ch cor-
responds to the intera to mic distances at the outm ost ato m ic layer of the parti cle
(Fi g. 8). Assum ing tha t the arrangement of the ato m s in the surface shell is sim i lar
to tha t in the gra in core, the value of a s can be expressed as a fracti on (i n %) of
the latti ce parameter a 0 . The actua l values of the intera to m ic di stances wi thi n the
surf ace shell can be expressed as a functi on of the di stance from the parti cle center
and v ary between a 0 in the gra in core (at distances r < R 0 ) and a s = a 0 Ï Â a

(f or r = R ). The sign in front ofÂ a depends on whether the surface is compressed
({ ) or expanded (+) relati ve to the gra in core. The rati o Â a= a 0 i s quanti fying the
surf ace stra in.

Fig. 8. Tentative model of a nano crystal w ith strained (compressed) surf ace layer. R

| radius of the core, R | radius of the grain, s | thickness of the surf ace layer,

r | distance from the center, a | interatomic distance in the relaxed lattice, a |

interatomic distance at the surf ace.

Our m odel of a cubi c latti ce nanoparti cle wi th and wi tho ut the tensi le stra in
in the surf ace shell is shown in Fi gs. 9a and b, respecti vely. A presence of stra in in
the gra in surface layer, the surface shell , leads to a deform ati on of the ato m ic pl anes
(Fi g. 9a). As shown in the Ùgure, the ato mic planes losethei r pl anari ty and mutua l
para l leli ty . As a consequence, the interpl anar spacings in such nanocrysta ls lose
thei r unam biguous m eani ng. Al so, the conventio nal descripti on of a crysta l latti ce
based on the deÙniti on of a uni t cell cannot be appl ied to the who le crysta l l i te
al tho ugh i t sti l l can be used for the descripti on of the gra in core structure. A
di ˜ra cti on on such crysta l -l ike obj ects may not be based, however, on the Bra gg
appro xi m atio n: the concept of interpl anar spaci ngs is m eaninglessfor non-pl anar
(b ent) surfaces. Ho wever, f or the sake of conveni ence and consistency wi th the
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descripti on of the di ˜ra cti on e˜ects on nanocrysta ls havi ng a perf ect crysta l latti ce
(cf . Secs.2.2.2 and 3) we use the classical descripti on of the di ˜ra cti on patterns also
for our al p concept. The di ˜ra cti on patterns calcul ated for the models of an 8 nm
di ameter SiC nanocrysta ls wi th a tensi le, none, and com pressive uni form stra in in
the surface shell (Â a= a 0 = const) are shown in Fi gs. 10a, b, and c, respectively.
The stra in in the surface shell shi fts the positi ons and changes the sym m etry
of the Bra gg reÛections. Since asym metri c peaks do not have uni quely deÙned
positi ons, tho se were determ ined based on the locati on of both the m axi mum and
the wei ghted center of the indi vi dua l reÛections. The character of the dependence
of the calculated al p values on Q is sim i lar for both m etho ds, al tho ugh speciÙc
values of Q are somewha t di ˜erent.

Fig. 9. Schematic representation of cubic nanostructures: (a) grain w ith strained (ex-

panded) surf ace shell, (b) grain w ith unif orm, perf ect lattice.

Fig. 10. Di˜ractio n patterns of a 8 nm SiC grain w ith the surf ace shell of 0.7 nm in

thickness, calculated for di˜erent magnitudes of strain in the surf ace layer. (a) Â a=a =

+ 10 % , (b) Â a=a = 0% , (c) Â a=a = .
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6 . al p an al ys i s of powd er d i ˜ r act ion d at a

T o determ ine the al p -Q relati on f or our theoreti cal and experim enta l pat-
terns, the di ˜ra cti on peaks were Ùtted using a standard shape functi on (pseudo-
-Voigt) avai lable in every Rietvel d program . The exam ples of Bra gg-l ike reÛections
(111 and 246) calculated for 6 and 12 nm di am eter SiC nanocrysta ls are shown in
Fi gs. 11a and b, respectivel y. The patterns were calcul ated both for models wi th
a relaxed, perf ect latti ce and f or nanocrysta ls wi th a stra ined surface shell . Both
the shapes and positi ons of the reÛections change wi th the gra in size, a presence
of stra in, and the di ˜ra cti on vecto r Q (Fi g. 11).

Fig. 11. Bragg- like intensity curves calcula ted for models of SiC nano crystals w ith a

relaxed lattice (solid lines) and compressed surf ace shell (dotted lines) for two di˜erent

reÛections, (111) and (246). (a) Grain diameter 6 nm, (b) grain diameter 12 nm. T he

thickness of the surf ace shell, s 0 = 0: 7 nm, the strain Â a=a 0 = 5% .

W hen designi ng a di ˜ra cti on experim ent one has to evaluate the resoluti on
requi red for the detecti on of the exp ected di ˜ra cti on e˜ects. In our case (the
analysis of the al p -Q relati ons) we have to focus either on recordi ng in a wi de
Q -range or on a preci se measurement of the positi ons of relati vel y low Q -value
reÛections. W e perform ed a num ber of di ˜erent experim ents using synchro tro n
sources and m aki ng di ˜erent com prom ises: to m easure at a very large Q -range
(up to 25{ 30 ¡A À 1 ) wi th a m oderate resoluti on we used the Stati on ID 11 at ESRF
and Sta ti on BW 5 at HASYLAB (the wa velength of 0.1{ 0.2 ¡A); to get a very good
resoluti on we used the wavel ength of 0.5{ 0.7 ¡A at SNBL Sta ti on at ESRF (Q

10 15 ¡A ). In addi ti on to the adv anta ge of the short wa velength radi ati on not
avai lable wi th sealed X- ray tub es, the powder di ˜ra cti on instrum ents insta l led
at synchro tro n sources have usual ly m uch better angul ar resoluti on tha n tho se
avai lable in conven ti onal laborato ri es.
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6.1. E˜e ct of t he model paramet ers on al p -Q relati on

W e perf orm ed a systemati c theoreti cal study of di ˜ra cti on by nanocrysta l l ine
m ateri als using m odels wi th di ˜erent thi ckness of the surface layer, vari ous m ag-
ni tudes of the surf ace stra in, and diverse gradi ents of the stra in in the shell . The
dependence of the al p on Q for SiC nanocrysta ls wi th the sam e stra in of +5 % and
the surface shell thi ckness of 0.7 nm but di ˜erent grain size is shown in Fi g. 12. For
a reference, the graphs conta in also the al p -Q results for the corresp ondi ng models
wi th a ful ly relaxed (unstra ined) latti ce (cf . Fi g. 7). The calcul ated devi ati ons of
al p from the core value of a 0 for stra ined grains are much larger tha n for tho se
wi th the relaxed latti ce. The di ˜erence between the al p and a 0 values increases
wi th a decrease in the gra in size, reachi ng as m uch as 1.7% of the latti ce parameter
of the relaxed SiC crysta l for the 3 nm parti cle. These resul ts are not surpri sing:
for a 0.7 nm thi ck shell the stra ined fracti on of the gra in conta ins f rom 85 percent
(f or the smal lest, 3 nm in di ameter) to 30 percent (f or the largest, 12 nm ) of al l
the ato m s in the parti cle. The resul ts shown in Fi g. 12 i l lustra te the consequences

Fig. 12. al p values calculated theoreticall y for nano crystal li ne cubic SiC of di˜erent

grain size. a 0 = 4 : 34 9 ¡A , Â a=a 0 = ; s : nm.
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of using a standard powder di ˜ra cti on techni que com bined wi th com m only ap-
pl ied radiati on sources. The wi dely used Cu K ˜ X- ray radiati on source al lows for
a collecti on of di ˜ra cti on data in the Q-range up to only 5{ 7 ¡A À 1 . For stra ined
parti cl es shown in Fi g. 12 a routi ne elaborati on of such data using the Rietvel d
pro gram would yi eld one value of the latti ce param eters di ˜eri ng from a 0 of the
relaxed latti ce in the gra in core from 0.16 up to about 1.7% (Fi g. 12).

A sing le al p value determ ined from a di ˜ra cti on pattern has no speciÙc
m eani ng: only a set of al p values in a wi der Q range can pro vi de a meaningful
inf orm ati on about the structure of the nanocrysta l . The al p values at su£ cientl y
hi gh Q-values corresp ond to the latti ce param eters of the core of the parti cl e,
i .e. the relaxed latti ce. The experim enta l ly determ ined dependence of al p on Q
combi ned wi th num erical simulatio ns can pro vi de a m eani ngful inf orm ati on about
the structure of the surf ace shell of the nanocrysta l . Exa m ples of al p -Q data
determ ined f rom theoreti cal di ˜ra cti on patterns calcul ated for di ˜erent m odels of
SiC nanocrysta ls are shown in Fi gs. 13{ 15. The sensiti vi ty of the al p values on the
parameters of the m odel is qui te high: di ˜erences as smal l as 1% in the latti ce stra in
and 0.1 nm in the thi ckness s 0 of the surface shell are clearl y vi sible (Fi gs. 13{ 15).
Al tho ugh in al l models the latti ce param eter of the gra in core is the same (a 0 =

4 : 3 4 9 ¡A | the relaxed latti ce) the al p values pra cti cal ly never reach a 0 except
for greater Q' s and larger surface stra ins. Thi s shows tha t conven ti onal di ˜ra cti on
exp eriments (low intensi ty laborato ry sources, Cu K ˜ or Mo K ˜ , m axi mum Q

Fig. 13. al p -Q plots calculated theoreticall y for spherical 8 nm diameter SiC nano crys-

tals for di˜erent values of the compressive stress in the surf ace shell. s 0 : nm.
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Fig. 14. al p -Q plots calculated theoreticall y for spherical 8 nm diameter SiC nano crys-

tals for di˜erent thickness of the surf ace shell. Â a=a 0 = + 5% .

Fig. 15. al p -Q plots calculated theoreticall y for spherical 8 nm diameter SiC nano crys-

tals for di˜erent strain values in the surf ace shell.

range of 7 and 15 ¡A À 1 , respectivel y, eluci dati on of the com mon latti ce param eters
from the enti re di ˜ra cti on diagram ) do not allow for a uni que interpreta ti on of the
latti ce param eters calculated f rom the Bra gg reÛections.

In our theoreti cal com puta ti ons both the stra in in the surface shell and the
latti ce parameters of the gra in core are the vari able param eters of the core-shell
m odel . For tha t reason the interpreta ti on of the al p -Q results needs to be done
wi th cauti on. The plots presented in thi s paper have well deÙned characteri stic
shapes whi ch are sensiti ve to the latti ce param eters of the gra in core and the
stra in in the surface shell. The ato m ic structure of the nanogra ins does not f orm
pl anes but bent surfaces (Fi g. 9), so usi ng the Bra gg relati ons in the calcul ati ons
of the al p values yi elds som e avera ge spacings between the deform ed planes and
not the real interpl anar di stances. Neverthel ess, powder di ˜ra cti on data combi ned
wi th our al p metho dology (based on geom etri cal factors alone) can pro vi de qui te
rea listi c but sti ll appro xi m ate m odel of the core-shell structure of the nanocrysta l .
Based on our analysis we concl ude tha t the correct values of the latti ce param eters
of the gra in cores can be determ ined from the di ˜ra cti on exp erim ents perform ed
in a wi de range of the Q vector. T o determ ine the speciÙc positi ons of ato m s in the
surf ace shell an analysis of the relati ve intensi ti es of the Bra gg- like reÛections is
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necessary. Currentl y we are investigati ng an al terna te appro ach to determ inati on
of intera to mic distances in these m ateri als using the neutro n di ˜ra cti on and the
so-cal led \ real -space Rietvel d reÙnement" techni que [39, 40].

6. 2. A ppli cation of the concept of al p to the evaluat ion of exper imental
di ˜ract ion data of nanopowders

W e appl ied our metho dology for evaluati on of the exp erimenta l di ˜ra cti on
data of di ˜erent nanocrysta ls. The powder di ˜ra cti on patterns in the range up to
Q = 2 0 ¡A À 1 were obta ined using a short wav elength synchro tro n radi ati on sources
(at BW 5 Stati on at HASYLAB, and ID 11 and SNBL powder di ˜ra cto meters at
ESR F). At the present stage of our studi es we claim a qual i ta ti ve agreement be-
tween the al p -Q plots determ ined from the experim ental powder di ˜ra cti on data
of nanocrysta l l ine SiC, GaN and di am ond, and our theo reti cal calculati ons. For ex-
am ple, we deduced tha t a tensi le stra in exists in the surface shell of nanocrysta l l ine
SiC (com pare Fi gs. 15 and 16). Simi lar stra in is present in diam ond nanoparti cles.
Opp osite in sign, compressive stra in at the surface is present in a much sof ter
m ateri al , nanocrysta l l ine GaN (Fi g. 17).

Fig. 16. Exp erimental di˜raction patterns of nano crystal l in e SiC pow ders w ith a verage

grains of 3, 8, and 30 nm in diameter (upp er graph) and their corresp ondi ng al p plots

(low er graph). T he measurements w ere perf ormed w ith the pow der di˜ractometer at

SN BL Station, ESRF, Grenoble, w ith Ñ = 0: 7 ¡A radiatio n source.

The surface of a nanoparti cle is in a m etastable state and, thus, is strongly
dependent on i ts surro undi ng. The surface exp osed to a gas, l iqui d, or sol id medium
can adsorb foreign ato m s or even underg o a chemical reacti on. Intera cti on of the
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Fig. 17. al p -Q plots obtained experimentally for GaN nano crystals. T he measurements

w ere perf ormed w ith the pow der di˜ractometer BW5, H A SY LA B at DESY , w ith Ñ =

0 : 12 ¡A radiation source.

Fig. 18. al p-Q plots obtained experimentally for diamond nano crystal s aged in the air

(dotted line) and annealed in vacuum at 400 £ C for 4 h (solid line). T he measurements

w ere perf ormed at pow der di˜ractometer BW5, H A SY LA B at DESY , w ith Ñ = 0: 12 ¡A

radiation source.

surf ace wi th foreign ato m s must a˜ect the ato mic structure of the surf ace. W ehave
exam ined thi s probl em in a series of exp eriments perform ed for nanocrysta l l ine
powders of diam ond and SiC. The powders were annealed at elevated tem perature
under vacuum or used as components of ceram ic composites. An exam pleof the al p

values vs. the Q vecto r for raw and annealed di amond powders is given in Fi g. 18.
In thi s wo rk we did not attem pt to accompl ish a quanti tati ve evaluati on of

the structure of nanocrysta ls based on the observed changes of al p values wi th Q;
addi ti onal m easurements of speciÙc physi cal pro perti es of our m ateri als are neces-
sary to determ ine wha t ki nd of changes occurs at the surface and how m uch they
a˜ect the structure of the gra in core. The al p concept provi des a sensiti ve to ol for
inv estigati on of the structura l features of very smal l , nanosized crysta l l i tes. From
our prel im inary calculati ons based on the m odels of nanocrysta ls wi th di ˜erent
surf ace stra in and thi ckness we concl ude tha t anneal ing of diam ond powders leads
to a signi Ùcant reducti on in the stra in present in the surface shell wi tho ut much
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changeof the structure of the grain core. Thi s is indi cated by the stro ngest changes
of the al p occurri ng in the low Q range (whi ch is very sensiti ve to the structure of
the surface shell ) and a converg ence of the al p ' s o f raw and pro cessed powders at
larger Q values (Fi g. 18).

The resul ts of our experim enta l work presented in thi s paper are onl y pre-
l im inary. A more deÙnite descripti on of the structure of nanosize parti cles requi res
both addi ti onal exam inatio n of the physi cal pro perti es and structure of the mate-
ri als (usi ng techni ques sensiti ve to the local ato mic conÙgura ti on, l ike R aman or
IR spectroscopy) and m ore extensi ve model ing e˜o rts tha t woul d include di ˜erent
stra in Ùelds both in term s of streng th and di stri buti on in the surf ace and core of
the gra in.

7. Su m m ar y an d co ncl u sions

In thi s work we showed tha t the conven ti onal to ols devel oped for elaborati on
of powder di ˜ra cti on data are not di rectl y appl icable to nanocrysta ls:

(i ) Na noparti cl eshave a com plex structure tha t resembl esrather a two-phase
tha n a uni f orm , one-phase materi al . Theref ore the deÙniti ons and parameters used
for characteri zati on of the ato mic structure of sim pl e, crysta l lographi cal ly uni form
phases are insu£ cient for the descripti on of the compl ex structure of nanocrysta ls
(No te: the core-shell model of a nanocrysta l appl ied in thi s work is a ki nd of a
two -phase system tha t exhi bi ts uni que di ˜ra cti on features. One has to rem ember,
however, tha t a ltho ugh the two- phase m odel of nanocrysta ls is practi cal , i t deÙes,
in fact, the basic deÙniti ons of a crysta l lographi c phase.);

(i i ) Conventio nal powder di ˜ra cti on techni ques and appro pri ate metho ds
of thei r elaborati on have been devel oped for m ateri als showi ng a perf ect, three-
-dim ensional , periodi c order in an inÙnite crysta l latti ce. A nanocrysta l is a Ùnite
in size crysta l where the e˜ect of boundari es cannot be ignored. For very smal l,
several nm in di ameter crysta l li tes the numb er of ato ms at the surface can exceed
the numb er of ato ms in the gra in core. The structura l and other properti es of
the surf ace ato m s can dominate over the e˜ects im posed by the bul k ato m s. Thi s
e˜ect is clearl y observed in our di ˜ra cti on experim ents.

Thi s work is dedicated to the metho dology of elaborati on of powder di ˜ra c-
ti on data of nanocrysta ls, not to the determ inati on of the ato mic structure of
som e speciÙcm ateri als. We have shown the l im i tatio ns of a conventio nal structura l
analysis appro ach and proposed a new m etho d of evaluati on of di ˜ra cti on data of
nanosize polycrysta l l ine m ateri a ls. We have dem onstra ted a qual i ta ti ve agreement
between the exp erimenta l resul ts and tho se obta ined by num erical model ing using
our al p concept m etho dology. A m ore com plete evaluati on of powder di ˜ra cti on
data of speciÙc nanocrysta l l ine m ateri als requi res a wi der spectrum of structura l
m odels as wel l as accounti ng for the shape and size distri buti on of nanocrysta ls in
rea l materi als. The work on these issues is in progress.
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In thi s paper we have shown the l im i ts of appl icabi l it y of well -establ ished
m etho ds of structura l analysis of m ateri als by the di ˜ra cti on techni ques. W hen i t
comes to nanom ateri als there are obvi ously l imi ta ti ons of other com monl y appl ied
techni ques and procedures used in determ inati on of di ˜erent physi cal pro perti es
of materi als. A developm ent of new experim enta l and theo reti cal to ols for inv esti -
gati on of uni que pro perti es of nanocrysta ls is a chal lenge and a m ust.
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