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Abstract. Two methods of analysis of powder diffraction patterns of diamond i@hde®ocrystals
of different grain size are presented: (1) examination of @sammj the lattice parameters
("apparent lattice parameter”, ajpwith the diffraction vector Q, which refers to Bragg scattgr
and (2), examination of inter-atomic distances based on the anaflyses atomic Pair Distribution
Function, PDF. Application of these methods based on theoretical diffraction pattexmsted for
models of nanocrystals having either a perfect, uniform cryatatd or a core-shell structure
constituting a two-phase system was studied. The models are definedditicegbrameter of the
grain core, thickness of the surface shell and the magnitude anulatinefield distribution in the
shell. X-ray and neutron diffraction data of nanocrystalline &@ diamond powders of grain
diameters from 4 nm up to micrometer range were analyzed. fiduseof the internal pressure
and strain at the grain surface on the structure, based on theregelly determined dependence
of the alp values on the Q-vector, and changes of the inter-atomic distarntteshes grain size
determined experimentally by the atomic Pair Distribution Fanc{PDF) analysis are discussed.
The experimental results lend strong support to the concept of a twe;pltae and the surface
shell structure of nanocrystalline diamond and SiC.

I ntroduction

In polycrystals with micrometer size grains, the surface containssanificant fraction of the total
number of atoms and its effect on the overall properties of theriadacan be ignored. The
situation is different for small, nano-size particles where, dukd size, a considerable fraction of
the atoms is located at the surface, i.e. where some ohtsightbors are missing. Such a situation
always leads to changes in the lengths of inter-atomic bonds of faeesatoms relative to those in
the bulk. To date, no specific experimental methods have been devealopieel $tructural analysis
of the surface of nanocrystals and therefore information on taegament of atoms at the surface
of nanograins is very limited. This work presents analysespplcability of powder diffraction
techniques for elucidation of the atomic structure of nanocrystals, paticatizhe surface shell.

In a number of publications detailing changes in the physical prepertinanocrystals related to
their size [1 - 9] the dependencies reported are often retatbd tattice parameters which, for very
small crystals, appear to be a size dependent property of teeahaA dependence of the lattice
parameters on the grain size have been reported for a varmapaiaterials, like metals (Au [10,
11], Al [12], Cu [13]), semiconductors (CdSe [14], GaN [15]), ionic ctgqidaCl, KCI, NaBr, LiF
[16], Y203 [17]), and others (e.g. Se [18]). Those results are oftebudatd to the presence of an
"Iinternal pressure" caused by surface stresses [19 - 28].trékses are located at the surface and a
guantitative evaluation and description of this property of nanocrystaldd require precise
determination of the inter-atomic distances in the grain interior and theesurfac
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A nanocrystalline sample constitutes a polycrystalline matéoiawhich the appropriate technique
for determination of the atomic structure is powder diffractionceR#y, with this technique, we

showed that the structure of a nanocrystal is not uniform and cappbbeximated by a two-phase
model in which the grain core and the shell have different strgctunm@ properties [29 - 31]. ltis

obvious that such a model cannot be adequately characterized by osgt midattice parameters

which is a sufficient description only for uniform crystal phasd@herefore, application of the

lattice parameters concept to characterization of the struofuranocrystals requires a special
treatment. In this work we discuss inherent limitations of ihffe methods of elaboration of
experimental powder diffraction data. We use a simple, spheocaishell model to describe the
diffraction patterns and present the results on evaluation of tlee lparameters of nanocrystalline
diamond and SiC based on this model.

Analysis of short- and long-range atomic order based on powder diffraction experiment

The analysis of powder diffraction data is routinely periedmsing the concept of the unit cell and
the Bragg equation. This approach assumes an unambiguous relatioentbtsvBragg reflections
of a given diffractogram through the quadratic equation. Among the dunese used for
elaboration of powder diffraction data, the most common is based &idtweld program [32, 33].
Although possible in principle, it is impossible in practice, towdemformation on the local atomic
arrangements in nanocrystals using the Rietveld or similagrgmts. An alternate method for
elaborating powder diffraction data, developed for materials aishort range order (like liquids
and glasses) is the PDF analysis (known alsadés radial distribution function) leading to
determination of the atomic Pair Distribution Function, G(r) [34} Both methods are shown in
Fig. 1.
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Fig. 1 Alternate methods of elaboration (and interpretation) of a powder ddfraotperiment.

Note: A diffraction experiment provides information on the structutdeimaterial, which is
averaged over the whole sample volume illuminated by the beam. Foedlsahrany quantitative
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information derived from a diffraction experiment can give only an averalge: the positions of
the Bragg reflections are determined by the "average lattice pardihm@tkich averages atomic
vibrations, strains, and other crystal imperfections); PDF analysis gesvinformation on specific
inter-atomic distances averaged over all corresponding atomic pairs in the sample.

Analysis of long-range atomic order in nanocrystals. application of the Bragg equation

Nanocrystals, although very small, are, by definition, singystals. As such, they belong to the
class of materials with a long-range atomic order and thus, mciple, appropriate methods of
elaboration of the diffraction data can be based on the Braggt@bering. For a perfect, infinite
crystal the positions of all individual Bragg reflections areedeined uniquely by the Bragg
equation, thus the lattice parameters can be calculated froreearof individual reflections (for
cubic structures it can be calculated even from a singlectiefleusing the quadratic equation:
1/dng = (HP+k*+%)/a,%). However, in nano-size grains, the long-range order is lirhigete size of
the crystallite which may be smaller than the coherenceéhesfghe scattered beam. In this case
the Bragg equation may not be applicable, since the positions of tigg BeHlections are not
determined by the unit cell parameters alone but become striofignced by the grain size and
shape. This effect is demonstrated in Fig. 2 which shows theelgtirameters (in terms of the
ratio alp/a,) of the cubic unit cell of diamond, calculated from a single (I#flgction of the
theoretical diffraction patterns which have been computed for mofledsdiamond nanocrystal
with a perfect crystal lattice but, different shape and shtate that in Fig. 2 we use the teraip"
(apparent lattice parameter, c.f. next secjiomstead of the lattice paramety since the latter,
used to build the model, is not equal to the values calculated from the (111) reflection.
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Fig. 2 Dependence of tladp/a, ratio on the grain size calculated from (111) Bragg reflection of a
diamond nanocrystal for different crystallite shapes.

Evaluation of powder patterns is done routinely using standard numera@dpres like the
Rietveld method [32, 33]. We calculated the lattice parameteesnelt with the DBWS-9807
Rietveld program from diffraction patterns calculated theoréyicér spherical diamond
nanocrystals of 3, 6, and 12 nm in diameter, c.f. refs. [30, 31]. Fig. 3a shewefined" lattice
parameters for two different ranges of the diffraction vectouf) to 6 and up to 16 A(shown in
Fig. 3b). Solid circles and solid lines in Fig. 3a show the valuésedhttice parameters computed
with the Rietveld program where refinement was done on theelgticametera) only, all other
sample and instrument parameters being fixed. Open circledaghdd lines additionally show the
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results obtained with refinement of th® 2ero point parameter (zero shif) [32, 33]. Note that

the theoretical diffraction patterns that we used for Fig. 3em@valent to "perfect powder
diffraction experiments" where all instrumental and structpaahmeters are uniquely defined. In a
perfect experiment all sample and instrument parameters ddfinehe Rietveld program should
always converge to their perfectly accurate values. Thetliattthe Rietveld program does not
converge to the real instrument parameter O and does not reproduce the input lattice parameter
value ofa, = 3.5668 A of our starting model means, that the assumptions maithe fi@finement
procedure are not met. The differences between the lattice gtararshown in Fig. 3a stem from
the fact that the positions of the individual Bragg reflectionsnateconstrained by the quadratic
equation. In other words, the Bragg approximation does not apply to velly ggstals. The
difference between the real (model) valgeand that calculated by the Rietveld program, (1),
decreases with an increase in the grain size, and (2), ikesrhahlculated for Bragg reflections of
larger Q. The above dependencies disqualify the Rietveld progsam #ol for direct
determination of the lattice parameters of very small, nare@iystals. The results of Fig. 3a
show, that while the term "lattice parameter” has a uniquaimgahen applied to description of a
perfect crystal lattice, it is n@ constant in the Bragg equation when used for description of a
diffraction pattern of very small crystals. In other wordfida parameter is not a uniquely defined
parameter for powder diffractograms of very small grain materials.
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Fig. 3 (a) Effect of the grain size on the lattice parameters for tvgesanf the Q vector,
calculated with the Rietveld program for diamond nanocrystals; (b) corresp@paarges.

The meaning of thelattice parameter in a perfect crystal lattice of very small crystals

Recently we proposed a methodology for analysis of powder diffractianoflmanocrystals based
on calculations of the lattice parameter values from individuah @moup of) Bragg reflections [29
- 31]. We call such calculated quantities, which are linked to thalG@s of the corresponding
reflections, the "apparent lattice parametemdfy’s (Fig. 3a). Diffraction patterns of simple
structures have well separated individual reflections, thusaheualues can be calculated for each
individual peak, c.f. Fig. 2. For more complex structures the individuakspeverlap and,
therefore, thealp values need to be calculated using the Rietveld progranrdapg of peaks in
selected Q-ranges. The dependence oélftre, ratio on Q determined from theoretical diffraction
patterns of diamond and SiC, for different grain sizes, is showiigs 4a and 4b, respectively.
(Note: The dependence ap values on Q-vector is a discreet relation. However, to emphdmaze t
general trend, we connected respective individliahvalues with arbitrary curvgs A dependence
of alp values on the Q vector seems to be too complex to be describedilmpla analytical
function. An adequate analytical function would have to account fop@andence o&lp on the
grain shape and size (Figs. 2 and 3, respectively) and should accouht fepecific atomic



Solid State Phenomena Vol. 94 207

structure of the material [38]. Such an analytical function, iftiexgysat all, would be very complex.
Evaluation of the crystal structure in this work is based on a cisopaof the experimental and
theoreticallp-Q relations.
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Fig. 4 Dependence of tladp/a, ratio on the diffraction vector Q for spherical grains of different
size. (a), diamond; (b), SiC.

Application of the apparent lattice parameter for description of the atomic structure of
nanocrystals with non-uniform, core-shell structure

As discussed above, determination of the lattice parameters fgrsweall crystals based on
diffraction data is difficult. The problem becomes even moreptexnwhen internal strains and
stresses are present in the crystal, in particular when thregetrate in the surface shell of the
grains. In a diffraction experiment it is practically impbtesito separate the signals from the grain
core and those from the surface layer: the beam scatterte lmpre atoms interferes with that
from the surface atoms. To evaluate the nanocrystal surfaceust we applied thalp concept,
presented above for a relaxed crystal lattice, to a two-phase, core-stiellahnanocrystals.

Following the general concept of surface tension, the surfdcesiagle crystal are in a state of
tension (its magnitude specific for each face) which subjectsitegor of the crystal to stresses.
As a result, the developed stresses may be expected to laadrternal pressure that manifests
itself by a compression or expansion of the crystal lattice. [38jis effect can, in principle, be
measured experimentally from the change of the lattice pagssnetHowever, in literature the
changes observed were attributed to the whole crystal volume. isTaisery rough, and in fact
unacceptable, simplification since nanocrystals are composed o¢ arab a surface shell that have
somewhat different structures. In our investigation we began witssumption of a two-phase
structure of nanocrystals (see the model in Fig. 5). We uskdpée model of a spherically shaped
nanocrystal with a grain core of radius, Raving a uniform crystallographic structure
unambiguously characterized by the lattice paranagteiVe assumed that the atomic structure of
the surface layer (of widtk,) is correlated with the parent structure of the grain suchitthat
basically the structure of the core but centro-symmetricifprmed. To describe the model we
introduce the parameteg which corresponds to the lattice parametat the outmost atomic layer
of the particle. Without compression the width of the surfager lavould bes,. The actual values
of the inter-atomic distances within the surface shell areesgpd as a function of the distamce
from the particle center and vary betwegnn the grain core (at distances R,) andas = a, + Aa
(forr =R,). The ratiada/a, is quantifying the surface strain.

Fig. 5 presents theoreticalp/a,-Q plots determined from diffraction patterns of simple models of
nanocrystals of diamond and SiC with a uniform compression of thecewsfell lattice. These



208 Interfacial Effects and Novel Properties of Nanomaterials

alp-Q plots were calculated for 5 nm diameter crystallitel wie surface shell 0.7 nm in thickness
and all inter-atomic distances within the shell compressed unifonith da/a,= -5%. Thealp
values were calculated by refinement of éihe values for selected Q-ranges. Figure 5 shows that,
for a model with compressed surface layer, the calculiedalues are lower than those of the
relaxed lattice in the whole Q-range, the decrease being farggreater strains. There is a distinct
difference between Figs. 4 and 5. For a relaxed lattice the latgestiue is for the smallest Q and
decreases gradually approaching the real value at very lafgigy.Ql). For a strained lattice (Fig.

5) thealp/a,-Q relation shows a complex dependence with some characteristic mimdmaaaima.
This feature is obviously related to the presence of a two-pdytem, and can be used for
identification and evaluation of the surface structure as discussmd. béNote that presence of
homogenous strain in the sample volume, corresponding to the simple corioggnal pressure,
would lead to a change of allp values by the same amount without changing the shape of the
dependence @ip on Q).
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Fig. 5 Effect of stress in the surface shelbagmvalues calculated for different Q ranges for
diamond and SiC nanocrystals.

Experiment: analysis of Bragg-type scattering

We examined four diamond and four SiC polycrystalline powders, eaatghadifferent (average)
grain diameter. The powder diffraction experiments were paddrusing both synchrotron and
neutron sources and collecting the data in a large Q-range. Weéiadieohs ID11 at ESRF and
BWS5 at HASYLAB (wavelength 0.1 - 0.2 A), and SNBL Station aREwavelength 0.5 - 0.7 A)
approaching @u= 10 - 15 A'. For each X-ray diffraction experiment the spedifigvalues were
determined with reference to Si microcrystalline powder used steandard and measured in the
same experimental set-up before and after the sample scatromNeiffraction measurements were
done using the HIPD diffractometer at LANSCE in Los Alamagtidhal Laboratory, in the
diffraction vector range approaching,Q= 26 A™.

Fig. 6 shows experimentalp/a,-Q plots determined with the Rietveld method from the neutron
diffraction patterns obtained for diamond and SiC nanocrystals ofetfiffsize (similar plots were
obtained from synchrotron diffraction data). Speafjgvalues strongly depend on the diameter of
the nanocrystallites, with similar tendencies observed for both diamond and Si@sam
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Diamond (Fig. 6a) Thealp (alp/a,) values determined for the microcrystalline sample are ttose
the value of the lattice parametay of a perfect diamond crystal. Tladp's of nanocrystalline
powders show characteristic minima and maxima, similar to ttedsalated theoretically for core-
shell models (Fig. 5a). The deviation fra increases with a decrease in the grain size. The
sample with 12 nm diameter grains does not match this scheme:speific sample is very
different from the other ones, since it consists of diamond cryssallith average diameter of 12
nm but strongly bonded together (sintered) and existing in 1 icemsize agglomerates. As a
result, the sample contains many grain boundaries between indivigatdllites instead of free
surfaces, while other powders consist of individual crystallitéb Varge free surface (where
surface stresses are located). That underlines the impodfaeadace environment for the actual
structure of nanocrystals, c.f. [31].

SiC (Fig. 6b) The dependence alp on Q is similar to that observed for diamond nanocrystals
(Fig. 6a). However, the minima are shallower and their positianslaghtly different to those
observed in diamond. The character of the experimaipfd,-Q results is consistent with those
calculated theoretically and shown in Fig. 5. there is a maximof alp observed at the smallest Q
followed by a minimum occurring within the range 5 & Q < 8 A, and the next maximum at
about Q = 10 & for diamond and at larger Q for SiC. A presence of minima anihmzon the
alp/a,-Q plots is clear evidence of strain present in the cryswllit.f. Figs. 4 and 5. The span
between the minimum and maximuadp values is obviously different for diamond than SiC, the
difference apparently being due to different surface strains in the ahateri

A comparison of the experimental (Fig. 6) and theoretical (Figl@a,-Q relations proves very
clearly that the surface of the grains is under stress, ansutfece shell lattice is compressed
relative to the grain core (for both SiC and diamond powders). alphealues obtained from the
experiment, Fig. 6, are larger than those expected based on our modeticas (Fig. 5) for both
diamond and SiC. To achieve the right match between the expalmedtmodeling results, the
lattice parameter of the core in the model has to be largerthieavaluea, of the relaxed lattice.
That indicates that the compression of the surface shell I&tiaecompanied by a simultaneous
expansion of the lattice of the core
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Fig. 6 Experimentally determined dependence oatpk, ratio on the diffraction vector Q for
different size grains. (a), diamond; (b), SiC.

Deter mination of short-range atomic order in nanocrystals. PDF analysis

Calculations. Analysis of thealp/a,-Q plots presented above refers to the unit cell that represents
three-dimensional ordering of atoms in the crystal. This kind diysieadoes not provide direct
information on the specific atomic positions in the lattice. Inegal, a number of different
arrangements of atoms corresponding to a given lattice paraeratt. Therefore complete
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information on the crystal structure should contain (in addition to the cefli and its lattice
parameters describing the long-range order) the positions of the atdime cell (which describe
the short-range atomic order, c.f. Fig. 1).

In this work we present an analysis of changes of tkedeven shortest inter-atomic distances in
diamond and SiC nanocrystals with change in the crystallite Sigire 7a shows the arrangement
of atoms in (110) plane of the diamond lattice. A perfect diartgpel cubic lattice is combined of
two face-centered (F-type) sub-lattices shifted relatveaich other by the lattice vector [Ya, Y4, Ya);
in diamond the entire lattice is made of carbon, in SiC one sutelastimade of carbon, the other
of Si atoms. Fig. 7a shows also the seven inter-atomic destanche lattice. Fig. 7b shows the
corresponding atomic Pair Distribution Function, G(r), of the diamorticdat (Note: in the
theoretical calculations we accounted for thermal motion of th@sabssuming the amplitude of
isotropic, harmonic oscillations of 0.1 A. A presence of thermal anptimplemented in the
models as a positional static disorder of all atoms, leads to Imogd# the lines on the G(r) plots
and makes the theoretical plots more compatible with those obtained experiyneritdtig. 9).
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Relations between the lattice parameter and inter--atomic distancesin thelattice

Fig. 7 shows that there is a close relationship between tlee lpttrameter of the crystal lattice and
inter-atomic distances within individual sub-lattices. The evesr-gomic distancess, r4, andre
correspond to inter-atomic distances within the same sub-la8ieBi @nd/or C-C bonds). In a
diamond-type cubic lattice the inter-atomic distancghould be equivalent to the lattice parameter
a of the cubic cell. Of the first seven inter-atomic distartbesodd distancesy, r3, rs, andry;
correspond to the inter-atomic distances between atoms belomgsgparate sub-lattices (Si-C
bonds in SiC lattice). The relative shift between individual stileés has no direct effect on the
(overall) lattice parameter of the unit cell, therefore ncedlirrelation between inter-atomic
distances across different sub-lattices and the lattice paramestst. exi

As discussed above, presence of strain in the surface shelitdesdisie characteristic changes in
the shape of thalp/a,-Q plots relative to a relaxed lattice (c.f. Figs. 4 and Bickvcan be used for
identification and further evaluation of the surface stresseg@refence of surface strains is also
reflected by changes of inter-atomic distances and correspoodamges to the G(r) functions.
Fig. 8 shows G(r) of a relaxed diamond lattice and those calduUiatea model of 6 nm diameter
diamond crystals with 0.7 nm thick surface shell and the shelt@&bmic distances compressed by
3 and 5% relative to the bulk. Obviously the presence of strain iutfaees shell leads to shifts of
individual peaks on the G(r) plot, a different and non-proportional shift for each atomic pair
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Experiment. We performed PDF
analysis of powder diffractograms of
diamond and SiC samples applying the
same data that were used to obtain the
alp/a,-Q plots shown in Figs. 6. The
neutron diffraction patterns were collected
in the Q-range up to 30 Aand above.
The useful part of the patterns used for
PDF analysis was up to Q = 26*A The
analysis was made using the PDFgetN
program of Peterson et al. [40].

Fig. 9 presents the experimental G(r)
functions determined for four diamond
powders. In order to resolve the positions
of individual peaks we fitted (refined) the

: peak shapes using the Gaussian function

taking the positions of the peak maxima. For a reference, the tibabf@(r) function calculated
for a perfect relaxed diamond lattice is also shown.
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Fig. 9 G(r) functions determined experimentally
for diamond powders of different grain size.

in SiC: all distances increase.
Between adjacent sub-lattices:

The inter-atomic distances determined from
experimental G(r) functions for diamond and
SiC nanocrystals are given in Fig. 10. (The
interatomic distances obtained from our
measurements of microcrystalline diamond
differ from well established literature data, i.e.
the experimental value of (3.5918 A), which
corresponds to the cubic lattice parametgis
slightly different than the literature data of
3.5668 A. The discrepancy is apparently the
result of somewhat inaccurate calibration of the
instrumental parameters used by the computer
program for data reduction and calculation of
G(r). Ther values in ideal diamond lattice are
given in Fig. 10 in parenthesis at the bottom of
the axes.) The changes of the inter-atomic
distances related to changes of the grain size in
diamond are very different than those in SiC.
The relative changes of inter-atomic distances
within and between sub-lattices for diamond
and SiC are as follows:

Within the same sub-latticein diamond: the
distancesr, andre decrease, and, increases
with a decrease in the grain size;

in diamond: all distances decrease with a decrease in the grain size;

in SIC: r1 andrs, decreasaz andry increase.
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Fig. 10 Experimentally determined dependence of inter-atomic distandes grain size. (a) and
(b), inter-sublattice distances (rs, Is , andr;) for diamond and SiC, respectively; (c) and (d),
intra-sublattice distances;( r4, andrg) for diamond and SiC, respectively.

The magnitude and direction of change of the inter-atomic distances are:
in diamond: six out of seven distances decrease, the largesec{ta3%) is observed fot
andrs; one inter-atomic distance, increases (by 0.08%);

in SiC:

distances increase, the largest increase occurrirrg (0r4%).

Discussion

two out of seven distances, andrs, decrease by 0.3 and 0.4%, respectively; five

In this work we used the model of a spherical crystallite vathal symmetry of the strain in the
surface shell. This is a very rough approximation of strairsntight be present in real crystals,
thus interpretation of the diffraction data that refers to our medsdproximate. A more complete
evaluation of powder diffraction data of specific nanocrystallmaterials would require
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investigation of models of atomic structure of nanocrystals accaguritin specific physical
properties. In an advanced physical model of real materials oned slmmdunt for the shape and
size distribution of individual nanocrystals and for anisotropic sfrelith in the planes terminating
the real crystallites. But even a simple core-shell mogameed in this work and used for
interpretation of our powder diffraction experiments appears giffito show the presence of non-
uniform structure in nanocrystals. The results of the analydiseolong-range order (analysis of
Bragg-type scatterin@alp/a,-Q plots) and of the short-range order (PDF analysis: individted-i
atomic distances) give a clear evidence of a presence ioissttananocrystalline diamond and SiC
powders.

The analysis of Bragg-type scattering leads to the following conclusions:
(i) the shape of thalp/a,-Q plots of diamond and SiC with apparent minima and maxima can
be explained assuming a presence of strain at the surface of individualitegstal
(i) in diamond and SiC the surface shell is compressed relatitree grain core and the lattice
parameter of the core is larger than that of a standarte singstal, both for diamond and SiC
materials.

From the analysis of the atomic Pair Distribution Function the following caoauded:
(i) the changes of individuatdistances are diversified, and different for diamond than for SiC
powders. Some of the distances are shorter and some are longen tha relaxed lattice,
which indicates that the structure of the material is heterogerawlhat the changes of the
bond lengths do not result from a hydrostatic-type compression or decompression ¢eypansi
(i) the magnitude of the change of individual inter-atomic distances nmodih and SiC varies.
It is reasonable to assume that the largest changes oc¢bersatrface and that they determine
the distribution of strains in the grains. The largest chaagesn distances; andrs in
diamond,r; andrsin SiC. These distances probably change very significahtiyeasurface
and they contribute most to the surface strains in these mstefiails is an indication that real
grains have anisotropic shape with well defined facets. Tdrereahe core-shell model of
nanocrystals must be modified to include anisotropy of the surface and faceting

Summary

This work shows limitations of a conventional approach to the structneadysis, and demonstrates
the application of a new method of evaluation of powder diffraction datanamio-size
polycrystalline materials: th&lp methodology. The applicability and usefulness of the method has
been tested using our experimental powder diffraction data feraedifferent diamond and SiC
powder samples. We have demonstrated a qualitative agreementrbéteeexperimental results
and those obtained by numerical modeling usingatumethodology. This agreement also shows
that the lattice parameters, as-derived from a routine powdeadiffin experiment, do not have a
meaningful significance for nanocrystals.

The results of the analysis of powder diffraction data of diamondS&dcdanocrystals presented
above are mostly indicative and we do not attempt at present to peogiidmtitative description of
the atomic structure of these materials. The main liraitatf standard powder diffraction analysis
is that it provides information on the structure averaged oveeltiee sample volume. This
limitation is particularly important in the analysis of nanocrystals wzéssup to 10 - 20 nm, which
can be regarded as constituting a two-phase, core-shell syatemethod that permits separating
diffraction effects arising from the two phases is availablelowever, we believe that a
simultaneous analysis of Bragg-type scattering using the metlgydofalp and examination of
the short-range order by PDF analysis can lead to deteramnattithe structure of the core-shell
system of nanocrystals. We have already shown that the sigstmsotropic, with compressed
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and dilated regions existing within nanocrystalline grains. Suclysasarequires a further
development of the model of nanocrystals to account for, (i), thefispgmin shape, and (ii),
anisotropic elastic properties of the crystallites. Work on this subject isgness.

Acknowledgements

This work was supported by the Polish Committee for Scientific Researaht-RBZ/KBN-
013/T08/30, the Polish-German Project POL-00/009 and in part by the EC Grant "Support for
Centers of Excellence" No. ICA1-CT-2000-70005, DESY - HASYLAB Proje60H353, ESRF
Project HS-1463. Experimental assistance from the staff of the SwissediarmBeam Lines at
ESREF is gratefully acknowledged. Support of the Office of Biological andi€di Research of
NASA and of the US Department of Energy/LANSCE is greatly appreciatediaMalcomments
by Dr. W. Lojkowski of UNIPRESS are greatly appreciated.

References

[1] R.S. Averback, Sintering and Deformation of Nano-grained Materials. cEgftdir Physik.
D26, 84 (1993).

[2] Ph. Buffat, J.P. Borel, Size effect on the melting temperature of goldlesrirhysical
ReviewA13, 2287 (1976).

[3] A. Inoue, K. Hishimoto, Amorphous and Nanocrystalline Materials: Preparatiopefies
and Applications. Springer 2001.

[4] S.B. Qadri, J.Yang, J.B. Ratna, E.F. Skelton, J.Z. Hu, Pressure induced structsitabran
nanometer size particles of PbS. Applied Physics Led&r2205 (1996).

[5] M.R. Silvestri, J. Schroeder, The size dependence of the high-pressure pbéisg it ll-VI
semiconductor nanocrystals. Journal of Physics: Condensed Wa&8&49 (1995).

[6] S.H. Tolbert, A.P. Alivisatos, Size dependence of the solid-solid phaseitamsiCdSe
nanocrystals. Journal of Physik& 56 (1993).

[7] D.Wolf, K.L. Merkle, Correlation between the structure and energy af gi@indaries in
metals. InMaterials Interfaces: Atomic Level Structure and Propertiesds. D.Wolf and
S.Yip, Chapman and Hall, London), 87 (1992).

[8] J.T. Lue, A review of characterization and physical property studies aflimeanoparticles.
J. Phys. Chem. Solid&2, 1599 (2001).

[9] C.J. Choi, X.L. Dong, B.K. Kim, Characterization of Fe and Co nanoparticlesesyned by
chemical vapor condensation. Scripta Maddy.2225 (2001).

[10] J. Harada, K. Ohshima, X-ray diffraction study of fine gold particlepgred by gas
evaporation technique. Surface Scieh@® 51 (1981).

[11] C. Solliard, M. Flueli, Surface stresses and size effect on thelpttrameter in small
particles of gold and platinum. Surface Sciehs@ 487 (1985).

[12] J. Woltersdorf, A.S. Nepijko, E. Pippel, Dependence of lattice parametarsatifparticles
on the size of the nuclei. Surface Scieh@g 64 (1981).

[13] P.A. Montano, G.K. Shenoy, E.E. Alp, W. Schulze, J. Urban, Structure of Copper
Microclusters Isolated in Solid Argon. Physical Review Lets&<2076 (1986).

[14] S.H. Tolbert, A.P. Alivisatos, The wurtzite to rock salt structural transition in CdSe
nanocrystals under high pressure. Journal of Chemical PIp2ic4642 (1995).

[15] Y.C. Lan, X.L. Chen, Y.P. Xu,Y.G. Cao, F. Huang, Synthesis and structure of nantingy/sta
gallium nitride obtained from ammonothermal method using lithium metal as nuagoal
Mat. Res. Bulletir85, 2325 (2000).

[16] F.W.C. Boswell, Precise Determination of Lattice Constants lgtrigle Diffraction and
Variations in the Lattice Constants of Very Small Crystallites. &rdings of the Physical
Society (LondonA64, 465 (1951).



Solid State Phenomena Vol. 94 215

[17]

[18]
[19]

[20]
[21]

[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

[31]

[32]
[33]

[34]
[35]

[36]
[37]
[38]

[39]
[40]

Ch. Beck, K.H. Ehses, R. Hempelmann, Ch. Bruch, Gradients in structure andayyoimi
Y .0 nanoparticles as revealed by X-ray and Raman scattering. Scrijgta44a2127
(2001).

Y.H. Zhao, K. Zhang, K. Lu, Structure characteristics of nanocrystadliement selenium
with different grain sizes. Phys. Rev.38, 14322 (1997).

R.C. Brown, The fundamental concepts concerning surface tension and capittart
Royal Soch9, 429 (1947).

R. Defay and I. Prigogine, Surface tension and adsorption. Longmans 1966.

R.C. Cammarata, Thermodynamic model for surface reconstruction basetfiaoe stress
effects. Surface Science Lett@#3, L399 (1992).

R.C. Cammarata, Surface and interface stress effects on infeafatisanostructured
materials. Materials Science and EngineeA2§7, 180 (1997).

J.J. Gilman, Direct Measurements of the Surface Energies of Srydtairnal of Applied
Physics31, 2208 (1960).

C.W. Mays, J.S. Vermaak, D. Kuhlmann-Wilsdorf, On surface stress and surfsica tél.
Determination of the surface stress of gold. Surface SciEhde4 (1968).

R. Shuttleworth, The Surface Tension of Solids. Proceedings of the PhysielyS
(London)A63, 444 (1950).

A.M. Stoneham, Measurement of surface tension by lattice parametgesh¢heory for
facetted microcrystals. Journal of Physics C: Solid State Piy&i@475 (1977).

J.S. Vermaak, C.W. Mays, D. Kuhlmann-Wilsdorf, On surface stress and seriammnt |.
Theoretical considerations. Surface Sciet#,el28 (1968).

J.-P. Borel, A. Chatelain, Surface stress and surface tension: Equilibriumeasdrprin
small particles. Surface Scientsb, 572 (1985).

B. Palosz, E. Grzanka, S. Gierlotka, S. Stel'makh, R. Pielaszek, W. LojkowskitayRis J.
Neuefeind, H.-P. Weber, & W. PalosBPhase Transitions (2002), in the press.

B. Palosz, E. Grzanka, S. Gierlotka, S. Stel'makh, R. Pielaszek, U. Bismayeugfeind,
H.-P. Weber, & W. Palosz. Acta Physica Polonical@), 57 (2002).

B. Palosz, E. Grzanka, S. Gierlotka, S. Stel'makh, R. Pielaszek, U. BismaNeugfeind,
H.-P. Weber, Th. Proffen, R. Von Dreele, & W. Palogeitschrift fur Kristallographi17,
497 (2002).

D.L. Bish, J.E. Post, Modern Powder Diffraction. In: Reviews in Mineralfgy
(Mineralogical Society of America, Washington DC, 1989).

R.A. Young, The Rietveld Method, (International Union of Crystallographyo@xf
University Press,1993).

H.P. Klug, L.E. Alexander, X-Ray Diffraction Procedures. (John Wile§ofs, 1954).
S.J.L. Billinge, M.F. Thorpe, Local Structure from Diffraction (Plenuns®rdlew York and
London, 1998).

L. Loeffler, J. Weissmueller, Grain-boundary atomic structure in mgsiatline palladium
from X-ray atomic distribution functions. Phys. RevoB 7076(1995).

X. Zhu, R. Birringer, U. Herr, H. Gleiter, X-ray diffraction studiesle# structure of
nanometer-sized crystalline materials. Phys. Re@5B9085 (1987).

B. Palosz, E. Grzanka, S. Stel'makh, S. Gierlotka, and W. Palosz, The traps of using
conventional methodology of evaluation of powder diffractograms for determinatiba of
lattice parameters of nanocrystals, J. Appl. Cryst., submitted.

M.J. Howe, Interfaces in Materials (John Wiley and Sons, Inc., 1997).

P. Peterson, M. Gutmann, Th. Proffen, S.J.L. Billinge, PDFgetN, a user-frigmagjsam to
extract the total scattering structure function and pair-distributioniumtom neutron
powder diffraction data. J. Appl. CryS3, 1192 (2000).



